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a b s t r a c t

Three bands 4003i–00001 (i¼2, 3, 4) of the Fermi pentad of 12C16O2 near 830 nm have
been recorded with a continuous-wave cavity ring down spectrometer. A sensitivity at the
5�10–11 cm�1 level allowed us to obtain line positions and intensities of these very weak
bands. The measured line intensities of these three bands together with those published
for the 10051–00001 and 10052–00001 bands were used to obtain the effective dipole
moment parameters of 12C16O2 for the ΔP¼17 series of transitions, where
P¼2V1þV2þ3V3 is a polyad number (Vi (i¼1, 2, 3) are vibrational quantum numbers).
Comparisons of the measured line positions and intensities of the 4003i–00001 (i¼2, 3, 4)
bands to those from the AMES and GEISA line lists are given.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon dioxide is one of the most important green-
house gases and a major species of the atmospheres of
some rocky planets. It has many vibrational bands with
very different intensities from the far infrared to visible
region, which makes it possible to monitor the evolution
of carbon dioxide in Earth’s atmosphere, and probe other
atmospheres to different depths. The vibrational bands in
the near-infrared region of CO2 are strong enough to be
easily detected without saturation due to the absorption of
the atmospheres of Venus [1] and Mars [2]. The relatively
Center for Quantum
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strong bands of 12C16O2 around 870 nm and 782 nm have
been studied by many groups [3–6] with high accuracy.
While the relative weak bands 4003i–00001 (i¼1, 2, 3, 4,
5) of the Fermi pentad of 12C16O2 near 830 nm have never
been quantitatively studied. Only the band-heads of the
three strongest bands of this Fermi pentad were observed
with photo-acoustic spectroscopy [7]. The calculated line
parameters of these bands are included in the latest GEISA
database [8] and AMES line list [9]. According to the
theoretical prediction, the rotational structures of the
three strongest bands 4003i–00001 (i¼2, 3, 4) of the
Fermi pentad could be measured with our cavity ring
down spectrometer.

The present work is the continuation of a series
devoted to the systematic study of the absorption spec-
trum of isotopologues of carbon dioxide above 1 μm in
our laboratory [6,10–11]. In this paper, the study of the
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4003i–00001 bands of the Fermi pentad will be presented.
The measured line positions and intensities can be used to
refine the effective Hamiltonian and dipole moment para-
meters for the 12C16O2 isotopologue.

2. Experimental details

The configuration of the continuous-wave (CW) cavity
ring-down spectrometer based on a Ti:Sapphire laser has
been described in detail in Ref. [12]. Briefly, the structure of
the setup is as follows: a beam from a CW tunable Ti:
sapphire laser (Coherent MBR 110) is coupled into a 65.5-
cm-long resonance cavity. Cavity mirrors (Layertec GmbH)
with a reflectivity of 99.995% are installed in a high-vacuum
chamber and can be precisely adjusted by a set of step-
motors (New Focus Picomotor) using a controller outside
the chamber. The ring-down signal is detected by a photo-
diode and recorded by an analog-digital converter (ADLink
PCI 9228) installed on a personal computer. A nonlinear
least-square fitting program is applied to fit the data to
derive the ring-down time τ. The sample absorption coeffi-
cient α at frequency v is obtained from the equation:

αðνÞ ¼ 1
cτðνÞ�

1
cτ0

ð1Þ

where c is the speed of light and τ0 is the ring-down time of
the empty cavity. The typical noise-equivalent absorption
coefficient is 5�10–11 cm�1.

Natural carbon dioxide gas with a stated purity of
99.99% was bought from the Nanjing Special Gas Co. and
further purified by a “freeze–pump–thaw” process before
use. Two pressures of 48.5 and 50.9 kPa were adopted and
the spectrum was recorded at room temperature (296 K).
The sample pressure was measured by a capacitance gauge
(Shanghai ZhenTai CPCA-140Z; full range 100 kPa) with a
stated accuracy of 0.5%. The spectrum calibration was
based on the readings given by a calibrated lambda-
meter (Burleigh WA-1500) with 60 MHz accuracy.

Since the 4003i–00001 (i¼2,3,4) bands of 12C16O2 are
located in a spectral region with strong water absorption
lines, the CO2 absorption transitions were recorded line-by-
line according to the theoretical calculation of AMES [9].
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Fig. 1. The P18 line of the 40033–00001 band of 12C16O2 recorded at
room temperature and at 0.478 atm pressure. The dashed line represents
the observed line and the straight line represents the simulated line. The
residuals are given on the below panel.
3. Results

3.1. Transition list

The spectral line parameters were retrieved by fitting
the observed spectra. The line shape was modeled by a
Voigt profile in which the Doppler line width was fixed at
the calculated value. The adjustable parameters include
position, intensity, line width, and the parameters for the
baseline which are modeled by a second order polynomial.
We had to take into account the baseline because practi-
cally all lines are blended with stronger water lines. We
estimate that the CO2 sample contains about 0.01% of
water, which comes as an impurity of the sample gas and
also from degassing of the ring-down cavity. The apparatus
functionwas not taken into account because the line width
of the laser is much smaller than the spectral line widths.
As an example, in Fig. 1, we present the observed and
simulated profiles of the P18 line in the 40033–00001
band. The residuals of the fit are also presented in this
figure.

A total of 77 12C16O2 transitions were observed. The full
line list is presented in Table 1. The values of the line
strength in the table have been converted to 100% abun-
dance of 12C16O2. The uncertainty in the line positions
varies from 0.002 cm�1 to 0.030 cm�1, while the uncer-
tainty in the line intensities is about 5% for strong and
well-isolated lines, but up to 100% for very weak or heavily
blended lines.

3.2. Spectroscopic constants of the upper states

Three vibrational bands were rotationally identified
according to the AMES line list [9]. The rotational analysis
was performed using the standard equation for the vibra-
tion–rotation energy levels:

FvðJÞ ¼ GvþBvJðJþ1Þ�DvJ
2ðJþ1Þ2þHvJ

3ðJþ1Þ3; ð2Þ
where Gv is the vibrational term value, Bv is the rotational
constant, Dv and Hv are centrifugal distortion constants,
and J is the angular momentum quantum number. The
spectroscopic parameters for an upper state were fitted
directly to the observed line positions of the respective
band. The ground state rotational constants were con-
strained to the literature values [14]. The spectroscopic
parameters of the 4003i (i¼2, 3, 4) states retrieved from
the fit are presented in Table 2.
3.3. Effective dipole moment parameters

Using the line intensities for the 4003i–00001 (i¼2,3,4)
bands measured in this work and those recently published
[6,10] for the 1005i–00001 (i¼1, 2) and 1115i–01101



Table1
Line parameters of the 4003i–00001 (i¼2, 3, 4) bands of 12C16O2.

Line Position (cm�1) Intensity (10�30 cm/molecule) Position (cm�1) Intensity (10�30

cm/molecule)
Position (cm�1) Intensity (10�30 cm/molecule)

40032–00001 40033–00001 40034–00001

P 38 11,870.814 a 3.0
P 36 12,008.970 20.1 11,873.638a 7.7
P 34 12,142.936b 6.8 12,011.710 20.9 11,876.385a 5.3
P 32 11,879.058a 8.6
P 30 12,148.400b 5.6 12,017.067 30.9 11,881.657b 9.3
P 28 12,151.025b 5.7 12,019.671 31.0 11,884.184b 7.6
P 26 12,022.204 44.0 11,886.653 20.2
P 22 12,158.451 19.0 12,027.101b 26.4 11,891.372 16.8
P 20 12,160.785b 10.7 12,029.441 42.5 11,893.631b 20.9
P 18 12,163.038b 22.6 12,031.715 46.5
P 16 12,033.888b 11,897.934 16.7
P 14 12,167.330 16.8 12,036.031 51.2
P 12 12,038.079b 19.4 11,901.964 16.3
P 10 11,903.882b 12.5
P 8 12,173.207b 23.8 12,041.941 41.1
P 6 12,043.750 10.2 11,907.501b 13.2
P 4 12,176.749c 4.0 12,045.495 13.0
P 2 12,047.155a 4.5
R 0 12,180.708 c 4.3 12,049.488a 6.6
R 2 12,182.199b 11.9 12,050.953a 2.6
R 4 12,183.584a 8.1 12,052.338a 16.2 11,916.091a 4.0
R 6 12,184.911a 7.6 12,053.648a 6.9 11,917.449a 8.1
R 8 12,186.144b 16.0 12,054.874 46.7 11,918.696 18.8
R 10 12,187.311b 23.6 11,919.917 17.0
R 12 12,188.395b 21.3 12,057.099 57.4
R 14 12,058.098 62.3
R 16 12,190.341a 15.9 12,059.026 68.1 11,923.120b 17.8
R 18 12,191.228a 23.9 12,059.868a 9.1
R 20 12,192.010a 14.2 12,060.650 51.3 11,924.921b 8.7
R 22 12,192.717 9.6 12,061.356 48.8 11,925.713b 6.7
R 24 11,926.439 12.9
R 26 12,193.932b 18.6 11,927.093 11.9
R 28 12,194.423a 11.7 12,063.082b 38.6 11,927.675 12.5
R 30 11,928.188 12.2
R 32 12,063.961 21.4 11,928.630b 10.0
R 34 11,929.005a 2.7
R 36 12,064.666 14.3

Note: For an unblended line the uncertainty of the line position is 0.002–0.005 cm�1 and the uncertainty of the line intensity is 5–10%.
a For a strongly blended line the uncertainty of the line position is 0.01–0.02 cm�1 and the uncertainty of the line intensity is 30–50%.
b For a blended line the uncertainty of the line position is 0.005–0.010 cm�1 and the uncertainty of the line intensity is 20–30%.
c For a very weak line the uncertainty of the line position is 0.02–0.03 cm�1 and the uncertainty of the line intensity is 50–100%.

Table 2
Spectroscopic constants (in cm�1) of the 4003i (i¼2, 3, 4) vibrational states of 12C16O2.

Ground state Gv Bv Dv�107 Hv�1010

00001 0.00000 0.39021894 1.334088 1.918 Ref.[14]

Upper state Gv Bv Dv�107 Hv�1010 RMSa n/Nb

40032 12,179.9669(20) 0.380781(12) 0.74(13) 1.918c 3.6 18/22
40033 12,048.7317(13) 0.3804269(91) –0.46(16) 1.798(78) 2.9 28/29
40034 11,912.4363(43) 0.381869(35) 3.37(66) 0.69(35) 3.9 24/26

a RMS – root mean squares of residuals in 10�3 cm�1.
b n, number of transitions included in the fit; N, number of assigned rotational transitions.
c This parameter was fixed at the value of the ground state in the rotational analysis.

Y. Tan et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 165 (2015) 22–2724
(i¼1, 2) bands, we have performed fits to obtain the
effective dipole moment parameters for the ΔP¼17 series
of transitions. The line intensity is proportional to the
transition dipole moment squared which, within the
framework of the effective operators approach, is given
by the following equation [15–17]:
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In this equation JC
V1V2 l2V3

PNε and
J0CV1 þΔV1V2 þΔV2l2 þΔl2V3 þΔV3

P0N0ε0 are the expansion coefficients
Table 4
Effective dipole moment parameters in 10�7 Debye for the ΔP¼17 series
of transitions of 12C16O2.

Parameter ΔV1 ΔV2 ΔV3 Δℓ2 Value

M 1 0 5 0 –4.6405 (49) a

M 0 2 5 0 0.1944 (27)
M 4 0 3 0 –0.5751 (71)

a The numbers in parentheses correspond to one standard deviation
in units of the last quoted digit.

WP0N'J'ε'’PNJε ¼ ð2Jþ1Þ

����������

X
2V1þV2þ3V3 ¼ P

ℓ2

X
2ΔV1þΔV2þ3ΔV3 ¼ΔP

Δℓ2 ¼ 0; 71; 72; :::

JC
V1V2ℓ2V3

PNε
J0C

V1 þΔV1V2 þΔV2ℓ2 þΔℓ2V3 þΔV3

P0N0ε0 MjΔℓ2 j
ΔV

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fΔℓ2
ΔV ðV ;ℓ2Þ 1þδℓ2 ;0þδℓ0

2 ;0
�2δℓ2 ;0δℓ0

2 ;0

� �r
ΦΔJ;Δℓ2

ðJ;ℓ2Þ

����������

2

ð3Þ
of the eigenfunctions for lower and upper states, respectively,
in the basis of harmonic oscillators and rigid symmetric top
eigenfunctions, δi;j is the Kronecker symbol. The functions

fΔℓ2
ΔV ðV ;ℓ2Þ are known functions of the vibrational quantum
numbers. They are listed in Table 1 of Ref. [16] for small values
of the quantum number differences ΔV. The functions
ΦΔJΔℓ2 J;ℓ2ð Þ for Δℓ2 ¼ 0; 71 are equal to the Clebsh–
Gordon coefficients 1Δℓ2

�
Jℓ2 ðJþΔJÞðℓ2þΔℓ2Þ

��� . We omit
the Herman–Wallis type factors in this equation because they

are not important in the present fit. The parameters MΔℓ2
ΔV of

the matrix elements of the effective dipole moment operator
are determined by the least squares fit to the observed line
intensities. The computer code used for the fit is described in
Ref. [18].

The purpose of the fit is to minimize the value of the
dimensionless standard deviation, χ, defined as

χ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i ¼ 1

Sobsi �Scalci

� �
=δi

� �2

N�n
;

vuuut
ð4Þ

where Sobsi and Scalci are, respectively, the observed and
calculated values of the intensity for the ith line,
Table 3
Statistics of the line intensity fit.

Band N Jmin Jmax νmin νmax Smin

10051–00001 46 0 53 12,697.5 12,783.9 8.72E–29
10051–00001 33 0 50 12,697.5 12,783.6 1.18E–28
10052–00001 32 2 52 12,592.9 12,682.2 4.68E–29
11151e–01101e 24 1 45 12,666.1 12,740.6 1.32E–29
11151f–01101f 25 2 45 12,672.5 12,740.4 1.14E–29
11152e–01101e 25 1 37 12,543.3 12,601.2 9.09E–30
11152f–01101f 26 2 41 12,545.4 12,601.4 8.91E–30
40032–00001 18 2 34 12,142.9 12,193.9 5.60E–30
40033–00001 23 0 36 12,009.0 12,064.7 4.50E–30
40034–00001 25 4 38 11,870.8 11,929.0 2.70E–30

Notes:
Ref.: TW – this work, Lu – Ref. [6], Song – Ref. [10].
N – number of fitted lines of a given band.
Jmin, Jmax – minimum and maximum values of the rotational quantum number
vmin, vmax – minimum and maximum values of the wavenumber of a given ba
Smin, Smax – minimum and maximum values of the line intensity of a given ba
RMS – root mean square of the residuals (Sobs–Scalc)/Sobs in percent (see Eq. (5)
δi ¼ ðSobsi σiÞ=100% is the absolute measurement error of
ith line, σi is the measurement error in percent, N is the
number of fitted line intensities, and n is the number of
adjusted effective dipole moment parameters. The mea-
surement errors used in the present fit are given in Table 3.
For the line intensities measured in the present work, the
error varies from 5% to 50%. We used the eigenfunctions of
the effective Hamiltonian published in Ref. [13]. The total
internal partition function was taken from Ref. [19].

For the description of the quality of a fit we use also the
value of the root mean square deviation defined by the
Smax RMS (%) Experimental uncertainty (%) Reference

3.32E–27 2.5 2 Song
3.32E–27 1.7 1 Lu
1.55E–27 2.7 2 Song
1.12E–28 20.0 20 Song
1.28E–28 19.2 20 Song
9.61E–29 28.3 20 Song
7.17E–29 23.2 20 Song
4.66E–29 43.5 5–50 TW
6.81E–29 31.7 5–50 TW
2.09E–29 40.3 5–50 TW

J, respectively.
nd, respectively.
nd, respectively.
).
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equation:

RMS¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i ¼ 1

Sobsi �Scalci

� �
=Sobsi

� �2

N

vuuut
� 100%: ð5Þ

The characteristics of the input data and the results of the
fits are presented in Table 3. The fitted sets of the effective
dipole moment parameters are given in Table 4.
4. Discussion and conclusion

In Fig. 2, we give a comparison of the line positions
measured in this work to the values from the GEISA
database [8] and those from the AMES line list [9]. The
discrepancy in line positions between our measurement
and those from the AMES line list for the 40033–00001
band reach 0.06 cm�1. Meanwhile, the difference
between the observed line positions and the values from
the GEISA database varies from 0.025 to 0.04 cm�1. This
is because the GEISA database contains the line positions
for 4003i–00001(i¼2, 3) bands from calculations using
the effective Hamiltonian of Ref. [13]. It is obvious that
the line position residual varies the square of the wave-
number for the 40033–00001 band. While the rms values
(obs.–calc.) of the 40033–00001 band are found to be
2.9�10�3 cm�1 by fitting the observed line positions
with the isolated vibrational state model, which is con-
sistent with the experimental accuracy. It means that no
perturbations could be identified within this experimen-
tal accuracy. The agreement between the observed and
calculated values of the line positions could be improved
if one takes into account additional anharmonic reso-
nance term with the nonvanishing matrix element
V1V2ℓ2V3J
� ��Hef f V1�1V2�4ℓ2V3þ2J

�� 	
in the effective

Hamiltonian. The respective residuals are also presented
in Fig. 2 (Heff). The newly observed line positions will
allow us to improve the set of effective Hamiltonian
parameters.
Although the uncertainties of the measured line inten-
sities are estimated to vary from 5% to 100%, it is still
instructive to compare them with those from the existing
line lists. On average, they are two or three times larger than
those from the AMES line list [9] and one order of magnitude
larger than those from the GEISA database [8]. Using the new
set of the effective dipole moment parameters, we generated
a new line list of the ΔP¼17 series of transitions, which
agree well with the measured values. This line list will be
placed into a new version of the CDSD databank [20,21].
Meanwhile, we present the line intensity comparison
between the AMES and the newly generated line list in the
11,600–12,400 cm�1 in Fig. 3. The line intensities for the
4003i (i¼1, 2, 3, 4) bands generated in this work are two or
three times larger than those from the AMES [9]. The
calculated line intensities of the 40035 band obtained in
this work are also stronger than those from the AMES [9],
which should be confirmed by further experimental studies.
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