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Abstract 
Eleven very weak electric quadrupole transitions Q(2), Q(1), S(0)-S(8) of the first 

overtone band of D2 have been measured by very high sensitivity CW-Cavity Ring Down 

Spectroscopy (CRDS) between 5850 and 6720 cm-1. The noise equivalent absorption of the 

recordings is on the order of αmin≈ 3×10-11 cm-1. By averaging a high number of spectra, the 

noise level was lowered to αmin≈ 4×10-12 cm-1 in order to detect the S(8) transition which is 

among the weakest transitions ever detected in laboratory experiments (line intensity on the 

order of 1.8×10-31 cm/molecule). A Galatry profile was used to reproduce the measured line 

shape and derive the line strengths. The pressure shift and position at zero pressure limit were 

determined from recordings with pressures ranging between 10 and 750 Torr.  

A highly accurate theoretical line list was constructed for pure D2 at 296 K. The 

intensity threshold was fixed to a value of 1×10-34 cm/molecule at 296 K. The obtained line 

list is provided as Supplementary Material. It extends up to 24000 cm-1 and includes 201 

transitions belonging to ten v-0 cold bands (v= 0-9) and three v-1 hot bands (v= 1-3). The 

energy levels include the relativistic and quantum electrodynamic corrections as well as the 

effects of the finite nuclear mass. The quadrupole transition moments are calculated using 

highly accurate adiabatic wave functions.  

The CRDS line positions and intensities of the first overtone band are compared to the 

corresponding calculated values and to previous measurements of the S(0)-S(3) lines. The 

agreement between the CRDS and theoretical results is found within the claimed experimental 

uncertainties (on the order of 1×10-3 cm-1 and 2 % for the positions and intensities, 

respectively) while previous measurements showed important deviations for the line 

intensities.  
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1. INTRODUCTION 

Although they have similar absorption spectra, much less laboratory observations are 

available for D2 than for H2. D2 has not yet been observed in outer space due to its very low 

abundance and lack of electric-dipole-allowed vibrational transitions. After the first laboratory 

detection from  Raman spectra in 1935 [1,2], D2 transitions have been observed and measured 

by several groups using electric quadrupole absorption spectroscopy [3], electric-field-

induced spectroscopy [4] and Raman spectroscopy [5-12]. The observation of the Lyman and 

Werner bands of D2 by Bredohl and Herzberg [13] resulted in a collection of dissociation 

energies for the D2 bound rovibrational levels of the electronic ground state (X1Σg
+). More 

recently, Gupta et al. reported line intensities for the first overtone band [14] and while 

Maddaloni et al. measured accurate line frequencies and intensities for the fundamental band 

by [15]. Moreover, the dissociation energy has been measured by Liu et al. with a 10-4 cm-1 

accuracy [16]. On the other side, calculations of molecular hydrogen spectra progressed 

continuously since the original works by James and Coolidge in 1933 [17]. In a series of 

papers [18,19], Kolos and Wolniewicz predicted line positions and intensities for H2 and its 

isotopologues with an accuracy which was at the state of the art at that time. More recently, 

the development of advanced computational techniques and of the quantum electrodynamic 

theory made possible theoretical predictions of all rovibrational levels of molecular hydrogen 

in its electronic ground state with an accuracy on the order of 10-3 cm-1. Theoretically 

predicted dissociation energy [20] and para-ortho energy separation [21] of the lowest 

rotational levels were found in good agreement with experimental values [16]. The precision 

achieved in the calculations of the hydrogen spectrum [22, 23] gives an exceptional 

opportunity for a constructive interplay between theory and experiment. Once validated by 

the most accurate measurements, theoretical results can be used in spectral regions 

inaccessible for current experiments and supply data useful e.g. for the astrophysical search of 

molecular deuterium lines.  

The objective of the present contribution is twofold: (i) new detection of transitions of 

the first overtone band of D2 by high sensitivity CW-Cavity Ring Down Spectroscopy 

(CRDS) between 5850 and 6720 cm-1, with a particular emphasis on intensity measurements, 

(ii) construction of an accurate line list for D2 up to 24000 cm-1 based on the most advanced 

theoretical calculations. The experimental values will be compared to the theoretical results 

and to previous intensity measurements by Integrated Cavity Output Spectroscopy (ICOS) 

[14]. 
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The report is organized as follows. After the description of the CRDS experimental 

setup (Section 2), we present in Section 3 the line profile analysis together with the derivation 

of the position, intensity and pressure shift of the observed (2-0) transitions. Section 4 is 

devoted to the calculation of the theoretical list while in Section 5, the agreement between 

experiment and theory is discussed. 

2. EXPERIMENT DETAILS  

The very weak electric quadrupole transitions of the first overtone band of D2 were 

studied by high sensitivity CW-Cavity Ring Down Spectroscopy. The v= 2-0 band is centered 

at about 5868 cm-1. The electric quadrupole transitions of D2 form O, Q and S branches 

corresponding to ΔJ= -2, 0 and +2, respectively. The two first transitions of the Q branch and 

the entire S branch are located in the spectral range accessible with our set of fibered 

distributed feedback (DFB) lasers (5850-7920 cm-1). The D2 transitions were searched on the 

basis of their line center calculated from the ab initio energy levels (see Section 4). In 

addition to Q(1) and Q(2) transitions, nine transitions of the S branch (S(0)-S(8)) could be 

measured line by line. The four strongest S transitions (S(0)-S(3)) were previously reported by 

Gupta et al. [14] while a value of the centre of the two Q lines was estimated from electric 

field induced spectra [4]. The S(4)-S(8) newly detected transitions are the weakest D2 lines 

reported so far.  

The fibered DFB laser CW-CRDS spectrometer used for the recordings has been 

described in detail in Refs. [24-26]. The electro-polished stainless steel ring down cell (l= 

1.42 m, inner diameter Φ = 11 mm) was fitted by a pair of super-mirrors. A single set of 

highly reflective mirrors was used for all the recordings. The reflectivity of the mirrors in the 

studied region corresponds to empty cell ring down times varying from 120 to 700 μs. About 

30 ring down events were averaged for each spectral data point. Each DFB laser diode has a 

typical tuning range of about 30 cm-1 by temperature tuning from -10°C to 60°C. A 2 cm-1 

spectral section was scanned at a spectral resolution of about 2×10-3 cm-1 (60 MHz) around 

each D2 line. The achieved noise equivalent absorption (NEA), αmin, is on the order of 3×10-11 

cm-1.  

It is possible to further decrease the noise level by averaging spectra recorded 

successively [27-29]. This approach was first applied to the detection of the extremely weak 

a1Δg (0) - X 3Σg
−
 (1) hot band of O2 near 1.58 μm (NEA~ 2×10-11 cm-1 at that time) [27].  

Presently, a 2 hours averaging was needed to detect the weakest S(8) line. 41 spectra 

having a ~3×10-11 cm-1 NEA were coadded, leading to a final NEA of 4×10-12 cm-1 in 
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agreement to the expected value for a Gaussian distribution of the noise. Fig. 1 shows the S(8) 

line located on the far wing of a line of water present as an impurity in the sample. Note that a 

NEA value of αmin= 4×10-12 cm-1 corresponds to a 1% decrease of the light intensity after an 

absorption path length of 25000 km. The S(8) line has an intensity on the order of 1.8×10-31 

cm/molecule at 296 K which is one of the smallest intensities ever measured in an absorption 

measurement [27-29].  

Fig. 1 

The isotopic (atomic) purity of the D2 sample (purchased from ISOTEC) was stated to 

be better than 99.96 %. The pressure measured by a capacitance gauge (MKS 1000 Torr full 

range with 0.1% stated accuracy) and the ring down cell temperature (T= 296 ±1 K) measured 

by a thermo sensor (TSic 501) were monitored during the recordings. Most of the spectra 

were recorded with pressure values of 100.0, 250.0 and 500.0 Torr except for the S(4) line for 

which a series of recordings was performed for pressure values ranging between 10 and 750 

Torr. 

Each 2 cm-1 wide piece of spectrum was calibrated independently on the basis of the 

wavelength values provided by a Fizeau type wavemeter (WSU-30 Highfinesse, 5 MHz 

resolution and 20 MHz accuracy). The absolute calibration provided by the wavemeter is 

better than 1×10-3 cm-1 (30 MHz). The drift of the wavemeter being very slow, relative 

wavenumber values are about 10 times more accurate for successive spectra recorded over a 

short period (one hour, for instance). When possible, the calibration was checked and refined 

using reference line positions of water [30] present as an impurity.  
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3. LINE PROFILE ANALYSIS AND INTENSITY DERIVATION 

The profile of hydrogen rovibrational transitions is affected by a marked Dicke 

narrowing increasing with the pressure [31-36]. The reduction of the width and the pressure 

shift of the S(4) line are illustrated in Fig. 2 where the profiles at 100 and 500 Torr are 

compared (the absorption coefficient at maximum was normalised to 1 for the clarity of the 

comparison).  

Fig. 2 

The integrated absorption coefficient,
0vA (cm–2/molecule), of a rovibrational transition 

centred at ν0 (cm-1), is related to the line intensity, 
0vS (cm/molecule): 

NTSdvTA v
line

vv )()(
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== ∫α      (1) 

where ν is the wavenumber in cm-1, N is the D2 concentration in molecule/cm3 obtained from 

the measured pressure and temperature values: N= P/kT, αν is the absorption coefficient in 

cm-1 obtained from the cavity ring down time, τ (in s): ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=
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ττ
α , where c is the light 

velocity and τ0 is the ring-down time of the evacuated cavity. 
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An interactive multi-line fitting program was used to reproduce the spectrum. In the line 

profile fitting, the DFB linewidth contribution (~2 MHz FWHM) was neglected compared to 

the Doppler broadening (~1.2 GHz FWHM). The FWHM of the Gaussian component was 

fixed to its theoretical value while the local baseline (assumed to be a linear function of the 

wavenumber), the line centre, and the integrated absorption coefficient were fitted.  

The fitting of the D2 line using a Voigt profile leads to a W shape residual which is a 

typical signature of Dicke narrowing effects (Fig. 3). The residuals presented in Fig. 3 for the 

S(4) and S(6) lines show that a much better spectrum reproduction is obtained using a Galatry 

profile. A similar quality of data reproduction can be achieved with a Rautian line shape but 

the retrieved integrated absorption coefficient may deviate by up to 1.5 %, the Galatry values 

being systematically larger. The choice of the theoretical function to reproduce the measured 

line profile is then the main part of the overall uncertainty on the line intensity that we 

estimate to be 2 % for the medium and strongest lines. 

As a consequence of the high sensitivity of the recordings, lines due to water were 

observed superimposed to several D2 lines. (Water concentration was found to be less than 1 

mTorr). The line profile fittings were performed using a Galatry profile for D2 line and a 

Voigt profile for the water lines (see Fig. 1 for instance). In the case of the extremely weak 

S(8) line, the rms value of the residuals reaches the instrument noise level of αmin= 4×10-12 

cm-1 (Fig. 1).  

Fig. 3 



8 
 

Except for the S(7) and S(8) lines which were recorded at 600 Torr only, the other lines 

were studied at 100, 250 and 500 Torr in order to determine the pressure line shift. In 

addition, a more detailed investigation of the S(4) transition was performed from a series of 

about twenty spectra at pressure ranging between 10 and 750 Torr. 

Fig. 4 

The obtained position and intensity values are listed in Table 1. In order to increase the 

accuracy, the intensity of the S(4) transition was computed from the proportionality factor 

between the integrated absorption coefficient and the pressure values (Eq. 1). Fig. 4 shows 

that the linear dependence is nearly perfect (regression coefficient of 0.99999), yielding a 

statistical error bar of less than 1‰ on the derived slope value. 

The stability of the wavemeter over the duration of a series of recordings at different 

pressure values makes an accurate determination of the line shifts possible. Fig. 4 illustrates 

the linear variation of the centre of the S(4) line with the pressure. The pressure shift values 

listed in Table 1 range from -2.7×10-3 to -1.7×10-3 cm-1/atm at 296 K. A comparison with the 

values obtained by Gupta et al. [14] for the S(0)-S(3) lines is included in Table 1. The 

agreement is satisfactory except for the S(3) line, the uncertainties claimed by Gupta et al. 

being significantly smaller than ours (on the order of 1% and 10 %, respectively).  

In the next section, we present the construction of a theoretical line list which will be 

used for comparison with the obtained experimental data. 
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Table 1. Centre, intensity and pressure shift coefficient for the transitions of the (1-0) and (2-0) bands of D2. 
 

Band 
(v-0) Transition 

Line position Line intensity at 296 K 
Reference Calc. (cm-1) Meas. (cm-1) a Shift coefficient 

(10-3 cm-1/ amagat) 
Calc.  

(10-28 cm/molecule)
Meas. c 

(10-28 cm/molecule) 
Relative 

difference (%) d 
(1-0) S(0) 3166.3605 (2) 3166.3620 (2) -2.5(3) 40.35 37.7 (4) -6.6 Maddaloni et al. 2010 [15] 
 S(1) 3278.5231 (2) 3278.5220 (2) -2.0(2) 26.99 27.3 (5) 1.1 Maddaloni et al. 2010 [15] 
(2-0) Q(2) 5855.5834 (4) 5855.583 (1) -2.16(18) 1.949 1.93 (8) -1.0 This work 

 Q(1) 5863.9371 (4) 5863.938 (1) -2.67(12) 1.458 1.43 (4) -1.9 This work 
 S(0) 6034.6505 (4) 6034.650 (1) -2.33(25) 3.780 3.76 (3) -0.5 This work 
   6034.6498 (10) -2.169(26)  3.47 (1) -8.2 Gupta et al. 2007 [14] 
 S(1) 6140.6185 (4) 6140.620 (1) -1.7(4) 2.774 2.75 (3) -0.9 This work 
   6140.6205 (100) -1.978(92)  3.35 (2) 20.8 Gupta et al. 2007 [14] 
 S(2) 6241.1277 (4) 6241.129 (1) -2.5(5) 4.782 4.78 (6)  0.0 This work 
   6241.1270 (1) -1.536(28)  4.36 (2) -8.8 Gupta et al. 2007 [14] 
 S(3) 6335.7173 (4) 6335.718 (1)  1.388 1.38 (2) -0.6 This work] 
   6335.7168 (10) -1.805(22)  1.32 (1) -4.9 Gupta et al. 2007 [14] 
 S(4) 6423.9668 (4) 6423.968 (1) -1.859(76) 1.138 1.1453 (7) 0.6 This work 
 S(5) 6505.5016 (4) 6505.502 (1) b -1.8(5) 0.1686 0.177 (4) 5.0 This work 
 S(6) 6579.9972 (4) 6580.002 (1) -2.6 0.07349 0.0732 -0.4 This work 
 S(7) 6647.1828 (4) 6647.186 (3)b  5.973E-3 b  This work 
 S(8) 6706.8422 (4) 6706.841 (1)  1.467E-3 1.84E-3 25.4 This work 

 
Notes 
Literature values are given in italics for comparison. 
a Value at 600 Torr 
b Highly blended with a water line 
c The uncertainty value given here is a statistical error which does not consider systematic effects as those related to the choice of the line profile function (see Text). The total uncertainty on the CRDS intensity 

values is on the order of 2 % for not very weak lines. The extremely small error on the S(4) intensity reflects the nearly perfect proportionality achieved between the integrated absorption coefficient and the pressure 
value (Fig. 4).  

d (Meas.-Calc.)/Calc. 
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4. THE THEORETICAL LINE LIST FOR D2 UP TO 24000 cm-1 

Accurate ab initio calculations of the energy levels and quadrupole transition moments 

For a long time, the most accurate and comprehensive theoretical data for both the 

energy levels and the quadrupole transition moments of H2 (D2) were those computed by 

Wolniewicz [18,37,38]. In a series of papers [20,21,23], some of the present coauthors (KP 

and JK) have performed new and more accurate ab initio calculations of all rovibrational 

levels of H2, HD, and D2 with a controlled  uncertainty. These new results are based on 

perturbative treatment of the finite nuclear mass (adiabatic and nonadiabatic corrections) [39] 

and include relativistic and quantum electrodynamic (QED) effects.  The accuracy is limited 

by yet unknown higher order α4 QED corrections, and not by any numerical uncertainties. In 

fact the Born-Oppenheimer energies are obtained with about 10-14 accuracy [40], thanks to the 

development of analytic formulae for two-electron two-center integrals with Slater functions 

[41]. Presently, unknown higher order QED corrections are a bottle-neck for a further 

improvement in theoretical accuracy. Except for H2
+, they have not yet been considered in the 

literature for molecular systems.  

Here we give more details on nonrelativistic wave function, as it will be used further for 

calculation of the electric quadrupole moment. The nonrelativistic wave function is a solution 

of the Schrödinger equation HΨ=EΨ . To solve this equation we first assume the adiabatic 

approximation in which the total wave function is represented by a product of the electronic 

and the nuclear wave functions Ψ(r,R) = φ(r) χ(R). The electronic wave function is an 

eigenfunction of the electronic (clamped nuclei) Hamiltonian Hel, whereas the nuclear 

function χ(R) = Y(θ,φ) χJ(R), after separation of the angular variables in the spherical 

harmonic Y(θ,φ), is the solution to the radial nuclear Schrödinger equation. Adiabatic and 

nonadiabatic corrections are calculated using nonadiabatic perturbation theory (NAPT) [39]. 

With accuracy of O(me/M)2, the rovibrational energies can be obtained from the so called 

nonadiabatic nuclear equation:  

( )
( )
( ) ( ) ( ) ( )

2

NR2 2

11
2 2 J J

J JR Y R R E R
R R R R R R

χ χ
μ μ⊥

⎡ ⎤+∂ ∂− + + =⎢ ⎥∂ ∂⎢ ⎥⎣ ⎦
  (2) 

Here Υ(R)=EBO(R)+EAD(R)+ENA(R) is a nonadiabatic interaction potential composed of the 

Born-Oppenheimer potential augmented by adiabatic and nonadiabatic corrections. The two 

functions μ//(R) and μ⊥(R) are the R-dependent effective nuclear reduced masses. To take into 

account the relativistic and QED effects we extend the effective potential by further 

corrections: 
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( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )BO AD NA REL QED HQED FSY R E R E R E R E R E R E R E R= + + + + + +  (3) 

These corrections represent the electronic expectation value of the Breit-Pauli Hamiltonian, 

EREL, the leading EQED and the higher order (EHQED) QED effects, as well as the effect of the 

finite size of the nuclei EFS, which is not negligible at 10-4 cm-1 precision level. 

The Born-Oppenheimer potential is obtained by solving the clamped nuclei equation 

using variational approach. The electronic wave function is represented as a linear 

combination of properly symmetrized two-electron basis functions, such as the James-

Coolidge basis functions for short internuclear distances and the generalized Heitler-London 

basis functions for large distances. In order to evaluate all the corrections we applied 

exponentially correlated Gaussian (ECG) functions with carefully optimized nonlinear 

parameters. This includes the computation of the quadrupole moment function: 

( )
2

2 21 3
2 2 i

RQ R z rϕ ϕ= − −∑     (4) 

needed for the transition moments and the line intensities. At present, we neglect the 

contribution to the intensity coming from the magnetic dipole transitions [42] because its 

impact on the intensities is below the experimental uncertainty. A more elaborate description 

of the methodology can be found in Refs. [13,21,39]. Ref. [21] contains the complete list of 

the dissociation energy of the 598 bound levels of D2. 

In the context of the aforementioned theoretical calculations, a list of D2 absorption 

transitions was constructed. Within the assumed very small intensity threshold of 1×10-34 

cm/molecule, the spectrum includes transition energies up to 24000 cm-1. This part of the 

spectrum consists of 177 transitions belonging to ten v-0 (v=0-9) vibrational bands and of 24 

transitions grouped in three v-1 (v=1-3) hot bands, exhibiting O, Q and S branches, according 

to the electric quadrupole selection rules of ΔJ=J’-J”= -2, 0 and +2, respectively, with 

exclusion of forbidden J=0 to J=0 vibrational transitions. The frequencies (in cm-1) of the 

transitions were obtained by difference of the appropriate energy levels reported in Ref. [21]. 

The uncertainty calculated for each transition frequency increases from a few 10-5 cm-1 for 

pure rotational transitions (below 1500 cm-1) up to 1×10-3 cm-1 near 23000 cm-1. The 

theoretical uncertainties estimated for D2 are smaller than for H2 [34]. This is a result of 

deuteron-to-proton mass ratio, which affects the magnitude of the recoil effects neglected in 

the calculations and, proportionally, their uncertainties. Details of the error analysis were 

given in Ref. [21]. 
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The line intensities, 
0vS (cm/molecule), were computed from the quadrupole transition 

moment, <v'J'|Q(R)|v"J">, using the following expression [43]:  
2

""
3-15

0 |)(|)(102.208 
0

|v"J">R<v'J'|QCTPSN JJv ν×=   (5) 

where: ν is the calculated wavenumber (cm-1), Ν0  is the Loschmidt's number (2.687×1019 

molecules/cm3), <v'J'|Q(R)|v"J"> is expressed in Debye×angstrom (10-8 D·cm). PJ(T) is the 

fraction of molecules in the J-th rotational level at the considered temperature T. It was 

calculated from )()exp()12()( TZJgTP kT
E

JJ
JΔ−+=  where gJ is the nuclear spin 

statistical weight, ΔEJ is the calculated value of the energy separation with respect to the 

ground rotational level and Z(T) is the partition function: ∑ Δ−+=
J

kT
E

J
JJgTZ )exp()12()( . 

The spin of the deuteron is 1. Hence, for the even values of the rotational quantum number J, 

the statistical weight gJ = 2 (ortho-D2) whereas for odd values of J, the weight gJ = 1 (para-

D2). The rotational coefficients used in Eq. (5) are  

  
)32)(12(2

)2)(1(3
++

++=
JJ

JJCJ  for a S(J) transition,   (6) 

  
)32)(12(

)1(
+−

+=
JJ

JJCJ  for a Q(J) transition,   (7) 

  and  
)12)(12(2

)1(3
+−

−
=

JJ
JJC J  for a O(J) transition.              (8) 

Fig. 5 shows a general graphical view of the line list contents. The strongest line of each 

is the S(2) transition of the v=1-0 band with the intensity of 4.2×10-27 cm/molecule, which is 

about ten times weaker than the strongest H2 transition. The energetically highest line at 

23033 cm-1 corresponds to the S(4) transition of the v=9-0 band. The list was prepared 

following the conventions adopted in the HITRAN database [30] and includes the calculated 

values of the transition frequencies and intensities, the corresponding lower state energy and 

Boltzmann factor, together with the quadrupole transition moment (in atomic unit) and the 

Einstein coefficient evaluated (in Hz) from 2
"

512 ||10120.1 J"><v'J'|Q|v"CA Jν−×= . 

The line intensities were calculated at a reference temperature of T= 296 K and the 

intensity values are expressed in units of cm/molecule for pure D2. The relative uncertainty on 

the line intensities is estimated to be below 0.1%. In Table 2 we present a sample of the 

global line list limited to the transitions of the (0-0), (1-0), and (2-0) band with intensities 

larger than 1×10-30 cm/molecule. The global line list provided as Supplementary Material 
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[44]. In the next section, the calculated positions and intensities will be compared to the 

experimental values available in the literature and to the present CRDS measurements of the 

(2-0) transitions.  

 
Fig. 5 
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Table 2. Calculated values of the position, transition moment, Einstein coefficient, lower state energy 
population factor and line intensity at 296 K for the (0-0), (1-0) and (2-0) transitions of D2 with intensities larger 
than 1×10-30 cm/molecule. This Table is a sample of the whole calculated line list, provided as Supplementary 
Material, for pure D2 up to 24000 cm-1 (intensity cut off of 1×10-34 cm/molecule). 

Band Transition Position 
(cm-1) 

Transition moment 
<v'J'|Q(R)|v"J"> (a.u.) a A (Hz) Lower state 

energy (cm-1) PJ Intensity 
(cm/molecule) 

(0-0) S 0 179.067099(7) 4.7623E-01 4.6763E-12 0.0000 1.8372E-01 3.556E-29 
 S 1 297.53374(1) 4.7731E-01 3.5698E-11 59.7806 2.0609E-01 1.103E-28 
 S 2 414.64845(2) 4.7894E-01 1.6194E-10 179.0671 3.8470E-01 4.809E-28 
 S 3 529.90025(2) 4.8110E-01 5.1574E-10 357.3144 1.1322E-01 2.760E-28 
 S 4 642.80664(3) 4.8380E-01 1.3077E-09 593.7155 9.2273E-02 3.876E-28 
 S 5 752.91992(3) 4.8702E-01 2.8317E-09 887.2146 1.3540E-02 8.977E-29 
 S 6 859.83237(3) 4.9077E-01 5.4609E-09 1236.5222 5.8589E-03 5.744E-29 
 S 7 963.18004(4) 4.9503E-01 9.6357E-09 1640.1345 4.7524E-04 6.551E-30 
 S 8 1062.64534(4) 4.9980E-01 1.5844E-08 2096.3546 1.1728E-04 2.184E-30 

(1-0) O 7 2209.2735(2) 9.8840E-02 1.8605E-08 1640.1345 4.7524E-04 2.404E-30 
 O 6 2329.8075(2) 9.4911E-02 2.1792E-08 1236.5222 5.8589E-03 3.122E-29 
 O 5 2451.0891(2) 9.1007E-02 2.4867E-08 887.2146 1.3540E-02 7.438E-29 
 O 4 2572.6450(2) 8.7131E-02 2.7376E-08 593.7155 9.2273E-02 5.066E-28 
 O 3 2693.9732(2) 8.3284E-02 2.8344E-08 357.3144 1.1322E-01 5.869E-28 
 O 2 2814.5500(2) 7.9469E-02 2.4984E-08 179.0671 3.8470E-01 1.610E-27 
 Q 7 2935.3476(2) 7.4686E-02 3.4496E-08 1640.1345 4.7524E-04 2.525E-30 
 Q 6 2949.7588(2) 7.4470E-02 3.5307E-08 1236.5222 5.8589E-03 3.155E-29 
 Q 5 2962.1934(2) 7.4281E-02 3.6138E-08 887.2146 1.3540E-02 7.401E-29 
 Q 4 2972.6142(2) 7.4122E-02 3.7095E-08 593.7155 9.2273E-02 5.141E-28 
 Q 3 2980.9894(2) 7.3992E-02 3.8489E-08 357.3144 1.1322E-01 6.509E-28 
 Q 2 2987.2934(2) 7.3894E-02 4.1566E-08 179.0671 3.8470E-01 2.378E-27 
 Q 1 2991.5070(2) 7.3828E-02 5.8500E-08 59.7806 2.0609E-01 1.788E-27 
 S 0 3166.3605(2) 6.8226E-02 1.6592E-07 0.0000 1.8372E-01 4.035E-27 
 S 1 3278.5231(2) 6.4550E-02 1.0606E-07 59.7806 2.0609E-01 2.699E-27 
 S 2 3387.2626(2) 6.0912E-02 9.5291E-08 179.0671 3.8470E-01 4.240E-27 
 S 3 3492.0937(2) 5.7311E-02 9.0967E-08 357.3144 1.1322E-01 1.121E-27 
 S 4 3592.5655(2) 5.3747E-02 8.8005E-08 593.7155 9.2273E-02 8.350E-28 
 S 5 3688.2676(2) 5.0219E-02 8.4928E-08 887.2146 1.3540E-02 1.122E-28 
 S 6 3778.8349(2) 4.6725E-02 8.1159E-08 1236.5222 5.8589E-03 4.419E-29 
 S 7 3863.9511(2) 4.3264E-02 7.6469E-08 1640.1345 4.7524E-04 3.231E-30 

(2-0) O 6 5183.6726(4) 6.2097E-03 5.0864E-09 1236.5222 5.8589E-03 1.472E-30 
 O 5 5313.1845(4) 6.5269E-03 6.1217E-09 887.2146 1.3540E-02 3.897E-30 
 O 4 5440.9349(4) 6.8241E-03 7.1055E-09 593.7155 9.2273E-02 2.939E-29 
 O 3 5566.4034(4) 7.0991E-03 7.7563E-09 357.3144 1.1322E-01 3.762E-29 
 O 2 5689.0533(4) 7.3496E-03 7.2103E-09 179.0671 3.8470E-01 1.137E-28 
 Q 6 5781.1602(4) 7.9294E-03 1.1575E-08 1236.5222 5.8589E-03 2.693E-30 
 Q 5 5805.8170(4) 7.8555E-03 1.1690E-08 887.2146 1.3540E-02 6.232E-30 
 Q 4 5826.4792(4) 7.7940E-03 1.1865E-08 593.7155 9.2273E-02 4.280E-29 
 Q 3 5843.0847(4) 7.7447E-03 1.2201E-08 357.3144 1.1322E-01 5.370E-29 
 Q 2 5855.5834(4) 7.7077E-03 1.3087E-08 179.0671 3.8470E-01 1.949E-28 
 Q 1 5863.9371(4) 7.6830E-03 1.8334E-08 59.7806 2.0609E-01 1.458E-28 
 S 0 6034.6505(4) 7.9366E-03 5.6458E-08 0.0000 1.8372E-01 3.780E-28 
 S 1 6140.6185(4) 8.0732E-03 3.8239E-08 59.7806 2.0609E-01 2.774E-28 
 S 2 6241.1277(4) 8.1790E-03 3.6486E-08 179.0671 3.8470E-01 4.782E-28 
 S 3 6335.7173(4) 8.2537E-03 3.7090E-08 357.3144 1.1322E-01 1.388E-28 
 S 4 6423.9668(4) 8.2972E-03 3.8341E-08 593.7155 9.2273E-02 1.138E-28 
 S 5 6505.5016(4) 8.3099E-03 3.9701E-08 887.2146 1.3540E-02 1.686E-29 
 S 6 6579.9972(4) 8.2922E-03 4.0918E-08 1236.5222 5.8589E-03 7.349E-30 

a To convert from atomic unit (a.u.) to Debye multiply by 2.541 746 23 Debye/a.u. 
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5. DISCUSSION 

Overview of the literature observations 

The observations of D2 transitions from absorption spectra are much more limited than 

those of the main isotopologue, H2. As reviewed in Ref. [34], overall 39 transitions of H2 

ranging from the S(0) pure rotational line near 354 cm-1 up to the S(1) transition of the (5-0) 

band near 18908 cm-1 were reported in the literature. In the case of the D2 species, the 

observations do not extend beyond the first overtone band centered at 5868 cm-1. This 

situation results from the fact that D2 transitions are significantly weaker than H2 transitions 

and that the amount of gas required for filling very long multipass cells as those used for the 

H2 measurements is a limitation in the case of D2. An extensive investigation by electric field 

induced absorption is due to Brannon et al. [4] who measured the positions of thirteen v= 1-0 

lines and the Q(0)-Q(2) lines of the v= 2-0 band with an accuracy ranging between 0.02 and 

0.08 cm-1. In 1978, McKellar and Oka [3] used a multipass cell (absorption path length in the 

range 64-80 m) and a frequency modulation of an infrared difference frequency laser system 

to measure the positions of the O(2)-O(4), Q(1)-Q(4) and S(0)-S(3) lines of the fundamental 

band. The positions were reported with an uncertainty on the order of 4×10-4 cm-1 but no 

intensity information was provided [3]. Only recently, the line intensities of six D2 transitions 

have become available: (i) Maddaloni et al. [15] used CW-CRDS to measure the S(0) and S(1) 

transitions of the fundamental band near 3 μm and reported position values with a 2×10-4 cm-1 

uncertainty (ii) the S(0)-S(3) transitions of the first overtone band were studied by Gupta et al. 

using Integrated Cavity Output Spectroscopy (ICOS) with a single mode DFB diode laser 

(P<900 Torr) [14]. 

More observations of D2 transitions were performed by spontaneous Raman 

spectroscopy [5-12]. In particular Jennings et al. [8] measured the S(0)-S(6) rotational 

transitions and nine transitions of the fundamental band by laser Raman spectroscopy. By 

using diffusion flames of D2 burning in air, they could extend the Raman observations of the 

rotational lines up to S(12) [9]. The review of the positions of the v= 0-0 and v= 1-0 

transitions included in Refs. [3, 9], shows that the best determinations of the Raman positions 

are on the order of a few 10-3 cm-1 for the rotational lines and 2×10-2 cm-1 for the v= 1-0 

transitions. Additional line positions extending up to the Q branch of the v= 2-0 band were 

measured by Veirs and Rosenblatt with an estimated uncertainty ranging between ±0.03 and 

±0.1 cm-1 [12]. 
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In summary, literature provides accurate position measurements only for transitions of 

the v= 0-0 [8], 1-0 [3,8,15] and 2-0 [14] bands. Intensity information is limited to the v= 1-0 

S(0) and S(1) [15] and v= 2-0 S(0)-S(3) transitions [14] which are highlighted on the 

calculated spectrum of Fig. 6, together with present CRDS measurements of the v= 2-0 band.  

 Fig.6 

Line positions 

The reader is referred to Ref. [21] for a quantitative comparison of the calculated 

transition wavenumbers to most of the published experimental values mentioned above. An 

overall agreement within the experimental uncertainties was noted for the v= 0-0 and v= 1-0 

transitions obtained by Jennings et al. [8] and McKellar and Oka [3]. Nevertheless, deviations 

by seven and five experimental uncertainties of the recent S(0) and S(1) positions of the 

fundamental band reported by Maddaloni et al. [15] remain unexplained. Ref. [21] includes 

also the comparison for the ground level dissociation energy and the energy separation of the 

two first rotational levels recently determined with a 9.5×10-4 cm-1 accuracy from highly 

accurate measurements of the ionization energies of ortho- and para-D2 [16]. The theory-

experiment difference amounts to 5(11)×10-4 cm-1 for D0 and -6.8(9.5)×10-4 cm-1 for the para-

ortho energy separation which illustrates the level of accuracy achieved in the calculations. 

The experimental and calculated results of the eleven v= 2-0 positions measured by CRDS 

agree within their combined uncertainty (1×10-3 cm-1 and 4×10-4 cm-1, respectively). The 
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same applies for the v= 2-0 S(0)-S(3) transitions measured by Gupta et al. [14] with 

uncertainties ranging between 1×10-4 to 1×10-2 cm-1 (see Table 1). 

 We provide in Table 3 the vibrational term and rotational constants for the v= 0-19 

vibrational states, obtained from the fit of the J=0-7 calculated rotational levels [21]. The 

usual expression of the vibration-rotational energy levels was used to fit the theoretical 

values: 
3322 )1()1(-)1()( +++++= JJHJJDJJBGJF vvvvv  where Gv is the vibrational 

term value, Bv is the rotational constant, Dv and Hv are centrifugal distortion constants. We 

note that the rms of the fit remains limited to 2-3×10-4 cm-1 up to very high vibrational levels, 

this value being significantly smaller than the uncertainty on the theoretical values of the 

energy levels. Nevertheless, the expansion being limited to the first distortion terms, the 

obtained parameters are not expected to reproduce with the same accuracy the higher energy 

levels.  

Table 3. 

Rovibrational parameters of the v=0-19 vibrational levels of D2 obtained from the fit of 
the J=0-7 energy levels calculated in Ref. [21]. 

 
 
v Ev(cm-1) Bv (cm-1) Dv (10-2 cm-1) Hv (10-6cm-1) rms (10-4 cm-1) 
0 0.0(00) 29.913163(30) -1.14837(16) 5.753(21) 2.36 
1 2993.61728(21) 28.857553(43) -1.12095(20) 5.667(23) 2.09 
2 5868.12064(22) 27.820413(45) -1.09465(21) 5.585(25) 2.20 
3 8625.60212(22) 26.798198(46) -1.06940(21) 5.499(25) 2.23 
4 11267.71502(22) 25.787207(46) -1.04527(21) 5.410(25) 2.22 
5 13795.65220(23) 24.783428(47) -1.02226(22) 5.307(26) 2.29 
6 16210.11569(22) 23.782543(45) -1.00061(21) 5.199(24) 2.17 
7 18511.27678(21) 22.779703(43) -0.98047(20) 5.087(24) 2.11 
8 20698.72310(22) 21.769463(45) -0.96201(20) 4.961(24) 2.16 
9 22771.39141(22) 20.745571(45) -0.94555(20) 4.819(24) 2.16 
10 24727.48172(21) 19.700785(42) -0.93162(19) 4.670(23) 2.06 
11 26564.34831(21) 18.626462(43) -0.92069(20) 4.491(24) 2.10 
12 28278.36103(22) 17.512254(44) -0.91362(20) 4.279(24) 2.14 
13 29864.72882(24) 16.345454(50) -0.91164(23) 4.018(27) 2.41 
14 31317.27304(24) 15.110176(48) -0.91652(22) 3.678(26) 2.35 
15 32628.13477(26) 13.786093(53) -0.93089(24) 3.195(29) 2.58 
16 33787.39269(31) 12.346516(63) -0.95930(29) 2.466(34) 3.07 
17 34782.56031(39) 10.754923(80) -1.00925(37) 1.195(44) 3.90 
18 35597.91551(77) 8.95867(16) -1.09536(73) -1.478(86) 7.70 
19 36213.6318(29) 6.87414(60) -1.2473(28) -9.72(33) 2.92 

 
Note 
The uncertainties are given in parenthesis in the unit of the last quoted digit. They correspond to the statistical error of the fit and do 

not take into account the error bar on the calculated value of the energy levels.  
 

Line intensities 

The available values of D2 line intensities are gathered in Table 1 together with the 

corresponding relative deviation from the calculated values. The v= 1-0 S(0) and S(1) 
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intensities deviate by -6.6% and 1.1%, the claimed experimental uncertainty being on the 

order of 1 % and 2 %, respectively [15]. Fig. 7 shows the relative difference, (meas./calc.-1), 

for the v= 2-0 transitions measured by CRDS and ICOS [14]. If we except the highly blended 

S(5) line and the extremely weak S(8) transition, the deviations range between -1.9 and +0.6 

% for the CRDS data, the deviations being much larger (up to 21 %) for the ICOS 

measurements [14]. A possible explanation for the large underestimation of the S(0), S(2) and 

S(3) ICOS intensities is that Gupta et al. [14] used a Voigt profile to reproduce their 

experimental line profile while Dicke narrowing effects are strong in hydrogen transitions. In 

Ref. [33], the HD intensity values obtained from the simulations performed with a Voigt 

profile or a Rautian profile were compared; a difference increasing with the pressure up to 8% 

at 750 Torr was evidenced, the Voigt profile leading to smaller values than the Rautian profile 

(see Fig. 4 of Ref. [33]).  
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6. CONCLUSION 

Eleven electric quadrupole transitions of the first overtone band of D2 have been 

measured by very high sensitivity CW-Cavity Ring Down Spectroscopy (CRDS) between 

5850 and 6720 cm-1. They include the weakest and the most excited D2 transitions reported so 

far by absorption spectroscopy. In particular, noise equivalent absorption on the order of 

αmin≈ 4×10-12 cm-1 was necessary to detect the S(8) transition which is among the weakest 

transitions ever reported from laboratory experiments (line intensity on the order of 1.8×10-31 

cm/molecule). A Galatry profile was used to derive the positions, strengths and pressure shift 

coefficients.  

On the basis of the most advanced theoretical calculations [21], we have constructed a 

highly accurate and complete theoretical line list for pure D2 (0 - 24000 cm-1, intensity cut off 

of 1×10-34 cm/molecule). The comparison between the CRDS and theoretical results shows an 

agreement within the claimed experimental uncertainty for both position and intensities. The 

uncertainty on the experimental intensities is mainly limited by the choice of the theoretical 

expression adopted to fit the measured line profile. The conservative value of 2% estimated 

for the CRDS line intensities is at least one order of magnitude larger than the accuracy 

claimed for the calculated intensities. The measurement of line positions provides a more 

accessible way to test the ab initio results. The accuracy of the present position measurements 

does not reach the theoretical uncertainties (on the order of 4×10-4 cm-1 for the v= 2-0 band) 

but a better position accuracy can be reached by using highly accurate reference line positions 

or frequency comb assisted frequency measurements. For instance, the v= 3- 0 S(3) position 

of H2 has been recently measured with a 1.6 MHz accuracy (5×10-5 cm-1) about 50 times 

better than the claimed theoretical accuracy [36], providing a new challenge for the 

calculations of the combined nonadiabatic-relativistic and quantum electrodynamic 

contributions to the rovibrational energy levels. 

Overall, no obvious discrepancy between experiments and theoretical calculations of 

Ref. [21] has been identified neither for the main isotopologue H2 [34], nor for HD [33] and 

D2. However, a few experimental results deviate by a value largely exceeding the claimed 

experimental uncertainties (it is for instance the case of the S(0) and S(1) positions of the 

fundamental band of D2 reported in Ref. [15]). In such situations, a confirmation of the 

experimental results by additional experiments is desirable in order to exclude possible bias. 

For instance, while several previous works have reported important deviations between 
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calculated and experimental intensities of the (3-0) transitions of H2, a very good agreement 

has been recently achieved from new highly sensitive CRDS measurements [36].  
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Figure Captions 
 
Fig. 1.  
Detection of the extremely weak S(8) line of D2. 
Upper panel: CRDS spectrum of D2 recorded at 700 Torr. The v= 2-0 S(8) line of D2 is 

located in the far wing of a line of water present as an impurity in the CRDS cell. The dots 
correspond to the measurements while the solid line is the line profile simulation obtained 
with a Galatry profile for D2 and a Voigt profile for H2O. 

Lower panel: Residuals between the experimental and simulated spectra. The rms of the 
residuals is close to the noise equivalent absorption (αmin≈4×10-12 cm-1). 

 
Fig. 2.  
Comparison of the profile of the v= 2-0 S(8) line of D2 recorded at 100 and 500 Torr. 

(solid and dot lines, respectively) showing the Dicke narrowing effect and the pressure 
induced line shift. The absorption coefficient at maximum has been normalised to 1 for the 
clarity of the comparison.  

 
Fig. 3.  
Line profile simulation of the v= 2-0 S(6) and S(4) lines of D2 recorded at 500 Torr and 

750 Torr, respectively. 
Upper panels: Experimental spectrum (dots) and profile simulation using a Galatry 

profile (red line). 
Lower panels: Residuals between the experimental and simulated spectra for the Voigt, 

and Galatry profiles. Note the different scale used for the residuals.  
 
Fig. 4.  
Line intensity and pressure shift retrievals for the v= 2-0 S(4) transition of D2.  
Upper panel: Variation of the line centre versus the pressure and corresponding linear 

fit; 
Lower panel: Variation of the integrated absorption coefficient at 296K obtained with a 

Galatry profile fit versus the pressure. The straight lines correspond to the best linear fit 
(regression coefficient of 0.99999). 

 
Fig. 5.  
Overview of the calculated spectrum of D2 at 296 K between 0 and 24000 cm-1. Note 

that a number of hot band transitions contribute to the spectrum below 7000 cm-1.  
 
Fig. 6.  
Overview of the calculated spectrum of D2 at 296 K. The D2 transitions reported in the 

literature with intensity values [14, 15] are highlighted (open circles blue) together with the 
present CRDS measurements (full circles red).  

 
Fig. 7.  
Intensity ratio at 296 K for the (2-0) transitions versus the calculated intensity values. 

The squares and stars correspond to the CRDS (this work) and ICOS [14] measurements, 
respectively. The error bars are those given in Ref. [14] for the ICOS measurements while a 
constant value of 2% is adopted for the strongest CRDS values, mostly related to the choice 
of the line profile function (see Text). The uncertainty on the temperature value (296±1 K) 
contributes slightly to the uncertainty on the CRDS intensities of the S(4)-S(6) lines. 
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