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Abstract  

Line-mixing effects have been studied in the ν1 QQK (K from 0 to 10) sub branches of methyl 

chloride (CH3Cl) perturbed by nitrogen (N2). Laboratory Fourier transform spectra have been 

recorded at room temperature for various pressures of atmospheric interest. In order to 

accurately model these spectra, a theoretical approach accounting for line-mixing effects is 

necessary and proposed in this study. The common model used in this work is based on the 

state-to-state rotational cross-sections calculated by a statistical modified exponential-gap 

fitting law depending on few empirical parameters. These parameters have been deduced by 

least-squares fitting a sum rule to the N2-broadening coefficients modeled previously. 

Comparisons between experimental and calculated spectra for various QQ sub branches and 

various pressures of N2 demonstrate the adequacy of the model as compared to the use of the 

Voigt profile.  
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1. Introduction 

Methyl chloride (CH3Cl) is one of the most abundant chlorine-containing molecules in 

the earth atmosphere. It has a rather strong signature around 3000 cm-1 (especially the ν1 

band) which was recently used by the Atmospheric Chemistry Experiment (ACE) satellite 

mission to produce the first global distribution of methyl chloride in the upper troposphere 

and stratosphere [1]. This spectral region has been recently studied, for transitions of both 

CH3
35Cl and CH3

37Cl isotopologues, in terms of line positions and intensities [2], self- [3] 

and N2-broadening coefficients [4]. 
QQ sub branches of the ν1 band are used for atmospheric remote sensing in this region 

since they are quite strong and in a relatively transparent window. Under atmospheric 

conditions, line-mixing effects can be observed since the structure of these branches is narrow 

[5]. In the following, it is shown that the line mixing effects in the QQ sub branches must be 

taken into account for accurate atmospheric applications. Line-mixing effects were 

disregarded in our previous studies [2-4], since low pressures of CH3Cl or N2 (lower than 120 

mbar) spectra were used. In the present work, nitrogen (N2) pressures up to 700 mbar are 

considered. In such conditions, the usual Voigt or Lorentz profiles cannot correctly reproduce 

the experimental shape of the QQ sub branches. Note that, for CH3Cl, line-mixing has been 

previously studied for the RQ0 sub-branches of the ν5 band [6-8], but never for the ν1 band. In 

this work, a model has been used to calculate line-mixing for the QQK (K from 0 to 10) sub-

branches of the ν1 band of CH3Cl perturbed by N2. This model is based on the use of the 

state-to-state rotational cross-sections and a statistical Exponential Power Gap (EPG) fitting 

law depending on few empirical parameters.  

Laboratory Fourier transform spectra have been recorded at room temperature and for 

3 pressures of N2 (between 200 and 700 mbar). Line mixing effects are observed in the QQ 

sub-branches, and increased with the pressure of N2.  Experimental conditions are presented 

in Section 2. Section 3 is devoted to the line mixing model. Comparisons between 

experimental and calculated spectra are discussed in Section 4.  

 
 
2. Experimental conditions 

 The rapid scan Bruker IFS 120 HR interferometer of the Laboratoire de Dynamique, 

Interactions et Réactivité (LADIR) was used to record N2-perturbed spectra of CH3Cl. The 
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unapodized spectral resolution (FWHM) used was about 25×10-3 cm-1, corresponding to a 

maximum optical path difference of 20 cm. Such a resolution is sufficient enough to neglect 

the apparatus function in the calculation because of the strong width (around 0.2cm-1 at 1 atm 

of N2) of the QQ sub branches of CH3Cl. The interferometer was equipped with a CaF2 

beamsplitter, an InSb detector and a Globar source. The experimental conditions of the 

recorded spectra are summarized in Table 1. Under these conditions, the rotational structure 

of CH3Cl transitions is not resolved, as can be observed in Fig. 1, which presents the various 
QQ sub branches studied in this work. For all spectra, the whole optical path was under 

vacuum. A multipass cell of 1m base length, with a total absorption path of 415 cm, was used. 

This cell was equipped with KCl windows. The commercial gas sample of CH3Cl and N2, 

furnished by Alpha gas with a stated purity of 99.9% in natural abundances (74.89 % of 
12CH3

35Cl and 23.94 % of 12CH3
37Cl), was used without further purification. The temperature 

in the cell was recorded using four platinum probes inside the cell. The spectra were recorded 

at room temperature (see Table 1). Pressures of gases have been measured with two Baratron 

gauges with accuracy better than ± 0.15 % for the 1 mbar full scale gauge and better than 

± 0.25 % for the 1000 mbar full scale gauge. Around 400 scans have been averaged and then 

transformed to spectrum, using the Fourier transform procedure included in the Bruker 

software OPUS package [9], selecting a Mertz phase-error correction [10,11]. The spectra 

were not numerically apodized.  Averaging the 400 scans, the signal-to-noise ratio was nearly 

equal to 600. Note that, a weak multiplicative channel spectrum was expected in the 

experimental spectra due to the reflexion on parallel faces of windows in the experimental set 

up (1% maximum peak to peak amplitude). Due to the high pressures of gas used in this work, 

this channel cannot be observed in the spectral range of the CH3Cl absorption features. In this 

study, the pressure broadening width leads to intrinsic non resolved transitions, especially for 

the QQ sub branches, so that, the multiplicative channel was hidden behind. Consequently, 

spectra were divided by a vacuum spectrum to eliminate this channel.  

 
 
 
3. Line-mixing calculation 

This section is dedicated to the calculation used to evaluate line-mixing effects in 

CH3Cl/N2 spectra for QQ sub-branches of ν1 band. Sections 3.1 and 3.2 are devoted to the 

formulation of the absorption coefficient and of the relaxation operator respectively. The 

calculation of CH3Cl spectra perturbed by N2 under the experimental conditions given in 

Table 1 is described in Section 3.3. 
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3.1. Absorption coefficient 

Let us consider a mixture of two gases, an absorbing gas (noted a) and a buffer gas 

(noted b). Within the impact and binary collisions approximations, and disregarding Doppler 

effect, which has negligible influences in the studied pressure range, the absorption 

coefficient α (in cm-1) accounting for line-mixing effects at a wavenumber σ is given by 

[12,13] (Note that the CGS unit system is used for all the quoted equations): 
2

1
0 / /

8( , , , ) 1 exp( / ) ( )
3

Im ( ( ) ( ))

a b b a k k l
k l

a a a b a b

P P T hc k T P T d d
hc

l i P T P T k−

π σ
α σ = − − σ ρ  

× − − +  

∑∑

Σ L W W
 ,                                                  (1) 

(rajouter {} après Im) 

where Pa and Pb are the partial pressures of the absorbing and buffer gases, respectively, and 

T the temperature of the gas. The sums include all absorption lines k and l; Im{...} denotes the 

imaginary part; ρk is the relative population of the initial level of line k, dn is the reduced 

matrix element of the electric dipole moment operator of line n (n = l or k), related to the 

integrated line intensity Sn of the absorbing gas by: 
3

28( ) ( ) 1 exp( / )
3n n n n b nS T T hc k T d
hc
π

= ρ σ − σ   .                                                                                  (2) 

kb is the constant of Boltzmann. Σ, L0 and W are operators in the Liouville line space. The 

first two are diagonal and can be expressed as follows: 

,k ll k = σδΣ  and ,k k ll k = σ δ0L ,                                                                                      (3) 

δk,l being the Kronecker symbol. The relaxation operators Wa/a and Wa/b, which contain the 

influence of collisions on the spectral shape, depend on the band and on the temperature. The 

off-diagonal elements of W account for interferences between absorption lines (line mixing), 

whereas the real and imaginary parts of the diagonal elements are the pressure-broadening γk 

and pressure-shifting coefficients δk of the lines 

( ) ( ) ( )k kk T k T i T= γ − δW .                                                                                                 (4) 

 

3.2. Relaxation operator 

According to Eq. (4), the diagonal elements of W are directly linked to the broadening 

and shifting coefficients of the transitions involved in line mixing calculation. Since no N2 

shifting coefficient of CH3Cl is available in this region, they have been neglected in this 

study. Therefore, the imaginary part of the off-diagonal elements has also been disregarded. 
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The real off-diagonal elements are modeled using the state-to-state inelastic collisional rates 

of the lower state through: 

,( ) ( , )l k l kl T k A K i i T= − ←W  with ( l ki i≠ ),                                                                             (5) 

where ( , )l kK i i T←  designates the state-to-state collisional transfer rate from the initial level ik 

of line k to the initial level il of line l. The parameters ,l kA , which enable switching from the 

state space to the line space, are empirical and depend on the types of considered lines 

[14,15]. In order to simplify the problem, we made the approximation that ,l kA  depends only 

on the band and on the buffer gas, but not on the quantum numbers of the lines themselves. 

The downward rates ( , )l kK i i T← , with El<Ek, are modeled by a statistical Exponential 

Power Gap (EPG) fitting law [10,13,16]: 

2 3
1( , ) k la a E E

l k k lK i i T a E E e− − −← = − ,                                                                                          (6) 

where En is the rotational energy of the initial level of line n (n = l or k). The coefficients a1, 

a2 and a3 are empirical parameters.  

The upward rates are then calculated by using the detailed balance: 

( )
( , ) ( , )

( )
k

k l l k
l

T
K i i T K i i T

T
ρ

← = ←
ρ

.                                                                                                (7) 

The coefficients a1, a2 and a3 in Eq. (6) are obtained by least-squares fitting the sum rule to 

the N2-broadening coefficients γk values. For a QQ sub branch, this sum rule is given by: 

 

1 ( ) ( )
2

k l k l

k l k l k
i i f f

K i i K f f
≠ ≠

 
 γ = ← + ←
  
∑ ∑ ,                                                                                      (8) 

 

where in and fn are, respectively, the initial and final levels of the transition n (n = l ou k). 

 

3.3. Application to the CH3Cl spectra 

Using experimental conditions of Table 1 and the model previously described, the line 

mixing due to N2 pressure has been calculated in the various QQK (K from 0 to 10) sub 

branches of the ν1 band. As theses QQ sub branches are well separated (see Fig. 1), inter-

branch line mixing (for example with ΔK=3n [17]) has not been taken into account. 

The spectroscopic parameters of the line k required for the calculation of the spectra 

are the position σk, the relative population of the initial level ρk, the reduced matrix element 

of the electric dipole moment operator dk (obtained from Sk), the rotational energy level Ek, 
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and the N2-broadening coefficients γk. All these parameters have been constrained to the 

calculated values obtained in Refs. [2-4]. Since partial pressure of methyl chloride is very 

small (around 0.25 mbar), self-broadening contribution has been neglected. The contributions 

of the 13C species (concentration of about 1%) were also neglected. Note that the whole 

absorption coefficient is the sum of the absorption coefficients due to each isotopologues and 

that the line intensity in Eq. (2) is defined for a pure gas, not to be confused with those given 

in natural abundances in Ref. [2]. 

For the calculation of the off-diagonal elements of the relaxation operators WCH3Cl/N2, 

the parameters a1, a2 and a3 have been adjusted using Eq. (6), the calculated N2-broadening 

coefficients of Ref. [4], and the sum rule given in Eq. (8). For this, the values of the 

broadening coefficients obtained by an empirical model in Ref. [4] were chosen, instead of 

the measured values. The N2-broadening coefficients have been calculated with the empirical 

model of Ref. [4] from J equal 0 to 50 and K equal 0 to 9. Since in Ref. [4] no evident 

discrepancy has been observed between the N2-broadening coefficients of CH3
35Cl and 

CH3
37Cl, the a1, a2 and a3 parameters are the same for both isotopologues. The parameters 

a1, a2 and a3 have been obtained for the most intense QQ6 sub branch, and were retained for 

all the other QQ sub branches.  

 
The vibrational ground state has only A+ levels. The upper states of QQ6 transitions 

are split into A- and A+ levels. The optical selection rule for these QQ6 transitions is A+↔A-. 

As mentioned by Chackerian et al. [8], collisional relaxation between both A-↔A- and 

A+↔A- levels (instead of only A-↔A-) in the excited state were needed to correctly describe 

line-mixing effects in the RQ0 sub branch of the ν5 band of CH3Cl. In this case, the sum rule 

becomes: 

A A A A

1 1 1( ) ( ) ( )
2 2 2

k l k l k l

k l k l k l k
i i f f f f

K i i K f f K f f
≠ ≠ ≠

−↔ + −↔ −

 
 

γ = ← + ← + ← 
 
  

∑ ∑ ∑  .                                   (9) 

However, in the case of the QQ sub branch of the ν1 band of CH3Cl, the rotational energies of 

A-  and A+ levels of the upper state are very close, so that this refinement does not change the 

value of the right member of Eq. (8). Therefore, only A-→A- collisional relaxations in the 

upper state have been considered to simplify the calculation. Consequently Eq. (9) becomes: 

A A

1 ( ) ( )
2

k l k l

k l k l k
i i f f

K i i K f f
≠ ≠

−↔ −

 
 

γ = ← + ← 
 
  

∑ ∑ .                                                                    (10) 
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For the QQ6 sub-branch, the sum rule was evaluated with unrestricted collisional 

selection rules on ΔJ, with Jk of the lower state lesser or equal to 35 and with Jl of the upper 

state up to 50 (in order to ensure the convergence of the rule sum [Eq. (10)]) and with ΔK= 0 

[17,19-21]. 

The values obtained for the a1, a2, and a3 coefficients are given in Table 2, and the 

validity of the model is demonstrated in Fig. 2, showing the comparison between the N2-

broadening coefficients calculated in such a way and the values from Ref. [4]. The coefficient 

,l kA  in Eq. (5) was determined from one single experimental spectrum (spectre 3 of Table 1). 

This was done by successive estimations, and we found that the coefficient 
2NA = 0.55 was the 

optimum value to reproduce both sub branches at the three experimental pressures. For all QQ 

sub branches, the relaxation operators 
3 2/CH Cl NW were then calculated from the set of 

parameters of Table 2, using Eqs. (5-7) and using the parameter
2NA . The broadening 

parameters calculated from the off-diagonal elements and the sum rule does not match 

perfectly (see Fig. 2) especially for the other QQ sub branches for which the broadening 

coefficients for K=6 differs from those at other K values. Consequently a renormalization 

procedure [18] was applied to the off-diagonal terms for each branch, in order to satisfy 

exactly the sum rule and the K rotational dependence of the N2-broadening coefficients. 

Finally, note that the calculation of spectra was performed by the direct calculation of Eq. (1) 

through the inversion of the relaxation operators 
3 2/CH Cl NW . 

 
 
4. Spectra calculations and discussion 

Due to the broadened unresolved structure of the QQ branches (about 0.2 cm-1 at 1 

atm), it was not necessary to take into account the effect of apparatus function. Absorption 

coefficients due to the two CH3
35Cl and CH3

37Cl isotopologues were added. Uncoupled lines 

present in the studied spectral domains were also taken into account in the calculation of the 

total absorption coefficient, their contribution being calculated using a Lorentz profile. 

Because of the high pressures, it was not necessary to take into account the Doppler 

broadening for CH3Cl in this spectral region. Moreover, due to the low pressures of CH3Cl 

used in this work, the effect of the self-broadening coefficients has been neglected. In the 

studied spectral region, the Doppler width is about 0.0025 cm−1, whereas in spectrum 1 (see 

table 1) the self-width is equal to 0.0002 cm−1, while the N2-width is equal to 0.04 cm−1.  
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Using the a1, a2, and a3 parameters reported in Table 2 for N2-perturbed CH3Cl and 

the value 
2NA  = 0.55, calculation with and without line mixing effect were performed. The 

results obtained for the QQ6 sub branches at the three pressures of Table 1 are presented in 

Fig. 3. The residuals can achieve 30% when not introducing line-mixing effects, whereas it 

achieved only 6% when taking this effect into account with our model. The spectra calculated 

for the other QQ sub branches are shown in Fig. 4. Let us recall that the renormalization 

procedure was necessary for these branches, since the model parameters were obtained from 

the QQ6 sub branch only. As can be observed in Fig. 4, line-mixing effects are quite important 

for all sub branches and our calculation significantly improves the residual as compared to a 

calculation without line mixing. Table 3 shows the maximum residual in percent for each 

branch when performing line mixing calculation or using a Lorentz profile. A slight 

systematic residual increasing with K is observed. This difference can be due to a K 

dependence of line-mixing effects not introduced in our 
3 2/CH Cl NW  calculation since the A 

coefficient is constant for all QQ sub branches, and to the fact that N2 pressure-shift has been 

neglected. For branches with high K values (K>8), less accurate spectroscopic data can also 

explain the more important residual. These results confirm that neglecting line mixing leads to 

large errors, whereas our model gives better predictions. 

A comparison between a calculated spectrum based on the line parameters of Refs. [2-

4] and the experimental spectrum of the Pacific Norwest National Laboratory (PNNL) [22] is 

shown in Fig. 5. The PNNL spectrum was recorded at 0.001 mbar of CH3Cl and 1013 mbar 

of N2. Under these conditions, the calculated spectrum presents strong effect of line mixing as 

it can be observed on this figure. The improvement on the calculation when the line mixing is 

taking into account is significant. For atmospheric retrievals from the QQ sub branches of the 

ν1 band of CH3Cl, the use of line parameters from databases [23-24] or from Refs. [2-4] is 

not sufficient since neglecting line-mixing effects will introduce systematic errors in the 

retrieval of the CH3Cl abundance. 

 

5. Conclusion 

Line-mixing effects have been calculated for the QQ sub branches (up to K =10) of the 

ν1 band of methyl chloride (CH3Cl), perturbed by N2 (200-700 mbar) at room temperature. 

The model is based on the use of the state-to-state rotational cross-sections calculated by a 

statistical modified exponential-gap fitting law that depends on a few adjusted empirical 

parameters. Comparisons performed between experimental and calculated spectra 
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demonstrate the effectiveness of the model as compared to the use of a Voigt or Lorentz 

profile. The influence of line-mixing effects on the abundance of CH3Cl is important for 

atmospheric retrievals. All programs and results that are required to calculate the line mixing 

for QQ sub branches of the ν1 band of CH3Cl are available upon request to the authors. 
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Table 1 

Experimental conditions of the recorded spectra. 

 
__________________________________________________________________ 
#          CH3Cl pressure                  N2  pressure    Resolutiona            Temperature 
                (mbar)                         (mbar)            (cm-1)                        (K) 
_______________________________________________________________________________ 
1     0.2562  218.6              0.02                     294.3 ±0.5 
2     0.2706  409.8              0.05                     293.5 ±0.5 
3     0.2640  698.2              0.05                     297.0 ±0.5 
_______________________________________________________________________________ 
a Resolution as defined by Bruker = 0.9/Maximum optical path  
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Table 2 
Parameters of the EPG model (Eq. 7) obtained for CH3Cl/N2. 
 

EPG law parameter CH3Cl/N2 
a1 0.067 
a2 0.584 
a3 0.764 
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Table 3 
Residual in percent for each branch when line mixing is taken or not into account for the 
spectrum 3. 
 

Branch of ν1 band Obs-calc* 
Without line mixing (%) 

Obs-calc* 
With line mixing (%) 

QQ1 -10.6 -0.9 
QQ2 -21.4 -1.5 
QQ3 -27.7 5.1 
QQ4 -29.3 4.4 
QQ5 -34.0 -1.2 
QQ6 -29.1 -5.6 
QQ7 -37.9 -9.1 
QQ8 -36.5 -9.2 
QQ9 -35.8 -18.5 

QQ10 -37.3 -18.7 

* Difference at the maximum peak absorption ( % 100
1

obs calc

obs

T T
T
−

= ×
−

, Tobs and Tcalc correspond to the 

transmittance of the experimental and calculated spectra, respectively) 
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Figure 1  

On left side, in the upper panel, the experimental spectrum 1 (see Table 1) is plotted. The 

panels of residuals show the differences between the experimental spectrum and a spectrum 

calculated without taking into account line-mixing (a) and with line mixing taken into account 

(b). On right side, a zoom of the QQ sub branches is plotted. K-rotational structure of sub 

branches is resolved contrary to the J-rotational structure of each branch. Note also that the 
QQ sub branches of the two isotopologues of 12CH3Cl are not resolved. 
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Figure 2  

Comparison between N2-broadening coefficients of CH3Cl in the QQ6 sub branch given by 

the empirical model of [4] (solid square) and those calculated using the EPG model and 

coefficients of Table 2 (solid curve). Note that the broadening coefficients calculated for 

CH3
35Cl and CH3

37Cl are not distinguishable from the solid curve shown. J is the rotational 

quantum number of the lower level of the transition. 
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Figure 3 
Comparison between the CH3Cl/N2 experimental spectra (■) of the QQ6 sub-branch and those 
calculated without line mixing (- - -), with line mixing (▬). The pressure of N2 gas increases 
from left panel to the right one. The lower panels correspond to residuals of the fits showing 
the differences between the experimental spectra and calculated one using a sum of Lorentz 
profiles with (last panel) or without (first residual panel) taking into account line-mixing 
effects.  
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* ν4 and 3ν6 transitions taken into account in the calculation of the total absorption 
coefficient (Lorentz profiles). Spectroscopic data of these transitions are less accurate than the 
ν1 ones. 
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Figure 4   
Comparison between the CH3Cl/N2 transmission spectra in the QQ sub-branches region calculated without line mixing (- - -), with line mixing 
(▬) and the experimental values (■). The pressure of N2 gas increases from left panel to right. The lower panels correspond to residuals of the 
fits showing the differences between the experimental spectra and calculated one using a sum of Lorentz profiles with (last panel) or without 
(first residual panel) taking into account line-mixing effects. 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* RQ9 branch of the ν4 band taken into account in the calculation of the total absorption coefficient (Lorentz profiles). Spectroscopic data of these 
transitions are less accurate than the ν1 ones. 
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Figure 5  
Comparison between the CH3Cl/N2 PNNL experimental spectra (■) of the QQ sub-branch and 
those calculated without line mixing (- - -), with line mixing (▬). P(CH3Cl)= 1.10-6 atm, 
P(N2) = 1 atm, L = 100 cm (experimental conditions from PNNL [22]). The panels of 
residuals show the differences between the experimental PNNL spectrum and a calculation 
without taking into account line-mixing effects (a) and by using our model to model line-
mixing effects (b). 
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