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Abstract We report on the development of Incoherent
Broadband Cavity Enhanced Absorption Spectroscopy (IB-
BCEAS) using a blue light emitting diode (LED) for the
detection of NO2 in laboratory ambient air. Absorption of
the oxygen collisional pair in the atmosphere was also de-
tected in the same spectral range. The mirror reflectivity was
determined using a standard gas sample mixture of NO2,
and calibrated with the help of the absorption spectrum of
the oxygen collisional pair in pure oxygen at atmospheric
pressure. Optimization of the experimental parameters was
investigated and is discussed in detail. For the first time in
IBBCEAS involving broadband absorption spectra, averag-
ing time for signal-to-noise ratio enhancement has been op-
timized using Allan variance plot. 18.1 ppbv NO2 in lab-
oratory ambient air has been retrieved from the absorption
spectra using differential fitting method over a 40 nm spec-
tral region centered at 470 nm. A minimum detection sensi-
tivity of about 2.2 ppbv (1σ ) for NO2 at atmospheric pres-
sure has been achieved using the optimal averaging time of
100 s by means of a high finesse optical cavity formed with
two moderate reflectivity (∼99.55%) mirrors. No purging of
the cavity mirrors by high purity He or N2 gas streams was
necessary to prevent contamination of the mirror faces for
the in situ measurements.
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1 Introduction

Oxides of nitrogen (NO, NO2) play a central role in at-
mospheric chemistry, despite their relatively low abundance,
in the process of controlling the production of tropospheric
ozone, contributing to acid precipitation, and forming other
atmospheric oxidants such as the nitrate radical [1]. Nitro-
gen dioxide (NO2) is one of the most prevalent air pollutants
causing photochemical smog and acid rain. Continuous ex-
posure to even low NO2 levels can contribute to respiratory
health hazard. Typical troposphere NO2 mixing ratio varies
from less than 100 pptv (parts per trillion by volume) in rural
areas to several hundreds ppmv (parts per million by vol-
ume) in heavily polluted areas.

Many technologies have been developed for the measure-
ments of atmospheric NO2. Conventional measurement of
NO2 concentrations is carried out based on chemilumines-
cence [2], laser induced fluorescence (LIF) [3–5], and dif-
ferential optical absorption spectroscopy (DOAS) [6].

Technology based on high finesse cavity, such as cavity
ring down spectroscopy (CRDS) or cavity enhanced absorp-
tion spectroscopy (CEAS) [7–11], can provide high sensi-
tivity for detection of absorbing species. Wada et al. [12]
demonstrated a continuous-wave diode CRDS system oper-
ating at 410 nm for retrieval of NO2 mixing ratios in am-
bient air with a detection limit of 0.1 ppbv in 50 s at at-
mospheric pressure. The spectral range around 410 nm is
interference free for NO2 absorption measurements. Osthoff
et al. [13] constructed a pulsed cavity ring-down spectrom-
eter for simultaneous measurements of nitrogen dioxide, ni-
trate radical (NO3), and dinitrogen pentocide (N2O5) in the
atmosphere. The NO2 detection limit (1σ ) for 1 s data was
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40 pptv with an uncertainty within ±4% under laboratory
conditions. Kasyutich et al. [14] applied phase-sensitive,
off-axis cavity-enhanced absorption spectroscopy technique
to the measurement of NO2 in the diluted standard mix-
ture and laboratory air. A noise equivalent detection limit of
1–2 ppbv was achieved with a lock-in amplifier time con-
stant of 1 s. Cavity enhanced absorption spectroscopy sys-
tem using broadband light sources such as Xe arc lamps and
light emitting diodes (LED) has been rapidly developed in
recent years. Kebabian et al. [15] demonstrated a NO2 de-
tector based on cavity-attenuated phase shift spectroscopy
using a broadband light emitting diode with a central wave-
length of 430 nm. Sensitivity at the shot noise limit of
0.3 ppbv with an integration time of 600 s was reported. Lan-
gridge et al. [16] developed a compact cavity enhanced spec-
trometer based on LED for field detection of atmospheric
NO2 with statistical uncertainty approaching 100 pptv for a
60 s averaging period. The primary advantages of the LED
used as light source, compared to Xe arc lamp, are its com-
pact structure, stable radiance, long life time, low power
consumption, low cost, and easiness to drive.

In comparison to laser-based CRDS or CEAS, the ex-
perimental setup of incoherent broadband cavity enhanced
absorption spectroscopy (IBBCEAS) [16–22] is extremely
simple, and suitable as robust portable in situ instrument for
detection of atmospheric trace gases. By use of an incoher-
ent LED as a light source, the need for mode matching and
dithering the optical cavity (for CRDS) or off-axis align-
ment (for off-axis integrated cavity output spectroscopy,
OA-ICOS) can be avoided.

Although the spectral resolution in IBBCEAS is not as
high as in laser-based CRDS or CEAS, spectral resolution of
<1 nm is usually sufficient for selective recognition of the
spectral “fingerprint” of gases in the visible and UV spectral
regions. The apparent advantage of IBBCEAS, compared
to laser-based CRDS or CEAS techniques, is the capabil-
ity of handling sophisticatedly the interferences from other
absorbers. IBBCEAS can cover a wide spectral range, and
multiple absorbers can thus be simultaneously measured.
The interference from other absorber can be differentiated
by differential fitting method, as employed in DOAS. In
CRDS or CEAS experience, dealing with interferences is
usually realized by selection of a special wavelength where
no interfering constituents exhibit sufficient absorption and
by efficient removal of the analyte of interest by chemical
scrubber to obtain background spectrum for concentration
retrieval. Accuracy of the measured absorber concentration
strongly depends on the efficiency of chemical scrubber. The
need for improvement in IBBCEAS is the response time.
Because of the low spectral radiances of incoherent light
source and low efficiency of coupling light into the cavity,
the response time generally consume in the minutes time
scale.

We report in this paper on the development of incoher-
ent broadband cavity enhanced absorption spectroscopy us-
ing LED over a wide spectral range from 450 to 490 nm.
This work is motivated by the need for a compact, low-cost,
sensitive, and accurate device for measuring trace amounts
of NO2 at the ppbv level for environmental pollution moni-
toring and understanding the chemical processes in the tro-
posphere. Allan variance study has been carried out, for
the first time, to investigate the system’s sensitivity as a
function of time and the system’s stability time. The Allan
variance plot shows good system stability of about 100 s,
which allows us to determine the optimal averaging time for
maximal signal-to-noise ratio (SNR) measurements of NO2.
A minimum detection sensitivity of about 2.2 ppbv (1σ ) for
NO2 at atmospheric pressure has been achieved with 100 s
exposure time by means of a high finesse optical cavity
formed with two moderate reflectivity (∼99.55%) mirrors.
No purging of the cavity mirrors by high purity He or N2 gas
streams was necessary to prevent contamination of the mir-
ror faces for the in situ measurements. The measurements
of O2–O2 absorption in ambient air was performed in the
present work, which demonstrated a promising in situ cal-
ibration technique by using absorption spectrum of O2–O2

in ambient air.

2 Experimental details

2.1 Experimental setup of IBBCEAS

The IBBCEAS experimental setup is depicted in Fig. 1.
The selected high power blue LED (LXHL-LR3C, Lumileds
Luxeon) has an emission spectrum peaked at 455 nm, as
specified by the manufacturer. It requires 3 W of electri-
cal power and provides a radiometric power of 340 mW.
The LED was mounted on a cooling plate equipped with
a temperature sensor (AD590, Analog Device) for tem-
perature stabilization. A single-stage thermoelectric cooler
(TEC) was mounted between the heat sink and the cool-
ing plate. The temperature controller (MPT-10000, Wave-
length Electronics) used the feedback signal from the sen-
sor to adjust the current flow through the TEC to maintain
the LED at the desired temperature and provided long-term
temperature stability with δT ≤ 0.1°C, which was neces-
sary to reduce the effects of temperature fluctuation on the
detection limit [23]. The LED was fed with a current of
0.8 A whose stability was better than 0.1%. The light emit-
ted from the LED was directly coupled into a multimode
optical fiber (1000 µm in diameter with a numerical aper-
ture of NA = 0.22). The LED light leaving the fiber was
focused, via a focusing lens (f = 100 mm), into an opti-
cal cavity formed with two high reflectivity mirrors. In or-
der to reduce stray light and define the light beam diame-
ter on the input mirror of the cavity, an iris was set in front
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Fig. 1 Experimental set-up for
incoherent broadband cavity
enhanced absorption
spectroscopy using a blue LED.
TEC: thermoelectric cooler;
HR2000: high-resolution
miniature fiber optic
spectrometer

of this focusing lens that was placed close to the front cav-
ity mirror. The cavity mirrors (1 m radius of curvature and
30 mm in diameter) had a maximum reflectivity of 99.7%
around 480 nm, as specified by the manufacturer, and were
separated by a distance of 97.5 cm. The active sampling
region was 92.5 cm long and enclosed with PTFE tubing.
The light transmitted through the cavity was focused, with
a collecting lens (f = 50 mm) placed closely behind the
rear cavity mirror, into a multimode optical fiber (1000 µm
diameter and 0.22 numerical aperture). The fiber was con-
nected to a high-resolution spectrometer (HR2000, Ocean
Optics) in a Czerny–Turner configuration. The spectrograph
was equipped with a 50 µm entrance slit, a 600 grooves/mm
holographic grating and a 2048 pixels linear CCD array with
a 12-bit A/D vertical resolution (Sony ILX511), which al-
lowed covering the whole 350–800 nm spectral range with
a typical resolution of 0.9 nm (full width at half maximum,
FWHM). This spectral resolution is sufficient for selective
recognition of the spectral absorption structure, since NO2

has a well developed spectral structure in the UV and visi-
ble region even at around 1 nm resolution [22]. The spectral
data was then transferred through a universal serial bus to
a PC for data treatment using commercial software (Ocean
Optics, OOIBase32).

2.2 Optimization of experimental parameters

2.2.1 Light beam coupling issues

Radiation from the LED to optical fiber Efficiency of cou-
pling light emitted from LED into an optical fiber is af-
fected mostly by the geometrical losses (caused by the cross-
sectional area of the optical fiber smaller than the LED radi-
ating area imaged on the fiber) and the angular losses result-
ing from the mismatching between the LED radiation angle
and the fiber numerical aperture. The chip size of the used
LED is approximately 1 mm × 1 mm with a radiation diver-
gence of 140° (FWHM) formed by a moulded plastic lens in
the front of the LED emitters. In order to reduce the coupling
losses resulted from the radiation divergence, the molded
plastic was cut away and the remaining surface above the
LED was polished to obtain a plane smooth surface so that

the LED radiation became quasi-collimated. Maximum cou-
pling efficiency of the LED radiation into the optical fiber
was obtained by placing the fiber end as close as possible
to the LED emitters. It is desirable to use larger diameter
and bigger numerical aperture of optical fiber for efficient
collection of the LED radiation.

LED emission from the optical fiber to optical cavity The
LED light leaving the optical fiber was focused at the cen-
ter of a high finesse optical cavity via a focusing lens of
f = 100 mm. In order to efficiently couple the light into the
cavity, we used near-confocal cavity arrangement to reduce
the “spillover” losses [15]. In fact, besides diffraction losses
which would be reduced by use of larger cavity mirrors,
most losses of light in the cavity are attributed to “spillover”
losses, due to the fact that light departs far from the cavity
axis and reaches the wall of the cavity or the rims of the cav-
ity mirrors before the light is transmitted through the cavity.
The near-confocal cavity arrangement may considerably re-
duce the “spillover” losses, if the beam diameter is less than
the effective aperture of the cavity. In the present work, the
effective cavity aperture is about 22 mm in diameter.

LED light leaked from the cavity to an optical fiber con-
nected to the spectrometer LED light leaked out from the
cavity was focused into a multimode optical fiber connected
to the spectrometer. In order to optimize the coupling ef-
ficiency, appreciate f -number (f #) should be chosen. The
f -number is the ratio of the focal length (f ) of the lens to
its “effective” aperture (D) that corresponds to the effective
aperture of the cavity in our experimental configuration. The
f -number defines the angle of the cone of light leaving the
lens which ultimately forms the image on the optical fiber.
The maximum light coupling would be realized when the
angle (θlight) of the focusing light cone is less than the value
of θfiber determined by the numerical aperture (NAfiber) of
the optical fiber, where θ is the angle made by the marginal
ray with the optical axis. The numerical aperture NA is de-
fined as

NA = n sin θ, (1)

where n is the index of refraction of the medium in which
the light beam propagates. It is thus easy to obtain the fol-
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Fig. 2 Light pattern leaked out the rear cavity mirror imaged with a
CCD. It was recorded with a light beam of 6 mm diameter on the front
cavity mirror. The central pattern is about 700 µm in diameter. White
lines: the intensity profile; red lines: filtered profile

lowing condition that should be realized for an optimal light
coupling:

f # = f

D
≥ 1

2 × NAfiber
. (2)

In our experience, a focal length of f = 50 mm has been
chosen for an effective cavity aperture of D = 22 mm, lead-
ing to an f # of 2.27 that satisfied (2) with a NAfiber of 0.22.

2.2.2 Optical cavity alignment issue

A focused light injection design is less sensitive to alignment
drift compared to parallel light injection [24]. The radiation
pattern transmitted through the cavity has been studied with
the help of a monochrome charged coupled device (CCD)
camera to aid in optimizing optical cavity alignment and
coupling of cavity output into the optical fiber connected to
the HR2000 spectrometer. The CCD was placed at the image
plane of the light beam behind the rear cavity mirror. The
light beam intensity leaked out from the cavity was directly
focused onto the CCD camera and recorded. Optimal cav-
ity alignment would be obtained with perfectly overlapping
of the spots resulted from two cavity mirrors, which would
result in a symmetrical intensity distribution for maximum
output of the LED light leaked out from the cavity. The im-
age of the light pattern leaked out of the rear cavity mirror,
shown in Fig. 2, was observed for the maximum optical out-
put intensity. The central pattern of the imaged light beam
on the CCD is about 700 µm in diameter with a light beam
of 6 mm diameter on the front cavity mirror. It is natural to
assume that, by increasing the diameter of the incident beam

on the input mirror of the cavity (which can be achieved by
enlarging the aperture of the iris placed in front of the fo-
cusing lens), we will be able to inject more lights into the
cavity and collect more light leaked out of the cavity by use
of a fiber with larger diameter. A practical compromise, be-
tween higher light intensities (by using larger incident beam
diameter) and the availability of the optical fiber diameter,
yielded the actual choice used in our experiment: 6 mm di-
ameter beam was coupled to the cavity and the transmitted
beam was focused to a spot of 700 µm diameter on a multi-
mode optical fiber of 1 mm diameter.

2.2.3 Stability of the spectral source emission

Stability of the LED emission spectrum extraordinarily de-
pends on the stabilities of the temperature [23] and the cur-
rent provided by the power supply. The emission wave-
length is dominated by the bandgap energy of semicon-
ductor materials. The bandgap energy of all semiconduc-
tor materials is a function of temperature. Apart from the
emission wavelength, periodic narrowband spectral struc-
tures (see Fig. 4) are also susceptible to temperature change.
These oscillation-like structures are attributed to Fabry–
Perot etalon effect that occurs inside the LED structure. The
etalon structure is temperature dependent, so the peak wave-
lengths of the etalon will shift when temperature changes.
For our experimental setup, we observed that the absorption
signal was completely submerged by etalon noise when the
temperature stability of the cooling plate was >1°C, and no
evident etalon noise could be observed when temperature
stability of the cooling plate was <0.1°C. A temperature
controller MPT-10000 with long term stability of <0.008°C
was used in our work to provide a long-term temperature sta-
bility of ≤0.1°C. For field application, it may be a problem
when temperature-controlled system of the LED is disturbed
by ambient temperature change. In this case, background
measurements and corrections should be regularly repeated
and the slowly varying temperature-dependent etalon struc-
ture can be removed by using synthetic etalon references,
as described in [23]. The stability of current supply in our
present work was better than 0.1%.

Because of low spectral radiances of the incoherent light
source and low light coupling efficiency, long integration
time for CCD detector is usually used to improve the de-
tection sensitivity. However, it may result in CCD saturation
at the edges of high reflectivity range of the cavity mirrors
when the integration time is too long. As a compromise, in-
tegration time of 25 ms was used in our experiments.

2.2.4 Allan variance study

Allan variance can be used to study the important perfor-
mance characteristics, such as stability and sensitivity of
spectroscopy-based analytical instruments [25, 26]. Allan
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variance calculation is usually carried out on a recorded
set of N time-series data referring to amplitude. For IB-
BCEAS involving broadband absorption spectra, Allan vari-
ance study at a single frequency (a single CCD pixel) cannot
describe the system performance over the full spectral range.
In the present work, Allan variance has been calculated for
each CCD pixel within the spectral range of 450–490 nm,
and then the averaged Allan variance has been plotted for
estimating the entire system’s stability and sensitivity, which
permits one to determine the optimal averaging time for
maximal SNR. For this purpose, the light intensity from
the cavity was monitored over 200 consecutive 2.5 s spec-
tra (i.e., 100 averaged spectra with 25 ms integration time),
when the cavity was flushed by pure nitrogen at a flow rate
of 600 sccm. The N elements of the recorded light intensity
values Yp,n were divided into M groups containing K data
points (p is the CCD pixel, p = 1,2, . . . ,P ,P = 178 within
the range 450–490 nm, and n = 1,2, . . . ,N,N = 200), and
then averaged within these groups [14, 27]:

Xp,i(K) = 1

K

K∑

m=1

Yp,ik+m, i = 0,1,2, . . . ,M;

M = N/K − 1. (3)

The Allan variance of these M averaging values Xp,i for
each CCD pixel p within the range of 450–490 nm was then
calculated using the following expression:

σ 2
A(p,K) = 1

2M

M∑

i=1

(
Xp,i+1(K) − Xp,i(K)

)2
, (4)

and the averaged Allan variance can be determined by:

σ 2
A(K) = 1

P

P∑

p=1

σ 2
A(p,K). (5)

The averaged Allan variance was plotted as a function of
the averaging time, τ = K × t0 (t0 = 2.5 s) in Fig. 3. As can
be seen, the stability time of the system was 100 s, so the
optimum averaging time for SNR enhancement was limited
to be 100 s, which corresponds to an optimum averaging
number of 4000.

3 Result and discussions

3.1 Determination of cavity mirror reflectivity

Cavity enhanced absorption spectroscopy is based on mea-
suring the intensity of light transmitted through a high fi-
nesse optical cavity as a function of wavelength. The cavity
output intensity can be written as [17]:

I = Iin
T 2(1 − L)

1 − R2(1 − L)2
, (6)

Fig. 3 Allan variance plot as a function of averaging time. Optimum
averaging time is about 100 s, corresponding to an optimum averaging
number of 4000

where R is the mirror reflectivity, T is the corresponding
transmittance, and Iin is the light intensity injected into
the optical cavity. L in (6) describes all optical losses in-
cluding absorption loss of interest La , time independent
“background losses” Lb resulted from molecular scatter-
ing (Rayleigh) and particulate-matter scattering (Mie) in the
cavity. The overall loss L is then given by the following ex-
pression [18]:

L = 1 − (1 − La)(1 − Lb). (7)

In our work, Rayleigh scattering was accounted for by
recording background spectra with cavity purged with pure
nitrogen. Atmosphere aerosol was removed by a Teflon filter
connected to the cavity inlet. Assuming the losses per pass
to be solely due to Lambert–Beer absorption, i.e.,

1 − L = exp(−αd), (8)

where d is the effective cavity length of the region contain-
ing the absorber, and α = Nσ is the total extinction (where
N is the number of absorbing molecules per cubic centime-
ter and σ is the cross-section of the absorber of interest). For
cavity-based absorption spectroscopy, the total extinction α

can be described as follows [14]:

α = − 1

d
ln

[
1

2R2

[
I0((Re−αRayd)2 − 1)

Ie−αRayd

+
√(

I0(1 − (Re−αRayd)2)

Ie−αRayd

)2

+ 4R2

]]
, (9)
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where αRay is Rayleigh scattering coefficient of the purge
gas (N2 at 1 atm), and I0 is the corresponding time in-
tegrated transmitted intensity. For small losses per pass
(L → 0), high mirror reflectivity (R → 1) and e−αRayd → 1,
the extinction coefficient α can be approximated by:

α = 1

d

(
I0

I
− 1

)
(1 − R). (10)

Absorber concentration can thus be retrieved using dif-
ferential fitting method based upon (10). This method, usu-
ally used in differential optical absorption spectroscopy, is
capable of accounting for slow variation in LED emission
intensity.

For quantitative analysis application, the mirror reflectiv-
ity over the spectral region of interest needs to be accurately
determined. In cavity ringdown absorption spectroscopy, the
mirror reflectivity is derived by the measurement of empty
cavity decay time. In CEAS, the mirror reflectivity is usually
determined based on the measurement of species absorp-
tion with known concentration. In the present work, standard
NO2 mixture was used for mirror reflectivity measurement.
The accuracy of the measurements strongly depends upon
the uncertainty in NO2 absorption cross-section and the ac-
tual NO2 concentration in the cell. As NO2 is well known to
be a very “sticky” molecule, the adsorption effects resulting
in NO2 concentration loss should be thoroughly considered.
In our experience, even though PTFE tubing was used and
the measurements were performed under flow condition in
order to reduce wall adsorption, NO2 loss may still be a re-
sult from adsorption in NO2 mixture cylinder, in stainless-
steel pressure regulator and in gas connection lines. In this
context, the cavity mirror reflectivity determined over the
spectral region of 450–490 nm based on the absorption spec-
trum measurement of the standard NO2 mixture was con-
sidered as relative reflectivity. We then measured absorp-
tion of the oxygen collisional pair resulting from the weak
1Σ+

g + 1Δg ← 3Σ−
g + 3Σ−

g transition in the region of 460–
490 nm for absolute calibration of the measured relative mir-
ror reflectivity. This method was also recently reported by
Langridge et al. [28].

As the overall performance of the setup as a function of
time may affect the measurements of (1 − R) as well as
I0, the measurements of the cavity mirror’s reflectivity have
been carried out within the system’s stability time. In our
experience, a flow (600 sccm) of the standard NO2 mixture
(860 ppbv NO2 in N2) and pure N2 was subsequently in-
jected into the cavity (at 1 atm). Figure 4 shows the cavity
output spectra of the standard NO2 mixture (I ) and pure
N2(I0), respectively, which have been recorded with a 25 s
exposure time (integration time: 25 ms, spectra averaged:
1000). The absorption cross-section of NO2 was generated
by convoluting the high-resolution cross-section spectrum
reported by Burrows et al. [29] with an instrument function

of 0.9 nm (FWHM) of the spectrometer used in the present
work. With the known absorption cross-section and known
NO2 concentration in the cavity, the absorption coefficient
has been determined, and then the mirror reflectivity as a
function of wavelength in the 450–490 nm range was de-
duced based on (10).

The measurement of O2–O2 absorption in pure oxygen
performed under atmospheric pressure is shown in Fig. 5.
The spectrum was recorded with a 100 s exposure time (in-
tegration time: 25 ms, spectra averaged: 4000) for I0 and I ,
respectively. Absorption cross-section of the oxygen colli-
sional pair reported by Greenblatt et al. [30] was used. The
fit to the absorption coefficient of oxygen collisional pair
is shown in Fig. 5. The volume mixing ratio of the oxygen
collisional pair to oxygen derived from the fit is 1.02±0.01.
Minimal absorption coefficient of 1.23×10−8 cm−1 was de-
duced from the standard deviation of the residuals between
the measured and the fitted absorption coefficient.

The calibrated mirror reflectivity over 450–490 nm is
given in Fig. 4 (blue curve in the top panel). Maximum re-
flectivity of 0.9955 was found with an uncertainty of 0.0001
over the range 481–483 nm. Considering the uncertainties in
the cross-section of O2–O2(2%), in the O2 pressure within
the cavity (1%), in the cavity length (1%), and in 	I/I

(0.1%), the estimated uncertainty in the factor (1 − R) is
approximately 4.6%.

3.2 Measurements of NO2 in laboratory ambient air

To evaluate the instrumental performance, in situ measure-
ments of NO2 in laboratory ambient air was performed at
a temperature of 284 K and a pressure of 760 torr on the
night of February 28, 2008. A parking lot is located close to
the laboratory. The windows of the laboratory were opened
during the measurements.

3.2.1 Measurement protocol

Background measurement (in the absence of absorber of in-
terest) is very important for accurately retrieving the con-
centration of the absorber, as well as for checking the clean-
liness of the cavity mirrors and optical alignment of the
cavity. Several methods for background measurement have
been reported in the literature [13, 14, 31]. Zero air or
chemical scrubber is usually used to acquire “true” back-
ground spectrum for retrieval of ambient NO2 mixing ra-
tio. The universally employed method in CRDS-based ex-
perience is to use a chemical scrubber, such as hydroxyap-
atite (Ca10(PO4)6(OH)2), on a TiO2 substrate, which allows
recording a “true” background spectrum by eliminating NO2

in the air sample. However, any other interfering species ab-
sorbing in the same wavelength range, which may be re-
moved by the chemical scrubber, could contribute in over-
estimating the NO2 concentration. In addition, the chemi-
cal scrubber has a short utilization lifetime. In the present
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Fig. 4 Top panel: cavity output
spectra for standard NO2
mixture (open circle) and pure
N2 (solid circle). The deduced
mirror reflectivity against
wavelength is also shown in the
same spectral region (blue line
with error bars). Bottom panel:
absorption cross-section of NO2
and O2–O2 used in the present
work

Fig. 5 The top panel shows
absorption coefficient of oxygen
collisional pair in the pure
oxygen. The volume mixing
ratio of oxygen collisional pair
to oxygen is 1.02 ± 0.01. The
bottom panel shows residual
spectrum with standard
deviation of 1.23 × 10−8 cm−1

work, background was determined by flushing the cavity
with a pure N2 flow and then recording the baseline spec-
trum over the same spectral range. This method is, however,
not convenient for CRDS, since the analyte concentration
derived from the pure N2 flow-based background spectrum
may be overestimated if other absorbers are present in am-
bient air in the same wavelength range. While in IBBCEAS,
all absorbers with narrow absorption feature can be simul-
taneously detected and retrieved by using differential fitting
method. Air sample was pulled through the cavity by a di-
aphragm pump. The pressure inside the cavity was moni-
tored using a pressure gauge. Measurements were conducted
with 100 s exposure time (integration time: 25 ms, spectra
averaged: 4000) at a flow rate of 600 sccm for pure N2 and
air sample. In order to minimize the losses of NO2 in the

Teflon filter, we flushed the cavity with ambient air several
minutes before measuring.

3.2.2 Species detectable within the sensor sensitivity in the
same spectral range

In the wavelength range used for the NO2 measurement,
there is also absorption by ozone (O3), NO3, water va-
por and O2–O2, as well as optical power losses result-
ing from scattering by aerosol. A Teflon filter (pore size:
1 µm) was used to prevent aerosols from entering the cav-
ity and contaminating the cavity mirrors. Regarding O3 ab-
sorption, the maximal absorption cross-section is 8.79 ×
10−22 cm2 molecule−1 at 483 nm [32], which only yields
a peak absorption of 8.96 × 10−10 cm−1 for typical 40 ppbv
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O3 in the atmosphere. With respect to O3, absorption cross-
section of NO3 in this region is very strong (∼1.06 ×
10−18 cm2 molecule−1 at 489.8 nm [33]). It is well known
that formation of NO3 is expected at night with high ozone
and NO2 concentration. However, the tropospheric NO3

concentration at nighttime is relatively low; it varies from
0 to 10 pptv in clean marine environments to several hun-
dred pptv in polluted urban air. This relatively low concen-
tration makes NO3 absorption (less than 10−8 cm−1) ignor-
able. Regarding water vapor whose high resolution structure
is degraded by the low resolution of the used spectrometer
[34], the maximal absorption is about 1.5 × 10−9 cm−1 at
472 nm for a water vapor mixing ratio of 0.6% in laboratory
ambient air (48% relative humidity at 284 K). Owing to the
squared dependence of the O2–O2 concentration on oxygen
(∼21% for O2 in the atmosphere), absorption of O2–O2 in
air is approximately 1.78 × 10−8 cm−1 at the peak wave-
length of 477 nm.

Based on the minimum detectable absorption coefficient
of the developed instrument (∼1.23 × 10−8 cm−1) in com-
parison with the absorption intensities mentioned above for
the molecules present in the spectral region of 450–490 nm,
the mostly detectable absorber other than target molecule is
O2–O2.

3.2.3 Concentration retrieval

From the measurements of NO2 and O2 absorption spec-
tra, their concentrations were deduced using least-squares
fit of differential cross-section to the measured differential
absorption coefficient, according to (11) [35]:

	α(λ) = nNO2	σNO2(λ) + nO2−O2	σO2−O2(λ), (11)

where nNO2 and nO2−O2 are the number densities [mole-
cule cm−3] of NO2 and O2–O2, 	σNO2(λ) and 	σO2−O2(λ)

are the corresponding differential cross-sections [cm2 mole-
cule−1], respectively. 	α(λ) is the differential absorption
coefficient [cm−1]. The NO2 cross-section σNO2(λ) and the
O2–O2 cross-section σO2−O2(λ) were fitted by polynomi-
als PNO2(λ) and PO2−O2(λ), respectively. Then the differ-
ential cross-sections 	σNO2(λ) and 	σO2−O2(λ) were ob-
tained using (12):

	σNO2(λ) = σNO2(λ) − PNO2(λ),

(12)
	σO2−O2(λ) = σO2−O2(λ) − PO2−O2(λ).

The differential absorption coefficient 	α(λ) was deter-
mined using the same procedure by fitting a polynomial
to the measured absorption coefficient and then subsequent
subtraction from it. Figure 6 shows the narrow absorption
features of NO2 and the oxygen collisional pair, as well as
the residual spectrum resulted from fitting the differential

cross-section to the differential absorption coefficient. The
corresponding ambient NO2 and oxygen mixing ratios are
found to be: 18.1 ± 0.8 ppbv and 0.18 ± 0.03. It should be
noted that, as the concentrations are retrieved by a numerical
analysis of the absorption spectra, the statistical uncertainty
in concentrations (4.4% for NO2 and 16.7% for O2) from
the fit only describes the 1σ statistical errors associated to
the spectral fit. They do not include the systematic uncer-
tainty associated to the uncertainties in the cross-sections
of NO2 (∼5%) and O2–O2 (∼2%), in the factor (1 − R)
(∼4.6%), in 	I/I (0.1%), and in the cavity length (1%).
For NO2, the total measurement uncertainty of concentra-
tion combined with the statistical uncertainty from the fit is
approximately estimated to be within 10%. For oxygen, the
total uncertainty of concentration is dominated by larger sta-
tistical uncertainty from the fit, which is attributed to lower
SNR of the measured O2–O2 absorption spectrum. The stan-
dard deviation of the residuals between the measured and
the fitted absorption coefficients is 1.26 × 10−8 cm−1(for
an exposure time of 100 s), which corresponds to 1σ min-
imum detectable absorption coefficient (SNR = 1). The in-
creased noise at the short wavelength observed in Fig. 6 may
be caused by the decrease of the cavity mirror reflectivity at
the spectral edges.

As the windows of the laboratory were opened during
the measurements, the relatively high NO2 concentration in
laboratory air may be partly attributed to the activity on the
parking lot. As the experiments were performed under flow
condition, the inlet losses can be minimized.

In cavity enhanced absorption spectroscopy-based trace
gas detection scheme, ultra-high reflectivity cavity mirrors
may be subject to performance degradation by dust or pol-
lutants deposition on the mirrors, which will affect the de-
tection sensitivity and the concentration determination. In
this case, cavity mirrors are usually protected from imping-
ing contaminants by using high purity N2 or He gas streams
to purge the regions near mirrors. In our experiment, consid-
ering the moderate mirror reflectivity that was not as vulner-
able to environmental pollution as high reflectivity mirror,
the mirrors were not purged. Two spectra of pure N2 were
acquired before and after the measurements of laboratory air
in order to verify the mirror reflectivity. No degradation of
mirror performance was observed after usage and exposure
to laboratory air over a period of several days.

Based on the SNR of 8 for the experimental NO2 dif-
ferential absorption spectrum, estimated by the ratio of the
maximal absorption difference to the standard deviation of
the residuals, 1σ detection limit of 2.2 ppbv was deduced
for the present experimental instrument. The detection sen-
sitivity can be further improved by using cavity mirrors with
higher reflectivity. Higher detection limit of 0.1 ppbv (for
a 60 s average period) has been reported by using higher
reflectivity mirrors (R > 99.976%) [16]. Longer cavity, as
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Fig. 6 Experimental (grey) and
fitted (red) differential
absorption spectra of NO2 (a)
and the oxygen collisional
pair (b) in laboratory ambient
air. The concentrations deduced
from the fit are 18.1 ± 0.8 ppbv
for NO2 and 0.18 ± 0.03 for
oxygen mixing ratio with an
acquisition time of 100 s.
c Residual spectrum with a
standard deviation of
1.26 × 10−8 cm−1

alternative approach, can be used to improve detection sen-
sitivity. The authors of [19] reported NO3 detection with a
measured sensitivity of 4 pptv in a 4.5 m long cavity. In addi-
tion, cooling CCD array of the spectrometer may also reduce
the detector noise.

4 Conclusions

Development of a compact, low-cost, sensitive, and accurate
instrument for quantifying trace amounts of NO2 in ambient
air is achieved by using LED-based incoherent broadband
cavity enhanced absorption spectroscopy over the region of
450–490 nm. For the first time, averaged Allan variance has
been studied for an IBBCEAS-based spectroscopic instru-
ment over the full spectral range of 450–490 nm. The Allan
variance plot was used to evaluate the system performance
and to determine the optimal averaging time for SNR en-
hancement. 18.1 ppbv NO2 in laboratory air was measured
with a detection limit of about 2.2 ppbv using an optimal
averaging time of 100 s.

In MAX-DOAS (multi-axis differential optical absorp-
tion spectroscopy) measurements of atmospheric trace gases
and aerosol distributions [36–38], absorption by O2–O2 is
usually used to determine the optical absorption path length.
A well-known advantage of this calibration approach is
based on the fact of the squared dependence of the O2–O2

concentration on oxygen, while the atmospheric column of
oxygen varies only slightly depending on pressure and tem-
perature. In our IBBCEAS experience, absorption of O2–O2

in pure O2 was measured and used for absolute calibration
of the cavity mirror reflectivity that was initially deduced

from the measurement of a standard NO2 mixture absorp-
tion spectrum. Measurements of O2–O2 absorption in am-
bient air were performed in the present work which demon-
strated a promising in situ calibration technique by using the
absorption spectrum of O2–O2 in ambient air. Indeed, the
detection sensitivity achieved in the present work should be
further improved by use of higher reflectivity mirrors.

Low-cost mirrors with moderate reflectivity (∼99.55%)
have been successfully used with sufficient detection sensi-
tivity for NO2 detection in air. The use of moderate reflectiv-
ity mirrors exhibits the following advantage (apart from its
low-cost): The mirror performance seems not to be as vul-
nerable to environmental pollution as high reflectivity mir-
ror. No purging of the cavity mirrors by clean air or N2 was
necessary to prevent contamination of their faces. Under op-
erating conditions, the mirrors remained sufficiently clean
for measurements over a period of several days.
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