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a b s t r a c t

A cavity ring-down spectroscopy (CRDS) instrument for measuring atmospheric NO3

radical developed in our laboratory is presented in detail. Light from a red laser diode
(661.85 nm) is coupled on-axis into an optical cavity formed by a pair of high-reflectivity
mirrors (RZ99.9985%) to achieve an effective absorption path length of approximately
20 km. The detection limit of the NO3 radical determined by Allan variance for the field
observation with high particles is approximately 3.2 pptv (2σ, 10 s). The transmission
efficiency of the NO3 radical in the system is calibrated, including the filter loss and
surface loss. Moreover, measurable interferences from NO2, O3 and water vapor are also
discussed. Considering the influence of inlet transmission efficiency and other factors, the
instrument accuracy for NO3 radical measurement is approximately 78% (1σ).

The measurement of NO3 radical was performed at a suburb site in Beijing under the
situation of high particles concentration (PM2.5 approximately several tens to 150 mg/m3)
from October 26 to November 11, 2014. The NO3 radical concentration during the period is
relatively low with the maximum value of 38 pptv. The observation results on October 29,
combining NO2, O3 and NO data, are briefly analyzed. The experimental results demon-
strate that this compact CRDS instrument has the potential for NO3 radical measurements
in the field with high particles.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nitrate radical (NO3) is a significant nocturnal trace gas
in the atmosphere [1], its oxidative capacity in the night is
comparable with that of diurnal OH radical [2,3]. NO3

radical contributes to the oxidation of hydrocarbons [4]
and organic sulfur species [5], as well as the conversion of
nitrogen oxides to nitric acid [6] at night. NO3 radical is
er Ltd. This is an open acce
.

formed by the reaction of O3 with NO2, and it reacts with
NO2 to form N2O5, which is in a temperature dependent
equilibrium with NO3 radical.

NO2þO3-NO3þO2

NO3þNO22N2O5 (2)
NO3 radical is rapidly photodissociated during daytime
[1]. Thus, a mass of NO3 radical can only be accumulated at
night. Another key loss process is the reaction of NO3
ss article under the CC BY-NC-ND license
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radical with NO as follows:

NO3þNO-2NO2 (3)

With a rate constant of k (298 K)¼2.6�10�11 cm3

molecule�1 s�1 [7], the reaction significantly limits the
NO3 lifetime in the presence of NO. Given the importance
of NO3 radical in the nocturnal chemical process, accurate
measurement of its concentration in the atmosphere has
become an essential topic in current research.

Previous observations of NO3 radical are primarily
performed by differential optical absorption spectroscopy
(DOAS) [8–10]. Long-path DOAS (LP-DOAS) detects the
average NO3 radical concentration over a multi-kilometer
path, with the time resolution on the order of the minutes
[11–15]. In the recent years, chemical ionization mass
spectrometry (CIMS), cavity enhanced absorption spectro-
scopy (CEAS), and cavity ring-down spectroscopy (CRDS)
have been developed to detect NO3 radical [16–19]. CIMS is
a non-optical method that has been applied to detect the
sum of NO3 and N2O5 by their reactions with I� [20,21]. In
contrast to CIMS, CEAS and CRDS are both optical methods
that use high-reflectivity mirrors to achieve a long effec-
tive path length. With the development of CEAS, it has
been applied to detect NO3 radical in the chamber and the
field [22,23], and the detection limits can reach 0.25–
8 pptv in integration times of seconds to minutes
[17,24,25]. CRDS was presented by Brown et al. to measure
NO3 and N2O5 in 2001 [26] and has since been gradually
developed [27–29]. Recently, CRDS has been developed for
aircraft simultaneous measurements of NO3, N2O5, NO,
NO2 and O3 with the NO3 detection limit of 3 pptv (1 s)
[16]. In addition, Ayers et al. and Schuster et al. have also
used off-axis CRDS technique for the measurement of NO3

radical with the higher sensitivity of 1.4–2 pptv (5 s)
[30,31]. As a high sensitivity technique for direct absorp-
tion measurement, CRDS also has the advantages of
smaller power consumption, size, and weight. Thus the
CRDS instruments for measurement of NO3 radical can be
deployed on several platforms, such as ground sites [30],
tall towers [32], ships [33], as well as aircrafts [16]. The
Fig. 1. Experimental layout of the pulsed CR
ambient NO3 measurement in China is very scarce, only
LP-DOAS technique was used [14,15]. Different from
LP-DOAS detecting the average NO3 radical concentration
along the light path, CRDS is one kind of point sampling
instrument that can monitor in-situ local NO3 radical. At
present, the above described CRDS instrument for NO3

radical detection is applied in relatively clean air mass
[34]. To our knowledge, it is a challenge for CRDS instru-
ment to measure NO3 radical under the situation of high
particles concentration.

We have developed a CRDS instrument for NO3 radical
detection in ambient air. The setup of the instrument, the
calibration for NO3 radical and the field observations are
described. A series of laboratory tests have been carried
out to quantify the surface loss of NO3 radical and the inlet
filter loss of NO3 radical of the CRDS system, especially for
the filter to remove the aerosol in the ambient air. More-
over, CRDS instrument was used for the ambient NO3

radical measurement in the suburb of Beijing, China under
the situation of high particles concentration (PM2.5

approximately several tens to 150 mg/m3).

2. CRDS and instrument description

2.1. Cavity ring-down spectroscopy

CRDS is a spectroscopy technique to detect atmospheric
trace gases that rely on measurements of the attenuation
rate [35–38]. The absorber concentration [A] is calculated
by the ring-down time constants (τ) and (τ0), which
represent the presence and absence of the absorber in
the cavity, respectively

A½ � ¼ RL

cσ
1
τ
� 1
τ0

� �
ð4Þ

where σ is the absorption cross section for A, c is the speed
of light, and RL is the ratio of the total cavity length to the
length of cavity containing the NO3 radical. Here [A] is the
number density and presented in the form of volume
mixing ratio by the formula conversion in the whole
article.
DS instrument for NO3 radical detection.
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2.2. CRDS instrument description

The schematic of the CRDS system used for measuring
NO3 radical is shown in Fig. 1. Light is provided by an
external modulation diode laser (line width 0.3 nm) with
an optical output of approximately 120 mw. The laser is
pulsed through the function generator (DG1022, RIGOL),
and the laser output is modulated with a square-wave
signal at a repetition rate of 150 Hz. The center wavelength
of the diode laser is 661.85 nm (IQm, Power Technology
Inc.), closer to the NO3 absorption peak of 662 nm.

The laser light is propagated through an optical isolator
(IO-3D-660-VLP, Thorlabs) placed in front of the laser to
reduce optical feedback to the diode laser. The light is then
coupled into the optical cavity (curvature, 1 m; distance,
76 cm), which is formed by a pair of high-reflectivity
(RZ99.9985%) mirrors. The cavity is made of PFA tube
(3/8 in. diameter) and fixed by an aluminum wedge. A
small flow of dry N2 (0.1–0.2 SLPM) is introduced directly
to maintain the cleanliness of the mirrors. The light
transmitted through the back mirror passes through an
optical filter centered at 662 nm (bandwidth for 10 nm),
and then is detected by a photomultiplier tube (PMT)
(Hamamatsu H10721-20). The optical filter prevents the
stray light at other wavelengths from influencing the
measurement. Signals from the PMT are digitized using
oscilloscope card (PCI 6132, 2.5 MS s�1), that is controlled
by the LabVIEW program to acquire the ring-down traces.
Individual decay profiles of 1500 are co-added, and then
averaged to achieve a higher signal to noise ratio. An
example cavity decay trace is shown in Fig. 2.

Considering the standard deviation of fitting results of
the Levenberg–Marquardt (LM) algorithm, the best record
length is approximately (5–7)τ [39,40]. Thus, the range of
the fitting includes approximately 340 μs. The ring-down
time of the system is approximately 68.00 μs (τ0) and the
calculated effective path length is approximately 20 km.

The inlet system consists of two parts: an aerosol filter and
a flow system. The flow system is composed of PFA tubings (3/
8 in. inner diameter or 1/4 in. outer diameter) and accessories.
The length from the inlet to the midpoint of the ring-down
cell is approximately 75 cm. To remove the atmospheric NO3

radical (499%), approximately 35 ppbv of NO is added into
the flow system before the filtering process. In this case, τ0
(the absence of the absorber in the cavity) is measured. The
Fig. 2. Cavity ring-down signal and fitting. The small figure in the upper
right corner is the fitting residual.
stream of NO contains a small amount of NO2 (o1%), which
hardly affects the measurement of τ0 [27]. The injected NO
may react with O3 in the atmosphere at a rate constant of
k¼1.80�10�14 cm3 molecule�1 s�1 [7] that is smaller (factor
3) than the rate constant of the reaction of NO with NO3.
Therefore, atmospheric O3 barely impacts the measurement
of τ0.

The sampled air passes through a Teflon filter holder
(Cole–Parmer R-06621-40) containing a 2 μm pore size
Teflon membrane filter (Pall Corp.). The Teflon membrane
filter is added to remove the atmospheric particles that
may affect the measurement of NO3 radical in the optical
cavity. Nevertheless, removing the particles using the
Teflon membrane can also result in additional loss of
NO3 radical. The calibration of NO3 radical loss in the
system is described in detail in the following part.
3. Calibration

NO3 radical is a reactive species; hence, its loss in the
inlet system must be calibrated to obtain accurate con-
centrations of NO3 radical. Measurements of surface loss
and membrane filter loss are carried out using synthetic
N2O5 produced by a standard method [41]. Calibration
samples of N2O5 or NO3 radical are generated by passing a
small flow of N2 over a sample of solid N2O5 stored at
�78 1C (dry ice). The samples are diluted in N2 and pass
through an additional heater to convert N2O5 to NO3

radical. The additional heater is constructed of 1/4 in.
outer diameter PFA tube (approximately 45 cm) and the
surface of tube is heated to 80 1C (controlled by tempera-
ture controller, the precision of approximately 71 1C).

3.1. Surface loss

The surface loss of NO3 radical through the PFA tubing
with 3/8 in. inner diameter is measured in the laboratory
using a heated N2O5 source. The transmission is fitted to a
straight line as a function of the residence time [27]. Fig. 3
shows the measurement of the NO3 radical transmission
efficiency through the tubing plus the Teflon filter holder
(no Teflon membrane filter in the system). The loss
through the Teflon filter holder is a constant [28], which
acts as a point source loss for NO3 radical and is introduced
into the concentration equations. Variation of the resi-
dence time (0.4–2 s) is obtained by changing the flow
rates. For our current system, when the loss through the
holder is 974%, the loss rate coefficient k¼0.1970.02 s�1

is obtained by a linear fit that depends on the residence
time. Every set of graphic symbols represents a separate
measurement and the time of each measurement is short
(less than 2 min). During each measurement, the output
NO3 radical concentration of the heated N2O5 source can
be considered as relatively stable.

3.2. Inlet filter transmission

For reducing Mie scattering interference, the filter is
added in the inlet system to remove the aerosol. The Teflon



Fig. 3. Surface loss of NO3 radical through the PFA tubing with 3/8 in.
inner diameter is measured in the laboratory. The residence time
represents the time from the tubing inlet to the center of the cavity.
The residence time is varied by changing the flow rates. By correction and
calculation, the ratio of the measured NO3 radical concentration to the
original NO3 radical concentration (no loss concentration before entering
into the system) is obtained. The ratio represents relative concentration.
The solid line is the first-order linear fits of the surface loss. The average
first-order loss rate is k¼0.1970.02 s�1.

Fig. 4. The transmission efficiency of NO3 radical through the Teflon
membrane filter is measured in the laboratory. The Teflon membrane
filter is used about 2 h for the field experiment at 5 SLPM flow rate. The
figure shows the overall transmission efficiency of the system after
inserting and removing filter membrane, considering filter hold loss
and surface loss. The abscissa is the time of the Teflon membrane filter
transmission measurement. The relative concentration is the ratio of the
measured NO3 radical concentration to the original NO3 radical concen-
tration (no loss concentration before entering into the system).
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membrane filter is changed every 1–2 h during the field
observation to reduce loss in the inlet system. Under the
situation of high particles concentration (PM2.5 approxi-
mately 70 mg/m3, PM10 about 150 mg/m3), the transmission
efficiencies of Teflon membrane filter may vary over time.
To obtain accurate concentration of NO3 radical under the
situation of high particles concentration, the transmission
efficiency of the new membrane filter and used membrane
filter is calibrated. Based on the measuring surface loss, the
membrane filter (used for about 2 h during the field
experiment at 5 SLPM flow rate) is inserted and removed
alternately for four times in the calibration system at 5
SLPM flow rate. The overall transmission efficiency of the
system is shown in Fig. 4. The filter loss of the Teflon
membrane (used for 2 h during the field experiment) is
1073% (Fig. 4). However, the filter loss of the new Teflon
membrane filter is approximately 873%, as measured
using the same calibration method. The results are similar
with the results measured by Brown et al. [28]. The
transmission efficiency difference between new mem-
brane filter and used membrane filter (for about 2 h during
the field experiment) is relatively small (approximately
2%), that causes no significant influence on accurate
measurement of NO3 radical under the situation of high
particles concentration. In fact, the output of the heated
N2O5 source tends to change over time. The NO3 radical
concentration from the output of heated N2O5 source
gradually increases during the filter transmission mea-
surement period (approximately 12 min). A linear fit
depending on the time is implemented (R2 larger than
0.99) for correcting NO3 radical.

The loss rate of the NO3 radical through the PFA tubing
is 0.1970.02 s�1 and the filter loss of new Teflon mem-
brane filter is approximately 873%. In addition, the sur-
face loss of the filter holder is 974%. The overall inlet
transmission efficiency of NO3 radical for our instrument is
7575% at 5 SLPM flow rate (residence time of approxi-
mately 0.4 s).
4. Results and discussion

4.1. Effective absorption cross section

To get a better sensitivity of the instrument and avoid
the interference of other species, the wavelength of the
diode laser is chosen to be close to the largest absorption
cross section of the NO3 radical, where other trace gases
should have the smallest absorption or no absorption. In
addition, the wavelength of the diode laser must be stable
to reduce uncertainty of the absorption cross section.
During the continuous measurement of 8 h, the uncer-
tainty of a wavelength is less than 0.01 nm by controlling
the temperature. Besides, full width at half maximum
(FWHM) of the diode laser is also considered, which
should be significantly smaller than that of the NO3 radical
absorption width to ensure the measured ring-down
decays in the presence of NO3 radical as single exponential
[42]. The center wavelength and FWHM of the diode laser
are measured using a grating spectrometer (SR303i,
Andor). The red solid line in Fig. 5 is the water vapor
spectrum obtained from the HITRAN database [43]. To
reduce the interference of water vapor, the wavelength of
the diode laser is selected at the smaller absorption cross
section of the water vapor. According to the above analysis,
the center wavelength of the diode laser is selected at
661.85 nm with an FWHM of 0.3 nm by changing the
temperature and external modulation of the diode laser
(blue solid line in Fig. 5). Furthermore, the effective
absorption cross section (shown in Fig. 5 as black solid
line) is obtained by convolution of the laser spectrum and
the absorption cross section of the NO3 radical [44]. As a
result, the NO3 radical effective absorption cross section is
2.02�10�17 cm2 molecule�1 for our instrument.



Fig. 5. Cross section of the NO3 radical, NO2, O3, water vapor, and diode
laser spectrum. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.)

Fig. 6. Allan variance plot for the NO3 radical measurements when
sampling ambient air at daytime. The instrument has 2σ precision better
than 3.2 pptv for a 10 s integration time.
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4.2. Interference analysis

Mie scattering from atmospheric aerosol contributes to
optical extinction in the cavity and leads to very large shot
to shot fluctuations in τ0, affecting the accurate measure-
ment of NO3 radical. Thus, the aerosol should be removed
by the filter to reduce Mie scattering interference. In
addition, to reduce the effect of Rayleigh scattering, the
atmospheric pressure in the cavity must remain stable. In
this case, Rayleigh scattering appears as a constant back-
ground, which limits the value of τ0 but does not produce
variability in τ0. Variability of NO2 and O3, and water vapor
in the atmosphere can produce spurious structure in the
661.85 nm absorption signal, which causes the interfer-
ence of NO3 radical measurements. Considering that the
NO3 radical cross section is larger (factor 9) than the water
vapor cross section at 661.85 nm [43], this effect of the
water vapor is relativity low. Once the ambient relative
humidity changes to 10% (294 K), it causes an uncertainty
of 1.26 pptv for the NO3 radical. Each 1 ppbv of O3 or NO2

produces a baseline shift equivalent to 0.10 pptv and
0.27 pptv of NO3 radical (293 K), respectively, based on
their known absorption cross sections at 661.85 nm
[45,46]. Changes in O3, NO2, water vapor, aerosol, and
pressure in the atmosphere over time cause baseline shift;
hence, τ0 must be measured by NO titration every 3–5 min
to reduce the interference of variability in the background.

4.3. Detection limit and accuracy

The minimum detection limit of the instrument can be
presented as follows [27,47]:

A½ �min ¼
RL

cσ
τ0�τð Þmin

τ02
ffiRL

cσ

ffiffiffi
2

p
σ τ0ð Þ
τ02

¼ RL

cσ

ffiffiffi
2

p
δτ0
τ0

ð5Þ

where [A]min is the smallest measurable concentration and
τ0�τð Þmin is the minimum measurable variation of ring
down time. τ0�τð Þmin can be instead of the τ0 standard
deviation σ τ0ð Þ. δτ0 is the fractional uncertainty of τ0. For
our instrument, τ0 at 661.85 nm is roughly 68.00 μs and
σ τ0ð Þ is approximately 0.065 μs for a 10 s integration time in
the field measurement (σ τ0ð Þ is mainly affected by high
particles and can achieve approximately 0.04 μs in the
laboratory). Taking absorption cross section σ¼2.02�
10�17 cm2 molecule�1 for NO3 radical at 661.85 nm (stan-
dard temperature and pressure), the detection limit of NO3

radical is below 3.2 pptv (2σ) for a 10 s integration time.
Fig. 6 shows the measurement of the NO3 radical instrument
baseline precision in the field when sampling ambient air at
daytime.

Given that the interference between the inlet system
flow and the dry N2 mirror purges stream, RL cannot be
simply calculated by the ratio of the length between the
two pieces of mirrors to that of the cavity inlet and outlet.
For the CRDS system, we make use of the absorption of O3

at 661.85 nm by flowing known concentrations of O3

through the CRDS cell. Based on the known O3 absorption
cross section, RL can be calculated using Eq. (1). The
experimental results show that RL is 1.19670.06.

For NO3 radical measurements, the uncertainty of the
NO3 radical effective absorption cross-section is 74% [48].
The uncertainty of the NO3 radical effective absorption
cross-section caused by the stability of the diode laser
wavelength is 1.5%. Combining the uncertainty of RL
(75%) and the uncertainty of the inlet transmission
efficiency (75%) yields the overall uncertainty in NO3

radical of 78% (1σ) for the CRDS system. The largest
uncertainties of NO3 radical caused by the baseline shift
during the period of 3–5 min are approximately 71.0 pptv
(the variation of O3, NO2 and H2O respectively estimated at
72 ppbv, 72 ppbv and 72%).

4.4. Measurements of ambient NO3 radical

The CRDS instrument for measuring NO3 radical is
deployed on the campus of University of Chinese Academy
of Sciences, located in the northeast of Beijing, China.
Measurements were performed from October 26 to Novem-
ber 11, 2014. The observation site is close to Jingjia national
highway (G111), which is a busy highway with heavy traffic;
thus, vehicles are the major source of emission in the
vicinity and large amount of local NO is produced. In the
case, NO3 radical is only detectable occasionally. Fig. 7
shows the nighttime observation of NO3 radical for the
days that have relatively higher NO3 radical mixing ratios
from October 26 to November 11, 2014. The observed NO3



Fig. 7. NO3 radical is observed by the CRDS instrument on the campus of
Chinese Academy of Sciences University from October 26 to November 11,
2014. The mixing ratios of NO3 radical are shown in the figure with the
time resolution of 30 min.

Fig. 8. NO3, O3, NO2 and NO mixing ratios at 20:00 on October 29 to 7:00
on October 30, 2014. NO3 radical mixing ratios are observed by the CRDS
instrument. NO and NO2 mixing ratios are measured by a nitrogen-oxide
analyzer (Thermo Fisher 42i) with time resolution of 5 min. O3 mixing
ratios are measured by an ozone analyzer (Thermo Fisher 49i) with time
resolution of 5 min.
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radical mixing ratios vary from the minimum around the
detection limit to 38 pptv. The NO3 radical mixing ratios are
higher (above 20 pptv) on October 29 and November 4,
whereas relatively low for other days.

The nighttime observation of NO3, O3, NO2 and NO from
October 29 to October 30, 2014 is shown in Fig. 8. The mixing
ratios of NO3 radical rise rapidly from 6 pptv to 32 pptv from
20:26 to 22:30 on October 29, the highest value recorded in
this period. In the meanwhile, O3 reach to the higher mixing
ratios of 40 ppbv and NO2 mixing ratios are lower. The
mixing ratios of NO are relatively small before 22:30,
corresponding to the peak of NO3 radical mixing ratios,
while the mixing ratios of NO3 radical and O3 rapidly
decrease as the mixing ratios of NO suddenly rising after
22:30. Thus, it is reasonable to assume that the increasing
mixing ratios of NO (above 10 ppbv) are responsible for the
removal of NO3 radical and O3. In addition, the inverse
correlation between O3 mixing ratios and NO2 mixing ratios
is found, and the increasing NO2 may be caused by the
reaction of NO and O3.

5. Conclusions

In this study, we describe an instrument to detect
atmospheric NO3 radical by cavity ring-down spectro-
scopy. The detection limit for NO3 radical is 3.2 pptv (2σ,
10 s) in the field with high particles and the instrument
has the advantage of smaller power consumption, size, and
weight. The surface loss and the membrane filter loss of
NO3 radical in the system are calibrated using synthetic
N2O5 source. The experimental results show the overall
transmission efficiency of the NO3 radical at approximately
7575% at the flow rate of 5 SLPM.

Moreover, the measurement of NO3 radical is performed
on the campus of the University of Chinese Academy of
Sciences from October 26 to November 11, 2014. According to
the measurement results on October 29, the low NO3 radical
concentration is associated with the large amount of pro-
duced NO (above 10 ppbv). To our knowledge, this is the first
time that a CRDS instrument is applied to detect atmospheric
NO3 radical in the suburb of Beijing, China under the
situation of high particles concentration. The experimental
results demonstrate the feasibility of CRDS to detect NO3

radical under the situation of composite atmospheric pollu-
tion in China (high particles). Moreover, it will be further
applied to research nocturnal atmospheric chemistry in
China under the situation of high particles concentration.
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