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ABSTRACT
The molecular beam plays an important role in chemical dynamics experiments. The density in the beam is one of the critical factors influenc-
ing the reaction rate in these studies. Here we present a method based on laser-locked cavity-enhanced absorption spectroscopy to measure
the molecular density in the beam. The P(1) transition in the second overtone band of CO was measured in the molecular beam, demon-
strating a determination of the number density of molecules in a specific quantum state from the absorption spectrum. This non-destructive
spectroscopic method allows the measurement of state-resolved properties of a molecular beam, which could be applied to various studies
such as molecular collision dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0227509

I. INTRODUCTION

Chemical reactions in the gas phase are essentially molecu-
lar scattering processes. Probing quantum states of chemical reac-
tants and products is important for understanding the detailed
structure of the interaction dynamics, which subsequently unveils
the quantum nature of molecules. Advanced techniques, such as
crossed molecular beam1 and velocity map imaging,2,3 make it
possible to investigate molecular interactions at the quantum state-
resolved level.4–9 New advances have been made in the study of
reactive resonances in several benchmark reactions using the state
excitation method and quantum state-specific backward scattering
spectroscopy. The relevant research provides an opportunity for a
better understanding of molecular collisions.10 However, detecting
and characterizing these resonances pose considerable experimental
challenges.

For instance, it is of great interest to observe resonances for
polyatomic reactions11–14 in scattering experiments or to investigate
chemical reactions in the cold molecular system. Such experiments
are likely to be very sensitive to the presence of reactive resonances
since the quantum mechanical-related effects play important roles
in the measurements of cross-sections and rate constants.9,15,16 Cur-
rent methods for measuring the molecular density in a beam rely

mainly on ionization techniques, which in principle could detect sin-
gle molecules.17,18 However, the complex electronic structure limits
ionization spectroscopy of most polyatomic molecules.19 Careful
calibration is required for ionization spectroscopy when absolute
molecular densities are needed,20 which adds complexity to the
measurement of rate constants.

Infrared absorption spectroscopy, which relies on molecular
vibrational structure rather than electronic structure, is a general
method for molecular detection that provides high resolution and
can be applied to most molecules. The cavity-enhanced absorp-
tion spectroscopy (CEAS) technique,21 as a powerful analytical tool
that utilizes high-finesse passive optical resonators to increase the
effective optical path length, represents one of the most sensitive
quantitative detection methods available. The developments of the
laser-locked CEAS technique22–24 allow the probe laser to be kept in
resonance with the high-finesse cavity and monitoring the absorp-
tion continuously. Therefore, it would be possible to observe the
reaction dynamics in a molecular beam.

In this work, we developed a scheme that uses the cavity-
enhanced absorption technique to quantitatively measure the molec-
ular density and the profile in a pulsed supersonic molecular beam.
This approach allowed us to observe and analyze the behavior of
molecules in a quantum state-resolved manner.
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II. EXPERIMENT AND METHOD
The experimental setup is depicted in Fig. 1. A Parker General

Valve (GV series 9, 0.1 mm orifice) was utilized to generate a molec-
ular beam of CO operating with a pulse repetition rate of 5 Hz and an
opening duration of 1.2 ms. The stagnation pressure was maintained
at 6 bars while the background pressure in the vacuum chamber was
∼10−2 Pa during valve operation.

We placed a high-finesse (F = 100 000) cavity in the vacuum
chamber downstream of the molecular beam. The cavity consists
of a pair of high-reflectivity (HR, R = 0.999 97) mirrors with a 2 m
radius of curvature. The geometric distance between the two mir-
rors is about 65 cm, resulting in a free spectral range (FSR) of
230.6 MHz. The probe laser was a continuous-wave external cavity
diode laser (ECDL) operating at 1575 nm with an output power of
30 mW. The laser was locked to the high-finesse optical cavity by the
Pound–Drever–Hall (PDH) method,25 and the laser frequency was
kept in resonance with one cavity mode. The light transmitted from
the cavity was monitored by a photodiode (Thorlabs, SM05PD5A)
and recorded by an A/D converter with a sampling rate of 200 kSa/s.

A reference laser locked to an optical frequency comb (OFC)
was used as the optical frequency reference. The OFC operated at
1–2 μm is synthesized by an Er:fiber oscillator with its repetition fre-
quency (fr) and carrier offset frequency (f0) referenced to a rubidium
clock disciplined to GPS, resulting in a fractional frequency accuracy
at the level of 10−12. The beat signal between the probe laser and the
reference laser was fed to a phase-locked servo depicted in Fig. 1. A
microwave function generator (MFG) was used as the microwave
frequency reference. The feedback servo locked the beat signal at
the microwave reference frequency by tuning a piezoelectric actua-
tor (PZT) glued on one of the HR mirrors. Therefore, both the cavity
length and the probe laser frequency are locked to the reference laser.
Frequency scanning can be achieved by tuning the microwave ref-
erence frequency, and details of the locking and scanning schemes
have been presented in our previous studies.26,27

A. Calibration of the absorption path length
Under the weak absorption approximation, the cavity-

enhanced absorption can be described with Beer–Lambert’s law, and
the absorption path length is enhanced by a factor of 2F/π compared
to its geometric length.28 Monitoring the behavior of molecules in

FIG. 2. Integrated absorbance of the P(1) line in the second overtone band at
different number densities of CO measured by CEAS. The sample chamber was
filled with pure carbon monoxide gas samples at 296 K.

a selected quantum state, when they fly through the optical cavity,
requires only detecting the transmission light, whereas obtaining
the molecular number density needs to know the absorption path
length. The ratio of the transmitted light intensity I(ν, T) to the
incident light intensity I0(ν) can be described as

I(ν, T)/I0(ν) = exp{−S(T)Nφ(ν)Leq}, (1)

where S(T) is the spectral line intensity, which is available in the
HITRAN database,29 N is the number density of molecules, φ(ν) is
the profile function, and Leq is the equivalent absorption path length.
Note that S(T) is temperature dependent since the population of
molecules at a given energy level varies with temperature, and the
dependence can also be referenced to the HITRAN database. The
integrated absorbance around the line at ν0,

FIG. 1. (a) Configuration of the exper-
imental setup. (b) Geometric schemat-
ics of the pulsed valve, slit, and optical
cavity in the chamber (l1 = 15 mm,
l = 50 mm, lb: length of beam, lc
= 646 mm:length of cavity). ECDL, exter-
nal cavity diode laser; Ref, reference
laser; MFG, microwave function genera-
tor; OFC, optical frequency comb; PBS,
polarization beam splitter; PZT, piezo-
electric actuator; PC, computer; PD,
photodiode.
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Ae = ∫
ν0+Δν

ν0−Δν
dν ln

I0(ν)
I(ν, T) = S(T)NLeq, (2)

can be used to retrieve the molecular number density if S(T) and Leq
are known.

It is essential to calibrate the absorption path length in quan-
titative CEAS measurements.30,31 We determine the effective path
length of the cavity in its geometric length, lc, by measuring the
absorption spectrum of thermally equilibrated molecules before we
get the overlap length, lb, between the molecular and the laser beams.
Figure 2 shows the measured integrated absorbance under differ-
ent pressures of the static pure CO sample gas filled in the whole
vacuum chamber at the room temperature of 296 K. Note that the
horizontal axis has been converted to the molecular number density
using the ideal gas equation, and the slope of the linear fit in Fig. 2 is
6.15 ± 0.21 × 10−16 cm2/molecule. Taking the spectral line intensity
of the P(1) line in the second overtone band of CO at 296 K given in
the HITRAN database, we obtained an equivalent absorption length
of 14.99 ± 0.49 km for the cavity.

B. Molecular density measurement
The key to measuring the density of a molecular beam is to

obtain the effective absorption length of the beam. Here we estimate
the effective absorption length of the beam according to the geomet-
ric relationship of molecular beam velocity, divergence angle, and
slit geometry. The thermodynamic picture of adiabatic jet expansion
can well describe the supersonic jet expansion of a fluid system into
a vacuum. In the limiting case of small beam temperature T1 ≪ T0,
the maximum terminal flow velocity in a supersonic jet expansion of
an ideal gas can be expressed as32

<vmax> =
¿
ÁÁÀ 2Rγ(T0)

m(γ − 1)NA
, (3)

where the gas constant R = 8.314 472 J/(mol K), the heat capacity
ratio γ is 7/5 for an ideal diatomic gas, and T0 = 296 K. Therefore, the
maximum terminal velocity of 784 m/s was estimated for a super-
sonic beam of CO. Taking into account the experimental conditions
and combining our previous experiments with the molecular time-
of-flight method, the longitudinal velocity value of 780 m/s is used in
this work as a demonstration for molecular density determination.
Thus, the geometric length lb shown in Fig. 1 could be calculated if
the transverse speed is known, which was obtained from the Doppler
broadening of the absorption spectrum, and then the Leq value under
the beam condition could also be determined.

In a supersonic jet expansion, the equivalent temperature of the
molecules in the beam is generally related to factors associated with
experimental conditions, such as molecular species, background
pressure, nozzle shape, and slit structure. The rotational tempera-
ture of the molecular beam depends on the population of rotational
energy levels, which can usually be fitted experimentally by measur-
ing the relative strengths of two or more rotational transitions. In
this work, we simply assume the equivalent rotational temperature
of about 5 K as an approximation to get the line intensity k(T) value
of the P(1) (v = 3 − 0) line, and we can determine the molecular
number density according to Eq. (2).

III. RESULTS AND DISCUSSION
The laser frequency was locked at the transition center of the

P(1) line in the second overtone band of 12C16O and the light trans-
mitted from the high-finesse cavity was measured. As depicted in
Fig. 3, a time-resolved signal was observed when the pulsed valve was
turned on. The signal looks similar to the time-of-flight (TOF) sig-
nal employed in ion detection schemes. When the molecular beam
passes through the laser beam in the cavity, the transmittance signal
decreases due to the molecular absorption. It is worth noting that
the arrival of the molecular pulse significantly changes the refractive
index between the two mirrors of the high-finesse cavity, which can
break the lock of the laser. The signal can only be observed when the
PDH locking servo has sufficient bandwidth and a large enough cap-
ture range to follow the change in the refractive index. We compared
the signals when the plunger spring of the pulsed valve is adjusted
tightly (shown in Fig. 3 in black) or loosely (shown in Fig. 3 in red).
Although both signals have a primary peak of comparable ampli-
tude, the latter one shows an additional minor peak with a 2 ms
delay time after the primary peak, indicating gas leakage induced by
poppet bounce, in agreement with the discussion presented in Ref.
33. The absorption signal is directly proportional to the molecular
density, which allows us to characterize the molecular distribution
in the supersonic jet without ionizing the molecules. This leads to
non-destructive and in situ measurements.

The laser transmittance of the high-finesse cavity was recorded
as the laser frequency was locked at various frequencies near the
resonance. A similar time-dependent signal was obtained at each
frequency. For each delay time, different locking points indicate
the spectroscopic detuning with respect to the center frequency of
the transition. Thus, the absorbance can be presented in terms of
absorption spectra as shown in Fig. 4(a). The spectra can be well-
fitted with a Gaussian function that corresponds to the transverse
velocity distribution of moving molecules. The resulting Gaussian
linewidth varies from 351 to 437 MHz. The additional broadening,
such as the transit-time broadening of <1 MHz, the natural linewidth
of <100 Hz, the laser linewidth of 2.3 kHz, and other possible

FIG. 3. Observed transmittance of the high-finesse cavity when the pulsed valve
is turned on. The zero point on the time axis indicates the trigger applied to the
valve. The black and red curves are the measured signal when the plunger spring
of the valve is adjusted to be “tight” and “loose,” respectively.
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FIG. 4. (a) Linewidth of Gaussian fitting of the jet at different times. (b) Comparing
transverse velocity distribution and molecular beam density at different times.

broadening factors, are negligible in our analysis. The homoge-
neous broadening beyond the velocity spread provides insight into
the molecular interaction, enabling the investigation of molecular
energy transfer in the inelastic collisions.34 From those spectra, the
transition frequency can be determined to be 190 266 097.8 MHz
with a statistical uncertainty of 0.5 MHz. A discrepancy of −4.4 MHz
is observed when compared with the result of saturated absorp-
tion spectroscopy with comb-locked cavity ring-down spectrome-
ter.35 The residual first-order Doppler shift that comes from the
non-perpendicular alignment between the central velocity of the
molecular beam and the laser beam may be the main source of the
shift.

In this work, we used the Gaussian width of the spectrum, cor-
responding to the transverse velocity distribution of molecules in the
beam, to estimate the equivalent absorption length and determined
the molecular density from the integrated area of the absorption
peak. As shown in Fig. 4(b), the transverse velocity and the molec-
ular density vary over time, as depicted with the blue and red lines,
respectively. There is a delay of about 0.5 ms between the peaks of the
blue and red curves. This delay is likely caused by the presence of hot
molecules in the beam, which have greater velocity spread and arrive
at the probe region earlier than the colder molecules with a smaller
velocity spread. The transverse speed ranges from 280 to 340 m/s, the

calculated lb value is 35.5–44.1 mm, and the corresponding Leq value
is 0.82–1.02 km. The molecular density for each time delay is then
determined according to the absorbance and Leq. It is noteworthy
that the distribution of molecular density along the beam direction
exceeds the duration of the valve opening, and there is a substantial
position spread in the beam. Since the cooling effect of the molecular
beam relies on parameters such as the nozzle opening and stagnation
pressure, our method offers a direct way to measure the molecular
velocity and density distributions, and such information could be
very useful in chemical dynamics studies.

Based on the above experimental results, the molecular den-
sity can be expressed in the time-velocity domain, resulting in a
three-dimensional profile of a pulsed molecular beam, as shown in
Fig. 5. In particular, the profile gives the beam velocity distribu-
tion of the beam over time for a single quantum state, which could
help to detect reactants and products in the molecular collisions in
the gas phase. In our experiment, the high-finesse cavity is linear,
which refers to the information along the x-direction only in Fig. 1.
The orthogonal cavity along the y-direction, perpendicular to the
molecular beam, can also be used to obtain the complete transverse
information.

The experiment provides a universal cavity-enhanced absorp-
tion detection technique applicable to infrared-active molecules.
This method is particularly advantageous for detecting molecules
that cannot be identified by the REMPI method, such as certain com-
plex polyatomic molecules. By employing a continuous wave laser
and the cavity locking technique, the resolution of the laser source
has achieved a precision of up to kilohertz. In Fig. 4(a), transverse
velocity spread, or spectral width, emerges as the main limitation
of the measured spectral resolution, which is currently sufficient for
resolving the rotational transitions. Further reduction of the molecu-
lar beam divergence would significantly enhance the high-resolution
detection capabilities for larger molecules.

FIG. 5. Absorption spectrum of the P(1) line (6346.59 cm−1) in the second
overtone band of CO.
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IV. CONCLUSION
The scheme based on the laser-locked cavity-enhanced absorp-

tion technique is used to measure the absolute number density in a
molecular beam. As a demonstration, we conducted measurements
of the P(1) transition in the second overtone band of CO. The results
show that the setup is capable of observing the molecular beam in
both the frequency and time domains. We assume that the max-
imum number density of the measured beams is 1.7 ± 0.1 × 1013

molecule/cm3, with a detection limit of about 2 × 1011 molecule/cm3

over 1000 shots. The experimental method could be applied to most
molecules with infrared transitions, such as C2H2, H2O, CH4, and
so on. If a stronger line in the fundamental band of the inter-
ested molecule is used, the detection limit could be improved by
three orders of magnitude, providing a sensitive detection scheme
for polyatomic molecules. The non-destructive technique enables
the detection of molecules and measurement of molecular proper-
ties before or after collisions. Such a valuable detection tool paves
the way for assessing chemical reaction products and reactants and
determining the rate constants of chemical reactions.
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