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ABSTRACT

Two sets of NH3 absorption spectra covering the 0.793 pwm region are recorded using two Bruker IFS
125 HR Fourier transform spectrometers. Three unapodized absorption spectra are recorded in Brussels
over the range 11000 — 14500 cm~! and the positions and intensities of 1114 ammonia lines observed
in the 12491 — 12810 cm™' region are measured using a multi-spectrum least squares fitting algorithm.
367 additional lines are identified in an ammonia absorption spectrum recorded in two steps at the
J. Heyrovsky Institute of Physical Chemistry in Prague, using two different interference filters covering
the 12000 — 12500 and 12400 — 13000 cm~! ranges. The 1481 measured ammonia lines are analyzed
using an empirical line list computed using variational nuclear motion calculations and ground state
combination differences. Transitions are assigned to vibrational states with 4vyy stretching excitation
(v1 +v3 =4). 278 out of the 1481 measured lines are assigned to 300 transitions and 119 upper state
energy levels are derived from the frequencies of the assigned transitions.

© 2021 The Authors. Published by Elsevier Ltd.

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

1. Introduction

Complete characterization of ammonia molecular spectra in the
microwave, infrared and optical ranges represents one of the ma-
jor aims of both fundamental as well as applied high resolution
molecular spectroscopy. In this field, the ammonia molecule has
become a totemic system. Serendipitous observation of ammonia
inversion-rotation can be found at the very beginning of this disci-
pline [1]. The umbrella motion of ammonia is a textbook example
of large amplitude motion in a molecule.

Ammonia is hazardous chemical, highly toxic for aquatic organ-
isms, and its ever-increasing release into Earth’s atmosphere has
undesirable consequences [2]; monitoring its presence in the at-
mosphere and a detailed understanding of the nitrogen cycle is
therefore a particularly important scientific objective. Remote sens-
ing of spatially resolved atmospheric concentrations of ammonia
requires reliable and extensive spectroscopic datasets and their de-
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ficiencies remain a significant source of error [3]. Ammonia is the
second biggest synthetic chemical product [4,5]. NH; may be a
biosignature gas in Ho-dominated exoplanetary atmospheres [6] or
even a candidate for evidence of industrial civilization due to its
relation with industry and agriculture.

Many areas in astronomy require spectroscopic data: ammo-
nia is thought to be the key spectroscopic signature of the cold-
est failed stars, so-called brown dwarfs [7,8], and is probably also
prominent in the atmospheres of gas giant planets both in the so-
lar system [9] and those of other stars [10]. Indeed, Fortney et al.
[11] recently suggested that hotter gas giants should show pro-
nounced ammonia features, emphasizing the importance of char-
acterizing highly excited vibrational states of ammonia. All these
applications require accurate spectroscopic data over extended fre-
quency and temperatures ranges. This information is also required
for the analysis and assignment of hot laboratory spectra [12-16].

However, even in the relatively recent editions of HITRAN, HI-
TRAN2008 [17], ammonia data were presented only over the lim-
ited wavenumber range below 5000 cm~!. The reason for this lim-
itation was mostly connected with the theoretical problem of ac-
curately modelling the near IR and visible spectrum of NH3 which
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meant that spectra in these regions remained unassigned and of-
ten unanalyzed. Indeed, observations of ammonia spectra in the
region around 1 wm were made at Kitt Peak in the early 1980s (C.
de Bergh, unpublished). Analysis of these spectra had to wait for
improvements in theory, and in particular the generation of vari-
ational line lists. These spectra have only recently been assigned
[18-21]. The analogous situation arose with the spectrum of water
in sunspots where detailed spectra were recorded [22] but spectral
analysis [23-25] had to await variational calculations.

Returning to ammonia, recent experimental studies of the in-
frared spectrum include ones performed at JPL [26,27], Labora-
toire de Physique Moléculaire [28], Lille-Bratislava [29], Bruxelles
[30,31] as well as on Kitt Peak itself [32]. The latest edition of HI-
TRAN, HITRAN2016 [33] includes ammonia spectra up to 10 000
cm~!. The need to improve the representation of the data in am-
monia is illustrated by a recent study of the visible spectrum of
ammonia on Jupiter [9] which showed that the CoYuTe variational
line list [34] gave a good representation of the shape of the ob-
served features but showed a shift in wavelength which can be
attributed to the lack of experimental energy levels to which the
line list could be tuned. This behavior is also found in our analysis
below. A review of experimental spectroscopic studies on “NHj
up to 7500 cm~! is given as part of MARVEL (Measured Active
Rotation-Vibrational Energy Levels) studies of ammonia energy lev-
els [35,36]. At higher wavenumbers double resonance studies per-
formed in the 1980s by Coy and Lehmann [37-39] probed ammo-
nia levels in the 15 000 - 18 000 cm~! region as did dye laser ex-
periments by Kuga et al. [40], and the work of Giver et al. [41]. Re-
cent work has actually managed to assign portions of these spectra
up to 18 000 cm~! [20]. However, there remains a conspicuous gap
in the region around 12 000 cm~! due, in this case, to the absence
of high resolution laboratory measurements, not theory. In this pa-
per, we report new spectra which span this gap.

This paper is organized as follows. Section 2 gives experimen-
tal details for both Brussels and Prague observations of ammonia
in the 12 000 cm~! spectral region. Section 3 presents the spec-
tral analysis, the results of line assignment and the derived energy.
Section 4 concludes this paper.

2. Experimental details

Fourier transform spectra of ammonia were recorded around 12
000 cm~! in two different laboratories, in Brussels and in Prague.
The recording and analysis of the spectra carried out in both lab-
oratories are described below. These experiments resulted in the
measurement of the positions and intensities of about 1500 am-
monia lines in the 12491 — 12810 cm~! spectral range.

2.1. Brussels spectra

2.1.1. Recording of the spectra

Unapodized absorption spectra of water vapor (used to calibrate
the wavenumber scale) and ammonia (Fig. 1) were recorded in the
range 11000 — 14500 cm~! using a Bruker IFS 120HR upgraded to
125HR high resolution Fourier transform spectrometer (FTS). The
instrument was fitted with a Tungsten source, a source aperture
diameter of 1.7 mm, a Quartz VIS beamsplitter, a high-pass (in
wavenumber) filter with a cut-off wavenumber at 11000 cm~! and
a Si photodiode. Both samples were contained in a White-type
Pyrex multipass cell set to provide an absorption path length of
34,5 (1) meters. The cell was closed by two 2.5-mm thick CaF,
windows and coupled under vacuum to the instrument with an
appropriate transfer optics. It was operated at room temperature,
defined by an air conditioning system.

The temperature of the cell was measured using four Lakeshore
Pt-111 sensors fixed at different locations on the outside wall of
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Fig. 1. Two of the spectra of water vapor and ammonia recorded in Brussels (the
numbers refer to Table 1).

the cell and powered by a Lakeshore model 224-12 temperature
monitor. The cell and temperature sensors were wrapped in an
insulating polystyrene shield. Three sensors used standard curves
implemented in the temperature monitor, providing an unstated
(“reasonable” according to Lakeshore) accuracy, and one of the sen-
sors was calibrated by the manufacturer with a stated accuracy
better than 0.1 K. The temperatures measured by 3 sensors, in-
cluding the calibrated one, agreed within 0.1 K, while the temper-
ature measured by the Pt-111 sensor closest to the FTS was about
0.4 - 0.6 K lower. The average temperature associated with the
recording of the ammonia spectra was equal to 297(1) K, where
the number between parentheses is the accuracy estimated as the
sum in quadratureof half of the peak-to-peak variations measured
during the recording of the interferograms and the largest differ-
ence measured between the readings of the 4 sensors (i.e. 0.6 K).

The water (tap water, degased by pumping for a few hours
on the sample frozen with an ice/NaCl bath) vapor pressure was
measured using a MKS Baratron manometer model 626 of 10 Torr
full scale range. The ammonia (anhydrous, purity > 99.99%, pur-
chased from Aldrich) pressure was measured using a MKS Baratron
manometer model 390HA of 100 Torr full scale range, temperature
controlled at 45 °C and characterized by an accuracy of reading
conservatively assumed to be 0.5%. The pressure of water vapor
and ammonia evolved with time, most probably as a result of ad-
sorption on the walls of the cell. For both samples, the recording of
the spectra was started about 4 hours after filling. The uncertain-
ties on the average pressures listed in Table 1 were estimated as
the sum in quadrature of half of the peak-to-peak variations mea-
sured during the recording of the interferograms and the 0.5% ac-
curacy of reading. The larger uncertainties reported for the NHj
spectra numbers 2572 and 2573 are a result of the larger decrease
in ammonia pressure observed for these two higher pressure sam-
ples.

All the interferograms were recorded with a scanner velocity of
20 kHz and a maximum optical path difference (MOPD) of 22.5 cm,
leading to a spectral resolution of 0.04 cm~!. The numbers of in-
terferograms averaged to yield the single beam spectra are pro-
vided in Table 1. Transmittance spectra of H,O and NH3 were gen-
erated from the ratio of the sample spectra with empty cell spec-
tra recorded at a resolution of 2 cm~! and resulting from the co-
addition of 10,000 interferograms. They were interpolated 4 times.

2.1.2. Measurements of line positions and intensities

The positions of water vapor lines observed in the ranges
11962 — 12296 cm~! and 13662 — 13938 cm~! in the 3 spectra
recorded at the same conditions as the ammonia spectra (except
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Table 1
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Sample, average total pressures (P), absorption path lengths (L), temperatures (T), numbers of co-added interferograms (#), maximum optical path differ-
ences (dmax in cm; the spectral resolution is equal to 0.9/8max) and spectral range for the spectra recorded in Prague and Brussels. The numbers between
parentheses are the accuracies of measurement, provided in the units of the last quoted digit (see text for details).

Sample No. P | Torr L/m T/K # Omax Range [ cm™!
Prague
NH; 2 16 296 800 90.0 10000 — 16500
2 16 296 800 90.0 12000 — 12500
2 16 296 800 90.0 12400 — 13000
Brussels
H,0 2567 2.48 (31) 34.5 (1) 297 (1) 6300 22.5 11000 — 14500
2568 8.31 (41) 34.5 (1) 297 (1) 7500 22.5 11000 — 14500
2569 3.79 (4) 34.5 (1) 297 (1) 10,000 225 11000 - 14500
NH; 2572 26.6 (1.4) 34.5 (1) 297 (1) 8650 22.5 11000 — 14500
2573 48.2 (1.7) 34.5 (1) 297 (1) 17,400 22.5 11000 — 14500
2574 16.77 (37) 34.5 (1) 297 (1) 20,000 225 11000 — 14500

for the pressures; see Table 1) were measured using the program
WSpectra [42], giving each line a Voigt profile and including in-
strumental effects as fixed contributions. To determine the value
of the calibration factor C (such that ¥y.; — Do = C Dgp) to be ap-
plied to the ammonia line positions, the measured positions ¥,
of water vapor lines were matched to the most accurate reference
line positions ¥, available in HITRAN (uncertainty code = 4, ie.
uncertainties in the range 10~% — 10-3 cm~1) [33]. The RMS devia-
tions of the fits (involving 34, 105 and 52 line positions in spectra
nos. 2567 to 2569 listed in Table 1, respectively) were in the range
4.7 -52x10"* cm~!. The weigthed average of the 3 values ob-
tained for the calibration factor, ie. C = —4.7322 (286) 10~7, was
used to calibrate the NHj3 line positions.

The positions and intensities of ammonia lines were retrieved
simultaneously from the 3 spectra, assuming that they are the
same in the 3 spectra, using a multi-spectrum fitting program de-
veloped in Brussels [43,44]. This program adjusts a synthetic spec-
trum to each of any number of observed Fourier transform spectra,
using a Levenberg-Marquardt non-linear least-squares fitting pro-
cedure. Each synthetic spectrum, interpolated 4 times with respect
to the observed spectrum, is calculated as the convolution of the
molecular transmission spectrum with an instrument line shape
(ILS) function. The latter was estimated using the method proposed
by Bernardo and Griffiths [45], relying on a few isolated water va-
por lines observed in the range 12062 — 12250 cm~! in spectrum
no. 2567 (Table 1) interpolated 16 times. The ILS thus determined
was used as is during the multi-spectrum analysis of the ammonia
spectra. The profile of the molecular lines was modeled using a
Voigt function [46], with Gaussian width always held fixed to the
value calculated for the Doppler broadening. The self-broadening
coefficients of lines stronger than 6.0 x 1025 cm/molecule were
fitted, while they were fixed to 0.4319 cm~'atm™! (i.e. the average
of measurements reported in [47-49]) for weaker lines. Therefore,
the positions, intensities and self broadening coefficients were fit-
ted for lines stronger than 6.0 x 10725 cm/molecule while only
the positions and intensities were fitted for weaker lines. Pressure
shift was neglected in spite of the moderate ammonia pressures
used because already 3 parameters were fitted for each line rely-
ing on only 3 spectra and no signature characteristic of pressure
shift could be identified in the fitting residuals. The impact of this
decision on the uncertainties of the measured line positions is dis-
cussed in the next paragraph. The measurements were carried out
on spectral intervals about 5 cm~! wide. The background in each
spectrum was modeled by a polynomial expansion up to the sec-
ond order.

The observed and best-fit calculated spectra of a small range
in the central part of the spectrum, and the corresponding resid-
uals are presented in Fig. 2. The residuals show that the lines are
fitted to the noise level and that the peak-to-peak signal to noise

ratio is around 100 for the lower pressure spectrum (no. 2574 in
Table 1) and somewhat worse for the other two. Altogether, the
positions and intensities of a total of 1114 NH;3 lines were mea-
sured between 12,491 and 12,810 cm~!. They are provided as sup-
plementary material. The accuracy of the measured line positions
was estimated to be in the range 2 - 5.5 x 10~3 cm~! (Fig. 3),
from the sum in quadrature of their precision of measurement,
the largest RMS deviation of the fit of the H,O reference lines
(5.2 x 104 cm™1), the uncertainty of these reference lines (as-
sumed to be equal to 10-3 cm~!) and the contribution of pressure
shift. Similarly to Sung et al. [50], pressure shift was crudely esti-
mated to be approximately 1/16th of self broadening. This value,
which differs from the ratio of 1/10 of Sung et al. [50], is the av-
erage of the ratios of self broadening to self shift coefficients cal-
culated from the measurements reported by Aroui et al. [49] and
Maaroufi et al. [51]. As pressure shift coefficients tend to vary “ran-
domly” between positive and negative extremes (see for example
Fig. 11 of Maaroufi et al. [51]), the contribution §d of pressure shift
to the uncertainty of the reported line positions was crudely esti-
mated as §d = 0.68 cm~'atm~! x (Pye/16) atm ~ 1.7 x 10-3 cm™!
where 0.68 cm~'atm~! is the upper limit of the self broadening
coefficients listed in HITRAN (96% of the self broadening coefficient
measured in the present work are indeed smaller than this value)
and Pye = 0.0402 atm is the average of the NH3 pressures corre-
sponding to the three spectra recorded in Brussels (see Table 1).
The accuracy of the line intensities (Fig. 3) was estimated includ-
ing their precision of measurement, the contributions of the uncer-
tainties on the pressures, on the temperatures (through the parti-
cle density only; the contribution of the Boltzmann factor could
not be evaluated because the assignments of the lines, and there-
fore the energy of the corresponding lower levels, were essen-
tially unknown), on the absorption path length and on the parti-
tion function, as well as the contribution &I of the uncertainties
&b on the self broadening coefficients, the latter including the pre-
cision of measurement of the self broadening coefficients and the
contribution of the uncertainty on the temperature. The contribu-
tion 41 in the accuracy of the line intensities of the uncertainties
&b on the self broadening coefficients was estimated to be equal
to 61 = 8b x 10/15 as follows. The positions and intensities of a
set of NH3 lines were measured twice, firstly with the self broad-
ening coefficients of these lines fixed to b; = 0.4319 cm~!atm™!
(the origin of this value is given in the previous paragraph) lead-
ing to measured intensities I; and secondly with the self broad-
ening coefficients of these lines fitted leading to measured inten-
sities I, and measured self broadening coefficients b,. The relative
differences of the intensity §I = 100 x (I, —I;)/I; and self broad-
ening coefficient §b = 100 x (b, — by)/b; of each line were calcu-
lated, leading to a pair of values (&b, 8I) for each line. A plot of all
pairs (b, §I) put forward a linear correlation between §b and 61,
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Fig. 2. Example of the measurement of the positions and intensities of NH3 lines carried out in Brussels: Observed (red trace) and best-fit calculated (black trace) spectra
of a small range in the central part of the ammonia spectrum (top 3 panels) and corresponding residuals (lower panel). The vertical bars at the top indicate the positions of
fitted lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the slope of which being approximately equal to 10/15. No uncer-
tainty information is provided for the line intensities smaller than
6.0 x 102> cm~1/(cm—2molecule) as these lines are very weak in
the recorded spectra and their measured intensities should be con-
sidered as estimates only. As it is not always obvious to discrimi-
nate actual lines from the noise, some of these very weak lines
may actually be noise.

2.2. Prague spectra

One spectrum of ammonia was recorded at a resolution of 0.01

—-1 (MOPD = 90 cm) using the Bruker IFS 125 HR Fourier trans-
form spectrometer available at the J. Heyrovsky Institute of Phys-
ical Chemistry in Prague, Czech Republic. It results from the co-
addition of 800 interferograms. The instrument was equiped with a
Tungsten source, a CaF, beam splitter, an interference filter (Spec-
trogon) covering the 12400 — 13000 cm~! range and a Si photodi-
ode. The ammonia sample was contained in an optical White cell,
equipped with CaF, windows and providing an absorption path
length of 16 m. The cell was connected to a side ampoule filled
with ammonia and equipped with a second vacuum valve (ACE
glass, USA) for gas handling and connection to the vacuum line.
The pressure in the cell was 2 Torr, measured with a MKS Bara-

tron pressure gauge (0 — 10 Torr range). The resulting spectrum is
presented in Fig. 4.

The positions and relative intensities of ammonia lines observed
in the recorded spectrum were measured using the OPUS soft-
ware (Bruker Corporation), relying on zero crossings of the first
derivative of the spectrum. The line positions thus measured were
calibrated by matching the positions of 168 lines with intensities
larger than 2.0 x 10724 cm~!/(cm~2molecule) with their calibrated
positions obtained in Brussels. The line intensities were estimated
by scaling the measured relative intensities with a factor deter-
mined by comparing the relative intensities measured in Prague
with the integrated absorption cross section measured in Brussels
for the same ammonia lines. In addition to the ammonia lines also
measured in the Brussels spectra, 367 additional lines could only
be observed in the Prague spectrum. Their positions and intensi-
ties are also provided as supplementary material.

3. Analysis of the spectrum

A file containing the observed line positions and intensities
from the two sources is given in the supplementary data.

Spectal analysis was based on two major components: use of
an accurate line list [52] and use of combination differences. The
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success of our assignment analysis strongly depends on the accu-
racy of the theoretical calculations of the spectra. This accuracy is
determined by the quality of the PES used for the calculations of
the line list. The procedure used to adjust the PES so it reproduces
the empirical energy levels is described in Ref[52]. We note that
the high accuracy of the fitted PES is determined, in particular, by
the high accuracy of the ab initio PES [53] used as a basis of this
fit. The interpolation power of this PES could be demonstrated by
the comparison with the subsequently observed line positions of
NH; in the region below 10 000 cm~!. The extrapolation power of
this PES is demonstrated by the column “obs-calc” of Table 3. The

Table 2
Overview of the spectral analysis carried out on the Brussels and Prague spectra.
Measured lines 1497
Assigned lines 278
Region 12491 — 12810 cm™!
New experimental levels 119
New experimental levels without CD 10
Vibrational states 16
Average CD precision 0.007 cm™!

accuracy of extrapolation is around a few wavenumbers. It proved
sufficient for the assignment of the spectrum, described here be-
low. The CD analysis based on energy values only was moderated
using information on the lines intensities. We decided that combi-
nation differences were only deemed correct if the observed lines
intensities differ from the theoretical ones by less than a factor of
two. The intensity criterion adopted is relatively loose due to the
modest accuracy of the intensities predicted in this region by the
variational line list.

Analysis of the data in the 12500-12800 cm~! region used a re-
fined line list, calculated with the TROVE nuclear motion program
[54] for rotational quantum numbers J = 0 — 7. The stronger lines
in the region belong to transitions to the levels with vibrational
‘TROVE quantum numbers’ (0 0 4 0 0 0) and (0 0 4 0 0 1). These
numbers mean that v; + v3=4 (vygy=4) and v,=0 or 1 in standard
spectroscopic ammonia vibrational quantum numbers. Calculated
levels initially assigned using TROVE vibrational quantum numbers
[55] were later relabeled with standard vibrational quantum num-
bers (V1 V5 v3 L3 v4 L4 L) [56]. Experimental energy levels in (0000
00 0) and (0100 00 0) vibrational states had been taken from the
work of Urban et al. [57].
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Ammonia rovibrational levels derived from the line positions assigned in the 4vyy region: Observed and calculated (from the
refined PES) energies and corresponding differences (obs-calc), and errors in the combination differences (CD). The values listed in

the 4 last columns are in cm~!.

(v1 v U3 L3 vg Ly L) Cyip inv
] K Tror s Eops Ecarc obs-calc cD
(4000000) A, s
2 1 E” E” 12681.2069 12680.5364 0.6705 -0.0030
3 0 A2’ A2 12741.5406 12745.3641 -3.8235 0.0018
4 1 E” E” 12812.1747 12814.5152 -2.3405 0.0002
4 3 A2" A2 12787.2347 12785.4952 1.7395 -0.0026
5 0 A2’ A2 12916.2438 12918.2295 -1.9857 0.0060
5 3 A2" A2" 12879.9778 12881.4929 -1.5151 0.0040
7 0 A2’ A2 13162.1885 13163.9509 -1.7624 -0.0080
7 3 A2" A2 13121.4242 13124.2805 -2.8563 0.0024
(4100000) A a
1 1 E” E/ 12647.3807 12647.9248 -0.5441 0.0056
3 1 E” E’ 12739.5634 12742.1144 -2.5510 0.0030
4 1 E” E' 12814.5824 12819.3480 -4.7656 0.0054
4 3 A1” A2’ 12792.7603 12792.6131 0.1472 -0.0042
5 3 A1” A2 12885.1122 12886.2266 -1.1144 0.0005
(3011001) E s
1 0 A2/ E 12644.1652 12648.5232 -4.3580 0.0030
1 1 E” A2 12639.5608 12644.8754 -5.3146 -0.0005
2 0 Al E’ 12687.1540 12687.8175 -0.6711 -0.0089
2 1 E” A2” 12678.5295 12682.6027 -4.0732 0.0000
2 2 E’ E/ 12668.3932 12671.7701 -3.3769 -0.0034
3 0 A2’ E/ 12745.0456 12746.3841 -1.3385 0.0001
3 1 E” E” 12735.2715 12740.3391 -5.0676 -0.0048
3 2 E/ A2’ 12727.4345 12729.9911 -2.5566 -0.0077
3 3 A1” E” 12708.3978 12711.1960 -2.7982 0.0037
3 3 A2" E” 12714.9295 12712.8911 2.0384
4 0 Al E 12824.9357 12822.6577 2.2780 -0.0114
4 1 E” A2 12814.7190 12815.6976 -0.9786 -0.0001
4 2 E’ E’ 12807.0338 12807.2047 -0.1709 0.0005
4 3 A2" E” 12785.3973 12789.5558 -4.1585 -0.0096
4 3 A1” E” 12787.3464 12790.2839 -2.9375 -0.0070
4 4 E’ A2 12763.0284 12764.6944 -1.6660 0.0147
5 0 A2’ E' 12923.2247 12920.2978 2.9269 0.0005
5 1 E” A2" 12918.9208 12919.1662 -0.2454 -0.0019
5 3 A1” E” 12885.2745 12885.9037 -0.6292 -0.0042
5 4 E’ A2 12859.0701 12861.1086 -2.0385 -0.0078
5 5 E” E” 12825.3651 12827.0873 -1.7222 0.0053
6 1 E” A2 13024.0901 13021.9610 2.1291 -0.0120
6 4 E’ A2 12969.8970 12972.3181 -2.4211 0.0101
6 5 E” E” 12942.2937 12942.7868 -0.4931 -0.0089
6 6 A2’ E/ 12901.1655 12902.3130 -1.1475 0.0087
7 2 E’ A2 13134.2814 13137.3830 -3.1016 -0.0107
7 4 E’ A2 13106.0133 13105.4539 0.5594 0.0108
7 6 A2/ E 13033.1831 13036.9726 -3.7895 0.0087
7 7 E” A2 12981.8239 12987.4457 -5.6218 -0.0424
3111001) E” a
2 0 Al E” 12690.9603 12693.4573 -2.4970 -0.0015
2 2 E’ A2 12675.3915 12678.4242 -3.0327 -0.0005
3 0 A2’ E” 12750.1264 12752.0289 -1.9025 -0.0006
3 1 E” A2 12743.1572 12741.6482 1.5090 -0.0008
3 2 E’ A2 12736.9306 12736.8809 0.0497 -0.0066
3 3 A1” E’ 12716.5745 12718.7199 -2.1454 0.0009
3 3 A1” E” 12714.9295 12712.8911 2.0384
4 0 Al E” 12828.5337 12831.3404 -2.8067 -0.0114
4 3 A1” E/ 12794.2035 12796.4136 -2.2101 -0.0014
4 4 E’ A2 12770.4277 12770.1520 0.2757 -0.0092
5 4 E’ A2” 12865.1930 12867.2502 -2.0572 0.0017
6 6 A1 E” 12910.2129 12913.3883 -3.1754 0.0090
7 5 E” E’ 13081.4018 13080.2455 1.1563 0.0073
7 6 A2’ E” 13039.6539 13041.0064 -1.3525 -0.0073
(2020000) A, s
3 3 A2" A2 12758.2776 12757.0767 1.2009 0.0083
5 3 A2" A2 12879.5548 12882.9411 -3.3863 0.0106
6 3 A2" A2’ 12998.7767 12995.2238 3.5529 -0.0105
(2120000) Ay a
3 3 A1” A2 12714.8479 12716.2008 -1.3529 -0.0091
4 0 Al A2” 12827.5305 12829.6757 2.1452 -0.0014
(2022002) E/ s
1 1 E” E” 12647.3176 12644.9837 2.3339
2 1 E” E” 12681.5627 12684.8262 -3.2635 -0.0065
2 2 E’ A2 12671.3482 12673.0216 -1.6734
3 1 E” A2 12743.5516 12744.7400 -1.1884 -0.0014

(continued on next page)
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3 2 E E 12734.5993 12730.8776 3.7239 -0.0019
3 3 A2" E” 12757.6429 12758.0402 -0.3973 -0.0063
4 1 E” E" 12824.5018 12820.9249 3.5769 -0.0084
4 2 E A2 12808.7399 12808.9749 -0.2350 -0.0002
5 2 E A 12897.9974 12899.8843 -1.8869 -0.0011
5 3 A2" E” 12885.2737 12888.3453 -3.0716 -0.0044
5 4 E E 12857.8481 12861.7550 -3.9069 0.0060
5 5 E” A2 12825.6466 12828.9782 -3.3316 0.0074
6 4 E E 12975.9378 12976.1006 -0.1628 0.0010
6 6 A2 E 12941.7937 12940.5317 1.2620 -0.0002
7 7 E” A2 13022.6494 13026.3872 -3.7378 -0.0036
(2122002) E" a
1 1 E” A 12650.1021 12650.9560 -0.8539 -0.0026
2 0 Al E 12695.4938 12694.6709 2.0365 -0.0047
2 1 E” E 12687.8105 12689.7044 1.6588 0.0113
2 2 E E" 12682.9105 12678.7430 41675 -0.0070
3 1 E” A2/ 12744.1854 12746.5713 -2.3859 0.0131
3 2 E A2 12735.7747 12738.1795 -2.4048 0.0046
3 3 A2 E 12764.7351 12768.9027 -4.1677 -0.0002
4 2 E A2 12809.9641 12811.3267 -1.3626 0.0030
4 4 E E" 12771.9820 12771.6080 0.3740 0.0078
5 3 Al" E 12890.6489 12891.0609 -0.4120 -0.0091
5 5 E” E 12835.8205 12834.8273 0.9932 0.0119
6 2 E A" 13016.9328 13016.5572 0.3756 -0.0034
6 6 A2/ E" 12953.7506 12952.3551 1.3955 0.0069
7 7 E” A 12993.2624 12995.3526 -2.0902 0.0119
(1031001) E s
2 1 E” A2 12734.2126 12737.6518 -3.4392 0.0076
2 2 E E 12719.3683 12720.7418 -1.3735 0.0108
3 1 E” E” 12742.5677 12745.0609 -2.4932 0.0054
4 0 Al E 12824.2547 12827.0713 -2.8166 -0.0044
4 1 E” A2 12882.7271 12884.3506 -1.6235 0.0087
4 3 NG E” 12854.9341 12856.2817 -1.3476 -0.0009
4 4 E A 12806.3400 12806.7780 -0.4380 0.0047
5 4 E AY 12910.6805 12913.6014 -2.9209 -0.0097
5 5 E” E” 12865.5993 12868.2540 -2.6547 -0.0107
6 4 E A2/ 12980.7688 12982.1619 -1.3931 0.0080
6 5 E” A2 12946.2953 12944.6633 1.6320 0.0006
7 5 E” E” 13073.8825 13075.3003 -1.4178 0.0021
(1131001) E” a
2 1 E” A 12691.7132 12691.7132 -3.0945
(1033003) A s
6 6 A2 A 12948.6537 12947.7858 0.8679 0.0011
(0042002) E s
2 1 E” E" 12746.1781 12743.4163 2.7618 -0.0104
2 2 E A 12729.1539 12730.9886 -1.8347 0.0020
3 1 E” A" 12807.3727 12804.3376 3.0351
4 4 E A 12805.4602 12807.4511 -1.9909 0.0006
(0142002) E’ a
2 1 E” A 12746.8972 12746.7285 0.1687
3 1 E” E 12747.3957 12749.1734 -1.7777 0.0096
4 4 E A2 12814.1741 12817.6458 -3.4717 0.0167
5 2 E A2 12910.2687 12912.3785 -2.1098 -0.0069
6 5 E A 12953.1030 12955.3025 -2.1995 0.0129
(004400 4) E s
3 2 E A 12792.5847 12789.2593 3.3254 -0.0084
6 5 E” E" 12946.4735 12947.0277 -0.5542 0.0080
(0144004) E” a
1 1 E” A 12704.1513 12706.8491 -2.6978 -0.0095
2 2 E E" 12733.4999 12732.4950 1.0049 0.0093
3 2 E A2 12804.9187 12802.8907 2.0280 -0.0009
5 4 E A2 12925.7941 12923.4206 2.3735 0.0011
5 5 E” E 12875.8187 12878.6184 -2.7997 -0.0033

Analysis of the measured line positions was performed us-
ing combination differences (CDs), which gave 109 experimental
energy levels. In addition to the lines assigned by CDs, the 10
strongest transitions in the calculated line list were assigned by
choosing the strongest experimental lines and the average obs.-
calc. value for the vibrational state in question. In all, 119 new
experimental levels were determined from 278 measured line po-
sitions assigned to 300 transitions. The levels belong to 16 vi-

brational states arising from the third NH stretching overtone
(vng=4). The average precision of the CDs obtained equals 0.007
cm~!, making the possibility of accidental agreement in difference
between energy levels and frequencies about 3%.

Of the 928 lines measured in Prague there are 369 lines not
observed in Brussels. We are able to assign 40 of these lines; in
nearly all cases these are low intensity transitions with I < 10724,
As these assignments must be regarded as less secure than the
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Fig. 5. Comparison of a portion of the calculated and observed room tempera-
ture spectra of ammonia with lines for which we provide assignments marked.
The calculated lines are taken from a refined version of the line list of Coles et al.
[52] which used empirical energy levels where available.

others, they have been marked with an asterisk in the file list-
ing our assigned transitions is given in the supplementary material.
This file contains quantum numbers of the assigned transitions to-
gether with their symmetries and line intensities, both observed
and calculated. Table 3 gives energy levels derived from these ex-
perimental line positions. Fig. 5 gives a comparison of a portion of
the observed and calculated spectra showing those lines for which
assignments are obtained.

4. Conclusion

The absorption spectrum of ammonia near 0.793 pwm has been
recorded at high resolution using two Fourier transform spectrom-
eters, in Brussels and Prague. The positions and intensities of a to-
tal of 1481 ammonia lines observed in the range 12491 — 12810
cm~! have been measured. They were analyzed using an empir-
ical line list computed using variational nuclear motion calcula-
tions and ground state combination differences. 278 of the ob-
served lines were assigned to 300 transitions to vibrational states
involving 4vyy stretching excitation (vq +v3 =4) and 119 upper
state energy levels were derived from these assigned line positions.

As a result of the present study, the main rotation-vibration
bands of ammonia from the microwave to the green are now char-
acterized experimentally. Extending this further, to the blue, the
near ultraviolet and possibly up to dissociation, represents the next
challenge both for experiment and theory. The spectroscopically-
determined PES [52] used in this work was optimized by fitting to
empirical energy levels up to 10 000 cm~!. As Table 3 shows, the
discrepancy between the levels calculated from this PES and the
experimental values of this paper is a few wavenumbers. The in-
clusion of the experimental energy levels determined in this paper
(see Table 3) to fit an new PES should significantly improve the
extrapolation power of the PES and improve the accuracy of pre-
dictions of the optical NH3 spectra as well as the spectra of ammo-
nia towards dissociation. As our experience with water spectra up
to dissociation shows [58], accurate knowledge of predicted, highly
excited energy levels is vital for observation of levels at dissocia-
tion. In its turn, observation of the levels above 20 000 cm~! will
allow the construction of the first accurate, global PES of ammonia
which is important for the production of an accurate NHs line list
in near IR and optical region at high temperatures; such a line list
is needed for the study of the atmospheres of planets and exoplan-
ets.
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