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Abstract. To deduce accurate infrared molecular line parameters (positions at zero pressure, pressure-
shifting and pressure-broadening coefficients, collisional narrowing coefficients, and intensities) from rovi-
brational spectra, an automatic method based upon a multispectrum fitting procedure has been set up,
able to treat simultaneously several laboratory Fourier transform spectra. A validation of this method, us-
ing absorption spectra of the 3-0 vibrational band of CO around 6350 cm™!, already used to measure line
intensities and self-broadening coefficients, is presented, and the advantages of the method are pointed out.
The self-collisional narrowing of CO was observed and determined for the first time in Fourier transform
spectra: o = 0.028 £ 0.004 cm ™! atm™! at about 296 K.

PACS. 33.20.Ea Infrared spectra — 33.70.Fd Absolute and relative line and band intensities —

33.70.Jg Line and band widths, shapes, and shifts

1 Introduction

The simultaneous treatment of several experimental spec-
tra, in order to derive unknown parameters through a
non-linear least-squares method, is frequently used in at-
mospheric spectroscopy [1], typically when one wants to
obtain the vertical distribution of minor constituents.
In this case, molecular line parameters, as positions,
pressure-shifts, intensities, or collisional widths, are well
known, whereas absorbing gas amounts at different al-
titudes are looked for. Our aim is the reverse: to profit
by the advantages of the simultaneous treatment of sev-
eral laboratory spectra, in order to deduce line parame-
ters knowing the experimental conditions. A few teams [2,
3] have developed such a multispectrum fitting procedure
(see Appendix A, Sect. A.5)! applied to laboratory spec-
tra. Many advantages were found in this technique and
were already pointed out [2,3]: possibility to fit spectra
obtained at different resolutions or recorded with different
spectrometers, ability to obtain parameters that cannot be
determined from a single spectrum, and improvement in
the statistical uncertainties. A multispectrum procedure
was set up in this work. Our main goal was to have at our
disposal a tool more efficient than the usual spectrum-
by-spectrum method (A.5), and able to deduce some pa-
rameters particularly difficult to determine, as collisional
narrowing coeflicients, data that will be more and more
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! The last section of the Appendix is a glossary (hereafter
referred to as A.5) of the main terms used for the sake of this
paper.

requested for precise atmospheric applications in a near
future. Also, cross comparisons of the results obtained
from relatively complicated codes could then be sched-
uled between different teams. During the validation of the
procedure, we confirmed the previously quoted advantages
and showed off new advantages. This paper was also the
opportunity to enlight these advantages in a way different
from this of other authors.

Our multispectrum procedure is an extension of a pre-
vious automatic method [4,5] used to treat Fourier trans-
form spectra: the adjustable or fixed parameters are, first,
those of the involved rovibrational lines (positions at zero
pressure, pressure-shifting and pressure-broadening coef-
ficients, collisional narrowing coeflicients, and intensities),
and, second, some parameters dependent on the spectrum
(effective iris radius needed to calculate the “étendue”,
phase error if any, and continuous background). Section 2
will be devoted to the description of the procedure. We
have validated this method with Fourier transform ab-
sorption spectra of the 3-0 vibrational band of CO around
6350 cm~! which were already used by Picqué et al. [6] to
measure line intensities and self-broadening coefficients. In
Section 3, the results of this validation will be presented
and discussed as typical examples able to show up the
advantages of the method. Furthermore, one will see how
the multispectrum procedure allowed the determination of
the CO self-collisional narrowing coefficient, whereas this
determination was not possible with the usual spectrum-
by-spectrum method, mainly because of the weakness of
this effect observed for the first time in Fourier transform
spectra of the CO molecule.
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2 Description of the multispectrum procedure

The principle of the non-linear least-squares method is
well known and one will recall only what is necessary
(see, e.g. [7]): an observed data vector Texp(g-dimensional)
is given and the response function vector 7...(0) is cal-
culated with respect to the free parameters vector 6 (p-
dimensional); the best values of the free parameters are
then obtained minimizing the length of the vectorial dif-
ference Tcaic(0) — Texp, ¢-€. minimizing the sum of squares
of the observed — calculated residuals. In absorption spec-
troscopy, the elements of 7 are the sampled transmission,
i.e. the ratio between the transmitted and incident inten-
sities of the beam. The vector 7oy, represents a fixed point
M in a g-dimensional space, and 7¢a1(0) is the paramet-
ric representation of a p-dimensional sub-ensemble &, of
this space. The best parameters vector corresponds to the
point of &, closest to M. When p equals g, £, has ¢ dimen-
sions and since it should contain M (otherwise, the theo-
retical model used to calculate 7¢a1c () is wrong), there ex-
ists an exact solution y corresponding to Teaic(fo) = Texp-
Conversely, the principle of the multispectrum method is
to improve the data reduction increasing g (more spectra,
therefore more data) and decreasing p (less parameters).
For both multispectrum and usual spectrum-by-spectrum
methods, the whole vectors Teyp, and 7ca1c are obtained con-
catenating the corresponding vectors associated with the
N studied spectra. In the spectrum-by-spectrum method,
the elements of Teyxp and Teale corresponding to different
spectra are decoupled, and the method involves N X p in-
dependent line parameters (without counting the parame-
ters related to the spectra in order to simplify the discus-
sion, the dimension of  is then N X p, if p line parameters
are needed per spectrum). This is equivalent to treat sepa-
rately each spectrum as done in practice. On the contrary,
the multispectrum method links the elements correspond-
ing to different spectra, through only p independent line
parameters in the most general case (the dimension of 6
is now p). Intermediate cases can also be imagined where
only some of the N X p line parameters link the elements
belonging to some selected spectra (the dimension of 6 re-
mains smaller than NV X p but is greater than p). We have
used such a possibility in this work.

To treat molecular spectra sometimes very crowded,
a method was set up some years ago [4,5], based upon
a Gauss-Newton like algorithm published by Ralston and
Jennrich [7]. This derivative-free algorithm (called DUD
[7], for “Doesn’t Use Derivatives”) was found quick and
efficient to converge even in somewhat complicated condi-
tions frequently encountered in molecular spectra, such
as strong line overlappings. This method was automa-
tized (A.5), that is to say, the numerous lines present in a
spectrum can be treated sequentially without intervention
of the operator. In this method, that we have called the
spectrum-by-spectrum method, one set of best line param-
eters is retrieved for each spectrum, and final parameter
values are obtained performing some averages at the end
of an iterative manual process, often time consuming since
the treatment of typically at least five spectra is usual in
molecular spectroscopy. We have extended this method in

FIRST STEP: CREATION OF DATA FILES
‘MISCELLANEOUS DATA’ FILE:

‘Fixed’ data:
® Data concerning the studied molecule:
- mass,
- partition function.
® Data concerning the recording of the Fourier spectra; for each spectrum:
- free spectral range,
- number of recorded points,
- maximum path difference,
- numerical apodization.
 Data concerning the experimental conditions; for each spectrum:
- temperature,
- absorption path length,
- partial pressure of the absorbing gas,
- partial pressures of other gases present in the cell.

‘Variable’ data:
o Filenames of the spectra chosen to be adjusted simultaneously.
 For each of those spectra:
- choice of free or fixed parameters,
- ‘adjusted” spectral domain (see Fig. 2),
- ‘taken into account lines” domain (see Fig. 2),
- profile used to calculate the absorption coefficient (Voigt, Galatry, Rautian),
- miscellaneous: o spectral domain to compute the apparatus function,
o spectral interval between points in convolution integrals.
e First and last lines to study.

‘SPECTRA’ FILES:

For each spectrum, the experimental transmission values:
o Spectrum # 1
® Spectrum # 2

® Spectrum # N
‘DATABASE’ FILE:

For each line, data needed to initialize the calculation of the absorption coefficients:
- assignment (rotational and vibrational quantum numbers),
- approximate value of line position,
- energy of the lower level of the corresponding transition,
- approximate value of intensity,
- approximate values of self-broadening and foreign gas-broadening coefficients,
- approximate value of self-collisional narrowing coefficient.

SECOND STEP: AUTOMATIC TREATMENT

1. In each spectrum, picks up the needed experimental transmission values T ey
(i.e., those located inside the corresponding “adjusted” spectral domain),
and cc them to create the observed data vector Tex = (Texpi)i=1, . -

2. Creates the parameters vector 6 = (6;) j-1, , from initial values of the p
free parameters ©; .

3. Searches the best values of the free parameters, by using a derivative-free
Gauss-Newton like algorithm ('DUD' program) to minimize the sum of squares
Q () of the residuals:
q
0©)= Y. Towi-tetei 1= ltep -t @) 12,
=1
where 7T 510 (0) = (Tcaei(0)) -1, is the response function vector created from the
calculated transmission values T .. ;(0):

A. Calculation of T . (6):

. For a given wavenumber 6, in the concerned spectrum:
a. Calculation of the absorption coefficient.
Loop upon the lines present inside
the ‘taken into t lines’ d
b. Summation of the absorption coefficients.
c. Application of the Beer-Lambert law to obtain the transmission.
d. Multiplication of the transmission by the continuous background.
e. Calculation of the appropriate apparatus function.
f. Convolution by this apparatus function.

Loop upon the experimental points: —-—----—-—-—-—-e e Goto o

B. Concatenation of the T cic; (0) to create T . (0)

Goto a

B. Least-squares fit ('DUD' program) — Improved parameters vector 6°.
6 =0, and iterations up t0 CONVEIrZENCe: =mmmnmmmmmmmmmmmmmmmmmeeemmnme! Goto A

4. Saves the results and updates the ‘database’ file.

Loop upon the lines to be treated: Goto 1

Fig. 1. Simplified flow diagram of the automatic multispec-
trum fitting procedure.
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6 78 91011

Spectrum 1

6 78 9101

Spectrum 2 - the self-broadening coeftficients:
4 YT PuTo) P PoTo) (T /5Ty
3 o In the ‘reduced’ multispectrum option, the derived line parameters are the following:
- the line positions:
6 in spectrum 1: 0051
2 7 in spectrum 2: o> o%s> 52
1 8 910 L in spectrum 3: 0033 0”43 0053 00” oﬂu 6053
- the line intensities: , ) )
Fos(To) KoiTo) Kos(T) Koo(To) K'orTy) K'os(To)
- the self-broadening coefficients:
5 Spectrum 3 3T YuT) YTy PoTy) PoTy) Vs(To)

The line under study is: 5.
In the automatic treatment, the lines taken into account with free (underlined) or fixed (italics)
parameters are:

© In the ‘general’ multispectrum option, the line parameters derived are the following:
- the line positions at zero pressure:
603 (7”4 0'05 506 Oﬂ? 008
- the self-shifting coefficients:
&5 &4 &5 05 &7 I
- the line intensities:
Ros(To) KoiTo) Kos(To) Koo(To) K'orTy) Kos(To)

Fig. 2. Schematic plot showing the “adjusted” spectral domains and the “taken into account lines” spectral domains, which
can be chosen independently for each spectrum according to the experimental conditions. These domains are symmetric around
the line under study: the narrowest is the “adjusted” spectral domain, and the largest is the “taken into account lines” spectral
domain. An example of utilization of the method, associated with the domains chosen on the plot, is detailed on the right of

the plot.

order to treat simultaneously several spectra. Then, the
line parameters can be determined at once, without the
necessity to perform averages: this is the main advantage
of the multispectrum method.

The Appendix, referring to appropriate papers [8-16],
recalls the equations needed to calculate the transmission
(Egs. (3-6)) that modelizes the experimental transmis-
sion, and a simplified flow diagram is given in Figure 1.
The notations can seem rather complicated, and indeed,
if the principle of the least-squares method is very simple,
its encoding in the case of a multispectrum treatment be-
comes complicated. For example, it is worth noticing that,
in the general case, the calculated transmission function
(one speaks about the transmission function, not about
the wvalues of the transmission), that we have noted 7calc 4
in Figure 1, depends upon the considered experimental
point i, because the absorption coefficient and the appa-
ratus function can both be represented by different func-
tions according to the spectrum from which the experi-
mental point 7 belongs. In Figure 2, three spectra have
been schematically drawn in order to illustrate the differ-
ent spectral domains (A.5) used in the procedure, which
can be runned automatically or manually (A.5). In the
automatic version, the lines are treated sequentially (see
Fig. 1). For each spectrum, the “adjusted” spectral do-
main (A.5) delimits the spectral region where the exper-
imental transmission will be adjusted. To calculate the
transmission in these regions, one sums over the absorp-
tion coefficients of all the lines whose center is located
inside the “taken into account lines” domain of the corre-
sponding spectrum. In each spectrum, those lines whose
center is located inside the “adjusted” spectral domain
have free parameters, and those located inside the “taken

into account lines” domain (A.5), but outside the “ad-
justed” spectral domain, have fixed parameters (approxi-
mate initial values, or values taken in a database, or be-
coming from a previous run). For a better versatility, two
options were coded: in the “general” multispectrum op-
tion (A.5), each free line parameter is constrained to the
same value in all the spectra, and in a “reduced” multi-
spectrum option (A.5), the line positions are let free in-
dependently in each spectrum, but consequently the line
pressure-shifts cannot be adjusted (the interest of this last
version will be discussed in Section 3 in the case of difficul-
ties in the calibration of the wavenumber scales). Figure 2
indicates which parameters are free or fixed in these two
cases for the plotted example: these examples of utilization
of the procedure correspond to the most general capabili-
ties we have coded at the present time, but in most cases,
we have checked that the parameters obtained for the
studied line are not changed if one chooses the same val-
ues for the “adjusted” and the “taken into account lines”
domains. Finally, in the manual version, when treating a
peculiar line, it is possible to decide which parameter will
be constrained or let free for the lines taken into account,
and it is also possible to add some lines if necessary.

3 Validation of the multispectrum procedure
and advantages of this method: application
to the 3-0 band of the 12C'®0 molecule

3.1 Validation of the multispectrum procedure

To validate the multispectrum fitting procedure, we used
several Fourier transform spectra analyzed in a previous
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Table 1. Experimental conditions and characteristics of the Fourier transform absorption spectra of the 3-0 band of 2C60.

Maximum path difference
Unapodized resolution limit (FWHM)
Effective iris radius

81 cm
6x 1072 cm™?!
between 2.92 and 3.44 mm

according to the spectrum

Collimator focal length
Peak-to-peak signal-to-noise ratio
Commercial sample

2000 mm

~1000

Natural CO: 98.65 % of 12C'°0
Stated purity: 99.997%

Spectrum#  Total pressure® (Torr)®  Absorption path® (m)  Temperature? (K)
1 4.40 32.18 296.65
2 6.50 32.18 297.65
3 4.40 32.18 296.65
4 40.0 16.18 296.85
5 80.0 16.18 296.45
6 300 4.18 295.95
7 761 4.18 295.85

24 0.5%. 1 torr = 1.333 hPa. *+ 1 cm. ¢ +1 K.

work to measure intensities (Eq. (7)) and self-broadening
coefficients (Eqs. (14, 15)) of lines in the 3-0 band of
12C160 [6]. These spectra have been chosen, first because
they have a very good signal-to-noise ratio, and second be-
cause the experimental conditions (pressures and absorp-
tion path lengths) had been carefully selected to allow an
accurate determination both of line intensities and colli-
sional widths (see Tab. 1). Then, these spectra of a simple
molecule were a typical example of usage of the spectrum-
by-spectrum procedure, interesting to treat comparatively
with the multispectrum procedure.

To perform significant comparisons, the two proce-
dures had to be used in conditions as close as possible.
Therefore, when running our multispectrum code, we fixed
the same values as in [6] for the “adjusted” spectral do-
main of each spectrum, as also for the effective iris radius
and phase errors, and other miscellaneous data used in the
computations (see Fig. 1). In the same way, the absorp-
tion coefficient was modelized by a Voigt profile (Egs. (6,
8-10)) as in [6]. An exponent m = 0.69, found in the
HITRAN database [17], was used to take into account
the temperature dependence of the self-broadening coef-
ficients (strictly speaking, the value of [17] concerns the
air-broadening coefficients of CO lines, but this should
have negligible consequences since our spectra have all
been recorded under very close temperatures). The tem-
perature dependence of the self-shifting coefficients was
neglected, no data being available (this effect should be
totally negligible taking into account the experimental un-
certainty in the measurement of line shifts). As far as the
line intensities are concerned, the energy of the lower lev-
els of the transitions were found in HITRAN [17], and
the same partition function value as in [6] was chosen,
i.e. Z(296 K) = 107.43 calculated from the polynomial
expansion published by Gamache [18, 19]. The results
finally obtained are listed in Tables 2 and 3, together
with those of [6] obtained from the spectrum-by-spectrum

method. One can see that these results are very close to
each other, showing the coherence of the two methods
and of the obtained results. The dispersion of the ratio
p between the two types of results ((p) = MSF1 / [6] in
Tabs. 2 and 3) gives an idea of the whole statistical uncer-
tainty: (p) = 0.9990 £ 0.0046 for the line intensities, and
(p) = 0.9982 £ 0.0054 for the self-broadening coefficients.

3.2 Improvements of the line parameters measured
in the 3-0 band of 12C!%0 owing to the multispectrum
method

3.2.1 Treatment of the collisional narrowing observed
in the 3-0 band of 12C!°0

The multispectrum procedure applied to the CO spec-
tra allowed some slight improvements that we will detail
below.

At first, average values of effective iris radius and phase
errors could easily be determined for each spectrum. These
values were very close to those found in [6], but more sig-
nificant than in [6]. So, for the sake of coherence, in the
final run of the procedure we fixed the values of effective
iris radius and phase errors to their average values.

Furthermore, as in [6], we noted weak anomalous “W”
signatures (maximum 3% peak-to-peak) in the residuals of
the three medium pressure spectra 4-6 (see Tab. 1): these
signatures are due to the well known collisional narrowing,
or Dicke-Galatry effect [12,13], which was also observed
in diode laser spectra of the 3-0 band of CO recorded
by Henningsen et al. [20]. In the present work, this ef-
fect could be observed for the first time on CO Fourier
transform spectra: Figure 3 shows the P6 line adjusted si-
multaneously in the seven spectra using Voigt profile. We
modelized this effect by testing other profiles [14,15], as
the Galatry profile valid in the case of soft collisions, and
the Rautian profile [16] valid for hard collisions. Strictly
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Table 2. Line intensities in the 3-0 band of 2C!¢0?.

Line [6] % MSF1 % MSF1/[6] MSF2 % x %
P 20 1.29e-24 0.45 1.28e-24 0.58 0.992 1.29e-24 0.49 1.06
P19 1.81e-24 0.98 1.82e-24 0.38 1.006 1.82e-24 0.35 —0.28
P 18 2.46e-24 0.61 2.46e-24 0.30 1.000 2.47e-24 0.20 0.25
P17 3.31e-24 0.33 3.30e-24 0.27 0.997 3.31e-24 0.17 —0.20
P 16 4.28e-24 0.37  4.31e-24 0.25 1.007 4.32e-24 0.15 —-0.11
P15 5.49e-24 0.20 5.50e-24 0.23 1.002 5.51e-24 0.13 0.00
P14 6.90e-24 0.37 6.86e-24 0.23 0.994 6.88e-24 0.12 -0.07
P13 8.39e-24 0.57 8.39%e-24 0.24 1.000 8.43e-24 0.11 —-0.59
P12 9.96e-24 0.45 9.96e-24 0.21 1.000 9.99e-24 0.11 -0.19
P11 1.16e-23 0.16 1.15e-23 0.21 0.991 1.16e-23 0.11 —0.30
P 10 1.31e-23 0.57 1.30e-23 0.24 0.992 1.31e-23 0.10 —0.32
P9 1.43e-23 0.49 1.43e-23 0.20 1.000 1.43e-23 0.10 0.22
P 8 1.52e-23 0.45 1.52e-23 0.29 1.000 1.53e-23 0.10 —0.34
P 7 1.57e-23 0.45 1.56e-23 0.19 0.994 1.57e-23 0.10 —0.14
P 6 1.54e-23 0.45 1.55e-23 0.21 1.006 1.55e-23 0.12 —0.06
P 5 1.46e-23 0.41 1.46e-23 0.23 1.000 1.46e-23 0.10 0.12
P 4 1.30e-23 0.41 1.30e-23 0.21 1.000 1.30e-23 0.10 0.00
P 3 1.06e-23 0.33 1.06e-23 0.23 1.000 1.06e-23 0.10 0.35
P 2 7.54e-24 0.53 7.58e-24 0.24 1.005 7.58e-24 0.15 0.17
P1 3.99e-24 0.37 3.99e-24 0.26 1.000 3.98e-24 0.17 0.25
RO 4.19e-24 0.53 4.16e-24 0.27 0.993 4.17e-24 0.16 —0.04
R1 8.27e-24 0.49 8.26e-24 0.23 0.999 8.28e-24 0.12 0.12
R 2 1.21e-23 0.49 1.21e-23 0.22 1.000 1.21e-23 0.10 0.24
R 3 1.54e-23 0.37 1.55e-23 0.20 1.006 1.55e-23 0.10 —0.08
R 4 1.81e-23 0.37 1.82e-23 0.21 1.006 1.82e-23 0.10 0.03
R 5 2.02e-23 0.20 2.01e-23 0.19 0.995 2.01e-23 0.10 0.28
R 6 2.13e-23 0.37 2.13e-23 0.18 1.000 2.13e-23 0.09 —0.01
R 7 2.16e-23 0.24 2.16e-23 0.19 1.000 2.16e-23 0.09 0.16
R 8 2.13e-23 0.45 2.12e-23 0.19 0.995 2.12e-23 0.09 0.19
R 9 2.02e-23 0.24 2.01e-23 0.19 0.995 2.02e-23 0.09 0.08
R 10 1.87e-23 0.33 1.86e-23 0.19 0.995 1.87e-23 0.09 —0.05
R 11 1.68e-23 0.24 1.68e-23 0.20 1.000 1.68e-23 0.10 0.15
R 12 1.47e-23 0.29 1.47e-23 0.24 1.000 1.48e-23 0.10 —0.24
R 13 1.25e-23 0.33 1.26e-23 0.23 1.008 1.27e-23 0.11 —0.45
R 14 1.06e-23 0.24 1.05e-23 0.22 0.991 1.06e-23 0.11 —0.29
R 15 8.67e-24 0.29 8.61e-24 0.24 0.993 8.65e-24 0.13 —0.16
R 16 6.90e-24 0.29 6.89e-24 0.22 0.999 6.92e-24 0.13 —0.31
R 17 5.36e-24 0.20 5.36e-24 0.26 1.000 5.38e-24 0.15 0.24
R 18 4.11e-24 0.61 4.08e-24 0.29 0.993 4.10e-24 0.20 0.56
R 19 3.07e-24 0.49 3.07e-24 0.31 1.000 3.08e-24 0.21 0.23
R 20 2.26e-24 0.45 2.27e-24 0.27 1.004 2.27e-24 0.26 -0.33

# Caption of the column headings, from left to right:

Line: rotational assignment.

[6]: line intensities in cm molecule™ for pure *2C'®0 at 296 K. These values, taken in [6], are average values obtained from
six spectra (the spectrum number 4 was omitted in [6] because of the collisional narrowing).

%: statistical uncertainty, in percentage, of the previous values, equal to the experimental dispersion quoted in [6] divided
by V6.

MSF1: our line intensities, obtained by the multispectrum fitting procedure using the same six spectra as for the results of
column [6]. Three significant digits have been reported since, as stated in [6], the whole accuracy is 6% in line intensities.
%: statistical uncertainty of our MSF1 results, equal to the 68% confidence interval, i.e. one standard deviation, in percentage.
(Note that the statistical uncertainties obtained for the P19 and P20 lines are larger than for the other lines: this is because
of the presence of very weak lines, due to traces of COg inside the evacuated tank of the interferometer.)

MSF2: best values of line intensities, obtained by the multispectrum fitting procedure from the seven spectra, taking into
account the collisional narrowing.

%: statistical uncertainty of our MSF2 results, equal to the 68% confidence interval, i.e. one standard deviation, in percentage.
x %: in percentage, ratio (calc — MSF2)/MSF2, the calculated intensity being obtained from equation (1) of this paper and
equation (1) of [6].



60

Table 3. Self-broadening coefficients in the 3-0 band of 2C*¢ 0.

The European Physical Journal D

Line [6] % MSF1 % MSF1/[6)] MSF2 % x %
P 20 54.4 0.23 54.5 0.91 1.002 54.9 0.77 0.84
P 19 57.4 0.46 56.5 0.57 0.984 56.6 0.55 —0.34
P 18 57.3 1.10 57.2 0.46 0.998 57.8 0.31 —0.55
P17 58.8 0.75 58.2 0.40 0.990 58.7 0.26 —0.24
P 16 59.2 0.40 59.3 0.37 1.002 59.7 0.23 —0.18
P15 60.3 0.17 60.4 0.37 1.002 60.9 0.20 —0.53
P 14 61.4 0.23 61.4 0.35 1.000 61.8 0.18 —0.48
P13 62.8 0.87 62.3 0.35 0.992 62.6 0.17 —0.35
P 12 63.3 0.29 63.2 0.31 0.998 63.5 0.16 —0.43
P11 64.1 0.12 64.2 0.31 1.002 64.5 0.23 —0.66
P 10 65.0 0.58 65.0 0.38 1.000 65.2 0.18 —0.37
P9 65.7 0.58 66.0 0.30 1.005 66.2 0.15 —0.39
P 8 67.1 0.81 67.1 0.54 1.000 67.3 0.16 —0.32
P 7 68.2 0.35 68.3 0.28 1.001 68.4 0.15 0.10
P 6 69.8 0.52 70.0 0.32 1.003 70.2 0.20 —0.02
P 5 72.1 0.52 72.5 0.31 1.006 72.6 0.16 —0.37
P 4 74.7 0.23 75.1 0.37 1.005 75.3 0.15 —0.37
P 3 78.1 0.64 78.2 0.32 1.001 78.4 0.15 —0.02
P 2 81.9 0.75 82.2 0.32 1.004 82.3 0.21 0.30
P1 87.5 0.29 87.7 0.34 1.002 87.9 0.24 —0.26
R 0O 88.2 1.33 87.0 0.39 0.986 87.4 0.22 0.32
R 1 82.2 0.81 82.3 0.31 1.001 82.5 0.17 0.06
R 2 78.1 0.81 78.3 0.30 1.003 78.5 0.15 —0.15
R 3 74.8 0.75 75.0 0.28 1.003 75.1 0.15 —0.11
R 4 71.9 0.58 72.1 0.30 1.003 72.2 0.15 0.18
R 5 70.3 0.58 69.8 0.29 0.993 70.0 0.15 0.26
R 6 68.3 0.52 68.1 0.28 0.997 68.0 0.15 0.69
R 7 66.8 0.52 66.5 0.29 0.996 66.6 0.15 0.73
R 8 65.5 0.64 65.4 0.29 0.998 65.5 0.15 0.67
R 9 64.7 0.52 64.4 0.30 0.995 64.6 0.15 0.56
R 10 64.2 0.46 63.4 0.30 0.988 63.6 0.15 0.75
R 11 63.2 0.52 62.6 0.32 0.991 62.8 0.16 0.68
R 12 61.7 0.58 61.7 0.41 1.000 61.9 0.18 0.78
R 13 61.0 0.46 60.9 0.35 0.998 61.2 0.18 0.50
R 14 59.9 0.40 59.8 0.34 0.998 60.2 0.17 0.63
R 15 59.1 0.35 58.6 0.35 0.992 59.0 0.20 1.01
R 16 58.0 0.52 57.7 0.33 0.995 58.2 0.21 0.61
R 17 56.8 0.35 56.3 0.39 0.991 56.8 0.33 1.21
R 18 55.3 0.35 55.2 0.44 0.998 55.7 0.32 1.27
R 19 54.7 0.92 54.5 0.49 0.996 55.0 0.34 0.65
R 20 53.8 0.81 54.1 0.43 1.006 54.5 0.41 —0.18

# Caption of the column headings, from left to right:

Line: rotational assignment.

[6]: self-broadening coefficients, in 1072 cm™

three spectra.

%: statistical uncertainty, in percentage, of the previous values, equal to the experimental dispersion quoted in [6] divided

by V3.

MSF1: our self-broadening coefficients, obtained by the multispectrum fitting procedure using the same three spectra as for
the results of column [6]. Three significant digits have been reported since, as stated in [6], the whole accuracy is 4% in

self-broadening coefficients.

%: statistical uncertainty of our MSF1 results, equal to the 68% confidence interval, i.e. one standard deviation, in percentage.
MSF2: best values of self-broadening coefficients, obtained by the multispectrum fitting procedure from the seven spectra,

1

taking into account the collisional narrowing.

%: statistical uncertainty of our MSF2 results, equal to the 68% confidence interval, i.e. one standard deviation, in percentage.
x %: in percentage, ratio (calc — MSF2)/MSF2, the calculated self-broadening coefficient being obtained from equation (2).

atm™! at 296 K. These values, taken in [6], are average values obtained from
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Fig. 3. Multispectrum adjustment of the 3-0 P6 line of 12C*¢0O
at 6325.799 cm™!, using only Voigt profiles (upper residuals)
and introducing Rautian profiles to take into account the self-
collisional narrowing (lower residuals). The plots of the lines
and of their residuals have been placed side by side, in the
order of the spectrum numbers (see Tab. 1) from left to right
(such a disposition is more legible than a superimposition of
the numerous plots corresponding to different spectra). The
wavenumber scales are the same for all the plots: the “ad-
justed” spectral domains being 0.2 cm™*, 0.3 cm™*', 0.4 cm ™!,
0.6 cm™!, and 2 cm™*! for respectively spectra 1-3, 4, 5, 6,
and 7. The upper plot shows the absorption lines in each spec-
trum with the same transmission scale. Lower plots show the %
calculated — observed residuals in an expanded vertical scale.

speaking, none of these two opposite models is adapted
to the case of pure CO, since the perturbing molecule
has the same mass as the radiative one. However, as ob-
served in many other works (see, e.g. [21-23]), no signifi-
cant difference was found between the collisional narrow-
ing coefficients obtained by the two methods. We chose
the Rautian profile which is easier to compute than the
Galatry one [22,23]. Figure 3 shows that the “W” sig-
natures are noticeably reduced when using the Rautian
profile; however, a feature (neither symmetric nor anti-
symmetric), larger than the noise level, remains in the
residuals: this is probably due to the difficulty to treat a
so weak effect and to the fact that the theoretical profile
used to calculate the absorption coefficient is not perfectly
adapted.

When trying to determine the collisional narrowing co-
efficient with the aid of the multispectrum procedure, we
found that it was preferable to choose a Rautian profile
only for the absorption coefficient of the three medium
pressure spectra, for which the collisional narrowing is the
most important, rather than for all the spectra. In this last
case, the line parameters are slightly made worse, since
an inadapted profile has been chosen for some spectra.
(To be rigorous, one should also take into account the ab-
sorber speed dependence of the pressure broadening for
the high pressure spectra, e.g. through a weighted sum
of Lorentzian profiles [21]; however, this weak additional
effect, not revealed by prominent anomalous signatures

1
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Fig. 4. Self-collisional narrowing coefficients of lines in the 3-0
band of 2C*°0 vs. m, at about 296 K. The horizontal straight
line indicates the average value used in this work.

in our fits, was neglected to avoid unnecessary complica-
tion of the treatment.) The collisional narrowing coeffi-
cient (Egs. (10, 16)) is an example of parameter not easily
determinable from a single spectrum when the effect is
very weak (as in our CO spectra), and it is an advan-
tage of the multispectrum method, already pointed out
by Benner et al. [2], to allow the determination of such
parameters. Figure 4 gives the obtained collisional nar-
rowing coefficients 3y vs. m, with m= —J in the P-branch,
and J+1 in the R-branch, J being the rotational quantum
number of the lower level of the transition. Theoretically,
one should not observe a rotational dependence, at first
order, for By [23-25]. The increasing of 3y for low J lines
is perhaps an artifact of computation, due to the diffi-
culty to retrieve Jy for lines having large broadening coef-
ficient, the two parameters Gy and g being strongly corre-
lated [23-25]. However, such a striking effect was already
observed by Pine and Looney for other molecules [24],
suggesting that velocity changing collisions could be more
probable for slowly rotating molecules [24]. Finally, we
thought more advisable to calculate an average value: one
finds 3y = 0.0284:0.004 cm~! atm™! (1 atm = 1013 hPa)
at about 296 K. At our knowledge, such a result has never
been published, so that one can only compare with the
value 0.025 cm ™! atm~!, deduced from the self-diffusion
mass coefficient 0.187 cm? s~! at 1 atm and 296 K, that
we calculated using the data of [26]. The agreement is very
satisfactory. In the final run of the multispectrum proce-
dure, we fixed By at 0.028 cm~! atm™! to calculate the
absorption coefficient in the three concerned spectra.

3.2.2 New line parameters for the 3-0 band of 12C1%0

The slightly improved line intensities and self-broadening
coefficients obtained are given in Tables 2 and 3. FEven
if the improvements in the obtained line parameters are
not quantitatively important, we thought useful to calcu-
late new values for the vibrational dipole moment squared
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| u0|2and Herman-Wallis coeflicients. Using the same for-
malism as in [6] for the dipole moment squared ||:

u* = |uol* (1 + Cm + Dm?), (1)
we found: |po)® = (1.6730 £ 0.0012) x 10~7 Debye?
(1 Debye = 3.33546 x 1073 C m), C' = (1.1996+£0.0039) x
1072, and D = (1.2498 + 0.0036) x 10~%, the quoted un-
certainties being 68% confidence intervals (one standard
deviation). These values are in very good agreement with
those obtained in [6] and with those recently published
by Henningsen et al. [20], confirming that the 6% abso-
lute uncertainty stated in [6] is probably pessimistic [20].
Then, the 1996 HITRAN values [17], converted to pure
12C160 at 296 K, can definitely be considered as too high
by about 7.5%. Finally, Table 2 shows the good quality of
the results, considering the very small observed — calcu-
lated differences we obtained.

In the same goal, we reduced the self-broadening coef-
ficients 7y adjusting their measured values by an empirical
polynomial expansion vs. |m|:

n=4

Y% =A+> Bnm[" (2)

n=1

with, in em ™! atm ™! at 296 K: A = (9.39240.036) x 1072,
By = (—6.86 £ 0.22) x 1073, By = (6.45 + 0.40) x 1074,
Bz = (—2.9840.27) x 1075, and B, = (4.9440.62) x 1077,
This polynomial reproduces well the observed data inside
the range of involved m values (see Tab. 2). For |m/| greater
than 20, we recommend to fix the self-broadening coeffi-
cient at a constant mean value of about 54 cm~! atm~!.
One should also note that our measured self-broadening
coefficients are in very good agreement with the HITRAN
values [17].

3.3 Advantages of the multispectrum method

First of all, the method appears considerably time saving.
We have also seen that it allowed to obtain a parameter
(the collisional narrowing) not easily determinable from a
single spectrum. But other advantages were found and are
discussed below.

3.3.1 Improvement of the statistical uncertainty
of the results

The precision given by the confidence intervals of the ob-
tained parameters is slightly decreased compared with the
spectrum-by-spectrum method, as pointed out and dis-
cussed by Plateaux et al. [3]. However, this effect is not
quantitatively so much important (see Tabs. 2 and 3).
Furthermore, only statistical uncertainties are taken into
account, but not possible systematic errors (see detailed
discussion in [6]) present in all the spectra. To improve
the accuracy (in other words, the uncertainty in the abso-
lute values), one should treat simultaneously a very large

number of spectra, recorded with numerous different in-
struments, and under various experimental conditions. In
such an ideal case, possible systematic errors present only
in some classes of spectra would be taken into account,
and the confidence intervals would “tend” to well esti-
mate the absolute uncertainty; however, such a situation
is not common, even if the method is able to treat spectra
becoming from different spectrometers.

3.3.2 Stability of the results obtained
from the multispectrum method with respect
to its utilization conditions

The multispectrum method leads to very stable values of
the adjusted parameters, independently on the conditions
of the study, inside reasonable limits, but even for con-
ditions relatively far from those that would be chosen to
match the absorption conditions of each spectrum. Table 4
gives the results obtained for the P1 line using very dif-
ferent sets of “adjusted” spectral domains. Particularly,
wide domains (up to 2 cm™!) were chosen in low pressure
spectra where the line is not very pressure-broadened. One
sees that the dispersion of the results is only about 0.6%.
This is mainly due to the good quality of the spectra of a
simple molecule as CO, but several tests led to a similar
conclusion with more complicated molecular spectra.

Numerous tests were performed, changing the set of
spectra chosen to be treated simultaneously. We have se-
lected the most interesting of these tests in Table 5, and
the conclusion is that the values obtained for a given pa-
rameter are not sensitive to the chosen spectra, provided
that at least one spectrum, bringing a significant informa-
tion on the concerned parameter, is taken into account.
Let us examine in more details the results of Table 5.

As with the spectrum-by-spectrum method, it is not
possible to obtain a parameter if one does not take into ac-
count the spectra containing information on this parame-
ter. For example, if one eliminates the pressure-broadened
spectra 4-7, which contain information on the collisional
widths, the multispectrum method does not lead to a sig-
nificant self-broadening coefficient, and consequently, the
derived line intensity is damaged (see test 1 of Tab. 5).
However, if one takes into account, in addition, at least
one of the spectra previously omitted (see tests 2 and 3),
the new information now available is enough to lead to a
significant self-broadening coefficient, whose value is very
close to the value obtained when all the spectra are taken
into account. Moreover, as expected, the addition of one
spectrum in the set of treated spectra significantly reduces
the statistical uncertainty.

Conversely, let us suppose one takes into account only
a few spectra (for example, two spectra) among the avail-
able spectra. Two interesting cases occur:

a. these two spectra have been recorded under similar ex-
perimental conditions, bringing information both on
intensities and collisional widths: for example, high
pressure spectra 6 and 7. In this case, the obtained
line parameters do not differ from each other by more
than 1% (see test 4);
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Table 4. Effect of the chosen “adjusted” spectral domains on
IQClﬁoa.

the obtained parameters for the P1 line of the 3-0 band of

Spectrum # “Adjusted” spectral domains (1073 cm ™)
1 100 200 400 1000 2000
2 100 200 400 1000 2000
3 100 200 400 1000 2000
4 200 300 600 1000 2000
5 300 400 1000 1000 2000
6 600 600 1500 1000 2000
7 1000 1000 2000 1000 2000
kY (To) 3.9676(98) 3.9927(76) 4.0037(63) 4.022(72) 4.0146(64)

(1072* cm molecule™)

Vet (To) 87.46(25)  87.95(23)  88.33(21) 88.59(23)  88.60(23)

(1073 ecm~'atm™1)

2The statistical uncertainties of our results, between parenthesis,

are 68% confidence intervals (one standard deviation in units

of the last digit). Our results have been reported with all digits significant with respect to the quoted statistical uncertainties,
in order to well exhibit the stability of the results; however, only at most three digits are actually significant according to the

estimated accuracies. Tp is the standard temperature (296 K).

Table 5. Parameters obtained for the P1 line of the 3-0 band
simultaneously by the multispectrum method®.

of 2C*€0, from various sets of spectra chosen to be treated

Test # Used spectra kX (To) x 'ygself) (To) x
(107 cmmolecule™) %  (107* ecm™tatm™) %
0 1,2 3 4,5, 6,7 3.9837(67) - 87.89(21) -

1 1,2, 3 4.038 (17) 1.4 98.0 (51) 11.5

2 1,2,3,7 3.9670(68) —0.4 87.39(18) —0.6

3 1,2,3,6,7 3.9738(64) —0.2 87.55(16) —0.4

4 6,7 3.9525(80) —0.8 87.12(19) ~0.9

5 1,7 3.9480(80) ~0.9 87.01(20) ~1.0

#See footnote of Table 4. x is, in percentage, the ratio between

the value of the line parameter (intensity or self-broadening

coefficient) obtained for the corresponding test, and the reference value obtained by the multispectrum method (test 0).

b. these two spectra correspond to “opposite” experimen-
tal conditions: for example, low pressure spectrum 1
(information on intensities only) and high pressure
spectrum 7 (information both on intensities and col-
lisional widths). In this case, again, one sees that the
obtained line parameters do not differ from each other
by more than 1% (see test 5).

One can notice the efficiency of the multispectrum
method in test 5, which would have been particularly
difficult to treat by the spectrum-by-spectrum method
(many “manual” iterations required: at first, to fix the
collisional widths for spectrum 1 to the values found with
spectrum 7, then to fix the line intensities for spectrum 7
to the values thus obtained with spectrum 1, in order to
obtain improved collisional widths, and so on up to con-
vergence to sufficiently stable couples of values for line
intensities and collisional widths). Finally, the multispec-
trum method present numerous advantages when one has
at its disposal only a reduced sample of experimental spec-
tra, whose absorption conditions are not entirely optimal.

3.3.3 Effects of systematic errors

As seen previously (Sect. 3.2.1) in the case of the colli-
sional narrowing, systematic errors can occur if the ex-
pression of the absorption coefficient used in the calcula-
tion is inadequate. Also, Benner et al. [2] showed that the
multispectrum method led to anomalously large residuals
for spectra exhibiting a line mixing, when this one is not
taken into account in the calculation.

In this work, we tested the multispectrum method by
simulating several kinds of experimental errors in some
of the treated spectra, and comparing the results with
those obtained from the spectrum-by-spectrum method.
For example, let us simulate an error in the absorbing
gas amount of spectrum 6, that one has chosen because
it brings important information both on line intensities
and collisional widths (we chose a non-realistic 10% large
error to better exhibit the effect). Figure 5 shows that
this error in the pressure induces an anomalous symmet-
ric signature in the residuals of the concerned spectrum. In
the spectrum-by-spectrum method, such a signature could
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Fig. 5. Multispectrum adjustment of the 3-0 P1 line of 12C1¢0
at 6346.594 cm™!, when an error has been simulated in the
pressure of one of the spectra (10% in the pressure of spec-
trum 6). The first row of residuals corresponds to the multi-
spectrum fit with the erroneous pressure; and the second row
corresponds to the multispectrum fit with the right pressure.
(See caption of Fig. 3 for the general disposition of the plot.)

not be observed since the spectra are separately treated,
so that the error could only be suspected when comparing
the results obtained from each spectrum. Another advan-
tage of the multispectrum method is shown in Table 6:
even if not corrected, the error in the pressure leads to
systematic errors in line parameters smaller for the multi-
spectrum method than for the spectrum-by-spectrum one.
In fact, this can be generalized to any type of systematic
error occurring in only a few spectra: one can check that
the consequences of such an error are always more impor-
tant for the spectrum-by-spectrum method than for the
multispectrum one.

3.3.4 Difficulties encountered in the determination
of line positions and pressure-shifts. Calibration
of the wavenumber scale

Accurate line positions and pressure-shifts (Eqs. (12, 13))
are much more difficult to determine than line intensities
and collisional widths, taking into account the high accu-
racy attainable for the wavenumbers.

Even when the wavenumber scale of the spectra can-
not be calibrated (for example, because the spectra do not
contain lines belonging to a molecule whose line positions
are known standard wavenumbers), it remains always pos-
sible to use the spectrum-by-spectrum method, knowing
that one will not be able to deduce absolute zero pressure
line positions nor pressure-shifts. In the same conditions,
the multispectrum method defects. Indeed, in the “gen-
eral” multispectrum option (see Sect. 2), the zero pres-
sure line positions and the pressure-shifting coefficients
are free parameters that have to keep the same values in
all the spectra. When applied, the “general” multispec-
trum option exhibits characteristics antisymmetric sig-
natures in the residuals (see Fig. 6), revealing that the
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Fig. 6. Multispectrum adjustment of the 3-0 P1 line of 12C*¢0O
at 6346.594 cm ™. The residuals correspond to the following
cases: first row of residuals, in the absence of calibration of the
wavenumber scales and using the “general” multispectrum op-
tion; second row, in the absence of calibration of the wavenum-
ber scales but using the “reduced” multispectrum option; third
row, the wavenumber scales being calibrated with respect to
C2Hjy, lines, and using the “general” multispectrum option. (See
caption of Fig. 3 for the general disposition of the plot.)

relative wavenumber calibration is not perfect and that
the obtained line positions and shifts are erroneous; con-
sequently, other derived line parameters could also be
perturbed. That is why we set up a “reduced” multispec-
trum option, in which the line positions (now pressure-
shifted) are liable to be let free in each spectrum. In
these conditions, it is no longer possible to adjust abso-
lute zero pressure wavenumbers nor pressure-shifting co-
efficients, but one still benefits of the advantages of the
multispectrum procedure when determining other line pa-
rameters as intensities or pressure-broadening coefficients.
Also, Figure 6 shows that the signatures disappear in this
case.

The spectra used in this work had not been especially
recorded to deduce absolute positions and pressure-shifts.
Nevertheless, as 6 torr of acetylene were put in a second
cell crossed by the beam, an absolute calibration can be
attempted by using CyHs standard line positions around
6500 cm~! measured by Kou et al. [27]. The line posi-
tions of [27] had to be slightly corrected with respect to
more accurate data obtained by Nakagawa et al. [28] (we
could not measure the CyHy lines of [28] because they
were saturated in our spectra, their tops being used to
check the linearity of the signal, which is important to
retrieve accurate line intensities and widths). The self-
shifting coefficient of acetylene [29] has been taken into
account in the calibration, leading to a very small correc-
tion of —4 x 107%cm ™! at 6 torr. Then, one can try the
“general” multispectrum option. The self-pressure shifting
coefficients thus obtained have been plotted in Figure 7.

It is interesting to compare the self-shifting coeffi-
cients obtained by the “general” multispectrum method
with those one can deduce from the pressure-shifted line
positions obtained by the “reduced” multispectrum
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Table 6. Parameters obtained for the P1 line of the 3-0 band of 2C!®0, when an error exists in the pressure of one of the

spectra treated simultaneously®.

M @) ® @
SBS SBS (SBS) (SBS) (4)/(3)
Spectrum 6 Spectrum 6 With spectrum 6 | With spectrum 6 %
right pressure erroneous pressure right pressure erroneous pressure
EN(To) 4.020(19) 4.465(21) 4.019 + 0.023 4.08 + 0.06 1.5
(1072* cm molecule™)
Vit (To) 88.49(42) 98.25(47) 89.241.4 92.5 +2.7 3.7
(1073 cm™'atm™1)
() (6)
MSF MSF (6)/(5)
With spectrum 6 | With spectrum 6 %
right pressure €rroneous pressure
kN (To) 3.9837(67) 4.0086(79) 0.6
(1072* cm molecule™)
fy?self)(To) 87.89(21) 88.67(25) 0.9
(1073 cm™tatm ™)

* See footnote of Table 4. Columns (1-4): line parameters obtained by the spectrum-by-spectrum method (SBS). Column (1):
from spectrum 6 only with the right pressure. Column (2): from spectrum: 6 only with an erroneous pressure (—10%).
Columns (3) and (4): averages of the results, obtained from the seven spectra for the intensities, and from spectra 4-6 for
the self-broadening coefficients (the quoted statistical uncertainties are the standard deviations of the mean divided by /7 for
the line intensities, and by +/3 for the self-broadening coefficients, according to the number of spectra taken into account);
column (3): with the value of column (1); and column (4): with the value of column (2). Columns (5) and (6): line parameters
obtained by the multispectrum method (MSF); column (5): with the right pressure for spectrum 6; and column (6): with an

erroneous pressure for spectrum 6.
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Fig. 7. Self-shifting coefficients of lines in the 3-0 band of
12C160 ps. m, at about 296 K. Note that the values obtained
for the P19 and R20 lines could not be retained because of
the presence of very weak lines due to traces of CO2 inside the
evacuated tank of the interferometer. (The best values of self-
shifting coefficients currently available can be found in [30].)

]
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method (the wavenumber scales being calibrated). For
that, the P12 line has been chosen as example: Fig-
ure 8 is a plot of the P12 pressure-shifted line positions

vs. pressure. One can see that the pressure-shift is pro-
portional to the pressure, as expected. The straight line
plotted in Figure 8 is the result of a linear adjustment
of the data, and its slope gives the self-shifting coeffi-
cient of the concerned line. To make a consistent com-
parison with the self-shifting coefficient obtained by the
“general” method (—8.21 x 1072 em~!atm™!), one has
to take into account the standard deviation of each line
position obtained by the “reduced” method. Thus, the
straight line in Figure 8 has been obtained through a lin-
ear least-squares fit, the data being weighted according
to the reciprocal of their standard deviation squared. One
finds —8.18 x 1073 ecm~'atm™!, in very good agreement
with the value obtained by the “general” multispectrum
method. The zero pressure line positions are also in good
agreement: 6297.410057 cm~! for the “general” method,
and 6297.410060 cm ™! for the “reduced” one. This shows
the coherence of the two methods.

4 Conclusion

In this work, a multispectrum fitting procedure was set
up in order to obtain line parameters, at once from sev-
eral spectra. This method has been tested with the aid of
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Fig. 8. Pressure-shifted positions of the 3-0 P12 line of
120160, at 6297.410 cm™!, vs. pressure, obtained from the
“reduced” multispectrum method, the wavenumber scales be-
ing calibrated.

Fourier transform absorption spectra of the 3-0 band of
CO. The obtained line intensities and self-broadening co-
efficients have been found in very good agreement with
previously published results, and could be slightly im-
proved taking into account the self-collisional narrowing
observed for the first time on Fourier transform CO spec-
tra. The advantages of the method have been pointed out
and illustrated with typical examples. Even when the cal-
ibration of the wavenumber scale cannot be achieved with
high accuracy, the method can still be used letting free
the pressure-shifted line positions in each spectrum. Co-
herent CO self-shifting coefficients have been deduced and
compared with previous results.

To conclude, let us summarize the advantages that we
found in the multispectrum method, vs. the spectrum-by-
spectrum one:

1. this method is noticeably time-saving;

2. this method is versatile: the values deduced for the line
parameters remain stable with respect to the utiliza-
tion conditions of the method (inside realistic changes
of these conditions);

3. the precision (statistical uncertainty) of the line pa-
rameters is slightly improved;

4. some systematic errors, present in one of the treated
spectra, can be detected through anomalous signatures
in the observed — calculated residuals of the fit of this
spectrum;

5. the values deduced for the line parameters are less
sensitive to possible systematic errors present in some
spectra, improving the accuracy (absolute uncertainty)
of the results;

6. the method is able to retrieve some parameters that
cannot easily be determined from a single spectrum.

In a near future, we will study line parameters in nu-
merous overlapping bands of acetylene in the 5 pm-region.
This will be an opportunity to test again the behavior of
the multispectrum procedure, by extensively applying it
to crowded and rather complicated spectra.

Appendix A: Basic relationships, physics,
and definitions

A.1 Equations used to calculate the transmission
in absorption molecular gas spectra

We give below the string of the main equations that have
to be encoded to calculate the transmission:

Teale, (0is) = /O - {7s (o)

X [ACSJrBCS(J —0c)+Ces(o — 0'6)2} }
% Fa (Reryye(0 = 0is) do (3)
7s(0) = exp[-LsKy(o)] , (4)

KS(J) = ZKns (0)

Ny

o 1 /In2\?
Ko (o) = (1) P = (22)
X ks (I (O-)aynsazns) (6)
273 15
kE”L(T ) = Lo an( )
CE'/I 1
20 o 2 -z o
T
7 S
D~ 3.58x 10" (M) 8)
1/29 ~ On, oy
on, (0) = (In2) 5 (9)
’YCS
i, = ()22 (10)
’YCS
2, = (ln2)20ne (11)
cS
On, = 0p+0n, (12)
Ons = 8(selr), P("‘) +0%, PY 8% PO (13)
Yy = Visern, (TP + 9y, ( s)Ps“)
10y, (T5) P (14)
Wy, (Ts) = ey, (To) (To/Ts) ™
(G) = (self), (1), or (2) (15)
Bn. ~ BY (P + P + PP, (16)

A.2 Nomenclature

We give below the meaning of the notations and of the
physical quantities involved in the above equations. In
these expressions:

- the subscript i refers to an experimental point of a
given spectrum,
- the subscript s refers to a given spectrum,
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the subscript n refers to a given line to take into ac-
count,
the subscript ¢ refers to the line under study,
the superscript (a) and the subscript (self) refer to the
absorbing gas (strictly speaking, the studied absorbing
isotopic species),
the superscripts or subscripts (1) and (2) refer to pos-
sible other gases present in the cell,
Teale, 15 the calculated whole transmission in spec-
trum s,
ois is the wavenumber of an experimental point i be-
longing to spectrum s,
T, is the calculated whole transmission in spectrum s,
under infinite resolution,
Acs, Bes, and C., are the coefficients of a polynomial
representation of the continuous background in spec-
trum s, and around the line under study, located at
the center o, of the “adjusted” spectral domains,

4(583 (Rew/F2)? is the apparatus function adapted to
spectrum s,
@, is the phase error (in radian) in spectrum s, and
around the wavenumber o,
Rs is the effective iris radius, in spectrum s, deter-
mined when treating line c,
F is the collimator focal length, in spectrum s,
L is the absorbing path length, in spectrum s,
K is the whole absorption coefficient, in spectrum s,
K, is the absorption coefficient due to line n, in spec-
trum s,
kP is the integrated absorption coefficient at unit
pressure (in cm~2 atm™1!) of line n,
P; is a partial pressure, for spectrum s,
7D is the Gaussian half-width due to Doppler broad-
ening, in spectrum s, for the lines taken into account,
ks is a reduced normalized profile function chosen for
spectrum s (if the Voigt profile has been chosen, the
reduced variable z is identical to zero),
Lo is Loschmidt’s number =
10" molecules cm ™3 atm ™!,
T, is the temperature in the cell, for spectrum s,
M is the molar mass (in g) of the absorbing molecule,
kY (Tp) is the line intensity (in cmmol~1) at the stan-
dard temperature Ty = 296 K, of line n,
Z is the total partition function of the absorbing
molecule,
hecE!! is the energy (in cm™1) of the lower level of the
transition corresponding to line n,
kg is Boltzmann’s constant =
107 ergK=! (1 erg = 1077 J),

2.68676 x

1.380658 x

00 is the position of line n, in spectrum s,
s
0¥ is the position of line n at zero pressure,

On, is the pressure-shift of line n, in spectrum s,
5?G)n is a pressure-shifting coefficient of line n,

771;5 is the Lorentzian half-width due to collisional
broadening, for line n, in spectrum s,

'y?G)n (Th) is a pressure-broadening coefficient of line n,
at the standard temperature Ty = 296 K,

m(q), is the temperature dependence exponent of a
pressure-broadening coefficient of line n,

- B, is the collisional narrowing parameter of line n, in
spectrum s,
- 3% is the collisional narrowing coefficient of line n.

A.3 Physical meaning of the equations

We recall briefly the physical meaning of the equations
quoted in this Appendix.

Equation (3) is the convolution product of the appa-
ratus function with the transmission under infinite res-
olution, weighted by the local continuous background
modelized by a parabola. The apparatus function of the
interferometer [8-10] depends upon the following ad-
justable parameters: the “étendue” (through the ratio of
the iris radius and the collimator focal length), and a pos-
sible phase error. (Note that it depends also upon the
maximum path difference, which is a well known fixed
quantity [8-10].)

Equation (4) is the Beer-Lambert law valid if the ab-
sorption cell is an homogeneous medium.

Equation (5) gives the whole absorption coefficient by
adding the individual absorption coefficients of the over-
lapping lines. Such a summation is valid in the absence of
line mixing, which is the case for the well isolated CO lines
and the relatively low pressures considered in this work.

Equation (6) expresses the absorption coefficient vs. di-
mensionless variables, through a reduced normalized pro-
file valid under the impact approximation: the Voigt pro-
file [11] in the general case, and the Rautian or Galatry
profiles [12-16] in case of collisional narrowing.

Equation (7) is the relationship between the line in-
tensity at a standard temperature and the integrated ab-
sorption coefficient at unit pressure, for given temperature
and transition.

Equation (8) defines the half-width at half-maximum
of the reduced Gaussian absorption coefficient due to
Doppler broadening.

Equations (9-11) define the dimensionless variables
used in the reduced profile of equation (6).

Equation (12) expresses the pressure-shifted line po-
sition as the sum of a zero pressure line position and a
pressure-shift.

Equations (13, 14) express the pressure-shift and the
collisional width as a sum of pressure-shifts or collisional
widths, respectively, each of them being due to one of the
molecular species present in the cell. This is valid as far as
only binary collisions occur, which is the case in our pres-
sure conditions. In the same conditions, each contributing
pressure-shift or collisional width is proportional to the
partial pressure of the concerned buffer gas.

Equation (15) is the model commonly used to take
into account the temperature dependence of the pressure-
broadening coefficients. In the present work, the temper-
ature dependence exponent could not be considered as a
free line parameter, the temperatures of the studied spec-
tra being too close to each other. Note that, at the present
time, we have not yet introduced a temperature depen-
dence for the pressure-shifts.
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Equation (16) is the expression used in this work to
calculate the collisional narrowing as proportional to the
total pressure in the cell. This is an approximation valid
for a pure gas in natural abundances. Note that, as for
pressure-shifts and collisional widths, it would be easy to
introduce several specific coefficients, each of them con-
cerning a peculiar buffer gas. Furthermore, we have not
introduced a temperature dependence for the collisional
narrowing coeflicients.

A.4 Free or fixed parameters

The free or fixed parameters of the least-squares method
are the following.

The line parameters, i.e., zero-pressure positions,
intensities, pressure-broadening coefficients, pressure-
shifting coefficients, and collisional-narrowing coefficients.
In the “general” multispectrum option, they do not de-
pend upon the spectrum; in the “reduced” multispectrum
option, the line positions depend upon the spectrum and
the pressure-shifting coeflicients are not determined.

Some parameters related to the local continuous back-
ground: A.s, Bcs, and C.g; they depend upon the spec-
trum and the studied line.

Some parameters related to the apparatus function:
®.s and R.g; their adjusted values depend upon the spec-
trum and the studied line. In the final run, these last pa-
rameters can be fixed to average values obtained from pre-
vious runs.

A.5 Glossary

The definitions of the main terms used in this paper are
gathered below.

The “spectrum-by-spectrum” (SBS) procedure (or
method, or fitting), is the usual least-squares fitting
method in which each spectrum is treated separately, the
parameters that are looked for being the averages of the
values obtained for these parameters from each spectrum.
In this method, no correlation is introduced between the
spectra.

A “multispectrum” procedure, or method, or fitting
(MSF), is a least-squares fitting method in which several
spectra are treated simultaneously, and for which the pa-
rameters vector is not identical to the concatenation of the
parameters vectors corresponding to each spectrum in the
spectrum-by-spectrum procedure. In such a method, some
correlations are introduced between the spectra, that is to
say, there exists at least one free line parameter common
to all the spectra.

In this paper, we call “general” multispectrum proce-
dure, the particular case of multispectrum procedure for
which all the free line parameters are common to all the
spectra treated simultaneously (except for the collisional
narrowing coefficient which is common to all the concerned
spectra when it is let free).

In this paper, we call “reduced” multispectrum proce-
dure, the particular case of multispectrum procedure for

which the free line parameters are common to all the spec-
tra treated simultaneously (the collisional narrowing coef-
ficient being fixed), except for the line positions that are
let free in each spectrum, independently from each other.

In a given spectrum, the “adjusted” spectral domain
is the spectral domain where the calculated transmission
has to be adjusted to the experimental one.

In a given spectrum, the “taken into account lines”
spectral domain is defined as follows: the transmission due
to the lines centered inside this spectral domain, but out-
side the “adjusted” spectral domain, is taken into account
with fixed line parameters in the calculation of the trans-
mission inside the “adjusted” spectral domain.

In the “automatic” version of a procedure, the lines of
one spectrum (in the case of the spectrum-by-spectrum
method), or of several spectra (in the case of the multi-
spectrum method), are treated sequentially and automat-
ically, given some data as the “adjusted” and “taken into
account lines” domains, and the list of free or fixed pa-
rameters.

In the “manual” version of a procedure (spectrum-by-
spectrum or multispectrum), the overlapping lines of a
chosen set are treated simultaneously, the operator being
allowed to fix or let free any parameter, as well as to re-
move or to add some lines if necessary.
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