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The precise excitation of molecular
vibrational states is critical for ad-
vancing chemical dynamics, preci-
sion spectroscopy, and trace gas
sensing. This objective, however, is
often hindered by the weak oscilla-
tor strengths of ro-vibrational tran-
sitions, which render conventional
continuous-wave (cw) lasers ineffec-
tive due to their limited power. This

fundamental challenge is overcome by cavity-enhanced excitation (CEE), a technique that

locks a cw laser to a high-finesse optical cavity. This configuration amplifies the intra-cavity

light intensity by several orders of magnitude while preserving a narrow spectral linewidth.

The resulting synergy enables highly efficient, state-selective population transfer and high-

resolution spectroscopy previously considered impractical. This review elucidates the core

technique of laser-cavity locking and highlights its applications, notably in the quantitative

detection of trace isotopes and the investigation of highly excited vibrational states with kilo-

hertz-level accuracy.

Key words: Cavity-enhanced excitation, Rovibrational spectroscopy, Laser spectroscopy,

Two-photon spectroscopy

I. INTRODUCTION

The interaction between light and molecules serves
as the cornerstone for manipulating and probing quan-
tum states in molecular systems. When resonant with
molecular transitions, light can efficiently promote
molecules to excited states, enabling not only spectro-
scopic characterization but also controlled state prepa-
ration and dynamical studies [1]. This excitation pro-
cess forms the basis for exploring energy transfer path-
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ways, reaction dynamics [2, 3], and quantum state ma-
nipulation across chemical physics [3, 4]. The choice of
excitation source presents a fundamental trade-off in
molecular studies. Pulsed lasers with high peak powers
can achieve substantial excitation but suffer from broad
spectral linewidths that preclude precise quantum state
selection [2, 5, 6]. Conversely, single-frequency continu-
ous-wave (cw) lasers offer the spectral purity necessary
for state-selective excitation [7], yet their typical milli-
watt-level powers are usually insufficient for efficient
population transfer in single-pass configurations. This
limitation becomes particularly severe for weak transi-
tions to highly excited states or in dilute molecular sam-
ples.

Cavity-enhanced excitation (CEE) techniques over-
come this limitation by dramatically extending the ef-
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fective interaction path between light and molecules [8].
In a high-finesse optical cavity formed by ultra-reflec-
tive mirrors, cw laser light undergoes thousands to mil-
lions of round trips, leading to an intensity buildup of
several orders of magnitude while retaining the narrow
spectral linewidth essential for quantum-state resolu-
tion [9]. This effective power enhancement elevates mil-
liwatt-level cw lasers into versatile tools for high-resolu-
tion molecular studies, enabling a range of advanced ap-
plications including double-resonance spectroscopy with
kilohertz accuracy [10], state-selective population trans-
fer [11], state-resolved reaction dynamics [12-14], and
coherent manipulation of molecular quantum states [6,
15].

By transforming conventional cw lasers into efficient
sources for quantum-state-resolved studies, CEE meth-
ods have established a critical experimental platform
that bridges high-resolution spectroscopy and chemical
dynamics. This review systematically examines their
fundamental principles, experimental implementations,
and transformative impact in modern molecular science.
The review is organized as follows: Section II intro-
duces the fundamental technique of coupling a cw laser
into a resonant optical cavity. Section III presents rep-
resentative applications of CEE in two-level systems,
including saturation spectroscopy and population trans-
fer in molecular beams. Section IV explores advanced
implementations of CEE in three-level systems, and the
final section offers perspectives on future developments.

Il. LIGHT IN A HIGH-FINESSE CAVITY

For a resonant cavity composed of two identical high-
reflectivity (HR) mirrors, the reflectivity of the mirror
and the cavity finesse F are:

r=1—t—1{¢,
B T (1)
]:_t+€+o¢L’

where ¢ and ¢ are the transmittance and loss of a single
HR mirror, « is the sample absorption coefficient, and
L is the cavity length. The laser power injected to the
cavity (Py,), circulating power inside the cavity (F.),
and transmitted power from the cavity (P;) fulfill the
equations [8, 16]:
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where T is the transmittance of the cavity. Note that
the reflectivity of the HR mirror can be determined ex-
perimentally by measuring the ring-down time [17, 18]
of the empty cavity (a = 0):

L L

€0 = s N T

In(1/7)

Therefore, the mirror loss (£) can also be determined

(3)

experimentally by measuring the transmittance of the
empty cavity using Eqs. (2) and (3). Note that this mea-
surement requires the laser to be locked to a cavity reso-
nance.

Nowadays, high-reflectivity mirrors with r > 0.9999
are commercially available across the infrared to visible
spectrum, with developments extending into the mid-
infrared and ultraviolet. Such mirrors enable cavity ring-
down times of several hundred microseconds, corre-
sponding to tens of thousands of round trips within the
resonator. This extensive multipass effect yields two
major advantages: (i) an enhancement of the effective
interaction path length by over four orders of magni-
tude, and (ii) a buildup of intra-cavity laser power by
several thousandfold, provided that low mirror loss is
maintained.

However, coupling a cw laser into a high-finesse reso-
nant cavity is challenging. For example, in a 100-cm-
long cavity with a finesse of 30,000, the width of a longi-
tudinal mode is only about 5 kHz — significantly nar-
rower than the typical linewidths of most free-running
commercial diode lasers, which usually range from tens
of kilohertz to a few megahertz. To match the cavity
mode to the laser frequency, Romanini et al. [19] intro-
duced a “dither-mirror” technique by scanning the cavi-
ty length, which later became widely adopted in cw-
CRDS systems across many research groups [20-25].
Another approach, referred to here as the “dither-laser”
method, involves rapidly dithering the laser frequency
while keeping the cavity length fixed [26-28]. Both of
these techniques force the laser to periodically resonate
with the optical cavity by quickly modulating either the
cavity length or the laser frequency. Although relative-
ly simple to implement, they suffer from low efficiency.
Because the laser frequency or cavity length is continu-
ously scanned, the duration over which resonance is
maintained is limited. As a result, the resonance condi-
tion can be lost before sufficient laser power builds up
inside the cavity, leading to low and unstable transmit-
ted light amplitudes. A solution to this problem is to ac-
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FIG. 1 (a) Schematic diagram of an example of mid-infrared laser locking to a high-finesse cavity. PLL: phase lock loop;
PD: photo diode; OFC: optical frequency comb; OPO: optical parametric oscillator; PDH: Pound—Drever—Hall. (b) The fre-
quency stability of the lasers after the frequency locking. The pump, signal and idler denote the pump, signal, and idler
lights of the OPO, respectively. To display it more clearly, we shifted the frequency of the signal and pump lights by 10
kHz and 20 kHz, respectively. (c) The power stability of the lasers after the frequency locking. The signal monitored by
PD1 and PD2 are normalized, and their division is shown in the lower panel.

tively lock the probe laser to the optical cavity to main-
tain resonance. When the locking servo is engaged, the
cavity transmittance rapidly reaches a steady state, as
described by Eq.(2). Typically, a fast servo loop with a
bandwidth greater than 100 kHz is used to lock the laser
frequency to the cavity via the Pound—Drever—Hall
(PDH) technique [29]. If necessary, a slower servo can
also be applied to stabilize the cavity length. In this
configuration, both the cavity modes and the laser fre-
quency remain stabilized, allowing the circulating laser
power inside the cavity to be maintained at a high level.

Thanks to advances in laser locking technology, it
has become increasingly straightforward to lock lasers
to high-finesse optical cavities. FIG. 1(a) illustrates the
frequency stabilization of a mid-infrared (MIR) laser
source to a high-finesse optical cavity. The MIR radia-
tion, generated by a continuous-wave optical paramet-
ric oscillator (cw-OPO) configured as in previous stud-
ies [30-32], delivered several hundred milliwatts across
the 2.6—4.5 um range. This output was coupled into a
75-cm-long high-finesse cavity formed by two high-re-
flectivity mirrors (R = 99.967%) with 1-m radii of cur-
vature, producing a Gaussian beam waist of 0.7 mm at
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the focus. Frequency stabilization was implemented via
the PDH technique. The resulting error signal was fed
back to the frequency of the OPQO’s near-infrared signal
output, maintaining resonance between the MIR radia-
tion and a longitudinal cavity mode. The cavity was
housed in a vacuum chamber with active temperature
stabilization to minimize frequency drift. Under locked
conditions, the system exhibited a ring-down time of
7.7 us and a transmittance of 1.1%, corresponding to an
intra-cavity power enhancement factor of approximate-
ly 330 relative to the incident power.

The mid-infrared frequency was derived as the differ-
ence between the pump and signal frequencies, both of
which were referenced to an optical frequency comb
(OFC) disciplined by an active hydrogen maser with a
fractional accuracy of 1.2 x 10713, The pump laser was
first phase-locked to the OFC via a beat-lock servo. The
frequency offsets of the pump and signal lasers from
their respective comb lines, denoted A f;, and A fs, were
recorded, and their difference (A f, —Afs) served as the
input to a phase-locked loop (PLL). The PLL generat-
ed a feedback signal applied to a piezoelectric actuator
on one cavity mirror to stabilize the cavity length [33].

© 2026 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176

12 Chin. J. Chem. Phys., Vol. 39, No. 1

A microwave function generator supplied the PLL refer-
ence, enabling precise control and determination of
both the cavity length and the absolute MIR, frequency.

Following frequency lock acquisition, laser stability
was evaluated by recording the beat note between the
laser and the OFC, as shown in FIG. 1(b). For clarity,
the signal and pump frequencies were shifted by 10 kHz
and 20 kHz, respectively. Within the OPO, the signal
beam inherits the frequency stability of the pump laser,
while the idler (MIR) exhibits superior stability due to
common-mode noise suppression inherent in the differ-
ence-frequency generation process. Power stability was
monitored using photodetectors PD1 and PD2, placed
before and after the cavity, respectively, as plotted in
FIG. 1(c). The transmitted power (PD1) closely tracked
the input power (PD2), indicating that after frequency
locking, power fluctuations predominantly originated
from the laser source rather than from cavity misalign-
ment or length variations.

ll. CEEIN A TWO-LEVEL SYSTEM

A. Saturation spectroscopy

Saturation spectroscopy, by measuring the Lamb
dips, stands as the most widely employed technique for
overcoming the Doppler limit and determining precise
spectral line positions. However, its application to
molecular ro-vibrational transitions faces a fundamen-
tal challenge: these transitions typically exhibit weak
oscillator strengths, requiring saturation intensities that
often exceed the power capabilities of conventional tun-
able lasers. The integration of high-finesse optical cavi-
ties effectively addresses this limitation. In cavity-en-
hanced spectroscopy, such cavities serve a dual purpose:
they not only dramatically improve detection sensitivi-
ty through multipass absorption but also generate sub-
stantial intra-cavity power buildup. This power en-
hancement creates the strong electromagnetic fields
necessary to saturate weak molecular transitions, there-
by enabling sub-Doppler resolution in systems where
traditional saturation spectroscopy would be impracti-
cal.

When the laser is coupled into the cavity, the gas in-

teracts with intra-cavity radiation in a TEMgy mode

Tw

with intensity I and power P = TI , where w is the

beam waist along the transverse direction. The satura-
tion intensity of an infrared transition can be calculat-
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ed as [34]:

3
=" 2, ()
where h is the Planck constant, ¢ is the speed of light, k
is the wave vector of the transition, A is the Einstein A-
coefficient of the transition, and I' + vp is the homoge-
neous broadened width (FWHM) of the absorption line
with the collision-induced broadening coefficient v and
sample pressure p. The saturation parameter is defined
ass=1I/I;.

We neglect the spatial modulation effects of the
standing-wave field inside the optical cavity and as-
sume a spatially averaged saturation profile for
molecules interacting with the light field. Under homo-
geneous broadening induced by the laser field, the ab-
sorption coefficient is modified as:

Qg
1+s

: (5)

where «q denotes the non-saturated absorption coeffi-
cient. To account for saturation effects in cavity-en-
hanced measurements, the saturated-absorption cavity
ring-down (SCAR) technique was developed, which ex-
tracts the intrinsic absorption signal by correcting for
saturation-induced distortion, thereby improving the
sensitivity of cavity ring-down spectroscopy [34].

The depth of the resulting Lamb dip depends on
both the non-saturated absorption coefficient and the
saturation parameter, as given by [8]:

D:ao(\/ll-f—s_\/l:-ZS). ©)

Since the saturation parameter s varies with sample

pressure for a given molecular transition, Eq.(6) allows
the Lamb-dip depth to be calculated across different
pressure conditions.

Cavity-enhanced saturated absorption spectroscopy
has enabled precise measurements of weak molecular ro-
vibrational transitions [16, 33—-36]. Representative spec-
tra in FIG. 2 display Lamb dips of the R(10) line in the
(3-0) band of CO measured at various pressures [33].
The dip depth reaches its maximum at 0.5 Pa and sub-
sequently decreases with increasing pressure. The ob-
served linewidth is primarily composed of a transit-time
broadening contribution of approximately 130 kHz,
combined with additional collision-induced broadening
components. It is worth noting that the collision-in-

© 2026 Chinese Physical Society
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FIG. 2 Cavity ring-down saturation spectra of the R(10)
line in the (3-0) band of 2C1%0 recorded under different
sample pressures. Spectra were vertically shifted for better
illustration. Reproduced with permission from Ref.[33].
Copyright 2017 AIP Publishing.

duced broadening of the Lamb dips was found [37, 38|
to be much larger than that observed in Doppler-broad-
ened spectra. Such broadening would considerably af-
fect the saturation intensity and consequently change
the Lamb-dip depth according to Eq.(6).

Among different molecular systems, hydrogen deu-
teride (HD) stands out as an ideal candidate for funda-
mental studies. Saturation absorption spectroscopy, as
a high-resolution technique, has played a significant
role in revealing the unusual lineshapes of HD. This is of
particular importance because HD molecular transi-
tions are crucial for precise molecular measurements
and tests of fundamental physics. As a simple few-body
system, its properties can be precisely calculated using
quantum electrodynamics with fundamental constants.
Unlike homonuclear Ho and Do, HD exhibits relatively
strong dipole transitions in the near-infrared region.
The Hefei group pioneered cavity ring-down Lamb-dip
spectroscopy of HD, achieving approximately 200 W of
intra-cavity power from a 10 mW diode laser input
through a high-finesse cavity (F ~ 1.2 x 10%). For the
R(1) line in the V =2+« 0 band, this configuration
produced a saturation parameter of 0.001 and revealed
a Lamb dip with a depth of 5x 10712 cm~! and a
width of 0.9 MHz, enabling determination of the line
center with uncertainty below 0.1 MHz [39], represent-
ing one of the weakest molecular transitions measured
via saturated absorption spectroscopy at that time. In-
dependent investigation by the Amsterdam group us-
ing noise-immune cavity-enhanced optical heterodyne
molecular spectroscopy (NICE-OHMS) yielded a line
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center frequency differing by 0.9 MHz from the Hefei re-
sult [40, 41]. Both groups observed asymmetric line
shapes in HD spectra [42, 43], though they proposed dif-
ferent interpretations. The Hefei group attributed the
asymmetry to Fano-like resonances arising from cou-
pling between far-detuned electronic transitions and the
standing-wave field [44], while the Amsterdam group
emphasized the role of intermolecular interactions and
hyperfine structure. This has led the latter group to fo-
cus on isotopologues with simpler hyperfine patterns
[45] and quadrupole transitions [46]. Resolving these
spectral discrepancies remains crucial for advancing
precision measurements in molecular hydrogen systems
as experimental capabilities continue to improve [47].

B. CEE in a molecular beam

Efficient state-selective excitation of molecules in a
supersonic molecular beam is essential for state-to-state
reaction dynamics researches and the elucidation of
complex reaction mechanisms [48-53]. In particular, the
excitation of molecules to higher ro-vibrational states
stands at the forefront of current research, providing in-
sight into unique reaction dynamics not observable at
lower energy levels [54-56]. The cavity enhancement
technique enables effective excitation and preparation
of molecules in specific vibrationally excited states by
significantly increasing population transfer under
strong infrared laser irradiation, an essential capability
for studies in chemical kinetics and reaction dynamics
involving vibrationally excited species. In a non-adia-
batic interaction scheme between molecules and in-
frared light, the excited-state population fraction in a
two-level system can be described as:

n* s

TR "
where n* and ng denote the number of molecules in the
excited state and the total number of molecules, respec-
tively. A major challenge in achieving high population
transfer efficiency lies in the high saturation intensity
typically required for overtone transitions. For instance,
the (v=3,7=2) + (v=0,7 = 1) transition in CO has
a saturation intensity of 74 kW/ ch, making direct in-
frared excitation into high vibrational states particular-
ly difficult.

Nanosecond pulsed lasers with peak intensities ex-
ceeding 100 kW /cm? have been employed to drive in-
frared transitions, enabling vibrational excitation of CO

© 2026 Chinese Physical Society
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FIG. 3 (A) Energy levels of CO and the depletion scheme of the experiment. (B) The schematic drawing of the geometri-
cal relation of the excitation laser and the transverse number density distribution of molecules in the vibrationally excited
(red shadow) states. (C) The REMPI depletion spectrum obtained by scanning the IR laser frequency. (D) Upper panel:
the TOF signal of the molecular beam with the IR ON (red) and OFF (black). Note that the X-axis of the graph is ex-
pressed with the speed of the molecular beam multiplied by the delay time. (E) Upper panel: the REMPI signal when scan-
ning the position of the REMPI laser beam along the X-axis with the IR ON (red) and OFF (black). (F) Upper panel: the
REMPI signal when scanning the position of the REMPI laser beam along the Y-axis with the IR ON (red) and OFF
(black). Data in (D), (E), and (F) were measured with the IR frequency locked on-resonance with the
(v=3,7=2)+ (v=0,7=1) transition, and the lower panels show the corresponding depletion signal. The red dashed
lines in (D), (E), and (F) indicate the population transfer efficiency of 35%, corresponding to the on-resonance population
transfer efficiency shown in (C). Reproduced with permission from Ref.[11]. Copyright 2024 American Chemical Society.

(v=2) [57, 58] and NO (v =2,3) [59, 60]. However,
due to the microsecond duration of pulsed molecular
beams, only a small portion of the beam can be excited
by such pulsed lasers. While a cw laser can irradiate the
entire molecular beam pulse, its excitation efficiency is
generally limited by available power. This limitation
can be overcome using a high-finesse optical cavity,
which greatly enhances the power of a narrow-linewidth
cw laser. This approach has recently been used to satu-
rate molecular overtone transitions [11]. By coupling a
milliwatt-level diode laser into a high-finesse cavity, an
intra-cavity intensity of 750 kW/cm? was achieved, ex-
citing carbon monoxide molecules in a pulsed beam
from the ground state to the v = 3 level via a ro-vibra-
tional transition. An excitation efficiency of up to 35%
across the full molecular beam was demonstrated, high-
lighting the distinct advantage of the cavity-enhanced
approach. A detailed description of the method is pro-
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vided in Ref.[11], while the key results are presented in
FIG. 3. Panel (A) shows the ro-vibrational excitation
energy levels of CO. The population transfer rate was
measured via a depletion method using resonance-en-
hanced multi-photon ionization (REMPI). Panel (B)
provides a schematic of the interaction between the in-
frared light and the molecular beam. Panel (C) plots the
REMPI signal as a function of the scanned infrared
laser frequency. Panels (D)—(F) display the correspond-
ing REMPI and depletion signals represented in three-
dimensional space, which are essential for performing
cross-beam experiments in state-to-state reaction dy-
namics studies.

Since this method relies fundamentally on infrared
transitions, it is applicable to all infrared-active
molecules, including CO2, HoO, NH3, CHy, and even
HD, the latter having an extremely high saturation in-
tensity of approximately 0.11 GW/cm? for the

© 2026 Chinese Physical Society
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(v=2,7=1) + (v=0,5 =0) overtone transition [11].
CEE holds great potential to play a crucial role in the
fields of molecular quantum state preparation and

chemical dynamics.

IV. CEEIN A THREE-LEVEL SYSTEM

A. One-color two-photon spectroscopy

The one-color two-photon spectroscopy method is
based on the energy level scheme shown in FIG. 4(a),
where the relevant energy levels correspond to molecu-
lar vibrational states. Unlike two-photon transitions
mediated by electronic states, the weak single-photon
transition dipole moment between vibrational states
makes non-resonant two-photon transitions extremely
weak and difficult to observe. However, the two-photon
absorption (TPA) cross section can be significantly en-
hanced by introducing a near-resonant intermediate
state and using high laser power. The use of a high-fi-
nesse optical cavity further boosts this process: it not
only increases the intra-cavity laser power to meet TPA
requirements but also extends the effective interaction
path length between the laser and molecules, thereby
improving detection sensitivity. Moreover, due to its
Doppler-free nature, TPA yields spectral linewidths
more than two orders of magnitude narrower than those
of single-photon absorption transitions [61, 62].

The concept of one-color two-photon absorption us-
ing a single laser was first proposed by Lehmann et al.
[63, 64] and has recently been experimentally realized
by our group [65, 66]. The experimental setup for TPA
measurements is similar to that shown in FIG. 1(a). We
measure the cavity transmittance at the center frequen-
cy g of the two-photon transition as:

Pe(v) (8)
P )

ic,0

K

where P, and P o denote the intra-cavity laser power
with and without two-photon absorption, respectively.
The measured line profile is relatively complex, being
primarily shaped by the natural linewidth convoluted
with transit-time broadening and power broadening. A
full numerical analysis is required to accurately de-
scribe it [67]. Focusing only on the absorption signal at
the transition center, we define the dimensionless TPA

signal intensity as:
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FIG. 4 (a) Energy diagram of a one-color two-photon
transition. The intermediate state is detuned by AFE. The
laser photon energy is denoted as hw. (b) Energy diagram
of a two-color double resonance scheme. Photon energies of
pump and probe lasers are denoted as hw; and hwo, re-
spectively. (c) Double resonance among four-level double
resonance (4LDR). The dashed line denotes the non-radia-
tive relaxation process from the Ey level to Ej.

1—-x  7Pcpo
Stpa = 5 = = ) (9)
K 70

where 2 is the two-photon absorption rate, proportion-
al to the analyte mole fraction [63], 0 = ¢(1 — R)/L is
the empty-cavity loss rate, R is the mirror reflectivity,
and L is the cavity length. Based on prior analyses [63,
65], 72 depends on the transition parameters, energy
level relaxation rates, and molecular concentration. For
a given molecular two-photon energy system, all rele-
vant information about 2 can be derived after account-
ing for sample pressure dependence and laser power sat-
uration effects [65]. The TPA signal can be enhanced by
using higher-reflectivity and lower-loss mirrors to re-
duce 7, or by increasing the input laser power, before
saturation occurs, to raise P g.

These experiments validated the quantitative detec-
tion capability of this method: measurements of 13COq
samples at various concentrations, cross-verified against
isotope ratio mass spectrometry (IRMS), achieved a de-
tection accuracy of 0.5%, meeting the demands of high-
precision carbon isotope analysis, as illustrated in
FIG.5. Thanks to its high resolution and narrow
linewidth, this approach is particularly suitable for de-
tecting trace molecular isotopes, especially in cases
where single-photon absorption is obscured by interfer-
ing transitions.

Beyond trace detection, the cavity-enhanced TPA
technique also enables precise measurements of molecu-
lar vibrational energies. Given that the natural
linewidths of many rovibrational transitions can reach
the Hertz level or below, this method opens a path to-
ward developing frequency references with exceptional
precision. Such advances could support a range of fu-
ture applications, from tests of fundamental physics to
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FIG. 5 (A) Experimental TPA spectra (data points) for samples with different 13CO4 concentrations, fitted using Voigt
profiles (solid lines). Residuals of the fit are displayed in the lower panel. All measurements were performed at a sample
pressure of 20 Pa and an input laser power of 17 mW. (B) TPA signal intensity as a function of input laser power at a
fixed sample pressure of 20 Pa. The solid line represents a linear fit to the experimental data. (C) TPA signal intensity ver-
sus sample pressure at a fixed input power of 17 mW. The solid curve corresponds to a fit based on the TPA model de-
tailed in the Supporting Information of Ref.[65], while the dashed line indicates the high-pressure asymptotic limit. (D)
Correlation between the normalized TPA signal (measured at 20 Pa and 17 mW) and the 3C/C ratio determined by iso-
tope ratio mass spectrometry (IRMS). Circles represent experimental data, and the red line shows a linear fit. Residuals of
the fit are provided in the lower panel. Reproduced with permission from Ref.[65]. Copyright 2025 American Chemical So-
ciety.

the establishment of new frequency standards based on from other molecular transitions can be minimized, en-
molecular infrared transitions. abling selective detection of specific transitions.
Consider a molecule of rest mass M absorbing a pho-
B. Two-color double-resonance spectroscopy ton of frequency w in the laboratory frame. Upon exci-
The double-resonance (DR) method has been widely tation, the molecule’s velocity changes from @; to ¥,
used in the study of molecular excited states, dynamics, with an energy difference hwg between the initial and fi-
and precision spectroscopy [10, 68, 69]. As illustrated in nal states. By applying relativistic energy and momen-
FIG. 4(b), the stepped double-resonance spectroscopy tum conservation [70], the resulting velocity change due
technique relies on pump-probe interactions among to photon absorption or emission can be derived. Dou-
three molecular energy levels. A pump laser excites ble-resonance schemes among three energy levels fall in-
molecules from the initial state E| to an intermediate to three categories: (i) A-type, (ii) V-type, and (iii) =-
state Fo, and a probe laser subsequently drives the type (ladder). In A-type configurations, two transitions
transition from Fy to a higher-lying state E3, thereby share a common upper state. In V-type schemes, two
probing the population in Fs. Provided that the life- transitions originate from the same lower state. In =-
time of the Fy state is sufficiently long and relaxation is type (ladder) configurations, the first laser pumps
slow, a condition typically satisfied by ro-vibrational molecules to an intermediate state, and the second laser
states in most molecules, the probe laser can effectively excites them to a higher state.
detect molecules populated on FE5. The double-reso- Taking the laser propagating direction as the z axis,
nance process suppresses Doppler broadening, yielding we can derive the double-resonance conditions for a
extremely narrow transition linewidths. By selecting molecule interacting with two counter-propagating
appropriate double-resonance transitions, interference light beams:
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For A type
2
) w20 v" | hwi + Tws
=+ = s = 10
w1 + w9 c2 + 2M 2 (10)
For V type
2
w10 w20 v hw1 + hwa
— -1l =-1=5 - ——-= 11
w1 + w9 c2 2M 2 (11)
For E type
2
w10 w20 v Twy — ws
= 1+ = 1= =4 == 12
w1 + w2 62 + 2M62 ( )

The first-order Doppler shifts of these two transitions in
counter-propagating laser beams have different signs.
Consequently, one laser is blue-shifted, and the other
one is red-shifted.

Terms in the right side of Egs. (10)—(12) correspond
to the second-order Doppler shift and the recoil shift,
respectively. Taking the CO transition at 1.56 um as an
example, the fractional correction due to the recoil ef-
fect is 1.5 x 10711, The relative second-order Doppler
shift is 1 x 10712 if we use the most probable speed of
carbon monoxide at room temperature. Note that con-
tributions from the recoil shift are different for these
three types of double resonances. In the ladder-type
DR, the recoil shift almost cancels if the two transition
frequencies are close. As a comparison, in conventional
saturation spectroscopy (Lamb-dip measurement), the
recoil effect leads to a doublet [71] instead of a shift. We
can change the cavity length to shift the frequencies of
cavity modes and both lasers. Double resonance hap-
pens when both lasers are resonant with molecules with
a specific speed of v, along counter-propagating lasers.

In principle, DR condition with co-propagating
pump and probe light beams could also be considered.
In this case, the first-order Doppler shifts in both laser
beams have the same sign. We have conditions for all
three types of DR with co-propagating beams:

For A type
@_@:Ml_mm (13)
w1 w9 2M62

For V type
wio _ wao _ fuwa — fn (14)
w1 w9 2M c?

For Z type
wio _ wao _ hwy + hws (15)

w1 w2 T 2Mc2
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FIG. 6 The energy level structure of the v3 C—H stretch-
ing bands of methane with pump (red) and probe transi-
tions indicated for (a) a single frequency probe (black) and
(b) a frequency comb probe (blue). Reproduced with per-
mission from Ref.[72]. Copyright 2021 American Physical
Society.

Therefore, the two lasers must be both blue-shifted or
both red-shifted. Note that all the cavity modes move in
the same direction when the cavity length changes. We
could find that it would be hard to fulfill the DR condi-
tions with co-propagating beams without leaving the
two lasers far off-resonance. While in the case of counter-
propagating beams, when one laser is slightly blue-shift-
ed and the other laser is red-shifted, we can easily fulfill
the DR conditions, Eqgs. (10)—(12), with a small change
of the cavity length.

(DR)
spectroscopy using narrow-linewidth lasers has been

Recently, optical-optical double-resonance
demonstrated by several research groups. Karhu et al.
[73-75] used a 3 um cw laser to pump fundamental
band transitions of acetylene and detected symmetric
vibrational states via near-infrared cavity ring-down
spectroscopy. Foltynowicz et al. [72, 76, 77] employed a
3.3 um cw pump laser and a 1.67 wm optical frequency
comb to observe sub-Doppler methane transitions, as
shown in FIG. 6. This method reduces spectral
linewidths and aids in identifying overtone transitions
to highly excited states; however, the measurement ac-
curacy was limited to a few MHz due to pump laser fre-
quency fluctuations and limited detection sensitivity
[72]. We have also implemented MIR-NIR double-reso-
nance spectroscopy, determining fundamental and hot
band transitions in 13CO9 with kilohertz-level accura-
cy [78].
Since transitions in

fundamental vibrational

© 2026 Chinese Physical Society
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molecules are relatively strong, a single-pass mid-in-
frared laser with power on the order of hundreds of mil-
liwatts is generally sufficient to excite the molecules.
Hence, resonant enhancement is typically not required
for MIR laser excitation. In contrast, near-infrared exci-
tation or detection often employs high-finesse optical
cavities to enhance the light-molecule interaction. Hu et
al. [10, 79] demonstrated comb-locked cavity-assisted
double-resonance (coca-DR) spectroscopy, in which
both the near-infrared pump and probe lasers are stabi-
lized to the same optical cavity. FIG. 7 shows coca-DR
spectra of CO obtained when one laser was resonant
with the R(9) line in the (3-0) band while the other was
tuned to resonance with the P(10) line in the (6-3)
band. This scheme pumps molecules to the excited lev-
el (v =3, J=10). The approach enabled, for the first
time, the investigation of highly excited vibrational
states with kilohertz-level accuracy. The high selectivi-
ty of cavity-assisted double-resonance spectroscopy has
also been applied to the quantitative detection of trace
molecular isotopes, such as *COy (1*C/C ~ 10712) in
environmental samples [80-82].

After excitation to higher energy levels, molecules
can undergo collision-induced relaxation into new excit-
ed states, which may then be probed by a second laser.
This process gives rise to a four-level double resonance
(4LDR) scheme [83], as depicted in FIG. 4(c). Such re-
laxation has been observed in CH4 and CO92, where
transfer between excited states is driven by molecular
collisions inside the gas cell. These random collisions ef-
fectively randomize the initial molecular velocities,
largely erasing the velocity selectivity inherent in the
standard double-resonance lineshape. As a result, the
detected 4LDR spectra become significantly broadened.
For instance, Lehmann et al. [83] reported that at 0.2
Torr, the 4LDR linewidth becomes comparable to the
Doppler-broadened width. Jiang and McCartt [82] also
observed the excitation of 4CO9 molecules to various
rotational levels within the v3 =1 vibrational state,
while the pump laser was resonant with the vy =1,
J = 13 level under conditions of about 2.7 kPa and 300
K. This type of collisional relaxation is particularly use-
ful for studying inelastic collision-induced energy trans-
fer processes between molecules. Despite its simple un-
derlying principle, the DR method has gained consider-
able prominence in molecular spectroscopy. Its critical
applications in complex analysis and high-selectivity
detection suggest that it will exert a profound and en-
during influence on the field.
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FIG. 7 Comb-locked cavity-enhanced double-resonance
(coca-DR) spectrum of the CO molecule. Laser-1 is reso-
nant with the R(9) line in the (3-0) band, and laser-2 is
resonant with the P(10) line in the (6-3) band. (a) The
spectrum when scanning the frequency of Laser-1. Note the
dip represents the saturation spectrum of the R(9) line in
the (3-0) band. The distance between the peak (DR signal)

v
and the dip indicate the first-order Doppler shift ~ s

(b) The spectrum when scanning the frequency of Laser-2.
Reproduced with permission from Ref.[79]. Copyright 2021
ATP Publishing.

V. PERSPECTIVE

In summary, cavity-enhanced excitation (CEE) tech-
niques are poised to further advance molecular science
and precision measurement by leveraging their funda-
mental advantage: extending light-matter interactions
through high-finesse optical cavities. Technologically,
continued refinement of high-reflectivity mirror coat-
ings, aimed at minimizing residual absorption and scat-
tering losses, along with the development of cavity ge-
ometries, such as microscale whispering-gallery-mode
resonators, will push effective optical path lengths be-
yond the current kilometer scale. This approach facili-
tates detection sensitivities reaching the sub-ppqv
(parts per quadrillion by volume) range, bridging criti-
cal technological gaps in applications including trace at-
mospheric pollutant monitoring.

© 2026 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176
https://doi.org/10.1063/1674-0068/cjcp2511176

Chin. J. Chem. Phys., Vol. 39, No. 1

In terms of application, CEE methods will increas-
ingly integrate with advanced laser systems, including
frequency-comb lasers, and quantum sensing platforms
such as single-photon detectors. This integration will
enhance spectral resolution enough to resolve fine rota-
tion-vibration transitions and enable deterministic mea-
surement of molecular quantum states. Such advances
will not only refine quantum chemical models by deliv-
ering more accurate data on transition frequencies and
oscillator strengths, but also open new frontiers in
chemical kinetics and reaction dynamics, such as real-
time probing of short-lived reaction intermediates un-
der extreme high-temperature or high-pressure condi-
tions, which have remained inaccessible to convention-
al spectroscopic methods. The temporal resolution of
CEE based on continuous-wave lasers is inherently lim-
ited by the cavity buildup time that exceeds 100 us for
high-finesse cavities. To resolve dynamics on shorter
timescales, specialized time-gated or pump-probe
methodologies must be employed.

Similar to the representative techniques highlighted
in this review, the laser power enhancement method has
been widely integrated into diverse spectroscopic plat-
forms, driving them toward state-of-the-art perfor-
mance. Notable examples include recent advances in
cavity-enhanced direct frequency comb spectroscopy
[84], photoacoustic spectroscopy [85, 86], photothermal
spectroscopy [87], and Raman spectroscopy [88-90]. In
these applications, CEE is employed to amplify the sig-
nal level, thereby substantially improving the overall
detection sensitivity. The ongoing miniaturization of
CEE-based instruments, for instance, through fiber-
coupled compact cavities, will enable field-deployable
sensing platforms. Concurrently, synergy with machine
learning algorithms will optimize cavity alignment and
spectral data interpretation, enhancing both the au-
tomation and long-term stability of CEE systems. Ulti-
mately, CEE techniques will solidify their role as versa-
tile cross-disciplinary tools, bridging critical gaps in sen-
sitivity, resolution, and applicability across molecular
spectroscopy, environmental science, biomedical diag-
nostics, and fundamental quantum metrology.
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