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ABSTRACT: A novel instrument based on broadband cavity enhanced absorption spectroscopy has been developed using a
supercontinuum broadband light source, which showcases its ability in simultaneous measurements of the concentration of NO, and
the extinction of particulate matter. Side-by-side intercomparison was carried out with the reference NOx analyzer for NO, and
OPC-N2 particle counter for particulate matter, which shows a good linear correlation with > 0.90. Measurement limits (1o) of
the developed instrument were experimentally determined to be 230 pptv in 40 s for NO, and 1.24 Mm'' for the PM extinction in 15
s, respectively. This work provides a promising method in simultaneously monitoring atmospheric gaseous compounds and
particulate matter, which would further advance our understanding on gas-particle heterogeneous interactions in the context of

climate change and air quality.

Atmospheric composition, including trace gases and particulate
matter (PM), can have warming or cooling effects on climate
through regulating the solar radiation in the atmosphere,’ or ag-
gravate air pollution through a complex series of chemical and
physical transformations.? Long-term exposure to high concentra-
tion of air pollutants including PM, NO,, NO, etc, can cause direct
or indirect damage to the human health and increases risk of res-
piratory and lung diseases > Many atmospheric PM are generated
by gas-to-particle conversions (e.g., nucleation, condensation) to
be formed as secondary organic aerosol causing severe air pollu-
tion.] Therefore, simultaneous measurements of atmospheric gas-
eous compounds and PM can largely advance our understanding
on climate-atmosphere chemistry and gas-particle heterogeneous
interactions and be of great interest for air quality monitoring.M

Simultaneous detection of gas and PM usually requires multiple
instruments or a single instrument with complex structure due to
different chemical or physical properties between gas and PM.
Individual measurements of gas and PM using multiple instru-
ments generally require more sensors with high cost and large
volume and is not suitable for field campaign. Single instrument
for simultaneous measurement of gas and PM is highly required
and also challenging. Spectroscopy is a common analytical meth-
od and has been widely used for monitoring atmospheric gas or

PM, separately. Spectroscopy-based gas sensing is becoming
more popular and mature with advantages of high sensitivity and
selectivity./8 However, spectroscopy-based PM sensing is chal-
lenging, as the spectral signal of PM highly depends on PM pa-
rameters such as its size distribution, mixing state, and morpholo-
gy.27% Routine optical techniques for PM measurements include:
(1) nephelometry for the scattering measurement of PM; (2)
filter-based method’?or photoacoustic spectrometry (PAS)EE for
the absorption measurement of PM; (3) Long-path absorption
approaches involving multipass cell’®” or cavity enhanced ab-
sorption spectrometry (CEAS)/ for the extinction measurement of
PM. Nephelometry and filter-based methods are not adaptable for
gas measurement, prohibiting the further realization of the simul-
taneous measurement of gas and PM. Photoacoustic spectrometry
is based on photo-acoustic (PA) effect converting the absorbed
photon energy into acoustic sound.”’ However, the PAS method
cannot distinguish the acoustic signal resulting from gas or PM as
the absorbed optical energy by gas or PM absorption is identical
and can be transferred to the surrounding air to generate acoustic
signal."®® The sensitivity achieved by the multipass cell meas-
urement is generally limited due to its relatively short optical
absorption path length.?!



The CEAS approaches have drawn considerable attention, which
has been widely used since last decades for the measurements of
aerosol extinction with a detection limit less than 1 Mm™, includ-
ing cavity ring-down spectroscopy (CRDS),Z cavity attenuated
phase shift spectroscopy (CAPS),2 and incoherent broad band
cavity enhanced absorption spectroscopy (IBBCEAS).Z# Indeed,
taking advantage of the high finesse optical cavity, CEAS can
have a rather low limit of detection required by field measure-
ments, through an effective absorption path-length up to several
kilometers.”?*?* The CRDS method using a narrow bandwidth
laser 2 and the CAPS method using LED (light emitting diode) 2
could not provide the ability of simultaneous quantification of gas
absorption and PM extinction. Broadband IBBCEAS measure-
ments allow simultaneous quantification of multiple species using
a broad-band light source providing abundant spectral infor-
mation. Simultaneous measurements of NO, and PM have been
demonstrated by differentiating rapid variation of spectral signal
resulting from gas absorption and slowly varying spectral signal
due to the PM extinction.?? In their experiment, the instru-
mental baseline was not, however, real-time checked which might
give gigse to a large uncertainty when measuring small PM extinc-
tion.

Taking NO, and PM as the target species, herein, a novel spectro-
scopic instrument of broadband cavity enhanced absorption spec-
troscopy (BBCEAS) using a supercontinuum (SC) broadband
light source has been developed for simultaneous measurements
of the NO, concentration and PM extinction, which can present a
high correlation (+ ~ 0.7-0.96) in the polluted environments.f The
SC light offers laser-like output properties which allows a signifi-
cant improvement of the light-cavity coupling efficiency, with
exceptional advantages of high brightness and broad spectral cov-
erage. The BBCEAS instrumental baseline was regularly checked
to remove any drift caused by adverse factors in the light source
or photodetectors, as well as resulted from any environmental
fluctuations which allows significantly improvement in the meas-
urement accuracy of PM extinction coefficient and the NO, con-
centration. Measurement limits (16) of the developed BBCEAS
instrument were experimentally determined to be 230 pptv in 40 s

for NO, and 1.24 Mm™ for the PM extinction in 15 s, respectively.

EXPERIMENTAL SECTION
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Figure 1 Schematic of the BBCEAS instrument developed in the
present work. A NOx analyzer (Environment SA, AC-31 M) and
an optical particle counter (OPC-N2, Alphasense) were used for
side-by-side inter-comparison measurements of NO, and PM. SC-
Pro: supercontinuum source; M;, M,: high reflectivity mirror;
QEPro: spectrometer; C;, C,: optical attenuators; Cs;, C,: optical
filters; f}, f5: focusing lens.

Instrumentation. The schematic of the developed broadband
cavity enhanced absorption spectrometer is presented in Figure 1.
A fiber pigtailed supercontinuum light (SC-Pro, YSL Photonics,
410~2400 nm, up to 4 W) was filtered to provide a broadband
radiation over the spectral region of 440-460 nm where both NO,

and PM exhibit strong absorptions.”2 The used supercontinuum
source SC-Pro provides a quasi-continuous light with a repetition
rate of 25 MHz. The selected SC radiation (1.84 mW) was then
focused by a plano-convex lens (f; =200 mm) and injected into a
high finesse optical cavity. Two spherical mirrors (0.5" diameter,
1 m radius of curvature, Layertec) with reflectivity > 99.99%
around 450 nm were used as mirrors of the BBCEAS cavity with
a physical cavity length of d = 20.5 cm, which results in an optic
path length of 4.1 km and a cavity lifetime of 13.67 us. The pe-
riod of the light pulse emitting from the supercontinuum source is
far shorter than the cavity lifetime and the light source repetition
rate will not influence the system response. The cavity material is
stainless steel, which is used to minimize the losses of PM*? and
NO,*. The emergent light from the cavity was measured with a
grating spectrometer (QEPro, Ocean Optics, with 0.53 nm spectral
resolution covering 290 - 480 nm) through lens > (= 100 mm) and
a multimode optical fiber.

In order to avoid light saturation of the CCD detector of the spec-
trometer at the edges of high-reflectivity range of the cavity mir-
rors, a specific filter set was designed which consisted of two
optical filters (C; and C,) associated with two optical attenuators
(C, and C,) used to prevent optical filters from optical power
damaging. C1 (Model FC10, Opton laser international) is used to
remove the most part of light power at the infrared while C2
(Model C3C22, Opton laser international) prevents the optical
power at wavelengths shorter than 425 nm. Filter C3 (FGS900,
Thorlabs) with a bandpass 315-700 nm effectively attenuates the
light in the infrared after passing through C1 and C2. Filter C4
(Band filter 86338, Edmund) is used to remove undesirable wave-
lengths from 465 to 725 nm at which the cavity mirror's reflectiv-
ity was low and the spectrograph might be saturated. The resulting
transmission region used for the present work is then 440-460 nm
(as shown in Figure S1 in the support information).

A NOx analyzer (AC-31 M, Environment S.A) and an optical
particle counter (OPC-N2, Alphasense) were deployed for side-
by-side inter-comparison measurements of NO, and PM (PM1,
PM2.5, and PM10), respectively. An electromagnetic valve (Sole-
noid Valve 6014, Burkert) was used to switch the cavity inlet
from pure N, for baseline measurement and from the air sample
for measurement cycles at a flow rate of 0.4 L/min. The main
valve material is stainless steel which will not cause any loss on
PM and NO,. A LabView program was developed to regularly
check the background baseline and to process the BBCEAS
measurement data.

Measurement principle. Broadband spectral information from
BBCEAS spectra allows simultaneously quantifying the absorp-
tion of trace gas and the extinction of PM. It is achieved by sepa-
rating the spectral structures into rapidly and slowly varying parts
corresponding to gas absorption features and PM extinction asso-
ciated with instrument baseline, respectively. In BBCEAS meas-
urement approach, the gas absorption o gas(4) and aerosols ex-
tinction Oy pp(4) from air samples can be determined through the

following equation:f%
L(A-1(2)) @)
+aRuy.N2(/1)jX[ 1(/1)

where /(A1) and Iy(4) are the transmitted light intensities with air
samples and with nitrogen N, (for baseline) inside the cavity,
respectively; R(A) is the mirror reflectivity, d (cm) is the distance
between two cavity mirrors and agayn2(4) is the Rayleigh scatter-
ing coefficient of N,. The 1% term on the left-hand side s, gas(A)
is related to the gas absorption, based on the Lambert-Beer law:

e 0+ P = 5P



s gas (’1) = z,ni X0; (/7') @)

where n; and o; are the number concentration and the reference
cross section for the /™ gas species, respectively. The 2™ term
P(X) is a polynomial function used to account for the sum of PM
extinction aey pp(4) and the spectral baseline dpygeiine(A4):

P(A) =t pry (D) + Wy (A) €)

Based on the BBCEAS measurements, the concentration of trace
gas n; and the aerosol extinction @y pp(4) can thus be simultane-
ously retrieved by fitting the experimental data (right-hand of Eq.
(1)) to reference cross-section o;(1) and the polynomial function
P(1), as followings: (1) the rapidly varying structured spectrum is
fitted as a linear combination of the known absorbers cross sec-
tion and the concentration of trace gas determined by nonlinear
least-square fitting based on the Levenberg-Marquardt algo-
rithm;* and (2) the slowly varying component of the spectrum
P(2), including both the PM extinction and baseline variation, is
determined by subtracting the structured gas absorption from the
total measured optical attenuation. Figure 2 represents the time
series measurement of wavelength-dependent PM extinction re-
trieved from the slow variation in the BBCEAS spectrum in
which the instrumental baseline was regularly checked.
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Figure 2 Schematic of the principle of retrieving PM extinction at
the wavelength of 4 from the slow variation in the BBCEAS spec-
trum. The fitted P(1) (black) is considered as the total contribution
from Qgseline(A) and aex pm(4) when the sampled air is inside the
cavity, and P(4) equals to Gpaseline(4) When only pure N, is inside
the cavity for the baseline measurement. The extinction coeffi-
cient dexpm(4) of PM in the air sample is thus deduced from

aext,PM(j-) = P(j-) - abaseline(l)-

Calibration of the mirror reflectivity. The knowledge of the
reflectivity R(A) of the mirror is a prerequisite for accurate quanti-
tative measurements based on Eq.(1). The value of R(A) can be
determined either using the known Rayleigh scattering cross sec-
tions of gas (like He and N,), ¥ or using the known absorption
cross sections of gas (like NO,). 237 In this experiment, the mirror
reflectivity R(1) was determined using the known concentration
(360 ppb) NO, based on Eq. (1).

Figure 3(a) shows the observed intensities /o(4) with N, and /(1)
with 360 ppbv NO, diluted in pure N, from a reference gas cylin-
der inside the cavity, respectively. Given the optical cavity length
of d = 20.5 cm, the Rayleigh scattering of N, orayne (4) =
7.00x10° m" at 293.5 K and 1 atm, ¥ ono(d) = ~ 4x107"°
em?mol” at 450 nm * and ny,=6.50x10" molecule/cm® for 360

ppbv NO, at 293.5 K and 1 atm, the experimental curve of R(%)
was obtained by fitting the experimental data to :

aabs,gas(j-) = nNo2Ono2 T abasclinc(ﬂ’) (4)

as plotted in Figure 3(b) upper panel. A third-order polynomial
was fitted to the experimental curve to obtain an analytical ex-
pression of R(1). The mirror reflectivity at 450 nm was experi-
mentally determined to be 99.99513+0.00006%, in consistency
with the manufacturer’s specification. The uncertainty was re-
ferred to the standard deviation of the residual (Figure 3(b) lower
panel) between the experimental curve and the fit value of R(1).

The middle panel of Figure 3(b) presents a typical experimental
BBCEAS spectrum (black line) of 360 ppbv NO, in the cavity and
the corresponding fit (red line). A minimum detectable concentra-
tion of ~5.8 ppbv was deduced from the standard deviation
(4.0x10® ¢cm™) of the fit residuals shown in the lower panel of
Figure 3(b).
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Figure 3 (a) Light intensities /y(A) and /(L) leaking from the cavi-
ty without and with absorbing gas (360 ppbv NO,), respectively.
(b) Upper panel: Experimental mirror reflectivity (black) and its
fit (blue). Middle panel: Typical experimental light absorption
coefficient (black) of 360 ppbv NO, and its fit (red). Lower panel:
Residual (grey) between the measurement and the fit, with a
standard deviation of 4.0x10® cm™.

RESULTS AND DISCUSSION

Detection limit and stability. The fluctuation in incident light
intensity, the spectral shift of the light source and the dark current
in the spectrometer are the major factors that limit the sensitivity
and stability of BBCEAS. The dependency of the detection limit
on the spectral light power was experimentally evaluated. The



maximum power of the SC source used can be set at 4 W with a
power density of about 1-10 mW/nm. The detection limit (1o) of
NO, was evaluated from the standard deviation (SD) of the time
series measurement of N, (zero NO,) at an integration time of 1 s.
1 Figure 4(a) plots the time series measurements of NO, (zero
NO; in Ny) at different SC powers with an acquisition time of 1 s.
The detection limits at 1 s integration time with different injection
light powers was presented in Table 1. One could note that, with
the light power of 28 pW, a 1o detection limit of 4.61 ppbv (the
SD of the black line in Figure 4(a)) was obtained with an average
time of 1 s. The lowest detection limit of 0.37 ppbv (the SD of red
line in Figure 4(a)) in 1 s was achieved with the light power injec-
tion of 1840 pW.

Table 1. Summary of detection limit at 1s (deduced from the
standard deviation of sampling points), the optimal integration
time, as well as the corresponding Allan deviation at 1s and at the
optimal integration time with different light powers (28, 243, 900,
and 1840 uW, respectively).

Injection light power (WW) 28 243 900 [ISED
Detection limit (pptv) (1 s) 4610 740 490 370
Allan deviation (pptv) at 1s 4620 680 350 290

Optimal averaging time, To, (s) 400 42 40 40

Allan deviation (pptv) at Toy 150 113 70 [0

The Allan deviation analysis was performed to evaluate the stabil-
ity of the BBCEAS sensor operating with different injected light
powers. Figure 4(b) plots the Allan deviation of the time series
measurements shown in Figure 4(a) versus the average time. A
minimum Allan deviation of 0.06 ppbv for NO, is achieved at 40
s integration time with a light power injection of 1840 pW. The
BBCEAS has a longer stabilization time (~ 400 s) at lower light
power (~ 28 uW) with respect to that at higher power (the optimal
averaging time of 40 s for light powers is more than 243 pW).
This is mainly due to the unstable dark current, spectral drift and
in particular the power fluctuation in the SC emission because of
the broadband noise resulting from quantum noise in microstruc-
ture fiber.” M. Islam et al. (2013) have characterized the perfor-
mance of a SC source in comparison with a laser driven light
source (LDLS),# the authors concluded that a BBCEAS system
using a SC has an Allan variance's optimal integration time Topimal
= 50 s, which is close to our experiment result.
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Figure 4 (a) Time series measurements with different light pow-
ers (injected to the cavity): 28 pW (black), 243 uW (blue), 900
uW (orange), 1360 pW (green), and 1840 pW (red). (b) Allan
deviation plot vs. averaging (integration) time.

In the present work, the SC power of ISHOIIMN was injected into
the BBCEAS cavity. The instrumental performance was tested by
measuring the sample of indoor air in comparison with the com-
mercial NOx analyzer and the optical particle counter. The indoor
NO, concentration, which was monitored by the NOx analyzer
(AC-31M) to be constantly around 10.52 +£0.10 ppbv within 30
mins, as shown in Figure 5(a). The mass concentrations of indoor
PM1, PM2.5, and PM 10 measured by OPC-N2 were constant to
be around 0.034 + 0.045 pg/m®, 0.050 + 0.129 pg/m°>, and 0.263 +
4.580 pg/m’, respectively. Figures 5(a) and (b) show the retrieved
NO, concentrations and PM extinction by BBCEAS, respectively.
The Allan deviation curves in Figure 5 (c¢) and (d) indicate an
optimum sensing performance of the BBCEAS instrument: the
minimum Allan deviations (| for NO, and 0.27 Mm™' for
PM at 450 nm, respectively) are obtained with optimum averaging
(integration) time of 40 s and 15 s for NO, and PM extinction,
respectively. The optimal average time was longer for NO, than
that for PM, so the determination of the PM extinction coefficient
seems to be more sensitive to the system drift in the baseline of
the BBCEAS instrument. Measurement limits (16) were experi-
mentally determined to be 230 pptv at the optimum averaging
time of 40 s for NO, and 1.24 Mm™' at the optimum averaging
time of 15 s for PM extinction, respectively.
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Accuracy and precision. Figures 6(a) and (b) show the distribu-
tion histogram of the retrieved NO, concentrations with N, and
with 360 ppbv NO, in the cavity, accompanied with Gaussian
profile fits. The value of the mean concentration of 0.41 ppbv
NO, (Figure 6(a)) obtained from the measurement of zero NO,
inside the cavity results in a measurement accuracy of 0.41 ppbv
while the measurement precision was deduced to be 0.70 ppbv
(with an average time of 1 s) from the FWHM of the fitted Gauss-
ian profile. Based on Figure 6(b) with the measurement of 360
ppbv NO,, a measurement accuracy of 5.2 ppbv was obtained
with a precision of 6.58 ppbv.

Measurement uncertainty. The measurement uncertainty of the
retrievals is mainly limited by the uncertainties of the Raylegh
scattering cross section of nitrogen, the NO, absorption cross sec-
tion, the light intensity AZ/I, (1-R) term in Eq. (6) and the statisti-
cal uncertainty of the fit.  The uncertainty in the determination of
the (1- R) term using 360 ppbv NO, was estimated to be ~ 3.7 %
considering the uncertainties in the used cross section of NO, (3.2
%),57 while the uncertainty of the Raylegh scattering cross section
for nitrogen (1%),%® A/l (0.8%) and the statistical uncertainty
from the fit (1.4 %). The total calculated uncertainty for NO, is 5
% using the standard uncertainty propagation.
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Figure 6 Histogram showing the distribution of the estimated 0
ppbv (a) and 360 ppbv (b) NO, using the developed BBCEAS.
FWHM: Full width half maximum.

Simultaneous Measurements of PM and NO,

Simultaneous measurements of PM and NO, by the BBCEAS
instrument was tested and validated by recording an episode of
incense burning under laboratory conditions. The incense burning
is a common ceremonial practice in religious worship, which
4ejn}its gases and PM including VOCs, PM1, PM2.5, and PM10.

A representative data retrieval of the PM extinction and the NO,
concentration from the incense burning is shown in Figure 7. In-
door NO, concentration of 15 ppbv and PM extinction coefficient
of 134 Mm™' at 450 nm from incense burning were determined by
the BBCEAS with the experimental BBCEAS spectrum (black)
and its fit (red) in Figure 7. Based on the SD of 6.4x10” cm’
from the fit residual (grey) in Figure 7, the 1o detection limit for
NO, was deduced to be 0.9 ppbv at average time of 1 s. The PM
extinction detection limit at 1 s was determined to be 1.41 Mm™'
retrieved from the SD of the BBCEAS signals with non-
particulate sample flashing in the cavity.
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Figure 7 Typical experimental BBCEAS spectrum (black) ac-

companied with its fit (red), decomposed absorption spectrum of

15 ppbv NO, (blue) and PM extinction coefficient of 134 Mm™.

The residual (grey) between the measurement and the fit results in

a standard deviation of 6.4 X 10 cm™.

Time-series measurements of PM from incense burning and in-
door NO, are shown in Figures 8(a) and (c), respectively. The
duration of incense burning for one stick was around 40 minutes.



The baselines of the BBCEAS were checked every 5 minutes by
flushing the cavity with N, and used for the determination of PM
extinction. Figure 8(a) (upper panel) shows the measured PM
extinction coefficient (black) by BBCEAS at 450 nm with an
acquisition time of 1 s (4 spectra averaging with 250 ms integra-
tion time per spectrum), the measured PM1 (Middle panel) by
OPC-N2 sampling at a rate of 1 s. As shown in Figure 8 (a) bot-
tom panel, the instrumental baseline was regularly checked every
5 min with nitrogen passing through the cavity. The variation
ranged from -5 Mm™' to 5 Mm™ in the bottom panel of Figure 8(a),
which indicates the measurement uncertainty was within £5 Mm™'
due to the fluctuation of the instrumental baseline in a short time
scale. Several previous investigations reported that the size distri-
bution of PM from incense burning is concentrated in ~1 pm. %
The measured PM1 mass concentrations are used for comparison.
As the extinction coefficient is proportional linearly to the mass
concentration of the particles,” the correlation between the meas-
ured PM extinction coefficient from the BBCEAS (time resolu-
tion of 1 s) and the PM1 mass concentration by OPC-N2 have
been investigated. Good correlation is shown in Figure 8(b) with a
linear fit of y = 90.62x + 3.16 and a regression coefficient /% =
0.91. The PM1 data from OPC-N2 (blue) correlates better with
the non-size selection measurement of PM from the BBCEAS
instrument. Regarding NO, measurement (time resolution of 1
min), a good linear correlation between the NO, concentrations
measured by BBCEAS and by AC-31M was obtained with a
*=0.94, as shown in Figure 8 (d).
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Figure 8 (a) Time series measurements of the PM extinction by
BBCEAS at 450 nm (black) as well as the PM1 mass concentra-
tions measured by the OPC-N2 (blue for PM1) at a sampling rate
of 1 s. The BBCEAS baseline was checked every 5 min and used
for the determination of PM extinction. (b) Correlation plot of the
PM extinction coefficient (at 450 nm) against the PM1 mass con-
centration. (¢) Indoor NO, concentration measurements using the
AC-31 M (red) and the BBCEAS (blue) during the incense burn-
ing. Time series of the N, extinction (Grey) was recorded to check
the background drift every 5 minutes. (d) Correlation of indoor
NO, concentrations measured by BBCEAS vs. AC 31M.

Conclusions

Simultaneous measurements of the trace gas and particulate mat-
ter are of great interesting for environmental monitoring of air
quality. A newly developed BBCEAS instrument for simultane-
ous measurement of NO, and particulate matter is reported with a
novel scheme with real time correction of background baseline for
accurately measurement of the PM extinction. The BBCEAS in-
strument was operated in the spectral region of 444-460 nm using
a supercontinuum source, which performance was tested by side-
by-side continuous measurement of indoor NO, with a reference
NOx analyzer. Simultaneous measurements of NO, and PM were
performed during an incense burning. Measurement limits (1o)
were experimentally determined to be 230 pptv in 40 s for NO,
and 1.24 Mm™' for PM (extinction coefficient) in 15 s, respective-
ly.

PM measurements by BBCEAS at 450 nm and by an OPC-N2
counter were linearly correlated with a regression coefficient 7> =
0.91. NO, concentrations measured by BBCEAS and by a refer-
ence NOx analyzer showed a good linear correlation with * =



0.94. This laboratory test has demonstrated the feasibility of
BBCEAS for simultaneous measurements of PM and NO, in the
atmosphere, which can be extended to simultaneous measure-
ments of PM extinction and other atmospheric gaseous species.

In addition, the dependence of the instrument detection limit on
the input light power in the BBCEAS instrument using a
supercontinuum light source is investigated in this paper. It was
observed that higher light intensity injected to the cavity resulted
in a lower detection limit, while the instrument stabilization time
became  shorter  (shorter  optimal integration  time).
Supercontinuum light source offers laser like output properties,
which efficiently improve the light-cavity coupling efficiency: a
few mW compared to hundreds mW from a LED with similar
detection 1imit.Z3%# For future work, the BBCEAS instrument
performance can be further improved using a light source with
higher power and longer-time stability.
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