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8.1 Introduction

The sensitivity of conventional direct absorption spectroscopy in detecting trace gases is
primarily limited by the effective absorption path length and the power noise of the light
source. A common method of increasing the effective path length is to use a multipass
absorption sample cell. To avoid interference of the beam overlapping in the cell, it is
generally required to use large-size mirrors, which eventually leads to an increase in the
volume of the sample cell. Amplitude or wavelength (frequency) modulation of the
incident light can be used to suppress the power noise of the light source. Usually, these
methods can enhance the sensitivity by approximately two to three orders of magnitude
but the sensitivity is still insufficient for many applications.

The effective absorption path length can be greatly enhanced by using a resonant
cavity. Kastler and Alfred first demonstrated that the intensity of light transmitted from
an optical cavity is exponentially attenuated (Kastler, 1974). Later Anderson et al. used
the technique to determine the reflectivity of high-reflective (HR) mirrors by measuring
the ring-down time of a He—Ne laser beam passing through an optical cavity (Anderson
et al., 1984). In 1988, O’Keefe and Deacon built the first cavity ring-down spectroscopy
(CRDS) device using a pulsed laser, and successfully measured the spectrum of the
oxygen molecule, marking the beginning of the CRDS technology (O’Keefe and Deacon,
1988). In the CRDS measurement, on the one hand, the use of resonant cavity consid-
erably increases the effective absorption path length, and on the other hand, the
measured signal decay rate is independent of the initial intensity of the laser, thereby
suppressing the noise due to fluctuations in the laser power. Therefore, the sensitivity is
improved significantly. Since the optical beams completely overlap in the cavity, a
reduced sample volume is feasible compared with conventional multipass configura-
tions (White—or Herriot-type) where relatively large mirrors are needed to separate
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different passes of light. As a direct absorption spectroscopy method, compared with
mass spectrometry, chromatography, and other technologies, CRDS has an important
advantage that the content or concentration of the target molecule can be directly ob-
tained. The technology has been used in various applications to detect molecules in gas
phase, such as chemical dynamics studies (Berden et al., 2000; Brown, 2003), explosives
detection (Taha et al., 2013), environmental pollutant monitoring, and disease marker
diagnostics (Wang and Sahay, 2009; Henderson et al., 2018).

The techniques and applications of CRDS have been reviewed in quite a few refer-
ences, including the book edited by Berden and Engeln (2009). Here we will concentrate
on the fundamental methods of CRDS and its application in trace gas analysis. An
introduction of the experimental method of CRDS, including the principle, imple-
mentation, and performance will be presented in Section 2. A review of applications in
trace gas detection using CRDS, in terms of the operation wavelength and the limit of
detection (LOD) for different molecules, will be given in Section 3. A brief summary is
given in the last section.

8.2 Experimental methods of CRDS
8.2.1 Principles of CRDS

The configuration of a typical CRDS instrument is shown in Fig. 8.1(a). A laser beam is
coupled into an optical cavity and the transmitted light is detected by a photodetector
(PD) and recorded by a data acquisition device. Fig. 8.1(b) illustrates the process to
produce a ring-down event. When incident light is switched off, light transmitted from
the optical cavity decays exponentially. By measuring the decay rate of this signal, one
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FIGURE 8.1 (a) Configuration of cavity ring-down spectroscopy. DAQ, data acquisition system; HR, high-reflective
mirror; PD, photodetector. (b) Signal of ring-down events with and without sample.
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can get the corresponding ring-down time, which is related to the loss of the light
traveling in the optical cavity. The absorption coefficient of the sample in the cavity can
be determined from the change of the ring-down time:

1 1
o=——— (8.1)
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where cis the speed of light, 7 and 7 are ring-down times with and without sample in the
cavity, respectively. For a cavity consisting of two identical HR mirrors, the decay rate of
the empty cavity is
1 1-R

" (8.2)
where L is the cavity length and R is the reflectivity of the HR mirror. When using a
mirror with a reflectivity R > 99.9%, the cavity’s ring-down time is generally in the range
of a few microseconds to hundreds of microseconds. The effective absorption path

length (zﬁ> easily reaches tens of kilometers. Since the decay rate of the light in-

tensity is measured, regardless of the initial intensity of the incident light, CRDS is
naturally immune to the power noise of the laser. As a result, the detection sensitivity is
considerably improved.

8.2.2 Optical resonant cavity

CRDS is basically one of the cavity-enhance absorption spectroscopy methods. First we
give a brief introduction to the properties of passive optical resonant cavities. More
comprehensive explanation can be found in the literature (Zalicki and Zare, 1995;
Lehmann and Romanini, 1996; Hodges et al., 1996; Born and Wolf, 1999; Berden and
Engeln, 2009).

For simplicity, we assume the incident laser has an ideal Gaussian profile. In order to
achieve a stable optical cavity, it is required that the Gaussian beam is reflected back and
forth in the cavity, and remains in the cavity with minimal leakage. If the radii of cur-
vature of the two HR mirrors constituting the cavity are r; and r,, respectively, with a
cavity length of L, the stable cavity condition is

L
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where g; and g are corresponding geometrical factors. If two identical mirrors are used,

the stable cavity condition is L < 2r. Note that we get a confocal cavity whenr; =r, = L.
In a stable cavity, the waist of the Gaussian beam, defined as the diameter of the

beam when the intensity drops to 1/e? of the maximum, can be derived as follows:
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where 1 is the wavelength of the laser light. The distances from the waist to two HR
mirrors are
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and the beam size at the first HR mirror is
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When a single-frequency laser beam transmits through the cavity, the transmittance
depends on the laser frequency and the cavity parameters, which can be described by a
periodic Airy function, as illustrated in Fig. 8.2. When R is close to 1, the peaks get very
narrow and their positions are called the (longitudinal) modes of the cavity. The fre-
quency interval between two adjacent cavity modes is called the free spectral range (FSR)
of the cavity:

FSR=v(q+1) — v(q):ﬁ 8.7)

where n is the refractive index of the gas inside the cavity, c is the speed of light, and g is
the mode index. Note that the FSR value may vary slightly with g due to dispersion of the
mirror coating.

The finesse of the cavity is defined as the ratio between FSR and the width df (full
width at half maximum) of a longitudinal mode:
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FIGURE 8.2 Transmission of an optical cavity composed of two mirrors with a reflectivity of R.
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_FSR_ nVR

_F_I—R' (8.8)

For a 1-m-long cavity consisting of a pair of mirrors with a reflectivity of 99.99%
(F = 30,000), the empty cavity has an FSR of 150 MHz (0.005 cm '), and the width of a
cavity mode is only 5 kHz which is much narrower than linewidths of most commercial
lasers.

When the incident laser frequency is on resonance with a cavity mode, part of the
laser beam will pass through the cavity and transmit from the other end of the cavity.
The reflectivity of the cavity is (Ma et al., 1999; Wang et al., 2017b)
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the transmittance is
=P _ 46t . (8.10)
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and the laser field inside the cavity will be considerably enhanced by a factor
P, 4
emte _ h (8.11)
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Here P;;, is the power of the incident laser before the first HR mirror, P, is the reflected
power at the first HR mirror, P; is the power transmitted from the cavity (after the second
HR mirror), and P, is the power inside the cavity. Factors t;, f, are the transmittance
coefficients of the first and second HR mirrors, [;, I, are the loss coefficients, and «L is the
single-path loss due to the absorption and scattering of the sample inside the cavity.

The Gaussian beam also propagates laterally within the cavity, resulting in the
appearance of transverse modes. Each transverse mode has a diffraction loss in the
cavity and results in a decrease in laser power. The lowest order transverse mode TEM
usually has the smallest diffraction loss, therefore one needs to suppress high-order
transverse modes in the optical design, increasing the TEM signal in the measurement.

In paraxial conditions, Gaussian beams are usually described with a complex
parameter ¢:

1 1 A
1@ Re) 'mr@ ®12
where z is the distance to the waist of the Gaussian beam, R(z) is the radius of curvature
of the isophase plane of the Gaussian beam, and w(z) is the radius of the beam at z. They

follow the equations:

2
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The propagation characteristics of a Gaussian beam in an optical component can be
described by the “ABCD” law:

, Agq+B
T Cqg+D

q (8.14)

A B
where A, B, C, D are elements in the transfer matrix ( c D)' Different optical com-

ponents have different matrix elements, some common ones are as follows:

(1) free space propagation for a distance d in a medium of refractive index n:

. @
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(3) at the spherical surface of radius r from the medium of refractive index n; to the
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In the experiment, one can first measure the beam waist radius of the Gaussian beam
using a beam analyzer, and calculate the beam waist and position in the cavity using the
ABCD matrix. Then by selecting lenses of different focal lengths and adjusting the dis-
tances, one can make the TEMy beam coincide with the previously calculated one. If the
incident light frequency also resonates with the cavity mode, it will be possible to couple
the incident light into the optical cavity with a high efficiency.

8.2.3 Cavity mode match and frequency calibration

If a pulsed laser is used as the light source in CRDS, laser pulses with a duration of a few
nanoseconds or shorter have a linewidth (in the frequency domain) broader than the
FSR of the cavity, and can be directly coupled into the cavity to produce ring-down
events. However, in each ring-down event, multiple longitudinal modes of the optical
cavity with different frequencies are simultaneously excited, which limit the frequency
resolution of the spectrometer. In addition, the pulsed laser may also excite multiple
transverse modes in the optical cavity. The interference among all the excited modes also
causes fluctuation in the transmitted light signal, thereby reducing the sensitivity of the
spectrometer. Fig. 8.3(a) shows an example of the recorded ring-down curve when two
modes in the cavity were excited: one is the TEMyy mode and the other one is a high-
order transverse mode. Clear pattern of beating can be observed in the recorded curve.

Romanini et al. (1995) proposed an idea of implementing CRDS using continuous-
wave (cw) lasers. On the one hand, the use of a narrow-linewidth cw laser as the light
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FIGURE 8.3 Ring-down curve when multiple cavity modes are excited (a) and that when only one cavity mode is
excited (b).

source greatly increases the frequency resolution, which makes it possible for precision
spectroscopy. On the other hand, since only one transverse mode is excited in each ring-
down event, the interference effect is eliminated, and the detection sensitivity can also
be greatly improved. As a comparison, Fig. 8.3(b) shows a ring-down curve when only
the TEMyy mode of the cavity was excited.

The main difficulty in using a single-frequency cw laser as the light source is to
achieve a frequency match between the laser and the longitudinal mode of the ring-
down cavity. Since the finesse of the cavity can be as high as 10,000 or more, the
width of a cavity mode is 10 kHz or narrower. Fig. 8.4 illustrates longitudinal modes of an
optical cavity. Fig. 8.4(b) was obtained by locking the laser onto one longitudinal mode,
passing another laser beam with an adjustable frequency shift through the empty cavity,
and measuring its transmitted power. Note that when the cavity is filled with sample gas,
the frequencies of the cavity modes also change due to the change of the refractive index.
Moreover, as shown in Fig. 8.4(c), the transmittance of the cavity decreases and the
width of the mode increases in the vicinity of the molecular absorption line. Note that
frequency distances between nearby modes are also changed due to the dispersion effect
of the absorption line, and this effect can be applied to detect gas by measuring the
frequency shifts of the cavity modes (Cygan et al., 2015; Kang et al., 2018a).

There are two methods in general to match the laser frequency with the cavity. One is
referred to the “dither-mirror” mode, which is by scanning the cavity length to match a
fixed laser wavelength. The method was first implemented by Romanini et al.
(1997a,b,c), and later became the most popular way of cw-CRDS applied in many groups
(Brown, 2003; Morville et al., 2004; Paldus and Kachanov, 2005; Huang and Lehmann,
2007; Gao et al., 2010; Pan et al., 2011). A common applied approach of this method is
shown in Fig. 8.5. A triangle wave was used to drive a piezo actuator (PZT) attached to
one HR mirror to quickly dither the HR mirror. When the frequency of a longitudinal
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FIGURE 8.4 Transmittance spectrum of a high-finesse cavity. (a) Dash lines indicate the longitudinal modes of an
empty cavity, and the solid lines present the modes when the cavity is filled with gas and an absorption line is
located in this spectral range. Note that the mode frequencies are shifted, but the shifts were exaggerated for
better illustration. (b) Transmittance spectrum around a cavity mode of an empty cavity. (c) Transmittance
spectrum around a cavity mode close to the center of the molecular absorption line. Note the height of the mode
considerably decreases but the width increases.
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FIGURE 8.5 Simplified scheme of the cw-CRDS setup using the “dither-mirror” method.
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mode of the cavity matches the laser frequency, the laser beam starts to enter the cavity
and builds up the field inside the cavity. When the intensity reaches a preset level, an
acousto-optic modulation (AOM) will be triggered to turn off the laser, which initiates a
ring-down event. The light transmitted from the cavity will be recorded and digitized,
and a program will be used to fit the data with an exponential function to derive the ring-
down time.

In this “dither-mirror” mode, the laser wavelength needs to be calibrated separately,
such as by using an étalon or a wavemeter. Pan et al. (2011) locked the laser on a stable
cavity made of low-expansion material, and then used an electro-optic modulator (EOM)
to generate a sideband for CRDS detection. The spectral scan was accomplished by
changing the radiofrequency driving the EOM, therefore the precision could be easily
improved to the sub-MHz level. More accurate frequency calibration requires the use of
an ultrastable reference laser or an optical frequency comb, or directly locking the probe
laser frequency to the comb. Note that the cavity mirror is vibrating in this method,
which produces a Doppler shift of the frequency of the light field inside the cavity from
that of the incident laser. The effective frequency shift is proportional to the speed of the
mirror multiplied by the finesse of the cavity (Lee and Hahn, 2004), and the typical value
is hundreds of kHz or even a few MHz, which may limit the frequency accuracy of
measurements using the “dither-mirror” method.

An alternative method, referred to as the “dither-laser” mode below, is to quickly
dither the laser frequency without changing the cavity length (Schulz and Simpson, 1998;
van Leeuwen et al., 2003; Orr and He, 2011). As shown in Fig. 8.6, when the laser scans to
the frequency matching a cavity mode, the laser enters the cavity. An advantage of this
method is that the FSR of the cavity can be used as a reference for calibrating the laser
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FIGURE 8.6 CRDS scan pattern of the “scanning laser” mode, matching the laser frequency to the cavity modes.
Line “a” represents a slowly varying absorption cross section versus light frequency. Ring-down transients are
recorded at each étalon transmission peak, shown as line “b.” Line “c” shows the laser scan pattern with time
increasing downward. Figure reprinted with permission from Schulz, K.J., Simpson, W.R., 1998. Frequency-
matched cavity ring-down spectroscopy. Chem. Phys. Lett. 297, 523—529. Copyright 1998 Elsevier.
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frequency, if the cavity length is sufficiently stable during the measurement. Note that
only relative frequencies are calibrated in this way, and a limitation is that the spectrum
can only be recorded with a frequency step of the FSR value. Since the calibration of
relative frequency intervals is generally more important in quantitative measurements of
gas content, this method is widely used in applications of trace gas detection.

However, the cavity modes may have frequency jitters during the measurement due
to mechanical vibration or temperature drift. In order to stabilize the cavity modes,
Hodges et al. (2004) locked the cavity length with a He—Ne laser. Two-color HR mirrors
were used in such approach, which have not only a high-reflectivity in the CRDS probing
wavelength but also a moderate reflectivity (around 95%) at 633 nm. A PID feedback
servo was used to control the PZT on an HR mirror, locking a cavity mode at 633 nm with
the frequency-stabilized He—Ne laser, thus keeping the cavity length locked during
spectral scan. This method eliminates frequency drift of the cavity modes and enables
accurate quantitative measurements. The Doppler shift due to the moving mirrors is also
avoided. A disadvantage is that customized two-color HR mirrors are needed. In addi-
tion, the stability of the cavity length, therefore the frequency accuracy of the cavity
mode, is limited by the frequency stability of the He—Ne laser, which is usually at the
level of 1 MHz.

In this “dither-laser” mode, it is necessary to optimize the scan range (Chen et al,,
2014). If the range is too narrow, it may not be sufficient to match with one cavity mode,
and if the range is too broad (exceeding one FSR of the cavity), two adjacent cavity
modes may be excited in succession which will induce beating signal similar to that
shown in Fig. 8.3(a). There is a need of avoiding the above two situations, improving the
efficiency of matching the laser and the cavity, and producing more ring-down events
during the measurement. Hodges et al. designed an automated scanning control
(Hodges and Ciurylo, 2005) to dynamically control the laser frequency to ensure that the
laser is dithering around the preset longitudinal mode of the cavity. In most applications
using the near-infrared or visible lasers, the width of a molecular line ranges from a few
hundred MHz to a few GHz. Since the FSR of a moderate cavity (i.e., 200 MHz for a 75-
cm-long cavity) is smaller than the molecular linewidth, which can be used as the
spectral scanning step size, it can actually satisfy the requirement of most quantitative
measurements. In this case, the control of spectral scanning can be further simplified
(Chen et al., 2014).

The above two methods force the laser to periodically resonate with the optical cavity
by quickly changing either the cavity length or the laser frequency. They are relatively
simple, but the efficiency is low. Since the laser (or cavity length) is scanning, the time
duration for the two to maintain resonance is limited. Before the laser power is accu-
mulated to a sufficient level in the cavity, the resonance condition may be lost. As a
result, the amplitude of the transmitted light signal is often very low. This periodic
resonance is less efficient and generally the repetition rate of the ring-down events is
only tens of times per second. One solution is to lock the probe laser with the optical
cavity to keep the resonance. When the locking servo is closed, the transmittance of the
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optical cavity can quickly reach a steady-state condition described by Eq. (8.10). In
principle, it is possible to maintain the lock by a feedback control of either the length of
the optical cavity or the laser frequency. Since the cavity length adjustment generally
relies on the PZT which usually has a limited bandwidth, while the feedback bandwidth
of the laser could reach a few MHz by quite a few different means, the latter is more
commonly used. A widely applied method is to lock the laser frequency with the cavity
by the Pound-Drevor-Hall (PDH) method (Drever et al., 1983), provided that the laser
has a narrow linewidth and the feedback servo has sufficient bandwidth. Commercial
distributed-feedback (DFB) diode lasers are usually more difficult to lock on high-finesse
optical cavities due to their broad linewidth (a few MHz). The difficulty has been cir-
cumvented by Kassi and his coworkers (Burkart et al., 2014), who developed a feed-
forward method to lock the DFB laser with a stable “V”-shape cavity. Usually,
external-cavity diode lasers (ECDLs) have narrower linewidths and it can be easier to
lock to those cavities.

Fig. 8.7 shows the procedure used by Wang et al. (2017b) to do CRDS measurements
using a laser locked with the cavity. An ECDL laser was first locked with the cavity by the
PDH method and then chopped off to produce ring-down events. It can be seen that
when the laser is turned on and the PDH lock loop is closed, the light field in the cavity is
gradually established, and the transmitted light intensity is increased, and then stabi-
lized within 1 millisecond (depending on the finesse of the optical cavity). When the
incident light is cut off, the PDH loop is broken, a ring-down signal is generated. In this
way, the laser frequency was locked with the ring-down cavity, but the efficiency is
reduced due to the need of repeatedly switching on/off the PDH locking loop.
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FIGURE 8.7 The CRDS data with the probe laser frequency locked on the cavity. The open circles show the
recorded signal and the solid line on the top of the circles is the simulated exponential decay curve. The
corresponding locking control sequence is shown above the ring-down data. Figure reprinted with permission
from Wang, J., Sun, Y.R., Tao, L.G., Liu, A.\W., Hua, T.P., Meng, F., Hu, S.M., 2017b. Comb-locked cavity ring-down
saturation spectroscopy. Rev. Sci. Instrum. 88, 043108. Copyright 2017 AIP.
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8.2.4 Limit of detection

The measurement sensitivity of CRDS measurements is the primary concern in trace
detection applications. It is related to many factors in the experiment, such as the design
of the optical cavity, signal acquisition, etc., which will be analyzed one by one below.

The sensitivity of a CRDS instrument or the minimum detectable absorption is often
described by the noise-equivalent absorption coefficient (NEAC). According to Egs. (8.1)
and (8.2), it could be written as

ot1—R

oo = <L (8.15)
A moderate CRDS instrument can measure the decay time ¢ to a fractional uncer-
tainty 22~ 103, which is usually limited by the electronic noise of the PD and the res-
olution of the digitizer. The use of HR mirrors with higher reflectivity and a ring-down
cavity with larger length usually leads to better sensitivity. However, a long cavity will
reduce the stability, and also limits applications where a miniature instrument is
required. Meanwhile, mirrors with higher reflectivity are also more sensitive to
contamination, which reduces the robustness of the device. A cavity with a very high
finesse may also lead to a decrease in the transmittance of the cavity (Eq. 8.10), which
increases the detector noise. In CRDS measurements, it is necessary to use low-loss HR
mirrors to get sufficient light power transmitted from the cavity. At present, the reflec-
tivity of commercially available HR mirrors can be in the range of 99.9%—99.999% and
the mirror loss can be as low as several parts per million, but the difficulty of coating
increases quickly with the reflectivity. One have to balance the sensitivity and conve-
nience of the CRDS instrument. According to Eq. (8.15), a CRDS device with a 50 cm long
cavity and HR mirrors of 99.995% will have a typical sensitivity of 10° cm ™! per ring-

down event.

8.2.4.1 Fringes

Interference between reflections from surfaces in the optical path causes the light in-
tensity to vary with frequency. When the reflectivity is large, the étalon effect is very
obvious, as shown in Fig. 8.2, and even tiny interference due to accidental scattering can
induce observable influence in the measurement. The étalon effect can be observed in
most spectrometers and its drift during the measurement often limits the performance
of the experimental setup (Werle, 2011). Because the CRDS method detects very small
changes of the loss in the optical path, it is very sensitive to the étalon effect, which is
usually called “fringes” in the spectrum.

Fig. 8.8 shows a typical fringe observed in a piece of ring-down spectrum. There is a
clear periodic structure, the period is 0.55 cm ™' and the peak-to-peak amplitude is about
2 x 107? cm ™. Fig. 8.9 gives another example, which shows the spectrum of a C,H; line
at 795 nm, and it seems to have a good signal-to-noise ratio of over 1000. However, after
the spectrum was fitted by a Voigt profile, we can see evident multiple periodic
structures in the fitting residuals. The fringe structure often drifts slowly with the
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FIGURE 8.8 Fringes observed in a piece of cavity ring-down spectrum. There is a water line at 12,085.6 cm™". The

cyclic pattern with a period of 0.55 cm™ is the so-called “fringe” due to the interference between the two sides
of an HR mirror.
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FIGURE 8.9 Example of small fringes observed in a piece of cavity ring-down spectrum around an absorption line

of C;H, at 795 nm. The molecular spectral line was fitted by a Voigt profile and the periodic pattern of fringes is
visible in the fitting residuals.

environment around the spectrometer, can hardly be removed by averaging, and
eventually raises the noise level in the measurement. Some studies have been applied to
remove the fringes by taking into account étalons of different periods in the spectral
fitting (Cygan et al., 2012; Truong et al., 2015). For example, in the study by Truong et al.
(2015), six étalons were applied in the fit of a piece of spectrum in a frequency range of
several GHz. However, there is always a concern on the correlation between the pa-

rameters of the absorption lines and the fringes, which may induce systematic shifts to
the results derived from the fit.
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It is preferred to reduce the fringe effect by eliminating the interference between
surfaces in the optical path. Characters of the étalon can be found from the fringe
spectrum, which could be used to identify the surfaces contributing to the fringe. For
example, from the period of the fringes shown in Fig. 8.8, we found that the fringes came
from an étalon with an optical distance of about 1 cm. Then we identified that it was due
to the interference between two surfaces of one HR mirror. By slightly moving the HR
mirror to avoid the normal reflection from the back side of the HR mirror, we suc-
cessfully reduced the fringe amplitude to below the noise level. Another commonly
applied method (Kassi et al., 2005; Gao et al., 2010) is to introduce a fast vibration in the
optical path, which actually changes quickly the phase of the fringes and eliminates the
fringes in the averaged signal.

8.2.4.2 Repetition rate of ring-down events

Although the signal-to-noise ratio of a single ring-down event is limited, if more ring-
down events are generated, it is possible to effectively reduce the statistical noise and
increase the sensitivity. In the “dither-mirror” and “dither-laser” modes discussed above,
since it takes time for scanning and building the optical field inside the cavity, the
repetition rate of the ring-down events can hardly reach 100 per second. As the mea-
surement duration of each ring-down event is only a few hundred microseconds, the
effective measurement time is relatively low.

Paldus et al. (1998) divided the laser into two beams with different polarizations, one
for keeping the laser locked on the cavity, and the other for measuring the ring-down
signal, and they achieved a ring-down repetition rate of 50 kHz. Spence et al. (Spence
et al., 2000) further improved the acquisition system and enhanced both the spectral
scanning range and the measurement sensitivity. However, they used a relatively low-
finesse cavity and the ring-down time was only a few microseconds, which limited the
sensitivity of the apparatus. Hodges’ group applied the PDH method to lock the probe
laser on the cavity, and achieved a repetition rate of a few kHz (Cygan et al., 2011).

We also developed a laser-locked CRDS method in which we locked the laser fre-
quency to a longitudinal mode of the ring-down cavity. Two separated beams were used,
one for PDH locking the laser with the ring-down cavity, and the other one for CRDS
detection which could be switched on and off periodically. By using the “double-beam”
method, we could increase the repetition rate of the ring-down events to over 10 kilo-
hertz which is in principle only limited by the duration of the decay curve (Wang et al.,
2017a). Note that the frequencies of the “locking” and “probing” beams are not neces-
sarily identical. In order to avoid interference between the two, on the one hand, po-
larization of one beam was set perpendicular to the other one; and on the other hand, a
combination of AOM and EOM was used to shift the laser frequency on the probing path.
The frequency shift was set exactly equal to an integer multiple of the FSR value of the
cavity, which keeps the cavity transparent to the “probing” beam as long as the “locking”
beam is locked with the cavity. In this way, we also considerably improved the efficiency
of coupling the probing laser into the optical cavity. The cavity length can be further
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FIGURE 8.10 Sensitivity (noise-equivalent absorption coefficient, NEAC) of a laser-locked CRDS instrument. The
optimal NEAC reaches 4.8 x 10~'>cm™" at an averaging time of 30s. (a) A continuous measurement of the decay
rate (é) (b) Allan deviation of the measured decay rate. Figure reprinted with permission from Kang, P., Wang,
J., Liu, G.L., Sun, Y.R., Zhou, Z.Y., Liu, A.W., Hu, S.M., 2018b. Line intensities of the 30011e—00001e band of
12¢760, by laser-locked cavity ring-down spectroscopy. J. Quant. Spectrosc. Radiat. Transf. 207, 1—7. Copyright
2018 Elsevier.

stabilized by using stable optical references, either a frequency comb or a stabilized
narrow-linewidth laser, which eventually stabilizes the probe laser frequency for preci-
sion measurements. Fig. 8.10 shows a continuous measurement using such a CRDS
instrument based on a cavity of 110 cm long and a pair of HR mirrors of R = 0.99996. The
sensitivity (NEAC) is 2 x 10~'' cm ™' at one second and reaches 4.8 x 10 > cm™! at an
averaging time of 30s. During the spectral scan, the change of FSR is negligible
compared to the width of the cavity mode which is a few kilohertz, and we can perform
measurements with sub-kHz frequency accuracy for a continuous scan of tens of GHz.

8.2.4.3 Long-term averaging

We can also see that from Fig. 8.10, the long-term drift of the baseline, rising from
miscellaneous sources, such as slowly changing fringes, limits the improvement of the
sensitivity by averaging more ring-down events at a fixed frequency. The difficulty can be
overcome by spectral averaging. If each spectral scan could be accomplished within a
short period, the baseline could be considered stable during the scan. Therefore, the
profile of the absorption line remains in each scan. The content of target gas, which is
derived from the fit of the averaged spectrum, could be immune to the baseline drift.
Therefore, by increasing the averaging number N, the LOD could be improved better
than the sensitivity at a fixed frequency that shown as the minimum in the Allan devi-
ation plot in Fig. 8.10.
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FIGURE 8.11 Averaged spectra of the O, molecule in the region of the Q branch of the a'A4(0) - X334 (1) hot
band. N presents the number of averaged scans. The sample oxygen gas pressure was regulated at 100 Torr. Each
scan took about 13 min. Figure reprinted with permission from Kassi, S., Campargue, A., 2012. Cavity ring down
spectroscopy with 5x10 ' cm™ sensitivity. J. Chem. Phys. 137, 234201. Copyright 2012 AIP.

Kassi and Campargue demonstrated days-long averaging of recorded ring-down
spectra to improve the LOD. They recorded the ?Q branch of the a'Ag(0) —X3Zg‘(1)
hot band of O, at 1.58 um. The spectrum covering 9 cm ' was acquired from 180 scans
accomplished in 40 h. Fig. 8.11 shows the averaged spectra versus the averaging number
N. The increase of N considerably reduces the noise level in the averaged spectrum and
decreases the LOD value down to 1.2 x 10 '? cm ™. They applied the same strategy to
record the extremely weak electric quadrupole transition in the (3—0) band of N, near
1.44 um. The spectra of a single scan and an average of over 6000 scans are shown in
Fig. 8.12. The Ny line and a line of H,?0 are below the noise level of single scan but
clearly visible from the averaged spectrum. Water vapor presented as a minor (<1 ppm)
contaminant in the nitrogen gas sample. In total, 6220 spectra, each covering a range of
0.5 cm ™!, were accumulated in 4.6 days. As demonstrated in that study, the LOD value
decreased as a function of /N and reached the level of 10~'* cm'. They did not see any
limit during their days-long measurements.

8.3 Application of CRDS for trace detection of molecules

The CRDS technology has been widely applied for the detection of trace gases, because
of its high detection sensitivity and fast response. The content of the target molecule can
be derived from the CRDS measurement:
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FIGURE 8.12 Spectra of a single scan (gray dots) and an average of 6220 scans (blue (dark gray in print version)
dots) recorded at 1.44 um. The sample gas was pure nitrogen (80 Torr). Two lines were observed in the averaged
spectrum: the left one is the S4 electric quadrupole transition in the (3—0) band of N;, and the right one is a
water line which presents as a minor (0.5 ppmv) contaminant in the sample. Figure reprinted with permission
from Kassi, S., Campargue, A., 2012. Cavity ring down spectroscopy with 5x10~"2 cm~" sensitivity. J. Chem. Phys.
137, 234201. Copyright 2012 AIP.

a(v)=kng(v) (8.16)

where k is the strength of the absorption line, and ¢(») is the function of the line
profile, which is usually a convolution of the Doppler broadening and pressure broad-
ening. Since the absorption coefficient « is directly determined in CRDS (Eq. 8.1), if the
line strength is known, the molecular number density, n, can be directly determined
without calibration with standard samples. Therefore, the method is particularly useful
when a standard sample is not available. Many research groups have built different
devices to measure the content of various trace substances. There have already been
some successfully commercialized instruments based on CRDS for detecting gases such
as water, CO,, CHy, and their stable isotopes. Here we just give a brief introduction to
some scientific studies on detecting gaseous molecules and radicals. It is impossible to
completely cover all relevant work, so we just give some representative examples here,
and more related studies can be found in the cited references.

8.3.1 Greenhouse gases

Greenhouse gases are the most common objects in gas detection applications. They
mainly include water (H,0), carbon dioxide (CO,), methane (CH,), nitrous oxide (N,0),
sulfur hexafluoride (SFg), hydrofluorocarbon (HFCs), and perfluorocarbon (PFCs).

8.3.1.1 H0

The contribution of water vapor to the atmospheric greenhouse effect is the most pro-
nounced. However, since water vapor participates in the water cycle on the earth, the
water vapor content in the atmosphere is not related to human activities. The discussion
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of “enhancing the greenhouse effect” does not take into account the effects of water
vapor. Since water vapor is ubiquitous, quantitative monitoring of trace water vapor
(humidity) is also important for many industrial production activities. Various hy-
grometers based on different principles have a long history of development. Water
molecules have a large number of absorption lines with different transition strengths in
the infrared which can be used for the spectroscopic detection. Lehman et al. from the
National Institute of Standards and Technology (NIST) demonstrated the detection of
the water vapor content of sub-ppm level in phosphine (PH3) through the CRDS mea-
surement of the water line at 10,667.76 cm™' (Lehman et al., 2004). Absorption lines of
the water molecule near 1.36 and 1.39 microns have intensities at the level of 1072° cm/
molecule, and mature DFB semiconductor lasers are also available in these wavelengths.
These lines are often used to measure trace amounts of water vapor by CRDS. Hodges
and Lisak (2006) from NIST presented a detection limit of 0.7 ppbv (10 min averaging
time) using the water line at 7181.156 cm L. Fiadzomor et al. (2008) from the University
of Bristol built a cw-CRDS device capable of measuring the water vapor content of a few
tens ppbv in N, CF,, SiH4, and PHs. The same water line was also used by Abe and
Yamada from the National Institute of Metrology of Japan (NMIJ) to detect trace water
vapor with a detection limit of 1ppbv (Abe and Yamada, 2011) and subsequently
improved to 12 pptv (Hashiguchi et al., 2016). We have also demonstrated (Chen et al.,
2015) a detection limit of 8 pptv using a cw-CRDS device operated near 1.363 pm.

83.1.2 CO;,

Carbon dioxide (CO,) is the most important greenhouse gas that affects the Earth’s ra-
diation balance. It is also a reference gas molecule that measures the warming potential
of other greenhouse gases and its emission limits are included in the Kyoto Protocol. The
sources of carbon dioxide in the atmosphere are divided into natural sources and
anthropogenic sources. Natural sources mainly include sea-air exchange, animal and
plant respiration and corruption, biomass burning, etc. Anthropogenic sources mainly
include fossil fuel combustion and land use change. The global average concentration in
the year 2008 increased by 38% compared with 1750, far exceeding the natural carbon
dioxide concentration in last 650,000 years according to the ice core record. Absorption
lines of CO, in the 1.5 to 1.6 um region, having a strength at the level of 10 > cm/
molecule, are often used to detect carbon dioxide including its isotopologues (Awtry and
Miller, 2002; Crosson et al., 2002; Crunaire et al., 2006; Wang et al., 2008; Chen et al.,
2014).

83.1.3 CHy

Methane (CHy) is the second important greenhouse gas in the atmosphere. The potential
for warming per unit CH, molecule is about 20 times that of carbon dioxide. It is also
included in the Kyoto Protocol’s limit list. The main source of methane in the atmo-
sphere is the fermentation process of anaerobic bacteria, and the leakage of crude oil
and natural gas also releases a large amount of methane. Most of the methane currently
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emitted into the atmosphere is oxidized by hydroxyl radicals, but the remaining methane
has also caused an increase of concentration in the atmosphere. The global average
concentration of methane in 2008 has reached 1797 ppbv, an increase of 157% compared
to the year 1750.

Instruments of cw-CRDS were developed to detect methane using diode lasers at
1653 nm (Fawcett et al., 2002; Chen et al.,, 2013; Wang et al., 2019) and at 1742 nm
(McHale et al.,, 2016) and quantum cascade lasers (QCLs) in the midinfrared region of
7.8 ym (Hamilton and Orr-Ewing, 2011; Maity et al., 2017). A detection limit of CH, as
low as 10 pptv has been demonstrated (Chen et al., 2013).

8.3.1.4 N0

Nitrous oxide (N,O), commonly known as laughing gas, is the highest nitrogen-
containing compound in the lower atmosphere. Its potential for warming per unit
molecule is about 300 times that of carbon dioxide. It is also one of the greenhouse gases
limited by the Kyoto Protocol. The natural source of nitrous oxide is mainly the release of
marine and tropical forests. Anthropogenic sources are mainly agricultural production
processes, industrial production, and livestock emissions, accounting for more than 1/3
of the total emissions. Nitrous oxide can only be eliminated by slow photolysis in the
stratosphere, and therefore has a long lifetime of about 120 year in the atmosphere. The
concentration of nitrous oxide has been maintained at around 270 ppbv for more than
1000 years before the industrial revolution but increased at a rate of 0.2%—0.3% per year
after that. By 2008, the global average concentration of nitrous oxide has reached
321.8 ppbv.

Because the N,O concentration in the atmosphere is relatively low and its absorption
bands in the near-infrared are relatively weak, optical detection of N,O mainly uses its
absorption lines in the midinfrared, including those lines at 4.5 um (Fleisher et al., 2017),
5.2 pm (Banik et al., 2018), and 7.7 um (Wojtas et al., 2013). QCLs were applied in these
studies, and the detection limit of N,O can reach 2 ppbv.

8.3.2 Reactive gases

In addition to the substances mentioned above, there are other gases in the atmosphere
that have an impact on weather, climate, environment, and human health. Ground and
tropospheric ozone, sulfur dioxide (SO,), nitrogen oxides, carbon monoxide (CO),
ammonia (NHs), volatile organic compounds (VOCs), peroxyacyl nitrates (PANSs),
hydrogen peroxide (H,0,), and various reducing sulfides and free radicals are all reactive
gases which usually have a lifetime less than 1 year in the atmosphere. Carbon mon-
oxide, sulfur dioxide, ammonia, and other substances are known harmful to human
body, and they also produce some secondary pollutants through photochemical re-
actions, or convert them into acid rain, destroying ecosystems and building materials.
Therefore, the detection of contents of these molecules has also attracted increasing
interests.
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8.3.2.1 NO,

Total reactive nitrogen (NO,) includes NO, (NO, NO2) and all its oxidation products,
such as NOs, N,Os, HONO, HNOs, PNs (peroxynitrate, RO,NO,), ANs (alkyl nitrates,
RONO,), PANs (peroxyacetyl nitrates, RCOOONQO,), etc., wherein the NO,-removing
portion may also be collectively referred to as NO,. These substances have high reactivity
and participate in various reactions in atmospheric chemical processes. The formation
of common pollution phenomena such as acid rain, photochemical smog, secondary
aerosol, and other pollutants are related to reactive nitrogen. The main sources of NO, in
the atmosphere include fossil fuel combustion (industrial production, automobile
exhaust, smelters, power plants, etc.), biomass burning, lightning processes, strato-
spheric photochemical reactions, in which emissions from human activities are the main
source of nitrogen oxides. The peroxynitrate, alkyl nitrate, nitric acid, and the like in the
atmosphere are usually intermediates or final products derived from the reaction of NO,
with VOCs. Most of these substances are harmful to living organisms. For the human
body, they will damage the mucous membranes, thus harming important organs such as
the respiratory tract and even destroying the central nervous system. Long-term inha-
lation will cause permanent damage to the human body. Among them, the harm of
nitrogen dioxide is particularly obvious.

Optical detection of NO, often uses its strong electronic absorption bands near
410 nm (Wada and Orr-Ewing, 2005; Wojtas and Bielecki, 2008; Stacewicz et al., 2012;
Woijtas et al., 2013; Chen et al., 2017), 450 nm (Ling et al., 2013), 532 nm (Osthoff et al.,
2006), and 625 nm (Ventrillard-Courtillot et al., 2010). By converting some NO_ species to
NO,, some of the methods and devices for detecting NO, given in the references above
can be used to detect NO,, such as RONO (Thieser et al., 2016; Chen et al., 2017) and
HONO (Min et al., 2016). Fig. 8.13 shows an example of ambient detecting NO, and
RONO. The 405 nm absorption band of NO, was applied in the CRDS measurement.
RONO was detected simultaneously with a separated channel by converting RONO to
NO, through thermal dissociation. Since the commonly used NO, analyzer based on
chemiluminescence detection of NO converts both RONO and NO, to NO, it cannot
distinguish RONO from NO; in ambient samples.

NOj3 has a very high reactivity and a low concentration of a few pptv or less in ambient
air. Its strong absorption band near 662 nm is often used for optical detection (Duba
et al., 2006; Odame-Ankrah and Osthoff, 2011; Flemmer and Ham, 2012). Wagner et al.
(2011) developed a portable CRDS system which detects NO3 with a sensitivity of 3 pptv
(24, 1s). N2Os5 can also be detected after converting it to NO3 through pyrolysis.

Vibronic transitions of these nitrogen oxides molecules are usually broad and overlap
with the bands of some interfering molecules, which limit the accuracy of the mea-
surement. Incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS)
has also been used to detect NO3 (Venables et al., 2006; Langridge et al., 2008; Kennedy
et al., 2011), which takes the advantage of resolving the absorption of NO3 from the
overlapping lines of water and NO; at 662 nm. Kennedy et al. from the Cambridge
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FIGURE 8.13 Ambient concentration of NO, detected by CRDS, compared with that by a commercial NO analyzer.
A two-channel CRDS instrument was used, one channel for detecting NO, and the other channel for RONO by
converting RONO to NO, through thermal dissociation. The absorption band of NO, at 405 nm was used for CRDS
measurement. The commercial NO, analyzer (Thermo Fisher Scientific, 42i-TL), equipped with molybdenum con-
verter, is based on the chemiluminescence (Mo-CL) detection of NO. Figure reprinted with permission from Chen,
J., Wu, H., Liu, AW., Hu, .M., Zhang, J., 2017. Field measurement of NO, and RNO; by two-channel thermal
dissociation cavity ring down spectrometer. Chin. J. Chem. Phys. 30, 493—498. Copyright 2017 Chinese Physics
Society.

University used IBBCEAS to detect NO, NO3, and N,0s, and obtained a detection limit
of 0.17 pptv (830 s averaging time) for NO3 (Kennedy et al., 2011).

It is also worth noting that relatively narrow infrared transitions are also possible
choices for measuring nitrogen oxides. Banik et al. developed a CRDS instrument using a
QCL laser at 5.2 um for optical detection of NO and N,O (Banik et al., 2018). Jain et al.
from the University of Lille built a cw-CRDS device to measure the concentration of

nitrous acid (Jain et al., 2011) using its ro-vibrational lines around 6643 cm L.

8322 O3

Ozone is mainly distributed in the stratosphere, with the highest concentration at the
height of 20—25 km, which is called the “ozone layer.” The stratospheric ozone can
absorb almost all of the solar ultraviolet radiation with a wavelength in the range of
200—300 nm, which has a protective effect on the biosphere. Ozone has a strong
oxidizing effect, and ozone in the troposphere is harmful to living organisms and is one
of the main causes of photochemical smog. Nitrogen oxides and hydrocarbons, natural
or anthropogenic, can generate ozone under the action of sunlight and are the main
source of tropospheric ozone. The CRDS measurement of ozone is mostly indirect by
converting ozone into other molecules in a known ratio. For example, Washenfelder
et al. converted ozone to nitrogen dioxide with excess nitric oxide, and the absorption of
nitrogen dioxide at 404 nm was measured to determine the concentration of ozone. They
reported a detection limit of ozone of 28 pptv (1s, 20) (Washenfelder et al., 2011).
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83.2.3 VOC

Organic compounds which are present in gaseous form at normal temperature are
referred to as VOCs. VOCs are generally classified into nonmethane hydrocarbons
(NMHCs), oxygen-containing organic compounds, halogenated hydrocarbons, nitrogen-
containing organic compounds, and sulfur-containing organic compounds.

Acetylene (CyH,) is a trace VOC in the atmosphere that is almost entirely from
anthropogenic sources. Because it is relatively stable under photocatalytic oxidation,
acetylene has a longer lifetime than other atmospheric hydrocarbon compounds.
Therefore, acetylene is an important tracer for polluted air masses. The concentration of
acetylene in the troposphere is usually about 0.8—2.5 ppbv in rural areas and reaches
150 ppbv in urban areas.

C,H, lines near 1.53 um have strengths at the level of k ~ 10~*' cm/molecule, and
they were frequently used to detect trace acetylene in the air. Parkes et al. from the
University of Bristol reported a C,H, detection limit of 6 ppbv using a CRDS device
(Parkes et al., 2003). They also demonstrated the detection of C,H,, 1-butene, 2-methyl
propylene, and 1,3-butadiene using transitions of these molecules near 1625 nm.

The detection sensitivities for ethylene and acetylene were further improved by
preconcentration of air samples with an adsorbent trap prior to CRDS measurements
(Parkes et al., 2004). Pradhan et al. (2008) demonstrated a limit of 35 pptv detecting
acetylene with a cw-CRDS device operated near 1535 nm. Halonen’s group at the
University of Helsinki also demonstrated CRDS detection of acetylene with sub-ppbv
sensitivity (Schmidt et al., 2010), and subsequently developed a CRDS device for respi-
ratory monitoring of hydrogen cyanide (HCN), ammonia (NHj3), and acetylene (C,Hj)
(Vaittinen et al., 2013).

Acetone (CH3COCHj3) is the simplest saturated ketone. It is a metabolic substance in
the human body. The concentration of acetone in exhaled breath can be used as an
indicator of certain diseases. In the atmosphere, most of the acetone comes from natural
processes, such as plant decay and forest fires, also comes from human activities such as
industrial emissions. Wang and Surampudi (2008) from the University of Mississippi
developed a portable respiratory monitor of acetone based on the CRDS measurement at
266 nm, and they obtained a detection limit of 0.13 ppmv. Bicer et al. (2018) built a CRDS
device in the near-infrared region and achieved a detection limit of 2.1 ppbv for acetone.

Methyl iodide (CH3l) is a marine source toxic halogenated hydrocarbon and also used
in many industrial and agricultural applications. Its quantitative analysis mainly de-
pends on gas chromatography and mass spectrometry or electron capture detector
phase. Sadiek et al. (2017) from the University of Keele built a midinfrared CRDS device
using the transition at 3090.4289 cm ' to detect methyl iodide, and obtained a noise-
equivalent detection limit of 15 ppbv, which is suitable for leak detection and reaction
process studies.

Human skin cells also release VOCs, some of which can be used as biomarkers for
screening specific diseases, such as dimethyl disulfide (DMDS), as a biomarker for
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melanoma skin cancer. Wang et al. (2016) set up a CRDS device working at 266 nm to
detect dimethyl disulfide in the ppmv to pptv range.

8.3.2.4 Other reactive molecules

Besides the atmospheric molecules mentioned above, there are some trace reactive
molecules and radicals that also have important impact on climate, pollution, and
health. They include CO, SO,, H»0,, hydroxyl radical (HO), alkoxy radicals (RO-), peroxy
radicals (HO,* and ROy*), etc. Some representative studies using CRDS to detect these
molecules and radicals are given in Table 8.1.

8.4 Summary

CRDS is one of the cavity-enhanced absorption spectroscopy methods using a high-
finesse optical cavity to increase the effective absorption path length. In CRDS, the
decay curve is measured instead of the transmittance of the cavity, which also reduces
the influence due to laser power noise. The detectable minimum absorption coefficient
can easily reach the level less than 10~7 cm'. By using cw lasers for single mode exci-
tation, the sensitivity of cw-CRDS devices can be further improved, and the best reported
sensitivity reaches 10~ "> cm™'. As an absorption spectroscopy method, CRDS directly
measures the absorption coefficient of the sample gas, which is a great advantage for
quantitative trace detection. Since the sample cell used in CRDS has a simple structure
and does not require a complicated multipass optical scheme, it is possible to minia-
turize the sample cell. For some applications where the sample volume is limited, the
CRDS method is very competitive.

Table 8.1 Atmospheric molecules and radicals detected by CRDS.

Wavelength (nm) Limit of detection References
co 4600 3 ppbv Nwaboh et al. (2012)
SO, 308 3.5 ppbv Medina et al. (2011)
HCN 1036 25x%x 102 cm™3 Lamoureux et al. (2013)
NH3 6200 0.74 ppbv Maithani et al. (2018)
CeHsCH; 450 1% 10" em3 Tonokura and Koshi (2003)
(e][e} 570 4 pptv Bitter et al. (2005)
CgHs 504.8 Park et al. (2006)
SH 323 Buzaianu et al. (2008)
CS 259 Buzaianu et al. (2008)
OH 308 6.6 x 10" cm™3 Srivastava and Wang (2011)
HO,/NO, 408.9 3 pptv Horstjann et al. (2014)
HO, 1506.4 7.4 % 108cm™3 Gianella et al. (2016, 2018)
BrO 317.5 6x 10" cm3 Wheeler et al. (1998)

10 435 10 pptv Wada et al. (2007)
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Applications of the CRDS in trace detection have covered almost all the regions from
infrared to ultraviolet, and various laser sources have been used. If the coupling of the
laser to the optical cavity is well controlled, a cw milliwatt laser is sufficient for high-
sensitivity CRDS detection. Near-infrared semiconductor lasers, particularly the DFB
diode lasers, having the advantages of low power consumption, convenient tuning, and
low cost, are ideal for CRDS applications. Using QCLs or tunable optical parametric
oscillators, the spectral range can be easily extended to the midinfrared region where
molecules have stronger absorption lines. There is an increasing interest to develop
CRDS in the midinfrared, although the laser sources and detectors are not yet as
convenient as those used in the near-infrared. In the ultraviolet region, it is expected to
achieve higher detection sensitivity because extremely strong electronic transitions can
be used for detection. With the development of ultraviolet lasers, including those
upconversion sources, combined with evolving coating technology in producing HR
ultraviolet mirrors, we can expect more exciting applications in the near future.
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