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ABSTRACT: Accurate and sensitive measurements of NO2 play an extremely important role in atmospheric studies. Increasingly, 
studies require NO2 measurements with pptv-level (parts per trillion by volume) detection limits. Other desirable instrument attributes 
include easy of use, long-term stability, and low maintenance. In this work, we report the development of an Amplitude Modulated 
multimode-diode-laser-based Cavity Enhanced Absorption Spectroscopy (AM-CEAS) system operating at 406 nm that uses phase-
sensitive detection for extremely sensitive NO2 detection. The laser was TTL modulated at 35 kHz. The mirror reflectivity was 
determined to be 99.985% based on the ring-down time measurement. The cavity base length was 47.5 cm, giving an effective 
absorption pathlength of ~ 3.26 km. AM-CEAS achieved a 1σ detection precision of 35 pptv in a 1 s data acquisition time (4.98×10-

10 cm–1), over 4 times lower than that attained using a ring-down approach and the same optical system. The AM-CEAS precision 
improved to 8 pptv over a data acquisition time of 30 s (1.14 ×10-10 cm-1). The AM-CEAS method with the multimode diode laser 
integrates the advantages of high light injection efficiency like on-axis alignment cavity ring-down spectroscopy (CRDS), low cavity 
mode noise like off-axis alignment CEAS and narrow bandwidth high-sensitivity weak signal detection of modulation spectroscopy, 
providing a powerful, straightforward, and general method for ultra-sensitive absorption and extinction measurements.  

Nitrogen dioxide (NO2) is one of the most important molecules 
in the formation of ozone (O3), acid deposition, and secondary 
particulate pollutants, and has a profound impact on human 
health, the environment and climate change.1-4 In the past 20 
years, high sensitivity, precision, and accurate NO2 detection 
technology has developed rapidly, especially optical methods 
based on high-finesse cavities.5,6 In tandem with chemical con-
version, NO2 measurements can also be used to measure a range 
of other important reactive atmospheric species. For example, 
thermal dissociation followed by NO2 detection can be used for 
precision measurement of total reactive nitrogen, including total 
peroxy nitrate (ΣPNs), total alkyl nitrate (ΣANs), and nitric acid 
(HNO3).7-14 Likewise, the chemical amplification method can 
be used to measure total peroxy radicals,15-19 while titration of 
the inlet stream allows O3 and nitric oxide (NO) to be quanti-
fied.13,20,21 In short, sensitive NO2 detection approaches have 
enhanced our understanding of nitrogen chemistry, free radical 
chemistry, and atmospheric oxidation capacity.22-24  

With NO2’s strong absorption between 400 – 480 nm, most 
cavity-based instruments currently operate in the visible spec-
tral range.25 The reported methods include cavity ring-down 
spectroscopy (CRDS),8-10,12,13,15,16,20,21,26 cavity attenuated phase 
shift spectroscopy (CAPS),11,18,27 cavity-enhanced spectroscopy 
(CEAS),28 optical feedback cavity-enhanced absorption spec-
troscopy (OF-CEAS),17,29 mode-locked cavity-enhanced ab-
sorption spectroscopy (ML-CEAS),30 and broadband cavity-en-
hanced absorption spectroscopy (BBCEAS).6,14,19,31  

CAPS and BBCEAS methods use incoherent light sources 
(Xe arc lamp or LEDs) and do not require the light beam to be 
strictly matched to the spatial mode of the cavity TEM00 mode, 
helping make these instruments simple, robust, and highly 
suited to field applications.6 In contrast, laser-based cavity spec-
troscopy techniques32 generally require on-axis optical align-
ment to improve laser injection efficiency into the cavity to 
achieve better performance.33 The system must have high me-
chanical stability. The best performance can be realized by us-
ing cavity/laser locking techniques,32,34,35 but this approach un-
doubtedly increases system complexity. 

In addition to injection efficiency, cavity mode noise is also 
a key factor that limits detection sensitivity.36 With off-axis 
(OA) alignment, an extremely dense-mode spectrum of the cav-
ity is created, which greatly reduces cavity mode noise. In this 
case, the cavity acts more like a traditional optical multipass cell 
with a flat transmission spectrum.36-38 However, this non-reso-
nant coupling scheme limits the use of ultra-high reflectivity 
mirrors because light injection efficiency is low, precluding 
large increases in the absorption pathlength to improve the de-
tection sensitivity. To obtain a high signal-to-noise ratio, a 
trade-off must be made between the mirror reflectivity and cav-
ity transmission intensity. 

The recently developed multimode-diode-laser-based 
CRDS10,20,39 uses a broadband Fabry-Perot (FP) diode laser 
(with a line width of ~ 0.5 nm), which can simultaneously excite 
thousands of cavity modes, thus avoiding the need for mode 
matching between the laser and the cavity. Taking a 406 nm 



 

laser as an example, the spectral range of a 0.5 nm laser line 
width is ~ 900 GHz, while the free spectral range of the optical 
cavity is generally 200 – 400 MHz. As a result, roughly 2000 – 
4500 cavity modes occur across the laser line width. The slight 
mode changes have negligible impact on the laser injection. The 
system is aligned on-axis and has a high and stable injection 
efficiency without the need for complex electronic control. At 
the same time, cavity mode noise is effectively suppressed. This 
effect is similar to that achieved by off-axis alignment. These 
advantages greatly simplify the CRDS instrument. Using a 40 
mW F-P diode laser with a center wavelength of 404 nm, Fuchs 
et al.20 achieved a NO2 detection limit of 11 pptv (1σ, 1s) with 
mirror reflectivity R of ~ 99.9965% (with ring-down time τ0 > 
44 μs). Thieser et al.10 reported a NO2 detection limit of 28 pptv 
(1σ, 1s) with a 120 mW diode laser centered at 405 nm (R ~ 
99.9965%, τ0 = 38 μs). In the case of further increasing the laser 
power to ~ 1.1 W, Karpf et al.39 achieved a detection limit of 38 
pptv with an integration time of 128 ms at a wavelength of 400 
nm (R ~ 99.97%, τ0 ~ 5.6 μs).  

In this work, we report the development of an Amplitude 
Modulated multimode-diode-laser-based CEAS (AM-CEAS) 
operating at 406 nm for high-sensitivity NO2 detection. Com-
bined with phase-sensitive detection,36,40 a detection limit of 35 
pptv (1σ, 1s) was achieved with R ~ 99.985% (τ0 ~ 10.87 μs). 
The sensitivity of AM-CEAS was a factor of 4 better than that 
achieved using a CRDS scheme with the same experimental 
setup (157 pptv). The AM-CEAS method combines the ad-
vantages of high injection efficiency like on-axis alignment 
CRDS, low cavity mode noise like off-axis CEAS, and the nar-
row bandwidth, high-sensitivity detection of modulation spec-
troscopy, providing a simple yet powerful method for sensitive 
absorption and extinction measurements in a high finesse cav-
ity. 

EXPERIMENTAL SECTION 

Experimental Setup. The experimental setup of the AM-
CEAS is depicted in Figure 1. The light source used was a con-
tinuous wave (CW) operation free space matchbox diode laser 
module (0405L-11A-NI-NT-NF, Integrated Optics, TEM00 
transverse mode, multiple longitudinal mode). The diode mod-
ule used a 5 V power supply and delivered an output power of 
~ 150 mW with a central wavelength of 406 nm and 0.4 nm 
spectral line width. Internal temperature stability was main-
tained by a TEC installed on a heat sink. The integrated preci-
sion temperature and current control drivers ensured low-noise 
and stable operation across a wide temperature range. The light 
intensity stability was better than 0.4%. The laser, which can be 
modulated up to 10 MHz by an external TTL signal, had a rise 
time of 14.4 ns and a fall time of 28.4 ns. The laser beam was 
then coupled into the high finesse optical cavity. An optical iso-
lator (IO-3D-405-PBS, Thorlabs) was placed between the laser 
and the cavity to minimize optical feedback. Light transmitted 
through the cavity was detected with a photomultiplier tube 
(PMT, H14600-20, Hamamatsu). In front of the PMT, a band-
pass filter (FB405-10, Thorlabs), centered at 405 nm with an 
FWHM (full width at half-maximum) of 10 nm, was used to 
eliminate ambient stray light. 

The optical layout was similar to our previous BBCEAS in-
strument, with a custom cage design and a footprint of 74 mm 
by 676 mm.31 The cavity was made of a PFA (perfluoroalkoxy) 
tube with 9 mm inner diameter. The distance between the two 
high reflectivity mirrors (Layertec, 25 mm diameter, 1 m radius 

of curvature, R ~ 99.98% at 406 nm) was 47.5 cm. The mirrors 
were not purged to prevent the mirror reflectivity degradation 
because a Teflon filter (Parker, Balston) in the inlet removed 
particles from the sample stream. The sample flow rate was 1.5 
L/min and the residence time in the cavity was about 1.4 s. 
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Figure 1. Schematic diagram of the experimental setup of the 
AM-CEAS instrument. 

 
Square Wave Amplitude Modulation and Phase-Sensitive 
Detection. The phase sensitive detector (PSD) is a multiplier 
that provides a powerful and simple method for weak signal de-
tection.41,42 The principal block diagram is shown in Figure 2. 
The most commonly used PSD device is a lock-in amplifier. It 
mixes the signal (Vsig) with a reference (Vref) to give an output 
of the product (Vsig×Vref). Then the signal at a frequency of in-
terest (Vpsd) is selected within a narrow bandwidth by using a 
low pass filter (RC filter). Using PSD, signals can be measured 
accurately even when the magnitude of the signal is thousands 
of times smaller than that of the noise.  
 

Mixer 
(PSD)
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(Vref)

Signal
(Vsig)

Low-pass 
Filter Output (Vpsd)

 
 
Figure 2. Principle block diagram of the phase sensitive detec-
tion (PSD). 
 

TTL modulation is based on square wave pulses with alter-
nating low and high voltages. The high voltage signal turns on 
the laser (100% of the laser power is emitted) and the low volt-
age signal turns off the laser. The light intensity waveform of 
the TTL modulated laser Vs(t) can be represented by a Fourier 
series of many sine waves at odd multiples of fm, the modulation 
frequency: 
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where Vsig is the laser output power and θsig is the signal’s 
phase. When the reference frequency is locked to fm (with a ref-
erence signal of Vref sin(2πfmt+θref), where Vref is the amplitude 
and θref is the phase of the reference), only the first harmonic is 
singled out with 1f-harmonic detection. The filtered output of 
the PSD is: 
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where θ = θsig − θref, is the difference between θsig and θref. Vpsd 
is therefore proportional to the laser transmission intensity (I) 
through the cavity and can be directly used for cavity-enhanced 
measurement. The schematic diagrams of the different signals 
are illustrated in Figure 3. In this work, a SR830 dual-phase 
lock-in amplifier was used for the phase-sensitive detection. To 
remove the phase dependence, the amplitude of the signal 
((X2+Y2)1/2) was measured directly instead of measuring the 
“in-phase” (X) or “quadrature” (Y) components. The approach 
presented here of measuring the signal amplitude of the cavity 
transmitted light differs from the CAPS approach,27 which 
measures the phase shift of the modulated light transmitted 
through the cavity. In addition, in CAPS, the modulation fre-
quency is usually chosen so that the phase shift of the empty 
cavity is equal to 45º. Matching the modulation frequency and 
the phase shift is not necessary in our approach. 
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Figure 3. (a) TTL signal; transmission intensity of the cavity 
(b) without modulation and (c) with TTL modulation of the cw 
operation diode laser; and (d) the demodulated output signal of 
(c) with phase-sensitive detection.  
 

To select an appropriate frequency for amplitude modulation 
and phase-sensitive detection to achieve a low detection limit, 
the frequency dependent noise of the system was recorded with 
a signal analyzer (N9000A CXA, Keysight Technologies). The 
bandwidth of the analyzer limited the lowest frequency to 9 
kHz. The results are shown in Figure 4. An InGaAs photodetec-
tor was used to directly measure the laser intensity (here the la-
ser was not injected into the cavity) for the laser noise analysis. 
Below 70 kHz, laser intensity noise (black hollow circles in the 
figure) increased slightly as the frequency increased. For fre-
quencies larger than 70 kHz, the laser intensity noise decreased 
as the frequency increased, which showed a clear 1/f depend-
ence.43  

The total intensity noise transmitted through the cavity was 
recorded by the PMT (red solid diamonds in the figure). By 
turning off the laser, the noise from the PMT can be distin-
guished (blue solid circles in the figure). Both the PMT and the 
total intensity noise showed clear spikes at some frequencies, 
which may be caused by electronic noise from the PMT cir-

cuitry. The values of these peaks were similar, but the frequen-
cies were shifted when the laser was on. An indication of cavity 
mode noise was obtained by removing these peaks and subtract-
ing the laser and PMT noises from the total noise. When the 
frequency was lower than 50 kHz, this noise (green hollow di-
amonds in the figure) decreased as frequency rose and it was 
smaller than laser noise between 30 kHz and 70 kHz. 

In general, in the frequency range of 33 to 59 kHz, the total 
intensity noise level was relatively low and flat. Therefore, a 
modulation frequency of 35 kHz was chosen in this work. The 
performance at higher frequencies was not tested owing to the 
limited bandwidth of the detector and the noise spikes at higher 
frequencies.  
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Figure 4. Frequency dependent noise spectrum of the laser, the 
PMT and the total noise of the AM-CEAS system. The light 
intensity noise transmitted through the cavity was measured by 
subtracting the laser and PMT noise from the total noise after 
masking noise spikes. 
 
Cavity-enhanced measurement. CEAS is based on the meas-
urement of light intensities transmitted through the cavity with 
(I) and without (I0) samples: 

01 1IRn
L I

α σ −   = = −  
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,                                     (3) 

where n and σ are the number density and absorption or extinc-
tion cross section of the sample, respectively. L is the distance 
between two high reflectivity mirrors and R is the mirror reflec-
tivity. The mirror reflectivity R must be experimentally deter-
mined for quantitative detection.44  

The laser was TTL modulated. When the laser was turned on, 
light intensity in the cavity built up rapidly; when the laser was 
turned off (at the falling edge of the TTL), the light intensity in 
the cavity decayed rapidly and exponentially (as shown in Fig-
ure 5). To determine the mirror reflectivity R, the ring-down 
time (τ) in the cavity was determined by fitting the exponential 
decay:  

0

1 1R
L cτ
−

=
,                                                                 (4) 

where τ0 is the ring-down time without absorbing sample in the 
cavity and c is the speed of light.  

For AM-CEAS detection, equation 3 can be rewritten as fol-
low:  
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where Vpsd and Vpsd_0 are the demodulated output signals of the 
PSD with and without samples. 

A typical ring-down measurement is shown in Figure 5. The 
laser was modulated at 5 kHz. The measured τ0 was 10.87 μs, 
which corresponded to a mirror loss (1–R) of 145.7 ppm (R = 
99.985%) for a 47.5 cm long cell and an effective absorption 
pathlength of 3.26 km. Since τ0 and I0 can be obtained periodi-
cally by flushing the cavity with zero air, the AM-CEAS system 
has the advantage of a straightforward and reliable self-calibra-
tion method for quantitative extinction measurements. In fact, 
under low TTL modulation frequencies, since light intensities 
and the CRDS signals can be recorded simultaneously, both 
CEAS and CRDS detection can be realized in the same experi-
mental setup at the same time without the need for additional 
optical or electronic switching (as shown in Figures 3 and 5).  
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Figure 5. A typical cavity ring-down measurement to deter-
mine the mirror reflectively. Upper panel: signal of the TTL 
modulated diode laser. At the falling edge of the TTL, the laser 
was rapidly switched off and the ring-down time was deter-
mined by fitting the exponential decay. The lower panel shows 
the fit residual.  
 

RESULTS AND DISCUSSION 

Laboratory test: The results of the AM-CEAS measurement 
were validated by CRDS measurements of laboratory generated 
diluted samples of NO2 (Figure 6). The laser was TTL modu-
lated at 5 kHz. The signals of AM-CEAS and CRDS were meas-
ured simultaneously. Different concentrations of NO2 in N2 
were prepared by flow dilution of a 10 ppmv reference NO2/N2 
mixture. The cavity was flushed with N2 between different con-
centration measurements. The time profile of the measurement 
is shown in Figure 6(a), and the corresponding correlation plot 
between AM-CEAS and CRDS measurements is shown in Fig-
ure 6(b). The slope, intercept and correlation coefficient for the 
comparison were 1.01, 0.12 ppbv and 0.99, respectively. These 
results indicate excellent agreement between AM-CEAS and 
the well-established CRDS technique, demonstrating that AM-
CEAS produces sensitive and accurate measurements of NO2 
and, more generally, of sample extinction.  
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Figure 6. Comparison of NO2 measurement by AM-CEAS and 
CRDS with the same experimental setup. (a) Time profile of 
NO2 concentration of diluted sample streams. (b) Correlation of 
the NO2 concentration measurements by AM-CEAS and 
CRDS. 
 
Precision and Accuracy: The laser emission spectrum pro-
vided by the manufacturer (measured with an Optical Spectrum 
Analyzer (OSA) with a resolution of 20 pm), and the absorption 
cross section spectra of NO2, glyoxal and methylglyoxal respec-
tively reported by Vandaele et al.45, Volkamer et al.,46 and 
Meller et al.,47 are shown in Figure 7. The effective absorption 
cross-section of NO2 (5.74×10-19 cm2/molecule) was deter-
mined by the average value of high-resolution NO2 spectrum in 
the spectral width of the laser emission (405.7 nm to 406.15 
nm).10 The NO2 cross section at 405 nm is about an order of 
magnitude larger than that of glyoxal and methylglyoxal. In ad-
dition, the environmental concentrations of these compounds 
(about 1 ppbv in polluted atmosphere, and smaller than 100 pptv 
in clean air) are generally much lower than that of NO2. As a 
result, the interference arising from absorption by these dicar-
bonyl compounds will be a negligible (< 1%) fraction of atmos-
pheric NO2 concentrations under most circumstances.48  

As the inlet loss of NO2 in the PFA tube was negligible,49 the 
accuracy of NO2 detection by AM-CEAS is mainly determined 
by the uncertainty in the magnitude of the literature reference 
cross section (~1%), the uncertainty in the appropriate absorp-
tion cross section to use arising from uncertainty in the laser 
output wavelength spectrum (~5%), and the uncertainty in the 
ring-down measurement of R (~1%). The total uncertainty 
(summed in quadrature) of NO2 measurement with AM-CEAS 
was estimated to be better than 6%.  

The error in the absorption cross section of NO2 was the dom-
inant uncertainty. The value of 5% uncertainty reported here 
was the upper limit of the difference between the averaged ab-
sorption cross-section over the laser spectral width compared 
with the entire laser emission spectral range, from 405.3 nm to 
406.2 nm. Fuchs et al. 20 reported that by measuring known con-
centrations of NO2 to determine the effective absorption cross-
section of NO2, the error was reduced to 3%. Since the effective 
cross-section of NO2 was the main limiting factor, a similar ap-
proach could be taken here to further improve the accuracy of 
the instrument. 
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Figure 7. Emission spectrum of the laser diode (adapted from 
the manufacturer test report) and the absorption cross section 
spectra of NO2, glyoxal and methylglyoxal at ambient pressure. 

 
The precision and stability of AM-CEAS method were inves-

tigated using Allan variance analysis, as shown in Figure 8. The 
performance of the AM-CEAS was evaluated at two different 
modulation frequencies (fm = 5 kHz and 35 kHz). For compari-
son, CRDS measurement results at fm = 5 kHz were also rec-
orded. As the repetition rate of 35 kHz is too fast to build up 
light intensity in the cavity, CRDS measurement at fm = 35 kHz 
was not implemented.  

The time series measurement and the corresponding Allan 
deviation are shown in Figure 8. For a 1 s data acquisition time, 
the precisions of CRDS and AM-CEAS at fm = 5 kHz (AM-
CEAS-5kHz) and 35 kHz (AM-CEAS-35kHz) were 157 pptv, 
57 pptv and 35 pptv, respectively. The corresponding extinction 
sensitivities were 2.24×10-9 cm-1, 8.12×10-10 cm-1 and 4.98×10-

10 cm-1, respectively. The performance of the present instrument 
with mirrors of R ~ 99.985% is comparable to the state-of-the-
art performance (28 pptv in 1 s) demonstrated by Thieser et al. 
using CRDS with mirrors of R ~ 99.9965%.10  

The precision of AM-CEAS at 35 kHz was about two times 
better than that at 5 kHz and the long-term stability was also 
improved. Although the signal analyzer could not measure the 
noise at 5 kHz, the difference in precision at the two modulation 
frequencies is consistent with the noise measurement shown in 
Figure 4. The low noise level at 35 kHz helped to improve the 
signal-to-noise ratio, which was 1.6 times better at 35 kHz than 
at 5 kHz at 1 s integration time. When the integration time was 
extended to 30 s, the NO2 measurement precision of AM-CEAS 
at 35 kHz improved to 8 pptv (equivalent to 1.14×10-10 cm-1 ex-
tinction measurement); this precision is 5 times better than the 
42 pptv achieved by our CRDS measurement over the same 
time period.  

The frequency distribution of the time series measurement of 
NO2 with AM-CEAS and CRDS is shown in the lower panel of 
Figure 8. The absolute offsets and standard deviations of the 
histograms represent the background and actual instrument pre-
cision of the developed instrument.31 Obviously, the AM-CEAS 
method significantly improved the performance of the instru-
ment.  

The results show the advantages of AM-CEAS. Since the 
PSD method can effectively filter out noise, it has obvious ad-
vantages in weak signal detection. We expect that with higher 
reflectivity mirrors the detection sensitivity will continue to in-
crease with the longer light absorption pathlength in the optical 
cavity, even though the light transmission intensity decreases.  
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Figure 8. Performance evaluation of the AM-CEAS method. 
Upper panel: time series measurement of NO2 concentration in 
zero air with AM-CEAS (at modulation frequencies of 5 kHz 
and 35 kHz) and CRDS recorded with a repetition rate of 5 kHz. 
Middle and lower panels are the corresponding Allan deviation 
plot and the frequency distribution of the time series measure-
ment. 
 
Ambient application: Validation of the AM-CEAS method for 
ambient air measurements was carried out at the office building 
of Anhui Institute of Optics and Fine Mechanics (31º54’18”N, 
117º9’42’’E) over the period 28 – 30 October 2021. The results 
were compared with a BBCEAS instrument. A detailed descrip-
tion of the BBCEAS instrument for NO2 measurement can be 
found in Fang et al.31 The instrument used a blue LED as light 
source and detected NO2 across the spectral range of 440–480 
nm. The detection limit was about 40 pptv in a 21 s integration 
time with an accuracy about 4% (mainly influenced by uncer-
tainties in the literature reported absorption cross-section of 
NO2 (1%), and the Rayleigh scattering cross-sections of CO2 
(4%) and N2 (1%) used in the calibration of mirror reflectivity). 
Importantly, for the purposes of this comparison, the BBCEAS 
measurement is based on the highly structured spectrum of NO2 
across multiple wavelengths, giving the method high specificity 
to NO2 and low susceptibility to interferences arising from the 
absorption or scattering of other atmospheric constituents. 

Instruments were located in a laboratory and ambient air was 
sampled through a FEP tube with an inlet about 6 m above the 
ground level. The site is located on a peninsula, surrounded by 
water on three sides, about 15 km west of the downtown center 
of Hefei city (population 8.0 million). There are no obvious in-
dustrial emission sources within 6 km. A time series measure-
ment with AM-CEAS, CRDS and BBCEAS are shown in Fig-
ure 9. During the 47 hours observation period, high levels of 
NO2 occurred in the morning and evening rush hours. Both the 
AM-CEAS / CRDS and BBCEAS instruments have a good time 
response to rapid concentration changes, mostly likely caused 
by traffic emissions from cars and buses.  

The deviation between AM-CEAS and CRDS was about 3%. 
This was higher than that in the laboratory test, which may be 
caused by the duty cycle in the CRDS measurement. Due to the 
rapid changes in NO2 concentrations during the measurement 



 

period, the duty cycle may cause some concentration changes 
that cannot be captured, resulting in small concentration devia-
tions. The values of AM-CEAS/CRDS were smaller than that 
of BBCEAS, especially at low NO2 concentrations. Different 
inlet losses between the instruments, or an overestimation in the 
effective absorption cross-section used in the AM-CEAS and 
CRDS measurements could account for the higher reported con-
centrations. Absorption or scattering by other atmospheric con-
stituents (such as glyoxal and methylglyoxal) would also result 

in higher values measured by the AM-CEAS and CRDS instru-
ments. 

In summary, these ambient air measurements with NO2 con-
centrations varying by an order of magnitude show excellent 
agreement between the different methods. These results demon-
strate the high performance of the AM-CEAS method and its 
potential for field application. 
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Figure 9. Comparison of ambient NO2 measurement with AM-CEAS, CRDS and BBCEAS. (a) Time series measurement, and (b) 
correlation plot of the AM-CEAS and CRDS measurements against the BBCEAS measurements. All data were acquired at a time 
resolution of 10 s. 
 
 
 

CONCLUSIONS 

Broadband multimode-diode-laser based cavity spectroscopy 
simplifies the instrument by avoiding the need for mode match-
ing between the laser and the cavity, high mechanical stability, 
and complex electronic control. This approach will not suit all 
applications. One shortcoming is that it is not suitable for stud-
ying molecules with narrower spectral features than the broad-
band output of the laser. A second consideration is that detec-
tion is at a single wavelength. Unlike wavelength-resolved 
measurement methods, such as BBCEAS, measurement of sam-
ple extinction at a single wavelength cannot realize simultane-
ous measurement of multiple species, and attention must be 
paid to the potential interferences arising from the absorption or 
scattering of other atmospheric constituents. Nevertheless, 
these limitations must be placed in context: for dominant ab-
sorbers, such as NO2 in this work, the sensitivity and precision 
of the approach are competitive and attractive. 

Phase-sensitive detection retrieves the signal in an extremely 
narrow bandwidth and can effectively filter out most noise, giv-
ing rise to a powerful and straightforward method for detecting 
weak absorption or extinction signals. In this work, we com-
bined these two technologies. We report the development of an 
amplitude modulated multimode-diode-laser-based CEAS in-

strument which operated at 406 nm for ultra-high-sensitivity de-
tection of the major air pollutant NO2. A detection precision of 
8 pptv (1σ, 30s) was achieved with an effective absorption path-
length of ~ 3.26 km (R ~ 99.985%). By selecting the modulation 
and demodulation frequency in a low noise level region of the 
noise spectrum, the precision can be effectively improved. As 
PSD has the advantages of weak signal detection, we expected 
that higher detection sensitivity can be achieved using higher 
reflectivity mirrors.  

AM-CEAS integrates the advantages of high injection effi-
ciency, low cavity mode noise, and narrow bandwidth for high-
sensitivity detection of weak signals. It provides a simple, reli-
able, and self-calibration method for absolute concentration 
measurements. The instrument is suitable for long-term stable 
operation and requires minimal maintenance. Also, by setting 
different modulation frequencies, multiple lasers can be mixed 
to achieve simultaneous detection at multiple wavelengths us-
ing only one cavity and one detector. In particular, this method 
will play an important role in multiple wavelength-dependent 
optical parameters measurement.50 Custom-developed lock-in 
circuits could replace the commercial lock-in amplifier, reduc-
ing the instrument cost and promoting a wider range of applica-
tions to NO2 and other species. 
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