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ARTICLE INFO ABSTRACT

Keywords:
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The SMAUG device is used to thermally populate the vibrational states of the methane molecule and depopulate
its rotational states through its supersonic expansion in argon. The methane molecule is probed during expansion
by cavity ringdown spectroscopy (GRDS) between 5880 and 6220 cm ™. The laser beam passes through both the
isentropic core of the flow, characterized by a very low rotational temperature of 40.4 + 0.8 K, and the hotter
boundary layers surrounding it, which are characterized by an average rotational temperature of 364.3 + 7.7 K.
Analysis of the spectrum reveals that the vibrational population does not follow a Boltzmann distribution. A
special procedure is developed to assign an effective vibrational temperature to each vibrational state, ranging
from 532.4 + 32.2 to 1112.0 + 81.7 K for molecules in the isentropic core, and from 811.6 + 43.1 to 851.8 +
45.6 K for those in the shear layer. Only the first vibrational states of each methane polyad remain significantly
populated leading to detectable transitions. A total of 2525 transitions from the cold gas of the isentropic core
and from the warmer gas of the boundary layers are assigned from a new ab initio effective model and 1000 are
confirmed by lower state combination differences (LSCD). Among these transitions, 718 originates from cold

bands and 1807 from hot bands starting from vibrational states vg4, vo (dyad), 2v4 (pentad) and 3v4 (octad).

1. Introduction

Infrared astronomy has recently undergone considerable develop-
ment, with two new space telescopes: the James Webb Space Telescope
[1] and the ARIEL mission [2], which is due to launch in 2029, in
addition to very high-resolution ground-based telescopes [3,4]. Modern
telescopes can resolve, at least partially, the rotational structure of the
spectra of the molecules present in the atmosphere of hot gaseous exo-
planets, such as hot Jupiters and Neptunes whose temperature is typi-
cally of the order of 1000 K [5]. The detection of methane in the
atmospheres of a significant number of hot Jupiters [1,4,6-10] is driving
the production of new high-temperature, high-resolution laboratory
data of this molecule, as well as the development of theoretical varia-
tional models, such as TheoReTS [11-13], ExoMol [14,15] or HITEMP
[16], capable of producing synthetic spectra of methane at high tem-
perature. Recently, a new procedure was proposed to construct “global”
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ab initio effective Hamiltonians and dipole moment operators from ac-
curate potential and dipole moment surfaces, selected variational
eigenpairs and block-diagonalization transformations [17]. This effec-
tive model, denoted as EM hereafter, was already successfully applied to
methane [18] as well as to the line-by-line analysis of HoCO [19] and
CH3F [20] high-resolution spectra. It was considered in this work for the
construction of cold and hot methane transitions.

The present study focuses on the production of new spectroscopic
data of methane in the tetradecad region, which is the 5th polyad of
methane (P;) located between 5120 and 6120 em ! (1.95 -1.63 um).
The cold band transitions of the tetradecad (P4 < Py) are well known up
to intermediate J values. They have been studied by various experi-
mental techniques carried out under jet-cooled conditions [21], at liquid
nitrogen temperature [22,23] or at room temperature [24-27].
Although important for astrophysical studies and to validate theoretical
model predictions, high-temperature spectroscopic data of methane in
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Fig. 1. CFD simulation of hypersonic expansion out of a custom-designed de Laval nozzle. Cross-sectional views of temperature and density are simulated 20 mm
downstream of the nozzle outlet. The radial profiles correspond to temperature (green curve), density (blue curve) and static pressure (red curve).

this region are scarce. A laser absorption experiment at T = 1000 K is
reported near 1.7 ym [28]. A series of Fourier transform absorption
spectra were recorded between 400 and 1000 K in the 1.92-1.08 um
near-infrared region providing a useful atlas of absorption cross sections
[29]. An innovative optical frequency comb double-resonance spec-
troscopy technique was recently used to identify a series of 3v3«wv3 hot
band transitions (P < P3) [18,30,31], whose contribution is of signif-
icant importance in the high temperature spectrum of the tetradecad.
The present work is part of a series of papers we have published on
non-LTE spectroscopy of methane for the identification of hot bands in
the tetradecad region [32-34]. It is organized as follows: the SMAUG
experimental setup is briefly described in Section 2. The procedure for
extracting rotational and vibrational temperatures is developed in

Section 3. The approach to simulate the non-LTE spectrum is described
in Section 4 and the analysis of this spectrum is explained in Section 5,
before conclusion.

2. Experimental setup

The SMAUG device has been described in detail in two previous
publications devoted to non-LTE spectroscopy of methane [33,34].
Briefly, an argon:methane (19:2) mixture is preheated to around 800 K
before being expanded in a vacuum chamber through a small graphite
de Laval nozzle, whose divergent part is specially designed to produce a
collimated hypersonic flow (Mach number ~15) to avoid line broad-
ening induced by the convective Doppler effect [35]. The flow is probed
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Fig. 2. Infrared spectrum of methane obtained with a Laval nozzle expansion (upper panel) compared with the spectrum recorded at 1000 K under LTE static
conditions (lower panel) by Wong et al. (see Ref. [29]). The most intense lines are truncated in upper panel.
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Fig. 3. Boltzmann plots constructed from rovibrational transitions starting from the ground (Panel (a)) and v4 (Panel (b)) states. The color code of the

symbols depends on the ratio between the experimental intensity (E;"p) and the calculated intensity (6;“1) from the EM. Red symbols:

0.9 Efj“l < E‘;’{" <11 ﬁi‘j“l; green symbols: Eg.x" <0.9 ij“l;

radially by a cavity ringdown spectrometer equipped with a series of
distributed feedback (DFB) laser diodes to cover the methane absorption
region between 5880 and 6220 cm ™', Downstream of the nozzle throat,
a boundary layer gradually develops through friction with the wall of its
divergent section, so that at the nozzle outlet, the flow consists of a cold
isentropic core (IC) (~40 K) surrounded by hotter shear layers (SL) (500
—700 K), as illustrated in Fig. 1. Since CRDS is a line-of-sight absorption
technique, both IC and SL contributions are present in the recorded
spectra. They can be partially differentiated as the significantly higher
gas temperature in the SL leads to much broader lineshapes compared to
the colder IC.

The contribution of the two distinct flow regions to the recorded
absorption spectrum has been investigated and showcased in previous
articles [33,34]. Fig. 1 provides an overview of the laser beam pathway
and the hypersonic jet structure throughout a computational fluid dy-
namics (CFD) simulation of the hypersonic jet ejected from the
custom-designed de Laval nozzle. Panel (a) shows the axial view of the
expansion, highlighting the two distinct flow regimes: the isentropic
core and the surrounding shear layers, while panel (b) reveals the radial
view of the jet at 2 cm downstream of the nozzle outlet, where the laser
beam is located. The numerical topology of the flow shows a core free of
temperature and density gradients over a radius of 5 mm. In addition,
the normalized radial values for temperature (green curve), pressure
(red curve) and density (blue curve) show a shift between the density
peak and the temperature peak, highlighting a scenario in which the
highest temperature corresponds to the lowest molecular density in the
shear layer, so that its contribution is limited to the absorption spectrum.

Part of the methane spectrum obtained with the SMAUG device is
shown in Fig. 2. A total of 6088 lines has been fitted with a Voigt profile.
To highlight the major changes induced by rotational cooling, it is
compared with a Fourier transform spectrum recorded under local
thermodynamic equilibrium (LTE) conditions at 1000 K by Wong et al.
[29].

3. Extraction of temperatures from the infrared spectrum

The supersonic jet is probed 2 cm downstream of the nozzle outlet. In
such confined de Laval expansion, the total number of two-body colli-
sions experienced by the molecules along the expansion is sufficiently
high to allow complete rotational relaxation with translation (T, =
Tirans), however the spectrum reveals that their vibrational degrees of

blue symbols: Efj’q’ > l.lTxfj"l.

freedom are far from completely relaxed. More precisely, our previous
studies [33,34] have shown a fairly efficient depopulation of the
vibrational excited states within a polyad, but an inefficient vibrational
relaxation between different methane polyads. As a result, the first
vibrational energy levels of each polyad, i.e. those corresponding to the
vibrational states vg4, 2v4, 3v4 etc. (and their relative sub-states), are
overpopulated, resulting in an effective vibrational temperature — used
as a proxy concept to characterize the population of each vibrational
state — which can be even higher than the initial stagnation temperature.
Before analyzing the spectrum recorded under such conditions of
non-local thermodynamic equilibrium (non-LTE), it is necessary to
accurately determine the rotational temperature, Ty, and the various
effective vibrational temperatures, "IV",,ib,i, characteristic of the population
of each lower vibrational state, which may be a fundamental, overtone
or combination mode.

3.1. Rotational temperatures

As they follow LTE relaxation, the IC and SL rotational temperatures
are extracted from a conventional Boltzmann plot [36] (see Fig. 3),
according to the following equation:

E;
= 7szct/5L
Tol

Where C is a constant term; k is the Boltzmann constant; E; (ecm D is
the energy of the lower rovibrational state; @; (em™2) is the integrated
absorption coefficient of the rovibrational transition j«<i which is
directly extracted from the surface area of the corresponding absorption

ln(aij-ﬂ,-j’1~|Rij|72> +C )

line; 7 (cm’l) is the wavenumber of the transition; |Ri]~\2 is the transition
moment squared. For electric dipole transitions, |R;|” is related to the
Einstein coefficient A; by:
2 3heo gA;
- 3 ~3
167 I/ij

Ry @

With h the Planck’s constant; ¢, the vacuum permittivity;
g = (2J;+1)gs the statistical weight of the upper state, where J; is the
quantum number associated with the total angular momentum of the
upper rovibrational state, and g, is the nuclear statistical weight equal
to 5, 2, 3 for the symmetry of the upper rovibrational state A;/As, E, F1/
Fo, respectively. All Einstein coefficients are taken from a line list
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Table 1
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Effective vibrational temperatures of the isentropic core (IC) and shear layer (SL) associated with the dyad and certain vibrational levels of the pentad. Number n is a
vibrational multiplicity index and C is the vibrational symmetry. Of the 24 vibrational sublevels of the octad, only the 4 that were observed are shown in the table.

] ~IC =SL
Polyad E,p 141 V2 V3 Vs n Cc e (K) Ty (K)
(em™!)
GS 0.00000 0 0 0 0 1 Ay - -
Dyad 1310.76150 0 0 0 1 1 Fa 865.7 + 63.7 851.8 + 45.6
1533.33250 0 1 0 0 1 E 532.4 + 32.2 811.6 + 43.1
Pentad 2587.04375 0 0 0 2 1 Ay 1112.0 + 81.7 -
2614.26120 0 0 0 2 1 Fa 854.1 + 37.8 -
2624.61671 0 0 0 2 1 E 792.2 + 38.9 -
2830.31530 0 1 0 1 1 F, - -
2846.07500 0 1 0 1 1 Fy - -
2916.48158 1 0 0 0 1 Ay - -
3019.49280 0 0 1 0 1 F» - -
3063.64504 0 2 0 0 1 Ay - -
3065.14098 0 2 0 0 1 E - -
Octad 3870.48560 0 0 0 3 1 Fa 1081.6 + 44.8 -
3909.18847 0 0 0 3 1 Ay 857.2 + 48.5 -
3920.51480 0 0 0 3 1 F; 838.9 + 45.6 -
3930.91820 0 0 0 3 2 j28 783.6 + 45.6 -
produced by the effective model [17]. T,
Two sets of absorption lines are used to access the rotational tem- S;JI.LTE(T,M7 'Tvibi) = SiLjTE (To) %
peratures of the supersonic flow. A first set gathers all transitions Qrot(Tror) % Quin (Tviv)
starting from the vibrational ground state (cold bands), while a second exp{ 6 (fv'b-" i Em,_,>:|
set gathers the transitions starting from the vibrational level v4. Thus, « Ty ™ 3)
the rotational temperatures extracted from the respective Boltzmann exp( — ekt
diagrams (see Fig. 3) are 38.8 + 2.1 K and 40.6 + 0.8 K for the IC, and o
364.4 + 9.4 K and 359.9 + 16.8 K for the SL. Finally, using all the
rotational temperatures extracted from the full set of assigned lines, exp( — ekt
weighted average temperatures (the weights being the inverse of the = To
g ge temp ( g 8 SETE (To) XS (Tyar, Ty )

uncertainties) of 40.4 + 0.8 K and 364.3 + 7.7 K are used to simulate the
non-LTE spectrum (see Fig. 6). The rotational temperature of the shear
layer is extracted from the lines with J; from 7 to 18, while the rotational
temperature of the isentropic core is extracted from the lines with J; < 3,
once intensities have been corrected for the contribution of the hot gas
in the shear layer.

The dispersion of the points observed in the Boltzmann diagrams in
Fig. 3 is linked to certain inaccuracies in the measurement of the surface

area of the lines. The line intensities, 63-"7’, are retrieved by fitting the

lines with a Voigt profile. They were compared with the line intensities,
afj‘l’, calculated with the effective model and adapted to the specific non-
LTE conditions of the spectrum (see Sections 4 and 5). In Fig. 3, red
symbols correspond to 0.9 El?j"l <@ <11 Efjal, green symbols to a;”

<0.9 "

&', and blue symbols to &;"p >1.1 65-“1.

3.2. Effective vibrational temperatures

The different effective vibrational temperatures, T,s;, are listed in
Table 1, they are extracted from the non-LTE experimental spectrum
according to a specific numerical procedure explained in detail below. In
addition to our previous analyses [33,34], this new procedure involves a
much larger number of rovibrational transitions gathering all the hot
bands detected, which significantly improves the accuracy of the tem-
peratures measured.

This procedure is based on Eq. (3), rewritten in the form of Eq. (4) so
as to calculate LTE line intensities, S{;-TE(TO) at a reference temperature

T, from the non-LTE experimental line intensities S{}LTE (Tror, Tvib,i):

em{icz(@Jr%)}
Tyib.i s

The stimulated emission has been neglected in Egs. (3) and (4). The
S;j(To) reference absorption cross sections calculated at Tp = 296 K, as
well as the lower energy levels, E;, of the transitions are given by the EM.
Qo(Ty) is the LTE total partition function at Ty, while Qo (Tr¢) and
avib(i"yib) are the rotational and non-LTE vibrational partition functions,

respectively. avib(TWb) is calculated using the non-LTE TIPS code,
developed for non-LTE conditions (NLTE_TIPS_2021) [37,38]. In Eq. (3),
T,» refers to the total set of measured vibrational temperatures (see
Table 1), while in Egs. (3) and (4), wai refers to the specific vibrational
temperature related to the population of the lower vibrational state v,
which may be a fundamental, overtone or combination mode. E; denotes
the lower energy level of the transition, decomposing into a vibrational
and a rotational component, E,3; and E.; respectively. The experi-
mental values of the lower vibrational levels E,;; are provided in Table
S1, while E,,; is directly obtained by E,; = E; — E,3;, where E; is the
rovibrational energy of the lower energy level calculated by our effec-
tive model (see Table S1). Finally, c, is the second radiation constant
given by ¢, =% =1.4388 cm K, where h is the Planck constant, k is the
Boltzmann constant, and c is the speed of light. Note that in Eq. (4), the
ratio of partition functions has not been explicitly written because this
ratio is the same for all rovibrational transitions and it is therefore not
necessary to extract the temperature from the slope of a Boltzmann plot.

The procedure described below is repeated for each set of transitions
starting from the same excited vibrational state. Thus, for example, the
vibrational temperature Tvib“ related to the vibrational state vy is
derived from all observed transitions belonging to hot bands starting
from v4. In a first stage, the rotational temperature, Ty, is fixed to its
extracted value (see Section 3.1). In a second stage, the effective
vibrational temperature, 7"‘,,1,‘1-, is fitted in Eq. (4) until calculated line
intensities correspond to the LTE line intensities S;™(To) at a fixed
temperature To.
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Fig. 4. Boltzmann plots obtained from simulated spectra including cold bands (blue symbols) and hot bands starting from the v4 vibrational state (red symbols).

Panel (a): Line intensities simulated under non-LTE conditions (T,,; = 40.4 K, unknown Tw-b,“). The following three panels correspond to intensities calculated from
Eq. (4) for 3 different vibrational temperatures Tvib“: Panel (b): 40.4 K; Panel (c): 100 K; Panel (d): 865.7 K, the converged vibrational temperature.

The procedure is illustrated by Fig. 4 obtained from a simulated non-
LTE spectrum with a rotational temperature of 40.4 K and a supposedly
“unknown” vibrational temperature Tvib,u (set at 865.7 K in this
particular example). Panel (a) shows two Boltzmann plots obtained on
the one hand from the cold bands corresponding to the entire recorded
spectral range, and on the other hand from all the hot bands starting
from the vibrational state v4. Only transitions corresponding to J < 3 are
considered which represents several dozens of lines. However, in this
simulation, a large number of data points overlap perfectly, which ex-
plains the low apparent number of transitions visible on the graphs. In
panel (b), line intensities were calculated using Eq. (4) and setting Ty =

Tyipy, = Trot = 40.4 K. As a result, two distinct parallel lines are ob-
tained, which clearly indicates that 40.4 K is not the correct vibrational
temperature, because for an LTE spectrum, all the data points should be
aligned on the same line. The calculation of the line intensity is then
repeated by changing the vibrational temperature input in Eq. (4). In
panel (c), the two parallel lines are closer together, indicating that the
unknown temperature is closer to 100 K than to 40.4 K. Finally, in panel
(d), the two parallel lines overlap, meaning that Tv,«bm = 865.7 K is the
correct vibrational temperature, as it gives LTE line intensities Sj"™(To =

40.4 K). This value of 865.7 K is indeed equal to the vibrational tem-
perature 7",,,—1,,”4 used to produce the initial synthetic spectrum.

Fig. 5 shows Boltzmann plots calculated from the observed cold
bands and the hot bands starting from v4. The dispersion of the points
reflects an inaccuracy in the measurements of the line areas. Panel (a)
reveals a strong non-LTE situation with a steep slope for the rotational
temperature (extracted following the procedure described in Section
3.1) and a shallower slope for the vibrational temperature, indicating
that Tvib,m T Plots showed in panel (b) were obtained by applying

the procedure described above, leading to 7"‘,,-1,,”4 = 865.7 K.
It can be seen from Table 1 that the vibrational states display a strong

non-LTE behavior for the IC, with Tlvfb‘“ >T for the dyad (2nd

C

vib,va
~IC ~IC ~ic

polyad, P;), T1I/ib,2y4(A1) > T{,,-bvzu(m > Tyip o, () for the pentad (3rd pol-

~Ic ~Jc ~Ic ~Ic
yad, P,), and T{/ib,m‘.(m) > Tib 3u(a) > Tvibzua () > Tvibaug(2ry) fOT the

octad (4th polyad, P3). Note that the vy + v4 (F2,F1),v1 (A1), vs (F2) and
2vy (A1,E) states of the pentad are not sufficiently populated to be
detected in our experiment. The same observation can be made for the
states of the octad beyond the series of 4 vibrational sub-states 3v4. It is
then clear that the population of the higher vibrational states in each
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Fig. 6. Observed and simulated non-LTE spectrum of methane. Panel (a): Spectral region well reproduced by the EM. Panel (b): Hot band transitions involving higher

polyads with obvious disagreements between theoretical and experimental data. Red cross symbols correspond to cases where the criteria [Vexp —Vearc| < 0.01 em™ or

0.67 H" < H; < 1.33 Hg are not met (see Section 5).

polyad relaxes onto their lower vibrational state(s), i.e., v4(Fs) for the
dyad, 2v4(A1, Fo,E) for the pentad, and 3v4(1F,,A1,F1, 2F3).
Interestingly, the shear layer exhibits a different behavior with closer

vibrational temperatures, as observed for the dyad (T’ ,b“ >.T ,byz) (see
Table 1). Unfortunately, the intensities of the hot bands observed in the
SL and starting from the pentad and the octad are too low to extract the
corresponding Vibrational temperatures. The relatively high rotational
temperature (TS. = 364.3 K) in the SL is responsible for a dispersion of
the population in many rotational energy levels, so that the intensity of
the corresponding transitions falls under our detection limit.

4. Spectrum simulation

Eq. (3) is used to calculate two sets (IC and SL) of non-LTE line in-
tensities from the LTE line intensities provided by the EM. The simulated
spectrum is then obtained using Eq. (5) in which the summation symbol
relates to all rovibrational transitions:

aml (5) = Z [(S;LTE)ICTI[CGIC (Z - ;11) + (SZLLTE> SLHSL Gy, (D - ZU)] 5)

The line intensities are convoluted by a gaussian profile (G) with a
FWHM of 0.00915 cm~! and 0.01634 cm ! for the IC and the SL,
respectively. The molecular densities n;c and ng;, are estimated using Eqs.
(6) and (7):

—exp
[ L
Nic = —r X — (6)
1C SE-LTE d[c
@G? L
Mg, = <7 X 5— )
SL SIYJFLTE s

Where L = 800 mm is the total length of the optical cavity and dic
and dg;, are the lengths of the IC and SL crossed by the laser beam. djc ~
10 mm and dg; ~ 10 mm are estimated on the basis of the CFD simu-
lations shown in Fig. 1. Only transitions with J < 3 were considered to
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estimate the density of the isentropic core, while transitions with J > 7
were taken into account to estimate the average density of the shear
layer. As a result, nic = 3.16 x 10%° em™ (Q¢ = Q% x Q2 =30.93 x
1.48) and ng, = 7.97 x 10" ecm 3 (Qs, = Q% x QY =800.73 x 1.46).
Part of the simulated spectrum is shown in Fig. 6. As it can be seen from
this figure, the agreement between calculated and observed lines is very
good for certain lines, both in position and intensity, in particular for
lines belonging to cold bands or hot bands associated with the dyad,
while relatively large differences are observed for hot bands associated
with higher polyads.

5. Spectrum analysis

Once the non-LTE spectrum has been simulated, line assignment can
be carried out using a two-stage procedure. First, the experimental lines
whose position and intensity are very close to the calculated lines are
matched. In particular, this makes it possible to quickly identify the
transitions of the cold bands and the hot bands that start from the dyad,
which are calculated with a good accuracy by the effective model. A
total of 1525 lines are identified at the end of this first stage. Second, a
lower state combination difference (LSCD) procedure is systematically
applied to identify series of transitions ending on a same upper rovi-

1

brational energy level (see examples given in Fig. 7). It is worth
mentioning that up to the icosad range (polyad Ps), the line positions for
low and medium J values in the EM have been corrected using experi-
mental energy levels, as explained in Ref. [11]. The LSCD procedure is
therefore reliable for assigning hot band transitions starting up to
vibrational energy levels in the icosad. A total of 1000 lines are identi-
fied at the end of this second stage. All identified lines (stages 1 and 2)
are listed in Table S1 of the supplementary material.

Specifically, the empirically refined theoretical line list was first
restricted to the 16,789 transitions corresponding to calculated non-LTE
integrated absorption coefficients (afj‘ﬂ) and non-LTE line amplitudes
(Hfj“l) greater or equal to the lowest integrated absorption coefficient
and to the lowest line amplitude detected in our experimental spectrum
(i.e. ﬁfj“l >1.1710"° cm2 and Hfj‘ll > 6.81 10~° cm™1). The first stage
of the procedure is then applied with the following criteria: [Vexp —
Veate| < 0.01 em ™" and 0.67 Hi" < H;” < 1.33 Hi'.. The second stage of
the procedure begins with a systematic inventory of the transitions in
the EM line list characterized by the same upper energy level. Transi-
tions grouped in this way can be deduced from each other using LSCD.
Our strategy is to simultaneously identify experimental transitions
within the same group, consisting of 2 to 11 transitions (note that in the
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case of a single transition within a group, only the first stage is applied).
The theoretical lines of the selected group are compared with the
experimental lines within a reasonable range [Vex —Veac| <1 cm™!
which corresponds to the greatest estimated inaccuracy in the calcula-
tions of the EM. The simultaneous identification is validated if [Vexp —
Veale| < 0.005 em™" and 0.67 Hi" < H;® < 1.33 Hy" for each line within
the group. It should be noted that whenever possible (i.e. when at least
two transitions end on the same upper energy level), line identification
in the first stage was confirmed by LSCD. Two examples are given in
Fig. 7.

Table S2 of the supplementary information systematically compares
our line assignments with the transitions reported in the latest version of
the HITRAN database [39]. Within the spectral range investigated in this
work (5880-6220 cm™), all the 4787 lines listed in HITRAN correspond
to cold bands. The 1807 hot band transitions identified in this study are
new and not reported in HITRAN 2020. A total of 718 cold-band tran-
sitions is observed in this work. Of the 4787 cold-band lines listed in
HITRAN and originating from the WKLMC line list [25], only 110 are
fully identified with the vibrational and ro-vibrational quantum
numbers of the lower and upper energy levels. Among these 110 iden-
tified transitions, 52 are confirmed by our analysis, while some others
are not observed as they were out of our experimental spectral coverage.
For the remaining 666 cold-band transitions, our analysis specifies the
upper vibrational state in many cases (for instance, the line at
5884.4657 cm™), the upper vibrational and ro-vibrational states (e.g.,
the line at 5884.6358 cm™), or even both the lower and upper vibra-
tional and ro-vibrational states (e.g., the line at 5885.0490 cm™).
Importantly, we also identified the lower ro-vibrational energy, which
could not be systematically determined using the 2T method employed
in ref [25]. In Fig. 8, the position of the cold band transitions observed in
this work are compared with those listed in HITRAN 2020. Panels (a)
and (b) reveal a distribution well centered around 0 and a root mean
square (RMS) of 0.0027 cm ™. It is worth noting that the accuracy of the
line positions in WKMC [24] and WKLMC [25] databases is estimated to
be 0.001 cm™L. Therefore, the origin of the RMS highlighted in Fig. 8b is
most likely due to a greater uncertainty in the line positions measured in
Rennes.

6. Conclusion

Preheating methane before cooling it by supersonic expansion offers
a number of advantages for studying its infrared spectrum. Above all,

this approach simplifies the rotational structure of the spectrum, which
is extremely complex at high temperatures, while maintaining the
population of certain excited vibrational states, making it possible to
analyze a large number of hot band transitions. Our spectrum analysis
confirmed a fast V-V relaxation within vibrational polyads and a much
slower relaxation between different polyads. This results in an accu-
mulation of the population on the first vibrational states of each polyad,
namely v, and vy for the dyad (P;), 2v4 for the pentad (P3), 3v4 for the
octad (P3). The low divergence of the flow imposed by the use of a Laval
nozzle combined with a very low translational temperature also leads to
reduced line widths, which reduces line superposition and greatly fa-
cilitates spectrum analysis.

The line list produced by the effective model was used extensively to
determine the rotational and vibrational temperatures of the flow,
allowing a rigorous simulation of our non-LTE spectrum. Based on this
simulation and the method of lower state combination differences, we
identified 718 cold band transitions and 1807 hot band transitions
involving lower vibrational states of the dyad, pentad and octad among
the 6088 observed lines. The position agreement of the lines calculated
by the EM is very good for cold bands and hot bands from the dyad (80 %
of the assigned lines from GS and dyad correspond to |O —C| < 0.006
em ! and |0 —C| < 0.008 em ™}, respectively) and not as good for hot
bands from higher polyads (80 % of the assigned lines from pentad and
octad correspond to an |0 —C| < 0.260 cm ™! and |0 —C| < 0.308 cm ™},
respectively).

These new experimental data will be used to improve the accuracy of
the effective model by refining a set of parameters. From an experi-
mental point of view, a planar Laval nozzle is currently being tested to
limit the impact of boundary layers on the spectrum while increasing the
absorption length through the isentropic core of the flow.
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