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Lamb-peak spectrum of the HD (2-0) P(1) line
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A saturation spectroscopy measurement of the P(1) line of the (2-0) band in HD is performed in a sensitive
cavity-enhanced optical setup involving frequency comb calibration. The spectral signature is that of a Lamb
peak, in agreement with a density-matrix model description involving 9 hyperfine components and 16 crossover
resonances of � type. Comparison of the experimental spectra with the simulations yields a rovibrational
transition frequency at 209 784 242 007 (20) kHz. Agreement is found with a first-principles calculation in
the framework of nonadiabatic quantum electrodynamics within 2σ , where the combined uncertainty is fully
determined by theory.
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I. INTRODUCTION

In this decade the hydrogen molecule has become a bench-
mark system for testing quantum electrodynamics (QED)
and probing physics beyond the Standard Model [1]. Such
tests can be accomplished by comparison between accu-
rate measurements of, e.g., dissociation energies of the H2

molecule [2–4], with nonadiabatic calculations of the hydro-
gen molecule based on a four-particle variational framework
and including relativistic and QED terms up to mα6 [5].
Alternatively, tests were performed on splittings between
rovibrational levels in the H2 and D2 molecules, measured
at increasing accuracy [6–8]. In view of the very small
oscillator strengths of the quadrupole transitions probed in
these homonuclear species, measurements were performed
from Doppler-broadened and collision-broadened spectra lim-
iting the accuracy. The application of sophisticated line-shape
models in combination with high signal-to-noise ratio has
nevertheless pushed the accuracy to the submegahertz regime
[9,10].

In the case of the heteronuclear HD isotopologue the
molecule exhibits a small electric dipole moment [11,12]
giving rise to an electric dipole absorption spectrum which
was discovered by Herzberg [13] and investigated over the
years under conditions of Doppler broadening, for the vibra-
tional bands [14–17], as well as for pure rotational transitions
[18,19].

Recently, intracavity absorption techniques were explored
in which saturation of the R(1) transition in the (2-0) over-
tone band was demonstrated [20,21], delivering a reduction
in linewidth of over a thousand compared to the Doppler-
broadened lines. While these studies produced highly accurate
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transition frequencies for the R(1) (2-0) line in HD, a large
discrepancy was found between the two studies. A reanalysis
at improved signal-to-noise ratio obtained with the NICE-
OHMS (noise-immune cavity-enhanced optical-heterodyne
molecular spectroscopy) technique by the Amsterdam team
showed that the line shape appeared as dispersivelike [22].
This phenomenon was explained as a result of the underlying
hyperfine structure involving a large number of crossover
resonances in the saturation spectrum. A simulation of the
spectrum was produced via a density-matrix model with op-
tical Bloch equations that well reproduced the dispersive line
shape. An extended analysis by the Hefei group, using three
different cavity-enhanced techniques, resulted in a similar
dispersive line shape [23]. That was, however, interpreted as
a Fano line shape, caused by an interference between the
rovibrational R(1) transition and an underlying continuum,
reminiscent of the Fano line shape observed by the interfer-
ence between transitions in the fundamental vibration of HD
and broad collisionally induced continuum resonances [24].
These discrepancies on transition frequencies and diverging
explanations for the observed line shapes call for extended
measurements, in particular since rovibrational transitions in
the heteronuclear HD molecule, allow for extreme precision
and constitute an excellent test ground for molecular QED.

II. EXPERIMENT

The P(1) line at 1.43 μm was measured under conditions
of saturation at a number of pressures in the range 0.5–16 Pa,
using the NICE-OHMS setup, the details of which were
previously documented [21,22]. Some notable changes were
made for the measurement of P(1). Firstly, the modulation
frequency has been doubled to twice the free spectral range
(FSR) of the cavity at two times 305 MHz. This was neces-
sary to avoid absorption from a neighboring water transition
giving rise to a Lamb dip from the carrier-sideband saturation
occurring at half the FSR detuning. Secondly, a dominant
source of residual amplitude modulation due to spurious
background etaloning was identified and eliminated, which
allowed multiple scans to be much more effectively averaged.
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FIG. 1. The hyperfine level structure with the five sublevels of
the v = 0, J = 1 ground state, plotted on a scale corresponding to
measurement [25], and the two degenerate levels in the v = 2, J = 0
state.

This averaging for attaining a good signal-to-noise ratio was
made possible through the lock of the spectroscopy laser to
a frequency comb; averages over up to 60 recordings were
taken. Thirdly, a liquid-nitrogen cryotrap was installed to con-
tinuously pump outgassing water vapor during the measure-
ments, which otherwise gave a significant background drift.

III. HYPERFINE STRUCTURE

For an interpretation of the measured spectra of the P(1)
line its hyperfine structure must be considered, which is much
simpler than that of the R(1) line measured previously [22].
The J = 1 ground level is split into five components via
the coupling of the J = 1 rotational angular momentum to
the nuclear spins IP = 1/2 for the proton and ID = 1 for
the deuteron, and yields, in energetic order from high to
low, F = 1/2(+), F = 3/2(+), F = 3/2(−), F = 5/2, and
F = 1/2(−) sublevels. Here the (+) and (−) refer to the
highest and lowest levels with the same F -quantum number.
The hyperfine splitting in J = 1 was accurately measured by
Ramsey and co-workers [25,26]. The v = 2, J = 0 excited
state is split into two components F = 1/2 and F = 3/2 that
are, however, degenerate within a kilohertz; we assume the
splitting to be approximately similar to that of J = 0 in the
v = 0 ground state, where it was calculated as 45 Hz [27]. The
hyperfine level structure of the P(1) is plotted in Fig. 1. Our
analysis of the hyperfine structure of this P(1) line is found to
be in excellent agreement with that of other recent analyses
[28,29].

The hyperfine structure results in nine possible transitions
connecting ground and excited states. A combination of these
ground and excited states gives rise to 16 possible crossovers
in the saturation spectrum, which are all of � type due to
near degeneracy of the excited state. These resonances are
plotted as a stick spectrum in Fig. 2; note that in view of
the degeneracy of the F = 1/2 and F = 3/2 upper levels not

FIG. 2. Stick spectrum displaying hyperfine subcomponents (of
the nine only five are nondegenerate) and crossover resonances
(of the 16 only 10 are nondegenerate) of the P(1) line of HD on
a frequency scale, where “0” is the pure rovibrational transition
frequency.

all individual components are visible. The relative intensities
of the direct hyperfine components are calculated via angular
momentum algebra [30], where the absolute scale is matched
to the measured value of the line intensity of the Doppler-
broadened line [16]. Intensities of crossover resonances are
estimated via

√
IiI j with Ii and I j the intensities of the crossing

hyperfine resonances. Note that these intensities are not used
in the density-matrix model discussed below. The hyperfine
structure of P(1), as displayed in Fig. 2, shows the sharp con-
trast to the R(1) line where both V-type and �-type crossover
resonances contribute to the spectrum.

Note that V-type crossovers show as a Lamb dip, as a
common ground state couples to two excited states causing
depletion of population, and therewith reduced absorption.
However, �-type crossover resonances couple two ground
states to a common excited state. This may lead to increased
population in one ground state, resulting in increased ab-
sorption, and hence a Lamb peak. In the R(1) spectrum of
HD, where both V-type and �-type crossovers occur, this
resulted into an overall dispersive line shape [22]. In a study
on an atomic system exhibiting a preponderance of �-type
crossovers, the saturation spectrum was demonstrated to ex-
hibit the shape of a Lamb peak [31].

IV. RESULTS

A few typical examples of spectra of the P(1) line of HD
in the (2-0) band are shown in Fig. 3, where the absolute
frequency is accurate to 1 kHz due to the lock of the diode
laser to a frequency comb. The observed spectra of the P(1)
line display the typical characteristic of a Lamb peak. For
comparison a spectral line of H2O is displayed, recorded un-
der the same experimental conditions and settings of the elec-
tronics, thus showing a characteristic Lamb-dip and proving
the opposite, Lamb-peak, nature of the HD P(1) resonance.
It is noted that the NICE-OHMS technique, which is essen-
tially a frequency-modulation spectroscopic technique, results
in dispersive signals. The application of an additional slow
(415 Hz in the present case) wavelength modulation of the

023209-2



LAMB-PEAK SPECTRUM OF THE HD (2-0) P(1) LINE PHYSICAL REVIEW RESEARCH 2, 023209 (2020)

FIG. 3. Recordings of saturation spectra of the P(1) (2-0) line in HD at different pressures as indicated. Simulated spectra from the
density-matrix model with optimized parameters are plotted, after convolution with a Lorentzian function to account for collisional broadening
(at 45 kHz/Pa) with a full line (orange). At the right a spectrum of the water line (000)330-(101)413 at 216 803 819 806 kHz is shown, measured
under the same conditions, displaying a characteristic Lamb dip.

laser is used for heterodyne detection in a lock-in amplifier,
therewith improving the signal-to-noise ratio. It produces a
first derivative of this dispersive line shape [32] as illustrated
by the H2O line.

The peak positions of the lines and their widths, as obtained
directly from the measurements, are plotted in Fig. 4 as a
function of pressure over the measurement range of [0.5–
16] Pa. The extracted pressure-dependent shift coefficient of
−11(1) kHz/Pa for P(1) is consistent with the result for
R(1) [21]. This shift coefficient is much larger than would be
expected when using results from Doppler-broadened mea-
surements in [17], and at higher pressures of 104–106 Pa
in [33] and extrapolating to the Doppler-free and Pa-level
conditions in this study. It has recently been observed that the
pressure-induced line shifts in water at low pressures [34],
using the same setup as in the present study, also do not

FIG. 4. Transition frequencies and linewidths (HWHM) ob-
served for the P(1) (2-0) line of HD as a function of pressure.

follow the expected high-pressure trend, with the pressure
shift coefficient even changing sign depending on specific
transitions. It is also worth noting that a nonlinear dependence
is expected at low temperatures due to velocity-changing
collisions as shown for D2 in Ref. [35], which might be of
relevance here considering the selection of cold molecules in
optical saturation.

From Fig. 4, a collisional broadening parameter of
45 kHz/Pa is deduced for the saturated P(1) line. The data
point for 0.5 Pa falls somewhat off the linear collision curve
because that spectrum was recorded for a cavity dither peak-
to-peak amplitude of 180 kHz, while for the other lines an
amplitude of 90 kHz was used. These results show that the
width of the P(1) line is again, similar to the case of the R(1)
line [21,22], narrower than expected from the contributing
broadening mechanisms. A number of physical and instru-
mental effects contribute to the linewidth as observed, all
expressed as half width at half maximum (HWHM) in the
following. Besides the broadening caused by collisions and by
amplitude modulation, the cavity jitter, with the laser locked to
the cavity, will contribute for 40 kHz, as was experimentally
determined. Intracavity saturation spectroscopy gives rise to
recoil doublets [36] separated by 68 kHz. The largest contribu-
tion to the linewidth is expected from the limited time for the
molecules to reside in the laser beam, estimated at 400 kHz at
room temperature [37]. Finally, the hyperfine structure causes
broadening over the span of components, i.e., several hundred
kilohertz.

In view of the fact that the measured linewidth is much
smaller than expected from the various contributions, it is
assumed that in the saturation experiment the slow molecules,
which will undergo less transit-time broadening, are prefer-
entially detected. This is in line with the fact that the actual
intracavity power (some 150 W) is much lower than the
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saturation parameter of the HD resonance (10 kW). Hence,
in the present experiment, the saturation spectroscopy acts as
a selection mechanism for cold molecules in the sample.

The line shapes as recorded for the various pressures
were modeled in terms of a density-matrix formalism with
coupled Bloch equations as defined previously [22], involving
populations of excited sublevels ρ j j and ground sublevels ρii

and coherences ρi j :

d

dt
ρii =

∑

j

ρ j jγpop,i j − i

h̄

∑

j

(Vjiρ ji − ρ jiVi j ), (1)

d

dt
ρ j j = −

∑

i

ρ j jγpop,i j − i

h̄

∑

i

(Vi jρi j − ρi jVji ), (2)

d

dt
ρi j = −(i�i j + γcoh,i j )ρi j + i

h̄
Vi j (ρii − ρ j j )

− i

h̄

∑

k �= j

Vikρk j, (3)

d

dt
ρ jk = (iω jk − γcoh, jk )ρ jk − i

h̄
(Vi jρ ji − ρkiVki ) (4)

with definitions of the Rabi frequency Vi j/h̄, detuning �i j =
ωL − (ωi j + �k · �v), the laser frequency ωL, the transition fre-
quency between i and j states ωi j , and the Doppler shift for the
velocity class v as �k · �v. Note that the crossover resonances,
nor their estimated intensities, are explicitly included in the
model; their effect is implicitly imposed when integrating
over velocity space. Decisive parameters in the model are the
population relaxation rates γpop,i j connecting i and j states
with allowed dipole transitions and relaxation rates for coher-
ences γcoh,i j effectively describing radiative and nonradiative
processes. The refilling of the ground state from collisional
decay of the excited states via γpop,i j can be considered as a
two-step process via a thermal bath.

The optical Bloch equations are solved in time steps of 1 μs
for each single detuning frequency, over a span of 4 MHz
approached with a step size of 1 kHz. The total integration
time is fixed at 3.4 ms in order to reach the steady-state
solution, which must be obtained to achieve a stable resulting
spectrum. The velocity distribution of the particles is divided
over 816 velocity classes which are then implemented for each
single velocity in the 3400 integration steps.

In the simulations the values of γpop,i j and γcoh,i j are
considered as free parameters and are used as such to find an
optimal representation of the observed line shapes. The Rabi
frequency V/h̄ is set at 40 kHz commensurate with the power
density in the cavity. The simulation is rather insensitive to
the value of γpop,i j and it finds convergent solutions as long as
it is held at >35 kHz; here we have fixed γpop,i j = 55 kHz.
The line shape and the effective width are sensitive to the
value of γcoh,i j , which is varied in the calculation to find a
matching line shape. In Fig. 3 simulated spectra are plotted
for an optimized parameter value for γcoh,i j . For the spectrum
recorded at 0.5 Pa we find a best match for γcoh,i j = 95 kHz,
and for the spectra at 1.0 and 4.0 Pa the optimum is at γcoh,i j =
125 kHz and γcoh,i j = 355 kHz, respectively. The simulations
do not reproduce the line widths beyond 4 Pa (γcoh,i j >

355 kHz) although it retains the Lamb-peak structure. We sus-
pect that here another regime is reached that is dominated by

collision-induced perturbations on the rovibrational levels,
which are not included in the Bloch equation calculations.

After the simulation the result is convolved for the effects
of recoil doublet, cavity jitter, and wavelength dithering. The
resulting simulated spectra are then plotted in Fig. 3 to be
compared with the experimental spectra.

An important conclusion of the modeling based on this
density matrix model is that an overall spectral pattern of
a Lamb peak is found, irrespective of the details and exact
values of the γ parameters invoked. For no realistic set of
parameters a sign reversal could be produced. This is in
agreement with the expectation (see above) that a saturation
spectrum with crossover resonances only of � type should
produce a Lamb peak.

From these optimized simulations, performed for each
pressure, a value for the rovibrational (or hyperfine-free) tran-
sition frequency is found as shown by the dashed line. This is
done by fitting the theoretical line shape to a standard func-
tional form (a first-order derivative of a dispersive Lorentzian
[21]), which is subsequently fitted to the observed spectral
profile. The resulting hyperfine-less transition frequency devi-
ates somewhat from the center of the Lamb peaks, on the order
of 45 kHz, varying by <10 kHz for the highest pressures. It
was verified that the resulting transition frequency varies only
within 10 kHz if the parameter space of γcoh,i j is explored,
where the resulting line shape and width form a selection
criterion. Similarly the Rabi frequency was varied in the
relevant range 35–55 kHz, imposing an additional uncertainty
in the simulation of 5 kHz. Extrapolation to zero pressure
then yields the final value for the P(1) rovibrational transition.
The main sources of uncertainty, related to the simulation
(variation of parameter space for γcoh,i j , γpop,i j , and Rabi
frequency V/h̄) and the statistics of line fitting and pressure
extrapolation are combined to yield an uncertainty of 20 kHz.
As the resulting transition frequency we find 209 784 242 007
(20) kHz.

The result of the present experimental study allows for a
comparison with the theoretical result, obtained in the frame-
work of nonadiabatic perturbation theory (NAPT) [38,39],
which is now available as a web-based online calculation
tool [40]. This NAPT tool provides binding energies at an
accuracy of 3 × 10−4 cm−1, or 10 MHz, but in the calculation
of transition frequencies a cancellation of uncertainties is ac-
counted for, delivering accuracies of about 3 × 10−5. Specif-
ically, H2SPECTRE [40] calculates an accuracy of 1.0 MHz
for the P(1) line and for the R-branch lines of 1.1 MHz. For
the P(1) line a theoretical value of 209 784 240.1 (1.0) MHz
is produced [40]. Comparison with the experimental value
shows that the theoretical value is lower by 1.9 MHz, or by 2σ .
Also in the previous study on the R(1) line the experimental
value was higher by 1.9 MHz, again corresponding to a 2σ

deviation. For the measurement of the R(2) and R(3) lines
no detailed study of the hyperfine structure was performed,
but the derived transition frequencies [21] also show an ap-
proximate +2σ deviation from the NAPT results. A similar
deviation was found in a recent molecular beam study on
HD [41]. It is noted that in all these cases the 2σ offset is
given in terms of, and is entirely due to the uncertainty in
the theoretical value. This consistent deviation by +2σ is
indicative of a general and systematic offset of the NAPT

023209-4



LAMB-PEAK SPECTRUM OF THE HD (2-0) P(1) LINE PHYSICAL REVIEW RESEARCH 2, 023209 (2020)

calculations for the rovibrational transitions in the (2-0) band
of HD.

V. CONCLUSION

In conclusion we have demonstrated that the line shape as
observed for the P(1) line in the (2-0) overtone band of HD
can be described in terms of coherences between hyperfine
substates. The same density matrix model that previously was
developed to explain the observed dispersivelike spectrum of
the R(1) line can now describe the shape of a single Lamb
peak for the case of P(1) with a realistic set of population
and coherence decay parameters. This line-shape analysis
provides confidence for the extraction of the hyperfine-free

or rovibrational transition frequency, at 209 784 242 007 (20)
kHz, which is in agreement with the formalism of nonadia-
batic perturbation theory for the hydrogen molecules within
2σtheory.
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