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Weak transitions in the (2,0) overtone band of the hydrogen deuteride molecule at λ ¼ 1.38 μm
were measured in saturated absorption using the technique of noise-immune cavity-enhanced optical
heterodyne molecular spectroscopy. Narrow Doppler-free lines were interrogated with a spectroscopy laser
locked to a frequency comb laser referenced to an atomic clock to yield transition frequencies
[Rð1Þ ¼ 217105181895ð20Þ kHz; Rð2Þ ¼ 219042856621ð28Þ kHz; Rð3Þ ¼ 220704304951ð28Þ kHz] at
three orders of magnitude improved accuracy. These benchmark values provide a test of QED in the
smallest neutral molecule, and they open up an avenue to resolve the proton radius puzzle, as well as
constrain putative fifth forces and extra dimensions.
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Molecular hydrogen, the smallest neutral molecule, has
evolved into a benchmark quantum test system for funda-
mental physics now that highly accurate measurements
challenge the most accurate theoretical calculations, includ-
ing relativity and quantum electrodynamics (QED) [1,2],
even to high orders in the fine structure constant (up to
mα6) [3]. The measurement of the H2 dissociation energy
[4] was a step in a history of mutually stimulating advance-
ment, in both theory and experiment, witnessing an
improvement over seven orders of magnitude since the
advent of quantum mechanics [5]. Accurate results on the
fundamental vibrational splitting in hydrogen isotopo-
logues [6], with an excellent agreement between experi-
ment and theory, have been exploited to put constraints on
the strengths of putative fifth forces in nature [7] and on the
compactification of extra dimensions [8].
A straightforward strategy to obtain accurate rovibra-

tional level splittings in the hydrogen molecule is to
measure weak quadrupole transitions, as was done for
H2 in the first [9] and second overtone band [10,11], as well
as in the fundamental [12] and overtone [13,14] bands of
D2. In the heteronuclear isotopologue hydrogen deuteride
(HD), exhibiting a charge asymmetry and a weak dipole
moment [15], a somewhat more intense electric dipole
spectrum occurs, first measured by Herzberg [16]. The
dipole moment of the (2,0) band is calculated at 20 μD
[17], in reasonable agreement with experiment [18,19].
Accurate Doppler-broadened spectral lines in the HD (2,0)
band were reported using sensitive cavity ring down
techniques [19]. These lines exhibit a width in excess of
1 GHz at room temperature, which challenges the deter-
mination of center frequencies in view of various speed-
dependent collisional broadening and shifting phenomena

[20]. Careful line shape analysis has led to accuracies of
∼30 MHz, in accordance with the ab initio calculated
values [21].
Here we report on the implementation of an absorp-

tion technique that combines the advantages of frequency
modulation spectroscopy for noise reduction and cavity-
enhanced spectroscopy for increasing the interaction
length between the light beam and the sample. This
extremely sensitive technique, known as noise-immune
cavity-enhanced optical heterodyne molecular spectros-
copy (NICE-OHMS) [22–25], was applied to molecular
frequency standards [26] and to precision measurements
on molecules of astrophysical interest [27]. In the
present study, weak electric dipole transitions in HD
have been saturated, allowing for a reduction in line-
width, that is almost four orders of magnitude narrower
than the Doppler-broadened lines previously reported [19].
The experimental scheme is depicted in Fig. 1, where the
spectroscopy laser is simultaneously locked to the stable
optical cavity, and also to a Cs-clock-referenced frequency
comb laser to provide an absolute frequency scale during
the measurements.
The 48.2 cm long high-finesse (finesse ∼130 000) cavity

comprises a pair of curved high-reflectors (Layertec, 1 m
radius of curvature), with one of the mirrors mounted on a
piezoelectric actuator. This stabilized optical cavity also
provides short-term frequency stability to the spectroscopy
laser, and transfers the absolute accuracy of the frequency
standard. The setup provides an intracavity power in the
order of 100 W that is sufficient for saturating HD
transitions, while the equivalent absorption path length
amounts to ∼40 km. The cavity itself is enclosed within a
vacuum chamber, which can be pumped and filled with the
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HD gas sample, that is inserted through a liquid-nitrogen
cooled trap for purification.
The laser source [an external-cavity diode laser (ECDL),

Toptica DL Pro] operating at around 1.38 μm is mode
matched and phase locked to the optical cavity. The laser
beam is fiber coupled and split, with one part for the
frequency calibration and metrology, while the main part is
phase-modulated through a fiber-coupled electro-optic
modulator (EOM) (Jenoptik PM1310), allowing for the
simultaneous modulation of two frequencies fPDH ∼
20 MHz and fFSR ∼ 310 MHz. The beam reflected from
the cavity is collected onto an amplified photoreceiver, the
signal of which is divided for locking both the laser
frequency fopt via the Pound-Drever-Hall (PDH) scheme
[28] and the cavity free spectral range frequency fFSR with
the DeVoe-Brewer scheme [29]. The beam transmitted
through the cavity is collected with another high-speed
photoreceiver, with the amplified signal demodulated at
fFSR in a double-balanced mixer. The resulting dispersive
NICE-OHMS signal is sent to a lock-in amplifier to extract
the 1f signal component at the dither frequency fdith ∼
430 Hz with a peak-to-peak amplitude of 80 kHz. The
noise equivalent absorption for the setup is estimated to
be 1 × 10−12=ðcm ffiffiffiffiffiffi

Hz
p Þ.

The long term frequency stability and accuracy of the
system is obtained by beating the spectroscopy laser with a
frequency comb (Menlo Systems FC1500-250-WG) stabi-
lized to a Cs clock frequency standard (Microsemi CSIII
Model 4301B). The acquired beat note frequency fbeat is

measured by an rf counter, and it is used to generate the
steering signal for locking the cavity length, thereby tuning
the laser frequency fopt, which is determined via

fopt ¼ fceo þ n × frep þ fbeat; ð1Þ
where fceo ¼ 20 MHz is the carrier-envelope frequency
offset of the frequency comb laser, frep ∼ 250 MHz is its
repetition rate, and n ∼ 8.7 × 105 is the mode number. The
absolute frequency of fopt is determined with an accuracy
better than 1 kHz.
The Rð1Þ transition was recorded at different pressures

(see Fig. 2), where each curve is an average of 4 to 7 scans.
A typical scan takes about 12 minutes, with frequency
intervals of 12.5 kHz, and with each data point averaged
over 6 seconds. Figure 3 displays weaker resonances,
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FIG. 2. Recordings of the HD (2,0) Rð1Þ line for three different
pressure conditions averaging 5 scans for 2.0 Pa, 7 scans for
1.0 Pa, and 4 scans for 0.5 Pa. The solid (red) lines are fits using a
line shape function based on a derivative of dispersion [23] while
allowing for a baseline slope. The curves have been shifted in the
vertical direction for clarity. In the upper panel a stick spectrum of
the hyperfine structure of this transition is plotted, where the 0-
value represents the center-of-gravity.

FIG. 1. Experimental setup. The spectroscopy laser (ECDL) is
sent through a modulator (EOM) to impose both fPDH and fFSR
modulations. fPDH is used to stabilize the laser (carrier) frequency
to the optical cavity (also the HD absorption cell) and fFSR to
generate sideband frequencies that are resonant to adjacent cavity
modes. The spectroscopy laser is locked to a Cs atomic clock via
an optical frequency comb laser for long-term stabilization.
Additional cavity-length dither modulation fdith is applied for
lock-in detection of the HD saturated absorption signals.
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FIG. 3. The saturation spectra of the Rð2Þ and Rð3Þ transitions
of the HD (2,0) overtone band at 1 Pa pressure. [Rð2Þ: 12-scan
average; Rð3Þ: 5-scan average]
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where the Rð2Þ spectrum is an average of 12 scans and that
of Rð3Þ an average of 5 scans.
The assessment of systematic effects was performed

primarily on the Rð1Þ transition, where the signal-to-noise
ratio is the highest. The Rð1Þ transition frequency was
measured at different pressures in the range 0.5–5.0 Pa
(some shown in Fig. 2) displaying widths in the range 150–
400 kHz [see Fig. 4(b)]. This allowed the determination
of a pressure-dependent shift coefficient at −9ð3Þ kHz=Pa
[see Fig. 4(a)] and for extrapolation to a zero-pressure
transition frequency for Rð1Þ. This collisional shift coef-
ficient is an order-of-magnitude larger (but with similar
sign), compared with coefficients for H2, obtained from
studies (e.g., [10]) involving pressures higher than kPa. For
Rð2Þ and Rð3Þ transitions measured at 1 Pa, a pressure shift
correction of −9 kHz was applied. This seems appropriate
in view of the study on H2 [11] and D2 [13], where it was
shown that the collisional shift parameters depend only
slightly on the rotational quantum number.
As seen in Fig. 2, there is an increase in line shape

asymmetry with increasing pressure to which several
effects, associated with line broadening can contribute.
This asymmetry ultimately limits the present determination
of the transition center to an accuracy of ∼1=5 of the
observed resonance width. We adopt a phenomenological
approach to assess line shape profiles by Gaussian and
Lorentzian functions, and a function based on a derivative
of dispersion [23] (plotted in Figs. 2 and 3), as well as linear
baseline fits. The baseline variation from scan-to-scan can
be attributed to residual amplitude modulation. For the
Rð1Þ line, all fits converge to a transition center within
15 kHz from each other, while a convergence to 20 kHz is
found for the weaker transitions.
Saturation spectroscopy in a cavity leads to a photon

recoil doublet that is symmetric to the recoil-free transition

center [30]. For the HD (2,0) transitions at 1.38 μm, the
recoil shift is 34 kHz, resulting in a doublet splitting of
68 kHz but not producing a systematic shift. At half the
intracavity laser power, no significant shift of the line center
is observed, and we estimate an upper limit of 10 kHz for
the power-dependent or AC-Stark shift. The second-order
Doppler shift is calculated to be 1 kHz for a most probably
velocity of 700 m=s (see below).
The collisional or pressure broadening, plotted in Fig. 4(b)

for the Rð1Þ line, follows a linear behavior with a slope of
70ð7Þ kHz=Pa. It is remarkable that the linear trend extends
even to the lowest pressure of 0.5 Pa, at which the width is
150 kHz (FWHM). The linewidth of 150 kHz and the values
presented in Fig. 4(b) correspond towidths that are artificially
narrowed by the 430 Hz frequency modulation and the
associated detection of the 1f derivative on the lock-in
detector. Modeling of this phenomenon confirms that the
recorded width of 150 kHz translates to a true FWHM
linewidth of around 300 kHz for the absorption feature. The
recoil doublet splitting of 68 kHz, aRabi frequency of 20 kHz
for the different transitions at peak intensity [31,32], and the
hyperfine substructure must contribute to this linewidth. The
latter also contributes to the asymmetry (see Fig. 2 and text
below). An absorption width of 300 kHz is more than three
times less than the transit-time rate (FWHM) of 1.3 MHz for
HD molecules at room temperature and for the laser beam
waist of 450 μm [31,32]. Similar observations of strongly
reduced linewidths below the transit-time rate have been
shown in methane [33,34] and acetylene [23], where it was
attributed to the dominant contribution of slow-moving
molecules in the saturation signal. Even if the entire width
of 300 kHz is attributed to transit-time broadening, thiswould
correspond to a most probable speed of 720 m=s. However,
in view of the other linewidth contributions discussed above,
the most probable velocity may be even lower.
The hyperfine structure of the v ¼ 0 levels in HD was

investigated by Ramsey and co-workers using molecular
beam resonance techniques [35,36]. Ab initio calculations
of hyperfine constants for v ¼ 2 and v ¼ 0 levels in HD
[37], at most differing at 6.5% between vibrational levels,
are found to be in good agreement with experiment for
v ¼ 0 [35]. Based on this, the hyperfine substructure of the
Rð1Þ transition, composed of 21 components, was calcu-
lated and represented by a stick spectrum plotted in the
upper panel of Fig. 2. While the entire hyperfine structure
covers a range of 500 kHz, the three most intense hyperfine
components fall within a span of 100 kHz around the
center-of-gravity, demonstrating that the observed effective
linewidth of 300 kHz is compatible with the hyperfine
substructure. From this clustering of strongest components
around the zero position (see Fig. 2), we conclude that the
hyperfine structure does not significantly shift the center
frequency of the transition. However, some asymmetry of
the line shape, and possibly the background slope, might be
due to the unresolved hyperfine structure [38].
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FIG. 4. A pressure-dependent frequency shift (a) and broad-
ening (b) of the Rð1Þ transition in the 0.5 to 5 Pa pressure range.
Note that for the broadening, the apparent width is plotted,
measured via 1f-modulation of the NICE-OHMS signal
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Table I lists the error budget of the present study. The
statistics entry demonstrates the reproducibility of mea-
surements performed on different days, in some cases after
realignment, with the best statistics at 10 kHz obtained for
Rð1Þ. We estimate a total uncertainty, including systemat-
ics, of σf ¼ 20 kHz for the Rð1Þ transition frequency and
σf ¼ 28 kHz for the Rð2Þ and Rð3Þ resonances. Resulting
transition frequencies of the Rð1Þ, Rð2Þ, and Rð3Þ lines are
listed in Table II. These values are compared to results of
the previous experimental determination by Kassi and
Campargue [19], obtained under Doppler-broadened con-
ditions, showing good agreement, with the present results
representing a three order of magnitude improvement in
accuracy. Theoretical level energy calculations by Pachucki
and Komasa [21] were claimed to be accurate to 30 MHz,
but values were provided to 3 MHz (10−4 cm−1) accuracy.
Since we compare with the energy splittings between v ¼ 0
and v ¼ 2, the theoretical transition frequencies in Table II
should be more accurate because of cancellations in various
energy contributions. This assessment of the calculation
uncertainty is supported by the excellent agreement
between our measurements and the theoretical values that
are better than 2 MHz.
The 30 kHz absolute accuracy (10−10 relative accuracy)

achieved in this study constitutes a 1000-fold improvement
over previous work, and it demonstrates the first sub-
Doppler determination of pure ground state transitions in

HD and, in fact, in any molecular hydrogen isotopologue.
The experimental results challenge current investigations
in first principles relativistic theory and QED calculations
of the benchmark hydrogen molecules [2,3,21,39]. When
such calculations reach the same accuracy level as the
experiment, there is a potential to constrain theories of
physics beyond the Standard Model, as was shown pre-
viously [7,8]. The finite size of the proton contributes
∼300 kHz to the H2 (3,0) overtone transition [40], and a
similar contribution is expected for the HD transitions
investigated here. If theory and experiment reach the kHz
accuracy level, this will allow for a determination of the
proton size to 1% accuracy. Along with complementary
investigations in the electronic [41] and muonic hydrogen
atoms [42], neutral and ionic molecular hydrogen [43], the
HD overtone determinations may contribute towards the
resolution of the conundrumknownas the proton-size puzzle.

The authors wish to thank Prof. J. Gauss (Mainz) for a
calculation of hyperfine constants in HD v ¼ 0 and v ¼ 2
levels. P. D. is supported by the CNRS. W. U. acknowl-
edges the European Research Council for an ERC-
Advanced Grant under the European Union’s Horizon
2020 research and innovation programme (Grant agree-
ment No. 670168).

Note added in proof.—Recently, we were informed
about the outcome of a measurement of the HD Rð1Þ
line by Lamb-dip cavity ring down spectroscopy by
the Hefei group [44], deviating by 900 kHz from our
result. In an attempt to find the origin of this discrepancy,
both groups measured a stronger Rð4Þ line in C2H2,
yielding 217043458139 (6) kHz at Amsterdam and
217043458146 (8) kHz at Hefei. This agreement demon-
strates that the discrepancy is not due to differences between
spectroscopic techniques, nor in metrology issues like
locking of lasers or beat-note measurements. In our labo-
ratory, we found no difference when the C2H2 line was
measured with and without the option of low-frequency
modulation and lock-in detection, thus demonstrating that
this mode of operation has no effect on the line center
frequency. In addition, the measurement of the HD Rð1Þ
transition, with linear and with circular polarization in the
cavity, resulted in the same transition frequency, proving
that optical pumping does not play a role.

TABLE I. List of corrections Δf and uncertainty estimates σf
in units of kHz for the transition frequencies.

Rð1Þ Rð2Þ, Rð3Þ
Contribution Δf σf Δf σf

Line fitting 0 15 0 20
Pressure shifta 0 3 −9 6
2nd-order Doppler 1 1 1 1
AC-Stark shift 0 10 0 10
Frequency calibration 0 <1 0 <1
Subtotal systematic 1 19 −8 23
Statistics 0 10 0 15
Total 1 20 −8 28
aRð1Þ has been extrapolated to zero pressure, while for Rð2Þ and
Rð3Þ, a correction is applied based on pressure-shift coefficient
of Rð1Þ.

TABLE II. A comparison of R-branch transition frequencies in the HD (2,0) band obtained from the present study
with previous experimental determination Δexp [19], and with most accurate ab initio calculations Δcalc [21]. Values
are given in MHz with uncertainties in units of the last digit indicated in between parentheses. See text for a
discussion of the theoretical uncertainty.

Line This study Ref. [19] Δexp Theory [21] Δcalc

Rð1Þ 217105181.895(20) 217105192(30) −10 217105180 2
Rð2Þ 219042856.621(28) 219042877(30) −20 219042856 1
Rð3Þ 220704304.951(28) 220704321(30) −16 220704303 2
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