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Abstract

The absorption spectrum of a 13C enriched carbon dioxide sample has been recorded with a Fourier-transform spectrometer in

the spectral range 4000–9500 cm�1. In addition to six bands observed from the spectrum of the atmosphere of Venus in this region,

eight new 16O13C18O bands were measured. The new observations together with the data collected from the literature have been used

to fit parameters of an effective Hamiltonian for the 16O13C18O. More than 4000 line positions in 38 bands have been used to derive

48 parameters of effective Hamiltonian. The RMS (root-mean-square of residuals) of the fit is 0.00106 cm�1.
� 2003 Elsevier Inc. All rights reserved.
1. Introduction

Carbon dioxide is a trace gas in the terrestrial at-
mosphere. It is produced by industrial and domestic

combustion, space and aircraft vehicle exhaust and plays

an important role in the green-house effect and plane-

tary atmosphere. Its strong opacity in the infrared has a

major impact on the environment and it is often a

contaminant in infrared spectra. Due to its importance,

CO2 is one of the most investigated molecules from the

spectroscopic point of view [1]. However, there remains
a need for the investigation of additional vibrational and

rotational levels. The present study is devoted to the

asymmetric isotopic species 16O13C18O of the carbon

dioxide molecule. As for natural abundance this species

is the fifth after 12C16O2,
13C16O2,

16O12C18O, and
16O12C17O. Several previous studies have been reported

[2–14]. But all these works focused on the region less
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than 4000 cm�1. In the higher spectral region, only Ve-

nus spectra were reported. The first Venus spectrum

were recorded by Connes in 1966 with the resolution
0.1 cm�1 and interpreted in [15]. In 1973 Connes and

Michel [16] obtained a higher resolution (0.015 cm�1)
spectrum of the atmosphere of Venus. In 1977 Mandin

[17] presented the analysis of these data. We are also

aware of unpublished results of Miller [18] in the spec-

tral region higher than 4000 cm�1. In this work, the

high-resolution absorption spectrum of 16O13C18O was

recorded between 4000 and 9500 cm�1. Overall 11 cold
and 3 hot bands have been analyzed. Among them 6

bands were reported previously by Mandin [17].

The observed line positions together with those col-

lected from literature [2–14,17] have been used to derive

parameters of the reduced effective Hamiltonian, which

has been developed in [19] and successfully applied for

the global treatment of the vibration–rotational energy

levels of 12C16O2 [20], 13C16O2 [21], 16O12C18O, and
16O12C17O [22]. In the last section of the paper we give

also the comparison of observed data with those pre-

sented in HITRAN [23] for the 16O13C18O isotopic

species.

http://dx.doi.org/10.1016/S0022-2852(03)00234-0
mail to: smhu@ustc.edu.cn


Fig. 1. Overview of the absorption spectrum of 13C enriched carbon

dioxide sample between 4450 and 5050 cm�1. Some 13C16O2 bands are

saturated. Bands of 16O13C18O isotope are marked in the figure.

Spectrum is recorded with resolution 0.005 cm�1, InSb detector, total

gas pressure 1089Pa, and absorption path length 15m.
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2. Experimental details

The absorption spectra of a carbon dioxide sample

enriched with 13C have been recorded in the spectral

range from 4000 to 9500 cm�1 with a Bruker IFS 120HR

Fourier-transform spectrometer (FTS) equipped with a

path length adjustable multi-pass gas cell. The maxi-

mum optical path length is 105m. The sample was

purchased from Aldrich Chemical. The stated isotopic
concentration is 99% of 13C for carbon atom and 6% of
18O for oxygen atom. A mass spectroscopy experiment

has given the following isotopic abundance in the sam-

ple: 13C16O2 95.3%, 16O13C18O 2.4%, 12C16O2 1.8%, and
16O13C17O 0.5%. Because of the wide spectral range and

the large variation of the absorption line intensities,

different experimental conditions were used as listed in

Table 1. A tungsten source, CaF2 beam splitter were
used in all experiments. Parts of spectra are presented in

Figs. 1 and 2. The line positions were calibrated using

those of 12C16O2 listed in HITRAN-96 database [23].

The accuracy of line positions of unblended and not-

very-weak lines was estimated to be better than

0.001 cm�1.
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Fig. 2. 16O13C18O spectrum in the part of the P-branch of the

strong R–R band centered at 4814.5627 cm�1. This band is superim-

posed with R-branch R*(J) of the weak P–P hot band centered at

4801.6945 cm�1. The experimental condition is the same as shown in

Fig. 1.
3. Rotational analysis and vibrational assignment

The standard expression were used for the vibration–

rotational energy levels of the upper and lower states

Tv ¼ Gvðv1; vl22 ; v3Þ þ FvðJÞ; ð1Þ
where Gv and Fv are the vibrational and rotational
contributions, respectively, with

FvðJÞ ¼ Bv½JðJ þ 1Þ � K2� � Dv½JðJ þ 1Þ � K2�2; ð2Þ
where K ¼ l2 is the quantum number associated to the

vibrational angular momentum.

In the fitting procedure the rotational constants of the
ground state, B00 and D00, were constrained to their lit-

erature values [1] and the quantities v0, DB, and DD were

fitted. On the basis of combination differences, 11 cold

bands and 3 hot bands can be assigned to the 16O13C18O

species. Rotational levels with J value up to 61 have

been assigned. The spectroscopic parameters retrieved
Table 1

Experimental conditions used to record the Fourier-transform absorption spectra of 13C enriched carbon dioxide

Region

(cm�1)

Gas pressurea

(Pa)

Detector Length of absorption

path (m)

Resolution

(cm�1)

4400–5050 50.2 InSbb 15 0.005

4400–5050 1089 InSbb 15 0.005

4400–7600 2433 InSbb 69 0.01

5500–9500 3213 Ge 105 0.01

6000–8000 389 InSbb 15 0.007
a Total pressure. The concentration of 16O13C18O in our sample is around 2.4%.
bLiquid-nitrogen cooled.
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from the fitting of the energy levels are presented in
Tables 2 and 3 for the cold and hot bands, respectively.

Here the vibrational levels are labeled using the HI-

TRAN notation [1]. The RMS deviations are less than

0.001 cm�1 for not very weak bands, close to the ex-

perimental uncertainty, and slightly larger (about

0.002 cm�1) for the weak bands. Full list of the assigned

rotational lines are available as supplementary data at-

tached to the paper.
Six cold bands in this region were previously reported

by Mandin [17]. As a comparison, his spectroscopic pa-

rameters are also listed in italics in Table 2. They are in

good agreement with our measurements. Due to the

higher resolution and less impurity of gas sample, more

rotational transitions are observed in our experiment and

lead to probably more reliable parameter values. The

improvement of the rotational parameters is very prom-
inent for the 20012 and 20011 states. For these states the
Table 2

Spectroscopic parameters (in cm�1) for the R levels of 16O13C18O observed

16O13C18O Gv Bv D

Ground statea 0.0 0.36818116 1

00021 4508.74747(8) 0.36260285(16) 1

4508.7479(1) 0.3626082 (4) 1

20013 4692.17902(10) 0.36650356(19) 1

4692.1792(3) 0.3665110(13) 1

20012 4814.56272(13) 0.36483787(20) 1

4814.5708(84) 0.364816(30) 1

20011 4925.01823(6) 0.36550368(15) 0

4925.0084(70) 0.365557(38) 1

10022 5712.61122(43) 0.3631215(19) 1

10021 5809.86184(27) 0.3623583(11) 1

30013 6026.62451(15) 0.36517445(44) 1

6026.6282(8) 0.3651672(79) 1

30012 6140.12291(16) 0.36453200 (43) 0

30011 6279.48825(51) 0.3659154(21) 0

00031 6728.35464(9) 0.35981671(17) 1

6728.3586(6) 0.3598217(14) 1

10031 8009.25536 (69) 0.3595215(24) 1

Note. The uncertainties are given in parenthesis in the unit of the last quo

The contribution from Hv is neglected.
a The parameters for the ground level are taken from [1].
b n, number of transitions included in the fit; N, number of assigned rota

Table 3

Spectroscopic parameters (in cm�1) for the P–P hot bands of 16O13C18O ob

16O13C18O m0b Bv

01101ea 0.36856153

01101fa 0.36911244

01121e–01101e 4485.59097 (63) 0.3630386 (24)

01121f–01101f 4485.59119 (55) 0.3635532 (24)

21113e–01101e 4649.92417 (29) 0.3662961 (12)

21113f–01101f 4649.92490 (29) 0.3676167 (11)

21112e–01101e 4801.69313 (58) 0.3652022 (17)

21112f–01101f 4801.69590 (59) 0.3661949 (19)

Note. The uncertainties are given in parenthesis in the unit of the last qu
aThe parameters for the lower states are taken from [1].
b Band origin. The corresponding vibrational term values of the 01121

respectively.
c n, number of transitions included in the fit; N, number of assigned rota
parameters derived from the Venus spectra gave very
large RMS values. Transitions belonging to three bands

(20013–00001, 20012–00001, and 20011–00001) are listed

in the HITRAN-96 database [23]. Our observed line po-

sitions of the 20013–00001 band are close to those listed in

HITRAN (differences are less than 0.001 cm�1). For the
other two bands large differences between observed and

HITRAN line positions can be seen. For example, the

deviation increases from 0.003 to 0.05 cm�1 when the J

value increases from 4 up to 32 for the 20011–00001 band.

The vibrational assignment of newly observed bands

is straightforward. It has been performed using predic-

tions with the help of the effective Hamiltonian pre-

sented in our previous paper [19], which was developed

on the basis of the effective Hamiltonian used by Chedin

[24]. The preliminary set of effective Hamiltonian pa-

rameters has been obtained by fitting to the observed
line positions collected from the literature [2–14,17].
in this work

v � 107 JMAX P/R n=Nb rms (�104)

.18498

.17914(53) 57/56 114/114 4.7

.205(2) 4.8

.59678(63) 58/55 104/108 5.3

.642(9) 13.9

.22757(56) 65/61 120/123 7.7

.00 (21) 142

.85377(73) 50/47 89/91 3.0

.91(33) 164

.325(15) 30/35 46/58 13.6

.0067(86) 37/38 64/76 10.1

.5462(23) 47/45 87/90 7.4

.41(14) 18.3

.87837(22) 45/46 84/86 7.3

.686 (16) 22/36 36/46 14.0

.17846 (65) 57/43 87/94 4.3

.206(13) 7.0

.009(17) 37/38 48/65 20.5

ted digit. The parameters in italics listed are the results of Mandin [17].

tional transitions.

served in this work

Dv � 107 JMAX P/R N=N c rms (�104)

1.20496

1.20134

1.201 (18) 37/37 25/63 10.3

1.160 (22) 36/37 24/63 8.0

1.1505 (95) 37/37 58/69 9.8

1.5372 (77) 37/39 63/72 7.5

0.9938 (91) 44/40 62/77 17.0

0.951 (11) 42/40 66/79 20.2

oted digit.

, 21113, and 21112 are 5128.9145, 5293.2515, and 5445.0204 cm�1,

tional transitions.
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4. Global fitting of vibration–rotational line positions

The line positions of the newly observed bands have

been added to the input data. The total number of col-

lected observed wavenumbers was 4388. The first stage

of the fitting is the analysis of the internal consistency of

the used data from the point of view of the assignment,

possible measurement errors, misprints of published line

positions and recovering probable calibration factors,
and averaged pressure shifts of various spectra relative

to each other. As in our previous papers [21,22], we have

used the fundamental Ritz principle for this purpose. a

brief outline of this approach is given below. To account

for the possible calibration factors and pressure shifts,

the Ritz principle can be written in the form

ð1þ dkÞmkj i ¼ Ej � Ei; ð3Þ

where mkj i is the observed line position belonging to the
kth spectrum, i and j are composite indexes of the rel-

evant quantum numbers which define the spectroscopic

assignment of the observed transition, dk is the calibra-

tion offset for this spectrum, and Ei and Ej are the en-

ergies (term values) of the lower and upper states,

respectively. The calibration factor for the kth spectrum

is (1þ dk). Eqs. (3) with the different indexes i; j, and k
constitute the overdetermined system of linear equa-
tions. The quantities dk are set to zero for some reference

spectra (e.g., the microwave measurements and laser

heterodyne measurements) and are considered as un-

knowns for the other type spectra. Many measured FTS

spectra contain wavenumbers for several species. The

probable calibration offset for a spectrum of this type is

recovered using wavenumbers of the most abundant

species. Then this factor is used as the fixed input value
of dk for this spectrum when considering the next

abundant species, etc. This approach enables us to re-

cover calibration factors in the most reliable way. The

solution of the system (3) in the least-squares sense is
Table 4

Experimental data and statistics of the line positions fit for 16O13C18O (spec

Reference Calibration

factor

Precision

(in 10�3 cm�

Bradley et al. [13] 1.000000000 0.001

Jolma [9] 1.000000000 0.04

Toth [10] 0.999999761a 0.10

Bailly and Rossetti [14] 0.999999689 0.50b

Esplin et al. [4–7] 0.999999626a 0.40

Esplin and Hoke [8] 1.000000000a 0.50

Malathy Devi et al. [11] 1.000000071a 0.50b

Rinsland et al. [12] 1.000000054a 0.50b

Our data 0.999999828 1.00

Baldacci et al. [2] 1.000000000a 3.00

Baldacci et al. [3] 1.000000000a 5.00

Mandin [17] 0.999999442a 2.00b

aCalibration factor is fixed to the value from [21,22].
b Experimental precision is set to a guessed value.
cNfit is the number of lines included in the fit.
equivalent to minimizing the dimensionless weighted
standard deviation

vRITZ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½ðð1þ dkÞmkj i � Ej þ EiÞ=ek�2

Ntra � N

s
; ð4Þ

where summation goes over all transitions included into

a datafile, ek is the experimental uncertainty of the kth
spectrum, N is the number of unknowns and Ntra is the

number of the transitions in the datafile. It is worth

pointing out a wrong definition of vRITZ given in [22], in
which the factor ð1þ dkÞ has been missed. The value of

vRITZ provides a measure of total consistency of ob-

served wavenumbers in the datafile. It should be stressed

that this value is independent of any Hamiltonian model

and is calculated from the first principles of the quantum

mechanics only. The values of the individual residuals

rj i ¼ ð1þ dkÞmkj i � ðEj � EiÞ ð5Þ

enable us to detect outliers, i.e., misprints, misassign-

ments or badly measured wavenumbers. The value of

RMSRITZ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Ntra

X
1þ dk
� �

mkj i � Ej þ Ei

� �2s
ð6Þ

gives the lower bound for the RMS when a Hamiltonian

model is used. The values of RMSRITZ deviation for each

spectrum provide an estimate of the actual average ex-
perimental precision. Finally, after solving the system of

Eqs. (3) we have a set of experimental energy levels fEig of
a species derived from observed transition frequencies.

After removing 200 outliers having large residuals the

file of input data contained 4188 observed line positions.

The solution of the system of linear equations in a

least-squares sense with respect to energy levels and

calibration factors gave vRITZ ¼ 1:52 and RMSRITZ ¼
0:0007 cm�1. The source-by-source characteristics of

the input data are given in Table 4. They include, for

each source, the calibration factors, experimental
trum-by-spectrum analysis)

1)

Nfit
c RMSRITZ

(in 10�3 cm�1)

RMSGIP

(in 10�3 cm�1)

76 0.005 0.015

335 0.17 0.26

46 0.23 0.28

752 0.20 0.42

735 0.54 1.45

884 0.85 1.01

19 0.24 1.38

14 0.00 1.43

1130 0.60 1.21

40 1.09 1.07

31 2.24 2.09

125 1.81 1.87



Table 5

Effective Hamiltonian parameters for 16O13C18O

N Parameter Value (cm�1) Order

Diagonal vibrational parameters

1 x1 1314.3236(30)

2 x2 648.4462(11)

3 x3 2309.80274(64)

4 x11 )2.70220(56)
5 x12 )4.6273(39)
6 x13 )17.8952(21)
7 x22 1.44577(76)

8 x23 )11.61774(90)
9 x33 )11.65269(16)
10 xlla )0.939752927
11 y113 )8.495(27) 10�2

12 y122 )3.795(13) 10�2

13 y123 )9.34(55) 10�2

14 y133 5.281(22) 10�2

15 y222a )0.4203561690 10�2

16 y223 1.92(10) 10�2

17 y233 1.2735(70) 10�2

18 y333 0.2685(24) 10�2

19 y1lla 5.582148965 10�2

20 y2ll 1.124(18) 10�2

21 y3ll )1.28(10) 10�2

22 z3333 0.2349(16) 10�3

Diagonal rotational and vibrational–rotational parameters

23 Be 0.36948188(15)

24 a1 1.08971(19) 10�3

25 a2 )0.669520(97) 10�3

26 a3 2.81048(19) 10�3

27 c11
a )0.1469432390 10�5

28 c12
a 1.043729480 10�5

29 c13 )5.982(35) 10�5

30 c22 )0.3822(17) 10�5

31 c23 )1.197(17)D 10�5

32 c33 0.1208(54) 10�5

33 De 0.116865(35) 10�6

34 b1 )0.168(28) 10�9

35 b2 2.0066(79) 10�9

36 b3 )0.3053(99) 10�9

37 H a 0.7504935530 10�14

Parameters of l—doubling matrix elements

38 Le )0.141093(49) 10�3

39 L1
a 0.4591757370 10�6

40 L2 2.171(24) 10�6

41 L3 )11.220(78) 10�6

42 LJ 0.1776(33)E 10�9

Parameters of Fermi-interaction matrix elements

43 Fe )25.24465(52)
44 F1 0.25627(18)

45 F2 0.29856(32)

46 F3 0.14343(17)

47 F12 )0.5045(97) 10�2

48 F33 )0.625(13) 10�2

49 Fj 0.107611(31) 10�3

50 FL )0.9491(59) 10�5

51 F IV
e

a 0.1648736709 10�1

Parameters of Coriolis-interaction matrix elements

52 Ce )0.7086(20) 10�1

53 C1
a 0.2767539120 10�3

54 C2 1.579(19) 10�3

55 C3 )0.612(32) 10�3

Table 5 (continued)

N Parameter Value (cm�1) Order

56 Cl
a 0.4826858884 10�3

57 CJ 0.2375(46) 10�6

58 Ce2 1.0077(83) 10�2

Note. Uncertainties in parentheses represent one standard devia-

tion in units of the last quoted digit.
a Fixed to the value given in [24].
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uncertainties, and weighted standard deviations vRITZ.

The majority of the collected line positions originate

from spectra that contain also the line positions of the

more abundant isotopic species 12C16O2,
13C16O2,

16O12C18O, and 16O12C17O. The corresponding calibra-

tion factors for these spectra were taken from our pre-

vious papers [21,22] and are used in the present work as

fixed values. They are marked with an a in Table 4. The
calibration offset for the high-precision laser heterodyne

measurements [13] was fixed to zero. The experimental

uncertainties have been taken from the corresponding

papers. They are given in Table 4 in the column named

‘‘Precision.’’ Sometimes there is no explicit indication of

the uncertainties of the observed line positions. In this

case we used guessed values which are marked with the b

symbol. For our new measured data RMSRITZ ¼
0:0006 cm�1. This value can be considered as the actual

average experimental precision of these data.

As in our previous papers [20–22] the least-squares fits

of the effective Hamiltonian parameters to the observed

line positions have been performed with the help of the

GIP computer code [25]. The aim of the fitting procedure

was to minimize the dimensionless weighted standard

deviation defined according to the usual formula

vGIP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i½ðmobsi � mcalci Þ=ek�

2

N � n

s
; ð7Þ

whereN is the number of fitted transitions, n is the number

of adjusted parameters, and ek is the experimental un-

certainty of the kth spectrum. The values of the parame-

ters published by Ch�eedin [24] were used as initial guess.

For the sake of the effective Hamiltonian reduction three

parameters have been fixed to the values given in [24]:
xll ¼ �0:939752927 cm�1, y1ll ¼ 0:05582148965 cm�1,
and y222 ¼ �0:004203561690 cm�1. In the process of fit-

ting it was found reasonable to fix in addition 7 other

parameters to the values reported in [24].

Using the effective Hamiltonian with 48 adjustable

parameters we were able to reach the values vGIP ¼ 2:13
and RMSGIP ¼ 0:00106 cm�1. These values are close to

vRITZ and RMSRITZ, respectively. This means that the
effective Hamiltonian model is adequate to data in a

sense that it can reproduce the observed line positions

with the accuracy close to the experimental uncertain-

ties. The set of fitted effective Hamiltonian parameters is

given in Table 5. The fit statistics for each band and for
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each experimental source is presented in Tables 6 and 4,
respectively.
5. Comparison with the HITRAN and the GEISA

databases

The fitted set of parameters of the effective Hamil-

tonian for 16O13C18O allowed us to generate the file of
calculated line positions, which will be included in the

future atmospheric [26] and high-temperature [27] ver-

sions of the Carbon Dioxide Spectroscopic Databank

(CDSD). In this section we compare observed wave-

numbers for 16O13C18O with those contained in HI-
Table 6

Experimental data and statistics of the line positions fit for 16O13C18O (band

P 0 ! P V 0 ! V Jmax

1 0 01101 00001 90

2 0 10001 00001 37

2 0 10002 00001 29

2 1 10001 01101 73

2 1 10002 01101 51

2 1 02201 01101 79

3 0 00011 00001 107

3 0 11101 00001 37

3 2 00011 10001 54

3 2 00011 10002 53

4 0 20002 00001 32

4 1 01111 01101 102

5 0 10011 00001 32

5 0 10012 00001 45

5 2 02211 02201 67

5 2 10011 10001 83

5 2 10012 10002 85

6 0 00021 00001 58

6 3 00021 00011 58

7 0 20011 00001 51

7 0 20012 00001 65

7 0 20013 00001 59

7 1 01121 01101 37

7 4 01121 01111 54

8 0 10021 00001 38

8 0 10022 00001 36

8 1 21112 01101 45

8 1 21113 01101 39

9 0 00031 00001 58

9 0 30011 00001 37

9 0 30012 00001 47

9 0 30013 00001 46

9 6 00031 00021 67

11 0 10031 00001 39

12 9 00041 00031 55

15 12 00051 00041 60

18 15 00061 00051 59

21 18 00071 00061 54

Total 107

P 0 and P are numbers of upper and lower polyad; V 0 and V are upper an

maximum value of the rotational quantum number in the file of experimental

experimental data for a given band; RMS (in 10�3 cm�1) is the root-mean-sq

[8], e—[9], f—[10], g—[11], h—[12], i—[13], j—[14], k—[17], l—this work.
TRAN [23]. Since HITRAN and GEISA [28] databases
contain identical 16O13C18O data we shall consider HI-

TRAN only. Before performing the comparison we give

a brief analysis of 16O13C18O data contained in the

HITRAN database. The 16O13C18O portion of the HI-

TRAN database contains 2312 lines belonging to 17

bands covering the 567–4947 cm�1 spectral range. Only

the lines with the intensities higher than 10�27 cm�1/
molecule cm�2 at 296K have been included. It is known
that no direct observations are used to generate HI-

TRAN data for the carbon dioxide molecule. The mo-

lecular constants to generate these data are given in the

paper of Rothman et al. [1]. Tables 1 and 2 of that paper

give all needed information about the origin of the line
-by-band analysis)

Nlin RMS References

343 0.66 d,e

29 0.23 f

17 0.35 f

247 0.71 d,e

126 0.91 d,e

332 1.02 d,e

376 0.65 a,c,j

14 1.43 c,h

127 1.02 d,i

121 0.81 d,i

19 1.38 g

377 1.13 j,c

8 1.43 b

23 2.27 b

157 2.21 c

79 1.37 c

84 1.04 c

114 0.52 l

61 0.20 j

106 0.60 k,l

134 1.03 k,l

124 1.23 k,l

49 1.06 l

116 0.43 j

64 2.08 l

46 1.60 l

127 0.89 l

123 1.66 l

87 0.74 l

36 2.13 l

84 0.75 l

113 1.11 k,l

57 0.33 j

48 2.18 l

44 0.37 j

78 0.36 j

52 0.49 j

46 0.69 j

4188 1.06

d lower vibrational states according to HITRAN notation; Jmax is the

data for a given band; Nlin is the total number of lines in the file of the

uare deviation for a given band. References: a—[2], b—[3], c—[4–7], d—
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Fig. 3. Comparison of HITRAN with observed line positions. Two
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of MR (mean residual) are indicated explicitly.
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parameters. An important indicator of the reliability of
the line parameters is the IERR code, which contains the

accuracy indices for frequency, intensity, and air-

broadening halfwidth. The meaning of the IERR values

is given at the end of the file ‘‘Table_97.txt’’ supplied

with HITRAN. All lines higher than 4673 cm�1 have 0

as the accuracy index for the line positions. All other

lines have IERR¼ 4. It is possible to compare lines,

which are present both in HITRAN and in observed
datafile. For comparison it is convenient to use mean

residual (MR) defined as

MR ¼ 1

N

XN
i¼1
ðmobsi � mHITRAN

i Þ; ð8Þ

where N is the number of observed lines of a given band,

mobsi and mHITRAN
i are observed and HITRAN line posi-

tions, respectively. These MR versus band origins are

given in Fig. 3. There are two bands, 20011–00001 and

20012–00001, which have rather large values of MR

reaching 0.014 cm�1. Because the line positions for the
two bands listed in HITRAN were derived from the

calculations of Chedin and Teffo [29] in 1984, so it is not

surprising to see the differences between the present

work and HITRAN database due to the limitations of

the theoretical technique at that time. In fact they are

within the uncertainties declared by these earlier works.
6. Conclusion

In the present paper Fourier-transform study of

carbon dioxide isotope, 16O13C18O, was carried out in

4000–9500 cm�1 region. Among the 14 bands rotational

analyzed, eight of them are new while the rotational

analysis of six others is improved. The new observations
together with data collected from the literature have
been used to fit parameters of an effective Hamiltonian.

The obtained set of 58 parameters (10 fixed and 48 ad-

justable) reproduces the observed dataset consisting of

4188 line positions of 38 bands with RMS¼ 0.001 cm�1.
The results obtained in this paper will be used to extend

the data contained in Carbon Dioxide Spectroscopic

Databank (CDSD) located at the site http://cdsd.iao.ru.
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