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The saturated absorption spectrum of the hyperfineless S(0) quadrupole line in the (2-0) band of H2 is
measured at λ ¼ 1189 nm, using the NICE-OHMS technique under cryogenic conditions (72 K). It is the
first time that a Lamb dip of a molecular quadrupole transition has been recorded. At low (150–200 W)
saturation powers a single narrow Lamb dip is observed, ruling out an underlying recoil doublet of 140 kHz.
Studies of Doppler-detuned resonances show that the redshifted recoil component can be made visible for
low pressures and powers, and prove that the narrow Lamb dip must be interpreted as the blue recoil
component. A transition frequency of 252 016 361 164 (8) kHz is extracted, which is off by−2.6 (1.6) MHz
from molecular quantum electrodynamical calculations therewith providing a challenge to theory.
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The hydrogen molecule has been a test ground for the
development of molecular quantum mechanics for almost a
century [1]. In the recent decade the level of precision has
been accelerated in benchmark experimental studies focus-
ing on its dissociation and ionization energies [2,3], now
reaching perfect agreement with first principles calcula-
tions based on four-particle variational calculations and
including relativistic and quantum electrodynamic (QED)
effects [4,5]. The target of activity has in part shifted to
measurements of the vibrational quantum in the hydrogen
molecule. In the hydrogen deuteride (HD) isotopologue
vibrational transitions were measured in Doppler-broadened
studies [6,7] taking advantage of the weak dipole moment
in this heteronuclear species. Lamb dip spectroscopy of HD
vibrations could be performed at high precision [8,9].
However, in the latter saturated absorption studies a problem
of extracting rovibrational transition frequencies surfaced.
Observed asymmetric line shapes were interpreted in various
ways, in terms of underlying hyperfine structure and cross-
over resonances [10], of Fano-type interferences [11], and of
effects of standing waves in the optical cavity [12]. This
situation, imposing unclarity on the extraction of energy
separations between quantum levels, has halted further
progress in the precision metrology of HD, although a
focused activity remains [13,14].
In the homonuclear H2 species selection rules govern that

only quadrupole transitions are allowed, and those are 2
orders of magnitude weaker than the dipole absorption
transitions in HD [15]. Magnetic dipole transitions are
allowed as well, although not in excitation from the J ¼
0 ground level [16]. Vibrational transitions in H2 have
been probed in Doppler-broadened spectroscopy [17–19],
through combination differences of Doppler-free electronic
transitions [20], and recently via stimulated Raman scatter-
ing [21]. While all rovibrational levels in HD are subject
to complex hyperfine structure induced by the magnetic

moment of both H and D nuclei, H2 has the advantage
that the levels in para-H2 exhibit no hyperfine substructure.
Until today no saturation spectroscopy has been performed
on quadrupole transitions, neither in H2 nor in any other
molecule.
For performing saturation spectroscopy of an extremely

weak quadrupole transition a novel setup was built as an
upgrade from the setup used for the HD experiments [9,10].
The optical cavity is redesigned to suppress vibrations and
attached to a cryocooler to reach temperatures in the range
50–300 K. At the typical operation range of 72 K a larger
fraction of the population is condensed into the H2 J ¼ 0
ground level, while the transit time through the intracavity
laser beam is increased, resulting in a smaller transit-time
broadening. The laser, an external-cavity diode laser with a
tapered amplifier running at 1189 nm, is locked to the cavity
for short-term stability and to a frequency-comb-laser for
sub-kHz accuracy in long-term measurements, thus also
providing the absolute frequency scale. This stability allows
for long time averaging over multiple scans. The 371 mm
hemispherical resonator is equipped with highly reflective
(R > 0.99999) mirrors of which the concave mirror has a
radius of curvature of 2 m. This yields a finesse of 350 000,
an intracavity circulating power of up to 10 kW, and a beam
waist of 542 μm. Further details on the cryogenic noise-
immune cavity-enhanced optical heterodyne molecular
spectroscopy (NICE OHMS) spectrometer will be given
in a forthcoming publication [22].
Detection is based on the technique of NICE-OHMS

[23–25] using sideband modulation of the carrier wave, at
frequency fc � fm with fm ¼ 404 MHz,matching the free-
spectral range (FSR) of the cavity for generating the
heterodyne NICE-OHMS signal. The carrier and the two
generated sidebands are locked to the cavity with Pound-
Drever-Hall and DeVoe-Brewer [26] stabilization, respec-
tively. Consequently, the three beams counterpropagate
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inside the cavity and interact with the molecules present,
giving rise to various sub-Doppler spectroscopic signals
from which two possible schemes are shown in Fig. 1. In
panel (a), where the carrier is set on top of the resonance
center, the counterpropagating carrier beams burn a hole in
the center of the velocity distribution (at vz ¼ 0) and
generate the generic Lamb dip signal. Additionally, satu-
ration conditions are formed by the red-blue sidebands
interacting simultaneously on molecules with velocities
k · vz ¼ �fm (k the wave vector of the light beam) and
burning holes at their respective positions [27]. This effect is
typically negligible for the weakly saturating regime and for
conditions of low sideband power [28,29].
In panel (b), on the other hand, the laser is detuned from

the molecular resonance by fm=2 ¼ 202 MHz (or FSR=2).
Here, one of the sidebands (the red sideband in this
example) in combination with the counterpropagating
carrier beam interacts with molecules with velocities
k · vz ¼ �fm=2. As for this velocity class both beams
are in resonance and a pump-probe scheme is formed,
resulting in Doppler-detuned saturation signals. Since the
required detuning is exactly known and the resulting
Doppler shift is equal, it can be seen as an alternative
scheme for Doppler-free spectroscopy as only the known
detuning needs to be considered to extract the transition
frequency. The novelty of this scheme is that the ordinary
on-resonance strong standing wave, present for the usual
carrier-carrier saturation, is now converted to mostly a
traveling wave due to the low intensity sideband. This
allows one to mitigate possible effects of the strong on-
resonance standing wave.
In addition to the sideband modulation for the hetero-

dyne signal, slow modulation of the cavity length is applied

at 395 Hz with a peak-to-peak amplitude of 50 kHz. The
resulting method of wm-NICE-OHMS allows for lock-in
detection, where demodulation at the first derivative ð1fÞ is
applied. The 1f profile function is defined as a (frequency)
derivative of a typical dispersive Lorentzian profile [30],

fðνÞ1f ¼
4A½Γ2 − 4ðν − ν0Þ2�
½Γ2 þ 4ðν − ν0Þ2�2

; ð1Þ

where the adjustable parameters are the line position ν0, the
line intensity A, and the width Γ.
Measurements of the S(0) (2-0) line were performed

in the cryo-NICE-OHMS setup under a variety of con-
ditions of intracavity power and pressure. Since the quadru-
pole transition is extremely weak, with a line strength
S ¼ 1.6 × 10−27 cm=molecule, and Einstein coefficient
A ¼ 1.3 × 10−7 s−1 [19], it was anticipated that extreme
powers would be required to obtain a saturation signal. At
high power the spectra recorded displayed complex line
shapes, as shown in panel (a) of Fig. 2, reminiscent of the
dispersive line profiles observed in HD [10–12,31].
Surprisingly, by lowering the power, the complex line
shapes at 2.0 kW turn to an asymmetric dispersivelike
profile at 1.0 kW, to finally a symmetric profile at 150 W.
Panels (b) and (c) show the symmetric Lamb dip obtained
at the lower powers of 150 W and 200 W, where each
individual measurement was obtained after 12 hours of
averaging. A 1f dispersive Lorentzian [Eq. (1)] fit was then
used on the symmetric profiles so as to extract relevant
parameters such as the Lamb dip position and the linewidth.
Large sets of data were obtained, mainly at 150 W,

200 W, and 300 W, where symmetric lines were observed,
but also at higher powers. The extracted positions of the
Lamb dip were treated in a multivariate analysis yielding a
transition frequency extrapolated to zero pressure and zero
power of f ¼ 252 016 361 234.4ð7.3Þ kHz, which we will

(a) (b)

FSR

FSR

FSR

FSR/2

Carrier-Carrier Carrier-Sideband

FIG. 1. Possible interactions of the three fields (carrier and
two sidebands) inside the cavity with a molecular resonance.
Panel (a) represents the generic Lamb dip generated by the
counterpropagating carrier beam on resonance. Additional holes
are burned in the Doppler broadened profile with the combined
interaction of the red-blue sidebands. In panel (b), the carrier is
detuned off resonance by fm=2 (or FSR=2). In that condition, one
of the sidebands (in this example red) interacts with the counter-
propagating carrier and consequently burns holes at �FSR=2.

FIG. 2. Recorded spectra of the measured Lamb dip for the S(0)
(2-0) quadrupole transition in H2 at 72 K at (a) 0.10 Pa for different
circulating power as indicated. Panels (b) and (c) respectively show
the measured spectra at the lower circulating powers of 150 Watt
and 200 Watt for different pressure indicated. A 1f dispersive
Lorentzian [Eq. (1)] was superimposed on the measured spectra.
The absolute frequency scale is given via f0 ¼ 252 016 360 MHz.
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refer to as the “generic Lamb dip” in the following. Some
subsets of pressure-dependent (at 150 W) and power-
dependent (at 0.25 Pa and 0.10 Pa) curves are shown
in Fig. 3.
Extrapolating the extracted widths to zero pressure yields

a linewidth limit of 205 kHz (FWHM) for 150 W, which
still overestimates the actual limit as dithering effects are
not removed. These values are considerably smaller than
the calculated 471 kHz transit-time width (for 72 K) [32]
and can be attributed to the selection of cold molecules in
the weakly saturating regime [33], as observed in our
previous work on HD [9]. The observed width corresponds
to a most probable velocity of vmp ¼ 335 m=s and temper-
ature of around 13 K.
In order to accurately extract the transition frequency one

needs to consider and correct for the known Doppler shifts
and the resulting recoil from conservation of momentum.
The total energy carried by a photon for making a transition
or released from emission is expressed as [34]

Ephoton ¼ hν0 �
hk⃗ · v⃗
2π

� ðhν0Þ2
2mc2

−
ðhν0Þv2
2c2

: ð2Þ

Here, hν0 is the energy difference between quantum levels.
The second term is the first order Doppler shift and is equal
to zero under conditions of saturation (k⃗ · v⃗ ¼ 0 for the
generic Lamb dip). The third term is the recoil shift, where
the plus-minus sign refers to the case of absorption-
stimulated emission. The final term represents the second-
order (relativistic) Doppler effect, which is as small as
160 Hz (for 13 K).
In saturation spectroscopy two recoil components are

associated with each quantum transition due to conserva-
tion of momentum [35]. A high-frequency (blue-detuned)
component occurs for absorption from ground-state par-
ticles, and a low-frequency (red-detuned) component for

stimulated emission from excited-state particles (Fig. 4).
Both components will form individual Lamb dips as a
characteristic recoil doublet, split at twice the recoil shift
and centered around the resonance center. Despite the
significance of recoil on extracting the transition frequency,
it is often neglected in saturation spectroscopy as typically
the observed linewidths are significantly larger than the
recoil doublet splitting and thereby making the recoil
doublet unresolvable. Nevertheless, there have been studies
in which the recoil doublet has been successfully resolved
in atoms [36–39] and in molecules [33,40–42].
For the present case of H2 and the transition frequency of

the S(0) line this recoil amounts to 70 kHz and a total
splitting of 140 kHz. As this is only marginally smaller than
the observed linewidth of 230 kHz, effects of the recoil
splitting are expected to be visible on the observed line
shape. Model calculations are presented for the known
recoil doublet splitting and a variety of widths that each
component may obtain (Fig. 4). Comparison of simulated
profiles with measurements reveals that the observed line
shape cannot be composed from both recoil components. In
fact, in Fig. 4(b), a distinction is clearly seen as the
measured Lamb dip does not display any hint of an
unresolved recoil doublet and is perfectly fitted by a 1f
Lorentzian profile composed of a single transition. This
leads to the conclusion that the observed generic Lamb dip
at low power cannot consist of both recoil components and
that suppression of one of the recoil components has
occurred.
There have been studies on suppression on both the

redshifted [37] and blueshifted [38] recoil components.
In either case this was performed by depopulating the upper
state or ground state respectively through (optical)

FIG. 3. Extracted positions of the S(0) Lamb dip at diffe-
rent powers and pressures and extrapolation to zero values (fp).
(a) Pressure dependence and shift at P ¼ 150 W. (b) Pressure-
dependent width at 150 W (FWHM). (c),(d) Power-dependent
shifts at p ¼ 0.25 and 0.1 Pa. The pressure- and power-
dependent slopes are as indicated. The absolute frequency
scale is given via f0 ¼ 252 016 360 MHz.

FIG. 4. (a) Schematic of the blue (absorption) and red (stimu-
lated emission) recoil components when the two counterpropa-
gating lasers are close to a resonant transition jei ← jgi.
(b) Modeled profiles of a recoil doublet for the expected recoil
splitting of 140 kHz and for varying levels of broadening. (c) A
measurement of a “generic Lamb dip” at a pressure 0.1 Pa,
intracavity power of 0.2 kWand temperature 72 K. The observed
symmetric line shape cannot be modeled by any of the simulated
profiles that include the 140 kHz recoil splitting while the simple
1f dispersive Lorentzian fit produces perfect agreement.
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pumping. Also in an early observation of the resolved recoil
doublet unequal intensity components were found, in
which the redshifted component exhibited decreased inten-
sity under some conditions [40]. In the theoretical deriva-
tion from Kol’chenko et al. [35] it was found that the ratio
of the depths of the recoil components are determined by
the lifetimes of the states involved. From these observations
and findings it can be reasoned that due to the two-step
process of the stimulated emission scheme and the typical
lower lifetime of the excited state, the redshifted recoil
component is more easily suppressed.
In the case of H2 the natural lifetimes of states are

nonrestrictive, and other effects of relaxation must be
considered. Collisional effects, the finite transit times,
and effects of the strong standing wave can all be
considered as effective methods of depopulation or dephas-
ing. Compared with the previous studies where the recoil
doublet was successfully resolved, our present study
operates at around 1 to 2 orders of magnitude higher
pressure. The most striking difference between this study
and the previous studies on the CH4 molecule is the use of
extreme laser intensities to saturate the weak quadrupole
transition. In our study, up to 10–12 orders of magnitude
higher power densities [33,42] are present which can lead
to significant standing wave effects in the optical resonator.
The effects of a strong standing wave on neutral

molecules had been theoretically explored in the past by
Letokhov and Chebotayev [43]. The finite polarizability of
molecules leads to an axial striction force due to the strong
electric field gradient, imposing axial velocity modulation,
or ultimately, even axial trapping of molecules. The result-
ing velocity modulation can easily lead to effective dephas-
ing of resonant molecules and can be considered as a
depopulation effect. For the condition on resonance, which
is usually the case for saturation spectroscopy, the striction
force can be severely enhanced as the dynamic polar-
izability changes significantly near the molecular resonance.
Recently the effect of standing waves on the vibrational
spectrum of HD [12] and H2 [44] was considered.
In order to mitigate the possible effects of the on-

resonance strong standing wave and simultaneously pro-
long the transit time through the intracavity laser beam,
Doppler-detuned measurements were performed at FSR=2
detuning, as shown in Fig. 1(b). A direct overlap of the two
different NICE OHMS signals (the central carrier-carrier
resonance and the FSR=2 detuned carrier-sideband) is
accomplished by correcting for the detuning frequency
(Fig. 5). A comparison between both measurement
schemes is made, and a blue and red marker for the
supposed recoil positions are added, where the blue line
indicates the extracted frequency position for the “generic
Lamb dip.” This shows that under reduced probe (sideband)
powers the red recoil component increases in amplitude,
from which can be concluded that the “generic Lamb dip”
at low powers is composed of the blue recoil component

only. Moreover, at reduced pressure and very low sideband
amplitude, the red recoil component is nearly fully recov-
ered. Note that at the powers of 1 kW the line shapes of
individual components become asymmetric. The summa-
tion of the unequal intensity recoil components then causes
an apparent frequency shift of the weakest (red) component.
From these systematic studies we conclude that the

observed generic Lamb dip corresponds to the blue recoil
shifted component. Correcting for the recoil shift of 70 kHz,
and taking into account the contributions to the overall
uncertainty (7.3 kHz statistical, with pressure and power
effects included, and calibration 1 kHz) the frequency of the
S(0) (2-0) quantum transition inH2 is determined at 252 016
361 164 (8) kHz, with a relative precision of 3 × 10−11

representing themost accurate determination of a vibrational
splitting in a hydrogen isotopologue [45].
Comparing with the best theoretical result for the S(0)

transition frequency, obtained via the approach of non-
adiabatic perturbation theory (NAPT) [46] and computed
with the H2SPECTRE code [47] the experimental result is
higher by 2.6 MHz. The uncertainty from this NAPT
approach is 1.6 MHz; hence the deviation between experi-
ment and theory is at 1.6σ, and determined by the Eð5Þ

leading order QED term. Part of this Eð5Þ term was recently
recomputed [48], but the issue of systematic discrepancies
for vibrational splittings in HD, at the level of 1.9σ, was not
resolved. Now deviations of a similar size are found for the
homonuclear H2 species. For the binding energy of two
particular levels in H2, J ¼ 0, 1 in v ¼ 0, separate and
dedicated calculations of relativistic and QED corrections
were carried out employing nonadiabatic explicitly corre-
lated Gaussian wave functions, yielding an accuracy of
0.78 MHz [4]. The present experimental results pose a
challenging test bench for such advanced theoretical
approach.
As an outlook we note that the lifetimes of all

rovibrational levels in the H2 electronic ground state

FIG. 5. Comparison of NICE-OHMS signals for Carrier-
Carrier and Carrier-Sideband (FSR=2 detuned) schemes at 1 kW
intracavity power and at (a) 0.25 Pa and (b) 0.10 Pa. The sideband
(probe) has been kept to a low power of 5 W, equivalent to 0.5% of
the carrier (pump) power. Note that the blue line corresponds to the
measured frequency of the generic Lamb dip as in Fig. 2.
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exceed 105 s [49], thus allowing in principle for metrology
of 20-digit precision if the natural lifetime limit can be
reached. This will push tests of the computational
approaches to molecular quantum electrodynamics and
searches for physics beyond the standard model [50] to
the extreme. The present experiment signifies a step in that
direction.
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