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Here we report a novel, to the best of our knowledge,
method of active intracavity intensity modulation for
cavity-enhanced photoacoustic spectroscopy (PAS) with-
out the need for any external optical modulators. Based
on the Pound–Drever–Hall (PDH) locking technique, a
dither is added to the PDH error signal to periodically vary
the locking point between the laser frequency and optical
cavity within a sub-MHz frequency range. While signifi-
cantly enhancing the intracavity laser intensity, the optical
cavity also acts as an intensity modulator. As a proof-of-
principle, we demonstrated the PAS of C2H2 by placing a
photoacoustic cell ( Q-factor ∼ 10) inside a Fabry–Perot
cavity (finesse ∼ 628) and adopting the proposed intra-
cavity intensity modulation scheme. By detecting the weak
C2H2 line at 6412.73 cm−1, the sensor achieves a normal-
ized noise equivalent absorption (NNEA) coefficient of
1.5 × 10−11 cm−1WHz−1/2. This method enables the con-
tinuous locking of laser frequency and optical cavity, and
it achieves the intracavity intensity modulation with an
adjustable modulation depth as well. © 2020 Optical Society
of America

https://doi.org/10.1364/OL.386523

Photoacoustic spectroscopy (PAS) is one of the most widely used
optical sensing techniques for trace gases due to its high sensi-
tivity and selectivity [1,2]. PAS relies upon the detection of the
acoustic wave generated by the non-radiative relaxation process
of the excited molecules. The generated acoustic wave is nor-
mally detected by different kinds of acoustic transducers such as
microphone [3], quartz tuning fork [4–6], and microcantilever
beam [7].

It is well known that the amplitude of the photoacoustic
signal is directly proportional to the incident laser power. Any
method that can be used to enhance optical power is attractive in
PAS. In particular, cavity-enhanced PAS plays an important role

in advancing photoacoustic gas detection to an ultrasensitive
level. In this technique, the intracavity laser intensity is boosted
in an optical cavity inside which an acoustic transducer is also
placed. The key point for cavity-enhanced PAS is to achieve
resonance between the optical cavity and laser frequency. The
modulation technique such as Pound–Drever–Hall (PDH)
and the optical feedback technique have been developed to
lock the laser with optical cavity, which are commonly used
in cavity-enhanced absorption spectroscopy [8–11], another
spectroscopic technique that uses the high-finesse cavity to
increase the effective path length. These locking techniques
are also applicable in PAS to make use of the high intracavity
intensity instead of the long optical path. It should be noted
that the photoacoustic effect must be produced by periodically
modulating the laser intensity or wavelength.

Several groups have recently reported cavity-enhanced
photoacoustic sensors with significantly improved detection
sensitivity that is evaluated by the normalized noise equivalent
absorption (NNEA) coefficient. Note that NNEA is a key
parameter to evaluate the sensitivity of different types of gas
sensors by normalizing the incident laser power, absorption
line-strength, and detection bandwidth. Hippler et al. [12]
developed a cavity-enhanced H2O sensor with a NNEA of
2.6× 10−11 cm−1 WHz−1/2 using the optical feedback tech-
nique. Similarly, Hayden et al. [13] presented an intracavity
quartz-enhanced PAS (I-QEPAS) sensor for CO and H2O
detection with NNEA of 2.8× 10−9 cm−1 WHz−1/2 and
7× 10−11 cm−1 WHz−1/2, respectively. The optical feedback
locking method was employed to couple a quantum cascade
laser with a linear Brewster window cavity. Borri et al. [14]
demonstrated I-QEPAS by detecting CO2 at 4.33 µm using
a quartz tuning fork inside a bow-tie cavity, and the authors
achieved a NNEA of 3.2× 10−10 cm−1 WHz−1/2. All these
studies adopted the intensity modulation strategy by modulat-
ing the laser current to make the laser frequency in resonance
with the cavity periodically.
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Recently we have demonstrated an ultrasensitive photoacous-
tic sensor with a NNEA of 1.1× 10−11 cm−1 WHz−1/2 by
employing a high-finesse (> 9000) optical cavity with the PDH
technique [15]. The optical intensity modulation was achieved
by using a fiber-coupled optical switch. Pan et al. [16] reported a
similar sensor using the PDH method, and the intensity modu-
lation was performed with a fiber-coupled LiNbO3 intensity
modulator. However, these expensive external modulators can
only be used in a limited wavelength range, and the use of optical
modulators may interrupt the laser-cavity locking status.

In this Letter, we proposed a new intensity modulation
strategy for intracavity PAS without using any external optical
modulators. A dither signal is added to the standard PDH error
signal so that the locking point is adjusted periodically and
finely. This strategy controls the relative difference between
the laser frequency and cavity mode down to sub-MHz, thus
leading to the active modulation of intracavity laser intensity.
As a result, we enable a continuous locking of laser and cavity
with an adjustable modulation depth, which simplifies the
sensing system and improves the system stability. As a proof-
of-principle, the proposed modulation scheme is adopted in a
cavity-enhanced photoacoustic sensor for C2H2 detection.

Figure 1 depicts the schematic of cavity-enhanced PAS
with the active intracavity intensity modulation. The narrow
linewidth (0.1 kHz) fiber laser (NKT Photonics, E15) could
be tuned from 1559.33 nm to 1560.4 nm. The laser was fiber
connected to an electro-optic modulator (EOM, Thorlabs
LN65S-FC) that modulated the laser radiation at 20 MHz to
generate two sidebands for PDH locking. The laser output was
collimated and transmitted through two convex lenses (L1,
f = 30 mm; and L2, f = 50 mm) to achieve the appropriate
mode matching with the fundamental Gaussian mode of the
optical cavity. The Fabry–Perot (F-P) cavity used in this work
consists of two plano-concave mirrors (Layertec Inc.) with a
reflectivity of 99.5%, corresponding to a finesse of 628. Both
mirrors have the same radius of curvature of 150 mm and are
separated by 80 mm. One of the mirrors was attached to a PZT
so that the cavity length could be finely tuned.

The conventional stainless-steel photoacoustic cell placed
inside the F-P cavity consists of a cylindrical resonator and
two buffer volumes. The acoustic resonator was designed
to have a diameter of 3 mm and a length of 35 mm. The
two buffer volumes with a diameter of 12 mm and length of
17.5 mm made on both ends of the acoustic resonator mitigate
the external noise and “window signal”. An electret micro-
phone (Knowles Electronics, US; sensitivity 31.6 mV/Pa) was
mounted in the middle of the resonator for acoustic detection.
After being amplified by a low-noise preamplifier (Stanford
Research, SR560), the electrical signal was demodulated by a
lock-in amplifier with a detection bandwidth of 10 Hz. The
photoacoustic cell operating at its first longitudinal mode was
characterized to have a resonant frequency (f0) of 3.32 kHz and
Q-factor of 10 at the atmospheric pressure. Both the F-P cavity
and photoacoustic cell were enclosed in a stainless-steel vacuum
chamber with two ports used for gas sampling and two CaF2

windows for optical access.
To implement the PDH technique with a simplified optical

setup, we utilized the transmitted light through the cavity for
the locking purpose instead of the cavity reflection signal [15].
As illustrated in Fig. 1, the cavity transmission was detected by a
photodetector (bandwidth 150 MHz) and further processed by
a PDH phase demodulator (Toptica, PDD110). The generated
error signal was used by a laser servo (Toptica, Facl110) to realize
the laser-cavity locking by actively controlling the cavity length.

Although the optical configuration is similar to the conven-
tional cavity-enhanced PAS, we proposed, to the best of our
knowledge, a new method of making use of the optical cavity
directly as an intensity modulator. The optical cavity has equi-
distant longitudinal modes separated by the free spectral range
(FSR). The incident laser has a maximum transmission when
the laser frequency matches one of the cavity modes. Here each
cavity mode features a Lorentzian profile with a full width at half
maximum (FWHM) of 2.8 MHz only. The cavity transmission
varies dramatically when the cavity mode scans across the laser
frequency. Hence, the cavity mode acts as an active modulator
with a modulation depth from 0% to nearly 100% if one can

Fig. 1. Schematic of cavity-enhanced PAS with the active intracavity intensity modulation. FG, function generator; EOM, electro-optic modula-
tor; FC, fiber collimator; PD, photodetector; BPF, band-pass filter; HRM, high-reflectivity mirror.
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Fig. 2. (a) Typical cavity transmission (bottom panel) and PDH
error signal (top panel) measured by scanning the cavity mode across
the laser frequency. The modulation of the locking point indicated by
the blue arrow shown in the PDH error signal determines the relative
position between the laser frequency and cavity mode; (b) principle of
the PDH locking with active intensity modulation.

periodically control the relative position between the laser fre-
quency and cavity mode. However, it is difficult to achieve such
a precise control by simply tuning the laser wavelength or cavity
length due to the very narrow FWHM of the cavity mode.

PDH locking is a powerful technique of maintaining the
resonant condition. Figure 2(a) presents the typical PDH error
signal and cavity transmission obtained in this work when the
cavity mode scans across the laser frequency by tuning the cavity
length. As illustrated in the top panel of Fig. 2(a), the antisym-
metric error signal has a steep slope crossing zero, which stands
for the resonant condition and maximum cavity transmission.
If an extra dither signal is added to the PDH error signal, the
locking point crosses zero periodically that generates an actively
controlled cavity transmission. The working principle is shown
in Fig. 2(b). As the cavity mode is a symmetric profile, the dither
signal at frequency f0/2 generates an intensity modulation at
frequency f0. Additionally, the modulation depth could be
varied by changing the amplitude of the dither.

Figure 3 illustrates the representative signals of cavity
transmission that directly reflect the intracavity intensity
modulation. We investigated the intensity modulation at differ-
ent modulation frequencies and modulation depths (i.e., 1 kHz,
18%–80%; 2 kHz, 31%–83%; and 4 kHz, 22%–56%). Our

Fig. 3. Representative intensity modulation at different modula-
tion depths and modulation frequencies: (a) 1 kHz, (b) 2 kHz, and
(c) 4 kHz.

technique locks the laser frequency with the optical cavity at a
time-varying locking point to generate the active intracavity
intensity modulation. Such a continuous locking is always
maintained during the entire modulation process compared
to the previous work that the current modulation or external
modulator (i.e., optical switch) would interrupt the locking
status [14,15]. Note that the current system has a larger noise
and relatively limited modulation depth at the higher modula-
tion frequency of 4 kHz, which is mainly caused by the limited
bandwidth of the PZT.

The narrow-linewidth fiber laser used in this work could
be tuned across an absorption line of C2H2 centered at
6412.73 cm−1. The calculated absorption coefficient of 1%
C2H2 is depicted in Fig. 4(a) based on the HITRAN database
[17], showing a peak value of ∼ 10−5 cm−1. We used this
weak C2H2 line to demonstrate the proof-of-principle for
cavity-enhanced PAS. Figure 4(b) shows the representative
intracavity photoacoustic signals of 1% C2H2/N2 at 1 atm for
three different modulation depths along with Voigt fitting. The
measurement time of each data point is ∼ 0.4 s, and the total
duration of a wavelength scan is ∼ 120 s, which is limited by
the temperature-tuning speed of the fiber laser. Note that the
constant background offset was subtracted from the signal. The
modulation frequency of the dither was selected to be 1.66 kHz
so that the generated acoustic signal has the same resonance
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Fig. 4. (a) Calculated absorption coefficient of 1% C2H2/N2 based
on the high-resolution transmission molecular absorption database;
(b) representative cavity-enhanced photoacoustic spectra at different
modulation depths (20%, 40%, and 60%) and the single-pass photo-
acoustic spectrum of 1% C2H2/N2 at 1 atm along with the Voigt
fitting; (c) background noise.

frequency of the photoacoustic cell. With the modulation depth
increased from 20% to 60%, the peak of the photoacoustic
signal increases from 5.4 mV to 14.35 mV. Besides the target
line at 6412.73 cm−1, another weaker C2H2 line centered at
6412.42 cm−1 is also distinguishable using the current system.

Comparing with the conventional PAS without the cavity
enhancement, we removed the optical cavity and added an
optical switch for the purpose of intensity modulation. The
measured single-pass photoacoustic signal is also plotted in
Fig. 4(b) for comparison, showing a much smaller amplitude of
0.11 mV due to the low incident-laser intensity.

Finally, the system noise was measured for 240 s by filling
the gas cell with ambient air and fixing the laser wavelength at
the selected absorption line at the modulation depth of 60%.
As shown in Fig. 4(c), the background noise has an offset of
0.06 mV and a 1-σ deviation of 0.007 mV. Considering the
detection signal-to-noise ratio and the absorption coefficient
of C2H2 at this specific wavelength, the current system leads to
a NNEA coefficient of 1.5× 10−11 cm−1 WHz−1/2, which is
comparable with state-of-the-art cavity-enhanced PAS [15].

In conclusion, we report, to the best of our knowledge, a new
strategy of intracavity intensity modulation for cavity-enhanced

PAS. Without using any external optical modulators, a dither is
added to the PDH error signal so that the locking point between
the laser and the optical cavity could be actively controlled. In
particular, the cavity mode is finely modulated across the laser
frequency within sub-MHz so that the optical cavity itself acts
as an intensity modulator. The intensity modulation depth
could be adjusted over a wide range by adjusting the dither
amplitude if the modulation frequency is selected within the
bandwidth of the PDH system. By detecting a weak C2H2
line at 6412.73 cm−1 in a photoacoustic cell (Q-factor ∼ 10)
that was placed inside a F-P cavity (finesse 628), we achieved
a NNEA coefficient of 1.5× 10−11 cm−1 WHz−1/2 using
the proposed intracavity intensity modulation scheme. In the
future, we plan to extend this method to mid-infrared gas sensor
development with quantum cascade lasers that access the much
stronger footprint spectra of many molecules [18,19].
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