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We present further line lists of ammonia (NH3) at high temperatures obtained by

recording Fourier transform infrared emission spectra. Calibrated line lists are pre-

sented for 12 temperatures (300–1400 1C in 100 1C intervals) and each line list covers

the 1650–4000 cm�1 range, which includes the n1 and n3 fundamental modes ð3 mmÞ

plus a number of combination, overtone and hot bands. Using our NH3 spectra, we have

estimated empirical lower state energies (ELow in cm�1) and our values have been

incorporated into the line lists along with line positions ( ~n in cm�1) and calibrated line

intensities (S0 in cm/molecule). We expect our hot NH3 line lists to find direct

application in the modeling of planetary atmospheres and brown dwarfs.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ammonia (NH3) is one of the most fundamental small
molecules. NH3 has traditionally been used as a precursor
in the production of fertilizers and is used throughout the
chemical industry from synthesizing pharmaceuticals to
the production of household cleaners. Additionally NH3

plays an important role in the atmosphere by neutralizing
a significant proportion of the acid produced by the
oxidation of sulphur dioxide (SO2) or nitrogen oxides
(NOx) [1].

NH3 is also abundant in a wide variety of objects
throughout the Galaxy. It has been shown to exist in
molecular clouds and was one of the first extraterrestrial
polyatomic molecules to be observed [2]. After hydrogen,
helium and methane, NH3 is the fourth most abundant
constituent of the atmospheres of Jupiter and Neptune [3]
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and it is believed that the nitrogen in Titan’s atmosphere
originated from the breakdown of NH3 [4]. Furthermore,
the atmospheres of cool stars and brown dwarfs are cool
enough to allow the formation of molecules and as more
observations are made of these objects, it is apparent that
NH3 (along with CH4 and H2O) has a strong influence
upon the observed infrared spectrum [5,6].

The spectral classification of cool objects such as
brown dwarfs is based on molecular absorption features.
Brown dwarfs are substellar objects with sufficiently low
mass (o0:08 solar masses) so that thermonuclear
hydrogen fusion cannot occur within the core [7]. Brown
dwarfs are cooler and less massive than late-type M
dwarfs (which are usually stars) and as a result of the
lower temperatures, the infrared spectra are dominated
by molecular absorptions [5]. Due to the complexity of
the spectra it was necessary to establish new L and T
classes categorized by the presence of molecules [8–10].
Since the discovery of Gliese 229B in 1995 [11], brown
dwarfs have become commonly observed objects due to
detailed astronomical surveys such as the ‘Two Mass All
Sky Survey’ [12] and are now known to be ubiquitous
throughout the Galaxy [13]. The infrared spectra of M
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class objects exhibit TiO and VO absorptions [14] how-
ever these weaken in L dwarf spectra which contain
additional features from electronic transitions of metal
hydrides, specifically CrH [8] and FeH [15]. The distin-
guishing feature of T dwarfs is the presence of hot H2O
overtone bands along with CH4 bands [16] which is
clearly displayed by Cushing et al. [5] and Kirkpatrick
et al. [13] in a series of sample objects. NH3 is also
seen in T dwarfs [17] however a new cool Y class has just
been observed [6] which exhibits even stronger absorp-
tions due to NH3. It is expected that this new class
will be categorized by the NH3 absorption in the near
infrared [17].

High-resolution infrared spectroscopy has greatly
improved our understanding of the NH3 molecule. Given
that the structure of NH3 is a trigonal pyramid with C3v

symmetry [18] and therefore one of the simplest polya-
tomic molecules, the infrared spectrum is actually very
complex. NH3 has four fundamental vibrational frequen-
cies: a symmetric stretch n1 at 3336.2 cm�1, a symmetric
bend n2 at 932.5 cm�1 (the umbrella mode), an antisym-
metric stretch n3 at 3443.6 cm�1 and an antisymmetric
bend n4 at 1626.1 cm�1 (n3 and n4 are doubly degenerate
with e symmetry) [19]. NH3 has an unusually low poten-
tial energy barrier to inversion which allows the molecule
to interconvert between two frameworks (traditionally
labeled s(þ) and a(�)). This has the effect of roughly
doubling the vibration–rotation lines for each vibrational
mode (as each form has a slight difference in energy)
which is most apparent for n2. Indeed, this feature was
exploited for the first detection of NH3 in molecular clouds
as the inversion frequency (for J¼1, K¼1) of 24 GHz can
readily be observed [2]. Compounding the complexity of
the spectrum is the fact that NH3 is an oblate symmetric
top and there is a difference between the structure of
parallel and perpendicular transitions. For parallel transi-
tions where DK ¼ 0 and DJ¼ 0,71 then the simple P, Q

and R branch structure ðDJ¼�1;0,1Þ is observed with only
small K splitting. However for perpendicular transitions
where DK ¼ 71 and DJ¼ 0,71 then the K structure is
significantly greater giving the appearance of distinctive P,
Q and R branches for each K 0�K 00 sub-band. In addition, as
the density of states increases to higher wavenumbers
there are extensive perturbations.

Many studies have been undertaken to assign and
model the infrared spectrum of NH3 [20–25], and some
of these studies are included in the HITRAN 2008 database
[26]. These studies are typically carried out at room
temperature and used for atmospheric measurements
[27] or to understand planetary atmospheres [28]. Theo-
retical studies using calculations of vibration–rotation
energy levels and transitions from adjusted ab initio

potential energy surfaces have also furthered the under-
standing of the infrared spectrum of NH3 [29–33]. Experi-
mentalists are hindered when assigning NH3 lines by the
complexity. For many practical applications, however
quantum assignments are not needed: only a line inten-
sity, a line position and lower state energy are sufficient.
To obtain an empirical lower state energy of each line,
observations are made of the same region at different
temperatures. This method has been used by Fortman
et al. [34] on ethyl cyanide (CH3CH2CN) and more recently
by Hargreaves et al. [35] on NH3.

The complexity of NH3 also poses problems for theo-
reticians as the light hydrogens combined with inversion
leads to slow convergence of the perturbation series of
terms used to represent the energy levels. Recently Zobov
et al. [36] have managed to extend the assignments for
the experimental measurements obtained at 1500 K in
our previous work on hot ammonia [35]. They used a
direct calculation of the energy levels by variational
solution of the vibration-rotation-inversion Schrödinger
equation.

The most complete line list for the 2100–4000 cm�1

range is the HITRAN line list which includes many lines
from calculation, but has no NH3 lines for the 3700–
4000 cm�1 interval. Hargreaves et al. [35] measured a
large number of lines in the range 740–2100 cm�1 due to
measurements being made at high temperatures, whereas
Zobov et al. [36] have many new assignments for the
same region.

For this study we provide high temperature line lists of
NH3 using a similar approach to that of Hargreaves et al.
[35], and Nassar and Bernath [37]. It is hoped that these
line lists will help to improve current brown dwarf
models [38] and help with the consolidation of the
Y-dwarf class. Our data also provides a challenge to
theoretical spectroscopists and can be used to refine
potential energy functions of ammonia.

2. Experimental method and theory

Hot laboratory emission spectra of NH3 were recorded
using a tube furnace combined with a Fourier transform
infrared (FT-IR) spectrometer similar to the experimental
setup previously used [35,37]. A thorough description and
figure of the equipment and arrangement is given by
Hargreaves et al. [35]; therefore only the key features of
the experiment are given here.

An alumina (Al2O3) tube is heated by a tube furnace,
capable of reaching and maintaining temperatures up to
1400 1C. The tube is sealed at both ends using calcium
fluoride (CaF2) windows allowing the infrared emission to
travel into the spectrometer. A small flow of NH3 is
maintained in the tube using a needle valve to avoid the
build up of impurities; the flow is such that the internal
pressure is stable at 5 Torr. The space between the
alumina tube and spectrometer was purged with ‘dry
air’ (i.e., contains minimal water) in order to reduce the
effect of H2O absorption in the emission spectra. A CaF2

lens is used to focus the radiation from the furnace into
the 1.5 mm aperture of the spectrometer. See Table 1 for a
summary of the experimental parameters.

The spectrometer was fitted with a CaF2 beamsplitter
and entrance window, as the spectral region covered a
broad range (1650–7000 cm�1), and an indium antimo-
nide (InSb) detector was used. The lower wavenumber
cutoff is a result of the detector, and the higher cutoff was
due to the filter used. The low wavenumber cutoff
allowed for an overlap with the previous NH3 region
(740–2100 cm�1) [35]. This overlap region provides many
NH3 emission lines from the R-branch of the n4 bending



Table 2
NH3 emission lines in the 1650–4000 cm�1 region.

T

(1C)

Observed

lines

Removed

linesa

HITRAN

lines

addedb

Total lines

in the

final

line list
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mode and is useful to calibrate each spectrum. The initial
NH3 emission spectra covering 1650–7000 cm�1 (Fig. 1
shows the raw emission spectrum at 900 1C) were limited
to 1650–4000 cm�1 as the signal decreases due to a lack
of thermal radiation at higher frequency; emission lines
44000 cm�1 will be the subject of a future study. Con-
tained within the 1650–4000 cm�1 coverage is the n1 and
n3 stretching modes of NH3 along with numerous combi-
nation bands (n2þn4 and 2n2þn4) and overtones (2n2, 3n2

and 2n4).
For the study, 12 spectra were recorded from 300 to

1400 1C in 100 1C intervals. A resolution of 0.01 cm�1 was
used for each spectrum based on Doppler and pressure
broadened widths. Each spectrum was generated by acquir-
ing 200 scans and a total zerofilling factor of 16 was applied,
allowing for smooth line shapes. Analysis of the spectra was
only conducted on lines up to the 4000 cm�1 cut off, so the
focus of this paper is on the 1650–4000 cm�1 region.
Table 1
Experimental conditions.

Parameter Value

Spectral region (cm�1) 1650–7000

Detector InSb

Beamsplitter CaF2

Windows CaF2

Lens CaF2

Scans 200

Resolution (cm�1) 0.01

Aperture (mm) 1.5

NH3 pressure (Torr) 5.0

Zerofilling factor �16

Fig. 1. NH3 emission spectrum at 900 1C based on 200 scans (black). Also plotte

H2O absorptions. (For interpretation of the references to color in this figure leg
Each spectrum contains a large number of NH3 emis-
sion lines (Table 2) along with the n3 antisymmetric
stretch of CO2 clearly visible as the absorption feature at
2350 cm�1 and weaker absorptions due to H2O can also
be seen. In addition there are also absorptions of strong
fundamental lines due to NH3 in the cool regions of the
tube (discussed later) and some of these absorptions of
the n4 band are visible below 2000 cm�1 in Fig. 1.

The peak-picking program WSpectra [39] was used to
find the line positions and intensities, and then fit each line
d on top is the detector response function (blue) highlighting the CO2 and

end, the reader is referred to the web version of this article.)

300 3443 2312 3084 4215

400 6876 3077 3084 6883

500 11,320 3243 3033 11,110

600 17,606 3291 2977 17,292

700 23,799 3279 2875 23,395

800 28,501 3097 2758 28,162

900 33,328 2920 2646 33,054

1000 33,975 2677 2539 33,837

1100 37,871 2426 2401 37,846

1200 36,788 2177 2263 36,874

1300 28,959 1856 2096 29,199

1400 23,623 1564 1974 24,033

a Removed lines that have been distorted due to self absorption

effects and which coincide with lines in the HITRAN database.
b Added HITRAN lines with an intensity greater than 2�10�23 cm/

molecule which were either missing from the observed spectra or

distorted due to self absorption.
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using a Voigt line profile. An instrument response function
was recorded to account for the variations in system inten-
sity. It was measured by heating a carbon rod positioned at
the center of the alumina tube and recording the black body
emission at 400 1C. This was then compared to a theoretical
black body at the same temperature to produce a normalized
response function. This instrument response function can be
seen in Fig. 1.

The intensity and position of lines from 1650 to
2100 cm�1 were compared to the same lines recorded
by Hargreaves et al. [35] and all lines were compared to
the HITRAN 2008 database [26]. It was not necessary to
Table 3
Partition function of NH3 (based on

Q ðTÞ ¼ aþbTþcT2
þdT3 taken from

Gamache et al. [40]).

T (K) Partition function

296 1729.30

573 5305.19

673 7218.42

773 9608.29

873 12,665.85

973 16,582.17

1073 21,548.31

1173 27,755.32

1273 35,394.26

1373 44,656.18

1473 55,732.16

1573 70,299.76

1673 87,172.16

Fig. 2. Sample calibration
correct the wavenumber scale as the matched lines in the
overlap region were accurate to within 70.005 cm�1.

Before the intensity scales were calibrated, the intensity of
each line was converted into an arbitrary absorption scale to
make them consistent with HITRAN and Hargreaves et al.
[35] using

Sabsorption ¼
Semission

n3 exp �
hn
kT

� � , ð1Þ

where S is the intensity of the line, n is the frequency and T is
the temperature [37].

In order to calibrate the intensities, lines in the region
1650–2100 cm�1 were matched (70.005 cm�1) to our
previous line lists [35]. Hargreaves et al. [35] were unable
to record a spectrum of NH3 at 1400 1C and instead the
maximum temperature is slightly lower at 1370 1C. This
spectrum therefore had to be intensity scaled using

S0

S00
¼

Q0

Q
exp

ELow

kT0
�

ELow

kT

� � 1�exp �
hn10

kT

� �

1�exp �
hn10

kT0

� �
2
664

3
775, ð2Þ

where S00 is the reference intensity, Q0 is the reference
partition function (Table 3), T0 is the reference tempera-
ture and ELow is the empirical lower state energy [35].
A set of intensity calibration factors were then obtained
for the 1650–2100 cm�1 region.

Due to the limited coverage of this overlap region it
was not satisfactory to extrapolate these calibration
factors over the entire region; therefore a more complete
linear calibration function (a sample is given in Fig. 2) was
function at 900 1C.
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obtained by matching lines with temperature-scaled
HITRAN lines (also obtained using Eq. (2). All calibration
functions are given in Table 4 and were applied using

S0½cm=molecule� ¼ ð ~n �mþcÞS0½arbitrary�, ð3Þ

where ~n is in cm�1, m is in cm2/molecule and c is in cm/
molecule.

Once all lines have been calibrated, the emission lines
from each temperature file were compared to every
other temperature file and all corresponding lines
(70.005 cm�1) were identified. By rearranging Eq. (2)
Table 4
Linear calibration functions.

Temperature (1C) m (1016 cm2/molecule) c (1019 cm/molecule)

300 2.50 1.00

400 4.09 �0.05

500 5.68 �2.09

600 7.27 �4.64

700 8.86 �6.68

800 7.27 �2.14

900 8.18 �4.09

1000 9.77 �7.14

1100 14.09 �14.55

1200 18.64 �18.82

1300 38.18 �45.09

1400 60.00 �76.00

Fig. 3. The natural logarithm of the intensity ratios for five lines (shown in key

the temperature. The slope of each line yields the empirical lower state energ

E3¼1222.5 cm�1
ð ~n3Þ, E4¼1081.9 cm�1

ð ~n4Þ and E5¼758.5 cm�1
ð ~n5Þ.
to the form

ln
SQR0

S0Q0R

� �
¼

ELow

kT0
�

ELow

kT
, ð4Þ

where

R0 ¼ 1�exp �
hn10

kT0

� �
, ð5Þ

it is possible to extract the lower state energy as
the gradient of the intensity ratio plotted as a function
of the reciprocal of temperature. A sample of five
calculated lower state energies from the line list are
given in Fig. 3. These lines have been chosen to allow
comparisons with our previous work and also with
HITRAN.

3. Results

Empirical lower state energies of NH3 have been
calculated for the region 1650–4000 cm�1 as shown in
Fig. 4. This can be compared to the corresponding region
from HITRAN (Fig. 5). Immediately apparent is that the
general structure is reproduced by the calculated lower
state energies particularly between 1800 and 2100 cm�1.
This region covers the n4 fundamental band (with band
center 1626.1 cm�1 [19]) which can be seen as the dense
rising right part of a parabola starting from a lower state
energy of around 1000 cm�1. Weaker parabolas at higher
lower state energies are also identifiable and most likely
due to the hot bands n2þn4�n2 and 2n4�n4.
) present in all 12 line lists are plotted against 1/kT (in cm�1), where T is

y and for the lines plotted, E1¼1740.4 cm�1
ð ~n1Þ, E2¼1354.6 cm�1

ð ~n2Þ,



Fig. 4. Empirical lower state energies of NH3 for the region 1650–4000 cm�1 where the color scale gives the number of matching spectra the line appears

in. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Empirical lower state energies of NH3 for the region 1650–4000 cm�1 taken from HITRAN.
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The next obvious feature is the strong Q-branch (the
almost vertical line) rising from a frequency of approxi-
mately 3350 cm�1; this can be attributed to the n1
symmetric stretch with band center at 3336.2 cm�1

[19]. This band will also have P and R-branches which
are not clearly identifiable due to the fact that the n3



Fig. 6. Empirical lower state energies of NH3 for the region 1650–4000 cm�1 where the color scale corresponds to the intensity (in cm/molecule) of the

line at 900 1C. Three interesting features have been highlighted by red boxes. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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antisymmetric stretch (with band center at 3443.6 cm�1

[19]) occurs in the same region. As a result the individual
P and R-branch parabolas from each band are not visible.

Another region of interest is between 2200 and
2700 cm�1 at a lower state energy greater than
1000 cm�1. This feature is likely the result of the hot
combination band 2n2þn4�n2. Only just visible in this
feature are double P and R-branches. This is a result of the
inversion-doubled n2 band at 932.5 and 968.3 cm�1 [19]
creating a doubled set of branches. The main features can
be explained simply but there are some other bands that
are also visible and are better shown in Fig. 6 (highlighted
by red boxes). The first feature occurs around 2400 cm�1

and contains faint P, Q and R-branches (rising from the
ground state) and this could be assigned to one of the two
3n2 components. A corresponding 3n2 component should
be visible around 2700 cm�1 but is not apparent. A
second feature is visible at 2700 cm�1 with a lower state
energy of around 2000 cm�1 and contains P and R-
branches. This may be attributed to the 3n2þn4�n4 band.
A third interesting feature occurs between 3800 and
3900 cm�1 with a lower state energy of 1000 cm�1 and
appears to be the Q-branch of the 4n2 band which does
not appear in HITRAN [26].

Many lines which appear in HITRAN are missing from the
observed spectra because they have been partially or totally
absorbed, therefore it is necessary to include them in the final
line list. As discussed in Hargreaves et al. [35] the cooler NH3

at the end of the sample tube has absorbed much of the
emission of the stronger low J lines from the center of the
sample tube. We added all HITRAN lines with an intensity
greater than 2�10�23 cm/molecule back into the line lists
and accounted for apparent ‘‘double’’ peaks caused by this
self absorption. The resulting complete line list is available
online in an electronic format.

A quality factor has been included in the line list to
give an estimate of the accuracy of the calculated lower
state energy associated with each line. ‘‘1H’’ signifies that
the lower state energy is taken from HITRAN. ‘‘1’’ means
that the lower state energy is based on a line that appears
in 10 or more temperature files and is only based on the
fit from files below 1000 1C. ‘‘2’’ is for any line which
appears in 3–10 temperature files and the lower state
energy can still be determined from files below 1000 1C.
‘‘3’’ denotes that the lower state energy can still be
determined by taking into account data above 1000 1C.
Finally, a ‘‘0’’ indicates that the lower state energy cannot
be determined from the temperature files available; in
this case it means that the line occurs in less than 3 files
in total.

4. Discussion

The calibration of the each spectrum was based on
comparison with HITRAN intensities and the overlap region
with our previous work. It is possible to match many lines
with our previous work in the overlapping region as the
methods used in this study are identical to those of
Hargreaves et al. [35]. As this region only covers a small
portion of each spectrum it is not satisfactory to base the
intensity calibrations on this region alone; hence it was
necessary to match the lines with HITRAN for the rest of the
region. It should be noted that a single calibration function
works well for the majority of the spectra (see Fig. 2)
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however in the vicinity of the n1 and n3 bands (i.e.,
43000 cm�1) the matches are not very good. This could
be due in part to the fact that the majority of these lines in
HITRAN are based on calculations and also there are no lines
in the region above 3600 cm�1 to make a comparison
with. As a general guide for the accuracy, we suggest a
factor of two is reasonable for the intensity quoted for each
temperature. As mentioned by Hargreaves et al. [35],
intensities are notoriously difficult to calibrate.

The reason why the spectral region was limited to a
maximum of 4000 cm�1 was due to the lack of signal for
emission lines above 4000 cm�1, particularly in the low
temperature spectra. One possible solution to the lack of
signal is to record high temperature absorption spectra by
using a broadband emitting source such as a quartz-
halogen lamp. We plan to optimize the system for work
in the near infrared above 4000 cm�1 and these results
will be reported in due course.

We suggest when using these line lists that they should
be used in conjunction with Hargreaves et al. [35]. In this
study, lines below approximately 1800 cm�1 are affected by
the instrument response which can be seen in Fig. 2. For
these lines the correction of the instrument response
significantly increases and introduces noise. Since an InSb
detector has a better signal-to-noise ratio than the Mercury
Cadmium Telluride (MCT) detector used for the line lists
presented by Hargreaves et al. [35], we suggest maximizing
the number of lines taken from the InSb region. When using
our NH3 line lists we recommend the previous study [35]
Fig. 7. Empirical lower state energies of NH3 for the region 1650–2100 cm�1

Hargreaves et al. [35]. The 1:1 ratio is represented as the blue line and a 20% err

of the references to color in this figure legend, the reader is referred to the we
should be used for lines in the 740–1800 cm�1 region and
the current study should be used for lines in the 1800–
4000 cm�1 region.

As usual, all obvious lower state energy outliers were
removed (i.e., negative energy) from the final line lists and
replaced by a lower state energy of zero. It is difficult to
settle on the accuracy of the lower state energies and we
believe the quality factor is a good indicator of the accuracy.
Since the lower state energy is based on a straight line
calculation it was decided that each NH3 emission line
should occur in at least three files for a reliable lower state
energy to be calculated.

Empirical lower state energies have been compared in
the overlapping region between 1650 and 2100 cm�1 (see
Fig. 7). The matched lines follow the 1:1 ratio as expected
and the majority of lines agree to within 20%.

The partition function used in this study has been
taken from a temperature dependent polynomial function
presented by Gamache et al. [40]. An updated program
has become available [41] which can calculate the parti-
tion function of NH3 between 70 and 3000 K. The max-
imum difference with the values presented here and the
new calculations is only 1.2%, hence the differences for
our calibrations are minor. It was decided that consis-
tency with Hargreaves et al. [35] was more important and
as a result we used the older partition function.

The lines presented in each line list have also been
given a quality factor as an indication to the accuracy of
the calculated lower state energy. The empirical lower
compared between current lower state energies and those presented in

or to this ratio is also represented by the shaded area. (For interpretation

b version of this article.)



Table 5
Comparison of the empirical lower state energies of the five lines

displayed in Fig. 3. All values are given in cm�1 to one decimal place.

Wavenumber Calculated

ELow

ELow from Hargreaves

et al. [35]

ELow from

HITRAN [26]

1897.3 1740.4 1693.1 1771.7

1779.2 1354.6 1557.2 1618.3

1866.3 1222.5 1248.2 1266.9

1896.4 1081.9 1086.0 1084.6

1838.8 758.5 739.7 653.9
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state energy for the lines shown in Fig. 3 are obtained by
using all the data (i.e., each line appears at all 12
temperatures). These lines have been chosen because
they occur in the overlapping region with the previous
data and also can be compared to HITRAN. It can be seen
from Table 5 that the empirical lower state energies
match well to the previous study and HITRAN. At worst
the current lower state energies differ by 13% from the
previous study and 16% from HITRAN. However these
values cannot be taken as an overall accuracy for the
calculated lower state energies because it can be difficult
to find a matching line for comparison and in some cases,
the lower state energy has only been determined from
three data points. As previously suggested, the quality
factor should give an indication to the accuracy of the
lower state energy where ‘‘1’’ is the most accurate,
followed by ‘‘2’’ and ‘‘3’’. A ‘‘0’’ means than a lower state
energy could not be calculated and ‘‘1H’’ means that the
line data (including the lower state energy) has been
taken from HITRAN.

Due to the problem of self absorption, a number of
HITRAN lines have been included in the final line lists (see
Table 2 for details about the lines contained in each line
list). By combining the ‘cold’ strong HITRAN lines with our
new ‘hot’ lines, the final line list is more complete and
useful for applications. Unfortunately this comes at the
cost of removing some lines which lie in the vicinity of a
strong HITRAN line. We decided that this is necessary
because the main application of these line lists is to model
planetary and sub-stellar atmospheres where these strong
lines are certainly present. Work is underway on an
improved system to record hot emission lines and it is
hoped that this method can be used for new studies in the
near infrared region.

The temperature of the oven is accurate to 710 1C,
however there is a temperature gradient in the alumina
tube in the furnace. It is this gradient that causes self
absorption and requires HITRAN lines to be included in
the line list.

Zobov et al. [36] were able to use our previous line list
[35] to extend the assignments of NH3 by 3350 lines. This
then allows a more accurate potential energy surface to be
constructed which in turn increases the accuracy of
calculated lines which are too weak to be experimentally
measured. Our work can lead to an increase in the
accuracy of brown dwarf models such as that presented
by Bailey and Kedziora-Chudczer [38]. We expect that the
line lists presented here will also provide a basis for future
theoretical studies and some work is currently in progress
(J. Tennyson and R. Barber, UCL, private communication).

5. Conclusion

A ‘hot’ experimental line list of NH3 at temperatures
300–1400 1C in 100 1C intervals has been provided. Each
line list has been wavenumber and intensity calibrated
using the HITRAN 2008 database combined with our
previous measurements. From this data we have been
able to derive empirical lower state energies from the
temperature dependance of line intensities. The line lists
can be used directly to model NH3 between 1650 and
4000 cm�1

ð2:526:0 mmÞ in brown dwarfs and exoplanets.
They also provide new experimental data for comparisons
and assignments with recent theoretical predictions.
Acknowledgements

Support for this work was provided by a Research
Project Grant from the Leverhulme Trust and a Depart-
ment of Chemistry (University of York) studentship.

Appendix A. Supplementary data

Supplementary data associated with this article can be
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CFBDS J005910.90-011401.3: reaching the T-Y brown dwarf transi-
tion? Astron Astrophys 2008;482:961–71.

[18] Bernath PF. Spectra of atoms and molecules. Second ed. New York:
Oxford University Press; 2005.

[19] Herzberg G. Molecular spectra and molecular structure. Electronic
spectra and electronic structure of polyatomic molecules, vol. III.
Florida: Kreiger Publishing Company; 1991.

[20] Poynter RL, Margolis JS. The ground state far infrared spectrum of
NH3. Mol Phys 1983;48:401–18.

[21] Poynter RL, Margolis JS. The n2 spectrum of NH3. Mol Phys 1984;51:
393–412.

[22] Sasada H, Endo Y, Hirota E, Poynter RL, Margolis JS. Microwave and
Fourier-transform infrared spectroscopy of the n4 ¼ 1 and n2 ¼ 2 s
states of NH3. J Mol Spectrosc 1992;151:33–53.

[23] Kleiner I, Brown LR, Tarrago G, Kou QL, Picqué N, Guelachvili G,
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