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a b s t r a c t 

We present a new spectral analysis of the ν1 and ν3 + ν1 −ν3 bands of 12 CH 3 I around 2971 cm 

−1 based on 

a high-resolution spectrum spanning from 2800 cm 

–1 to 3160 cm 

–1 , measured using an optical frequency 

comb Fourier transform spectrometer. From this spectrum, we previously assigned the ν4 and ν3 + ν4 −ν3 

bands around 3060 cm 

–1 using PGOPHER, and the line list was incorporated in the HITRAN database. 

Here, we treat the two fundamental bands, ν1 and ν4 , together with the perturbing states, 2 ν2 + ν3 and 

ν2 + 2 ν6 
±2 , as a four-level system connected via Coriolis and Fermi interactions. A similar four-level sys- 

tem is assumed to connect the two ν3 + ν1 −ν3 and ν3 + ν4 −ν3 hot bands, which appear due to the pop- 

ulation of the low-lying ν3 state at room temperature, with the 2 ν2 + 2 ν3 and ν2 + ν3 + 2 ν6 
±2 perturbing 

states. This spectroscopic treatment provides a good global agreement of the simulated spectra with ex- 

periment, and hence accurate line lists and band parameters of the four connected vibrational states in 

each system. It also allows revisiting the analysis of the ν4 and ν3 + ν4 −ν3 bands, which were previously 

treated as separate bands, not connected to their ν1 and ν3 + ν1 −ν3 counterparts. Overall, we assign 4665 

transitions in the fundamental band system, with an average error of 0.0 0 071 cm 

–1 , a factor of two bet- 

ter than earlier work on the ν1 band using conventional Fourier transform infrared spectroscopy. The ν1 

band shows hyperfine splitting, resolvable for transitions with J ≤ 2 × K. Finally, the spectral intensities 

of 65 lines of the ν1 band and 7 lines of the ν3 + ν1 −ν3 band are reported for the first time using the 

Voigt line shape as a model in multispectral fitting. The reported line lists and intensities will serve as a 

reference for high-resolution molecular spectroscopic databases, and as a basis for line selection in future 

monitoring applications of CH 3 I. 

© 2023 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Spectroscopic monitoring of methyl iodide, CH 3 I – a naturally 

ccurring halogenated volatile organic compound – is essential for 

odeling the natural cycling of climate relevant trace gasses as 

t is an important carrier of iodine from the oceans to the at- 

osphere [1] ; and for avoiding personal exposure limits as it is 

oxic and being used in several industrial and agricultural appli- 

ations [2] . In addition, CH 3 I has been proposed very recently to- 

ether with other methylated halogens, e.g., CH 3 Br, and CH 3 Cl, as 

n exoplanetary capstone biosignature [3] , i.e., a metabolic product 

ith substantially lower false-positive potential, serving as confir- 
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ation for primary biosignatures such as O 2 . For all of these appli- 

ations, accurate spectroscopic models are needed for detection of 

H 3 I, particularly in the mid-infrared (mid-IR) region, where the 

bsorption cross-section is larger compared to the near-infrared 

egion. 

In the mid-IR region, 12 CH 3 I has been a subject of numerous 

tudies using conventional Fourier transform spectroscopy (FT-IR) 

hat provided spectroscopic information for the six fundamental 

ands: ν1 , ν2 , ν3 , ν4 , ν5 , and ν6 [4–9] as well as some combi- 

ation bands [ 8 , 10 ]. Few of these studies reported line intensi-

ies, e.g., for the ν6 and the 2 ν3 bands [11–13] . The 3.3 μm re- 

ion is dominated by the fundamental ν1 and ν4 bands origi- 

ating from closely lying vibrations associated with the stretch- 

ng of the C −H bonds of the molecule. In the normal mode anal- 

sis, the ν1 vibration is the symmetric (A1) stretch, and the ν4 

ibration is the degenerate (E) stretch. The rovibrational lines of 

he ν1 band are more congested than the ν4 lines; however, the 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1 band is almost one order of magnitude stronger than the ν4 

and, and hence it is promising for monitoring applications as a 

ignature for CH 3 I in the different environments. The two previ- 

us studies of the ν1 band of 12 CH 3 I by Paso et al. [ 7 , 14 ] pro-

ided line positions, using an FT-IR spectrometer with a resolution 

f ∼0.0054 cm 

–1 ( ∼160 MHz), which is larger than the Doppler 

idth of CH 3 I at 296 K in this spectral range (full width at half

aximum, FWHM: ∼ 96 MHz). They also provided no information 

bout the line intensities. In their spectral analysis, they accounted 

or the most striking perturbations, including the Fermi interac- 

ions with the 2 ν2 + ν3 band, which shift the band origin of the 

1 band by ∼0.6 cm 

–1 to higher wavenumber, and the two Coriolis 

nteractions with the ν2 + 2 ν6 
±2 band. However, in their spectro- 

copic analysis, they treated the bands separately and not in con- 

ection with their ν4 counterparts. 

Quite recently, we presented high-resolution frequency-comb- 

ased Fourier transform spectroscopy (FTS) measurements of 
2 CH 3 I in the range from 2800 cm 

–1 to 3160 cm 

–1 [15] . Using these

bsorption spectra, we provided line lists for the ν4 band and the 

earby ν3 + ν4 −ν3 hot band around 3060 cm 

–1 , and line intensi- 

ies for 157 isolated transitions distributed over the entire ν4 band 

15] , and the data were incorporated into the recent HITRAN 2020 

atabase [16] . Compared to conventional FT-IR spectroscopy based 

n incoherent light sources, the comb-based FTS allows acquisition 

imes orders of magnitude shorter [17] , which reduces the influ- 

nce of changes in the sample during the measurement time. More 

mportantly, by precisely matching the nominal resolution of the 

TS to the repetition rate of the comb [18–20] , the comb modes 

re sampled very accurately, which provides absolute calibration of 

he frequency scale and greatly reduced instrumental line shape. 

inally, interleaving spectra measured at different repetition rates 

llows fully resolving the spectral features, even when their FWHM 

s smaller than the spacing between the comb modes, e.g., in sub- 

oppler spectroscopy [21] . 

The scope of this work is to extend the analysis of the high- 

esolution comb-based 

12 CH 3 I spectra to the ν1 spectral region 

round 2971 cm 

–1 , and report for the first time line intensities of 

elected absorption lines of the ν1 band and the nearby ν3 + ν1 −ν3 

ot band. The spectroscopic model is based on available microwave 

ata [ 22 , 23 ] and the earlier models of Paso et al. [ 7 , 14 ] for the ν1 

and and of Anttila et al. [6] for the ν4 band; however, the two 

undamental ν1 and ν4 bands together with the perturbing states 

 ν2 + ν3 and ν2 + 2 ν6 
±2 are assumed to form a ‘four-level system’ 

nteracting via a number of Coriolis and Fermi interactions. Simi- 

ar spectroscopic treatment of the ν1 and ν4 states as interacting 

ystem was provided for 13 CH 3 I by Alanko [24] . The two hot bands

n the vicinity of the ν1 and ν4 bands show up due to the pop- 

lation of the low-lying ν3 mode, located at 533 cm 

–1 , at room 

emperature. The appearance of the hot bands near the fundamen- 

al bands of CH 3 I agrees with observations in other halogenated 

ethanes. For example, a series of hot bands n ν4 + ν6 −n ν4 , with 

 = 1 to 5, were observed for CH 2 I 2 [25] , due to the popula-

ion of the low-lying ν4 vibration. Similarly, a series of hot bands, 

ith n up to 3, have been observed very recently for CH 2 Br 2 [26] ,

hich were previously misinterpreted in Ref. [27] as isotopic shifts 

f the different isotopologues of CH 2 Br 2 . The two hot bands of 
2 CH 3 I, ν3 + ν1 −ν3 and ν3 + ν4 −ν3 , are also assumed to form a 

our-level system together with the perturbing states: 2 ν2 + 2 ν3 

nd ν2 + ν3 + 2 ν6 
±2 . Such a spectroscopic model provides a good 

lobal agreement in the assigned transitions between the mea- 

urements and the simulations, and hence accurate band param- 

ters for all the interacting vibrational states are reported. The 

roadband and the high-resolution capability of comb-based FTS 

ogether with the proposed spectroscopic model allowed us to cre- 

te new line lists of the ν1 and ν3 + ν1 −ν3 bands. It also allowed 

s to revisit the analysis of the ν4 band [15] , which was earlier 
2 
reated separately and not coupled to the ν1 band as suggested 

ere. 

. Experimental setup and procedures 

The experimental setup and measurement procedure were de- 

cribed in detail in Ref. [15] and will be only briefly presented here. 

he setup consisted of a mid-IR frequency comb source, a multi- 

ass cell connected to a gas supply system, and an FTS, as shown 

chematically in Fig. 1 . The comb source covered 360 cm 

–1 around 

980 cm 

–1 [28] . It was based on difference frequency generation 

rom a common Yb:fiber oscillator, and was thus free from the car- 

ier envelope offset frequency. The nominal repetition rate, f rep , of 

he oscillator was 125 MHz and it was stabilized to a tunable di- 

ect digital synthesizer referenced to a GPS-disciplined Rb clock, by 

eeding back to a piezo-electric transducer (PZT) in the oscillator 

avity. 

The comb beam passed through a Herriot-type multipass cell 

Aerodyne AMAC-76LW) with a path length of 76 m. The cell was 

onnected to a gas supply system and the pressure was measured 

sing a pressure transducer (CERAVAC CTR 101 N) with 10 μbar 

esolution and specified relative accuracy of 0.15%. Analytical grade 

ethyl iodide (Sigma-Aldrich 99%, containing copper as stabilizer) 

as contained in an Ace glass tube connected to the gas supply 

ystem and evaporated into the multipass cell through a needle 

alve. Prior to filling the cell, the headspace was evacuated sev- 

ral times through a bypass valve to eliminate impurities. For di- 

uted samples, dry air was used as buffer gas, and all measure- 

ents were performed at room temperature (296.0 ± 0.6 K). 

After the multipass cell, the beam was coupled to a home- 

uilt fast-scanning FTS with auto-balanced detection [29] . The op- 

ical path difference was calibrated by a continuous wave (CW) 

eference laser with wavelength λref = 1563 nm. The interfero- 

rams were digitized on a PC and recorded using a home-written 

abView 

TM program. 

To perform a measurement, we filled the multipass cell with 

 sample of CH 3 I, either pure or diluted in dry air, at the desired

ressure. We then recorded 13 sets of 200 interferograms at dif- 

erent repetition rate values separated by 15 Hz, corresponding to 

1 MHz shift of the comb modes in the optical domain. The to- 

al acquisition time of all sets was 113 min. We averaged each set 

n the spectral domain after Fourier transforming, and normalized 

t to a reference spectrum consisting of 200 averages recorded at 

he first f rep step with the multipass cell evacuated. After normal- 

zation, we calculated the corresponding absorption spectra using 

he Lambert-Beer law and fitted a baseline consisting of a 4th or- 

er polynomial and a number of slowly varying sine terms to each 

pectrum while masking out the absorption lines. After subtracting 

he baseline, we interleaved the 13 spectra to obtain a final spec- 

rum with sampling point spacing of 11 MHz. For each of the mea- 

ured 13 spectra, the sampling points were matched to the comb 

ine positions by minimizing the instrumental line shape distor- 

ions, as explained in Refs [ 15 , 18 , 20 ]. We estimate that the opti-

ization process contributes an uncertainty of 1.8 MHz to the line 

ositions in the measured spectra. 

. Results and discussions 

.1. High resolution spectra 

Fig. 2 (a) presents the high-resolution spectrum of pure 12 CH 3 I 

easured at a total cell pressure of 30 μbar in the region from 

900 cm 

–1 to 3160 cm 

–1 , same as in Ref. [15] . The spectrum in

his range is dominated by the fundamental ν1 band, centered at 

971 cm 

–1 , corresponding to the symmetric C–H stretch (CH 3 s- 

tretch), which appears as a parallel band with a doublet of P- 
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Fig. 1. Schematic of the experimental setup, including a stabilized frequency comb emitting in the mid-IR, a multipass cell, a sample supply system, and a Fourier transform 

spectrometer. 

Fig. 2. (a) High-resolution absorption coefficient, α, of pure 12 CH 3 I measured in the range from 2900 to 3160 cm 

–1 at 30 μbar. Panel (b) shows the parallel ν1 band with its 

doublet of P and R branches. Panels (c) and (d) show zoomed-in spectra with the resolved rovibrational structures at the P and R branches of the ν1 band, respectively. 
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ranch/R-branch, and the fundamental ν4 band around 3060 cm 

–1 

orresponding to the degenerate asymmetric C–H stretch (CH 3 d - 

tretch), which appears as a perpendicular band with Q K (J) sub- 

ands. In our previous work [15] , we presented the analysis of the 

4 band using the spectral window from 3010 to 3160 cm 

–1 ; here, 

e focus on the ν1 band region from 2935 cm 

–1 to 3010 cm 

–1 . 

ig. 2 (b) shows a zoom on the ν1 band, which – similarly to the ν4 

and – has resolved rovibrational lines, promising for future mon- 

toring applications. This can be seen in panels (c) and (d) display- 

ng segments of the P and R branches, respectively. We note that 

he central Q-branches as well as the strongest lines of the P and 

 branches of the ν band are saturated. The spectrum measured 
1 
y

3 
t low pressure shown here was used for retrieving the line posi- 

ions for spectral analysis together with a spectrum measured at 

.11 mbar of CH 3 I (not shown). The measurement at the higher 

ressure of 0.11 mbar was used for the assignment of weak ab- 

orption lines in the spectrum. 

.2. Spectral simulations and analysis 

Methyl iodide is a prolate symmetric top molecule with an 

quilibrium structure of the C 3v point group. Fig. 3 shows the opti- 

ized geometry of CH 3 I with the principal axes system, where the 

ellow arrow represents the dipole moment change parallel to the 
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Fig. 3. The molecular structure of CH 3 I. The yellow arrow represents the dipole mo- 

ment change parallel to the principal c-axis caused by the symmetric C–H stretch 

vibration, and the blue arrows represent the displacement vectors of the vibration. 

The bc plane of symmetry is represented by the shaded rectangle. 
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rincipal c-axis due to the symmetric C–H stretch vibration of the 

1 band, and the blue arrows represent the displacement vectors 

f the vibration. The bc plane of symmetry is also depicted in this 

gure. 

The spectra were simulated and assigned with the help of PGO- 

HER [ 30 , 31 ] – a program for simulating and fitting rotational, vi- 

rational and electronic spectra. For spectral simulations, input pa- 

ameters, i.e., rotational and centrifugal distortion constants for the 

ower and upper states are required. In addition, band parameters 

f the perturbing states as well as the matrix elements of the in- 

olved perturbations have to be included. Here, the input param- 

ters of the ground state, ν0 , were based on microwave measure- 

ents [ 22 , 23 ], while those of the low-lying ν3 state were based

n FT-IR measurements [5] . The initial parameters of the upper ν1 

tate were taken from the earlier simulations of Paso et al. [7] . The

nput parameters of the ν4 band were taken from our recent work 

15] . 

As already outlined earlier, the ν1 and the ν4 vibrations are 

onnected directly with each other via the Coriolis coupling, and 

ndirectly with the two 2 ν2 + ν3 and ν2 + 2 ν6 
±2 perturbing states 

hrough a number of Fermi and Coriolis resonances. Therefore, a 

omplete analysis should include all of these interactions simul- 

aneously, taking into account that the two fundamental bands 

nd the two perturbing states form a connected four-level sys- 

em − the ν1 / ν4 level system − as presented here. Fig. 4 (a) shows 

he interacting molecular vibrations in the fundamental, ν1 / ν4 

evel system, including the most dominant Coriolis and Fermi in- 

eractions: (a) the Coriolis, C 4266 , and Fermi, F 4266 , resonances be- 

ween the ν4 band and the ν2 + 2 ν6 
±2 combination band; (b) the 

oriolis resonance, C 4223 , between the ν4 band and the 2 ν2 + ν3 

ombination band, (c) the Fermi resonance, F 1223 , between the 

1 and the 2 ν2 + ν3 bands; (d) the Coriolis resonance, C 1266 , be- 

ween the ν and the ν + 2 ν ±2 bands; and finally the Coriolis 
1 2 6 

4 
esonance, C 14 , between the ν1 and the ν4 fundamental bands. 

he same molecular interactions are assumed for the hot band, 

3 + ν1 −ν3 / ν3 + ν4 −ν3 level system, see Fig. 4 (b), with the 2 ν2 + 2 ν3 

nd ν2 + ν3 + 2 ν6 
±2 bands as the perturbing states. A complete 

odel for the spectral analysis was developed based on the ear- 

ier work of Paso et al. [7] , for the ν1 band, and Anttila et al. [6] ,

or the ν4 band, after accounting for the interaction parameters de- 

cribed here. 

The general form of the matrix elements of the Coriolis interac- 

ions is, for the case of ν4 and the ν2 + 2 ν6 
±2 bands: 

υ4 = 1 , l 4 = ±1 , J , K 

∣∣ ˜ H 

∣∣υ2 = 1 , υ6 = 2 , l 6 = ±2 , J , K ± 1 

〉

= ±
[
C 4266 + C 

K 
4266 + C 

J 
4266 

]
×

√ 

J ( J + 1 ) − K ( K ± 1 ) , (1) 

nd that of the Fermi interaction is 

υ4 = 1 , l 4 = ±1 , J , K 

∣∣ ˜ H 

∣∣υ2 = 1 , υ6 = 2 , l 6 = ∓2 , J , K 

〉

= ±
[
F 4266 + C 

J 
4266 

]
×

√ 

J ( J + 1 ) ) . (2) 

The J -dependent components have been included for all reso- 

ances shown in Fig. 4 , while the K -dependent Coriolis parameters 

ere put to zero. 

The band parameters were obtained from the measured spec- 

rum by applying a fit with constrained lower state constants. The 

ssigned simulated lines were fitted to their observed positions 

nd a nonlinear least squares analysis was performed to determine 

he corrections to the input band parameters. 

Fig. 5 (a) shows the measured absorption coefficient at 30 μbar 

f pure CH 3 I (black) together with the overall simulations, based 

n the fitted parameters, in the range from 2935 cm 

–1 to 

010 cm 

–1 . In this range, the simulated spectra, inverted for clarity, 

nclude the fundamental ν1 band (blue) and the nearby ν3 + ν1 −ν3 

ot band (red). Note that the simulations of each system, i.e., the 

1 / ν4 and ν3 + ν1 −ν3 / ν3 + ν4 −ν3 , involve four vibrational states to- 

ether with their matrix elements, as depicted in Fig. 4 (a) and 

b). As shown in this figure, the overall rovibrational structures 

f the measured spectrum are well reproduced in the simulation. 

he strong lines of the P and R branches have reduced intensi- 

ies in the experimental spectrum because of absorption satura- 

ion, which can be seen by comparing it with the simulated spec- 

rum. The saturation of strong lines of the ν1 band is expected to 

ncrease the uncertainties of the retrieved line positions, and hence 

he uncertainty of the subsequent fit of the simulated model to 

hose retrieved positions. In order to assess the impact of absorp- 

ion saturation on the line position retrieval by PGOPHER, we made 

 detailed line fitting for a total of 10 strong saturated lines in the 

 branch, around 2958 cm 

–1 , and R branch, around 2982 cm 

–1 , us-

ng a Gaussian function. A Gaussian line shape was fit to each line 

fter masking the absorption exceeding ∼1.8 × 10 –4 cm 

–1 in each 

rofile. The retrieved line positions were then compared to those 

etermined by PGOPHER peak finder. An average difference in line 

osition between PGOPHER peak finder and the fit of Gaussian line 

hape function was 1.2 × 10 –4 cm 

–1 (or 3.6 MHz), a factor of two 

arger than the estimated uncertainty in line positions from the op- 

imization process described in Section 2 . 

Fig. 5 (b) shows an enlarged portion of the spectrum around 

969 cm 

–1 , where sub-bands of Q 6 (J) and Q 7 (J) are formed and

egrading towards lower frequencies with increasing J number. In 

his panel, weak rovibrational transitions (red) are observed and 

ttributed to the ν3 + ν1 −ν3 hot band, as previously reported by 

aso et al. [ 7 , 14 ]. The strength of the ν3 + ν1 −ν3 hot band, as es-

imated from the intensities of the overlapping Q K (J) transitions, 

hown in Fig. 5 (b), is ∼7.5% of the fundamental ν1 band, which 

grees with theoretical prediction assuming Boltzmann distribu- 

ion. 

The effect of the large 127 I nuclear quadrupole moment (Iodine 

as a nuclear spin of 5/2) is observed as splitting in the measured 
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Fig. 4. Interacting vibrations included in the simulations of (a) the fundamental, ν1 / ν4 level system, and (b) the hot band, ν3 + ν1 −ν3 / ν3 + ν4 −ν3 level system. 
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ovibrational profiles due to the hyperfine subcomponents, partic- 

larly for transition with J ≤ 2 × K. This agrees with the previous 

bservations in the microwave and 11 μm regions [ 8 , 32 ], and in

he 3 μm region in the ν4 band [15] . The green ellipses in Fig. 5 (b)

how examples of the hyperfine subcomponents in the q P 2 (4) and 

 P 2 (3) transitions. We note that for transitions with J > 2 × K, the 

yperfine subcomponents show much smaller splitting, which can- 

ot be resolved using Doppler-limited spectroscopy. In our spectral 

imulations, we excluded the hyperfine splitting because it is al- 

ost negligible for transitions with J > 2 × K, representing the 

ajority of assigned transitions. 

Assignments of transitions in the complete spectral range from 

930 to 3010 cm 

–1 were possible for K from 0 to 14 with J up

o 88 in the fundamental ν1 / ν4 level system, and for K from 0 to

0 with J up to 69 for the ν3 + ν1 −ν3 / ν3 + ν4 −ν3 hot-band level 

ystem. Overall, 4665 transitions were assigned in the ν1 / ν4 level 

ystem, of which 1753 transitions belong to the ν1 band and 2912 

o the ν4 band. Note that 2063 transitions were assigned in the 

revious simulations of the ν4 band [15] . In the simulation of the 

1 / ν4 level system, in addition to the new line list of the ν1 band, 

e increased the number of assigned transitions of the ν4 band. 

or the hot-band level system, a total of 1239 transitions were as- 

igned, of which 515 transitions were assigned to the ν3 + ν1 −ν3 

and. A line list of all transitions assigned in this work is provided 

n the supplementary materials (S1). 

Table 1 summarizes the parameters of the fundamental ν1 / ν4 

evel system obtained in this work together with the band param- 

ters reported by Paso et al. [7] and Anttila et al. [6] using an FT-IR

pectrometer with 162 MHz resolution. The corresponding average 

rror and the number of assigned transitions in the fitting pool as 

ell as the highest J and K values of assigned lines in each band

re also included. As shown in this table, a difference in band ori- 

in of ∼0.02 cm 

–1 is observed for the ν band between our fit and 
1 

5 
hat of Paso et al. [7] , where they have treated the ν1 band sep-

rately without including assigned transitions for the ν4 band in 

he fitting pool. For the ν4 band, a small difference in the band 

rigin of 1.4 × 10 −4 cm 

−1 is observed when it is modelled within 

he ν1 / ν4 level system, as presented here, compared to when it is 

odelled separately, as in Ref. [15] . Table 2 shows a correspond- 

ng comparison for the ν3 + ν1 −ν3 and ν3 + ν4 −ν3 hot bands. Here, 

he connected four-level system treatment (current study) and the 

eparate levels treatment (previous studies [ 6 , 7 , 15 ]) provide band

rigins with a difference of ∼0.02 cm 

−1 for the two hot bands. 

evertheless, the current spectroscopic model is considered more 

ccurate because it improves the fit residuals globally as seen from 

he average errors in Tables 1 and 2 , particularly for the ν1 band. 

ence it provides more accurate band parameters of all the con- 

ecting states involved in the level systems. 

Tables 3 and 4 summarize the band parameters of the perturb- 

ng states as depicted in Fig. 4 in comparison with values reported 

y Paso et al. [7] and Anttila et al. [6] . The interaction parameters

re listed in Table 5 , together with those reported in earlier stud- 

es. The interaction parameters used in the hot-band level system 

ere fixed to their values obtained from the fundamental band 

evel system. 

Fig. 6 shows the residuals of the least squares fit to the 4665 

ransitions assigned in the ν1 / ν4 level system as a function of J and 

 quantum numbers [panel (a)], and the 1239 transitions assigned 

n the ν3 + ν1 −ν3 / ν3 + ν4 −ν3 level system [panel (b)]. Both panels 

how residuals randomly scattered around zero for transitions with 

uantum numbers up to J = 88 and K = 14 for the ν1 / ν4 system

nd up to J = 69 and K = 10 for the ν3 + ν1 - ν3 / ν3 + ν4 - ν3 level

ystem. The average error of 0.0 0 071 cm 

−1 reported for the ν1 / ν4 

evel system is smaller than the 0.0015 cm 

−1 error previously re- 

orted for the ν1 band by Paso et al. [7] , and the 0.0 0 083 cm 

−1 

rror for the ν band reported by Anttila et al. [6] . We note that 
4 
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Table 1 

Parameters of the ν1 and ν4 bands of 12 CH 3 I obtained from this study compared to previously reported parameters. Values in parentheses represent the fit parameter 

uncertainties at 1 σ confidence level. 

Constants 

[cm 

−1 ] 

ν1 band ν4 band 

Current work Paso et al. [7] Current work Previous work [15] Anttila et al. [6] 

ν0 2971.81752(5) 2971.8375(1) 3060.07832(3) 3060.07846(3) 3060.07890(6) 

A 5.120586(2) 5.12119(4) 5.143968(2) 5.144014(2) 5.144038(4) 

B 0.25014258(5) 0.25017(9) 0.25033971(3) 0.25033919(3) 0.25034228(7) 

D J × 10 7 2.11429(12) 2.25(13) 2.10005(7) 2.09373(9) 2.09410(14) 

D JK × 10 6 3.1188(4) 3.255(3) 3.2673(6) 3.3039(5) 3.3139(17) 

D K × 10 5 8.459(1) 8.81(3) 8.942(2) 9.238(2) 9.271(7) 

ζ 0.066351(11) 0.066352(7) 0.06655(10) 

ηJ × 10 7 −6.28(5) −5.70(3) −5.28(8) 

ηK × 10 5 3.10(3) 4.33(2) 4.43(7) 

q + × 10 5 −1.0216(5) −1.0102(4) −1.052(5) 

Number of lines 1753 1600 2912 2063 1850 

Range of J & K 88 & 14 80 & 12 88 & 13 75 & 12 75 & 9 

Average error 0.00071 a 0.0015 0.00071 a 0.00035 0.00083 

a overall average error for the 4665 assigned transitions for the ν1 / ν4 level system. 

Table 2 

Parameters of the ν3 + ν1 −ν3 and ν3 + ν4 −ν3 hot bands of 12 CH 3 I obtained from this study compared to previously reported parameters. Values in parentheses represent 

the fit parameter uncertainties at 1 σ confidence level. 

Constants 

[cm 

−1 ] 

ν3 + ν1 −ν3 band ν3 + ν4 −ν3 

Current work Paso et al. [7] Current work Previous work [15] Anttila et al. [6] 

ν0 2971.49736(2) 2971.5240(7) 3062.0247(4) 3062.04686(5) 3062.0474(2) 

A 5.11600(3) 5.120(4) 5.13785(2) 5.147074(9) 5.14704(4) 

B 0.2479640(7) 0.2480(18) 0.2485348(8) 0.24852518(2) 0.24852(17) 

D J × 10 7 1.9285(2) 2.113(3) 2.1015(6) 2.09410 

D JK × 10 6 1.08(2) 3.03(2) 2.886(6) 3.0933(12) 

D K × 10 5 9.8(4) 10.86(13) 7.643(3) 7.830(5) 

ζ 0.06701(2) 0.068644(4) .06865(6) 

ηJ × 10 6 −5.52(60) −1.25(3) −0.526 

ηK × 10 5 9.2(11) 2.85(2) 4.43 

q + × 10 6 −4.6(8) −9.12(2) −9.44(5) 

Number of lines 515 500 724 831 380 

Range of J & K 69 & 10 50 & 6 69 & 8 61 & 7 25 & 6 

Average error 0.0045 a 0.0070 0.0045 a 0.00084 0.0013 

a overall average error for the 1239 assigned transitions for the ν3 + ν1 - ν3 / ν3 + ν4 - ν3 level system. 

Table 3 

Parameters of the ν2 + 2 ν6 
±2 and 2 ν2 + ν3 perturbing states in the fundamental band system obtained from this study compared to previously reported parameters. Values 

in parentheses represent the fit parameter uncertainties at 1 σ confidence level. 

Constants 

[cm 

−1 ] 

ν2 + 2 ν6 
±2 2 ν2 + ν3 

This work Paso et al. [7] Anttila et al. [6] This work Paso et al. [7] Anttila et al. [6] 

ν0 3017.9859(4) 3017.819(2) 3017.992(14) 3010.721(7) 3009.5 3010.79(3) 

A 5.25091(5) 5.2606 5.2606(3) 5.2636(2) 5.2071 5.2606 

B 0.247226(1) 0.2471 0.2471(2) 0.24839(2) 0.24569(2) 0.24702 

D J × 10 7 1.938(2) 6.0192(2) 

D JK × 10 6 8.17(2) 6.056(3) 

D K × 10 5 −14.7(7) 13.2(8) 

ζ −0.3913(2) −0.385 −0.385 (14) 

ηJ × 10 6 −10.80(8) −13.43 −13.43 

ηK × 10 4 −15.30(4) −2.87 −2.87 

Table 4 

Parameters of the ν2 + ν3 + 2 ν6 
±2 and 2 ν2 + 2 ν3 perturbing states in the hot bands obtained from this study compared to previously reported parameters. Values in paren- 

theses represent the fit parameter uncertainties at 1 σ confidence level. 

Constants 

[cm 

−1 ] 

ν2 + ν3 + 2 ν6 
± 2 2 ν2 + 2 ν3 

This work Paso et al. [ 6 , 7 ] This work Paso et al. [ 6 , 7 ] 

ν0 3005.847(14) 3007.70(4) 2993.48(12) 2992.79 

A 5.2362(4) 5.2543 5.2644(10) 5.2007 

B 0.24712(1) 0.24528 0.24809(2) 0.24284(2) 

ζ −0.390(7) −0.386 

6 
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Fig. 5. (a) Measured absorption coefficient, α, of 30 μbar of pure CH 3 I (black) at 296 K together with the simulations of the ν1 band (blue) and the ν3 + ν1 −ν3 hot band 

(red). The simulations are inverted for clarity. (b) Zoom in around Q 6 (J) – Q 7 (J) sub-band region. The arrows indicate the degradation direction within Q(J) with increasing J . 

The transitions q P 2 (4) and the q P 2 (3), marked with green ellipses, are examples of transitions with J ≤ 2 × K that show signs of hyperfine splitting. 

Table 5 

Interaction parameters obtained in the comb-based FTS measurements compared to those from previous lower resolution FT-IR measurement Values in parentheses rep- 

resent the fit parameter uncertainties at 1 σ confidence level. 

Constants [cm 

−1 ] This work Paso et al. [7] Anttila et al. [6] Alanko et al. [24] a 

C 4266 × 10 3 13.21(6) 12.964(7) 12.27(11) 

C J 4266 × 10 7 4.51(2) 4.82(3) 6.52(62) 

F 4266 0.742(2) 0.7367(4) 0.8149(7) 

F J 4266 × 10 6 −9.2(1) −12.5(4) −1.85(90) 

C 4223 × 10 3 2.9(9) 

C J 4223 × 10 7 −4.36(40) 

C 14 × 10 3 1.7(2) 1.10(16) 4.05(33) 

C J 14 × 10 7 −7.06(60) 

C 1266 × 10 3 9.1(1) 9.29(3) 

C J 1266 × 10 7 −2.94(3) −4.18(9) 

F 1223 4.748(1) 4.75 3.360(30) 

F J 1223 × 10 5 1.10(5) −6.6(5) 32.9(12) 

a : for the 13 CH 3 I. 
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he average error is a factor of two larger than that reported for 

he ν4 band in our previous work [15] , which we attribute to the 

arge scatter of the assigned transitions of the ν1 band, particularly 

or higher K values, as can be seen in Fig. 6 (a). 

It should be noted that the average error (Obs. – Calc.) for the 

1 / ν4 level system of 0.0 0 071 cm 

−1 ( ∼21 MHz) is about five times

arger than the quadrature sum of the 1.8 MHz, due to uncertainty 

n line positions as a result of minimization of the instrumental 

ine shape function, and 3.6 MHz, due to uncertainty in line posi- 

ion retrieval of the saturated lines. This clearly indicates that the 

verage error is limited by the model itself and not the experiment. 
7 
n particular, it may suggest the existence of another global pertur- 

ation that is not accounted for in the current model. The slightly 

arger residuals for higher K numbers of the ν1 band, see Fig. 6 (a), 

ay also suggest the existence of another connection to one of the 

ibrational bands in the parallel vibration region, extending from 

80 0 to 290 0 cm 

–1 [10] , most likely the 2 ν5 band as suggested by

lanko et al. [24] in their analysis of the 13 CH 3 I rovibrational spec- 

rum in the mid-IR region. Therefore, a new assignment of the par- 

llel vibration region utilizing the high-precision frequency comb 

easurements and investigating the possible global perturbations 

o the ν / ν level systems will be commenced in future studies. 
1 4 
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Fig. 6. Fit residuals (Obs. – Calc.) as a function of the upper state K and J quantum numbers of the (a) ν1 / ν4 band system, and the (b) ν3 + ν1 −ν3 / ν3 + ν4 −ν3 bands. 
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.3. Line intensities 

Line intensities of selected assigned lines of the ν1 band and 

he ν3 + ν1 −ν3 hot band were obtained using a multispectral fit- 

ing routine based on the Levenberg-Marquardt algorithm applied 

o spectra measured at 0.11, 0.15, 0.20 and 0.25 mbar of CH 3 I di-

uted in dry air to a total pressure of 10 mbar. The pressure broad-

ning induced by diluting to 10 mbar reduced the absorption sat- 

ration and allowed us to measure in a larger dynamic range of 

H 3 I partial pressures. In addition, measuring at higher pressures 

llowed us to use higher partial pressures of CH 3 I, and hence re- 

uce relative uncertainty in line intensities due to sample pressure. 

e fitted lines in windows of ±4 FWHM, where the width was 

alculated as the quadrature sum of the mean Doppler width and 

he mean Lorentzian component. We fitted lines separated by less 

han 6 times the FWHM in a common window. We allowed a max- 

mum of three lines per fit window and did not fit larger clusters. 

urthermore, the minimum allowed separation for lines to be fit- 

ed was 2 times the FWHM. 

We made an initial identification of absorption lines in the 

pectrum measured at 0.11 mbar of pure CH 3 I (also used for spec- 

ral assignment) using a MATLAB peak finding tool and designated 

tting windows subject to the criteria defined above. We set a 

inimum absorption threshold to 1 × 10 –5 cm 

–1 , and also a max- 

mum threshold of 1.8 × 10 –4 cm 

–1 since the ν1 band contained a 

arge number of saturated lines. We selected the maximum thresh- 

ld in order to have at least one unsaturated data set for the multi- 

pectral fit. Next, for accurate determination of the line center fre- 

uencies, we fit the lines using the Voigt model with the line cen- 

er and intensity as free parameters. The Lorentzian FWHM was 

xed to a value of 28 MHz, which was attributed to instrumen- 

al broadening [15] , and the Doppler width was fixed to the the- 

retical value at each line position, around 92 MHz FWHM. The 

tted lines were further compared with the spectrum simulated 

n PGOPHER, to determine the lines that could be unambiguously 

ssigned. We then applied the multispectral fit to the four mea- 

urements at 10 mbar of total pressure, in all fit windows contain- 

ng at least one assigned line. The fit to the 0.11 mbar pure CH 3 I
8 
rovided the initial parameters for the multispectral fit, and the 

ree parameters were again the line position and the line intensity, 

ith the Lorentzian broadening fixed to the same global optimum 

ound previously for the ν4 band in Ref. [15] . For each fit window, 

easurements in which the strongest line exceeded a peak absorp- 

ion of 1.2 × 10 −4 cm 

−1 were excluded to avoid saturation effects. 

e rejected fits for which the quality factor was lower than 5 at 

he lowest pressure, with the quality factor defined as the peak 

bsorption divided by the standard deviation of the residuals in 

 region of ±4 FWHM around the line center. We inspected the 

emaining fits visually to eliminate those affected by baseline is- 

ues caused by nearby saturated lines or showing signs of over- 

apping weak lines. Fig. 7 shows an example of the fitted absorp- 

ion profiles at different partial pressures of CH 3 I together with 

he model for q P 4 (64) and 

q P 2 (65) transitions around 2938.094 and 

938.106 cm 

–1 , respectively as well as for the degenerate q P 6 (62) 

ransitions around 2938.136 cm 

−1 . The lower panel shows the fit 

esiduals. 

Finally, we report the spectral line intensities for a selected set 

f 49 absorption profiles of the ν1 band belonging to transitions 

p to K = 12, distributed in both P and R branches of the ν1 band,

nd 4 profiles of the ν3 + ν1 −ν3 band. We note that a number of 

hese profiles are assigned to degenerate line pairs of A 1 /A 2 sym- 

etry for which the fitted intensities and corresponding uncer- 

ainties were distributed equally. The final line list hence includes 

5 transitions of the ν1 band and 7 of the ν3 + ν1 −ν3 band, and 

heir intensities are provided in supplementary material (S2), to- 

ether with their assignments as well as line positions obtained 

rom the Voigt fits to the measurement at 0.11 mbar pure CH 3 I. 

he last column indicates how many of the four measurements 

ere included in the multispectral fit for each line (the ones at 

igher pressures sometimes being excluded for reasons mentioned 

bove). Summing in quadrature the estimated uncertainties due to 

nstrumental broadening (5%), the fit (0.6% on average), the pres- 

ure measurements (4%), the multipass cell path length (1.3%), and 

he sample purity (1%) yields a 7% relative uncertainty in the line 

ntensities. Considering other possible error sources that may ex- 

st, e.g., overlapping weak transitions from the fundamental or hot 
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Fig. 7. Absorption coefficients of selected transitions measured at 0.11 mbar (blue), 0.15 mbar (green), 0.20 mbar (pink), and 0.25 mbar (red) of CH 3 I at total pressure of 

10 mbar in dry air (vertically offset for clarity) together with the multispectral fit (black line). The lower panel shows residuals. 
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ands, we conservatively estimate 10% as a total uncertainty in the 

eported intensities. 

. Conclusions 

We used the high-resolution mid-infrared spectrum of CH 3 I 

easured using comb-based Fourier transform spectroscopy in the 

ange from 2900 cm 

–1 to 3160 cm 

–1 [15] to extend the spectral 

nalysis to the ν1 and the ν3 + ν1 −ν3 bands around 2971 cm 

–1 . 

he current treatment models the two fundamental bands, ν1 

nd ν4 , which are close in energy, together with the perturbing 

tates, 2 ν2 + ν3 and the ν2 + 2 ν6 
±2 , as a four-level system, interact- 

ng through a number of Fermi and Coriolis interactions. The two 

ot bands, ν3 + ν1 −ν3 and ν3 + ν4 −ν3 , are also assumed to form 

 four-level system connected with the perturbing states 2 ν2 + 2 ν3 

nd ν2 + ν3 + 2 ν6 
±2 . This treatment yields a good global agreement 

etween the simulated and the measured spectra, and hence more 

ccurate band parameters. In addition, it allows us to revisit our 

revious assignment of the ν4 and the ν3 + ν4 −ν3 bands, where 

e treated them separately and not in connection with their ν1 

nd the ν3 + ν1 −ν3 counterparts as done in the current work. 

Overall, we assigned 4665 transitions in the ν1 / ν4 level system, 

nd 1239 transitions in the ν3 + ν1 −ν3 / ν3 + ν4 −ν3 level system. The 

verage error of the least squares fit to the assigned transitions 

n the ν1 / ν4 level systems is 0.0 0 071 cm 

–1 , which is smaller than

hose previously reported for the ν1 band of 0.0015 cm 

−1 [7] , and 

or the ν4 band of 0.0 0 083 cm 

−1 [6] . For the hot band system, an

verage error of 0.0045 cm 

−1 was obtained from the fit to the as- 

igned transitions. 

The ν1 band shows hyperfine splitting, resolvable for transitions 

ith J ≤ 2 × K. The observation of these fine structures was not 

ossible in the earlier measurements of Paso et al. [7] , using FT-IR 

ith a resolution of almost two times the Doppler width of CH 3 I. 

e also report the spectral intensities of 65 lines of the ν1 band 

nd 7 lines of the ν3 + ν1 −ν3 band for the first time using the Voigt

ine shape as a model in multispectral fitting. The reported line 

ists and intensities will serve as a basis for developing a semi- 

mpirical spectroscopic model for high-resolution molecular spec- 

roscopic databases, e.g., HITRAN [16] and GEISA [33] . It will also 
9

erve as a basis for line selection in future monitoring applications 

f CH 3 I using sensitive spectroscopic techniques [34] . 
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