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An effective Hamiltonian built up to sixth order in the Amat–Nielsen ordering scheme

describing all rovibrational energy levels in the ground electronic state and containing

in explicit form all resonance interaction terms due to the approximate relations

between harmonic frequencies o1E2o2 and o3E4o2 was applied to model the

observed rovibrational line positions (collected from the literature) of 14N15N16O and
15N14N16O isotopologues of nitrous oxide. For 14N15N16O, 124 effective Hamiltonian

parameters were fitted to near 28 000 observed line positions covering the 0.8–

8860 cm�1 spectral range. The RMS of the weighted fit is 0.00126 cm�1 and

dimensionless standard deviation is 1.48. For 15N14N16O, 121 effective Hamiltonian

parameters were fitted to more than 31 000 observed line positions covering the same

spectral interval. The RMS of the weighted fit is 0.00185 cm�1 and dimensionless

standard deviation is 1.85. In both cases the models describe all available line positions

with precision compatible to the measurement uncertainties. A number of local

resonance perturbations was found and discussed. Among these perturbations there are

interpolyad resonance Coriolis interactions. A comparison of HITRAN-2008 data with

the calculations based on the fitted models is presented.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

This paper is the continuation of our effort for modeling
high-resolution spectra of nitrous oxide (N2O) isotopolo-
gues using the effective Hamiltonian approach [1–6].
Current study is devoted to 14N15N16O and 15N14N16O.
N2O is a minor constituent of the earth atmosphere, but it
plays an important role in physical and chemical processes.
Despite relatively small natural isotopic abundance
(0.0036409) 14N15N16O and 15N14N16O play a nonnegligible
role in the radiative properties of the atmosphere. Note
that these two isotopologues are in the current version of
the HITRAN database [7]. The purpose of the present study
is to build effective Hamiltonian models which globally
ll rights reserved.

: +7 382 2 49 20 86.

n).
describe all known observed line positions from micro-
wave to near infrared spectral regions with a precision
close to the experimental uncertainties. The results of
fittings can be useful for development of the theoretical
models describing the influence of the isotopic substitution
on the spectral line parameters.

The paper is organized as follows. In Section 1 the
effective Hamiltonian model is presented and discussed.
The observed 14N15N16O rovibrational line positions
collected from the literature are presented in Section 2.
The results of the global fit of the parameters of the
effective Hamiltonian model to these data are discussed in
Section 3. Similarly, in Sections 4 and 5 the analogous
treatment is performed for 15N14N16O. Local perturbations
found in the present study are discussed in Section 7.
Comparison of HITRAN-2008 line positions and positions
calculated from fitted models is presented in Section 8.
Finally, conclusions are given in Section 9.

www.elsevier.com/locate/jqsrt
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2. Effective Hamiltonian

The effective Hamiltonian Heff globally describing the
rovibrational states of N2O was discussed in Refs. [8,9].
Heff is based on a polyad structure following from the
approximate relations between the harmonic frequencies

o3 � 2o1 � 4o2: ð1Þ

As a result, the vibrational states can be grouped into
polyads with the pseudo quantum number P:

P¼ 2V1þV2þ4V3; ð2Þ

where V1, V2, and V3 are the principal vibrational quantum
numbers associated to the o1 stretch (

P+), o2 bend (P)
and o3 stretch (

P+) modes, respectively. Heff takes into
account two types of accidental resonance interactions:
anharmonic resonance interactions and anharmonic +‘-
type resonance interactions. It should be emphasized that
according to Eq. (2) all resonance Coriolis interactions
with odd DV2 correspond to interpolyad interactions.
They connect two adjacent polyads. If one neglects all
Coriolis and all anharmonic interpolyad resonance inter-
actions, one arrives to a polyad model of Heff which was
used in the present work. Within this model each polyad
can be diagonalized independently. Applicability of the
polyad model to N2O is discussed in Ref. [1].

Heff model is characterized by its matrix elements in
the basis of the eigenfunctions of harmonic oscillators
jV1 V2 ‘2 V3S and rigid rotor jJ M K ¼ ‘2S operators. Here
‘2 is the vibrational angular momentum quantum num-
ber, J and K are the quantum numbers of the total angular
momentum and its projection on the molecular-fixed z

axis. Below we give the matrix elements of the effective
Hamiltonian up to 6th order of the perturbation theory in
a compact form. All anharmonic resonance interactions
accounted in this work are listed in Table 1.

Diagonal matrix element:

/V1;V2; ‘2;V3; JjH
eff jV1;V2; ‘2;V3; JS

¼
X

i

oiWiþ
X

ij

xijWiWJþx‘‘‘
2
2þ
X
ijk

yijkWiWjWkþ
X

i

yi‘‘Wi‘
2
2

Table 1
List of anharmonic resonances.

Index r DV1 DV2 DV3

1 �1 2 0

2 �2 0 1

3 �1 �2 1

4 0 �4 1

5 �2 4 0

6 �4 0 2

7 �3 2 1

8 �3 �2 2

9 �2 �4 2

10 1 �6 1

/V1;V2; ‘2;V3; JjH
eff jV1þDV1;V2þDV2; ‘2þ2s;V3þDV3; JS

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV1þC1Þ

½DV1 ;1�ðV2þs‘2þC2Þ
½DV2=2þ1;2�

ðV2�s‘2þC2Þ
½D

q

� FðrÞL þ
X

i

FðrÞLi UiþFðrÞLJ JðJþ1Þ�‘2
2

� �( )
;

þ
X
ijkm

zijkmWiWjWkWmþ
X

ij

zij‘‘WiWj‘
2
2þz‘‘‘‘‘

4
2

þ Be�
X

i

aiWiþ
X

ij

gijWiWjþg‘‘‘2
2þ
X
ijk

eijkWiWjWk

8<
:
þ
X

i

ei‘‘Wi‘
2
2

)
JðJþ1Þ�‘2

2

� �
� Deþ

X
i

biWiþ
X

ij

ZijWiWj

8<
:

þZ‘‘‘
2
2

)
JðJþ1Þ�‘2

2

� �2
þHe JðJþ1Þ�‘2

2

� �3
: ð3Þ

‘-doubling matrix element:

/V1;V2; ‘2;V3; JjH
eff jV1;V2; ‘272;V3; JS

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV27‘2þ2ÞðV28‘2Þ½JðJþ1Þ�‘2ð‘271Þ�½JðJþ1Þ�ð‘271Þð‘272Þ�

p
�fLeþ

X
i

LiWiþ
X

ij

LijWiWjþLJ ½JðJþ1Þ�ð‘271Þ2�g; ð4Þ

where Wi ¼ Viþgi=2, gi is the degeneracy of the ith
vibrational mode: gi=1 for i=1,3 and gi=2 for i=2. oi, xij,
x‘‘, yijk, zijkm, zij‘‘, z‘‘‘‘, Be, ai, gij, eijk,ei‘‘, De, bi, Zij, He, Le, Li, Lij

and LJ are diagonal parameters of Heff.
Matrix elements of anharmonic resonance interactions:1

/V1;V2; ‘2;V3; JjH
eff jV1þDV1;V2þDV2; ‘2;V3þDV3; JS

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV1þC1Þ

½DV1 ;1�ðV2�‘2þC2Þ
½DV2=2;2�

ðV2þ‘2þC2Þ
½DV2=2;2�

ðV3þC3Þ
½DV3 ;1�

q

�

(
FðrÞe þ

X
i

FðrÞi Uiþ
X

ij

FðrÞij UiUjþFðrÞ‘‘ ‘
2
2þFðrÞJ ½JðJþ1Þ�‘2

2�

)
; ð5Þ

where Ui ¼ ViþDViþgi=2, Ci=gi if DVi40 and zero
otherwise. V[m,d] is a factorial polynomial defined as
V[0,d]=1, 0[m,d]=0, V[m,d]=V(V+d)(V+2d)y if m40 and
V[m,d]=V(V�d)(V�2d)y, if m o 0. Number of factors is
equal |m|. The upper index r specifies the resonance
which depends on DVi. r runs from 1 to 10. FðrÞe , FðrÞi , FðrÞij ,
FðrÞ‘‘ and FðrÞj are anharmonic interaction parameters
of Heff.

Matrix elements of anharmonic+‘-type resonance
interactions:
¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½JðJþ1Þ�‘2ð‘2þsÞ�½JðJþ1Þ�ð‘2þsÞð‘2þ2sÞ�

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2=2�1;2�
ðV3þC3Þ

½DV3 ;1�

ð6Þ
where DV2a0, s= 71 and FðrÞL , FðrÞLi , FðrÞL are anharmonic+‘-
type interaction parameters.

The full effective Hamiltonian matrix is block diagonal
with respect to the polyad number, P, the rotational
quantum number, J and Wang symmetry C, C={e,f} [8].
Each (P,J,C) block can be diagonalized separately. The
energy levels of the block are ranked with an index i,
i=1,2,y increasing with the energy. Thus a rovibrational
energy level can be unambiguously labeled with four
1 There is a misprint in Eq. (11) of our previous paper [3]. The correct

form of the square root expression is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV1�2ÞðV1�1ÞV1ðV2þ2�‘2ÞðV2þ2þ‘2ÞðV3þ1Þ

p
.
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quantum numbers (P,J,C,i) usually called generalized
assignment. The ‘-type and anharmonic +‘-type interac-
tions connect states with different ‘2 values. However,
these interactions have very limited effects for small
values J, so ‘2 can be generally considered as a good
quantum number for small J values. This enables us to
label levels having symmetry C and J¼ ‘2 with so-called
cluster notation ðP; ‘2; iÞ [1]. Spectroscopic community,
however, uses another set of quantum numbers to label
rovibrational levels, namely, ðV1;V2; ‘2;V3; J;CÞ called
spectroscopic assignment. This labeling is adopted in
particularly for the HITRAN database [7]. Due to the
strong mixing between normal modes it is impossible for
some levels to give an unambiguous spectroscopic assign-
ment [1]. That is the case of levels whose eigenvectors are
strongly delocalized among many basis functions. On the
other hand, it is clear that correct labeling of energy levels
must provide one-to-one correspondence between gen-
eralized and spectroscopic assignments.
Table 3
Summary of global line position fits.

Isotopologue Ndata Range (cm�1) wRITZ

14N15N16O 27967 0.8–8857 0.91
15N14N16O 31743 0.8–8895 1.11

Table 2
Source-by-source analysis of the experimental data and statistics of the line po

Data source Type of

measurementsa

Accuracyb Calib

facto

Andreev et al. [11] MW 0.009–0.035

Drouin and Maiwald [13] MW 0.075

Morino et al. [12] MW 0.02–0.10

Cole and Hudges [10] MW 0.1

Hinz et al. [14] HET 2.0–8.0

Toth [19] FTS 0.04

Toth [18] FTS 0.04–0.4

Toth [16,17] FTS 0.06

Brown and Toth [15] FTS 0.066 0.999

Guelachvili and Rao [22]c FTS 0.09–1.2 0.999

Guelachvili and Rao [22]d FTS 0.09–1.5 0.999

Guelachvili and Rao [22]e FTS 0.5 0.999

Guelachvili and Rao [22]f FTS 0.5 0.999

Guelachvili and Rao [22]g FTS 0.5 1.000

Toth [19] CALC 1.0

Ni et al. [3] FTS 1.0

Wang et al. [6] FTS 1.0

Herbin et al. [26] ICLAS 1.0

Amiot [21] FTS 2.0 0.999

Wang et al. [23] FTS 2.0

Liu et al. [24,25] CRDS 2.0

Krell and Sams [20] FTS 3.0 1.000

a MW—microwave measurements, HET—laser heterodyne measuremen

absorption measurements, CRDS—cavity ring down measurements, CALC
b in MHz for MW and HET measurements and in 10�3 cm�1 for others.
c P=0.98 torr, L=20 m, res=0.0054 cm�1.
d P=0.15 torr, L=20 m, res=0.0054 cm�1.
e P=0.77 torr, L=16 m, res=0.0054 cm�1.
f P=0.03 torr, L=56 m, res=0.0054 cm�1.
g P=1.5 torr, L=1 m, res=0.0020 cm�1.
3. 14N15N16O input datafile

The input datafile includes observed line positions
collected from the literature [3,6,10–26]. The file contains
28 722 lines and covers the 0.8–8857 cm�1 spectral range.
The summary of the datafile is given in Table 2. Column 1
contains references to data sources. Column 2 indicates type
of measurements: MW—microwave measurements, HET—

laser heterodyne measurements, FTS—Fourier transform
measurements, ICLAS—intracavity laser absorption
measurements, CRDS—cavity ring down measurements.
The data file was increased with a number of calculated
line positions taken from Toth’s calculated datafile SISAMU

N2O [19] and marked as CALC in the second column of
Table 2. These positions were calculated from spectroscopic
constants. For the sake of weighting we assumed for
these data an uncertainty 0.001 cm�1. The measurement
uncertainties are listed in column 3. Where it was possible
the individual line position uncertainties were used. For these
RMSRITZ (cm�1) Npar wfit RMSfit (cm�1)

0.00086 124 1.48 0.00126

0.00098 121 1.85 0.00185

sition fit for 14N15N16O.

ration

r

Nfit Spectral range

(cm�1)

RMSRITZ
b RMSfit

b

22 12.6–18.5 0.0002 0.033

8 28.5–54.3 0.0111 0.110

3 20.9–22.6 0.0096 0.048

1 0.8 0.0025 0.103

4 1257.4–1316.1 0.61 1.855

29 2130.0–3461.9 0.02 0.20

327 2386.8–3463.5 0.16 0.26

265 1102.7–2216.5 0.03 0.11

9998 2 1307.3–1308.0 0.05 0.019

999764 254 2112.0–2739.3 0.35 0.48

999764 121 2152.7–2215.6 0.20 0.43

999760 30 1228.9–1255.5 0.13 0.18

999760 102 1257.1–1324.3 0.59 0.67

00032 45 575.4–601.5 0.18 0.26

2393 529.8–5085.7 0.48 0.72

10770 3496.1–8857.1 0.93 1.53

11583 1214.1–3465.3 0.67 0.99

141 3910.7–4021.6 0.89 1.20

999983 998 3582.7–5553.1 0.85 0.87

64 6402.6–6462.9 2.91 3.30

826 5906.4–6791.7 2.01 2.36

0004 89 2391.6–2578.2 2.66 2.68

ts, FTS—Fourier transform measurements, ICLAS—intracavity laser

—calculated line positions.
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spectra we give the range of the actual uncertainties used. If
there is no information about individual uncertainties, an
average uncertainty for a data source is given.

The uncertainty of the data ranges from 9 KHz for the
most precise MW measurements [11] to 0.003 cm�1 for
the old FTS measurements [20]. The datafile was checked
for the internal consistency. A number of misassigned,
misprinted or improperly measured lines were detected
and removed from the datafile. The check was done by
fitting energy levels to the observed line positions using
the fundamental Ritz principle. Details of this approach
can be found in Refs. [27,28]. The following criterion for
deleting a line from the datafile was applied: if the
absolute value of the weighted Ritz residual

ri’j ¼
nobs

i’j�ðEi�EjÞ

dobs
i’j

ð7Þ

of a line is greater than 4, then the line is deleted from the
datafile. In the above equation, vobs

i’j and dobs
i’j are observed

frequency and its measurement uncertainty of a transition
between an upper state i and a lower state j. Ei and Ej are
corresponding Ritz energies (term values). Observed
positions from Guelachvili’s handbook [22] were cali-
brated using recommended calibration factors from [29].
Other spectra were calibrated against highly accurate MW
and HET measurements. For some sources statistically
significant factors were found. They are listed in column 4
of Table 2. The deletion criterion has lead to the exclusion
of 327 lines from the fit. It should be noted that not all
lines can be checked in this way. Only transitions
belonging to nonfloating spectroscopic networks can be
checked (see Ref. [28] for further detail). The weighted
standard deviation of the cleaned dataset was 0.91. The
RMS of residuals was 0.00086 cm�1. These numbers give a
quantitative measure of the internal consistency of the
observed data. The numbers of fitted lines for each
spectrum are given in column 5. Column 6 contains
spectral ranges. The RMS of the Ritz fit is presented in
column 7. It is seen that the stated accuracy of each
spectrum is generally confirmed by the Ritz fit of the
cleaned data. In particularly, Toth’s calculated datafile
SISAM. N2O [19] has actual average accuracy on the level
of 0.0005 cm�1.
4. 14N15N16O global fit

In 2008 we have published global modeling of
14N15N16O absorption spectrum which is mostly based
on FTS spectra recorded in the 3800–9000 cm�1 region
[3]. Very recently a large array counting near 12 000 lines
of new FTS measured data covering the 1200–3500 cm�1

region was published [6]. This was the principal motiva-
tion for us to perform new global fit of line positions.

First of all we checked the quality of our published
fitted parameters [3] by predicting new measurements
[6,10,22] which were absent from our datafile [3]. Para-
meters from the set 1 [3] were taken. They reproduce data
from [3] with RMS=0.0014 cm�1. With the new en-
larged datafile these parameters give RMS=0.0023 cm�1.
We consider this as evidence that the set 1 has rather good
interpolation and extrapolation properties.

The parameters of the effective Hamiltonian (3)–(6)
have been fitted to observed line positions using the GIP
computer code [30]. The code uses generalized assign-
ment of energy levels. The initial values of the effective
Hamiltonian parameters were taken from Ref. [3]. The aim
of the fitting procedure was to minimize the weighted
standard deviation w defined according to the usual
formula

w¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i’j ¼ 1½ðnobs

i’j�n
calc
i’jÞ=di’j�

2

N�n

s
; ð8Þ

where nobs
i’j and di’j were defined earlier, ncalc

i’j ðxÞ ¼

EiðxÞ�EjðxÞ is the calculated line position, Ei and Ej are
the eigenvalues of Heff which correspond to the upper
and lower states of the transition, respectively. N is the
number of the line positions in the datafile, and n is the
number of the adjusted Hamiltonian parameters
(or length of parameter vector x). It is well known that
due to the nonlinear dependence of the eigenvalues of
the effective Hamiltonian matrix on its matrix elements,
the target function w has many minima. Frequently it is
possible to find several sets of parameters which
reproduce the input data approximately with the same
quality. As an example, two sets of parameters called set
1 and set 2 from Ref. [3] could be considered. In order to
choose the best set we have to analyze the values of the
fitted parameters. Their values must qualitatively agree
with the perturbation theory orders. Moreover the
fitting itself is a very time consuming process since
one has to try many sets of parameters to obtain a
good w.

In order to exclude parameter sets which violates the
perturbation theory orders we have modified GIP. We
have added to it the algorithm by Bunch and coworkers
[31] of minimizing w which honor simple bound con-
straints on parameters of the form xlrxrxu, where xl and
xu are fixed vectors—lower and upper bounds, respec-
tively. Values of bounds are chosen to satisfy perturbation
theory orders. In accordance with the well-known Amat–
Nielsen ordering scheme, contributions of each term of
Heff (3)–(6) can be classified according to the smallness
parameter l�(B/o)1/2, where B is the rotational constant
and o is mean value of harmonic frequencies. For N2O
l�0.01. This scheme was used to set approximate lower
and upper bound on each Heff parameter. It should be
emphasized that these bounds are physically meaningful
only for most significant parameters like oi, xij, x‘‘, Be, ai,
De, Le, FðrÞe , etc. For others the bounds based on l are only
very rough estimates. The main goal of introducing of the
bounds is to preserve Amat–Nielsen ordering of Heff

parameters during least-squares fits. If a fitted parameter
goes outside its bounds the least-squares minimizer fix it
a bound value and continues iterations. To avoid 100%
correlations, diagonal vibrational parameter xll was fixed
to the value given in Ref. [9].

In order to describe the quality of a fit we use two
additional statistics: RMS of residuals and RMS of
residuals for a given source. They are defined according
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Table 4
Fitted effective Hamiltonian parameters of 14N15N16O and 15N14N16O.

Par 14N15N16O 15N14N16O Ord Par 14N15N16O 15N14N16O Ord

Diagonal vibrational parameters

o1 1296.8066(12)a 1281.72618(64) y3‘‘ �0.32(11) �5.486(46) 10�2

o2 582.73286(78) 592.77730(42) z1111 �17.64(32) �30.02(38) 10�4

o3 2232.6981(14) 2259.1710(18) z1112 �68.6(19) �76.69(72) 10�4

x11 �4.5370(29) �4.2627(47) z1113 �22.9(25) 86.8(33) 10�4

x12 �5.29733(89) �5.3565(11) z1122 �25.94(84) 10�4

x13 �24.711(11) �25.217(20) z1123 �20.1(56) 197.3(57) 10�4

x22 1.05781(26) 1.13810(31) z1133 126.6(15) 10�4

x23 �13.77135(68) �14.52574(49) z1222 34.0(10) 9.78(62) 10�4

x33 �14.33579(97) �14.7442(13) z1223 89.2(34) 101.7(13) 10�4

x‘‘
b

�0.55570732 �0.61899868 z1233 �38.5(87) 141.6(83) 10�4

y111 �0.605(16) 10�2 z1333 105.90(54) 125.5(19) 10�4

y112 0.60(18) 10�2 z2222 �5.885(80) �3.131(57) 10�4

y113 �18.42(11) �20.81(11) 10�2 z2223 �1.28(17) 10�4

y122 �7.28(15) 1.534(50) 10�2 z2233 24.8(26) �19.7(12) 10�4

y123 31.20(32) 11.47(24) 10�2 z2333 15.22(53) 10.52(53) 10�4

y133 8.44(12) 10�2 z3333 16.50(35) 24.38(43) 10�4

y222 �0.748(14) �2.1771(74) 10�2 z11‘‘ �10.49(79) 10�4

y223 5.03(11) 10.374(44) 10�2 z12‘‘ �4.29(73) �8.50(86) 10�4

y233 �2.302(36) �1.212(30) 10�2 z13‘‘ �50.9(29) 10�4

y333 �1.729(31) �1.910(41) 10�2 z22‘‘ 2.34(11) 3.16(16) 10�4

y1‘‘ 5.08(12) 2.286(25) 10�2 z33‘‘ �24.7(25) 18.5(11) 10�4

y2‘‘ 0.874(15) 2.179(13) 10�2 z‘‘‘‘ �2.08(14) �3.00(20) 10�4

Diagonal rotational and vibrational–rotational parameters

Be 0.42107235(13) 0.40687978(21) e222 �0.1905(64) �0.1460(56) 10�6

a1 1.91799(12) 1.78630(14) 10�3 e223 1.768(13) 2.551(20) 10�6

a2 �0.543418(92) �0.563164(81) 10�3 e233 0.403(20) 0.286(21) 10�6

a3 3.34752(18) 3.37534(28) 10�3 e333 0.112(15) 0.315(27) 10�6

g11 �0.9816(45) �0.699(22) 10�5 e1‘‘ 0.630(27) 10�6

g12 �1.178(15) 10�5 e2‘‘ 0.071(16) 10�6

g13 �0.496(10) �0.952(85) 10�5 e3‘‘ �1.465(17) 10�6

g22 �1.1452(31) �0.7937(41) 10�5 De 0.173216(23) 0.160777(14) 10�6

g23 2.8716(67) 2.7994(78) 10�5 b1 1.759(13) 1.371(20) 10�9

g33 �0.540(11) �0.447(18) 10�5 b2 2.497(15) 2.420(12) 10�9

g‘‘ 0.6739(38) 0.2906(49) 10�5 b3 �0.784(16) �0.601(24) 10�9

e111 �0.1750(57) �0.1176(96) 10�6 Z11 �8.89(45) �8.17(71) 10�11

e113 �2.996(28) �3.963(65) 10�6 Z12 34.6(10) 10�11

e122 �0.268(42) �0.944(39) 10�6 Z13 1.60(75) �11.2(13) 10�11

e123 0.829(83) �0.668(91) 10�6 Z22 �13.24(33) �4.45(21) 10�11

e133 1.048(43) 1.577(68) 10�6 Z23 13.15(50) 13.12(67) 10�11
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Table 4. (continued )

Z33 �7.39(75) �7.11(99) 10�11

Parameters of ‘-doubling matrix element

Le �0.201410(22) �0.184535(22) 10�3 L13 9.8(16) �100.0c 10�8

L2 �1.584(13) �1.423(12) 10�6 L22 �13.39(23) �3.89(14) 10�8

L3 3.246(19) 2.613(27) 10�6 L23 56.25(51) 92.7(20) 10�8

L11 �21.7(24) 10�8 L33 �17.88(54) �13.91(77) 10�8

L12 48.4(17) �29.2(12) 10�8 LJ 2.538(39) 2.157(40) 10�10

Parameters of anharmonic-interaction matrix elements

Fð1Þe
19.02761(61) 19.69605(45) Fð1Þ12

�0.664(13) 10�2

Fð1Þ1
�0.3008(19) �0.29605(54) Fð1Þ13

�2.002(56) �2.875(32) 10�2

Fð1Þ2
�0.27215(48) �0.32049(14) Fð1Þ33

1.232(96) 10�2

Fð1Þ3
�0.1762(42) Fð1Þ‘‘

�0.1688(45) 0.2025(27) 10�2

Fð1Þ11
0.282(16) 10�2

Fð1ÞJ
�0.130024(99) �0.119197(79) 10�3

Fð2Þe
�7.620(69) �12.197(57) Fð2Þ13

�3.146(55) 10�2

Fð2Þ1
�0.3854(15) Fð2Þ22

�3.04(13) �0.402(69) 10�2

Fð2Þ2
0.261(12) Fð2Þ23

3.89(31) 4.0c 10�2

Fð2Þ11
�2.397(59) 10�2

Fð2ÞJ
�2.05(26) 10�5

Fð3Þe
�1.636(30) �1.901(12) Fð3Þ13

4.0c 10�2

Fð3Þ1
�0.1712(44) �0.2891(30) Fð3Þ22

0.1022(72) 0.8917(70) 10�2

Fð3Þ2
�0.1809(15) Fð3Þ23

1.226(74) 1.050(40) 10�2

Fð3Þ3
0.750(81) 1.220(32) 10�1

Fð3Þ33
2.789(96) 10�2

Fð3Þ11
�0.952(48) 10�2

Fð3Þ‘‘
0.808(27) �0.137(16) 10�2

Fð3Þ12
1.652(54) 10�2

Fð3ÞJ
0.4246(73) 10�4

Fð4Þe
�0.2272(36) �0.1866(16) Fð4Þ2

0.196(19) 10�2

Fð4Þ1
�0.780(52) �0.665(37) 10�2

Fð4Þ3
4.67(10) 1.859(54) 10�2

Fð5Þe
0.03336(58) �0.00237(15) Fð5Þ2

�0.2204(43) �0.0328(15) 10�2

Fð5Þ1
�0.1051(33) �0.1055(17) 10�2

Fð5ÞJ
�0.1634(75) 0.3066(87) 10�6

Fð6Þe
0.1643(36) 0.6372(38) Fð6Þ3

�1.0c 10�1

Fð6Þ2
6.43(26) 10�2

Fð6ÞJ
5.89(33) �7.53(32) 10�6

Fð7Þe
0.0263(24) Fð7Þ3

0.635(73) �1.634(72) 10�2

Fð7Þ1
0.824(28) 0.466(17) 10�2

Fð7ÞJ
�4.479(95) �1.967(56) 10�6

Fð7Þ2
�0.276(24) 1.147(19) 10�2

Fð8Þe
�0.734(63) 0.978(17) 10�1

Fð9Þe
�1.492(57) 10�2

Fð10Þ
e

0.2122(72) �0.0618(31) 10�2

Parameters of anharmonic+‘-type matrix elements

Fð1ÞL
0.8722(19) 0.9635(19) 10�5

Fð1ÞL2
�0.1888(54) �0.2119(49) 10�6

Fð1ÞL1
0.132(19) 0.337(12) 10�6

Fð1ÞL3
0.890(37) 10�6

a Uncertainties in parentheses represent one standard deviation in units of the last quoted digit.
b Fixed to the value given in Ref. [9].
c Parameter is constrained to its upper or lower bound.
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Fig. 1. 14N15N16O RITZ and global fit residuals plotted versus wavenumber.
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to the equation

RMS¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i’j ¼ 1ðnobs

i’j�n
calc
i’jÞ

2

N

s
ð9Þ

where N is the number of the fitted line positions in the
first case and the number of the line positions of a source
in the second case. With 124 adjustable parameters of Heff

within a hypercube [xl
�xu] defined by parameter bounds

a local minimum was found which reproduces 27 967
observed line positions with RMS=0.00126 cm�1 and
dimensionless standard deviation wfit=1.48. Since the
algorithm [31] always finds a local minimum, the
question whether the minimum found is the global one
remains open. In order to reach this quality of modeling,
we have removed from the datafile a number of additional
lines which cannot be described by our model. These lines
fall into two parts. The first part consists of the lines
which cannot be checked with the RITZ code and have
large residuals. These lines are either badly measured or
assigned. The second part consists of the lines which were
checked with the RITZ code and have large residuals
despite that they are properly measured and assigned.
These lines belong to bands locally perturbed by inter-
polyad resonance interactions which are not included in
our Heff models. The local perturbations will be discussed
in Section 7.

The total number of removed lines was 428 and the
total number of fitted vibrational states was 141. The
spectrum-by-spectrum RMS of the fit is given in the last
column of Table 2. One can see that a typical ratio RMSfit/
RMSRITZ is about two. This means that the fitted model in
average reproduces line positions with accuracy compa-
tible with measurement uncertainties. The summary of
the fit are also presented in Table 3. The values of fitted
parameters together with uncertainties (both in cm�1)
are given in the left panel of Table 4. Uncertainties in
parentheses represent one standard deviation in units of
the last quoted digit.

Unweighted Heff and RITZ residuals are plotted in Fig. 1
versus wavenumber. Heff residuals are shown in red
squares and those of RITZ are shown in blue circles. The
difference of spreads of red squares and blue circles gives
an idea about quality of modeling. The performed
modeling is close to the quality of the observed data.
Vibrational levels presented in the observed datafile are
listed in Table 5. The energies E of the vibrational levels
and Wang symmetry are given in the first column of this
table. Taking into account the RMS of the fit we believe
that the accuracy of the vibrational energies is about
0.002 cm�1. It should be emphasized that our E values
differ from the vibrational term values Gv for the levels
with ‘240. In the standard expression for the
rovibrational energy levels of a given vibrational state
ðV1;V2; ‘2;V3;CÞ in the terms of the spectroscopic
parameters Gv, Bv, Dv, Hv

FvðJÞ ¼ GvþBvJðJþ1Þ�DvJ2ðJþ1Þ2þHvJ3ðJþ1Þ3

the vibrational term value Gv can be formally considered
as vibrational energy of the level with J=0, meanwhile for
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Table 5
Assignment and fractions respective to the basis states for the observed vibrational states of 14N15N16O.

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

576.2721e (1,1,1) 0110e 1.00

576.2737f (1,1,1) 0110f 1.00

1144.3337e (2,0,1) 0200e 0.92 1000e 0.08

1153.5506e (2,2,2) 0220e 1.00

1153.5506f (2,2,1) 0220f 1.00

1280.3541e (2,0,2) 1000e 0.92 0200e 0.08

1714.8631e (3,1,1) 0310e 0.86 1110e 0.14

1714.8662f (3,1,1) 0310f 0.86 1110f 0.14

1731.8179f (3,3,2) 0330f 1.00

1731.8179e (3,3,2) 0330e 1.00

1861.0263e (3,1,2) 1110e 0.86 0310e 0.14

1861.0281f (3,1,2) 1110f 0.86 0310f 0.14

2177.6568e (4,0,1) 0001e 1.00

2278.1929e (4,0,2) 0400e 0.76 1200e 0.23

2286.8792e (4,2,3) 0420e 0.81 1220e 0.19

2431.3226e (4,0,3) 1200e 0.61 0400e 0.23 2000e 0.16

2442.1084e (4,2,5) 1220e 0.81 0420e 0.19

2442.1084f (4,2,2) 1220f 0.81 0420f 0.19

2552.4082e (4,0,4) 2000e 0.83 1200e 0.15 0400e 0.01

2740.4301e (5,1,1) 0111e 1.00

2740.4317f (5,1,1) 0111f 1.00

2844.1917e (5,1,2) 0510e 0.67 1310e 0.31 2110e 0.02

2844.1963f (5,1,2) 0510f 0.67 1310f 0.31 2110f 0.02

3004.1531e (5,1,3) 1310e 0.44 0510e 0.30 2110e 0.26

3004.1565f (5,1,3) 1310f 0.44 0510f 0.30 2110f 0.26

3023.6755f (5,3,5) 1330f 0.77 0530f 0.23

3023.6755e (5,3,5) 1330e 0.77 0530e 0.23

3137.8095e (5,1,4) 2110e 0.72 1310e 0.25 0510e 0.03

3137.8115f (5,1,4) 2110f 0.72 1310f 0.25 0510f 0.03

3304.3013f (6,2,1) 0221f 1.00

3411.8815f (6,2,2) 0620f 0.6 1420f 0.36 2220f 0.04

3411.8815e (6,2,4) 0620e 0.6 1420e 0.36 2220e 0.04

3432.1931e (6,0,3) 1001e 0.92 0201e 0.07

3568.5186e (6,0,4) 2200e 0.37 0600e 0.36 1400e 0.24

3709.8144e (6,0,5) 2200e 0.34 1400e 0.34 3000e 0.24

3722.8050f (6,2,4) 2220f 0.63 1420f 0.32 0620f 0.05

3722.8050e (6,2,9) 2220e 0.63 1420e 0.32 0620e 0.05

3816.4769e (6,0,6) 3000e 0.72 2200e 0.23 1400e 0.05

3852.9972e (7,1,1) 0311e 0.87 1111e 0.13

3853.0003f (7,1,1) 0311f 0.87 1111f 0.13

3999.4005e (7,1,3) 1111e 0.86 0311e 0.13

3999.4022f (7,1,3) 1111f 0.86 0311f 0.13

4135.6644e (7,1,4) 2310e 0.42 0710e 0.40 1510e 0.12

4135.6693f (7,1,4) 2310f 0.42 0710f 0.40 1510f 0.12

4153.7427e (7,3,7) 0730e 0.38 2330e 0.38 1530e 0.24

4153.7427f (7,3,7) 0730f 0.38 2330f 0.38 1530f 0.24

4284.7900e (7,1,5) 1510e 0.37 3110e 0.36 2310e 0.16

4284.7936f (7,1,5) 1510f 0.37 3110f 0.36 2310f 0.16

4326.6175e (8,0,1) 0002e 1.00

4403.7285e (8,0,2) 0401e 0.76 1201e 0.23

4406.9569e (7,1,6) 3110e 0.57 2310e 0.33 1510e 0.09

4406.9592f (7,1,6) 3110f 0.57 2310f 0.33 1510f 0.09

4412.0742e (8,2,3) 0421e 0.82 1221e 0.18

4556.7656e (8,0,4) 1201e 0.62 0401e 0.22 2001e 0.15

4567.1447f (8,2,3) 1221f 0.82 0421f 0.18

4567.1448e (8,2,7) 1221e 0.82 0421e 0.18

4677.7974e (8,0,5) 2001e 0.83 1201e 0.15 0401e 0.01

4695.2741e (8,0,6) 0800e 0.41 2400e 0.41 3200e 0.15

4849.7624e (8,0,7) 3200e 0.42 1600e 0.33 0800e 0.16

4861.0861f (8,2,5) 3220f 0.42 1620f 0.36 0820f 0.15

4861.0861e (8,2,12) 3220e 0.42 1620e 0.36 0820e 0.15

4875.8915e (9,1,1) 0112e 1.00

4875.8931f (9,1,1) 0112f 1.00

4957.1531e (9,1,2) 0511e 0.68 1311e 0.30 2111e 0.02

4957.1576f (9,1,2) 0511f 0.68 1311f 0.30 2111f 0.02

4979.7019e (8,0,8) 4000e 0.33 2400e 0.33 1600e 0.17

4995.9106f (8,2,6) 3220f 0.46 2420f 0.38 1620f 0.14

4995.9106e (8,2,14) 3220e 0.46 2420e 0.38 1620e 0.14

5073.0681e (8,0,9) 4000e 0.59 3200e 0.28 2400e 0.10
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Table 5 (continued )

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

5116.6877e (9,1,4) 1311e 0.46 0511e 0.29 2111e 0.25

5116.6910f (9,1,4) 1311f 0.46 0511f 0.29 2111f 0.25

5249.7732e (9,1,5) 2111e 0.72 1311e 0.24 0511e 0.03

5249.7751f (9,1,5) 2111f 0.72 1311f 0.24 0511f 0.03

5417.8035e (9,1,7) 3310e 0.38 1710e 0.28 0910e 0.21

5417.8087f (9,1,7) 3310f 0.38 1710f 0.28 0910f 0.21

5417.8910e (10,0,1) 0202e 0.93 1002e 0.07

5426.3566e (10,2,2) 0222e 1.00

5555.6439e (10,0,3) 1002e 0.92 0202e 0.07

5556.6935e (9,1,8) 4110e 0.43 2510e 0.28 1710e 0.22

5556.6974f (9,1,8) 4110f 0.43 2510f 0.28 1710f 0.22

5668.5530e (10,0,5) 2201e 0.37 0601e 0.35 1401e 0.25

5668.9029e (9,1,9) 4110e 0.42 3310e 0.36 2510e 0.17

5668.9056f (9,1,9) 4110f 0.42 3310f 0.36 2510f 0.17

5678.0495f (10,2,4) 1421f 0.34 0621f 0.34 2221f 0.32

5678.0495e (10,2,9) 1421e 0.34 0621e 0.34 2221e 0.32

5808.9282e (10,0,6) 2201e 0.35 1401e 0.33 3001e 0.24

5821.4700f (10,2,5) 2221f 0.58 1421f 0.29 0621f 0.05

5821.4700e (10,2,12) 2221e 0.58 1421e 0.29 0621e 0.05

5914.7103e (10,0,8) 3001e 0.72 2201e 0.22 1401e 0.04

5962.4339e (11,1,1) 0312e 0.87 1112e 0.13

5962.4369f (11,1,1) 0312f 0.87 1112f 0.13

5977.2430e (10,0,9) 3400e 0.25 0a00e 0.25 4200e 0.24

5977.9970e (11,3,2) 0332e 1.00

5977.9970f (11,3,2) 0332f 1.00

6109.4550e (11,1,3) 1112e 0.87 0312e 0.13

6109.4567f (11,1,3) 1112f 0.87 0312f 0.13

6121.7223e (10,0,10) 4200e 0.37 1800e 0.25 2600e 0.16

6135.0077f (10,2,8) 4220f 0.45 1820f 0.26 2620f 0.22

6135.0077e (10,2,18) 4220e 0.45 1820e 0.26 2620e 0.22

6240.6640e (10,0,11) 5000e 0.42 3400e 0.23 2600e 0.22

6261.7168e (10,2,20) 3420e 0.38 4220e 0.32 2620e 0.22

6322.9960e (10,0,12) 5000e 0.44 4200e 0.31 3400e 0.16

6370.9498e (11,1,6) 1511e 0.32 3111e 0.30 2311e 0.14

6370.9539f (11,1,6) 1511f 0.32 3111f 0.30 2311f 0.14

6446.8922e (12,0,1) 0003e 1.00

6491.8312e (11,1,8) 3111e 0.56 2311e 0.32 1511e 0.09

6491.8334f (11,1,8) 3111f 0.56 2311f 0.32 1511f 0.09

6653.9448e (12,0,4) 1202e 0.63 0402e 0.22 2002e 0.15

6663.9289e (12,2,7) 1222e 0.82 0422e 0.18

6690.4074e (11,1,10) 1910e 0.26 4310e 0.25 5110e 0.21

6690.4129f (11,1,10) 1910f 0.26 4310f 0.25 5110f 0.21

6775.2219e (12,0,7) 2002e 0.83 1202e 0.14 0402e 0.01

6819.7224e (11,1,11) 5110e 0.45 2710e 0.24 1910e 0.13

6819.7266f (11,1,11) 5110f 0.45 2710f 0.24 1910f 0.13

6923.1456e (12,0,8) 3201e 0.19 1601e 0.17 0c00e 0.15

6924.1655e (11,1,12) 4310e 0.34 5110e 0.28 3510e 0.24

6924.1688f (11,1,12) 4310f 0.34 5110f 0.28 3510f 0.24

6982.6738e (13,1,1) 0113e 1.00

6982.6754f (13,1,1) 0113f 1.00

7051.7755e (12,0,10) 2401e 0.33 4001e 0.33 1601e 0.16

7067.6465e (12,2,18) 3221e 0.46 2421e 0.37 1621e 0.13

7143.3957e (12,0,12) 4001e 0.58 3201e 0.28 2401e 0.09

7333.9332e (13,1,7) 2112e 0.72 1312e 0.24 0512e 0.03

7333.9350f (13,1,7) 2112f 0.72 1312f 0.24 0512f 0.03

7492.1231e (12,0,15) 6000e 0.48 3600e 0.19 2800e 0.15

7511.6371e (14,0,1) 0203e 0.93 1003e 0.07

7519.7373e (14,2,2) 0223e 1.00

7567.4293e (12,0,16) 5200e 0.29 6000e 0.27 4400e 0.23

7615.9825e (13,1,10) 4111e 0.42 2511e 0.28 1711e 0.21

7615.9863f (13,1,10) 4111f 0.42 2511f 0.28 1711f 0.21

7650.7538e (14,0,3) 1003e 0.92 0203e 0.07

7725.9820e (13,1,12) 4111e 0.41 3311e 0.35 2511e 0.16

7725.9846f (13,1,12) 4111f 0.41 3311f 0.35 2511f 0.16

7880.3875e (14,0,8) 2202e 0.36 1402e 0.33 3002e 0.23

7985.5480e (14,0,9) 3002e 0.71 2202e 0.22 1402e 0.04

8191.2479e (15,1,3) 1113e 0.87 0313e 0.12

8191.2495f (15,1,3) 1113f 0.87 0313f 0.12

8284.8091e (14,0,14) 5001e 0.41 3401e 0.22 2601e 0.22

8364.6944e (14,0,15) 5001e 0.39 4201e 0.28 3401e 0.16

S.A. Tashkun et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 1089–1105 1097



ARTICLE IN PRESS

Table 5 (continued )

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

8538.5127e (16,0,1) 0004e 1.00

8844.7190e (16,0,7) 2003e 0.83 1203e 0.14 4002e 0.02

a GA is the generalized (cluster) assignment ðP; ‘2; iÞ.
b SA is the spectroscopic (HITRAN) assignment V1;V2; ‘2;V3;C. Characters a,b,c in the V2 field corresponds to V2=10, V2=11, and V2=12.
c Squares of the expansion coefficients of the vibrational state for the dominant basis states appearing in the preceding column.

Table 6
Source-by-source analysis of the experimental data and statistics of the line position fit for 15N14N16O.

Data source Type of

measurementsa

Accuracyb Calibration factor Nfit Spectral range

(cm�1)

RMSRITZ
b RMSfit

b

Andreev et al. [11] MW 0.009–0.035 22 13.0–18.7 0.0001 0.067

Drouin and Maiwald [13] MW 0.075 7 29.9–54.1 0.005 0.3

Morino et al. [12] MW 0.02–0.10 3 21.0–22.7 0.0023 0.027

Cole and Hudges [10] MW 0.1 1 0.8 0.0025 0.015

Hinz et al. [14] HET 2.0–8.0 3 1257.4–1295.5 1.49 2.58

Toth [19] FTS 0.04 81 2143.6–3465.7 0.02 0.11

Toth [18] FTS 0.04–0.4 321 2391.5–3474.4 0.15 0.27

Toth [16,17] FTS 0.06 264 1115.4–2240.4 0.03 0.13

Guelachvili and Rao [22]c FTS 0.09–1.2 0.999999764 197 1862.1–2772.4 0.48 0.57

Guelachvili and Rao [22]d FTS 0.09–1.5 0.999999764 168 2153.0–2220.9 0.29 0.47

Guelachvili and Rao [22]e FTS 0.5 0.999999760 69 1134.9–1250.5 0.90 0.99

Guelachvili and Rao [22]f FTS 0.5 0.999999760 92 1250.9–1312.0 0.58 0.72

Guelachvili and Rao [22]g FTS 0.5 1.00000032 45 585.3–605.7 0.24 0.22

Toth [19] CALC 1.0 1630 540.6–4703.0 0.67 0.96

Ni et al. [32] FTS 1.0 632 1842.0–8640.4 0.82 2.09

Song et al. [4] FTS 1.0 13964 3475.0–8894.5 1.18 2.41

Wang et al. [6] FTS 1.0 12646 1214.3–3626.6 0.67 1.09

Herbin et al. [26] ICLAS 1.0 129 3953.1–4033.3 0.92 1.36

Amiot [21] FTS 2.0 0.999999983 647 3582.6–5080.9 1.20 1.31

Liu et al. [24,25] CRDS 2.0 780 5906.0–6812.1 1.95 2.86

a MW—microwave measurements, HET—laser heterodyne measurements, FTS—Fourier transform measurements, ICLAS—intracavity laser

absorption measurements, CRDS—cavity ring down measurements, CALC—calculated line positions.
b in MHz for MW and HET measurements and in 10�3 cm�1 for others.
c P=0.98 torr, L=20 m, res=0.0054 cm�1.
d P=0.15 torr, L=20 m, res=0.0054 cm�1.
e P=0.77 torr, L=16 m, res=0.0054 cm�1.
f P=0.03 torr, L=56 m, res=0.0054 cm�1.
g P=1.5 torr, L=1 m, res=0.0020 cm�1.
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all existing levels the inequality JZ‘2 always has to be
satisfied. Unambiguous cluster notations in the form
ðP; ‘2; iÞ are given in column 2 of this table. The columns
3 and 4 contain dominant basis function and square of the
expansion coefficient (fraction) which stands before this
function. The second and the third dominant pairs
(if any) are listed in columns 5–8. The lower limit for
outputting fractions is set to 0.01. It is seen that there are
a number of levels having the same leading dominant
basis function. For these levels it is impossible to give
unambiguous spectroscopic assignment. This assignment
for them is a matter of convention. For example the
eigenstate with the cluster assignment (6, 0, 4)
corresponding to the vibrational level value
3568.5186 cm�1 is strongly delocalized. According to the
dominant contribution it should be assigned to 2200e.
Amiot [21] has assigned this level to 1400e. The question
who is wrong is meaningless since V1 and V2 are bad
(approximate) quantum numbers.
5. 15N14N16O input datafile

The input datafile includes observed line positions
collected from the literature [4,6,10–14,16–19,21,22,24–
26,32]. The file has 33 057 lines and covers the 0.8–
8895 cm�1 spectral range. The overwhelming majority of
observed data came from Refs. [4,6] covering the 1214–
8895 cm�1 spectral range. The summary of the datafile is
given in Table 6. This table has the same structure as
Table 2. Application of the criterion of Eq. (7) has lead to
the exclusion from the fit 732 lines which were
considered as misassigned, misprinted or improperly
measured. The weighted standard deviation of the
cleaned dataset is 1.11. The RMS of residuals is
0.00098 cm�1. These numbers give a quantitative
measure of the internal consistency of the observed
data. The RMS of the Ritz fit is presented in column 7 of
this table. As in the case of 14N15N16O it is seen that the
stated accuracy of each spectrum is generally confirmed
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Fig. 2. 15N14N16O RITZ and global fit residuals plotted versus wavenumber.
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by the Ritz fit of the cleaned data. Before the present work
the most extensive study of this isotopologue was done by
Amiot [21]. Using a FT spectrometer he has measured and
analyzed 69 bands from 1750 to 6000 cm�1. In
particularly he found a number of local resonances in
the vibrational states 10 01e, 06 01e, 11 11f and 12 01e.

6. 15N14N16O global fit

As in the case of 14N15N16O, parameters of the effective
Hamiltonian (see Eqs. (3–6)) were fitted to the cleaned
datafile. The adjustable parameters were constrained
using the same upper and lower bounds as for
14N15N16O. With 121 adjustable parameters we were able
to reproduce the positions of 31 699 rovibrational lines
belonging to more than 400 bands with RMS=0.00185
cm�1 and dimensionless standard deviation wfit=1.85. To
reach these results we have removed from the datafile
582 lines. Among them there are lines which are badly
measured, badly assigned or perturbed by interpolyad
resonance Coriolis interactions. The fit summary is
presented in Table 3. It turned out that the values of four
adjustable parameters namely L13, Fð2Þ23 , Fð3Þ13 and Fð6Þ3 went
outside prescribed upper or lower bounds during the fit.
They were constrained to their bound values. The quality
of the fit for this isotopologue is slightly worse than for
14N15N16O. The reason is that the number of fitted data as
well as the number of fitted vibrational states is larger in
the case of 15N14N16O and the number of interpolyad
resonance Coriolis interactions which are not taken into
account by our polyad model of Heff is also larger in this
case than for 14N15N16O. The values of fitted parameters
together with uncertainties (both in cm�1) are given in
Table 4. Unweighted Heff and RITZ residuals are plotted in
Fig. 2 versus a wavenumber using the same symbols as
in Fig. 1. The spreads of red squares and blue circles in this
case are larger than for 14N15N16O. The vibrational levels
included into observed datafile are listed in Table 5.
7. Local perturbations

In the case of 14N15N16O Amiot [21] observed a local
resonance perturbations for the 3110e–0110e and 0401e–
0200e bands around J=25. We confirmed his result in
Ref. [3] attributing this perturbation to an interpolyad
resonance Coriolis interaction. Besides, several other
perturbations were found and reported in Ref. [3]. Global
fit presented in the current study does not reveal any
additional perturbations.

In the case of 15N14N16O Amiot [21] has found that four
levels 1001e, 0600e, 1201e and 1111f are perturbed by
resonance Coriolis interactions. He assigned energy levels
located at 3443.652 cm�1 and 3439.374 cm�1 to 1001e
and 0600e vibrational states, respectively. According to our
analysis given in Table 7 the state at 3443.652 cm�1 is well
localized at low J values and also assigned to 1001e.
Another state at 3439.374 cm�1 is a delocalized one. It can
equally be assigned either to 1400e or to 0600e. Both states
are involved into the sequence of the resonance
anharmonic interactions (r=1–5, 7, 10 according to
notations given in Table 1).
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Table 7
Assignment and fractions respective to the basis states for the observed vibrational states of 15N14N16O.

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

586.1221e (1,1,1) 0110e 1.00

586.1236f (1,1,1) 0110f 1.00

1159.9719e (2,0,1) 0200e 0.86 1000e 0.13

1173.2796f (2,2,1) 0220f 1.00

1173.2796e (2,2,2) 0220e 1.00

1269.8921e (2,0,2) 1000e 0.86 0200e 0.13

1737.4580e (3,1,1) 0310e 0.78 1110e 0.22

1737.4607f (3,1,1) 0310f 0.78 1110f 0.22

1761.4558f (3,3,2) 0330f 1.00

1761.4558e (3,3,2) 0330e 1.00

1863.5738e (3,1,2) 1110e 0.78 0310e 0.22

1863.5755f (3,1,2) 1110f 0.78 0310f 0.22

2201.6053e (4,0,1) 0001e 1.00

2305.1624e (4,0,2) 0400e 0.64 1200e 0.33 2000e 0.02

2317.1165e (4,2,3) 0420e 0.72 1220e 0.28

2350.6302e (4,4,4) 0440e 1.00

2439.6245e (4,0,3) 1200e 0.40 0400e 0.31 2000e 0.28

2457.0333f (4,2,2) 1220f 0.72 0420f 0.28

2457.0333e (4,2,5) 1220e 0.72 0420e 0.28

2534.5319e (4,0,4) 2000e 0.69 1200e 0.26 0400e 0.04

2773.5064e (5,1,1) 0111e 1.00

2773.5079f (5,1,1) 0111f 1.00

2876.5831e (5,1,2) 0510e 0.55 1310e 0.40 2110e 0.05

2876.5871f (5,1,2) 0510f 0.55 1310f 0.40 2110f 0.05

3020.9053e (5,1,3) 2110e 0.39 0510e 0.37 1310e 0.24

3020.9083f (5,1,3) 2110f 0.39 0510f 0.37 1310f 0.24

3050.5796f (5,3,5) 1330f 0.67 0530f 0.32

3050.5796e (5,3,5) 1330e 0.67 0530e 0.32

3136.3864e (5,1,4) 2110e 0.56 1310e 0.36 0510e 0.08

3136.3885f (5,1,4) 2110f 0.56 1310f 0.36 0510f 0.08

3333.7390e (6,0,1) 0201e 0.87 1001e 0.13

3346.5367f (6,2,1) 0221f 1.00

3346.5367e (6,2,2) 0221e 1.00

3439.3697e (6,0,2) 1400e 0.45 0600e 0.43 2200e 0.11

3443.6498e (6,0,3) 1001e 0.86 0201e 0.13

3450.4696f (6,2,2) 0620f 0.48 1420f 0.44 2220f 0.08

3450.4696e (6,2,5) 0620e 0.48 1420e 0.44 2220e 0.08

3589.9285e (6,0,4) 2200e 0.44 0600e 0.41 3000e 0.08

3604.4652f (6,2,3) 2220f 0.44 0620f 0.41 1420f 0.15

3604.4652e (6,2,7) 2220e 0.44 0620e 0.41 1420e 0.15

3712.1288e (6,0,5) 3000e 0.43 1400e 0.34 0600e 0.14

3736.2254e (6,2,9) 2220e 0.47 1420e 0.41 0620e 0.11

3736.2254f (6,2,4) 2220f 0.47 1420f 0.41 0620f 0.11

3795.4517e (6,0,6) 3000e 0.48 2200e 0.35 1400e 0.14

3897.5795e (7,1,1) 0311e 0.78 1111e 0.21

3897.5822f (7,1,1) 0311f 0.78 1111f 0.21

3920.6800e (7,3,2) 0331e 1.00

3920.6800f (7,3,2) 0331f 1.00

4023.0899e (7,1,3) 1111e 0.78 0311e 0.21

4023.0916f (7,1,3) 1111f 0.78 0311f 0.21

4163.5028e (7,1,4) 2310e 0.42 0710e 0.42 3110e 0.15

4163.5071f (7,1,4) 2310f 0.42 0710f 0.42 3110f 0.15

4297.5228e (7,1,5) 3110e 0.48 1510e 0.31 0710e 0.19

4297.5261f (7,1,5) 3110f 0.48 1510f 0.31 0710f 0.19

4373.6058e (8,0,1) 0002e 0.99

4405.6412e (7,1,6) 2310e 0.40 3110e 0.35 1510e 0.20

4405.6438f (7,1,6) 2310f 0.40 3110f 0.35 1510f 0.20

4452.1172e (8,0,2) 0401e 0.64 1201e 0.33 2001e 0.02

4463.6263f (8,2,1) 0421f 0.72 1221f 0.27

4463.6263e (8,2,3) 0421e 0.72 1221e 0.27

4495.9161f (8,4,2) 0441f 1.00

4495.9161e (8,4,4) 0441e 1.00

4585.6695e (8,0,4) 1201e 0.41 0401e 0.31 2001e 0.27

4602.4580e (8,2,7) 1221e 0.72 0421e 0.27

4602.4580f (8,2,3) 1221f 0.72 0421f 0.27

4679.9192e (8,0,5) 2001e 0.68 1201e 0.25 0401e 0.04

4726.8430e (8,0,6) 0800e 0.40 2400e 0.32 3200e 0.25

4739.8194f (8,2,4) 0800f 0.40 2400f 0.32 3200f 0.25

4739.8194e (8,2,10) 0820e 0.42 2420e 0.37 3220e 0.20
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Table 7 (continued )

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

4866.8915e (8,0,7) 3200e 0.36 0800e 0.24 1600e 0.21

4885.2212f (8,2,5) 3220f 0.48 1620f 0.28 0820f 0.23

4885.2212e (8,2,12) 3220e 0.48 1620e 0.28 0820e 0.23

4931.3147e (9,1,1) 0112e 0.99

4931.3161f (9,1,1) 0112f 0.99

4976.6505e (8,0,8) 4000e 0.53 1600e 0.22 2400e 0.17

5010.3549e (9,1,2) 0511e 0.55 1311e 0.40 2111e 0.05

5010.3589f (9,1,2) 0511f 0.55 1311f 0.40 2111f 0.05

5011.5734e (8,2,14) 2420e 0.41 3220e 0.28 1620e 0.25

5031.5519e (9,1,3) 0531e 0.68 1331e 0.32

5054.9088e (8,0,9) 3200e 0.34 4000e 0.27 2400e 0.25

5153.3313e (9,1,4) 2111e 0.38 0511e 0.37 1311e 0.24

5153.3343f (9,1,4) 2111f 0.38 0511f 0.37 1311f 0.24

5267.5129e (9,1,5) 2111e 0.55 1311e 0.35 0511e 0.08

5267.5150f (9,1,5) 2111f 0.55 1311f 0.35 0511f 0.08

5294.4717e (9,1,6) 0910e 0.38 3310e 0.31 2510e 0.22

5294.4772f (9,1,6) 0910f 0.38 3310f 0.31 2510f 0.22

5442.5524e (9,1,7) 0910e 0.28 4110e 0.26 3310e 0.24

5442.5570f (9,1,7) 0910f 0.28 4110f 0.26 3310f 0.24

5477.9189e (10,0,1) 0202e 0.86 1002e 0.13

5490.2503e (10,2,2) 0222e 0.99

5490.2503f (10,2,1) 0222f 0.99

5567.3339e (9,1,8) 4110e 0.48 1710e 0.26 0910e 0.11

5567.3375f (9,1,8) 4110f 0.48 1710f 0.26 0910f 0.11

5587.8617e (10,0,3) 1002e 0.85 0202e 0.13 3001e 0.02

5672.4713e (9,1,9) 3310e 0.34 2510e 0.30 4110e 0.19

5672.4747f (9,1,9) 3310f 0.34 2510f 0.30 4110f 0.19

5709.2500e (10,0,5) 2201e 0.44 0601e 0.40 1401e 0.07

5723.3131e (10,2,9) 2221e 0.43 0621e 0.41 1421e 0.15

5723.3131f (10,2,4) 2221f 0.43 0621f 0.41 1421f 0.15

5829.9090e (10,0,6) 3001e 0.40 1401e 0.33 0601e 0.13

5853.3109e (10,2,11) 2221e 0.47 1421e 0.40 0621e 0.11

5853.3109f (10,2,5) 2221f 0.47 1421f 0.40 0621f 0.11

5911.9476e (10,0,8) 3001e 0.46 2201e 0.33 1401e 0.14

6005.8556e (10,0,9) 4200e 0.34 0a00e 0.30 2600e 0.17

6021.3741e (10,2,16) 4220e 0.32 0a20e 0.30 3420e 0.15

6021.3741f (10,2,7) 4220f 0.32 0a20f 0.30 3420f 0.15

6028.1371e (11,1,1) 0312e 0.78 1112e 0.21

6028.1397f (11,1,1) 0312f 0.78 1112f 0.21

6050.3951e (11,3,2) 0332e 0.99

6050.3951f (11,3,2) 0332f 0.99

6135.3657e (10,0,10) 5000e 0.28 1800e 0.21 4200e 0.17

6153.2007e (11,1,3) 1112e 0.77 0312e 0.21 3111e 0.02

6153.2024f (11,1,3) 1112f 0.77 0312f 0.21 3111f 0.02

6159.5781f (10,2,8) 4220f 0.43 1820f 0.27 0a20f 0.14

6159.5781e (10,2,18) 4220e 0.43 1820e 0.27 0a20e 0.14

6232.9149e (10,0,11) 5000e 0.51 1800e 0.15 2600e 0.15

6269.6724e (11,1,5) 0711e 0.42 2311e 0.41 3111e 0.14

6269.6766f (11,1,5) 0711f 0.42 2311f 0.41 3111f 0.14

6283.6800f (10,2,9) 2620f 0.32 3420f 0.32 1820f 0.17

6283.6800e (10,2,20) 2620e 0.32 3420e 0.32 1820e 0.17

6315.0126e (10,0,12) 3400e 0.30 4200e 0.24 2600e 0.22

6401.6560e (11,1,6) 3111e 0.46 1511e 0.31 0711e 0.18

6401.6592f (11,1,6) 3111f 0.46 1511f 0.31 0711f 0.18

6507.9053e (11,1,8) 2311e 0.38 3111e 0.33 1511e 0.20

6507.9078f (11,1,8) 2311f 0.38 3111f 0.33 1511f 0.20

6515.9860e (12,0,1) 0003e 0.98 2002e 0.02

6569.5469e (12,0,2) 0402e 0.65 1202e 0.32 2002e 0.02

6574.4432e (11,1,9) 4310e 0.33 0b10e 0.31 2710e 0.21

6702.3493e (12,0,4) 1202e 0.41 0402e 0.30 2002e 0.26

6713.4260e (11,1,10) 5110e 0.36 3510e 0.21 0b10e 0.18

6713.4309f (11,1,10) 5110f 0.36 3510f 0.21 0b10f 0.18

6718.6083f (12,2,3) 1222f 0.71 0422f 0.27 3221f 0.01

6718.6083e (12,2,7) 1222e 0.71 0422e 0.27 3221e 0.01

6795.9320e (12,0,6) 2002e 0.66 1202e 0.25 0402e 0.04

6830.7417e (11,1,11) 5110e 0.38 1910e 0.20 4310e 0.18

6830.7457f (11,1,11) 5110f 0.38 1910f 0.20 4310f 0.18

6937.6713e (11,1,12) 3510e 0.30 2710e 0.24 4310e 0.22

6937.6755f (11,1,12) 3510f 0.30 2710f 0.24 4310f 0.22

6957.9051e (12,0,8) 3201e 0.35 0801e 0.23 1601e 0.20
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Table 7 (continued )

E (cm�1) GAa SAb Fc SAb Fc SAb Fc

6975.7480f (12,2,6) 3221f 0.47 1621f 0.27 0821f 0.22

6975.7480e (12,2,15) 3221e 0.47 1621e 0.27 0821e 0.22

7059.5368e (13,1,1) 0113e 0.98 2112e 0.01

7059.5382f (13,1,1) 0113f 0.98 2112f 0.01

7065.5225e (12,0,10) 4001e 0.49 1601e 0.21 2401e 0.16

7099.8796e (12,2,18) 2421e 0.40 3221e 0.26 1621e 0.24

7142.1299e (12,0,12) 3201e 0.32 2401e 0.25 4001e 0.24

7256.4925e (13,1,4) 0512e 0.36 2112e 0.36 1312e 0.25

7369.5187e (13,1,6) 2112e 0.53 1312e 0.35 0512e 0.07

7369.5207f (13,1,6) 2112f 0.53 1312f 0.35 0512f 0.07

7394.2747e (12,0,14) 6000e 0.41 4400e 0.19 1a00e 0.18

7482.8544e (12,0,15) 6000e 0.36 5200e 0.24 2800e 0.14

7592.4861e (14,0,1) 0203e 0.86 1003e 0.12 2202e 0.01

7604.4227f (14,2,1) 0223f 0.99 2222f 0.01

7604.4227e (14,2,2) 0223e 0.99 2222e 0.01

7642.5439e (13,1,10) 4111e 0.44 1711e 0.25 0911e 0.11

7642.5474f (13,1,10) 4111f 0.44 1711f 0.25 0911f 0.11

7702.5015e (14,0,3) 1003e 0.84 0203e 0.12 3002e 0.04

7918.5956e (14,0,7) 3002e 0.38 1402e 0.33 0602e 0.13

7999.4293e (14,0,9) 3002e 0.43 2202e 0.32 1402e 0.13

8253.9064e (15,1,3) 1113e 0.76 0313e 0.20 3112e 0.03

8253.9080f (15,1,3) 1113e 0.76 0313e 0.20 3112e 0.03

8292.1272e (14,0,14) 5001e 0.45 1801e 0.15 2601e 0.14

8628.6843e (16,0,1) 0004e 0.97 2003e 0.03

8882.4982e (16,0,6) 2003e 0.61 1203e 0.25 4002e 0.07

a GA is the generalized (cluster) assignment ðP; ‘2; iÞ.
b SA is the spectroscopic (HITRAN) assignment V1;V2; ‘2;V3;C, characters a,b,c in the V2 field correspond to V2=10, V2=11, and V2=12.
c Squares of the expansion coefficients of the vibrational state for the dominant basis states appearing in the preceding column.

Table 8
Observed local perturbations of the vibration–rotation states of
15N14N16O.

State Perturber Jpert
a Type of interaction

1001e (6,0,3) 1400e (6,0,2) 25 anharmonic

1111e (7,1,3) 1510e (7,1,2) 56 anharmonic

1111f (7,1,3) 1510f (7,1,2) 49 anharmonic

1201e (8,0,4) 1620e (8,2,5) 42 anharmonic+‘-type

1201e (8,0,4) 1600e (8,0,3) 63 anharmonic

4110e (9,1,8) 1401e (10,0,2) 47 Coriolis

5110e (11,1,11) 0801e (12,0,7) 67 Coriolis

0312e (11,1,1) 4200e (10,0,9) 81 Coriolis

0003e (12,0,1) 2311e (11,1,8) 56 Coriolis

a Value of the angular momentum quantum number at which the

energy level crossing takes place.
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Interactions between vibrational states 1001e, 0600e,
and 1400e are due to anharmonic resonances. These
intrapolyad resonance interactions are explicitly taken
into account by our model of Heff and we have not any
difficulty to fit rotational structure of these states. All
other types of local perturbations found are summarized
in Table 8. For each perturbed state we give both
approximate spectroscopic assignment and exact
cluster assignment, the perturber, and J value at which
the energy level crossing takes place. In all cases we
attributed perturbations to anharmonic resonances but
not to Coriolis ones as it was stated by Amiot. We
confirm Amiot’s conclusion about perturbations of the
1111f (7,1,3) state at J=49 and of the 1201e (8,0,4) state
at J=42. The perturbers are 1510f (7,1,2) and 1620e
(8,2,5) dark vibrational states located at 4005.867 cm�1

and at 4564.445 cm�1, respectively. The 1201e (8,0,4)
vibrational state is perturbed additionally at J=63 by
the 1600e (8,0,3) state. We have found that the 1111e
(7,1,2) vibrational state is also perturbed by the 1510e
(7,1,2) state at J=56. All these intrapolyad resonance
interactions are explicitly taken into account by our
model.

Among the local perturbations presented in Table 8
there are perturbations caused by interpolyad resonance
Coriolis interactions which are not taken into account by
our polyad model of Heff. This prevents a good reproduction
of the line positions of the respective bands. In Fig. 3, as an
example, we present the residuals between observed and
calculated line positions for the 4110–0110 band. The
upper substate 4110e (9,1,8) of this band is perturbed by
the 1401e (10,0,2) state by means of interpolyad resonance
Coriolis interaction (energy level crossing at J=47). We pay
attention of the readers on the different behavior of the
residuals for the 4110e–0110e and the 4110f–0110f
subbands. Only perturbed subband 4110e–0110e shows
the resonance behavior of the residuals.

In addition to the local resonance Coriolis perturba-
tions we have found two cases of the smooth interpolyad
resonance Coriolis interactions. The respective vibrational
states have very close energies at low J values but they do
not cross. In the first case the vibrational states 0621
(10,2,4) and 4110 (9,1,8) perturb each other. The energy
difference between levels in this case is about 2.1 cm�1

for J=2. The vibrational states 2420 (8,2,14) and 0511
(9,1,2) are also in interpolyad resonance Coriolis interac-
tion. The energy difference between levels at J=2 is
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Fig. 3. The residuals between observed and calculated line positions of the 4110-0110 band. The upper vibrational state 4110e (9,1,8) of the 4110e–

0110e subband is perturbed by the 1401e (10,0,2) vibrational state by means of an interpolyad resonance Coriolis interaction. For each J0 value, the

residuals were obtained from P(J0 +1) transitions and R(J0 �1) transitions.

Table 9
Summary of HITRAN-2008 14N15N16O and 15N14N16O data.

Isotopologue Lines Frequency range (cm�1) Intensity range (cm/molecule) ierr=0 ierr=4

14N15N16O 4222 5.0–5085.7 5.22�10�26–3.42�10�21 49 4173
15N14N16O 4592 4.9–4703.0 4.72�10�26–3.51�10�21 51 4541

Fig. 4. Comparison of HITRAN-2008 and calculated line positions for 14N15N16O.
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Fig. 5. Comparison of HITRAN-2008 and calculated line positions for 15N14N16O.
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0.39 cm�1 for e sublevel and 0.41 cm�1 for f sublevel. For
the bands involving these four interacting vibrational
states we have rather large residuals reaching 0.01 cm�1

and even larger for some lines.

8. Comparison with HITRAN

HITRAN-2008 data [7] for 14N15N16O and 15N14N16O
are summarized in Table 9. Isotopologue identifier is
given in column 1. Column 2 contains the number of lines.
Frequency and intensity ranges are given in columns 3
and 4, respectively. Finally in columns 5 and 6 are given
the number of lines having 0 and 4 as position uncertainty
indices. The most part of data are from Toth’s calculated
linelists [19] and have ierr=4 as position uncertainty
index. This means that the estimated accuracy of these
data lies between 0.0001 and 0.001 cm�1. The linelists
have been generated from spectroscopic constants given
in previous studies of this author. A few of microwave
data were taken from a previous version of HITRAN [33]. It
is interesting to compare HITRAN-2008 line positions
with positions which were calculated using fitted Heff

model obtained in this study.
For 14N15N16O this comparison is summarized in Fig. 4.

The upper panel shows the plot of the residual nHITRAN-
ncalc versus wavenumber. The plot of the residuals versus
line intensity is shown in the lower panel. It is seen that
residuals of the most part of data lie within 70.001 cm�1.
However, there are several branches which have rather
big residuals (reaching 0.015 cm�1) for large values of J. In
all cases the transitions originate from the 0220
vibrational state. The lower panel of Fig. 4 shows that
these lines are rather weak.
The similar comparison for 15N14N16O is given in Fig. 5.
Again, the residuals of the most part of the data lie within
70.001 cm�1 and abnormally large residuals (reaching
0.035 cm�1) are found for the lines originating from the
0220 vibrational state. The lower panel of Fig. 5 shows
that these lines are also rather weak.

9. Conclusion

The present work demonstrates that the polyad
model of Heff works well for the overwhelming majority
of the observed bands of 14N15N16O and 15N14N16O. The
quality of modeling in general is compatible with
uncertainties of the measurements. But as in the case
of the principal isotopologue 14N2

16O, there are few
bands which are perturbed by interpolyad resonance
Coriolis interactions. In the energy region below
8000 cm�1 which was involved in this study we did
not meet any interpolyad resonance anharmonic inter-
actions. In spite of the appearance of interpolyad
resonance Coriolis interactions we believe that extra-
polation properties of the fitted models are sufficient to
help experimentalists to search and assign new bands of
these isotopologues.
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