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ABSTRACT

We use a Fourier transform spectrometer based on a compact mid-infrared difference frequency gen-
eration comb source to perform broadband high-resolution measurements of nitrous oxide, *N,'°0, and
retrieve line center frequencies of the v; fundamental band and the v; + v, - v, hot band. The spectrum
spans 90 cm~! around 1285 cm~! with a sample point spacing of 3 x 10~* cm~! (9 MHz). We report line
positions of 72 lines in the v; fundamental band between P(37) and R(38), and 112 lines in the v; + v, -
v, hot band (split into two components with e/f rotationless parity) between P(34) and R(33), with uncer-
tainties in the range of 90-600 kHz. We derive upper state constants of both bands from a fit of the effec-
tive ro-vibrational Hamiltonian to the line center positions. For the fundamental band, we observe excel-
lent agreement in the retrieved line positions and upper state constants with those reported in a recent
study by AlSaif et al. using a comb-referenced quantum cascade laser [J Quant Spectrosc Radiat Transf,
2018;211:172-178). We determine the origin of the hot band with precision one order of magnitude better
than previous work based on FTIR measurements by Toth [http://mark4sun.jpl.nasa.gov/n2o0.html], which
is the source of the HITRAN2016 data for these bands.

© 2021 The Author(s). Published by Elsevier Ltd.
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1. Introduction

Nitrous oxide (N,0) is of significant importance for atmospheric
physics and chemistry. Despite being only a minor constituent of
the Earth’s atmosphere, it is a potent greenhouse gas [1], and it
contributes strongly to stratospheric ozone depletion [2]. Moreover,
global N,O emissions are increasing due to human activity [3] and
will likely be enhanced by global warming [4]. This calls for the
ability to monitor atmospheric N,O by spectroscopic means, which
requires laboratory studies to provide precise and accurate line
parameters. One wavelength range of interest for environmental
monitoring is the atmospheric window around 8 pm, where N,0O
absorbs due to its strong v; fundamental band as well as several
weaker hot and overtone bands. The 8 um spectral range has been
extensively studied using conventional Fourier transform infrared
spectroscopy (FTIR). Guelachvili [5] determined line positions of
the v, band, the 2v, band, and several hot bands with uncertain-
ties of one to a few MHz, as well as relative line intensities and
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linewidths. Levy et al. [6] reported absolute line intensities of the
v and the 2v, bands, while Lacome et al. 7] studied self- and N,-
broadening of lines belonging to these two bands. Toth [8-11] mea-
sured various N,O absorption bands over a wide range of the in-
frared spectrum and compiled an extensive line list [12], includ-
ing line positions, intensities, and broadening parameters, which
to this day forms the basis for a large part of the entries on N,O
in the HITRAN database [13]. More recently, FTIR was employed
by Wang et al. [14] to measure and assign the spectra of the less
abundant N, O isotopologues around 8 pm. In an early laser-based
spectroscopic study of N,O, Varanasi and Chudamani [15] used a
tunable diode laser to measure the line intensities of the v band.
A few years later, Maki and Wells [16] determined frequencies of
the N,O absorption lines in several bands spread over almost the
entire infrared spectrum (among them the v; band, 2v, band and
hot bands at ~8 pm) with uncertainties in the single MHz range
using heterodyne frequency measurements, for use in infrared fre-
quency calibration tables. As quantum cascade lasers (QCLs) be-
came available, Grossel et al. [17] used a continuous-wave (CW)
QCL to measure line intensities and air-broadening parameters of
the v; band, while Tonokura et al. [18] measured CO,-broadening
parameters of the v; band. Moreover, Tasinato et al. [19] employed
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a pulsed QCL to study collisional processes, and hence pressure
broadening, of the v band in He, Ar, N,, and CO,.

The precision and accuracy of line position determination can
be significantly improved by using optical frequency combs that
directly link the optical frequencies to radio frequency standards.
To this date, there exists only one set of studies of line positions
of N,O in the 8 um range involving a frequency comb. Lamperti et
al. [20] referenced a CW QCL tunable around ~8 pm to a Tm:fiber
comb at 1.9 pym through a sum frequency generation scheme, and
reported the positions of three lines in the v band with ~63 kHz
uncertainty. AlSaif et al. [21] used this comb-referenced QCL to re-
trieve positions of the P(40) to R(31) lines of the v, band in the
Doppler limit with uncertainties below 200 kHz. More recently,
they measured the center frequency of the R(16) line with preci-
sion below 50 kHz using sub-Doppler spectroscopy [22]. We show
that similar performance (in the Doppler limit) can be obtained
by employing an 8 pym comb to directly measure the spectrum,
removing the need for complex frequency referencing. Moreover,
direct frequency comb spectroscopy allows measuring entire vi-
brational bands with tens of thousands of comb lines simultane-
ously (rather than sequentially line by line, as is done with CW
lasers), which reduces the influence of drifts. The most promis-
ing comb sources for precision spectroscopy in the 8 pum range
are based on difference frequency generation (DFG) from a sin-
gle femtosecond pump source, deriving the signal comb from the
pump laser using a nonlinear fiber [23-25], or through intrapulse
DFG (IDFG) [26,27]. These DFG combs cover wide bandwidths (up
to superoctaves for IDFG sources), and are inherently free from
carrier-envelope-offset frequency, feeo, Since feeo is identical for the
pump and signal combs and cancels in the DFG process. The lack
of feeo significantly simplifies the absolute stabilization of the DFG-
based comb sources. Timmers et al. [26] employed IDFG sources
for dual-comb spectroscopy (DCS) with sample point spacing equal
to the comb repetition rate of 100 MHz. Much denser sampling
point spacing was demonstrated by Changala et al. [28], who used
a DFG source [24] and a Fourier transform spectrometer (FTS) with
comb-mode-width limited resolution to measure the ro-vibrational
spectrum of Cgg. The 8 pm range can also be reached through non-
linear conversion in optical parametric oscillators (OPOs), which,
however, are not feo-free. 8 ym OPOs have been combined with
an FTS [29], the DCS approach [30], and an immersion grating
spectrometer [31], all with resolution limited by the instrumen-
tal broadening rather than the comb mode linewidth. The latter
work investigated the pressure broadening of one hot band N,O
line, but does not report the line positions. It should be noted that
frequency combs based on QCLs [32] operate in the 8 um range.
However, their inherently large comb mode spacing is not ideal for
precision spectroscopy of molecules in the gas phase at low pres-
sures. The recently demonstrated interleaving method [33] over-
comes this problem; however, for absolute frequency calibration,
QCL combs still require an external optical reference in the form
of a mode-locked comb [34].

We use a Fourier transform spectrometer and a recently devel-
oped compact all-fiber-based fceo-free DFG comb emitting at 8 pm
[25] to perform high-resolution absorption measurements of the
vy fundamental band and the v; + v, - v, hot band of 1N,160.
We retrieve line positions of 72 absorption lines of the v; band
between 1250 and 1315 cm~!. By means of a least-square fit of
an effective ro-vibrational Hamiltonian to these line positions, we
obtain values for the vibrational term value Gy, the rotational con-
stant By, and the quartic and sextic centrifugal distortion constants
Dy, Hy of the v vibrational excited state. Moreover, we retrieve
line positions of 112 absorption lines belonging to the v{ + v,
- vy hot band. From a fit of the effective Hamiltonian, we ob-
tain the band origin and the B, and D, constants of the e- and
f-components of the v; + v, vibrational excited state of N,O.

Journal of Quantitative Spectroscopy & Radiative Transfer 271 (2021) 107734
2. Experimental setup and procedures

The main building blocks of the experimental setup (shown in
Fig. 1) are a DFG-based optical frequency comb, a multi-pass ab-
sorption cell, and a Fourier transform spectrometer.

The mid-infrared comb source has been described in detail pre-
viously in Ref. [25]. In brief, it consists of two parts, an all-fiber
femtosecond dual-wavelength source and a free-space module
with a nonlinear crystal for difference frequency generation. The
dual-wavelength source is based on a thermally stabilized Er:fiber
oscillator and emits two femtosecond pulse trains: one around 1.56
um derived directly from the oscillator, and the other around 1.95
um generated through the Raman soliton self-frequency shift in
a highly nonlinear fiber. The nominal pulse repetition rate, frep,
of 125 MHz, can be tuned over a range of ~3 kHz using a piezo
(PZT) fiber stretcher. Both pulse trains are guided in a single op-
tical fiber to a fiber-coupled achromatic collimator and focused in
free space on an orientation-patterned gallium phosphide (OP-GaP)
crystal (BAE Systems) with a poling period of 60 pm. The DFG pro-
cess taking place in the crystal produces an feeo-free mid-infrared
(MIR) optical frequency comb with a spectrum spanning from 1240
to 1330 cm~! and an output power of 1.5 mW. To avoid beam
shape fluctuations due to thermal lensing, the crystal is kept at a
constant temperature of 40 °C using a temperature-controlled oven
(Covesion, PV10).

The repetition rate is stabilized through a phase lock to a tun-
able RF source (shown in the upper left part of Fig. 1). To this end,
a photodiode detects a part of the Er:fiber oscillator output. The 4t
harmonic of the photodiode signal is isolated using an RF bandpass
filter, amplified, and fed to a double-balanced mixer (all from Mini-
Circuits) for phase comparison with a reference signal synthesized
using a low-noise RF generator (Anritsu, MG3692A), which in turn
is referenced to a GPS-disciplined rubidium frequency standard
(Symmetricom, E4410A). The resulting error signal is processed in
a proportional-integral servo controller (New Focus, LB1005), am-
plified (Piezomechanik GmbH, SVR 200/3), and fed to the PZT fiber
stretcher in the Er:fiber oscillator. When the lock is engaged, the
full-width at half-maximum (FWHM) of the 26" harmonic of the
frep is 2 Hz, measured using a spectrum analyzer with 1 Hz resolu-
tion bandwidth and a sweep time of 1.8 s. From this, we estimate
that the contribution of the fiep lock to the linewidth of the MIR
comb modes is at most 25 kHz.

Behind the OP-GaP crystal, an optical long-pass filter blocks
the near-IR radiation emitted by the dual-wavelength source while
transmitting the MIR idler produced in the DFG process. The latter
is collimated and coupled into a multi-pass absorption cell with an
absorption path length of 10 m (Thorlabs, HC10L/M-MO02). The cell
is connected to a vacuum pump, a pressure transducer (Leybold,
CERAVAC CTR 101 N), and the sample gas supply (2.98% N,O di-
luted in N, supplier: Air Liquide AB), as shown in the upper right
corner of Fig. 1.

After the multi-pass cell, the MIR beam is re-collimated us-
ing two lenses and guided to a fast-scanning FTS. The FTS is the
same as in Ref. [35], except that the beamsplitter and the detec-
tors have been replaced to extend the operating range to 8 pm.
The two out-of-phase interferometer outputs are detected by a pair
of thermoelectrically-cooled HgCdTe detectors (VIGO Systems, PVI-
4TE-10.6-1 x 1) in a balanced configuration. The comb beam ra-
dius inside the FTS varies between 2 mm at the waist (positioned
~0.5 m after the beamsplitter) and 4 mm at the position of the fo-
cusing lenses in front of the detectors. Due to the relatively large
divergence of the 8 ym beam, the off-axis components give rise
to interference fringes that are phase-shifted with respect to the
interference fringes at the beam center, thus reducing the interfer-
ogram contrast. To mitigate this effect, we placed an optical aper-
ture in front of the focusing lens in front of each detector, which
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Fig. 1. Schematic of the experimental setup. Rb: rubidium frequency standard, RFG: radio frequency signal generator, PI: proportional-integral controller, HVA: high-voltage
amplifier, BPF: electric bandpass filter, RFA: radiofrequency amplifier, FC: fiber collimator, L: spherical lens, OP-GaP: orientation-patterned gallium phosphide crystal, LPF:

optical long-pass filter, FTS: Fourier transform spectrometer.

yielded an interferogram contrast of ~50% (compared to ~30% with-
out the aperture). The aperture radius (~2 mm) was found empir-
ically as a trade-off between the interferogram contrast and the
power level on the detectors (~14 pW). The optical path difference
in the FTS is calibrated using a 1556 nm narrow-linewidth CW
laser (RIO, PLANEX), whose beam propagates on a path parallel to
the MIR comb beam. The CW laser interferogram is registered us-
ing an InGaAs detector. The comb and CW laser interferograms are
recorded synchronously with an analog-digital converter (National
Instruments, PCI-5922) and a LabVIEW program running on a per-
sonal computer.

To acquire a spectrum, we first evacuated the cell, purged it
with the sample gas, filled it to the desired total pressure, and
closed the valve at the input to the cell to isolate it from the rest
of the gas system. We stabilized the comb frep and acquired a set
of 50 interferograms. To reduce the sampling point spacing in the
spectrum, we stepped frep in increments of 29 Hz via tuning of the
RF generator, and acquired 50 interferograms at each step. In to-
tal, we made 14 steps of frep to scan each comb mode over one
mode spacing (frep) in the optical domain. We made two measure-
ments, at total pressures of 0.02 mbar and 0.32 mbar, with signal-
to-noise ratio (SNR) optimized for the v; fundamental band and
the v{ + v, - v, hot band, respectively. At 0.02 mbar, we made
siX frep scans in alternating directions, resulting in a total of 300 in-
terferograms for each frep setting. One interferogram was acquired
in 3.6 s, which yielded a total acquisition time of 4.2 h. At 0.32
mbar, we made two frep scans with 50 interferograms per frep step,
as well as a final scan with 25 interferograms per step, yielding
125 interferograms per frep setting and an acquisition time of 1.8
h. To obtain a reference spectrum for normalization, we recorded
interferograms with the absorption cell evacuated and the comb
locked to the first frep step. For the measurement at 0.02 mbar,
we recorded 150 reference interferograms before and after mea-
suring the N,O absorption spectrum, while for the measurement
at 0.32 mbar, we recorded 125 reference interferograms before the
N, O measurement.

We processed the acquired data using a MATLAB code. We first
resampled the comb interferograms at the zero-crossings and ex-
trema of the CW laser interferogram and averaged the absolute
values of the Fourier transforms of each set of interferograms be-
longing to one frep step. We used the method described in Refs
[36,37] in order to match the frequency domain sampling points
to the comb mode positions at each frep step and thus minimize
the influence of the instrumental line shape. We normalized the
averaged spectrum at each frep step to the averaged reference spec-
trum, which had been smoothened and interpolated linearly to the

sampling points of the pertinent frep step. Smoothening and lin-
ear interpolation was possible since the background features were
broad enough to be fully resolved at the comb mode spacing. Us-
ing the Lambert-Beer law, we converted each transmission spec-
trum to an absorption spectrum. To remove the remaining base-
line, we fit a model consisting of a sum of a simulated absorption
spectrum based on the parameters from the HITRAN2016 database
[13] and a baseline, represented by the sum of a 5™ order poly-
nomial and slowly varying sine terms (periods >6 GHz) to the ab-
sorption spectra, and then subtracted the baseline. Finally, we in-
terleaved the averaged and baseline-corrected absorption spectra
recorded at different frep steps to obtain the final spectrum with a
sample point spacing of 9 MHz in the optical domain.

3. Results and discussion
3.1. High-resolution spectra

Fig. 2(a) shows the absorption spectrum of N,O measured at
0.02 mbar, dominated by the P and R branches of the v; funda-
mental band centered at 1285 cm~!. A second progression of lines,
one order of magnitude weaker, belongs to the v + v, - v, hot
band that is split into two components designated by their rota-
tionless parity (e/f). To improve the SNR of these lines, we made a
measurement at a higher pressure of 0.32 mbar. Fig. 2(b) shows a
vertical zoom of the hot band in this second measurement, where
the lines belonging to the v; band are plotted in gray for clar-
ity. In addition to the strong P and R branches of the hot band,
there is a weaker Q branch around 1290 cm~!. Due to minor wa-
ter impurities in the cell, a few water lines are visible [e.g., around
1260 cm~! in Fig. 2(a)], some of them accompanied by slight base-
line distortions caused by water absorption in the ambient air. The
maximum SNR of the lines in the vy band in Fig. 2(a) is ~420,
while for the hot band in Fig. 2(b) it is ~200. The SNR is limited by
the detector noise.

3.2. Line-by-line fitting

To retrieve the line center positions of the individual ab-
sorption lines, we fit Voigt line shapes to them. We applied
the fit to lines with line strengths exceeding a threshold of
2 x 10720 ¢m~!/(molecule/cm?) for the v; band and 2 x 102!
cm~!/(molecule/cm?) for the hot band (based on the values from
the HITRAN database [13]). These criteria translate to a mini-
mum SNR of ~30. In the Voigt model, we fit the intensities, the
Lorentzian widths, and the center frequencies, together with a lin-
ear baseline. We fixed the Doppler widths to the theoretical values
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Fig. 2. Measured absorption spectra of 2.98% N,0 in N, at (a) 0.02 mbar (300 aver-
ages) and (b) 0.32 mbar (125 averages). In (b), the spectrum is vertically zoomed in
to show the v; + v, - v, hot band, while the lines belonging to the fundamental
vq band are plotted in gray.

calculated at 23 °C, which are around 71 MHz (FWHM). We used
a nonlinear fitting routine based on the Levenberg-Marquardt al-
gorithm, and we chose a fitting range of +426 MHz for each line,
equal to roughly +£6 times the FWHM of the absorption lines. Lines
separated by less than 9 times the Doppler FWHM were fitted si-
multaneously in one window. Such cases occurred only for the hot
band since the line pairs with different e/f parity overlap in parts
of the spectrum. Lines separated by less than twice the Doppler
FWHM were excluded from fitting. Weak interfering lines from
other N,O bands and isotopologues within the fit window were in-
cluded in the fit with their parameters fixed to the HITRAN values
if they exceeded 2% of the line strength threshold. Weaker interfer-
ing lines were ignored since they were below the noise floor. We
kept the line fits with a quality factor (i.e., the ratio of the peak of
the line and the standard deviation of the residuum) larger than
30, thereby eliminating some lines that were affected by baseline
distortions, e.g., due to interfering water absorption. Fig. 3 shows
fits to the R(14) line of the v; band [Fig. 3(a)], and to a pair of
lines belonging to the R(4) transition of the hot band with e- and f-
parity [Fig. 3(b)]. The residuals displayed in the lower panels show
no significant structure.

The linewidth at the pressures used is dominated by the
Doppler broadening, and the pressure broadening is expected to
be ~90 kHz for the v; band (at 0.02 mbar) and ~1.5 MHz for the
hot band (at 0.32 mbar), calculated using the pressure broadening
parameters from the HITRAN database [13]. The fitted Lorentzian
FWHMs are larger by on average 4.2 MHz than the expected val-
ues, with no clear J-dependence. We assume that this discrepancy
is due to an instrumental broadening, and we made a number of
tests to investigate its origin. The characterization of the fiep lock-
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Fig. 3. Spectra of the (a) R(14) line in the v; fundamental band (black markers),
and (b) the R(4) line of the hot band with e-parity (left) and f-parity (right), to-
gether with fits of the Voigt profile (red curves). The lower panels show the resid-
uals within the fitting windows.

Table 1
Line centers of the vy band retrieved by line-by-line fitting.

Transition Line center [cm~']  Transition  Line center [cm!]
P(37) 1251.59987(2) R(3) 1288.220267(5)
P(36) 1252.56081(2) R(4) 1289.040685(4)
P(35) 1253.51840(2) R(5) 1289.857575(4)
P(34) 1254.47274(1) R(6) 1290.670933(4)
P(33) 1255.42375(1) R(7) 1291.480741(3)
P(32) 1256.371424(8) R(8) 1292.287024(4)
P(31) 1257.315772(8) R(9) 1293.089745(4)
P(30) 1258.256789(6) R(10) 1293.888923(3)
P(29) 1259.194453(6) R(11) 1294.684545(3)
P(28) 1260.128760(5) R(12) 1295.476611(4)
P(27) 1261.059723(5) R(13) 1296.265122(4)
P(26) 1261.987308(5) R(14) 1297.050068(3)
P(25) 1262.911532(4) R(15) 1297.831454(3)
P(24) 1263.832361(4) R(16) 1298.609267(3)
P(23) 1264.749817(4) R(17) 1299.383512(3)
P(22) 1265.663873(4) R(18) 1300.154183(4)
P(21) 1266.574535(4) R(19) 1300.921282(4)
P(20) 1267.481792(4) R(20) 1301.684796(4)
P(18) 1269.286064(4) R(21) 1302.444737(4)
P(17) 1270.183073(4) R(22) 1303.201089(4)
P(16) 1271.076649(4) R(23) 1303.953861(4)
P(15) 1271.966796(4) R(24) 1304.703046(4)
P(14) 1272.853504(3) R(25) 1305.448648(4)
P(13) 1273.736761(3) R(26) 1306.190648(4)
P(12) 1274.616571(4) R(27) 1306.929065(4)
P(11) 1275.492929(3) R(28) 1307.663887(6)
P(10) 1276.365818(3) R(29) 1308.395111(5)
P(9) 1277.235248(4) R(30) 1309.122738(5)
P(8) 1278.101200(4) R(31) 1309.846776(6)
P(7) 1278.963685(3) R(32) 1310.567207(7)
P(6) 1279.822680(4) R(33) 1311.284045(7)
P(5) 1280.678203(4) R(34) 1311.997298(9)
P(4) 1281.530223(5) R(35) 1312.70691(2)
P(3) 1282.378760(5) R(36) 1313.41298(2)
P(2) 1283.223797(7) R(37) 1314.11541(2)
R(1) 1286.568843(7) R(38) 1314.81425(2)
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Table 2
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The vibrational term value G,, rotational constant B, and centrifugal distortion constants D,, H, calculated

in this work and in Refs [21]* and [39]. Units are cm~!.

(e B, D, x 10° H, x 1012 Source
1284.9033391(12)  0.417255089(10) 0.172623(19) 0.147(11) This work
1284.9033441(13)  0.417255073(10) 0.172597(18) 0.1307(86)  AlSaif et al. [21]
1284.9033623(36)  0.41725507388(69)  0.17257676(67)  0.11164(23)  Tachikawa et al. [39]

* We note that the vibrational term value G, in Table 3 of Ref. [21] is stated as 1284.9033344(13) cm™.
The value presented in this table was obtained through private communication with Marco Marangoni.

ing stability described in the experimental section excludes it as
a possible cause. To rule out that the broadening stems from the
drift of the CW reference laser wavelength during the few-hour
long measurement, we replaced the RIO diode laser with a CW
Er:fiber laser (Koheras Adjustik E15) stabilized to an Er:fiber fre-
quency comb, but this yielded no reduction of the broadening. We
also found no dependence of the broadening on the size of the
apertures in front of the detectors. We therefore suspect that the
broadening is caused by the linewidth of the modes of the 8 pm
idler comb, but we have no means of measuring it at this time.
Since the line broadening appears symmetric, as indicated by the
flat residuals in Fig. 3, we assume it does not skew the retrieved
line center positions.

We identify three sources of uncertainty of the fitted line posi-
tions. The dominating component is the fit precision, which is in
the range of 50-600 kHz. The second contribution stems from the
uncertainty of the effective CW reference laser wavelength, which
depends on the alignment and divergence of the two beams in the
FTS, as well as variations of the refractive index of air that fills
the FTS. Using the method described in Refs [35,37] for determi-
nation of the reference wavelength and its effect on the retrieved
line positions, we estimate its contribution to the uncertainty to
be 60 kHz. The third source of uncertainty are the pressure shifts.
The pressure shifts of the lines in the hot band at 0.32 mbar are
on average 10 kHz (according to HITRAN) and we subtracted them
from the fitted line center frequencies. We conservatively assumed
the uncertainty of each pressure shift to be as large as the shift
itself. The pressure shifts of the lines in the fundamental band at
0.02 mbar are lower than 3 kHz, i.e., more than one order of mag-
nitude below the next largest contribution to the uncertainty bud-
get (originating from the effective reference laser wavelength). We
thus neglected the pressure shifts in the analysis of the fundamen-
tal band.

3.3. Line positions of the v; band

The line centers retrieved by fitting to 72 lines in the v; funda-
mental band are presented in Table 1. The uncertainties (160 kHz
on average) are calculated by summing in quadrature the fit pre-
cision and the contribution from the reference laser wavelength,
described in the previous section. The black dots in Fig. 4(a) show
a comparison of the fitted line centers to those from the HITRAN
database. A clear systematic discrepancy is visible, though remain-
ing within the HITRAN frequency uncertainty of 3 MHz. Further-
more, this systematic tendency closely follows that reported in a
recent work by AlSaif et al. [21], using a comb-referenced external-
cavity QCL, shown by the red circles. The root-mean-square dis-
crepancy between the line centers retrieved in that study and in
our work is 240 kHz.

Similarly to what was done by AlSaif et al., we fit a model based
on the effective ro-vibrational Hamiltonian (see Eq. (1) in [21]) to
the retrieved line positions using a Levenberg-Marquardt algorithm
implemented in MATLAB. We weighted the lines by the inverse
squares of their uncertainties. We fit the vibrational term value Gy,
the rotational constant By, and the quartic and sextic centrifugal
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Fig. 4. (a) The line positions of the v; fundamental band from this work (black
dots) and from Ref. [21] (red circles) relative to those from the HITRAN database
[13]. (b) The line positions obtained by line-by-line fitting (black dots) relative to
the simulation based on the upper state constants from this work. The red cir-
cles and blue triangles indicate line positions simulated using constants from Ref.
[21] and Ref. [39] relative to the simulation from our work.

distortion constants Dy, Hy, of the vibrationally excited state (fix-
ing L, to 0) and fixed the ground state rotational and centrifugal
distortion constants to those determined by Ting et al. [38]. The fit-
ted upper state constants of the v; band are presented in Table 2,
and compared to those obtained by AlSaif et al. [21]. For further
comparison, we include the constants reported by Tachikawa et
al. [39] from sub-Doppler measurements of the vs - v; and vs
- v, bands performed by heterodyning two fluorescence-stabilized
lasers. Except for Gy, the retrieved upper state constants from our
work and Ref. [21] agree within their combined 1o uncertainties;
the Gy constants agree within the combined 30 uncertainty. The
agreement with Ref. [39] is noticeably worse for all constants ex-
cept By. Note however that their values are obtained from fits to
two other bands and might be influenced by factors not present in
our work and Ref. [21], in which the v; band was measured di-
rectly. Fig. 4(b) shows a comparison of the line centers measured
in our work to those calculated from the fitted spectroscopic con-
stants (black dots). The weighted standard deviation (observed -
calculated) of the 72 fitted lines is 3.2 x 10~ cm~! (96 kHz).
The red circles and blue triangles show a comparison to the line
positions calculated using the constants from Refs [21] and [39],
respectively. Considerable disagreement with the latter is appar-
ent, mainly as a 690 kHz offset. On the other hand, the discrep-
ancy between our model and the one from AlSaif et al. remains



A. Hjdltén, M. Germann, K. Krzempek et al.

Table 3

Line centers of the vy + v, — v, bands retrieved by line-by-line fitting.

Transition  Line center [cm~']  Transition  Line center [cm~]
Pe(35) 1260.15238(3) Re(5) 1296.455900(6)
Pf(34) 1261.18600(2) Rf(5) 1296.470290(6)
Pe(33) 1262.05259(2) Re(6) 1297.270178(6)
Pf(33) 1262.12783(2) Rf(6) 1297.287801(6)
Pe(32) 1262.99785(2) Re(7) 1298.081012(6)
Pf(32) 1263.06668(2) Rf(7) 1298.102077(6)
Pe(31) 1263.93989(2) Re(8) 1298.888376(5)
Pf(31) 1264.00255(2) Rf(8) 1298.913145(5)
Pe(30) 1264.87863(2 ) Re(9) 1299.692301(5)
Pf(30) 1264.93550(2) Rf(9) 1299.720978(5)
Pe(29) 1265.81414(1) Re(10) 1300.492737(5)
Pf(29) 1265.86542(2) Rf(10) 1300.525583(5)
Pe(28) 1266.746393(9) Re(11) 1301.289719(5)
Pf(28) 1266.792372(8) Rf(11) 1301.326969(5)
Pe(27) 1267.675337(9) Re(12) 1302.083227(4)
Pf(27) 1267.716311(9) Rf(12) 1302.125114(5)
Pe(26) 1268.601037(9) Re(13) 1302.873261(5)
Pf(26) 1268.637241(8) Rf(13) 1302.920032(4)
Pe(25) 1269.523430(8) Re(14) 1303.659803(5)
Pf(25) 1269.555146(7) Rf(14) 1303.711718(4)
Pe(24) 1270.442540(7) Re(15) 1304.442885(5)
Pf(24) 1270.470028(7) Rf(15) 1304.500158(5)
Pe(23) 1271.358350(7) Re(16) 1305.222482(5)
Pf(23) 1271.381858(6) Rf(16) 1305.285358(5)
Pe(22) 1272.270861(6) Re(17) 1305.998582(5)
Pf(22) 1272.290652(6) Rf(17) 1306.067330(5)
Pe(21) 1273.180045(6) Re(18) 1306.771196(5)
Pf(21) 1273.196390(6) Rf(18) 1306.846058(5)
Pe(20) 1274.085933(7) Re(19) 1307.540328(5)
Pf(20) 1274.099054(7) Rf(19) 1307.621540(5)
Pe(19) 1274.988465(6) Re(20) 1308.305958(5)
Pf(19) 1274.998659(6) Re(21) 1309.068092(6)
Pe(18) 1275.887674(6) Rf(21) 1309.162787(6)
Pf(18) 1275.895192(6) Re(22) 1309.826744(8)
Pe(17) 1276.783579(5) Rf(22) 1309.928554(6)
Pf(17) 1276.788598(5) Rf(23) 1310.691078(6)
Pf(10) 1282.955535(5) Re(24) 1311.333501(7)
Pe(10) 1282.960857(5) Rf(24) 1311.450350(6)
Pf(9) 1283.823998(5) Re(25) 1312.081624(7)
Pe(9) 1283.829857(5) Rf(25) 1312.206396(7)
Pf(8) 1284.689315(6) Re(26) 1312.826270(7)
Pe(8) 1284.695465(6) Rf(26) 1312.959187(7)
Pf(7) 1285.551479(6) Re(27) 1313.56738(2)
Pe(7) 1285.557677(6) Rf(27) 1313.708759(9)
Pf(6) 1286.410475(7) Re(28) 1314.304978(9)
Pe(6) 1286.416497(7) Rf(28) 1314.45506(1)
Pf(5) 1287.266324(7) Re(29) 1315.03907(1)
Pe(5) 1287.271918(7) Rf(29) 1315.19816(1)
Pf(4) 1288.118999(9) Re(30) 1315.76964(2)
Pe(4) 1288.123925(9) Rf(30) 1315.93800(2)
Re(2) 1293.99237(2) Re(31) 1316.49669(2)
Rf(2) 1293.99853(2) Rf(31) 1316.67462(2)
Re(3) 1294.816961(8) Re(32) 1317.22025(2)
Rf(3) 1294.825654(8) Rf(32) 1317.40796(2)
Re(4) 1295.638160(6) Re(33) 1317.94030(2)
Rf(4) 1295.649565(6) Rf(33) 1318.13816(2)

within the uncertainties of the measured line positions in the stud-
ied wavenumber range. We thus provide an independent support
of the accuracy of the line positions and constants reported by Al-

Saif et al. [21], using a different measurement technique.

3.4. Line positions of the v; + v, — vy hot band

The positions of the 112 fitted lines of the P and R branches
of the hot band are given in Table 3. The uncertainties include all
three contributions described in Section 3.2 summed in quadra-
ture. Their mean is 230 kHz. Fig. 5(a) shows the center frequencies
compared to those listed in the HITRAN database (black dots) and
reported by Maki and Wells [16] (red cicles), where the plotted un-
certainty is from our work only. The lines between 1277 cm~! and
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Fig. 5. (a) The line positions of the v; + v, - v, hot band from this work relative to
the positions from the HITRAN database [13] (black dot) and from Maki and Wells
[16] (red circles). The uncertainties in the line positions are from our work only.
(b) The positions of the e-parity (red solid circles) and f-parity (blue solid squares)
lines obtained by line-by-line fitting relative to the simulation based on the upper
state constants from our work. The red open circles and blue open squares show
line positions calculated using constants from Toth [12] relative to the simulation
from our work.

1283 cm~! were excluded from the fitting procedure due to the
overlap of the e- and f-parity lines. A second gap between 1288
cm~! and 1294 cm~! is due to a too low SNR close to the band
center. The discrepancies with respect to HITRAN have a slight J-
dependence; the agreement is excellent at the band center, and
worse at higher J numbers, but all deviations are within the HI-
TRAN uncertainty of 3 MHz. The discrepancy with respect to Maki
and Wells is larger and has a clearer J-dependence, but it is within
the 30 uncertainty (2.3 MHz) reported in their work.

We modeled the hot band with the same effective Hamilto-
nian as the fundamental band, using a common vibrational term
value Gy for the e- and f-component, and independent B,, D, and
H, constants. We restricted the fit to the G,, B, and D, constants
of the upper states, while fixing the upper state H, constants as
well as all the lower state constants to the values from Ref. [12],
which is the source of the line positions listed in HITRAN. (Float-
ing the H, constants resulted in uncertainties comparable to their
absolute values.) We applied the fit to all 112 lines weighted by
the inverse squares of their uncertainties. Fig. 5(b) shows the mea-
sured line positions relative to the fit (red solid circles and blue
solid squares for the e- and f-parity lines, respectively), where the
weighted standard deviation (observed - calculated) is 7.0 x 106
cm~! (210 kHz). Also indicated are the line positions calculated us-
ing the constants from Toth [12] for the e- and f-parity lines (red
open circles and blue open squares, respectively). Table 4 shows
the band origins, calculated as vg = Gy’ - Gy”, where Gy’ and G,”
are the vibrational term values of the upper and lower states, and
the B, and D, constants obtained in this work compared to those
from Ref. [12]. The uncertainty in the band origin, vg, from Toth
was calculated as the in-quadrature sum of the uncertainties of G’
and G,” reported in Ref. [10] (both equal to 1 x 10=> cm~1). We
note that our value of the band origin agrees with Toth’s, and its
precision is improved by one order of magnitude. The significance
of the discrepancy in the remaining constants is difficult to evalu-
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Table 4
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The band origin vy and the upper state constants B, and D, of the hot band e- and f-components calculated
in this work compared to those from Ref. [12]. Units are cm~'.

Vo B, (e) B, (f) D, (e) x 106 D, (f) x 106  Source

1291.497868(2)  0.417464643(8)  0.418372943(8)  0.17482(1) 0.17192(1)  This work

1291.49787(2)  0.417464677 0.418372995 0.1748503 0.1719561 Toth [12]
ate, since no uncertainties are reported on these constants in Ref. Acknowledgments

[12]. The accuracy of the model also depends on the fixed lower
state constants, which are presumably known with higher uncer-
tainty than their ground state counterparts.

4. Conclusions

We demonstrated a Fourier transform spectrometer based on
a compact fiber-based DFG optical frequency comb source and a
multi-pass cell capable of measuring low-pressure spectra with
center frequency precision of the order of 100 kHz in the atmo-
spheric window around 8 pm. The DFG comb source is offset-
frequency-free, which implies that an RF lock of the repetition rate
is sufficient to achieve absolute stability of the comb mode fre-
quencies. This, in combination with the FTS with sub-nominal res-
olution sampling-interleaving scheme, provides spectra with a cal-
ibrated frequency axis. We verified the accuracy of the retrieved
line positions of the v; fundamental band of N,O by demonstrat-
ing excellent agreement with the results of an independent high-
precision measurement by AlSaif et al. [21] using an external-cavity
QCL referenced to a frequency comb. We reached a comparable
precision in the retrieved line positions using a system with re-
duced experimental complexity. We also retrieved line positions
of the v{ + v, - v, hot band with up to one order of magni-
tude improved precision compared to previous studies [5,12,16].
This allowed us to determine the band origin with an uncertainty
reduced by one order of magnitude compared to the FTIR-based
work of Toth [12]. Longer averaging times will further increase the
SNR and hence the precision of the retrieved line positions. Fur-
thermore, the wavelength coverage of the DFG comb can be ex-
panded within the 7-9 um range by changing the poling period of
the crystal and tuning the soliton signal [25]. Our work opens up
for precision measurements of entire bands of various molecules of
interest in atmospheric science and astrophysics, such as methane,
ammonia, sulphur dioxide or methanol, in this fingerprint spectral
region.
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