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a b s t r a c t 

Line lists of ammonia (NH 3 ) are presented at elevated temperatures (293–900 K at 100 K intervals) for 

the 480 0–90 0 0 cm 

−1 region at pressures of 10 Torr and 100 Torr. This region includes a number of over- 

tone, combination and related hot bands. The line lists were obtained by Fourier transform transmission 

spectroscopy and include calibrated line positions and intensities as well as estimates of empirical lower 

state energies by comparison of line intensities at different tem peratures. These line lists are relevant to 

the study of the atmospheres of exoplanets and brown dwarfs. 

© 2020 Published by Elsevier Ltd. 
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. Introduction 

The ammonia (NH 3 ) molecule is important in the study of a

umber of planetary atmospheres and other astronomical objects.

n Earth, the sources of NH 3 are primarily from agriculture and

rom biomass burning [1] . NH 3 in the atmosphere has a negative

ffect on nutrient balances in plants [2] and leads to increased

ucleation of atmospheric aerosols [3] . In space, NH 3 has been

etected in many sources, including molecular clouds [4,5] , star

orming regions [6] as well as in brown dwarfs [7] and the atmo-

pheres of Solar System bodies such as Jupiter [8] , Saturn [9] and

itan [10] . 

Ammonia has been observed in the atmospheres of brown

warfs by infrared spectroscopy [7] and may be present in the at-

ospheres of exoplanets [11] . Brown dwarfs are substellar objects

ithout sufficient mass to fuse hydrogen in their cores but are over

he mass threshold to fuse deuterium [12] . As such, brown dwarfs

re cooler than the coolest stars and the atmospheres of T-type

rown dwarfs have temperatures at which polyatomic molecules

uch as CH 4 and NH 3 are present [13] . 

Ammonia has a trigonal pyramid structure having C 3v symme-

ry. Of the six fundamental modes of vibration, two are doubly

egenerate resulting in four fundamental vibrational frequencies.
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hese are the symmetric stretch at 3336.2 cm 

−1 ( ν1 , a 1 ), the sym-

etric bend at 932.5 cm 

−1 ( ν2 , a 1 ), the antisymmetric stretch at

443.6 cm 

−1 ( ν3 , e) and the antisymmetric bend at 1626.1 cm 

−1 

 ν4 , e). The spectrum of ammonia has been studied numerous

imes. Experimental studies in the mid and near infrared include,

or example, line lists in the 2 μm [14] , 2.3 μm [15] and 3 μm

16] regions as well as studies that obtained temperature depen-

ent line lists and empirical lower state energies in the 740–2100

m 

−1 [17] 1650–40 0 0 cm 

−1 [18] and 240 0–550 0 cm 

−1 [19] regions.

The most extensive line lists for ammonia have been obtained

y theoretical methods. Ro-vibrational calculations from Huang

t al. [20,21] used an experimentally refined potential energy sur-

ace to obtain energies and quantum assignments in the mid in-

rared, including identification of new vibrational bands for 14 NH 3 ,
5 NH 3 and 

14 ND 3 . BYTe, a comprehensive ab initio line list for NH 3 

ncludes over 1.1 billion transitions and can be used at tempera-

ures of up to 1500 K [22] . The latest ExoMol line list for ammo-

ia (CoYuTe) has 16.9 billion vibration-rotation lines and is also in-

ended for applications up to 1500 K [23] . 

The HITRAN 2016 database [24] is the most widely used

atabase for ammonia and includes quantum number assignments.

he HITRAN database is intended to be used for remote sensing

pplications for the Earth’s atmosphere and therefore lacks many

ot bands which are needed for spectra of objects at high temper-

tures such as brown dwarfs and exoplanets. 

The work reported here is on the measurement of the ammo-

ia transmission spectra in the 480 0–880 0 cm 

−1 region at temper-

tures of 293–900 K at pressures of 10 Torr and 100 Torr. 
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Table 1 

Experimental conditions for NH3 spectra. 

Parameter Value 

Spectral region (cm 

−1 ) 4800–9000 

Detector InSb 

Beamsplitter CaF 2 
Spectrometer windows CaF 2 
Lens CaF 2 
Filters Si, 2 μm blue pass 

Scans 300 

Resolution (cm 

−1 ) 0.01 

Pathlength (cm) 50.8 

NH 3 pressure (Torr) 10/100 

Zerofilling factor x 16 
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2. Experimental 

The 240 0–550 0 cm 

−1 region contains the ν1 and ν3 modes, as

well as several combination and overtone bands [19] . The 4800–

90 0 0 cm 

−1 region contains no fundamental modes, only combina-

tions or overtones of the four fundamental frequencies. The inten-

sity of transitions in this region is generally lower than those in

the 240 0–550 0 cm 

−1 region. In order to compensate for the var-

ied band intensities, the spectra in this higher wavenumber region

were recorded at two pressures, 10 Torr and 100 Torr. 

Increased pressure results in more of the sample gas and there-

fore stronger absorption by the lines. However, pressure broaden-

ing increases the line width. In this higher wavenumber region,

the 100 Torr spectra allow the weaker lines to be visible at the
Fig. 1. Overview ammonia transmission spectrum at 70 
xpense of increased line widths. For a molecule such as ammo-

ia, which has a congested spectrum, increased line widths can

esult in blended lines which increases the uncertainty in the po-

ition and intensity of individual lines. In our previous work in the

40 0–550 0 cm 

−1 region, substantial decomposition was found at

73 K so the highest temperature used in the present work was

00 K. NH 3 transmission spectra were recorded at 7 sample tem-

eratures: 293, 400, 500, 600, 700, 800 and 900 K., and the exper-

mental conditions are summarized in Table 1 . 

Transmission spectra were obtained for ammonia using the

ame method and experimental setup as was used for the 2400–

500 cm 

−1 region of ammonia in our previous work [19] , which is

ased on the method used for CH 4 [25] . Absorption spectra were

ecorded using a 200 W tungsten halogen lamp as a light source,

ith ammonia in the cell ( A ab ) and without ammonia present in

he cell ( A ref ). For higher temperatures, the emission signal from

he sample and the cell becomes strong enough that it must be

ccounted for. Therefore, emission spectra with the lamp off are

ecorded with ammonia in the cell ( B em 

) and without ammonia

 B ref ). The transmission spectrum is then given by 

= 

A ab − B em 

A re f − B re f 

Using Carleer’s WSpectra [26] , lines were picked from 4800–

0 0 0 cm 

−1 for the 10 Torr spectra and from 550 0–90 0 0 cm 

−1 for

he 100 Torr spectra. The combination band around 5300 cm 

−1 

as not included for line selection for the higher-pressure spec-

ra as this band was at the edge of the region and suffers from

ow signal-to-noise ( Fig. 1 ). The noise for most of this region is
0 K with 10 0 Torr pressure in a 50.8 cm long cell. 
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Table 2 

Calibration factors for experimental line positions (Pos.) and intensities (Int.) for each temperature and pressure. 

Temperature (K) 10 Torr Pos. Calib. 

Factor 

10 Torr Int. Calib. 

Factor (x 

10 −21 cm/molecule) 

100 Torr Pos. Calib. 

Factor 

100 Torr Int. Calib. Factor 

(x 10 −21 cm/molecule) 

293 1.000000081 2.14 1.000000094 1.01 

400 1.000000083 2.78 1.000000096 0.99 

500 1.000000125 3.83 1.000000100 1.42 

600 1.000000116 3.53 1.000000063 1.30 

700 1.000000115 4.56 1.000000090 1.29 

800 1.000000065 7.18 1.000000099 1.41 

900 1.000000109 3.10 1.000000083 1.51 

Fig. 2. Intensity calibration plot for 500 K at 10 Torr. The calibration factor is the 

value of the trend line, which for example with this calibration is 3.8 × 10 −21 . The 

x-axis units are cm 

−1 . 
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Fig. 3. Spectrum of NH 3 at a temperature of 293 K and pressure of 10 Torr. This 

spectrum has been calibrated for both wavenumber and intensity. 

Fig. 4. Comparison of calibrated intensities from at pressures of 10 Torr (x-axis) 

and 100 Torr (y-axis) at 293 K and a 1:1 trend line. 
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a  

t  
nder ±0.2%, but at 5200 cm 

−1 and below, the noise ranges up

o ±15%, which combined with high pressure, results in lines with

oorly determined line positions and intensities. Since this band

s relatively strong, the line positions and intensities from the

0 Torr spectra as well as from the edge of the 240 0–550 0 cm 

−1 

pectra [19] are sufficient to provide a suitable line list for this

and. 

Line positions are calibrated by comparison with NH 3 lines

ound in HITRAN that are both strong and isolated. Line intensi-

ies are obtained using WSpectra, which applies a non-linear least

quares fit, line-by-line, using a Voigt profile. The output of this

t is the raw line positions and intensities (in cm 

−1 units) which

re then calibrated with HITRAN values. The line positions in each

pectrum are multiplied by calibration factors given in Table 2 .

imilar to the calibration of line positions, calibration of line inten-

ities is done by comparison to HITRAN as shown in Fig. 2 . A sum-

ary of the intensity calibration factors is provided in Table 2 and

hese factors are used to give the experimental intensities in useful

nits. Although the spectrum with 100 Torr of NH 3 has pressure

hifts, the wavenumber calibration with HITRAN corrects for these

hifts on average. 

A sample of these spectra (293 K at 10 Torr) is presented in

ig. 3 . Once calibrated, the line intensities should be the same re-

ardless of pressure. As a check, the calibrated intensity of a spec-

rum recorded at 10 Torr against is plotted against that of a spec-

rum recorded at 100 Torr ( Fig. 4 ). The numbers of lines measured

t each temperature are given in Table 3 . 
. Results and discussion 

Once a calibrated line list was obtained for each temperature

nd pressure, empirical lower state energies were calculated for

his region using a rearranged version of the line intensity equa-
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Table 3 

Total number of lines obtained at each temperature and 

pressure. 

Temperature (K) Lines at 10 Torr Lines at 100 Torr 

293 10,306 5426 

400 9594 6070 

500 8715 7232 

600 8293 8615 

700 7783 9229 

800 6838 9418 

900 7698 9809 
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tion, 

S ′ 
S ′ 0 

= 

Q 0 

Q 

exp 

(
E ′′ 
k T 0 

− E ′′ 
kT 

)[ 

1 − exp 

(
− h v 10 

kT 

)
1 − exp 

(
− h v 10 

k T 0 

)
] 

where S ′ is the line strength, ν10 is the line frequency, h is the

Planck constant, Q is the internal partition function, E ′ ′ is the lower

state energy, k is the Boltzmann constant, T is the temperature

and where S ′ 
0 
, Q 0 and T 0 refer to the line intensity, internal par-

tition function and temperature of the reference measurement, re-

spectively [25] . The partition function used, the values of which

are detailed in Table 4 , is an updated NH 3 partition function from

Table 4 

Partition function for NH 3 . 

Temperature (K) Partition function 

293 1689.3 

400 2778.5 

500 4081.7 

600 5742.9 

700 7860.3 

800 10,550.0 

900 13,951.0 
Fig. 5. Experimentally derived lower state energies (lower), compared to HITRAN (upper
ousa-Silva et al. [27] . The lower state energies were obtained as

escribed by Hargreaves et al. [25] . 

The experimental lower state energies obtained are presented

n Fig. 5 along with HITRAN values. From Fig. 5 it is clear that our

ork adds substantially to the measured bands of NH 3 in the near

nfrared. The BYTe theoretical line list extends up to 12,0 0 0 cm 

−1 ,

owever the accuracy in line position in this region is poor with

 claimed accuracy above 50 0 0 cm 

−1 of only 5 cm 

−1 [28] . As il-

ustrated by Coles et al. [23] , the line positions and the line in-

ensities of the new CoYuTe line list are much improved in this

egion compared to BYTe. The 14 line lists obtained from this work

re provided, at each temperature and for both pressures, in the

upplementary material. For each observed line they contain line

osition, line strength and lower state energy if a calculation was

ossible. The mean difference in line position amongst all matched

ines after calibration is 4.8 × 10 −4 cm 

−1 for the 10 Torr list and

.5 × 10 −4 cm 

−1 for the 100 Torr list. The accuracy of the in-

ensities is also estimated by comparison with matched HITRAN

ines (after calibration). The mean difference of the matched lines

s within 20%. 

The empirical lower state energies of the lines shown with the

ower state energies from HITRAN in Fig. 5 demonstrate the large

umber of missing ammonia lines in this region in the HITRAN

atabase. The typical parabolic P and R branches can be seen in

ost of the bands; however, the central Q branches are not clear.

he accuracies of the experimental lower state energies are rela-

ively low and should be used only as a guide for spectroscopic

ssignments. Given that many of the weaker lines were measured

t the higher pressure with reduced accuracy, care should be taken

hen using the lower state energies. They are however appropri-

te for use in extrapolation of the line intensity to nearby tempera-

ures for the intended use in the study of hot astronomical objects.
) values. Note the lack of coverage in the HITRAN database throughout this region. 
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. Conclusions 

High resolution transmission spectra of ammonia have been

ecorded at seven temperatures between 293 K and 900 K in the

80 0–90 0 0 cm 

−1 region. The HITRAN molecular database is partic-

larly sparse in this region. This work provides a significant num-

er of new lines from many overtone, combination and hot bands

n the near infrared. Line lists are provided that include calibrated

ine positions, intensities and experimentally estimated lower state

nergies, extending our previous ammonia line lists [17-19] . These

esults can be used to model ammonia in the atmospheres of exo-

lanets and brown dwarfs at high temperatures. 
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