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NO3 and N2 O5 are important participants in nocturnal atmospheric chemical processes,
and their concentrations are of great signiﬁcance in the study of the mechanism of nocturnal atmospheric chemical reactions. A two-channel diode laser based cavity ring-down
spectroscopy (CRDS) instrument was developed to monitor the concentrations of NO3 and
N2 O5 in the atmosphere. The eﬀective absorption length ratio and the total loss coeﬃcient of
the instrument were calibrated using laboratory standard samples. The eﬀective absorption
cross section of NO3 at 662 nm was derived. A detection sensitivity of 1.1 pptv NO3 in air
was obtained at a time resolution of 1 s. N2 O5 was converted to NO3 and detected online in
the second CRDS channel. The instrument was used to monitor the concentrations of NO3
and N2 O5 in the atmosphere of winter in Hefei in real time. By comparing the concentration
changes of pollutants such as nitrogen oxides, ozone, PM2.5 in a rapid air cleaning process,
the factors aﬀecting the concentrations of NO3 and N2 O5 in the atmosphere were discussed.
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In the atmosphere, dinitrogen pentoxide (N2 O5 ) is
mainly produced by the reaction between the nitrate
radical and nitrogen dioxide in a chemical equilibrium
among them (Eq.(1)), which makes N2 O5 as a reservoir of the NO3 radical in the atmosphere. Besides the
transformation to the nitrate radical, hydrolysis reaction of N2 O5 involving aerosol particles, clouds and fog
is another signiﬁcant loss pathway [5–7]. Nitric acid and
nitrate produced by this reaction are one of the main
sources of nitrate in the atmosphere [2, 8, 9].
The concentrations of the nitrate radical and dinitrogen pentoxide in the atmosphere are both at the level
of parts-per-trillion by volume (pptv) [5, 10]. Therefore, the measurement technique should have a high
sensitivity and selectivity. N2 O5 can be detected indirectly through the detection of NO3 following the thermal decomposition of N2 O5 . After Noxon et al. [11]
ﬁrst detected NO3 in the tropospheric atmosphere by
diﬀerential optical absorption spectroscopy (DOAS) in
1978, a variety of techniques have been developed to
detect NO3 in the subsequent 40 years, among which
spectroscopy and mass spectrometry methods were frequently applied. The most commonly used mass spectrometry method is chemical ionization mass spectrometry, and its detection limit can reach 11 pptv [12].
Matrix-isolation electron spin resonance spectroscopy
(MI-ESR) has very high selectivity in detecting NO3 ,
which can be used for highly sensitive oﬀ-line measure-

I. INTRODUCTION

Nitrate radicals (NO3 ) and dinitrogen pentoxide
(N2 O5 ) are important components of atmospheric nitrogen oxides. They are produced by oxidation of low
valence state nitrogen oxides in the atmosphere (Eq.(1))
and they are important participants in the atmospheric
chemical reactions.
NO + O3 → NO2 + O2
NO2 + O3 → NO3 + O2
NO2 + NO3 ↔ N2 O5 + O2

(1)

The nitrate radical has a high reactivity, and furthermore it can be readily photolyzed under solar radiation,
leading to a short life time [1]. As a result, the concentration of NO3 during the daytime is very low, and it
only exists at night [2]. As one of the important oxidants in the atmospheric oxidation reactions at night,
NO3 is involved in the oxidative degradation of various
atmospheric pollutants (such as VOCs [3], sulﬁde [4],
etc.).
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FIG. 1 Experimental setup.

ment of the NO3 radical [13, 14]. However, MI-ESR
needs a complicated and time-consuming sample collection and detection procedure, which limits its wide
application.
NO3 can be detected through its strong absorption
around 623 nm and 662 nm. The laser induced ﬂuorescence (LIF) technique was applied for a quantitative
measurement of NO3 by measuring the ﬂuorescence in
the 700−750 nm region emitted by NO3 after absorption of the 662 nm photon, and the reported detection
limit reached 6 pptv (1σ, 10 min) [15]. The DOAS
technique uses sunlight and moonlight for passive measurement, enabling a global measurement [16] and a determination of NO3 concentration in the stratospheric
atmosphere [17]. Alternatively, high sensitivity can be
achieved through active measurement by using laboratory light source, which resulted in a detection limit of
2 pptv [18]. Using laser light travelling back and forth
multiple times inside an optical resonator composed of
two highly reﬂective mirrors, cavity enhanced absorption spectroscopy (CEAS) and cavity ring-down spectroscopy (CRDS) techniques obtain a very long eﬀective
absorption path length and enhance the detection sensitivity. The detection limit of CEAS can reach 2 pptv
[19], and the sensitivity of CRDS can reach 1 pptv [20].
In China, a few groups from Peking University [21], Fudan University [22], Anhui Institute of Optics and Fine
Mechanics [23] and Hong Kong Polytechnic University
[24] reported the detection of NO3 and N2 O5 using different methods such as DOAS, CEAS, and CRDS. In
this study, we present a dual-channel CRDS instrument
DOI:10.1063/1674-0068/cjcp1910173

based on diode lasers for the detection of ambient NO3
and N2 O5 . As a demonstration, the instrument was
used to monitor concentrations of the nitrogen oxides
during a rapid air cleaning process.
II. EXPERIMENTS
A. Experimental techniques

A two-channel cavity ring-down spectrometer was
used for real-time online analysis of the ambient samples. The basic principle is to place the sample gas in
an optical resonant cavity consisting of a pair of highreﬂection (HR) mirrors. A continuous-wave laser was
coupled into the optical cavity and traveled many times
inside the cavity until a stable light ﬁeld was formed.
When the incident laser was turned oﬀ, the light ﬁeld
in the cavity gradually decreased due to the transmission and loss of the mirrors, as well as the absorption
and scattering by the gas sample, which resulted in an
exponential decay of the transmitted light intensity. By
ﬁtting the decay curve, one can derive the relationship
between the absorption coeﬃcient α and the ring-down
time τ :
α (ν) =

1
1
−
cτ (ν) cτ0 (ν)

(2)

where c is the speed of light, and τ (ν) and τ0 (ν) are ringdown times with and without the sample, respectively.
The conﬁguration of our experimental setup is shown
in FIG. 1.
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Our optical cavity was constructed with a pair of HR
mirrors (R≈99.996%) positioned about 87 cm apart.
The sample cell was made by 3/4 inch outer diameter
(O.D.) and 5/8 inch inner diameter (I.D.) PFA tube.
The inlet and outlet of the gas sample were between the
HR mirrors at a distance of 45 cm (see in FIG. 1). A
662 nm diode laser (IQu Series, PTI) with a maximum
output power of 120 mW was used as the light source
for both optical cavities (with a 50/50 split). Square
wave signal generated by a function generator switched
the laser at a frequency of 1 kHz. An optical isolator
was used to prevent the reﬂected light from windows
and HR mirrors from aﬀecting the laser output. A photomultiplier tube (PMT, H10721-20, Hamamatsu) was
used for signal detection. To avoid the inﬂuence of stray
light, a narrow-band high-eﬃciency optical band-pass
ﬁlter was placed in front of the PMT. The signal collected by the PMT was ampliﬁed by a signal ampliﬁer
and digitized via an analog-digital conversion card (PCI
9820, ADLink) and processed by a personal computer.
Ring-down events were recorded and averaged for typically one second to improve the signal-to-noise ratio.
For each CRDS channel, a 5 µm-pore polytetraﬂuoroethylene membrane (TE 38, Whatman, GE) was used
to ﬁlter out particles in the air sample. Air sample was
pumped into the CRDS cavity by a diaphragm pump
through a 1/4 inch O.D. sampling tube (PFA) after the
ﬁlter. The injection rate was controlled by mass ﬂow
controller (MFC). To avoid the loss of the measured
object in the MFC and diaphragm pump, both of them
were placed at the outlet of the cavity air path, and
the ﬂow rate of MFC was controlled at 4.15 slpm (standard liter per minute). At the same time, in order to
protect the surface of the high reﬂection mirror from being contaminated by the atmospheric samples, 75 sccm
(standard cubic centimeter per minute) high-purity nitrogen gas was injected at the surface of each HR mirror as the protective gas. As shown in FIG. 1, one of
the CRDS channels was used for direct measurement of
the atmospheric concentration of the NO3 radicals, and
the second channel was fed with sample gas through a
membrane along with the teﬂon tube heated to 120 ◦ C,
which converted the ambient N2 O5 completely (99.6%)
to NO3 with a ratio of 1:1. In the second channel, the
CRDS cavity was kept at temperature of 80 ◦ C and also
measured the NO3 concentration. The N2 O5 concentration in the air sample was derived from the diﬀerence
between the NO3 concentrations measured by the two
CRDS channels.
B. Calibration

The high reactivity of the NO3 radical makes its
loss during the sampling and measurement processes
inevitable. In order to obtain the concentration of NO3
in the air sample more accurately, a series of measurements were carried out to calibrate the related coeﬃcients.
DOI:10.1063/1674-0068/cjcp1910173
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First, by comparing the ring-down time τ with the
sample and τ0 without the sample (zero gas), the sample
absorption coeﬃcient α was obtained (Eq.(2)). Then
the volume concentration of NO3 was determined according to Eq.(3),
χ=

α (ν)
RL
RT
×
×
σ (ν) 1 − η P NA

(3)

where σ(ν) is the absorption cross section of NO3 , RL
is the ratio of the optical cavity length to the absorption path length of the sample, η is total loss coeﬃcient
of the NO3 sample in the apparatus, NA is Avogadro
constant, R is the gas constant, T is the sample temperature in K, and P is the gas pressure.
The ratio RL was introduced because the N2 purge
gas was used in the measurement to protect the HR
mirrors at both ends of the cavity, so that the sample
gas absorption path length was less than the total cavity
length between the two HR mirrors. This coeﬃcient was
related to the geometry of the cavity and the ﬂow rates
of the sample gas and protection N2 gas. This coeﬃcient
was calibrated using a system for the NO2 detection
which had the same conﬁguration as this one. The RL
coeﬃcient in the NO2 system was calibrated by comparing the NO2 concentration measured by CRDS and that
by a commercial NOx analyzer (42i-TL, Thermo Fisher
Scientiﬁc), which gave RL =1.54±0.02 [25]. Since the
same experimental conditions were applied in the NO3
measurement, this RL coeﬃcient was used for the NO3
apparatus.
The loss of NO3 was mainly due to sampling tubing, cavity wall, and surface of the ﬁlter membrane.
The porous structure of the membrane not only ﬁltered
aerosol, but also led to a loss of NO3 in the sample gas.
It was therefore necessary to measure the loss of NO3
before its detection by CRDS. A standard NO3 sample
was used to calibrate the loss ratio. By slowly passing
the high-purity nitrogen gas through a solid state N2 O5
sample stored in a dry ice-alcohol mixture bath with a
ﬂow rate of 25 sccm, a sample of N2 O5 with a stable
concentration was obtained. After high-temperature
pyrolysis (∼120 ◦ C), the N2 O5 sample was converted
to a stable ﬂowing sample of NO3 .
Two gas inlet channels were used to determine the
loss ratio due to the membrane ﬁlter. These two channels were identical except that the membrane ﬁlter was
installed in one of them. The sample gas was ﬂown into
the CRDS measurement cavity and switched between
the two gas inlet channels. The NO3 concentration detected by CRDS is shown in FIG. 2. Besides a steady
drift of the NO3 concentration due to the change of the
source sample, a diﬀerence between the two curves measured through these two inlet channels with and without
the membrane ﬁlter was clearly identiﬁed. The diﬀerence gave a loss ratio of (13±2)% due to the membrane
ﬁlter.
The transmission loss was determined by two methods, similar to those by Dube et al. [26] and Fuchs et
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al. [27]. The ﬁrst was to measure the linear loss rate
of the NO3 radical in our sample tube. By pumping
the sample into a 40 cm, 1/4 inch teﬂon tube at different rates, 1.5 slpm, 2.5 slpm, 3.5 slpm and 4.5 slpm,
through a sample tubing volume of about 50 mL from
the inlet tube to the center of the CRDS sample cell,
residence time of the prepared NO3 sample inside our
device was obtained as 2.0 s, 1.2 s, 0.86 s, and 0.67 s respectively. With a linear ﬁtting of the measured concentration of NO3 to the residence time, the transmission
loss rate can be determined as (11±2)%. In our monitoring process, considering the length of the inlet tubing, the transmission loss was determined as (14±2)%.
The second was to measure the loss directly in our device. The prepared NO3 sample was converted to NO2
by mixing with the excessive NO gas, and the concentration of the NO2 product was measured by the CRDS
instrument for the NO2 detection [25], which quantiﬁed
the concentration of the NO3 sample. By comparing the
NO3 concentrations measured under the experimental
conditions that sample tubing of diﬀerent lengths were
used, the loss ratio of NO3 during the transportation in
sample tubing and the cavity wall was also determined,
which was (12±2)%. This process utilized an extra device which could introduce additional uncertainty; as a
result, we decided to use the result of the ﬁrst process
for our calibration procedure.
Finally, the total loss ratio of NO3 was obtained from
a combination of the ﬁlter loss and transmission loss,
and in our experiment apparatus it was determined to
be η=(27±3)%.

Hao Wu et al.

FIG. 2 Loss rate of the NO3 radical by measuring the relative concentration of the NO3 standard sample with and
without the 5 µm filter in the inlet gas path. Data shown
in black and red are measured with and without the filter,
respectively.

III. RESULTS AND DISCUSSION
A. Measurement performance

FIG. 3 Absorption cross sections of NO3 , NO2 , O3 , H2 O
and emission spectrum of the diode laser.

In order to improve the measurement sensitivity and
signal-to-noise ratio and avoid the interference due to
other molecules in the air sample, the laser center frequency used in the measurement was selected to be near
the peak of the absorption of NO3 at about 662 nm.
The black line in FIG. 3 is the emission spectrum
curve of the diode laser measured by a grating spectrometer (Shamrock 750) with a resolution of 0.5 nm.
The center of the laser emission was determined to be
662.07 nm. By convolving the laser emission spectrum
with the NO3 absorption cross section curve at 298 K
(red line in FIG. 3) [28], an eﬀective absorption cross
section of NO3 at 662.07 nm was determined to be
2.04×10−17 cm2 molecule−1 .
Optical extinction due to components other than
NO3 in the atmosphere may aﬀect the measurement:
such as Rayleigh scattering of nitrogen and oxygen, Mie
scattering of aerosol particles, and absorption of water
vapor, ozone and nitrogen dioxide. During the measurement, the mass ﬂow controller ensured that the pressure
in the cavity was kept within a range of 1% atm, and

therefore the Rayleigh scattering eﬀect can be considered as a constant contribution to the baseline which
could be directly removed. The membrane ﬁlter placed
in the sample inlet channel ﬁltered out most aerosol
particles in the sample gas, which reduced the inﬂuence
of Mie scattering of aerosol particles.
The resonant absorption at 662 nm of some trace gas
molecules in the atmosphere could also inﬂuence the
measurements, especially the water vapor [29], ozone
[30] and nitrogen dioxide [31]. FIG. 3 shows the absorption cross sections of the three molecules as well
as NO3 around 662 nm [32]. Note that the absorption
cross sections of H2 O, O3 and NO2 are three to nine
orders of magnitude smaller than that of NO3 . However, since the concentration of NO3 in the atmosphere
is at the pptv level, much lower than those of interfering
molecules, it was necessary to consider the inﬂuence due
to each interfering molecule in the atmosphere. Taking
the typical concentrations in the atmosphere such as 30
ppbv for nitrogen dioxide, ozone 30 ppbv, water vapor
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FIG. 4 Absorption coefficient α of zero air measured in a 4-h period.

1%, and combining with the absorption cross sections
of these molecules at the wavelength of the laser used in
our measurement, the contribution from each molecule
can be converted and scaled in terms of the NO3 concentration. They were NO2 10.4 pptv, O3 4.0 pptv,
and H2 O 5.1 pptv. Therefore, the interferences of these
three molecules were not negligible.
In order to eliminate their interferences, 6 ppmv nitric oxide gas was repeatedly injected into the sample
gas at a 100 sccm ﬂow rate, and the diﬀerence of CRDS
absorption coeﬃcient (∆α) was measured. Since NO
converted NO3 and O3 to NO2 , the absorption due to
NO3 decreased 3 orders of magnitude after the NO3 to
NO2 conversion and that due to O3 increased 2 times
from O3 to NO2 conversion, thus the change ∆α would
be predominantly related to the concentrations of NO3
and O3 in the sample, eliminating the inﬂuence due to
NO2 and water vapor in the sample. The change ∆α
due to the presence of O3 was relatively small and the
inﬂuence can be further corrected if the O3 concentration was known.
In atmospheric monitoring, the measurement results
are often inﬂuenced by environmental conditions such
as temperature and air pressure. In order to examine
the sensitivity and stability of the device, a continuous
measurement of 4 h using zero air under the same experimental conditions was conducted. The results are
shown in FIG. 4, where the gray curve was obtained
with a time resolution of 1 s, and the red curve was
with a time resolution of 3 min. During the 4-h measurement, the peak-to-peak ﬂuctuation in the absorption coeﬃcient was 8×10−10 cm−1 , which corresponded
to a NO3 concentration of 1.1 pptv. It could be used as
the detection sensitivity (3σ) of NO3 of this instrument.
B. Field measurement

As a demonstration, the instrument was applied in a
continuous measurement of the outdoor air for a week
DOI:10.1063/1674-0068/cjcp1910173

from November 1, 2017 to November 7, 2017. The sampling site of this measurement was selected in the Science and Technology Building of University of Science
and Technology of China in Hefei, Anhui Province. The
sampling port was about 8 m away from the ground and
1 m away from the wall. It was about 100 m away from
the Huangshan road, one of the main thoroughfares in
Hefei city. The road had a large traﬃc ﬂow during
morning and evening rush hours, and the air samples
taken in this area could be regarded as a typical urban
pollution sample in the winter season.
Together with the NO3 and N2 O5 measurements, another CRDS instrument operating at 405 nm [25] was
also applied to monitor the concentration of NO2 in the
atmospheric sample. The concentrations of PM2.5 and
O3 , temperature and humidity given from the Hefei city
meteorological monitoring station were also recorded, in
order to understand the environmental factors related
to the concentration changes of NO3 and N2 O5 in the
atmosphere. The results are shown in FIG. 5. The NO3
and N2 O5 data were averaged with a time resolution of
90 s and the NO2 signal was averaged for 180 s. The
PM2.5 , O3 , temperature and humidity data were only
available with a time resolution of 1 h.
It is noted that NO3 and N2 O5 were only produced
after sunset, and their concentrations during the daytime were below our detection limit, so our measurements of NO3 and N2 O5 were carried out only at night.
The yellow background in FIG. 5 indicates the daytime period, and the white background is for the night
period. It can be seen that during the entire measurement, the N2 O5 concentration had a few peaks of about
10−20 pptv, while the concentrations of NO3 stayed
lower than 2 pptv. Only around 00:00 on November
5, when N2 O5 showed a persistent high concentration,
the NO3 concentration had an obvious peak lasting for
about 2 h.
In fact, the concentrations of NO3 and N2 O5 in the
atmosphere were the result of the interaction of varic
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FIG. 5 Ambient measurements of atmospheric pollutants. Yellow areas indicate the day time between sunrise and sunset.

ous atmospheric conditions. As a short-term continuous monitoring, only the relatively obvious and typical
events were selected for analysis, giving rise to a preliminary correlation analysis.
As shown in FIG. 5, when N2 O5 reached a peak concentration, NO2 concentration always came to a minimum. The correlation was more apparent when the
concentration of N2 O5 peaked during the night from
November 4 to November 5 and the night from November 5 to November 6, which was consistent with the
reaction mechanism (Eq.(1)). It was also noticed that
there was a small O3 peak during the night of November 4. A possible interpretation is that N2 O5 produced
in the atmosphere at this time was from the production
of NO3 by O3 oxidation of NO2 and then formation of
N2 O5 by combining NO3 and NO2 .
A special atmospheric process observed in this measurement was that after the accumulation of PM2.5 during the daytime of November 3, it was quickly cleared in
the night of November 3 and kept a low concentration
in the following days. By comparing the measurement
results of N2 O5 before and after the sudden drop in the
PM2.5 concentration, it can be seen that low PM2.5 concentration appeared to be a prerequisite for the presence
of N2 O5 . When the PM2.5 concentration was high, the
N2 O5 concentration was low, which may be due to that
the aerosol particles provided more reaction surface for
NO3 and considerably reduced the lifetime of NO3 in
the atmosphere.
It can also be seen from FIG. 5 that the concentration of N2 O5 after November 3 was higher than that of
the previous two days, correlated with a low humidity
during the same period. However, since the decrease of
PM2.5 was also related to the decrease of humidity, it
was diﬃcult to determine whether humidity or PM2.5
concentration played a key role in the change of the
N2 O5 concentration, which requires further investigaDOI:10.1063/1674-0068/cjcp1910173

tion.

IV. CONCLUSION

A dual-channel cavity ring-down instrument based on
diode lasers using the 662 nm absorption band of NO3
was developed for measurements of NO3 and N2 O5 in
the atmosphere. A NO3 detection sensitivity of 1.1 pptv
(3σ) was demonstrated. The possible interference due
to other substances in the atmosphere, such as NO2 ,
O3 , and water was discussed. After calibration of the
instrument with laboratory NO3 standard sample, the
NO3 and N2 O5 concentrations in the atmosphere can
be simultaneously determined quantitatively at a precision better than 1 pptv. Using this instrument, together
with another CRDS instrument for the NO2 detection,
a ﬁeld measurement lasting for 1 week was carried out
by measuring NO3 , N2 O5 and NO2 . Combining with
the meteorological data of ozone, PM2.5 , humidity and
temperature from the Hefei city during this period, correlations among the concentrations of these pollutants
were analyzed. It was found that the atmospheric concentrations of NO3 and N2 O5 were aﬀected by a variety
of atmospheric conditions during a rapid atmospheric
cleaning event in the winter of 2017.
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