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The global modeling of '>N4’0 line positions in the 4-12,516 cm~" region has been per-
formed using the polyad model of effective Hamiltonian. The effective Hamiltonian
parameters were fitted to the line positions collected from an exhaustive review of the
literature. The dimensionless weighted standard deviation of the fit is 1.31. The fitted set
of 109 parameters allowed reproducing more than 18,000 measured line positions with an
RMS value of 0.001 cm~'. A line list was calculated for a reference temperature 296 K,
natural abundance (1.32 x 10~°), and an intensity cutoff 10~3° cm/molecule. The line list
is based on the fitted set of the effective Hamiltonian parameters for >N, O obtained in
this work and the effective dipole moment parameters of the 15N, 0 and 'N,%0 iso-
topologues. Accurate values of the "N, O total partition function are also given.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrous oxide, N,O, is a minor constituent of the Earth
atmosphere but it plays an important role in atmospheric
physics and chemistry. Being a green house gas it con-
tributes to the atmospheric radiation balance. Through the
atmospheric chemistry processes N,O participates to the
ozone layer depletion. In addition, nitrous oxide is one of
the products of the burning of the organic fuels in air.

There are 12 stable isotopic species of N,O formed by
1N, BN, %0, 70, and 80 atoms. Six of them are iso-
topomers (“N'N'®0 and 'PN™N'®0, N'N'®0 and
ISNN80, “N>N70 and »N'¥N'0) and the others are
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isotopologues (N5°0, >N>°0, N,80, °N,'80, N, 70,
and PN, '70). Terrestrial abundances of all isotopic species
can be calculated as products of respective atomic abun-
dances [1]. In Table 1 we list first six most abundant iso-
topic species along with abundances taken from the
HITRAN database [2] and calculated from the atomic
abundances.

Isotopic species, which contain N are important both
for atmospheric and bioorganic applications [3] and geo-
chemistry [4]. Measuring their concentrations in the
atmosphere and in minerals it is possible to determine the
value of 8'°N, which denotes the relative difference in per
mil (%0) of the >N/™N ratio of the sample versus the
reference material. In particular, 8'°N can provide an
important insight into understanding N,O atmospheric
sources and sinks. At present time, the 8'°N values are
derived from the detection of ¥N'>N'®0 and "N'N60 in
the atmosphere with quantum cascade laser based
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Table 1
Abundances of the most abundant isotopic species of N,O.

Isotope HITRAN Product of atomic
abundance abundances

1416
N, O 0.9903 0.9903

14NT5N16Q, 3.641E-3 3.618E-3
15N14N160

N0 1.986E—3 2.035E-3

1“N%GO 3.693E—4 3.772E-4

BN, 0 1.321E-5

absorption spectroscopy [5]. From the other side, the 8!°N
values and the constants of the isotope exchange reactions
involving >N containing isotopic sgecies [4] could be
found from an analysis of the 'N2°0 spectra. For this
purpose it is necessary to know the line positions and
intensities of rovibrational 15N;‘SO lines in the infrared as
well as accurate values of the 15N;GO partition function Q
(T) at different temperatures.

Up to now there are only a few studies dealing with
measurements of the line positions [6-13] and line
intensities [10,12,14]. 15N;GO data are absent in the
HITRAN database [2], but present in the GEISA database
[15] and in Toth's line list sisam.n20 of N,O parameters
from 500 to 7500 cm~' [14]. The line list contains 424
lines of the 00011-00001, 01111-01101, 01112-01102,
10001-00001, 10011-00001, and 20001-00001 bands in
the 1227-3415 cm ™! spectral range. GEISA contains 455
lines of the same bands. The line intensities of these bands
cover the 10~23-10~2° cm/molecule interval. Here we use
for an energy level the notation adopted in the HITRAN
and GEISA databases V;V,LVsw, where V4, V,, and V3
denote the normal mode vibrational quantum numbers, I,
is the vibrational angular momentum quantum number
and w is the Wang parity w=1 for the e type levels and
w=2 for the f type levels, respectively. To meet the needs
of possible applications the modern spectroscopic data-
bases [2,15] collect parameters of the lines with intensity
cutoff 10 3% cm/molecule. The positions and intensities of
15N3°0 lines with intensities below 10~2° cm/molecule
could be obtained as a result of the theoretical modeling.

There are two approaches used for theoretical model-
ing of high resolution spectra. One of them is based on the
variational principle and a potential energy surface (PES)
to calculate the line positions and on a dipole moment
surface (DMS) to calculate the line intensities. PES can be
obtained either from pure ab initio calculations or from a
fit to the experimental energy levels or line positions. Teffo
and Chedin [16] constructed a PES expanded with respect
to the mass-independent quasi-normal internal coordi-
nates. PES expansion coefficients were fitted to 267 band
centers (G,), 319 rotational constants (B,), and 333 cen-
trifugal distortion constants (H,) belonging to the N5°0,
NSN'60, SN™N'60, N3°0, "N3°0, and '*N3’0. The
vibrational band centers were fitted with RMS=
0.047 cm~'. Based on the fitted PES, molecular and spec-
troscopic parameters of 12 isotopologues were computed
up to 4th order of the perturbation theory. Recently,
Schroder et al. [17] published a high-level ab initio PES and
DMS. Zaiiiga et al. [18] presented variational calculations

of the spectroscopic constants G, and B, of “N'N6Q,
15N14N160 and 'N,°0. The constants were calculated using
normal hyperspherical coordinates and the Morse-cosine
N,O PES previously determined by the authors. The PES
has good isotopic extrapolation properties. All G, constants
of the ®N2°0 states with I, <5 having energies up to
13,000 cm ! differ from the experimental values by less
than 1cm~!. However, the absence of the centrifugal
distortion constants H, limits applicability of the calcu-
lated line positions to low J values.

Over the years, we use another theoretical approach
which enables us to model the line positions of CO, and
N,O with a spectroscopic level of accuracy (~0.001 cm ™).
It is based on the effective operators approach and is
adopted for the global description of the energy levels and
transition probabilities inside a given electronic state. In
particular, we have successfully applied this method to the
global modeling of the line positions [19] and the line
intensities [20-27] of the principal isotopologue, ”N;GO,
and to the global modeling of the line positions of the rare
isoto7pic species N'>N'®0 and ">N'™N60 [28], 1N>°0 and
14N370 [29], *N3°0 [10].

The set of effective Hamiltonian parameters obtained in
2010 for '“N5°0 [10] allowed us predicting the line posi-
tions in a wide spectral range. These predictions were used
for the assignment of the spectra recorded by Fourier
transform spectroscopy (FTS) [11,13] and continuous wave
cavity ring down spectroscopy (CW-CRDS) [12]. Since
2010, the amount of the observed data has been con-
siderably extended. Details of the observed data are dis-
cussed in Section 3.

The purpose of this paper is, (i) to refine the effective
Hamiltonian parameters of 15N;ﬁo by using the most
extensive compilation of the line position measurements
available to date, (ii) to calculate accurate values of the
15N3°0 partition function and (iii) to construct a N;°0
room temperature line list. The paper is organized as fol-
lows. The polyad model of the effective Hamiltonian (H%7) is
outlined in Section 2. The global fitting of the H para-
meters to the measured line positions of 15N;GO is discussed
in Section 3. In Section 4 the room temperature line list is
presented. The conclusions are given in Section 5.

2. Effective Hamiltonian

The polyad model of HY describing globally the N,O
vibrational-rotational states in the ground electronic state
of nitrous oxide has been suggested by Pliva [30] and
developed by Teffo and Chedin [16]. A reduced model of
this Hamiltonian was elaborated in Ref. [31] and extended
on the sixth-order terms in Ref. [19]. The polyad model of
H% is based on the polyad structure of the N,O vibrational
states resulting from the approximate relations between
harmonic frequencies

w1 ~2w,; and w3=~4w,; @)

The vibrational polyads are identified by the pseudo
quantum number P:

P=2Vi+V,;+4V3 2)
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where V;, V,, and V3 denote normal mode vibrational
quantum numbers.

The H% could be presented by its matrix elements in
the basis of harmonic oscillator and rigid symmetric top
rotor eigenfunctions

[VaValaVa)) = [ViVal Va)) K = 1), (3)

where ] is the total angular momentum quantum number,
K is the quantum number of the projection of the total
angular momentum on the molecular-fixed z-axis, and I, is
the vibrational angular momentum quantum number. In
order to reduce the size of the effective Hamiltonian
matrix, it is common to introduce Wang-type basis func-
tions:

|V1V2[2V3]€> :%(!V]V2[2V3J>|JK = lz>+€|V1V2 —12V3_]> UK

=-hL) (h#0),
ViVa0VaJe = 1) = [ViVo0Va)IK=0) (b=0),  (4)

where €=1 and —1 correspond to the so-called e and f
levels, respectively. In this basis H¥ splits into indepen-
dent blocks, each block being defined by three labels: P,
the Wang parity C={ef}, and J. Thus, the eigenvalues of
He" can be unambiguously labeled by four labels (P, C, J,
and N), where N is the ranking index of eigenvalues in a (P,
C, and J) block. These labels will be called the generalized
nomenclature of an energy level.

In the process of the least-squares fits of N5°0 data
several interpolyad interactions were found. They are not
accounted for by the effective values of the effective
Hamiltonian parameters. Indeed, an analysis of these
interactions in 'N;°0 showed that they become pro-
nounced for highly-excited states and affect rather weak
transitions [19]. Expressions for the matrix elements of H%
are given in Ref. [19].

3. Measured "®N;°0 data and the least-squares fitting

The file of experimental line positions used in Ref. [10]
has been augmented with data from Refs. [7-14]. Most
new data originate from FTS measurements performed at
University of Science and Technology of China, Hefei,
China. Gao et al. [11] has measured the line parameters of
more than 6000 transitions of °N,°0 in the 3500-
9000 cm~! region using a Bruker IFS 120HR inter-
ferometer equipped with a multi-pass gas cell and a
15N;GO—erlriched sample. The accuracy of the unblended
and not-very-weak lines estimated to be better than
0.001 cm~'. Du et al. [13] has measured more than 7000
line positions in the 1650-3450 cm~! range with a typical
accuracy of 0.0005cm™! using the same experimental
setup and a highly-enriched '>N;°0 sample. Song et al. [12]
has measured 191 transitions of the weak 00061-00001
and 01161(2)-01101(2) bands using a CW-CRDS spectro-
meter operated near 0.8 pm. Estimated accuracies of the
measurements were 0.001 cm~! for the cold band and
0.002 cm~"! for the hot bands. Lyulin et al. [10] has mea-
sured 511 lines of 8 cold bands and one hot band lying
between 5800 and 7600 cm ™! using the Bruker IFS 120 HR

interferometer of the LADIR (Laboratoire de Dynamique,
Interactions et Réactivité), Paris, France. The average
absolute accuracy of the line positions has been estimated
to be 0.0005 cm ™.

Data from Refs. [7-9] were not used in the least-
squares fit reported in Ref. [10]. Bauer et al. [7] has used
a microwave setup and measured the line positions of five
pure rotational lines with an uncertainty about 0.1 MHz.
Toth [8,9] has measured line positions of the 10001-00001
and 00011-00001 bands with a typical uncertainty better
than 0.0001 cm~!. The line positions of Toth's sisam.n20
line list [14] are not truly measured values. They are cal-
culated ones from the fitted spectroscopic constants G,, By,
D,, and H, of the measured bands. The estimated uncer-
tainty of these data is about 0.0005 cm~'.

The resulting data file included more than 18,000
entries and covered the 4-12,516 cm ™! spectral range. The
H parameters given in Table 7 of Ref. [16] reproduce
these data with an RMS deviation 0.28 cm~!. In this work
the parameters of H¥' were fitted to the measured line
positions with the GIP computer code [32]. The goal of the
fitting is to minimize the dimensionless standard devia-
tion defined according to the usual formula

2
= \j SO () v 5)

where obs; and calc; are observed and calculated values of
the i-th line position, respectively, §; is the measurement
uncertainty, N is the number of fitted values, and n is the
number of adjusted H% parameters. With 109 parameters
we were able to reach y=1.31. Overall number of the fitted
line positions was 18,013 and the number of energy levels
was 5723. The reached y value does mean that global fit-
ting of vibrational-rotational line positions has been per-
formed near experimental accuracy. This result is con-
firmed by the value of 0.0011 cm~! obtained for the RMS
deviation between calculated and experimental positions.
The residuals obs;—calc; are plotted versus the wave-
number in Fig. 1.

One can see from this figure that the residuals are
randomly scattered around the Y=0 axis. This means that
there is no manifestation of interpolyad resonance inter-
actions between energy levels and that the polyad H%
model is adequate to the fitted data. The percentage of
residuals being within +0.0001 cm~!, +0.0005 cm™},
+0.001 cm~', and +0.005 cm~! bounds is 15%, 55%, 80%,
and 99%, respectively. The characteristics of the sources of
the fitted data and the results of the fitting are summar-
ized in Table 2. The values of the fitted H%" parameters are
given in the Supplementary material.

In order to calculate the line intensities at a given
temperature it is necessary to know the value of the total
partition function Q(T). Direct summation over all calcu-
lated energy levels was carried out until convergence
within a specified tolerance. The partition function was
calculated for the 200-396 K temperature range with the
state-independent degeneracy factor g=4. The highest
polyad and J quantum number used in summation were
9 and 200, respectively. The total number of energy levels
used in summation was 32,150. Relative accuracy of the
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calculated Q(T) values is better than 10~>. Table 3 contains
the values of Q(T) in the 200-396 temperature range.

4. Room temperature >N,°0 line list

In order to calculate a room temperature line list, which
includes line positions, line intensities, lower state ener-
gies and labeling one needs a model of an effective dipole
moment (D) operator. In our effective operator approach
D7 is constructed in the same way as H". The model leads
to a serial approach. In the framework of this approach all
vibrational bands of an isotopologue are divided into the
series which do not cross over. Each series is determined
by the value of AP=P-P’, where P and P’ are polyad
numbers of upper and lower states, respectively. The
intensities of the lines belonging to a defined series
depends on its own set of the D? parameters, which can
be fitted to corresponding observed line intensities sepa-
rately. Details of the D% model can be found in Ref. [20].

To our knowledge, there are only three sources of
15N3°0 line intensities. Toth's line list sisam.n2o [14] con-
tains intensities of 424 lines of the 00011-00001, 01111-
01101, 01112-01102, 10001-00001, 10011-00001, and

residual (10°cm™)

) T T ¥ T T .
4000 6000 8000 10000 12000

5 T
0 2000

wavenumber (cm")

Fig. 1. Residuals between observed and calculated line positions of
5N, 0 versus wavenumber.

20001-00001 bands. However, they are not truly mea-
sured values. They are calculated ones from the fitted band
intensity and Herman-Wallis parameters. Song et al. [12]
reported measured intensities of the 00061-00001 and
01161(2)-01101(2) bands with estimated uncertainty of 4%.
Lyulin et al. [10] has measured the line positions and
intensities of 511 lines of 8 cold bands 30011-00001,
50001-00001, 42001-00001, 00031-00001, 20021-00001,
40011-00001, 32011-00001, 10031-00001, and one hot
band 01131(2)-01101(2) lying between 5800 and
7600 cm~!. However, to calculate a line list we need also
D% parameters for other AP series, like the AP=1,3, etc.
For this purpose, we can use the parameters of the fitted
DY models of the principal isotopologue N0 along
with the fitted >N>°0 H% model to calculate intensities of
15N3°0. This approach was justified by the fact that the
lower order D' parameters of CO, are practically inde-
pendent on isotopologue [33] in the case of a substitution
which does not change permutation symmetry of the
molecule. This is also confirmed by the fitted values of the
vibrational transition dipole moments squared for the
00061-00001 bands of two nitrous oxide isotopic species:
14N3°0 and °N5°0 [12,34].

The effective dipole moment parameters of “N°0
were obtained in Refs. [20-27]. For the AP=2,3,4,5,6 ser-
ies, the pure vibrational parameters of D/ were obtained
in Ref. [20]. These parameters were fitted to the published
band intensities. Later, parameters of D/ for the AP=4
series were refitted to measured line intensities [21].
Daumont et al. have fitted the parameters of the D%
models to the measured “N,°0 intensities of the AP=2
[22], AP=7-9, [23] and AP=10-14,16,18 [24] series. For
the AP=0-1 series, the fitted parameters of the D were
reported in Ref. [27].

In order to check isotopic extrapolation properties of
the fitted “N;GO dipole moment parameters, we calcu-
lated the intensities of the bands given in Refs. [10,14]
using the fitted N>’°0 H?' parameters and the fitted
dipole moment parameters of “N°0. The calculated
values were compared with the measured ones. The resi-
duals defined as 100%*(Iops—Icaic)/lops Versus the wave-
number are plotted in Fig. 2. As one can see from this
figure, practically all intensities of the strong bands, which
are defined by the lower order D® parameters, are

Table 2

Experimental data and statistics of the global fit of 15N;(SO line positions.
Reference Setup? Spectral domain (cm~1!) Jinax” Uncertainty® (103 cm~1) I\ RMS® (103> cm™1)
Amiot et al. [6] FTS 3631-6396 61 1.0 1306 0.8
Bauer et al. [7] MW 4.0485-7.2870 9 0.003 5 0.002
Toth [8,9] FTS 1229-2183 53 0.1 76 0.2
Toth [14] FTS 1227-3414 54 1.0 423 0.7
Lyulin et al. [10] FTS 5814-7582 44 0.5 509 0.6
Gao et al. [11] FTS 1682-8760 90 1.0 8736 12
Du et al. [13] FTS 1668-3397 100 0.5 6814 0.8
Song et al. [12] CW-CRDS 12401-12516 50 1.0-2.0 142 4.4

2 FTS - Fourier transform spectrometer, MW - microwave spectrometer, CW-CRDS - continuous-wave cavity ring-down spectrometer.

b Maximal value of the rotational quantum number.

€ Uncertainties of the measured line positions as given in the references.

4 Number of fitted lines.
€ RMS of residuals.
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Table 3
N . 150,16
Partition function of "°N, O.

T QM) T Q) T Q) T Q) T Q)
200 1421.1 240 1763.0 280 2148.7 320 2587.0 360 3086.0
204 1453.6 244 1799.4 284 2190.0 324 2634.0 364 31395
208 1486.4 248 1836.3 288 2231.9 328 2681.7 368 3193.7
212 1519.6 252 1873.7 292 22743 332 2729.9 372 3248.7
216 1553.2 256 1911.5 296 2317.2 336 2778.8 376 3304.3
220 1587.1 260 1949.8 300 2360.7 340 28284 380 3360.7
224 1621.5 264 1988.6 304 2404.8 344 2878.6 384 3417.8
228 1656.2 268 2027.8 308 2449.5 348 2929.4 388 3475.6
232 1691.4 272 2067.6 312 2494.7 352 2980.9 392 35342
236 1727.0 276 2107.9 316 2540.5 356 3033.1 396 3593.5
60 | Table 4
P-branch of the § Summary of the >N O line intensity fits.
- 10011-00001 band
\ AP Reference  Nid Npand® Jmax' Npar' RMS® RMS® fit
- extrapol
9 20 4
E § 8 2 Toth [14] 86 1 44 1 5.1 0.2
g 0 g 4 Toth [14] 278 3 54 3 7.7 2.0
2 o % - % 9 6 Toth [14] 28 1 35 1 234 1.6
E. .20 10 Lyulinetal. 181 3 42 3 50.9 19
o [10]
}1:3 404 12 Lyulinetal. 170 4 42 4 24.7 1.8
E [10]
o Toth [14] & 14 Lyulinetal. 51 1 38 1 12,5 0.7
-60 O Lyulin et al [10], strong bands @ [10]
4 Lyulin et al [10], weak bands
-80 — T T T 1 ¢ Number of fitted lines.
1000 2000 3000 4000 5000 6000 7000 b Number of fitted bands.
wavenumber (cm'1) € Maximal value of the rotational quantum number.
. ) 16 4 Number of fitted D% parameters.
Fig. 2. Comparison of our calculated ("°N; O line list) and the measured © Root mean square of the 100%*(Sobs — Seatc)/Sobs Value.
line intensities.
1073 Line list - black circles
consistent with our calculated values within 20%. The only 7 Toth [14] - red sticks
exception is the P-branch of the 10011-0001 band. The 1074 , : Lyulin et al. [10] - green sticks

unusual behavior of the P-branch is caused by an anhar-
monic perturbation of the 10011 state by the 14001 state
that has not been taken into account during the generation
of the sisam.n2o line list.

In order to create the 15N;60 linelist we performed least
squares fittings of the >N>’0 D' parameters for the
AP=2,4,6,10,12,14 series using measured data from Refs.
[10,14]. The average absolute accuracy of the measured
line intensities reported in Ref. [10] has been estimated to
be 2-5%. Toth's sisam.n20 line list [14] includes data of
eight most abundant isotopic species. The data of five most
abundant species were included in the HITRAN database
[2]. All these data have 6 as the uncertainty code of the
intensities. According to HITRAN conventions, this means
that estimated uncertainty of the intensities is between 2%
and 5%. We believe that the 'NA°0 sisam.n2o intensities
have similar interval of the uncertainties. Taking all this
into account, we assigned 5% to all data from Refs. [10,14]
as the uncertainties of the measured intensities. The values
of N5°0 D parameters for the AP=2,4,6,10,12,14 series
of transitions reported in Refs. [21-24| were used as initial
guesses. During the fitting we varied only those para-
meters which influence on experimental line intensities of
15N,°0.

Line intensity (cm/molecule)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Line position (cm™)

Fig. 3. Graphical overview of the N3 O line list and the measured data
from Refs. [10,14].

For the AP=0,1,3,5,7,8,9,11,13,16 series we used the
14N2°0 D parameters. In both cases the new set of the
15N§60 effective Hamiltonian parameters was used for the
calculation of the line intensities. Results of the least
squares fittings of the D parameters for the
AP=2,4,6,10,12,14 series are summarized in Table 4. For
each series we were able to obtain RMS deviation of the fit
less than estimated uncertainties of the fitted intensities.
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The values of the D? parameters are given in the Sup-
plementary material.

We used a reference temperature 296 K, an intensity
cut off 1073° cm/molecule, and the natural abundance
132 x 10~° to calculate a '“N°0 line list. The partition
function value for 296 K was taken from Table 2. A gra-
phical overview of the line list and the measured data from
Refs. [10,14] are given in Fig. 3.

We estimate the accuracy of the line list positions to be
0.001-0.01 cm . Taking into account uncertainties of the
fitted 1>N5°0 intensities of the AP=2,4,6,10,12,14 series, we
estimate the accuracy of the line list intensities of these
series to be about 5%. The accuracy of the line list inten-
sities of the AP=0,1,3,5,7,8,9,11,13,16 series in the case of
strong bands to be about 20%. The uncertainty of the line
intensities of all other bands may reach 100%.

5. Conclusion

The '5N3°0 line positions collected from the literature
have been modeled using a polyad model of effective
Hamiltonian. The fitted model is able to reproduce known
measured line positions with accuracies compatible with
the measurement uncertainties. The set of 109 effective
Hamiltonian parameters was fitted to 18,013 observed line
positions with dimensionless weighted standard deviation
equal to 1.31. The fitted set of parameters reproduces
the line positions involved in to the fit with RMS=
0.0011 cm~ .

Accurate values of the total partition function have
been calculated for the 200-396 K temperature range.

A list of '5N3°0 line positions and intensities (at 296 K)
together with spectroscopic labeling of the energy levels
was generated. The intensity cutoff was set to 10~3° cm/
molecule. The line list is based on the fitted polyad model
of effective Hamiltonian for 15N;GO obtained in the present
work, and the parameters of the effective dipole moment
operators reported in the literature for “N;GO. For the
series AP=2,4,6,10,12,14, some low order effective dipole
moment parameters were determined by fitting line
intensities reported in the literature for >N>’0. We esti-
mate the uncertainties of the line list positions to be
0.001-0.01 cm~! and the uncertainties of the line list
intensities of strong bands to be about 5-20%, depending
of the AP series. The uncertainties of the weak bands could
be considerably higher. The line list is available as the
Supplementary material. Additional information concern-
ing the values of the fitted experimental line positions and
intensities and their residuals as well as comparisons for
the other experimental data discarded from the fits can be
obtained upon request to the corresponding author.
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