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Abstract: We report the development of a portable cavity ring-down spectrometer (CRDS)
for direct and absolute measurement of HO2 radical concentration using a distributed feedback
(DFB) diode laser operating at 1506 nm. The spectrometer has a compact design with all optics
in a 1000× 400× 140 mm3 box. At a pressure of 100 mbar and a ring-down time (τ0) of 136
µs, the detection limit of the CRDS spectrometer was ∼ 7.3× 107 molecule/cm3 (1σ, 10s). The
corresponding detection sensitivity was 1.5× 10−11 cm−1, which was close to the state-of-the-art
performance. By replacing the DFB diode laser with a narrow linewidth erbium-doped fiber
(EDF) laser, the amplitude fluctuation caused by the laser phase noise was reduced and the cavity
mode injection efficiency was improved. The sensitivity was improved to 3.9× 10−12 cm−1 with
a short data-acquisition time of 0.2 s. Compared with the DFB laser, the improvement was nearly
an order of magnitude. The use of the narrow linewidth laser is attractive. The instrument can
achieve very high sensitivity without the need for a complex locking technique, ensuring simple
and ease of use in future field applications.

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

1. Introduction

The hydroperoxyl radical (HO2) plays key roles in atmospheric chemistry [1]. It reacts with NO to
generate hydroxyl radical (OH) and nitrogen dioxide (NO2), resulting in the HOx (≡ OH+HO2)
cycle that governs the atmospheric oxidation capacity and the formation of air pollution [2],
and a net production of ozone that determines the troposphere ozone budget [3]. Quantitative
measurement of its absolute concentration is very important. However, due to its short lifetime
and low concentration (typically about 108 to 109 molecule/cm3 under atmospheric condition),
most of the currently used methods are indirect methods that require chemical conversion; direct
measurement remains very challenging [4].

The cavity ring-down spectroscopy (CRDS) technique uses high reflectivity mirrors to increase
the effective absorption pathlength to tens of kilometers, enabling very high detection sensitivity;
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the absolute concentration of the target absorbers can be quantitatively determined by the Beer-
Lambert law, providing a powerful tool for direct measurement of free radicals [5–7]. In 2006,
CRDS was successfully combined with laser photolysis to perform spectroscopic and kinetic
measurement of HO2 near 6625 cm−1 by Thiébaud and Fittschen [8]. The reported detection
limit was 2× 1012 molecule/cm3. Later, a stronger absorption line at 6638.207 cm−1 (1506.43
nm, with a line strength (S) of 7.09× 10−21 cm−1/(molecule cm−2)) was selected to lower the
detection limit down to 1.5× 1010 molecule/cm3 [9,10]. Recently, a CRDS spectrometer was
developed in the HIRAC (Highly Instrument Reactor for Atmospheric Chemistry) atmospheric
simulation chamber by Onel et al. [4] using higher reflectivity mirrors (τ0 ∼ 230 µs). The cavity
length was 1.5 m across the chamber. The reported detection limit was 3× 108 molecule/cm3

(2σ, 30 s data acquisition time) at 150 mbar, corresponding to a detection sensitivity of about
1.5× 10−11 cm−1. When the pressure was increased to 1000 mbar, the detection limit decreased
to 1.5× 109 molecule/cm3 due to the air-broadening of the absorption line and the reduction of
the absorption cross section.

In this work, we report the development of a portable CRDS spectrometer operating at 1506
nm for the direct and absolute measurement of HO2 radical. The effect of laser linewidth
on detection sensitivity was studied by using a distributed feedback (DFB) diode laser with a
linewidth of approximately 2 MHz and a narrow linewidth (< 0.1 kHz) erbium-doped fiber (EDF)
laser. With a ring-down time τ0 of 136 µs, a detection sensitivity of ∼ 1.5× 10−11 cm−1 (1σ, 10s)
was achieved using the DFB diode laser at 100 mbar, corresponding to a HO2 detection limit of
7.3× 107 molecule/cm3. Using the EDF laser, the sensitivity was better than 3.9× 10−12 cm−1

(1σ, 0.2 s). Compared to DFB laser, the improvement was about an order of magnitude, making
it possible for ambient applications.

2. Experimental section

The experimental setup of the developed CRDS HO2-spectrometer and the photograph of the
optical layout are shown in Fig. 1. The optical layer was made of high-strength hard aluminum
alloy with dimensions of 1000× 400× 140 mm3. The optical cavity was made of perfluoroalkoxy
(PFA) tube with 9 mm inner diameter (1/2 inch outer diameter). The sample inlet and outlet
of the cavity were composed of tee unions. The sample flow rate was controlled at 1.5 L/min.
The pressure inside the cavity was monitored with a capacitance diaphragm gauge (Agilent,
CDG-500), and maintained at 100 mbar with a butterfly vacuum valve (VAT). Two high reflectivity
mirrors (Layertec, 1 m radius of curvature, 25 mm diameter), separated by a distance of ∼ 49.8
cm, were installed in mirror chambers and protected with flushed pure dry zero air (50 ml/min for
each mirror). One of the mirrors was mounted on the mirror mount (Thorlabs, Polaris-K1S3P)
with piezoelectric adjuster (PZT) to dither the cavity length at a frequency of 250 Hz via a piezo
controller.

The laser source used was a room-temperature-operated DFB diode laser (NTT, butterfly-type,
14 pin package) operating at 1506 nm with a typical output power of ∼ 20 mW and a linewidth of
∼ 2 MHz, which was controlled by an LDC 501 laser diode controller (Stanford Research System).
Laser frequency tuning was achieved by controlling the laser injection current step-by-step
with a GPIB card [11]. The fiber output of the laser was directly connected to a fiber-coupled
acousto-optic modulator (AOM, Brimrose, IPM-200-25-20-1509); collimated with an adjustable
fiber aspheric collimator (Thorlabs, CFC8-C), and then coupled to the high-finesse optical cavity.
The effective focal length of the collimator was 7.5 mm. By rotating the outer barrel of the
collimator, the distance between the fiber tip and the lens can be adjusted from 4.2 to 6.8 mm.
Once the spatial mode of the laser matched the cavity mode, the adjustment was locked into
place. Between the collimator and the optical cavity, an infrared free-space isolator (Thorlabs,
IOT-4-1550-VLP) was placed to avoid the back reflections. A half-wave plate was placed between
the collimator and isolator to control the polarization of the beam. Light exiting the cavity was
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Fig. 1. Schematic diagram of the CRDS HO2-spectrometer (upper panel) and the corre-
sponding photograph of the optical layout (lower panel). DL, diode laser; L, collimator; OI,
isolator; DET, detector; DAQ, data acquisition; PC, personal computer.

collimated by a parabolic mirror and detected by an InGaAs avalanche photodetector (Thorlabs,
APD410C) with 10 MHz bandwidth. When the transmission intensity of the cavity reached the
set threshold, the digital pulse generator (DG645) sent a trigger signal to the AOM and DAQ
card (NI, USB 6356) to block the laser and record the ring-down signal.

A typical ring-down curve is shown in Fig. 2. The exponential decay was fitted with the linear
regression of the sum (LRS) method [12] to obtain the decay time constant (τ). Compared with the
commonly used nonlinear Levenberg–Marquardt algorithm, the LRS method has demonstrated
the advantages of high speed and high accuracy [12,13]. For the cavity consisting of two mirrors
with identical reflectivity (R), the ring-down time of the empty cavity is:

τ0 =
L

c(1 − R)
(1)

where L is the distance between the two high-reflectivity mirrors and the effective absorption
pathlength (Leff ) is equal to L/(1-R) or cτ0. The cavity mode linewidth (∆νcavity) is given by [7]:

∆νcavity = νFSR/F (2)

where νFSR = c/2L is the free-spectral-range (FSR), and F = π
√

R/(1−R) is the finesse of the cavity.
The absorption coefficient (α) can be determined from the change of the ring-down time with

(τ) and without (τ0) sample in the cavity:

α = σn =
RL

c

(︃
1
τ
−

1
τ0

)︃
(3)
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Fig. 2. An example of the recorded ring-down curve, exponential fit, and the corresponding
fit residual.

where σ and n are the absorption cross-section and number density of the sample, respectively. c
is the speed of the light, and RL is the ratio between the cavity mirror distance to the cell length
containing the sample.

In this work, the ring down time τ0 was ∼ 136 µs, giving a mirror reflectivity R ∼ 99.9988%,
which corresponded to an effective absorption pathlength of ∼ 40.8 km. The cavity finesse and
mode linewidth were about 257000 and 1.2 kHz, respectively. RL was determined to be ∼ 1.23 by
measuring the absorption of different concentrations of gas with and without mirror purging [14].

3. Results

3.1. HO2 absorption measurement

For the performance evaluation of the CRDS HO2-spectrometer, a custom-built photochemical
reactor was used to generate HO2 radicals by the photolysis of H2O with UV lamps at 184.9
nm (H2O+ hν→ OH+H, H+O2 → HO2) [15]. A schematic diagram of the photoreactor is
shown in Fig. 3, which was similar to the oxidation flow reactor developed by Shah et al. [16].
The reactor was made of 300 mm long quartz tube (with 160 mm outer diameter and 3 mm
wall thickness). The photolysis sources, two low-pressure Hg lamps (Analytic jena, 90-0004),
were mounted inside an 18 mm inner diameter UV fused silica glass tube (with 450 mm long
and 1 mm wall thickness) in the center of the photoreactor. A small stream of N2 was used to
cool the Hg lamps and prevent the formation of ozone in the glass tube to address the effects of
temperature and ozone absorption on the transmission spectrum of the Hg lamp. The H2O was
produced by passing zero air flow through a water bubbler. The lamps photolyzed the humidified
air in the radial direction. Different concentrations of H2O can be obtained by changing the ratio
of the bypass flow, thereby producing different concentrations HO2 radicals.

An example of the HO2 CRDS absorption spectra with a resolution of 0.0005 cm−1 at 100 mbar
pressure for the DFB diode laser system is shown in Fig. 4. At each laser frequency, 600 ring-down
events was averaged. The corresponding sampling time for each data point was approximately
4 s. There is a H2O absorption line (6638.165 cm−1, S= 3.74× 10−27 cm−1/(molecule cm−2))
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Fig. 3. Schematic of the photochemical reactor for the generation of different concentrations
of HO2 radicals.

[17] in the middle of the two HO2 absorption lines. The concentrations of HO2 (1.03× 1011

molecule/cm3) and H2O (2.3%) were obtained by fitting the spectra with Voigt line profiles. With
a peak absorption coefficient of ∼2.1× 10−8 cm−1 for HO2 at 6638.207 cm−1 and a fit residual
of ∼ 5.7× 10−11 cm−1, a 1σ detection limit of ∼ 2.8× 108 molecule/cm3 was deduced with the
spectrum measurement.
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Fig. 4. CRDS spectra of HO2 and H2O. A multispectrum fitted Voigt line profile and the
corresponding fitting residual are presented.

3.2. Sensitivity of the DFB diode laser-based CRDS system

Due to the short lifetime of HO2 (no commercial product, it needs to be generated on-site), it
is difficult to obtain very stable concentrations. Time series measurement of the zero air was
performed to investigate the stability and baseline precision of the spectrometer. The result is
shown in Fig. 5. The sampling time for each data point was about 0.0067 s (single ring-down
event without averaging). The minimum detectable absorption coefficient (αmin) can be expressed
as:

αmin =
∆τmin
τ0

1
cτ0

(4)
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The averaged value of τ0 was 136.3 µs with a standard deviation of 0.21 µs. The time series
measured αmin was about 3.7× 10−10 cm−1. Allan variance analysis shows that the sensitivity was
improved to 3.0× 10−11 cm−1 with 1 s data acquisition time (averaging result of 150 ring-down
events). The system shows White noise dominant characteristics. When the acquisition time was
extended to 10 s, the sensitivity can be lowered down to 1.5× 10−11 cm−1, which corresponding
to a HO2 detection limit of 7.3× 107 molecule/cm3.
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Fig. 5. Time series measurement of zero air and the corresponding Allan deviation plot of
the absorption coefficient of the DFB diode laser based CRDS HO2-spectrometer.

3.3. Performance of the erbium-doped fiber laser-based CRDS system

In cavity ring down spectroscopy, the coupling efficiency of the laser beam into the cavity depends
on the laser frequency tuning speed and the ratio of the laser linewidth to the cavity mode width.
For the DFB laser system, the laser linewidth (∼ 2 MHz) was approximately 1700 times larger
than that of the cavity mode (∼ 1.2 kHz), which results in the conversion of laser phase noise
into amplitude fluctuation, making the cavity injection noisy and limiting the improvement of
detection sensitivity [18,19].

To further improve the performance of the CRDS spectrometer, the DFB laser was replaced
with a narrow linewidth erbium-doped fiber (EDF) laser (NKT Photonics, E15). The EDF laser
has the advantages of ultra-low phase noise and narrow linewidth (< 0.1 kHz). The trigger
signals and ring-down curves are shown in Fig. 6. Since the laser linewidth was 10 times smaller
than the cavity mode, it can be considered as a monochromatic injection. The injection efficiency
of the EDF laser system was significantly improved compared to the DFB diode laser system.
At 250 Hz cavity dithering frequency, the trigger probability of the ring-down events increased
from 150 to 500 ring-down events per second. It is expected that the trigger rate and level can be
further increased, thereby shortening the sampling time, increasing the signal-to-noise ratio of
the recorded exponential decays, and further improving the detection sensitivity.

An example ring-down curve with EDF laser and its corresponding exponential fit residual are
shown in Fig. 7. Compared with the DFB laser based CRDS system, the ring down time τ0 was
not changed by changing the laser source. We calculated the detector noise (σdetector noise) and the
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Fig. 6. Trigger signals and ring-down curves for the CRDS spectrometer with : (a) DFB
and (b) EDF laser. By using a narrow linewidth EDF laser, the trigger frequency of the
ring-down events was increased, and the fluctuation of the light intensity transmission was
reduced.

shot noise (σshot noise) for a comparison [20,21]:

σdetector noise =
(︂
NEP/

√
2
)︂
βG

√
B, (5)

σshot noise =
√︂

1/2qGV(t)B, (6)

where NEP, β, G, and B are the noise-equivalent power, responsivity, transimpedance gain, and
electronic bandwidth of the detector, respectively. q is the electron charge. V(t) is the output
voltage of the detector. The fit residual shown in Fig. 7 was comparable with the summation of
the calculated detector and shot noises. From the results of averaging 500 successive fit residuals,
there was no obvious structure, demonstrating the good performance of the EDF system [21,22].
The laser linewidth can be considered as the fluctuation of the phase of the laser field, and the
changes of intensity and phase are coupled. The narrow linewidth EDF system reduced the
intrinsic noise that caused by the instantaneous changes in the laser phase and intensity due to
the spontaneous emission of the laser [18,23].

Performance evaluation of the EDF system was further analyzed with Allan variance [24].
The result is shown in Fig. 8. The sampling time for each data point was 0.002 s. Due to
the narrower laser linewidth and the improvement of the coupling efficiency, the achievable
detection sensitivity (3.9× 10−11 cm−1) of a single ring-down measurement was about one order
of magnitude improved than that of the DFB diode laser (3.7× 10−10 cm−1). When the data
averaging time extended to 0.2 s, the sensitivity of the CRDS spectrometer can be further improved
to 3.9× 10−12 cm−1, the corresponding HO2 detection limit was about 1.9× 107 molecule/cm3.

The atmospheric lifetime of HO2 radicals is about 100 s, allowing it to transport with a
sampling tube [1]. For future atmospheric application, a sample of ambient air (at 1 atm pressure)
can be pumped directly into the cavity (100 mbar). The concentrations of the target gases will be
roughly reduced by 10 times. Therefore, under optimistic conditions, the achievable detection
limit for HO2 in the atmosphere was estimated to be ∼ 1.9× 108 molecule/cm3. Although the
wall loss caused by the sampling tube needs to be corrected, the limit reported here is lower than
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the maximum HO2 concentration (∼ 2× 109 molecule/cm3) around noon near Guangzhou in the
Pearl River Delta region [25], which makes ambient applications promising.

From the time dependence analysis of the Allan variance, noise contributions of the HO2-CRDS
spectrometer can be clearly shown [24]. At the beginning, the system was dominated by White
noise (σAllan ∝ t−1/2). The detection sensitivity can be improved by increasing the integration
time. Then, 1/f noise dominated. The noise was independent of the data acquisition time.
Increasing the sampling time did not change the detection sensitivity. After that, drift noise
dominated, the noise is proportion to t0.83. The sensitivity deteriorated as the sampling time
increased.

Although limited by the 1/f noise, to the best of our knowledge, the sensitivity achieved in this
work is the best among the traditional CRDS. To reduce the intrinsic 1/f noise limit, measurement
can be made at high frequency. For example, Long et al. [26] demonstrated a quantum noise
limited (6× 10−14 cm−1 Hz−1/2 with a cavity finesse of 20000) heterodyne detection method [27].
With the overcoming of the 1/f noise, the performance of the system is expected to be further
improved.

4. Conclusion

In this paper, we report the development of a portable CRDS spectrometer for direct and absolute
measurement of HO2 radicals. With ring-down time τ0 of 136 µs, a detection sensitivity of
∼ 1.5× 10−11 cm−1 (1σ, 10s) was achieved with a DFB diode laser. The corresponding HO2
detection limit was ∼ 7.3× 107 molecule/cm3. In addition, the use of a EDF laser to replace the
DFB laser significantly reduces the amplitude fluctuation caused by laser phase noise and improve
the cavity mode injection efficiency. The detection sensitivity was improved to 3.9× 10−12 cm−1

(1σ, 0.2 s), which was about one order of magnitude lower than that of the DFB diode laser based
CRDS system.

Although there are many literatures reporting the use of sophisticated electronic locking
techniques to achieve shot-noise performance (10−12 - 10−14 cm−1 over 1 s data averaging time)
[28–30,22], traditional CRDS methods still play a pivotal role in atmospheric trace detection due
to their simplicity and ease of operation [21]. The use of narrow linewidth laser method reported
in this work, which effectively improves the detection sensitivity by overcoming the amplitude
noise of the cavity mode, is worth exploring.

In recent years, with the rapid development of high reflectivity mirror coating technology
(extremely low optical loss, < 10 ppmv) [31] and laser technology (for example, frequency-
stabilized laser source with 530 Hz linewidth was developed with optical feedback method)
[32,33], as well as the successful combination of cavity spectroscopy with various advanced high
sensitivity spectroscopy techniques such as Faraday rotation spectroscopy [34,35], spectroscopic
detection of free radicals has become more and more attractive and promising. The goal of direct
measurement of the absolute concentration of ambient HO2 is feasible and is getting closer to
realization. Of course, we do not rule out the use of locking technology, which will keep the
instrument running at its best.
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Promotion Association (Y202089); HFIPS Director’s Fund (YZJJ202101).
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