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Abstract: We report the development of an optical-feedback cavity-enhanced absorption
spectroscopy (OF-CEAS) instrument for OH detection at 2.8 um using a DFB diode laser. Two
different approaches, symmetry analysis and wavelength modulation, were performed to achieve
laser frequency locking to the cavity mode. Compared with the symmetry analysis method, the
wavelength modulation method continuously locked the laser frequency to the cavity mode and
eliminated decoupling the laser from the cavity mode. A detection sensitivity of 1.7x107° cm™!
was achieved in a 25 s sampling time and was about 3 times better than that of the symmetry
analysis method. The corresponding OH detection limit was ~ 2x10® molecule/cm?. Further
improvement can be achieved by using higher reflectivity mirrors and other high-sensitivity
approaches, such as frequency modulation spectroscopy and Faraday rotation spectroscopy.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The hydroxyl radical (OH) plays crucial roles in atmospheric chemistry. The reaction between
OH and methane (CHy4) determines the removal of atmospheric CHy, which, as an important
greenhouse gas, will have an important impact on atmospheric radiative forcing and global
warming. The reactions between OH and volatile organic compounds (VOCs) and other trace
pollutants determine the atmospheric self-cleaning capacity and the formation of secondary
pollutants (e.g., ozone, photochemical smog, and secondary organic aerosols), all of which have
a significant impact on the composition of the atmosphere, radiative forcing, and human health
[1,2].

In situ direct measurement of atmospheric OH concentration with laser spectroscopy has
long been a goal but is challenging due to the short lifetime (<1s) and very low concentration
(daily maximum concentration in the range of 10°-10” molecule cm™) [1]. A detection
limit of ~ 10°-10% molecule cm™ is required for ambient air measurement. So far, only two
spectroscopic methods, laser-induced fluorescence spectroscopy at low pressure (FAGE) and
long-path differential optical absorption spectroscopy (DOAS), have been successfully employed.

The FAGE instruments used an Nd: YAG (532 nm) pumped dye-laser system as the laser source.
The short pulse (~ 25 ns), high repetition rate (~ 8.5 kHz) 308 nm laser used for fluorescence
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excitation was obtained by frequency doubling the 616 nm laser output of the dye-laser. The
fluorescence signal is determined by a range of instrumental parameters and regular on-site
calibration is required. The DOAS instrument used an ultra-violet (UV) laser at 308.04 nm with
a bandwidth of ~ 0.5 nm as the probe light. The laser system is a picosecond (ps) mode-locked
Nd:YAG laser pumped dye laser system with a pulse duration of 800 femtosecond (fs). Only
one instrument, installed in the SAPHIR chamber in Jiilich, Germany, is still in operation. The
concentration of OH can be directly retrieved from the broad-band absorption spectral obtained
from a grating monochromator, and the direct absorption measurement is inherently calibration
free [3].

The UV laser systems currently used in FAGE and DOAS instruments are expensive, bulky,
and complex. Therefore, attempts have been made to develop continuous-wave (CW) tunable
UV laser based on sum frequency generation or second harmonic generation with diode lasers
[4-6]. But output powers were low, ranging from picowatt (pW) to nanowatt (nW), and limiting
the application to long-path measurements.

The rapid development of diode laser technology has brought new opportunities for laser
spectroscopy and even changed traditional spectroscopy methods. Especially in the mid-infrared
(MIR) region, the fundamental vibrational band with strong absorption intensity makes it a good
choice for high-sensitivity detection [7-9]. Compared to UV laser spectroscopy, diode lasers are
small, low cost, easy to use and more convenient. It provides better wavelength resolution and
selectivity than UV spectroscopy.

Recently, we demonstrated OH detection with Faraday rotation spectroscopy (FRS) using a
distributed feed-back (DFB) diode laser operating at 2.8 um [10,11]. The Q(1.5) double lines
at ~ 3568 cm™! have strong absorption line intensities (~ 9x1072° cm™!/(molecule cm™2) at
room temperature) [12], making it a good choice for high-sensitivity OH detection in the infrared
spectral region. By coupling a multipass cell to FRS, a detection limit of 1.6x10® molecule/cm?
(1o, 4s) was achieved in a simulation chamber with an effective absorption pathlength of 108 m
[13]. On this basis, a laser-flash photolysis instrument for the total OH reactivity measurement
was developed [14]. A detection limit of 1.1x107 molecule/cm? (10, 8s) was achieved with an
effective absorption pathlength of 25 m. To further improve the detection limit, increasing the
effective absorption pathlength is a first step.

In this work, cavity-enhanced method was used. An optical-feedback cavity-enhanced
absorption spectroscopy (OF-CEAS) approach using a 2.8 um DFB diode laser is implemented
for OH detection. Optical feedback (OF) is a unique property of diode lasers, where a reflector
outside the laser cavity reflects a small fraction of the laser output back into the laser cavity, enables
optical self-locking system with high spectral purity [15-17]. OF from a high-finesse Fabry-Perot
cavity can drastically reduce the laser linewidth and tightly lock the laser frequency to the cavity
resonance, significantly reducing the laser phase and amplitude noise, thus enabling efficient
injection of the laser into narrow cavity modes to achieve strong and stable cavity transmission
[18-21]. These advantages make OF-CEAS [22] a simple and sensitive detection technique,
which has been successfully used in various applications [21], such as isotope measurement
on high-altitude aircraft [23], volcanic emission measurement [24], and ambient trace gases
detection [25-27]. The typical detection sensitivity of OF-CEAS systems was ~ 5x10719 ¢cm™!
with 1 s data averaging time for a cavity of ~ 20 us ring-down time (tg) [22]. By combining
optical feedback and frequency stabilized cavity ring-down spectroscopy (OF-FS-CRDS), a
near-shot-noise-limit of 1.9x107'3 cm™! can be achieved with an integration time of 20 s and
a 19 of ~ 150 us [28]. Lessons from shot-noise-level birefringence phase shift measurement
show the potential of using OF-CEAS in combination with other high-sensitivity approaches for
high-sensitivity OH detection [29].
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2. Experimental section

The experimental set-up of the OF-CEAS instrument for OH detection is schematically shown
in Fig. 1. The V-shaped cavity and the optical breadboard were made of hard aluminum alloy
with high strength. The two arms of the V-shaped cavity were of equal length, both 48.8 cm,
at an angle of 6° to each other, giving a free spectral range (FSR) of 153.7 MHz. The high
reflectivity mirrors (M0-M2, LGR, 1 in. diameter, 1 m radius of curvature) were installed in
the mirror chambers at both ends of the cavity, sealed with three 1 in. diameter AR-coated
(from 1.65 to 3.0 um) ZnSe wedged windows (Thorlabs WW71050-D). When necessary, the
chambers can be continuously flushed with high-purity nitrogen or zero air to prevent mirror
reflectivity degradation. The volume of the V-shaped cavity was about 1 L. Three 254 nm UV
lamps (Analytikjena) were installed on the top of the cavity for the photolysis of O3 to generate
OH radical samples [14]. The flow rate of the sample was controlled by a mass flow meter. The
pressure of the cavity was monitored and controlled with a vacuum gauge (Pfeiffer CCR361) and
an electric butterfly valve (VAT DN40KF).

Function
generator
Laser
controller <----
e GPIB
;f card
'
'
y PID
¥ Controller !
1
1 1
______________ Lockin _______ . PD __i
Amplifier Controller
DAQ & PC

Fig. 1. Schematic diagram of the OF-CEAS system. P: Rochon polarizer; QWP: quarter-
wave plate; FM: foldable mirror; MO-M2: high reflectivity mirrors; M4-M7: protected silver
mirrors; PM: parabolic mirror; DAQ: data acquisition; PC: personal computer.

The laser light source was a 2.8 um CW DFB (TO5 header with cubic mount, Nanoplus
GmbH) diode laser operating at room temperature, controlled by an LDC501 controller (Stanford
Research). The tuning of the laser frequency can be realized by scanning the laser injection
current with a ramp generated by a function generator or by controlling the injection current
step-by-step via a GPIB card. The collimated output of the laser was passed through a Rochon
polarizer (Foctek Photonics), a quarter-wave plate (QWP, MT Optics, center wavelength at 2.796
um), four mirrors (M4-M7), and then injected into the cavity. Light emerging from the cavity
mirror M2 was focused by a 90° off-axis parabolic mirror (silver coated, with an effective focal
length of 50.8 mm) onto a thermoelectrically cooled (HgCdZn)Te photovoltaic detector (Vigo
PVI-4TE-3.4). A He-Ne laser was used for optical alignment. Fast switching between the red
light and infrared light paths was achieved by using a flipper optical mount (FM6).
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The optical feedback rate (3) of the laser was controlled by rotating the QWP. For DFB lasers,
the optimal value of 3 is ~ 107-107> [17]. The advantage of the V-shaped cavity is that it avoids
the optical feedback of the light directly reflected by the input high reflectivity mirror of the
cavity. Optical feedback rates much smaller than a few percent are easy to access.

To keep the feedback phase in an optimum condition, the laser-to-cavity distance needs to be
controlled an odd multiple of the cavity arm. In this work, the laser was mounted on a compact
translation stage. First, the distance between the laser to the cavity mirror MO was coarsely
adjusted to approximately 3 times the length of the cavity arm. Then, fine distance adjustment
to control the phase of the OF was made via the PZT mounted on the steering mirror M7. An
electronic servo loop (SIM960 analog PID controller, Stanford) maintained the correct phase of
the feedback for laser injection and locking of the laser frequency to the cavity mode. The error
signal can be derived by the symmetry analysis of the cavity mode (symmetry analysis method)
[22,30,31] or by the first harmonic (1f) obtained by laser injection current modulation and phase
sensitive detection with a lock-in amplifier (wavelength modulation method) [32].

3. Results
3.1.  Principle of the optical feedback for a V-shaped cavity

In the case of weak feedback, the relationships between the free running laser frequency (wfree)
and the coupled laser frequency (w = 2n¢/4) for a V-shaped cavity is given by [17,22]:
. 20 2 o 2w
sin |=2(Lg+ L)+ 6| —R°sin | ==(Lg— L)+ 6
Opee = 0+ K [22( 1)+ 6] [22(Lo - L) + 6] n

2
1+ (13’;2) sin? [2(Ly + Ly)]

where Ly is the distance from the output laser facet to the high reflectivity mirror MO. L; and
L, are the lengths of the two arms of the V-cavity. R is the mirror reflectivity of the cavity (for
simplicity, assume the reflectivity of the three mirrors are the same.). § = arctan « is related to
the gain response to the laser, where « is the phase amplitude coupling factor or Henry factor.
The value of the constant K is given by:

F.
K =+JB(1 + a2)2n§Ld i )

where ng and Ly are the optical index (in the absence of carriers) and the length of the laser cavity,

respectively. F. and Fy are the finesses of V-cavity and diode laser cavity (F. = %, F;= T_L,Ig,

Ry is the reflectivity of the diode laser facet). The propagation term 2w (Lo + L1)/c, known as OF
phase (¢), can be adjusted by changing the distance of L. For a favorable condition of ¢ =-6,
the transmission profile will be around the top of the cavity resonance [21,22].

A simulation of the cavity transmission signal and corresponding coupled frequency as a
function of free running frequency are shown in Fig. 2. Within the locking range, the laser
remains locked to the cavity resonance. The tuning speed of the laser is greatly reduced (about
1000 times here), and the coupled laser only be tuned over a small spectral region (~ 100 kHz)
within the resonance profile. A stable and broad transmission profile is observed. When the
locking range is adjusted to be close to the cavity free spectral range (FSR), the laser jumps
from one longitudinal cavity mode to the next, achieving “automatic mode matching” [22]. The
absorption spectrum thus can be obtained by recording the maxima of the successive cavity mode
profiles.

3.2.  Symmetry analysis method

A typical cavity transmission of OF-CEAS system is shown in Fig. 3. The laser injection current
was driven by a 50 Hz voltage ramp across 30 cavity modes (~ 0.15 cm™!). One of the modes
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Fig. 2. Simulation of (a) the cavity transmission signal and (b) the corresponding coupled
laser frequency as a function of free running laser frequency.

was selected for the symmetry analysis. Using a custom-written program, the cavity mode was
divided into left and right parts (A and B, as shown in the right panel of Fig. 3) according to the
peak value of the cavity mode. The areas of these two parts were calculated. The difference of
the two areas was fed to the PID controller as an error signal to precisely control the expansion
and contraction of the PZT mounted on mirror M7, thereby fine-tuning the distance between the
laser and the cavity to maintain the phase matching. When the M7 was located at the optimal
position (with the correct OF phase), the difference between the areas of the left and right parts
was zero and the shape of the cavity mode was symmetrical. In this case, the laser frequency was
locked to the cavity resonance, which greatly improved the coupling efficiency, resulting in a
stable, broad, and symmetric-looking transmission profile.

E 0.2+ = Ramp g
o 0.0
& 5 :

= Cavity transmission §
2 161 ﬂ I\ T
> [ :
5 1 ¢ §
g 121 ﬂ Mﬂ MMA 'W\ ﬂ AiB
£ :
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=

0.0 T T T T v T
-0.002 0.000 0.002 0.004
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Fig. 3. On the left is the cavity transmission signal as a function of time recorded by applying
a linear current ramp to the diode laser injection current. On the right is a zoomed-in profile
showing the cavity mode. The dotted line indicates the peak position, dividing the cavity
mode into left (A) and right (B) parts.

The absorption of the molecule can be easily obtained by using a peak picking algorithm to
find the maximum cavity transmission intensity of each cavity mode [33]. The group of these
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Fig. 4. Absorption spectra of OH and H,O measured with a 2 s acquisition time at 50 Hz
scan rate (100-sweep average). A fitted Voigt profile and the corresponding fitting residual
are presented.

maxima intensities and cavity mode number produced the frequency-dependent spectrum of
transmitted intensity /(v). The absorption coefficient @(v) can be written in the form [25,34, 35]:

1 _
a—d(\/j 1)(1 R) 3)

where [ is the light intensity transmitted through the cavity without absorber and can be deduced
from the polynomial fit of the baseline. d is the sum of the two arms of the V-cavity and equals to
97.6 cm. R is mirror reflectivity, which was determined by measuring the integrated absorption
\/Io_/l /d with known concentration of CO; [36,37]. In this work, R was determined to be 0.9988,
giving a ring-down time of 1.4 s and an effective absorption pathlength [L.s = d/(1-R)] of 823 m.

Examples of OF-CEAS spectra of OH at 3568.52 cm™! and H,O at 3567.57 cm™" with 2 s
acquisition time (50 Hz ramp, 100-sweep average) at 10 mbar pressure are shown in Fig. 4. A
Voigt line profile was used to fit the experimental data with Levenberg—Marquardt non-linear
least square method. The OH concentration was determined to be 8.7x10'° molecule/cm?®. With
a fit residual of 1.4x107% cm™! and the peak absorption of OH radical (Soy) of 6.6x1077 cm™,
a lo detection limit of 1.8x10° molecule/cm® was achieved.

Time series measurement was performed to investigate the stability and precision of the 2.8
um OF-CEAS system with the symmetry analysis method. One cavity mode of the absorption
baseline was chosen to get the continuous measurement of the absorption coefficient in Fig. 5.
The Allan variance analysis is shown in the lower panel. The detection sensitivity can be further
improved to 5.5x107 cm™! with an average time of 16 s, giving an OH detection limit of ~
7.2x108 molecule/cm?.

3.3. Wavelength modulation method

In the symmetry analysis method, the laser was periodically locked to the cavity mode. Loss of
lock occurs as the laser is swept through different cavity modes. To reduce the duty cycle caused
by the laser decoupling from the cavity, the wavelength modulation method was developed. Here,
the laser injection current was firstly modulated by adding a sinusoidal wave with a frequency of
31 kHz and an amplitude of 14 mV onto a ramp. The modulated cavity mode transmission is
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Fig. 5. Performance evaluation of the OF-CEAS instrument. Upper panel: time series
measurement of absorption coefficient for a cavity mode on the absorption baseline. Lower
panel: Allan deviation plot.
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mode with 10 kHz filter from a lock-in amplifier. The 1f signal provides an error signal to
the PID controller.
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shown in Fig. 6. The corresponding 1f signal of the cavity mode demodulated by the lock-in
amplifier was used as an error signal and was sent to the PID controller to control the OF phase.

There is a zero-crossing in the 1f signal, which corresponds to the maximum of the cavity
transmission. When the laser center frequency was set in the locking range and a symmetric-
looking transmission profile was observed, the ramp in the modulation was removed. At this time,
the amplitude of the sinusoidal wave was gradually reduced. When the amplitude is reduced to 4
mV (corresponding to a modulation depth of about 8 MHz), the small distortion of the laser led
to a small change (~ 1%) in the transmission intensity. The laser frequency was locked to the
maximum transition and the system worked stably [32].

In this case, the laser worked as an optically self-locked laser. Automatic mode matching was
achieved. The laser frequency was tuned using a GPIB card and was continuously locked to the
center of a cavity mode, thus keeping the transmitted light intensity of the OF-CEAS system
at a maximum value. For free radical detection, it is usually not necessary to scan the entire
absorption spectrum, but instead fix the laser frequency at the peak absorption of OH radical. In
this case, continuously locking the laser frequency to the cavity mode without scanning the laser
will show its advantage.

Figure 7 shows the time series measurement of the empty cavity at a fixed wavelength with
wavelength modulation method. The Allan variance shows that the detection sensitivity can be
further improved to 1.7x1072 cm™! with an average time of 25 s, which was about 3 times better
than the symmetrical method. The corresponding OH detection limit was ~2x 108 molecule/cm?.

£ 10=1.8x10° cm"'
£
]
o
(&S]
g
[
(] T T T T T T T T T T T T T T T T
B 0 100 200 300 400 500 600 700 800
<
_ 11.7x10® em” @0.1 s
J-E_L 10'8-:
p 3
9
8
>
[
a H
£ 10°4 1.7%10° cm™ @25 s
< i
T

LA | T : T T
10 100
Acquisition time (s)

e
-
-

Fig. 7. Performance evaluation of the OF-CEAS system with injection current modulation
and phase sensitive detection. Upper panel: time series measurement. Lower panel: Allan
deviation plot.

A comparison of the detection sensitivity with some literature reported V-shaped OF-CEAS
instruments is shown in Table 1. The reported mid-infrared OF-CEAS systems are mainly based
on interband cascade lasers (ICL) and quantum cascade lasers (QCL). In recent years, some
applications of DFB lasers in the mid-infrared spectral region have also been reported. With
the cavity finesse ranging from 1880 to 144000, the reported detection sensitivity ranged from
7.1x1078 cm™! to 8x107!! cm™! with a data acquisition time from 0.1 s to 50 s. The detection
sensitivity of our instrument was ~ 1.7x107° cm™! with an effective absorption pathlength of
823 m. The corresponding minimal detectable fractional absorption (AaXL,s) reported here was
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about 1x107#, which was compared to that achieved with longer Leg. The 2.8 ym OF-CEAS
system reported here has good performance under current conditions. Due to the lower mirror
reflectivity used here, the effective absorption pathlength was relatively low. By replacing mirrors
with higher reflectivity, higher detection sensitivity will be obtained.

Table 1. Performance comparison of the V-shaped OF-CEAS instruments

Light ‘Wavelength Species Cavity Mirror Re- Cavity Effective Data Detection Minimal Reference
Source (m) Finesse flectivity Length Absorption acquisition Sensitivity detectable
(m) Pathlength time (s) (cm71 ) fractional
(km) absorption
ECDL 0.44 NO, 17000 0.99991 992 10 0.1 3.5x1079 3.5x1073 [38]
VECSEL 233 Hy'80, 144000  0.999989 97.8 90 05 8x10711 7.2x1074 [39]
H,'70,
HDO
ICL 3.24 CH, 1880 0.99917 80 0.96 2 7.1x1078 6.8x1073 [34]
33 C>Hg, 3800 0.999584 80 1 0.1 2.8x1079 2.8x1074 [26]
CHy,
S 1 3C_
CHy
3.29 NO, 1500 0.9989 100 5 0.1 1.5x1078 7.5%1073 [35]
53 NO 11400 0.99986 80 5.8 0.2 1.3x1077 7.5%10~% [40]
QCL 4.46 N,O 7850 0.9998 100 5 1 3x107Y 1.5x1073 [18]
5.26 NO 6200 0.99975 99 4 0.1 2x1077 8x10~4 [41]
5.6 H,CO 10000 0.99985 98 6.3 0.1 1.6x1079 1x1073 [42]
7.39 CHy 5400 0.9997 80 2.76 50 5.3x10710 1.5x1074 [25]
7.84 CHy. 9000 0.999652 727 2.1 1 5.5x1078 1.1x1072 [43]
N,O
DFB 1.31 HF 20000 0.99992 88 5 0.1 2x1079 1x1073 [22]
1.39 8180, 20000 0.99992 106 15 1 4x10710 6x1074 [23]
5170,
82H,
1.59 13co,, 3500 0.9991 149 17 2 407x1079  6.9x1074 [31]
12¢0,
1.6 Co, 24000 0.99993 88 135 4 5%10710 6.8x1074 [44]
1.65 CH, 17500 0.99991 85 9.5 0.2 2x107° 1.9x1073 [45]
233 CHy, 15700 0.9999 100 10 0.1 ~1078 ~1072 [24]
COy
2.33 co, 30000 0.99995 100 19 0.3 3x10710 5.7x1074 [46]
CHy,
NH3
28 OH 1300 0.9988 97.6 0.8 25 17x10™°  L4x1074 This
work

4. Conclusion

We report the development of an OF-CEAS instrument with 2.8 pm DFB diode laser for OH
radical detection. Two different phase control approaches were used to achieve laser locking to
the cavity mode. The first method used a 50 Hz ramp voltage to drive the laser injection current,
which crossed dozens of cavity modes in one scan. One of the cavity modes was used for the
symmetry analysis. By comparing the shape, an error signal was generated and was fed to a PID
controller. A detection limit of 5.5x10™° cm™! was achieved with an integration time of 16 s,
giving an OH detection limit of ~ 7.2x10® molecule/cm®. The second method used injection
current modulation (with 31 kHz sine wave) and phase sensitive detection to continuously lock
the laser frequency to a cavity mode. The detection sensitivity was improved to 1.7x10™ cm™!
(with 25 s integration time). The corresponding OH detection limit was improved to ~2x10%
molecule/cm?®. We expect higher sensitivity to be obtained by using higher reflectivity mirrors.
Taking advantages of optically self-locking property of optical feedback, combined with other
modulation spectroscopy methods, such as frequency modulation spectroscopy (FMS) [47] and
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Faraday rotation spectroscopy (FRS) [13], the modulated OF-CEAS instrument may achieve
shot-noise limited detection [28,29].
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