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Methyl bromide (CH3Br) is the major source of inorganic bromine in the atmosphere and contributes sig-
nificantly to ozone depletion. Indeed, CH3Br is dissociated by UV radiation, producing Br radicals that cat-
alyze the destruction of ozone. In this paper, we report measured Lorentz self- and N2-broadening
coefficients of CH3Br in the m2 fundamental band using a mono-spectrum non-linear least squares fitting
of Voigt profiles which appeared to properly model the observed molecular line shapes within the noise
level. These measurements were made by analyzing 12 laboratory absorption spectra recorded at high
resolution (0.005, 0.003 or 0.002 cm�1) using the Fourier transform spectrometer Bruker IF125HR located
at the LISA facility in Créteil. The spectra were obtained at room temperature using a White-type multi-
pass cell with an optical path of 0.849 m and various pressures. We have been able to determine the self-
and N2-broadening coefficients of 948 m2 transitions with quantum numbers as high as J = 49 and K = 10.
The measured self-broadening coefficients range from 0.1542 to 0.4930 cm�1 atm�1 and the N2-broaden-
ing coefficients range from 0.0737 to 0.1284 cm�1 atm�1 at 295 K. The accuracy of the broadening coef-
ficients measured in this work is between 4% and 8%, depending on the studied transition. Comparisons
with measurements taken in the m5 and m6 bands of CH3Br did not show any clear vibrational dependence.
The J and K dependences of the self- and N2-broadening coefficients have been observed and the rota-
tional K dependence has been modeled using empirical polynomial expression. On average, the empirical
expression reproduce the measured broadening coefficients to within 6%. The data obtained represent a
significant contribution to the determination of broadening coefficients of CH3Br useful for atmospheric
remote sensing and applications.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Molecular spectroscopy, in the last decades, has become an inte-
gral part of both earth atmospheric and interstellar space researches
[1,2] and, nowadays, remote sensing measurements using different
platforms are valuable tools for detecting and monitoring the
composition of the Earth’s atmosphere as well as for probing the
molecular content of interstellar clouds or the atmospheres of
solar and extra-solar objects [2–9]. On the other hand, the success-
ful analysis of atmospheric and astrophysical spectra and the reli-
ability of the retrieved concentration and temperature profiles
strongly depend on the accuracy of spectral line parameters, such
as line positions, pressure broadening-, shifting-coefficients and
integrated absorption coefficients.
With this in mind, laboratory high resolution spectroscopy, being
the tool for measuring these parameters, appears as one of the
ground building blocks for the achievement of accurate remote
sounding methodologies [10–18]. The available spectroscopic data
are collected into a number of different databases, such as HITRAN
[19], GEISA [20] and JPL [21] which are continuously updated in
terms of accuracy, molecular species and spectral coverage. Besides,
the study of spectral line shapes is also a rich source of information
for shedding light on intermolecular interactions and collision
dynamics [22–27].

Methyl bromide (CH3Br) is one of the molecules included in
HITRAN and GEISA, given its relevance in the Earth’s atmosphere.
Indeed, it plays a relevant role in the chemistry of the Earth’s atmo-
sphere, directly entering in the bromine cycle. Methyl bromide has
both natural and anthropogenic origins. Its known sources include
natural production from oceans [28] and biomass burning [29]. It is
also industrially produced for use in agricultural applications and
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structural fumigations. This molecule significantly contributes to
the ozone depletion since CH3Br is dissociated by UV radiation,
producing Br radicals that catalyze the destruction of ozone [30].
These bromine atoms are largely more destructive of ozone than
the chlorine atoms coming from the chlorofluorocarbons com-
pounds (CFC) [31]. For this reason, since 2005, the use of CH3Br
has been banned under the Montreal protocol.

Many studies have already been devoted to the analysis of the
ro-vibrational spectra of methyl bromide in order to determine line
positions and line intensities [32–36]. Concerning the determina-
tion of broadening coefficients, several efforts have been made by
different groups either on CH3Br self-broadened or perturbed by
N2, O2 and air. Using a high-resolution Fourier transform spectrom-
eter Jacquemart et al. [37] have measured line positions and inten-
sities as well as self- and N2-broadening coefficients of about 1200
lines belonging to the m6 band of both CH3

79Br and CH3
81Br isotopo-

logues. The temperature dependence of broadening coefficients for
1400 lines in the same band was also studied by Jacquemart and
Tran [38]. Always on the m6 band, theoretical calculations of self-
and N2-broadening coefficients were performed recently at room
[39] and various temperatures [40]. Hoffman and Davies [41] have
used a tunable diode laser absorption spectrometer to measure the
room temperature pressure broadening coefficients of 174 rota-
tional transitions in the m5 fundamental band of methyl bromide
(CH3

79Br and CH3
81Br) around 6.9 lm.

As a continuation of these projects aiming at studying the
broadening parameters of CH3Br for atmospheric applications,
the present work deals with the determination of self- and N2-
Table 1
FTS and SPAC configurations.

Source SiC Globar

Detector HgCdTe (MCT)
Beam splitter KBr/Ge
Maximum optical path difference

(dMOPD)
180, 300 or 450 cm

Resolution = 0.9/dMOPD 0.005, 0.003 or 0.002 cm�1

Aperture diameter 1.15 mm
Collimator focal length 418 mm
Apodization function Boxcar
Phase correction Mertz
Phase resolution 0.5 cm�1

Transfer optics mirror coatings Gold
Cell windows CsBr
Cell Mirror coatings Gold
Pressure gauges MKS-627 D Baratron (2, 10 and

100 Torr)

Table 2
Summary of experimental conditions used to record the Fourier transform infrared spectr

CH3Br–CH3Br CH3B

# CH3Br pressure (Torr) R (cm�1)/No. of scans CH3B

1 3.087(15) 0.002/392
2 3.626(18) 0.002/392
3 4.511(23) 0.002/396
4 5.625(28) 0.002/420
5 2.490(12) 0.002/444
6 2.046(10) 0.002/448
7 1.499(7) 0.002/444
8 1.003(5) 0.002/444
9 0.6160(31) 0.002/460
10 0.2034(10) 0.002/452
11 6.205(31) 0.002/444
12 6.811(34) 0.002/456

All spectra are recorded with a path length of 0.849 (2) m at stabilized room temperatu
surface of the field mirror and the windows of the cell (2 � 2.45 cm). R is the spectral r

a The absolute uncertainty on the pressure is equal to 0.5% of the given value.
broadening coefficients of both CH3
79Br and CH3

81Br isotopologues.
The measurements were carried out for 948 ro-vibrational lines
belonging to P, Q and R branches of the m2 band, around 7.7 lm.
The experimental broadening coefficients were derived by analyz-
ing twelve Fourier transform spectra recorded at the LISA facility in
Créteil. They were measured using a mono-spectrum non-linear
least squares fitting algorithm, already used in several previous
works. The extensive measurements for self- and N2-broadening
coefficients have been obtained for large sets of J and K values,
for which clear J and K dependences have been observed. Empirical
polynomial expression has been used to model the rotational K
dependence of the experimental widths.

The work is structured as follows: Section 2 describes the
experimental details and data inversion procedure, the obtained
results are presented in Section 3, in which a discussion concerning
the J and K dependence of collisional parameters, as well as a
detailed comparison with literature data are carried out. Conclu-
sions and remarks are addressed in Section 4.
2. Experimental details and collisional half width
measurements

2.1. Experimental details

Twelve absorption spectra of methyl bromide were recorded
using the high-resolution Fourier transform spectrometer (FTS)
Bruker IF125HR located at the LISA facility in Créteil. The instru-
ment was equipped with a KBr/Ge beamsplitter. A silicon carbide
Globar source and a liquid nitrogen cooled HgCdTe (MCT) detector
were used in conjunction with an optical filter, with a bandpass of
1150–1550 cm�1, to minimize the size of the interferogram data
files and also to improve the S/N ratio. The entire optical path
was evacuated in order to minimize H2O and CO2 absorption. The
aperture diameter (1.15 mm) of the spectrometer was set to max-
imize the intensity of IR radiation falling on the MCT detector with-
out saturation or loss of spectral resolution. Spectra were recorded
with a 40 kHz scanner frequency and a maximum optical path
difference (dMOPD) of 180, 300 or 450 cm. According to the Bruker
definition (Resolution = 0.9/dMOPD), this corresponds to a resolution
of 0.005, 0.003 or 0.002 cm�1.

A short-path absorption cell (SPAC) made of Pyrex glass and
equipped with CsBr windows was used for all the measurements.
The SPAC is a White-type multipass cell with a base length of
0.20 m. In this experiment an optical path of 0.849(2) m was used.
The N2 (99.99% stated purity) and CH3Br (99% stated purity with
bromine at natural abundance i.e., 50.54% 79Br and 49.46% 81Br)
a of CH3Br and CH3Br-N2.a

r–N2

r pressure (Torr) N2 pressure (Torr) R (cm�1)/No. of scans

2.0014(10) 3.027(15) 0.003/260
2.501(13) 5.737(29) 0.003/268
3.006(15) 6.996(35) 0.003/268
6.233(31) 44.11(22) 0.005/260
2.060(10) 15.08(8) 0.005/256
2.506(13) 30.24(15) 0.005/246
3.160(16) 50.30(25) 0.005/260
5.553(28) 71.32(36) 0.005/264
10.06(5) 89.02(45) 0.005/268

2.219(11) 22.23(11) 0.005/264
2.717(14) 40.18(20) 0.005/260
5.006(25) 60.07(30) 0.005/260

re of 295 ± 1 K. The path length value takes into account the distance between the
esolution (equal to 0.9 divided by the maximum optical path difference, dMOPD).



Fig. 2. Pressure dependence of the collisional half width cc ¼ cself PCH3 Br for the
QR81(15, A+, 0), QR79(2, A+, 0), QR81(5, A+, 3) and QP79(39, E, 5) lines in the m2 band of
CH3Br. The slopes of the best-fit lines represent the self-broadening coefficients. No
weighted values are used for these lines.
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samples were purchased from Sigma Aldrich. No further sample
purifications were done.

The following procedure was used for measurements: first a
background spectrum was collected while the cell was being con-
tinuously evacuated. Next, the cell was filled with CH3Br at a given
pressure. Finally, the perturber gas was added in stages leading to a
series of 12 pressures. One CH3Br/N2 spectrum is recorded for each
CH3Br fill. The sample pressure in the cell was measured using cal-
ibrated MKS Baratron capacitance manometers (2, 10 or 100 Torr
full scale) with a reading accuracy of 0.12%, according to the man-
ufacturer. To estimate the uncertainty of the sample pressure, we
add the uncertainty arising from the small variation of the pressure
during the recording (�0.35%) and the accuracy of the gauge; this
leads to an estimation of 0.5% uncertainty on the pressure.

The spectra were recorded at a stabilized room temperature of
295 ± 1 K. All spectra were ratioed against a single channel
background spectrum of the empty cell which was recorded at a
resolution of 0.2 cm�1 in order to ensure the best possible signal-
to-noise in the ratioed spectra. For the Fourier transform, a
Mertz-phase correction, 0.5 cm�1 phase resolution, a zero-filling
factor of 2 and a boxcar apodization function were applied to the
averaged interferograms. The FTS instrumental parameters and
settings are summarized in Table 1. Details of the pressures and
the number of scans taken for each sample are given in Table 2.
The Signal/Noise ratio (RMS) in our spectra are between 139 and
226 (for self spectra) and between 344 and 560 for CH3Br/N2

spectra.

2.2. Collisional half width measurements

The collisional half widths were measured using a mono-
spectrum non-linear least squares fitting algorithm, already used
and described in previous works [36,42–44]. In brief, the measure-
ments involved the adjustment of a calculated spectrum to the
observed spectrum using a Levenberg–Marquardt non-linear least
squares fitting procedure [45]. Each calculated spectrum was
computed as the convolution of a monochromatic transmission
spectrum with an instrument line shape function, which includes
the effects of the finite maximum optical path difference and of
the finite source aperture diameter of the interferometer [46].
Fig. 1. Part of the P-branch ((P79(11, E, 7) and P79(12, A+, 9) lines) of the m2 band of
CH3Br self-perturbed (open circles in the upper panel), and the best fit calculated
spectrum (solid line) obtained with a source aperture diameter of 1.15 mm, a
maximum optical path difference of 450 cm and a Voigt profile. The observed
spectrum is recorded at a CH3Br pressure of 3.087 Torr, at 0.002 cm�1 resolution
using 392 scans. The lower panel is a residual plot showing percent differences
between the observed and calculated spectra.

Fig. 3. J-dependence of the measured self-broadening coefficients in the P-branch
of CH3

79Br and CH3
81Br with K = 2.

Fig. 4. J-dependence of the measured N2-broadening coefficients in the R-branch of
CH3

79Br for K ranging from 0 to 9.
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The line profile was modeled using a Voigt function, with Gaussian
width always held fixed to the value calculated for the Doppler
broadening, without introducing line mixing. In addition, for the
background, a slope and a curvature can also be varied. An example
of the quality of the fitting procedure is given in Fig. 1. The upper
panel shows the observed and calculated spectra overlaid; the
lower panel gives the difference between the two in percent. As
it can be seen, the Voigt profile reproduces satisfactorily the exper-
imental features: the small residuals suggest that the Voigt profile
is well suited to fit the experimental line shapes. At this point, it
should be mentioned that the narrowing effects are negligible,
i.e., the typical residuals are not observed. Indeed, when the mean
free path of a molecule is much smaller than the wavelength of the
radiative transition, the molecule changes velocity and direction
many times during the emission or absorption of a photon. This
causes an averaging over different Doppler states and results in a
molecular linewidth that is narrower than the Doppler width. This
effect, also known as Dicke narrowing [47], is very small (about
±1%) [48] and is not easily observable by Fourier transform spec-
troscopy. In our case this effect is probably hidden in noise and
is neglected in this work, as mentioned by Bray et al. [49], it is
greatly masked by the large collisional broadenings of N2 and
CH3Br with a large dipole moment.

The self- and N2-broadening coefficients, cself and cN2, for the ro-
vibrational lines measured in the present study, were derived by a
linear fit of the collisional half widths, as retrieved from the line
profile analysis, against the pressure of the perturbing species,
CH3Br or N2:

cc ¼ cself PCH3Br þ cN2
PN2 ð1Þ

where cc is the collisional half width, PCH3Br and PN2 are respectively
CH3Br and N2 partial pressure. A typical plot of the collisional half
widths cc derived from the fittings versus the CH3Br pressures, is
shown in Fig. 2 for the QR81(15, A+, 0), QR79(2, A+, 0), QR81(5, A+,
3) and QP79(39, E, 5) lines in the m2 band of CH3Br. The straight lines
obtained from the fitting show a good verification of the linearity of
the collisional half widths against pressure. The self- and N2-broad-
ening coefficients (in cm�1 atm�1) can be derived from the slopes of
these straight lines. A total of 948 broadening coefficients were
obtained and collected in the third and fifth column of Supplemen-
tary material include to this paper.
Fig. 5. Example of the polynomial fit in K (using Eq. (3)) of the self- and
N2-broadening coefficients with J = 17 for CH3

79Br. The black triangles (N) and
squares (j) symbols represent, respectively, the measured N2- and self-broadening
coefficients, whereas the open triangles (r) and squares (h) have been used to
reproduce, respectively, the calculated N2- and self-broadening coefficients.
The precision of the measurements (2r) can be judged by
examining the residuals of the fits. They are generally less than
2%. However, a better estimation of the accuracy of the broadening
coefficients requires taking into consideration the uncertainties on
the physical parameters, the purity of the sample and contribu-
tions from possible systematic errors [50]. The dominant contribu-
tions to the systematic errors were found to arise from offsets in
the 0% transmission level and nonlinearities in the response of
the MCT detector. We estimate that the accuracy of the broadening
coefficients measured in this work is between 4% and 8%, depend-
ing on the studied transition.
3. Results and discussion

The self- and N2-broadening coefficients for CH3Br transitions in
the m2 band retrieved from our mono-spectrum analysis are
presented in Supplementary material include to this paper. The
assignment column gives the isotopologue (79 for CH3

79Br and 81
for CH3

81Br) for which the transition is observed, the type of branch,
the rotational quantum number J of the lower state, its symmetry,
and the rotational quantum number K of the lower state. Position
column corresponds to line positions in cm�1. cself and cN2 are
the measured self- and N2-broadening coefficients in cm�1 atm�1.
%self and %N2 are the differences in % between the experimental
and calculated widths. The calculated values are obtained using a
polynomial empirical fit of the measured ones (see Section 3.2).
In our analysis, we have not applied any temperature corrections
to the measured broadening coefficients. Hence, the broadening
coefficients listed in Supplementary material correspond to values
at 295 ± 1 K at which the spectra were recorded. We present our
results arranged in groups of P, Q and R branches. The precision
of the measurements given in Supplementary material represents
two standard deviation uncertainties in the measured quantities
in units of the last quoted digit.

3.1. Discussion of the measured self- and N2-broadening coefficients

Extensive measurements of self- and N2-broadening coefficients
have been obtained for a large number of J and K values ranging
from 2 to 49 and from 0 to 10, respectively. The measured self-
broadening coefficients range from 0.1542 to 0.4930 cm�1 atm�1;
Fig. 6. Example of the polynomial fit in K (using Eq. (3)) of the self- and
N2-broadening coefficients with J = 33 for CH3

79Br. The black triangles (N) and
squares (j) symbols represent, respectively, the measured N2- and self-broadening
coefficients, whereas the open triangles (r) and squares (h) have been used to
reproduce, respectively, the calculated N2- and self-broadening coefficients.



Table 3
Best-fit coefficients a0

J and a2
J (in cm�1 atm�1) of Eq. (3) used to reproduce the

measured self- and N2-broadening parameters of the m2 band of CH3
79Br.

J Self N2

a0
J a0

J a2
J a0

J

P branch
5 0.3127(16) �0.00333(33) 0.1227(6) �0.000340(12)
7 0.3595(91) �0.00483(11) 0.1216(16) �0.000464(20)
8 0.3554(39) �0.00234(24) 0.1266(2) �0.000324(13)
9 0.3779(95) �0.00231(53) 0.1265(1) �0.000280(6)

11 0.4303(38) �0.00194(15) 0.1229(15) �0.000200(58)
12 0.4322(29) �0.00156(8) 0.1213(13) �0.000222(34)
14 0.4430(25) �0.00120(7) 0.1180(12) �0.000229(33)
15 0.4462(25) �0.00112(6) 0.1158(20) �0.000203(48)
16 0.4513(34) �0.000789(59) 0.1154(19) �0.000172(33)
17 0.4706(64) �0.00108(12) 0.1064(20) �0.0000378(37)
18 0.4898(48) �0.00126(12) 0.1062(18) �0.0000801(46)
20 0.4972(35) �0.00154(15) 0.1079(22) �0.000267(95)
21 0.4792(43) �0.00114(15) 0.1086(13) �0.0000881(49)
22 0.4784(62) �0.00127(18) 0.1103(23) �0.000273(64)
23 0.4506(56) �0.000747(13) 0.1059(31) �0.000141(69)
24 0.4516(65) �0.000684(13) 0.1059(16) �0.000149(37)
25 0.4541(21) �0.00112(5) 0.1033(23) �0.0000913(57)
26 0.4372(91) �0.000880(24) 0.1007(19) �0.0000649(49)
27 0.3995(13) �0.000498(26) 0.0989(18) �0.00000334(38)
28 0.4255(74) �0.00178(42) 0.0984(23) �0.0000652(103)
29 0.3992(16) �0.00146(11) 0.1029(10) �0.000330(71)
30 0.3693(25) �0.000430(13) 0.1002(30) �0.000246(15)
31 0.3481(9) �0.000168(46) 0.0976(31) �0.0000221(16)
32 0.3413(41) �0.000725(100) 0.1007(20) �0.000224(48)
33 0.3271(13) �0.000702(37) 0.0990(18) �0.000227(50)
34 0.3240(78) �0.000616(30) 0.1002(17) �0.000311(67)
35 0.3167(99) �0.000255(28) 0.0975(18) �0.000172(53)
36 0.2847(70) �0.000357(17) 0.0974(23) �0.000123(55)
37 0.2800(63) �0.000526(18) 0.0966(22) �0.000167(63)
38 0.2653(23) �0.000553(18) 0.0982(37) �0.000379(29)
39 0.2616(25) �0.000717(80) 0.0924(24) �0.000197(75)
42 0.2309(107) �0.00135(12) 0.0975(6) �0.000281(70)
43 0.2194(45) �0.00130(55) 0.0952(38) �0.0000892(47)
44 0.2099(42) �0.000446(16) 0.0927(9) �0.000214(32)
45 0.1952(38) �0.000323(19) 0.0906(24) �0.000123(13)

Q branch
8 0.3137(145) �0.00167(34) 0.1208(18) �0.0000638(42)
9 0.3082(138) �0.00101(26) 0.1240(13) �0.0000979(240)

10 0.3401(70) �0.00142(10) 0.1217(49) �0.000178(73)
12 0.3410(223) �0.000839(30) 0.1137(25) �0.000103(34)

R branch
5 0.3196(50) �0.00279(10) 0.1212(4) �0.000224(74)
8 0.2799(32) �0.000027(14) 0.1246(20) �0.000162(86)
9 0.3912(25) �0.00217(20) 0.1257(5) 0.000327(39)

10 0.3896(33) �0.00109(12) 0.1212(9) �0.000148(31)
11 0.4065(69) �0.000976(23) 0.1207(11) �0.000162(37)
12 0.4159(58) �0.00131(21) 0.1173(3) �0.000132(11)
13 0.4133(63) �0.00121(20) 0.1180(10) �0.000221(33)
14 0.4142(62) �0.000954(24) 0.1164(15) �0.000246(57)
16 0.4482(34) �0.000804(23) 0.1123(12) �0.000386(79)
17 0.4526(27) �0.00138(8) 0.1071(1) �0.000139(3)
18 0.4464(32) �0.000962(87) 0.1049(11) �0.000118(28)
19 0.4564(60) �0.00174(40) 0.1039(20) �0.0000325(14)
20 0.4507(57) �0.000976(153) 0.1045(10) �0.000142(28)
21 0.4411(12) �0.000969(30) 0.1036(8) �0.0000620(193)
23 0.4190(12) �0.000778(41) 0.1021(2) �0.0000466(56)
25 0.3976(43) �0.000733(99) 0.1025(1) �0.000166(3)
26 0.3862(20) �0.000500(54) 0.1011(5) �0.0000721(133)
27 0.3863(17) �0.000940(47) 0.1009(8) �0.0000940(211)
28 0.3632(22) �0.000626(46) 0.0998(6) �0.0000490(131)
29 0.3686(14) �0.00115(10) 0.0984(2) �0.0000656(166)
30 0.3429(40) �0.000700(105) 0.0972(4) �0.0000381(100)
31 0.3283(42) �0.000458(14) 0.0968(5) �0.0000304(59)
32 0.3257(37) �0.000561(14) 0.0958(2) �0.0000323(63)
33 0.3221(16) �0.000807(81) 0.0955(2) �0.0000612(99)
34 0.2988(57) �0.000253(11) 0.0937(4) �0.0000102(25)
35 0.2973(31) �0.000760(117) 0.0937(3) �0.0000484(118)
36 0.2831(19) �0.000602(47) 0.0940(2) �0.0000369(57)

Table 3 (continued)

J Self N2

a0
J a0

J a2
J a0

J

37 0.2548(10) �0.000204(45) 0.0941(3) �0.0000780(140)
38 0.2540(36) �0.000812(28) 0.0941(1) �0.0000612(97)
39 0.2456(42) �0.000926(30) 0.0937(1) �0.0000359(45)

Note: Numbers between parentheses are the uncertainties (1r) in the units of the
last quoted digit.
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and the N2-broadening coefficients range from 0.0737 to
0.1284 cm�1 atm�1. Fig. 3 is a plot of the J-dependence of the mea-
sured self-broadening coefficients in the P-branch of CH3

79Br and
CH3

81Br with K = 2. This figure shows that for a given K, the
self-broadening coefficients tend to increase until reaching a max-
imum, at 0.4930 cm�1 atm�1 for Jmax = 20 (K = 0) for the CH3

79Br iso-
tope and 0.4909 cm�1 atm�1 for Jmax = 20 (K = 2) for the CH3

81Br
isotope, then started to decrease for higher J. Note that no signifi-
cant discrepancy has been observed between the measurement of
self-broadening coefficients of CH3

79Br and CH3
81Br.

The position of the maximum self-broadening coefficients is
corresponding to the maximum of efficiency for collision domi-
nated by the electrostatic interactions. This maximum value Jmax

is given by the resonance condition [51,52]:

Jmax �
B2 l2

B1 l1
J2p ð2Þ

J2P is the most populated level of the perturbing molecule at the
temperature considered (for CH3Br at room temperature J2p � 17).
B1 and B2 are the rotational constants of the two partners (B1 = B2

for CH3Br self-perturbed). The spherical harmonic orders li depend
on the nature of the interaction. Therefore for the self broadening
dominated by the dipole–dipole interaction (l1 = l2 = 1), the maxi-
mum collision effectiveness is around Jmax = J2p in overall agree-
ment with the experimental observation.

In Fig. 4, we have plotted the J-dependence of the measured
N2-broadening coefficients in the R-branch of CH3

79Br for K ranging
from 0 to 9. It is found that this variation has a maximum at
Jmax = 7. For N2 at room temperature J2P � 7. The rotational con-
stants are B1 = 0.3185542 [53] and B2 = 1.989622 [54].

If one considers that the N2 broadenings are dominated by the
dipole-quadrupole interaction, the spherical harmonic orders are
l1 = 1 and l2 = 2, and the maximum of collision effectiveness will
be at Jmax � 44, in disagreement with the experimental observation
(Jmax = 7 for CH3

79Br). In this case Eq. (2) is unable to predict the Jmax

value CH3Br–N2 system proving that the dipole–quadripole inter-
action is not the main contribution of this collision.

3.2. Empirical polynomial expression to describe the broadening
coefficients in term of K

We have fitted the experimental self- and N2-broadening coef-
ficients to an empirical polynomial expression as previously done
in Refs. [55–58]. Such a work requires a great amount of accurate
measurements. For methyl bromide, the study of Jacquemart
et al. [37] on the m6 band can be cited as recent work dealing with
the rotational dependence of broadening coefficients for large sets
of J and K values. In order to correctly model the line widths, we
chose to fit the broadening coefficients by a polynomial expression
for each value of J as a function of K:

cJðKÞ ¼ a0
J þ a2

J K2 ð3Þ



Table 4
Best-fit coefficients a0

J and a2
J (in cm�1atm�1) of Eq. (3) used to reproduce the

measured self- and N2-broadening parameters of the m2 band of CH3
81Br.

J Self N2

a0
J a2

J a0
J a2

J

P branch
5 0.3218(16) �0.00630(108) 0.1237(10) �0.000432(20)
6 0.3512(40) �0.00299(44) 0.1220(7) �0.000255(74)
7 0.3593(59) �0.00350(42) 0.1191(3) �0.000220(25)
8 0.3792(54) �0.00384(65) 0.1272(6) �0.000360(73)
9 0.3866(32) �0.00238(16) 0.1265(4) �0.000234(22)

14 0.4448(94) �0.00140(24) 0.1189(16) �0.000242(40)
15 0.4367(12) �0.00110(27) 0.1156(24) �0.000156(55)
16 0.4564(53) �0.00130(14) 0.1149(18) �0.000214(48)
17 0.4861(15) �0.00166(17) 0.1096(30) �0.0000965(314)
18 0.4960(24) �0.00123(8) 0.1089(8) �0.000189(30)
19 0.4927(68) �0.00109(24) 0.1090(30) �0.000202(11)
20 0.5016(64) �0.00139(17) 0.1088(23) �0.000262(63)
21 0.4870(42) �0.00108(10) 0.1065(22) �0.0000928(49)
22 0.4779(47) �0.000961(123) 0.1032(27) �0.0000988(65)
23 0.4645(51) �0.000833(119) 0.1086(29) �0.000180(33)
24 0.4409(37) �0.000415(90) 0.1057(23) �0.000105(27)
25 0.4333(48) �0.000744(119) 0.1025(7) �0.0000753(168)
26 0.4216(49) �0.000763(149) 0.1038(9) �0.000100(28)
27 0.4149(50) �0.000794(141) 0.1012(14) �0.0000878(204)
28 0.4204(45) 0.00110(267) 0.1004(16) �0.000124(9)
29 0.4042(26) �0.00155(11) 0.0984(43) �0.0000643(183)
30 0.3720(11) �0.000358(29) 0.1001(31) �0.000160(41)
31 0.3597(25) �0.000444(102) 0.1065(17) �0.000380(67)
32 0.3420(12) �0.000128(35) 0.0975(23) �0.000133(32)
33 0.3336(32) �0.00118(17) 0.0990(27) �0.000300(71)
34 0.2935(23) �0.000343(64) 0.1032(22) �0.000210(61)
35 0.3035(55) �0.000143(14) 0.0936(7) �0.000110(14)
36 0.3028(39) �0.00117(26) 0.0924(2) �0.0000464(150)
37 0.3015(33) �0.00175(24) 0.0984(13) �0.000284(91)
38 0.2690(50) �0.000617(146) 0.0939(23) �0.000129(34)
39 0.2612(30) �0.000511(106) 0.0955(15) �0.000161(52)
44 0.2101(58) �0.000315(29) 0.0908(21) �0.000214(52)
45 0.2028(14) �0.000437(54) 0.0878(23) �0.0000607(89)
46 0.1891(11) �0.000468(43) 0.0913(36) �0.000109(14)

Q branch
8 0.3336(15) �0.00182(38) 0.1225(22) �0.000104(26)
9 0.3294(16) �0.00125(24) 0.1247(21) �0.000148(32)

10 0.3485(75) �0.00149(12) 0.1216(29) �0.000171(48)

R branch
5 0.3255(54) �0.00346(109) 0.1218(1) �0.000324(15)
6 0.3025(88) �0.00197(58) 0.1253(1) �0.000504(13)
7 0.2974(8) �0.000634(37) 0.1257(3) �0.000221(16)
8 0.3005(30) �0.000608(153) 0.1259(14) �0.000183(35)
9 0.3956(26) �0.00227(15) 0.1256(8) �0.000238(45)

10 0.3982(20) �0.00137(8) 0.1228(12) �0.000195(51)
11 0.4052(29) �0.00108(12) 0.1209(11) �0.000184(46)
12 0.4149(28) �0.00160(16) 0.1181(8) �0.000170(46)
13 0.4126(50) �0.00127(19) 0.1187(7) �0.000230(29)
14 0.4275(32) �0.00104(10) 0.1166(10) �0.000214(29)
15 0.4469(40) �0.00119(11) 0.1155(2) �0.000186(7)
16 0.4554(44) 0.00117(11) 0.1107(12) �0.000162(30)
17 0.4540(12) �0.00174(9) 0.1062(15) �0.000104(10)
18 0.4551(56) �0.000836(142) 0.1035(10) �0.0000331(25)
19 0.4610(60) �0.00118(24) 0.1045(18) �0.000164(36)
20 0.4635(58) �0.00158(26) 0.1043(17) �0.0000656(79)
21 0.4429(10) �0.000961(115) 0.1033(7) �0.0000595(109)
22 0.4397(75) �0.00117(23) 0.1022(6) �0.000106(19)
23 0.4229(57) �0.000983(205) 0.1027(2) �0.0000590(65)
24 0.3955(50) �0.000379(101) 0.1036(11) �0.000126(21)
25 0.3960(31) �0.000742(92) 0.1025(2) �0.000126(7)
26 0.3936(6) �0.000493(17) 0.1012(6) �0.0000641(155)
27 0.3860(26) �0.000774(82) 0.1010(4) �0.0000628(128)
28 0.3695(28) �0.000496(65) 0.0996(2) �0.0000227(53)
29 0.3631(37) �0.000728(124) 0.0986(2) �0.0000594(80)
30 0.3495(59) �0.000749(152) 0.0981(3) �0.0000507(89)
31 0.3293(47) �0.000343(75) 0.0974(1) �0.0000246(40)
32 0.3232(37) �0.000405(89) 0.0966(2) �0.0000324(45)
33 0.3027(85) �0.000297(54) 0.0962(1) �0.0000888(41)
34 0.3149(30) �0.000704(117) 0.0952(2) �0.0000664(97)
35 0.3084(46) �0.000986(253) 0.0949(2) �0.0000886(131)

Table 4 (continued)

J Self N2

a0
J a2

J a0
J a2

J

36 0.2841(47) �0.000543(125) 0.0944(2) �0.0000358(64)
37 0.2660(35) �0.000507(101) 0.0942(3) �0.0000469(75)
39 0.2358(14) �0.000141(26) 0.0934(4) �0.0000287(75)
40 0.2407(66) �0.000898(164) 0.0940(1) �0.0000450(47)

Note: Numbers between parentheses are the uncertainties (1r) in the units of the
last quoted digit.
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Examples of these fits are given in Figs. 5 and 6 for transitions
with J = 17 and 33 respectively, for CH3

79Br. As it has been observed
in numerous works concerning C3v molecules [37,55–58], the
broadening coefficients decrease with K. This decrease is more sig-
nificant at low J than at high J values.

The best-fit coefficients a0
J and a2

J were determined through a
least-squares fit of the experimental broadening coefficients. These
coefficients are listed in Tables 3 and 4 for CH3

79Br and CH3
81Br,

respectively. The discrepancies between experimental and calcu-
lated broadening coefficients are presented in column named %self
and %N2 of Supplementary material. A statistical analysis (Table 5)
of the calculated values (cemp) shows that the fit is very good since
98% of the broadening coefficients fall within 6% of the observed
values (cobs). This latter range corresponds to the measurement
uncertainty for the broadening coefficients.
3.3. Comparison with previous measurements in the m5 and m6 bands

We focus our interest on the m (m = �J, J and J + 1 for P-, Q- and
R-branch lines) quantum number dependence of the CH3Br broad-
ening coefficients and how the present determinations compare to
the literature ones. Indeed, the datasets of the molecules in the
databases are continuously revised by the inclusion of recent
results. Sometimes, due to the absence of the necessary informa-
tion, the spectroscopic parameters obtained for a given vibrational
band are attributed to the corresponding lines of another band. On
the other hand, many authors have discussed the vibrational
dependence of broadening coefficients. In most cases, the compar-
ison exhibits no or small vibrational dependence.

In this work for the m2 parallel band, although no appropriate,
the comparison is made with the works of Jacquemart et al. [37]
and Hoffman and Davies [41] in the m6 and m5 perpendicular bands
respectively. These data are the only available in the literature. The
self-broadening coefficients are plotted in Fig. 7 which shows a
comparison between the present results of the R-branch in the
m2 parallel band and the previous measurements of the RQ-branch
in m5 [41] and m6 [37] perpendicular bands. The values of the m5

band appear larger than our results (the average percentage differ-
ence is about 13%) or those of the m6 band (the average percentage
difference is about 12%). Our results are in satisfactory agreement
with those of the m6 band because the average difference is about
7.8% for CH3

79Br and 4% for CH3
81Br.

Concerning the N2-broadening coefficients, it is evident from
Fig. 8 that our values and those of the m6 band are slightly greater
than the data obtained in the m5 band. The average percentage dif-
ference between our values and those of the m6 band is about 1.2%
for CH3

79Br and 2% for CH3
81Br; and about 5% with those of the m5

band.
Finally, the broadening coefficients obtained by Jacquemart

et al. [37] in the m6 band are in overall good agreement with the
present values. On the other side we observe systematic differ-
ences between the present measurements in m2 and the previous
ones in m5 [41], as shown in Figs. 7 and 8.



Table 5
Statistical analysis of the fit results for the experimental and empirical broadening coefficients of CH3Br self- and N2-perturbed.

CH3Br broadener gas N2 broadener gas

CH3
79Br CH3

81Br CH3
79Br CH3

81Br

Number of lines used in the fit 408 425 406 422
Jmax 45 46 45 46
Kmax 10 10 10 10
0% 6 d < 3% 81% 85% 83% 89%
3% 6 d < 7% 17% 14% 16% 9%
7% 6 d < 9% 2% 1% 1% 2%

d = |cobs � cemp|/cobs � 100.

Fig. 7. m-dependence of self-broadening coefficients measured in the m2 band of
CH3Br in this work and comparison to literature values in the m5 [37] and m6 [41]
bands of CH3Br. m = �J, J and J + 1 for P-, Q- and R-branch lines. The error bars
indicate the estimated accuracies of the measurements.

Fig. 8. m-dependence of N2-broadening coefficients measured in the m2 band of
CH3Br in this work and comparison to literature values in the m5 [37] and m6 [41]
bands of CH3Br. m = �J, J and J + 1 for P-, Q- and R-branch lines. The error bars
indicate the estimated accuracies of the measurements.
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4. Conclusions

Twelve high-resolution spectra on the m2 band of methyl bro-
mide have been recorded and analyzed with a mono-spectrum
non-linear least squares fitting technique. It results in the determi-
nation of the self- and N2-broadening coefficients for 948 m2 band
lines of CH3Br, up to J = 49 and K = 10. A Voigt function appeared to
properly model the observed molecular line shapes within the
noise level and a total of 948 broadening coefficients have been
measured. The accuracy of these measurements is between 4%
and 8%, depending on the studied transition. These broadening
coefficients have been obtained for large sets of J and K values,
for which clear J and K dependences have been observed.

Empirical polynomial expression have been used to model the
rotational K dependence of the broadening coefficients, leading to
accurate coefficients constants (a0

J and a2
J ) for both CH3

79Br and
CH3

81Br isotopologues. Comparisons with measurements taken in
the m5 and m6 bands of CH3Br did not show any clear vibrational
dependence. Indeed, the broadening coefficients obtained in the
m6 band are in overall good agreement with the present values.
On the other side we observe systematic differences between the
present measurements in m2 and the previous ones in m5 illustrat-
ing a small vibrational effect.

To summarize, the present results represent a complete and
systematic investigation of the broadening parameters of methyl
bromide in the m2 band, which are of relevance for atmospheric
remote sensing applications.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jms.2014.12.018.
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