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ABSTRACT

We present a comb-referenced mid-infrared to near-infrared double-resonance (MIR-NIR DR) scheme applied to *CO; to achieve high-
accuracy rovibrational term values for highly excited, optically dark vibrational states. A single-pass MIR pump drives the strong v3 =1 < 0
fundamental transition, while a cavity-enhanced NIR probe interrogates the weak v3 = 4 « 1 hot band via ring-down detection. Using a ladder
(E)-type excitation scheme that links the ground state directly to the 4v3 manifold, the sum of the two transition frequencies yields the pure
vibrational energy of the dark (00 041) state with an uncertainty of 4.0 kHz, providing metrology-grade constraints for theoretical models and
line lists. The demonstrated approach offers a practical route to access dark or ultra-weak vibrational manifolds in molecules of atmospheric

and astrophysical relevance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0335367

I. INTRODUCTION

High-precision molecular vibrational spectroscopy constitutes
a fundamental link between laboratory-based precision measure-
ments, theoretical quantum-mechanical models, and macroscopic
observations and applications. For prototypical small molecules,
such as CO,, vibrational-rotational transition frequencies, inten-
sities, and line shapes are ultimately governed by the molecular
potential energy surface and dipole moment surface. Consequently,
high-accuracy spectroscopic data provide not only the most direct
and experimentally testable characterization of molecular quan-
tum structure but also indispensable constraints for the construc-
tion and calibration of theoretical models. Vibrational transition
spectra encode detailed information on chemical potential energy
surfaces;'” enable the assessment of quantum control schemes
involving vibrationally excited states;’ ° allow the inference of
pressure and temperature of target molecules in atmospheric,”
astrophysical,‘)\m and combustion-related'"'* research fields; and
provide stringent benchmarks for effective Hamiltonian models and
ab initio theories.”” For highly symmetric molecules, however, a

significant fraction of the vibrational manifold is optically “dark:”
symmetry and selection rules render many transitions infrared-
forbidden or extremely weak.'*"'® Even when not directly observ-
able, these levels couple to bright states via anharmonicity, Fermi
interactions, and Coriolis mixing, thereby influencing line positions,
intensities, and intramolecular energy flow. Obtaining precise term
values for such dark or extremely weak manifolds is, therefore,
valuable for improving high-lying models and line lists.
Double-resonance (DR) spectroscopy provides a direct route
to these dark manifolds. A strong pump prepares a well-defined
intermediate (bright) level, and a second optical field probes
a transition originating from that prepared state, thereby con-
verting an otherwise inaccessible target level into an observ-
able DR signal without cooling. In the continuous-wave (cw)
regime, the shared velocity class of pump and probe naturally
yields sub-Doppler, state-selective features, and comb referencing
enables absolute line-center measurements with high resolution. In
recent years, several cw optical-optical double-resonance (OODR)
techniques have been reported for probing highly vibrationally
excited molecular states. Foltynowicz et al. presented an OODR
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spectroscopy using cavity-enhanced frequency comb probe to
record rovibrational transitions of methane in highly excited vs
vibrational modes, providing valuable data for high-temperature
methane spectroscopy and Hamiltonian model validation.'”'® How-
ever, laser accuracy and residual uncorrected baseline drift lim-
ited the achievable precision to the 5x107° c¢m™ level. Hu
et al. demonstrated comb-locked cavity-enhanced double-resonance
(COCA-DR) spectroscopy to measure highly excited vibrational
dark states of CO; in the near-infrared region, achieving kilohertz-
level uncertainties. In practice, the requirement that both lasers be
simultaneously locked to cavity modes imposes stringent experi-
mental constraints, and the discrete nature of the cavity modes
results in discontinuous molecular velocity selection.” MIR-MIR
double-resonance spectroscopy has also been demonstrated.”””' The
MIR-NIR DR spectroscopic approach was first shown in Ref. 22.
Later, Tan et al. proposed a MIR-NIR DR spectroscopic approach,
which uses cavity-enhanced probe to gain signal, while a collinear
pump beam traverses the absorption cell in a single pass.”” A
combined frequency comb and continuous-wave cavity-enhanced
double-resonance spectrometer with kilohertz-precision capability
was also established.”* Compared with the former two approaches,
it significantly reduces experimental complexity while preserv-
ing kilohertz-level accuracy and allowing flexible control over the
selected molecular velocity classes.

Here, we implement a frequency-comb-referenced MIR-NIR
DR scheme for dark manifolds of *CO,. A ladder (E)-type link-
age simultaneously determines absolute line centers of a strong v3
fundamental and a much weaker step terminating on the vz =4
manifold. This provides a kHz-accurate energy link from v = 0 to
v = 4, including the band center of the vibrationally dark (00041)
state, and supplies high-value constraints for modeling *CO, and
for metrology-grade spectroscopy.

Il. EXPERIMENT

The ladder (E)-type DR scheme in ">COj is driven by two cw
fields: a pump beam at frequency w; and a probe beam at frequency
wy, as illustrated in Fig. 1(a). The narrow-linewidth cw MIR pump
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selectively excites target molecules from the ground state to an inter-
mediate vibrational level, preparing a velocity-selected molecular
sub-ensemble. The NIR probe laser then drives a second transition
from this pumped intermediate level.

The NIR probe is resonant with a 0.75 m long high-finesse cav-
ity to enhance sensitivity, while the cavity mirrors (R = 0.999 94 at
1.5 ym and R ~ 0.5 at 4.5 ym; curvature r = 1 m) are highly trans-
missive at specific mid-infrared frequencies, allowing the MIR pump
to traverse the sample only once. We define w19 and wy as the
MIR and NIR transition center frequencies, respectively, and w; as
the locked pump frequency in Fig. 1(b). For a given wi, the pump
excites molecules with a velocity V; along the pump beam direction,
and two DR peaks (denoted w,; and wy,) are observed, correspond-
ing to co- and counter-propagating probe beams. By simultaneously
fitting the centers of the two DR features together with the stabi-
lized pump frequency and applying the frequency relations given in
the following, "’ the intrinsic transition frequencies for both the
fundamental and hot-band transitions can be determined using the
following equations:

w1 = w10(1 + VZ/C),
wo1 = wao(l + V/c), (1)
w2 = wo(l - Vz/c).

Note that the recoil shift and second-order Doppler shift are not
included in Eq. (1); these effects can be accounted for using formulas
provided in Refs. 25 and 26.

The DR cavity ring-down spectroscopy (CRDS) setup is illus-
trated in Fig. 1(c). The MIR pump is generated as the idler output of
a narrow-linewidth optical parametric oscillator (OPO). The OPO
design follows our previous work”” and is seeded by a 1064 nm fiber
laser. Beat notes between the OPO seed/signal waves and an optical
frequency comb (OFC) provide absolute frequency calibration and
serve as error signals for OPO stabilization, achieving sub-kHz-level
stability (0.5 kHz) of the OPO idler output (used as the MIR pump in
DR) via a phase-lock loop (PLL). The OFC is disciplined to an active
hydrogen maser calibrated by the National Institute of Metrology of
China to guarantee the 14-digit accuracy.

FIG. 1. Experimental principle and setup.
(a) Pump-probe ladder scheme of
13C0;. (b) Origin of the doublet in the

DR signal arising from the round-trip
probe field inside the cavity, yielding two
fitted centers wy; and wy. (c) Opti-
cal layout of the DR-CRDS setup. The
OPO seed/signal and the NIR laser are
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The NIR probe radiation is derived from an external-cavity
diode laser (ECDL) and divided into three beams. The first beam is
phase-modulated by an electro-optic modulator (EOM) and used for
Pound-Drever-Hall (PDH) locking of the probe laser to a selected
cavity mode. The second beam is heterodyned with the OFC and
the resulting beat signal is used to stabilize the cavity length dur-
ing spectral scans, providing a frequency stability of 0.2 kHz. These
frequency references are essential for obtaining accurate, high-
precision spectroscopic frequency information. Because the beat sig-
nal between the probe laser and the OFC was fed to a beat-lock servo
to lock the cavity length through a piezo-actuator attached to one of
the cavity mirrors, the probe laser frequency scan was implemented
by changing the beat frequency step-by-step by programming the
reference radio frequency.” The third beam is frequency-shifted by
an acousto-optic modulator (AOM) to address an adjacent cavity
mode and is then injected into the cavity for CRDS measurements,
with a propagation direction opposite to the first beam. Ring-down
signals are detected with a photodetector (PD) and recorded by
using a data-acquisition system (DAQ). The PDH-locking beam and
the probe beam are s- and p-polarized, respectively, and an optical
isolator is placed in front of each detector to eliminate the interfer-
ence. Further details of the comb-referenced CRDS implementation
are available in Refs. 28 and 29. The acquisition rate is 75 ~100
ring-down events per second. For each frequency point, 150 ~ 200
ring-down events were averaged. The noise-equivalent absorption
sens}%vity (NEAS) at an averaging time of 1 s was 4 x 107" cm™
Hz .

Experiments were performed with a MIR pump power of
0.5 mW. The pump was tuned to a strong v; fundamental-band
line near 2284.2616 cm ™' —the R(0) line in the (00011) — (00001)
band, while the probe targeted a much weaker hot-band line near
6709.2457 cm™'—the P(1) line in the (00 041) — (00011) band. The
Einstein-A coefficients for the pump and probe transitions are’
125.7 and 0.2002 s}, respectively. A natural carbon dioxide sample,
containing about 1% BBc1%Q,, was used in the measurement, and the
sample pressure was 3 Pa.

I1l. RESULTS AND DISCUSSION

Figure 2 shows a representative DR spectrum for the P(1)
(00041) — (00011) transition. The symbols represent measured
data points; the solid curves are Voigt-profile fits used to extract
the two peak centers. The corresponding residuals are shown in the
lower panel. For A = w; — w19 = +4 MHz, the counter-propagating
feature is blueshifted while the co-propagating feature is redshifted,
as expected from Doppler-based velocity selection. The final spec-
trum used for line fitting was obtained by averaging ~50 individual
scans, which served as an independent measurement dataset col-
lected over ~40 min. The main baseline contribution came from
the optical fringe (FSR ~ 1 GHz) in the CRDS measurement, as
shown in Fig. 2. However, within a relatively narrow scanning range
(~15 MHz), this fringe, together with the Doppler-broadened fea-
ture, can be considered as superimposing a linear baseline on the
narrow DR spectrum. During data processing, we applied a linear
baseline on the Voigt line profile fitting for w21 and w;; indepen-
dently for every single-scan spectrum. The statistical values listed in
Table T were obtained by linearly fitting the averaged results of six
groups of independently repeated experiments.
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FIG. 2. DR spectrum of the P(1) (00041) — (00 011) transition. The symbols rep-
resent the measured data, and the solid curves represent simulated Voigt profiles
centering at wy1 and wo;.

We further investigated the effect by varying both the magni-
tude and sign of A. Increasing |A| primarily increases the separation
between the two DR peaks (w21 and wz,), whereas reversing the
sign of A swaps their order. Within statistical uncertainty, the
derived intrinsic frequencies remain unchanged. This behavior is
expected because w19 and wyo are determined from both peak centers
via Eq. (1) together with the stabilized pump frequency w;.

Potential systematic shifts were evaluated by varying the sample
pressure (1-4 and 6 Pa) and pump power (0.5, 1, and 1.5 mW) across
the accessible range. While these changes broaden the observed pro-
files, no measurable shift of the fitted DR peak centers was observed.
We also assessed the effect of pump-probe misalignment; within the
tolerance of visual alignment, the inferred angular contribution to
the MIR transition is less than 10 Hz and is negligible at the kHz
level.

The fundamental and hot-band transition frequencies (wio/27
and wyo/27) are derived from the fitted values of w;, and w;; using
Eq. (1). Table I summarizes the applied corrections and the asso-
ciated uncertainty budget. Both optical frequencies are referenced

TABLE I. Uncertainty and correction budget for wq /27 and wyq /27 (unit: kHz).

w10/27f (4)2()/27'[

R(0) (00011) — (00001) P(1) (00041) — (00011)

Effect Correction Uncertainty Correction Uncertainty
Statistic e 1.2 e 3.6
Second Doppler  0.04 0.1

Recoil 0.3 e -2.0

Alignment <0.01

Others <1 <1
This work 68480441 334.1(16) 201138133 452.5(37)
Exp. Ref. 68480441 327(87)" 201138125 800(294)"
*From Ref. 31.

From Ref. 32.
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to the optical frequency comb, and the residual contribution from
the pump-to-comb lock is below 1 kHz. The second-order Doppler
and photon-recoil corrections are at the sub-kilohertz level and
are explicitly included in the uncertainty budget (Table I). Correc-
tions of +0.04 kHz (second-order Doppler) and +0.3 kHz (recoil)
are applied to wio/27, while corrections of +0.1 kHz (second-
order Doppler) and —2.0 kHz (recoil) are applied to wyo/27. The
alignment-related contribution to wio/27 is estimated to be <0.01
kHz. Remaining effects (AC Stark, pressure-related shifts, and
imperfect overlap) are estimated to be below 1 kHz and are grouped
under the “Others” category in Table I.

From the dataset underlying Table I, the extracted cen-
ter frequency of the MIR R(0) (00011) — (00001) transition is
68480441334.1 + 1.6 kHz and that of the NIR P(1) (00041)
—(00011) transition is 201138133452.5+3.7 kHz. These val-
ues are in excellent agreement with the most accurate litera-
ture data available to date. For the MIR line, Ref. 31 reports
68480441 327 + 87 kHz. Prior to this work, the upper vibrational
state (00 041) of the *C'®Q; isotopolog was accessible only through
two bands: (00041) — (00031) and (00041) — (00011). The for-
mer was observed in emission,” providing 39 line positions of the
P- and R-branches (with angular momentum quantum numbers J
up to 57) at an uncertainty of 0.0005 cm™! (15 MHz). The latter was
measured using cw-CRDS,** yielding 19 line positions (maximum
J =39) with an uncertainty of ~30 MHz. In particular, Refs. 32
and 34 report a value of 201 138125.8 MHz for the P(1) (00041)
—(00011) frequency. All these earlier data were incorporated into
a global fit of effective Hamiltonian parameters. The resulting set
of parameters was then used to generate the *C'®O; line list in the
CDSD-296 data bank,’” which until now represented the most accu-
rate compilation of transition frequencies for this isotopolog. The
present measurements reduce the uncertainties for both transitions
to the kilohertz level, thereby improving the reference accuracy of
the database by several orders of magnitude.

The energy of the ] = 14 rotational level in the (00041) state
can be determined from previous studies of Tan et al.:** the R(14)
line in the (00011) — (00001) band is located at 68786813 483.4
+ 2.8 kHz and the P(15) line in the (00041) — (00011) band at
200757201 372.4 + 4.9 kHz. In addition, the rotational energy of the
J = 14 level in the ground state was calculated using the rotational
constants reported by Zhang et al;*® the sum of the three energies
yields the total energy of 272 000632 532.2+ 5.8 kHz for the ] = 14
(00041) level. Using the purely vibrational energy of the (00 041)
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FIG. 3. Diagram of the rotation—vibration energy levels. The red and brown arrows
indicate the transitions used in the DR scheme in this work and those in Ref. 23,
respectively. The horizontal lines, labeled with rotational and vibrational quantum
numbers, represent the respective energy levels.

state obtained in this work, together with the rovibrational energy
above, we derived the corresponding pure rotational energy Eo:
for the J = 14 level of the (00041) state, as illustrated in Fig. 3.
These results are summarized in Table II, where they are also com-
pared with the values predicted by the CDSD-296°° and ExoMol*’
databases. For the vibrational energy of the (00 041) state, the CDSD-
296 and ExoMol values deviate by —7.04 and —6.62 MHz, respec-
tively. Note that the ExoMol value has a 2.2¢0 deviation compared
to the stated uncertainty of 3 MHz. For the J = 14 pure rotational
energy in the excited state (00041), the deviations are —0.32 and
+0.76 MHz, respectively. As a comparison, for the ] = 14 pure rota-
tional energy in the (00 001) ground state, the deviations of CDSD
and ExoMol are —0.007 and +1.64 MHz, respectively.

Pure vibrational transition energies constitute critical bench-
mark data for the construction of high-precision potential energy
surfaces. Their incorporation into theoretical fitting procedures cir-
cumvents the introduction of additional fitting parameters and
associated uncertainties arising from rotational level contributions.
Although no direct experimental measurements are presently avail-
able, spectroscopic databases, such as CDSD and ExoMol, predict
the vibrational energy of the (00 041) state with an uncertainty of less
than 10 MHz, thereby providing a reliable reference for validating
ab initio potential energy surfaces and subsequent line-list calcula-
tions. Apparently, by taking the correction of the purely vibrational
energy using the value determined in this work, the CDSD model

TABLE II. Rotation and vibration energies of 13C'60, (unit: MHz).

J =0 (00041) J = 14 (00 041) J = 14 (00 001)
Evib E:at Erot
Exp. DR 269 618 574.7866(40) 2382057.7456(71)
Exp. Ref. 269618 567.1(294)" 2456617.6764(14)"
CDSD* 269 618 567.75(3000) 2382057.4260 2456 617.6690
ExoMol* 269618 568.17(300) 2382058.5052 2456 619.3178

*Combined with values from Refs. 31, 32, and 34.
®Calculated according to the rotational parameters in Ref. 36.
“Data are from Ref. 35.

dData are from Ref. 37.
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can provide a more accurate description of the rotational struc-
ture for this highly excited vibrational state. The CDSD vibrational
energy deviates from this work by 7 MHz, while the rotational
energy deviates by only 0.3 MHz, indicating that most deviations
in the effective Hamiltonian model arise from the pure vibrational
term. Even using only these two levels (J = 0 & 14) of the (00 041)
band, a satisfying correction can be derived for the entire band. The
pure vibrational and rotational energies obtained in this work also
provide a benchmark for further verification of theoretical mod-
els. The methodology demonstrated herein is sufficiently general
and can be readily extended to analogous molecular bands, thereby
offering a systematic route toward global spectroscopic validation in
related molecular systems.

IV. CONCLUSION

We have demonstrated a comb-referenced MIR-NIR DR-
CRDS scheme that enables sub-Doppler, state-selective, and
velocity-selective access to high-lying vibrational states of *CO,.
By pumping the strong v3 = 1 < 0 fundamental transition with a
single-pass MIR beam and probing the weak v3; = 4 < 1 hot band
with cavity ring-down spectroscopy, we determined line centers
with kHz-level uncertainties. The chosen R(0)-P(1) ladder scheme
provides direct access to the pure vibrational energy of the opti-
cally dark (00041) vibrational state. Such precise vibrational term
values serve as critical constraints for high-lying polyads, where
high state density and strong mixing can lead to rapid diver-
gence in effective Hamiltonian models when experimental data are
sparse.’®

Future work will extend this approach to additional rota-
tional branches and lines, enabling the determination of rotational
constants and splitting patterns within dark manifolds through
combination differences and network-based closure checks. On the
instrumentation side, incorporating pump modulation with syn-
chronous detection and optimized scan strategies should further
enhance sensitivity, facilitating measurements of weaker hot bands
and rarer isotopologs.

More broadly, cw DR spectroscopy offers tunable control
over the selected velocity class via the pump detuning, allowing
weak transitions to be isolated with sub-Doppler resolution. In the
context of dark-state metrology, varying the pump transition pro-
vides access to alternative energy-level linkages and expands spec-
troscopic coverage. The single-pass pump/cavity-enhanced probe
architecture is readily adaptable across different wavelength regions
and can be implemented in ladder (E)-, V-, and A-type exci-
tation schemes, holding significant promise for a wide range of
applications.' """
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