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Observation of electric-quadrupole infrared transitions in water vapor
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Molecular absorption of infrared radiation is generally due to rovibrational electric-dipole transitions. Electric-

quadrupole transitions may still occur, but they are typically a million times weaker than electric-dipole

transitions, rendering their observation extremely challenging. In polyatomic or polar diatomic molecules,

rovibrational quadrupole transitions have never been observed. Here, we report the direct detection of quadrupole

transitions in water vapor. The detected quadrupole lines have intensity largely above the standard dipole

intensity cutoff of spectroscopic databases and thus are important for accurate atmospheric and astronomical

remote sensing.
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Spectroscopic techniques in the IR domain have advanced

significantly in recent years providing exciting opportunities

for a generation of accurate and sensitive measurements.

Quadrupole electronic and rovibrational transitions have been

detected in a number of atoms [1,2] and homonuclear di-

atomic molecules [3–5], respectively, for states that cannot

undergo electric dipole transitions. Electric-quadrupole tran-

sitions are used for remote sensing of important diatomic

molecules, such as hydrogen, oxygen, and nitrogen, in spectra

of Earth’s atmosphere and other environments [4,6,7]. When

compared with dipole transitions, quadrupole transition rates

are typically smaller by a factor ranging from 108 in the IR

to 105 in the optical spectral domain. Such extremely long

mean lifetimes against spontaneous emission of quadrupole

excitations make them ideal candidates for next-generation

atomic clocks [8], high-precision tests of molecular physics

[9–11], and quantum information processing [8,12].

In most heteronuclear diatomic and polyatomic molecules

the rovibrational states can be excited both via dipole and

quadrupole transitions. The dipole and quadrupole moment

operators have distinct selection rules. The dipole moment

connects states with different parity, while for the quadrupole

transitions, the parity is conserved. Furthermore, states with

rotational quantum numbers J differing by ±2 can only

be connected by a quadrupole transition. This difference

in selection rules permits, in principle, the observation of
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well-isolated quadrupole lines. Nevertheless, in practice the

detection of quadrupole lines is made difficult by the fact that,

even if transition frequencies differ, the quadrupole lines are

drowned in the line profile of the much stronger dipole lines.

To the best of our knowledge, quadrupole transitions

have never been detected in polyatomic molecules un-

til now, although the quadrupole moment of some poly-

atomic molecules (CO2, NO2, OCS) have been measured us-

ing electric-field-gradient-induced birefringence method [13].

Currently, spectroscopic line lists of the major greenhouse gas

absorbers such as water vapor and carbon dioxide, are limited

to dipole transitions [14]. A highly accurate and complete

characterization of rovibrational spectra of these molecules is

needed for the modeling and understanding of Earth’s atmo-

sphere, climate, and many remote sensing experiments [15].

At present, adequate models of the water vapor absorption in

the Earth’s atmosphere incorporate many weak dipole lines

including hot band transitions, minor water isotopologues

contribution, and weak absorption continua [16]. Obviously,

failure to include weak quadrupole transitions to the total

opacities of atmospherically important species may contribute

to systematic errors in remote sensing retrievals with a corre-

sponding impact on atmospheric simulations.

Here, we report an observation of electric-quadrupole tran-

sitions in water vapor. This observation was made possible

using a continuous wave diode laser cavity ring down spec-

troscopic (CRDS) technique to measure the water absorp-

tion spectrum near 1.3 µm. The detection and assignment

of the measured spectral lines relied on high-accuracy pre-

dictions for both positions and intensities of the quadrupole

H2
16O transitions. It is important to stress that the detected

quadrupole lines have intensity largely above the recom-

mended dipole intensity cutoff of the standard spectroscopic

databases and should thus be incorporated.
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CRDS is a high-sensitivity absorption technique that per-

forms like a classical absorption spectroscopy, which would

have a multikilometric absorption path length. The method

consists of measuring the power decay rate (ring down) of

a laser light trapped into a passive optical cavity, made of

high-reflectivity semitransparent mirrors [17]. The presence

of an absorbing gas in the cavity shortens the ring down

time. From the variation of the decay rate with the laser

frequency, one gets the absorption spectrum. Because of the

extreme reflectivity of the mirrors (typically R ∼ 99.997%)

sensitivities equivalent to several hundred kilometers in a

classical absorption approach are routinely achieved and ex-

tremely weak absorptions are detected. A record absorption

sensitivity, αmin ≈ 5 × 10−13cm−1, corresponding to a 2%

light attenuation for the Earth-Moon distance, was achieved

by CRDS [18], allowing for the detection of extremely weak

quadrupole lines of D2 and N2 [19]. In the last two decades,

the CRDS technique was extensively used to characterize

weak dipole transitions of water vapor in the near-IR spectral

domain [20]. Tens of thousands of new dipole transition lines

were detected and assigned to various water isotopologues

present in natural isotopic abundance. In the 1.6- and 1.25-µm

transparency windows, lines of HD17O with a natural relative

abundance of 1.158 × 10−7 were detected [21] and dipole

lines with intensities as weak as 1 × 10−29 cm/molecule were

measured [22].

At room temperature and typical sample cell pressures

in the Torr range, most of quadrupole transitions of water

molecule are masked by much stronger dipole transitions.

In order to detect them in the CRDS spectrum, a highly

accurate theoretical prediction of the quadrupole rovibrational

spectrum is essential.

The calculations, detailed in Appendix A, employed

a state-of-the-art variational approach based on high-level

ab initio electric dipole and quadrupole moment surfaces

of H2O. The robust variational approach TROVE (Theoreti-

cal RO-Vibrational Energies) [23,24] was used to solve the

rovibrational Schrödinger equation for the motion of nuclei,

based on exact kinetic energy operator [25,26] and recently

reported accurate potential energy surface of H2O [25]. The

electric-quadrupole moment surface was computed ab initio at

the CCSD(T)/aug-cc-pVQZ level of theory in the frozen-core

approximation using the CFOUR program package [26]. The

quadrupole intensities and Einstein A coefficients were calcu-

lated using the generalized approach RICHMOL for molecular

dynamics in the presence of external electric fields [27]. The

basis-set convergence of the rovibrational line positions was

carefully examined. The remaining errors on the order of

0.01 − 0.6 cm−1 were still too significant to unambiguously

identify quadrupole lines in the CRDS spectrum. To improve

the accuracy, the computed rovibrational line positions were

adjusted according to empirical values of the lower and upper

state energy levels of H2
16O . These energies were carefully

derived from the analysis of high-resolution spectroscopic

data from more than a hundred experimental sources [28]. The

average uncertainties on the order 10−3 cm−1 in the resulting

line centers allowed to unambiguously identify quadrupole

lines. Indeed, in the region of interest, with the sensitivity

of the CRDS spectra under analysis, the spectral congestion

is very high, due to dipole lines of H2
16O, water minor

FIG. 1. Overview of the absorption line list of H2
16O at 296 K.

The calculated electric-quadrupole spectrum [29] (red circles) is su-

perimposed to the calculated electric-dipole spectrum (black circles).

The CRDS measured quadrupole transitions are shown with blue

triangles. The inset with intensities in linear scale shows a zoom of

the 7450−7600 cm−1 region.

isotopologues, as well as impurities such as CO2, NH3 or CH4

present at ppm relative concentrations.

The overview of the calculated quadrupole line list of

H2
16O [29] is displayed in Fig. 1 superimposed to the dipole

line list computed using an ab initio dipole moment surface

[30]. Both lists include all rovibrational transitions of H2
16O

with J � 30 and upper state energies below 10000 cm−1

with respect to the zero-point level. The general appear-

ance of the quadrupole and dipole line lists is similar; the

spectra consist of a succession of vibrational bands whose

intensity decreases with the frequency. The maximum in-

tensity values of quadrupole lines are typically seven orders

of magnitude smaller than the dipole lines. Note that the

strongest quadrupole lines near 4000 cm−1
have an inten-

sity on the order of 10−26 cm/molecule, whereas the in-

tensity cutoff the water dipole transitions included in the

HITRAN database [14] is three orders of magnitude smaller

(10−29 cm/molecule). Interestingly, the largest quadrupole-

to-dipole intensity ratios of about 10−4 are predicted for

the water transparency window at 2500 cm−1, dominated by

transitions of the bending ν2 vibrational band. The com-

plete quadrupole line list with transition frequencies up to

10000 cm−1 and 10−40 cm/molecule intensity cutoff is pro-

vided as Supplemental Material [29].

The CRDS recordings of natural water vapor were per-

formed in the frequency range between 7408 and 7619 cm−1

at a pressure limited to 1.0 Torr and temperature maintained at

296 K. Details about the experimental setup and line param-

eters retrieval can be found in Appendix B. The noise equiv-

alent absorption of the recordings, estimated as a root-mean-

square deviation of the spectrum base line, is αmin ≈ 5 ×

10−11 cm−1 . In terms of line intensity, this converts to a

detectivity threshold on the order of few 10−29 cm/molecule,

well below the calculated intensities of the strongest

quadrupole lines in the region (up to 6 × 10−28cm/molecule).
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FIG. 2. Detection of electric-quadrupole lines of H2
16O in the

spectrum of water vapor recorded by CRDS at 1.0 Torr. On each

panel, the calculated quadrupole stick spectrum of H2
16O (red cir-

cles) and the dipole stick spectrum of water in natural isotopic abun-

dance [14] (black circles) are superimposed to the CRDS absorp-

tion spectrum. Two quadrupole lines are detected near 7475 cm−1

[panel (a)], and one quadrupole line is detected near 7490.3 and

7533.5 cm−1 [panels (b) and (c), respectively]. The four detected

quadrupole lines correspond to �J = 2 transitions of the ν1 + ν3

band.

As illustrated in Fig. 2, the remarkable position and in-

tensity coincidences of the calculated quadrupole lines to the

recorded spectra leaves no doubt that H2
16O quadrupole lines

are detected. Among the 50 quadrupole lines predicted with

sufficient intensity in the considered region, nine could be

detected (blue triangles in Fig. 1), the others being hidden by

stronger dipole lines. As a result, Table I lists the detected

quadrupole lines with their measured positions and intensities

obtained from the line profile fit described in Appendix B.

The rovibrational assignments included in the table indicate

that the detected lines belong to the ν1 + ν3 band and cor-

respond to �J = 2 transitions except one line corresponding

to �J = 1 . Experimental intensity values show a reasonable

agreement with the calculated values (see inset in Fig. 1).

Excluding the two weakest lines with large experimental

uncertainties, the average measured/computed intensity ratio

is 0.80(17).

This detection of quadrupole transitions in the water vapor

spectrum opens perspectives for theoretical and experimen-

tal absorption spectroscopy of polyatomic molecules with

expected impact in atmospheric and astronomical sciences.

Despite being very weak, quadrupole absorption lines of water

vapor are clearly above the background formed by the dipole

spectrum and the water continuum and therefore must be

included into modern atmospheric databases such as HITRAN

[14] or ExoMol [31]. Water vapor, being one of the major

interfering species for the trace gas analysis in air, missing

quadrupole transitions may skew the optical measurement of

the targeted species. In geosciences, a small, but measurable

natural variation of abundance ratios of water minor isotopo-

logues are used to trace various chemical and physical pro-

cesses. In this context, absorption spectroscopy is an emerging

method with specific advantages compared to conventional

mass spectrometers [32–35]. Due to the small relative abun-

dance of the minor isotopologues (2 × 10−3 for H2
18O and

less than 4 × 10−4 for HDO and H2
17O), their absorption

lines are weak and any accidental coincidence between the

target absorption line of the water minor isotopologue and

an electric-quadrupole line of the main isotopologue (H2
16O)

will bias the retrieved abundances.

Similar biases may be encountered for metrological spec-

troscopic measurements of line intensities or line shapes, e.g.,

in the determination of the Boltzmann constant by Doppler-

broadening thermometry of a water line [36].

In the case of water vapor the envelopes of the strong

quadrupole and dipole vibrational bands mostly coincide as

TABLE I. Assignment, transition frequencies, and intensities of the electric-quadrupole lines of the ν1 + ν3 band of H2
16O measured near

1.3 µm.

Position (cm−1) Intensity (cm/molecule) JKaKc

Meas. Calc. Meas. Calc. Upper level Lower level

7474.6325 7474.6354 1.21 × 10−28 1.98 × 10−28 6 1 5 4 2 3

7475.4020 7475.4005 2.46 × 10−28 3.16 × 10−28 5 2 4 3 1 2

7488.5747 7488.5785 6.72 × 10−29 3.23 × 10−29 6 6 1 5 5 0

7488.9183 7488.9215 9.34 × 10−29 1.34 × 10−28 7 0 7 5 1 5

7490.3117 7490.3120 3.74 × 10−28 4.02 × 10−28 7 1 7 5 0 5

7533.4649 7533.4642 1.39 × 10−28 1.72 × 10−28 7 2 6 5 1 4

7551.7653 7551.7639 1.02 × 10−28 1.56 × 10−28 9 1 9 7 0 7

7581.1247 7581.1172 9.32 × 10−29 8.53 × 10−29 10 0 10 8 1 8

7613.8512 7613.8478 2.37 × 10−29 1.10 × 10−29 10 2 9 8 1 7
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a result of molecular symmetry and corresponding selection

rules. This will not be the case in other important atmospheric

species such as CO2 where, due to the linear structure of

the molecule, different selection rules apply to quadrupole

and dipole bands. Relatively strong quadrupole bands may

be located in spectral regions where dipole absorption is

weak, the so-called transparency windows. In these cases, the

relative importance of quadrupole transitions will be more

apparent.

This study paves the way for systematic computation of

quadrupole spectra for all standard atmospheric molecules,

e.g., CO2, N2O, CH4, HCN, CO, HF. Owing to the weak

character of the quadrupole spectra, systematic calculations

across wide spectral ranges are thus required to evaluate the

significance of quadrupole transitions for atmospheric, astro-

physical, and industrial applications. After validation tests by

high-sensitivity measurements, quadrupole transitions should

be systematically incorporated into the most currently used

spectroscopic databases.
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APPENDIX A: ELECTRONIC STRUCTURE

CALCULATION

For a water molecule in C2v(M) molecular symmetry

group, the rank-2 quadrupole-moment tensor Q transforms as

3A1 + A2 + B1 + B2, where A2 and B1 components are

zero and only two out of three A1-symmetry components

are necessary, because the quadrupole tensor is traceless,

i.e., Q
(1)
A1

+ Q
(2)
A1

+ Q
(3)
A1

= 0. In total, three symmetry-adapted

components are sufficient to describe the traceless quadrupole

tensor of water, these can be constructed as

Q
(i)
A1

=
∑

α,β=x,y,z

Si,αSi,βQα,β for i = 1, 2,

QB2
=

∑

α,β=x,y,z

S1,αS2,βQα,β ,
(A1)

where

Si =
rHi

− rO

rOHi

, (A2)

Qα,β denotes Cartesian components of the quadrupole mo-

ment tensor, and rOHi
is the O−Hi bond distance. The

quadrupole moment tensor for water was computed ab initio

at the CCSD(T)/aug-cc-pVQZ [37,38] level of theory in the

frozen-core approximation. Calculations were performed on a

grid of about 2000 different molecular geometries covered the

wave-number energy range up to 30000 cm−1 above the equi-

librium energy. Analytic CCSD(T) gradient method was used

[39], as implemented in the CFOUR program package [26].

The symmetrized components in Eq. (A1) were parametrized

using fourth order symmetry-adapted power series expansions

through least-squares fittings.

1. Rovibrational energies and wave functions

The variational program TROVE [23] has been used to

solve the rovibrational Schrödinger equation in the ground

electronic state. A new implementation of the exact kinetic

energy (EKE) operator developed for this study was used.

The EKE is based on the bisector embedding for triatomic

molecules [40,41]. Accurate potential energy surface [25],

electric dipole moment surface [30] and electric-quadrupole

moment surface (this work) were employed.

TROVE uses a multilayer contraction scheme (see, for

example, [42]). At step 1, stretching and bending primitive

basis functions are constructed numerically by solving the

corresponding one-dimensional (1D) Schrödinger equations.

The two equivalent stretching equations are solved on a grid

of 2000 points using the Numerov-Cooley approach [43,44].

For the bending solution, the associated Laguerre polynomials

are used, which are optimized for the corresponding 1D

Schrödinger equation on a grid of 3000 points. The bend-

ing 1D Hamiltonian includes the k2-dependent centrifugal

distortion term. The details of the model will be published

elsewhere [45]. The model 1D Hamiltonian for a given mode

(stretch or bend) is constructed by setting the other mode to

its equilibrium value. At step 2 the 1D basis functions are then

used to solve two reduced problems for the 2D stretching and

1D bending reduced Hamiltonians variationally constructed

by averaging the 3D vibrational (J = 0) Hamiltonian over the

ground state basis functions as follows:

Ĥ (2D) = 〈03|Ĥ |03〉, (A3)

Ĥ (1D) = 〈0102|Ĥ |0102〉, (A4)

where the |vi〉 band are the stretching (i = 1, 2) and bending

(i = 3) vibrational basis functions with v = 0.

The eigenfunctions of these problems are symmetrized

using an automatic symmetry adaptation technique [24] and

form a 3D vibrational basis set for the J = 0 Hamiltonian for

step 3. The C2v(M) molecular group symmetry is used to clas-

sify the irreducible representations. The eigenfunctions of the

(J = 0) 3D Hamiltonian are then used to form a rovibrational

basis set for all J > 0 calculations, where the rotational part

is constructed from symmetrized rigid rotor functions [24].

Our primitive basis set comprised 18 and 48 functions for

the stretching and bending modes, respectively. The atomic

masses were used. An E/hc = 40 000 cm−1 energy cutoff

was used to contract the J = 0 eigenfunctions. All energies

and eigenfunctions up to J � 30 were generated and used to
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TABLE II. Comparison of empirical (Obs.) [28] and calculated (Calc.) energy term values of H2
16O up to 9000 cm−1 .

Obs. Calc. Obs.-Calc. Obs. Calc. Obs.-Calc.

v1 v2 v3 (cm−1) (cm−1) (cm−1) v1 v2 v3 (cm−1) (cm−1) (cm−1)

0 0 0 0.000 0.000 0.000 2 0 0 7249.817 7250.459 −0.642

0 0 1 1594.746 1594.748 −0.002 1 1 0 7445.366 7445.366 0.000

0 0 2 3151.630 3151.640 −0.010 0 0 5 7542.372 7542.423 −0.050

1 0 0 3657.053 3657.159 −0.106 1 0 3 8273.976 8274.070 −0.094

0 1 0 3755.929 3756.058 −0.129 0 1 3 8373.851 8373.952 −0.101

0 0 3 4666.790 4666.789 0.001 0 2 1 8761.582 8762.077 −0.495

1 0 1 5234.976 5235.077 −0.101 2 0 1 8806.999 8807.549 −0.550

0 1 1 5331.267 5331.374 −0.107 0 0 6 8869.950 8870.160 −0.210

0 0 4 6134.015 6134.017 −0.002 1 1 1 9000.410 9000.410 0.000

1 0 2 6775.094 6775.186 −0.093 1 0 4 9724.313 9724.313 0.000

0 1 2 6871.520 6871.622 −0.102 0 1 4 9833.583 9833.686 −0.103

0 2 0 7201.540 7202.099 −0.559

produce dipole and quadrupole line lists for water. The final

TROVE eigenfunctions are given in a sum-of-product form:

|J, mJ , l〉 =
∑

v,k

c
(J,l )
v,k

|v 〉 |J, mJ , k 〉, (A5)

where mJ is a projection of the angular momentum on the

laboratory Z axis, k is a projection on the molecular z axis, l

is a counting state number, v is a generic vibrational (J = 0)

quantum number, and c
(J,l )
v,k

is an expansion eigencoefficient.

In order to improve the calculated line positions, empirical

energies of H2
16O [28] were used to replace the TROVE en-

ergies where available. In this replacement we took advantage

of the two-file structure of the ExoMol line list consisting of a

states file and a transition file [31,46].

As an illustration of the quality of the present calculations,

Table II shows a comparison of the calculated energy term

values (before substitution) with the experimental IUPAC

values [28]. The differences can be attributed to the artefacts

of the conversion of the empirical photoemission spectroscopy

of H2O [25] to the analytical representation used in TROVE.

2. Quadrupole spectrum simulations

The quadrupole spectrum has been simulated using the

variational approach RichMol [27,47], designed for calcula-

tions of molecular rovibrational dynamics in the presence of

external electromagnetic fields. The transition probability due

to the electric-quadrupole interaction from a set of (2J + 1)-

degenerate initial rovibrational states |J, m, l〉 into a set of

(2J ′ + 1)-degenerate final rovibrational states |J ′, m′, l ′〉 is

given by

PQ(J ′, l ′ ← J, l )

=

J ′

∑

m′=−J ′

J
∑

m=−J

∑

A,B=X,Y,Z

|〈J ′, m′, l ′|QA,B|J, m, l〉|
2
. (A6)

The rovibrational matrix elements of a traceless

quadrupole tensor operator QA,B in the laboratory frame

(A, B = X,Y, Z) can generally be represented in a contracted

tensor form

〈J ′, m′, l ′|QA,B|J, m, l〉 = M
(J ′,m′,J,m)
A,B K (J ′,l ′,J,l ),

with

M
(J ′,m′,J,m)
A,B = (−1)m′

√

(2J + 1)(2J ′ + 1)

×

2
∑

σ=−2

[U ]−1
A,B,σ

(

J 2 J ′

m σ −m′

)

(A7)

and

K (J ′,l ′,J,l ) =
∑

k′,v′

∑

k,v

[

c
(J ′,l ′ )
v

′,k′

]∗[

c
(J,l )
v,k

]

(−1)k′

2
∑

σ=−2

∑

α,β=x,y,z

×

(

J 2 J ′

k σ −k′

)

Uσ,αβ〈v′|Qα,β |v〉. (A8)

Here, matrix U defines the transformation of the traceless

symmetric rank-2 tensor from Cartesian to spherical tensor

form (see, e.g., Table I in Ref. [27] for explicit expres-

sion). The rovibrational wave-function coefficients c
(J,l )
v,k

and

vibrational matrix elements of quadrupole tensor operator

〈v′|Qα,β |v〉 in the molecular frame were calculated using the

TROVE approach, as described in the previous section. Using

Eqs. (A6)–(A8), the expression for the rovibrational transition

probability [in Eq. (A6)] can be derived as

PQ(J ′, l ′ ← J, l )

=
[

K (J ′,l ′,J,l )
]2

J ′

∑

m′=−J ′

J
∑

m=−J

∑

A,B=X,Y,Z

∣

∣M
(J ′,m′,J,m)
A,B

∣

∣

2

= 3.8(2J + 1)(2J ′ + 1)[K (J ′,l ′,J,l )]2. (A9)

The expression for the integrated absorption coefficient of

the quadrupole transition in units cm/molecule reads as

IQ(J ′, l ′ ← J, l ) =
4π5ν3e−

EJ,l
kT

(

1 − e− hcν
kT

)

(4πǫ0)5hcZ (T )
PQ(J ′, l ′ ← J, l ),

(A10)

where ν = (EJ ′,l ′ − EJ,l )/hc is the transition frequency with

EJ ′,l ′ and EJ,l being upper and lower state energies, respec-

tively, and Z (T ) is the partition function. Here we used the

value of Z(T = 296 K) = 174.5813.
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FIG. 3. Scheme of the CRD spectrometer. The different compo-

nents include a distributed feedback diode laser (DFB), an optical

isolator, a fiber coupler, an acousto-optic (AO) modulator and a

photodiode. The inset shows the time dependence of the light in-

tensity measured by the photodiode: after a build-up period, the light

intensity reaches a threshold value which triggers the switch off of

the AO modulator. The ring down time is then measured from the

exponential decay of the light intensity.

APPENDIX B: CRDS SETUP AND LNE PARAMTER

RETRIVIAL

The CRDS spectrum of water at room temperature was

recorded from 7408 to 7619 cm−1 with a fibred CRDS spec-

trometer using distributed feed-back (DFB) diode lasers as

light sources. A sketch of the experimental arrangement is

presented in Fig. 3. The stainless steel high finesse cell

(HFC) (l = 1.42 m, 	in = 11.7 mm) is fitted by a pair of

supermirrors (∼99.998% reflectivity) giving rise to ring down

times on the order of 200 µs. The whole spectral region was

continuously covered by means of six fibered DFB lasers.

The latter were supplied with a constant current of 140 mA,

tuned over about 35 cm−1 by a temperature sweep of −10

to 60 °C. About 40 ring down events were averaged for each

spectral data point, distant by approximately 2 × 10−3 cm−1.

A complete DFB temperature scan was achieved within 65

min. Each time a longitudinal mode of the HFC was excited

by the laser frequency, an exponential ring down (RD) event

was induced by switching off the laser beam using an acousto-

optic modulator. In order to excite the HFC mode whatever

the laser frequency, the HFC length was modulated over one

free spectral range by a piezotube supporting the output mirror

[17]. RD times, τ , were measured by fitting with a purely

decreasing exponential function the transmission signal mea-

sured with an InGaAs photodiode. The obtained loss rate,

1/cτ , is the sum of the loss rate of the evacuated cell, 1/cτ0,

and of the absorption coefficient, α(ν), of the gas:

1

cτ (ν)
=

1

cτ0(ν)
+ α(ν), (B1)

where c is the speed of light.

The spectra were recorded at 1.0 Torr. The pressure was

continuously monitored by a capacitance gauge (Baratron)

and the temperature was stabilized at about 296 K. Each

35-cm−1 wide spectrum, corresponding to one DFB record-

ing, was calibrated independently on the basis of the wave-

number values provided by a Fizeau type wave meter (WSU-

30 Highfinesse, 5-MHz resolution and 20-MHz accuracy).

FIG. 4. Examples of line profile fitting of electric-quadrupole lines of H2
16O. On the upper panels (a) and (b), a spectrum simulation

(red line) is superimposed to the CRDS spectrum (black line). The simulated spectrum was obtained as a sum of fitted Voigt profiles and

a fitted baseline assumed to be a quadratic polynomial of the wave number (green line). The electric-quadrupole lines at 7490.311 and

7533.465 cm−1 [marked “E2” on panels (a) and (b), respectively] are detected near weak electric-dipole lines. The lower panels (c) and

(d) show the corresponding differences between the CRDS and fitted spectra in 10−10 cm−1 units.
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The calibration was checked and refined using the reference

line positions of H2O from the HITRAN database [14].

The line centers and line intensities were obtained by

using a homemade interactive least-squares multilines fitting

program written in LabVIEW. As the DFB line width (due

to the frequency jitter) is much smaller than the Doppler

broadening (1–5 MHz compared to 1 GHz), the contribution

of the apparatus function to the observed profiles was ne-

glected. The line parameter derivation consisted of choosing

narrow spectral intervals with (overlapping) lines that could

be fitted independently. For each interval, the centers, inte-

grated absorption coefficients, and pressure broadenings of

the lines, and a baseline (assumed to be a quadratic function

of the wave-number) were provided by the fitting procedure.

The Doppler broadening was fixed according to the mass and

temperature. Figure 4 illustrates the achieved spectrum repro-

duction close to the noise level for two electric-quadrupole

lines.

The line intensity, Sν0
of a rovibrational transition centered

at ν0, was obtained from the integrated absorption coefficient,

Aν0
(cm−2/molecule):

Aν0
=

∫

line

αν dν = Sν0
(T )N, (B2)

where ν is the wave number in cm−1, αν is the absorp-

tion coefficient in cm−1 obtained from the cavity ring down

time [Eq. (B1)], and N is the molecular concentration in

molecule/cm3 obtained from the measured pressure and tem-

perature values: P = NkT .

The retrieved centers and intensities of the nine quadrupo-

lar lines are given in Table I. As a result of the weakness of the

considered lines and strong line overlapping, the error bars on

the fitted line centers are estimated to be 2 − 3 × 10−3 cm−1,

while the uncertainty on the experimental intensities ranges

between 20 and 60%.
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