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significant interferences from PM2.5 and NO were found in the ambient HO2 measurement.
The detection limits for HO2 (S/N = 2) are estimated to 4.8 × 105 cm−3 and 1.1 × 106 cm−3
(ρHO2 = 20%) under night and noon conditions, with 60 sec signal integration time. The instrument was successfully deployed during STORM-2018 field campaign at Shenzhen graduate
school of Peking University. The concentration of atmospheric HOx radical and the good correlation of OH with j(O1 D) was obtained here. The diurnal variation of HOx concentration
shows that the OH maximum concentration of those days is about 5.3 × 106 cm−3 appearing around 12:00, while the HO2 maximum concentration is about 4.2 × 108 cm−3 appearing
around 13:30.
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Introduction
Hydroperoxy radical (HO2 ), as well as hydroxyl radical
(OH), is one of the most important atmospheric oxidation
agents. It acts as an important medium for the removal
of primary pollutants and has close relationship with the
formation of secondary pollutants in atmospheric chemistry
(Hofzumahaus et al., 2009; Kanaya et al., 2007; Monks, 2005).
Generally, HO2 radicals coexist with OH radicals in atmosphere. The removal of most atmospheric pollutants such as
CO and volatile organic compounds (VOCs) by OH can lead to
the produce of HO2 and organic peroxy radicals (RO2 ). In the
presence of nitrogen oxides (NOx), RO2 is converted to HO2
through reaction with NO and further converted to OH via
reaction of HO2 and NO, resulting in a fast cycling of radicals
that forms the basis of oxidation mechanisms in the atmosphere (Dusanter et al., 2008; Hofzumahaus et al., 2009). With
the rapid development of economy, China is characteristic
of a complex type of air pollution, where primary pollution
and secondary pollution coexist at the same time. The study
of HO2 radical is helpful to understand chemical reaction
process of the radical under complex atmospheric conditions
and the formation mechanism of secondary pollution. The
concentration of HO2 radical in the atmosphere is as low as
some ten parts per trillion per volume (pptv) (Ren et al., 2006;
Stevens et al., 1997; Tan et al., 2001). Due to its high activity, low
concentration and short lifetime, instrument with high sensitivity and precision is prerequisite to detect HO2 in real atmosphere. Matrix isolation electron spin resonance spectroscopy
(MIESR) is a direct method for the first measurement of HO2
with highly selective and is most versatile as it can distinguish
HO2 , RO2 and CH3 C(O)O2 (Mihelcic et al., 1978; 1999). But the
sampling time of MISER is quite long (about 30 min), and the
sample collection and preservation must be carried out under
the condition of liquid nitrogen freezing and high vacuum,
which greatly limits its application in the field measurement
(Li et al., 2014). Recently, some HO2 measurements by MISER
have been only performed in the atmospheric simulation
chamber SAPHIR which is designed to investigate photochemical processes under ambient conditions with atmospheric
concentrations of traces gasses at Forschungszentrum Julich
(Fuchs et al., 2009; 2010). Cantrell and Stedman (1982) first
proposed a possible technique for the measurement of atmospheric peroxy radicals, namely peroxy radical chemical
amplifier (PERCA). PERCA can only be used for the total peroxy
radicals (HO2 +RO2 ) measurement, so it cannot distinguish
HO2 from RO2 , and moreover, the sensitivity of the PERCA to
RO2 is strongly dependent on water vapor (Carslaw et al., 1999;
Hernández et al., 2001; Mihele and Hastie, 1998; Wood et al.,
2017; Yang et al., 2018). Thomas et al. (1997) first developed ion
molecule reaction-mass spectrometry (IMR-MS) to measure
atmospheric peroxy radical concentrations, which relies
on amplifying chemical conversion of peroxy radicals to
gaseous sulfuric. Peroxy radical chemical ionization mass
spectrometer (PerCIMS) provided the measurement of the
sum of peroxy radicals, HO2 +RO2 (in HOxROx mode), or the
HO2 component only (in HO2 mode) (Edwards et al., 2003).
Unlike PERCA, chemical ionization mass spectrometry (CIMS)
is a technique that is capable of discriminating HO2 from RO2 ,
and is mainly used in the clean area measurement recently.
Another kind of real-time online technique with high sensitivity and low detection limit, fluorescence assay with gas
expansion (FAGE), is proposed by Hard et al. (1984) to detect
OH and HO2 radical, and is widely used in the field measurement of HOx radical at the condition of complex atmospheric
environment in recently years (Dusanter et al., 2009; Tan et al.,
2017; Vaughan et al., 2012). During the measurement of HO2
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by FAGE, RO2 radicals can also be converted into OH along
with the conversion of HO2 to OH via reaction with NO, which
contributes to the potential interferences for HO2 measurement. In some FAGE instrument of HO2 measurement, RO2
interferences have been identified by several groups, such
as Julich (Fuchs et al., 2011), Leeds (Whalley et al., 2013) and
Indiana University (Lew et al., 2018). It was found that interferences from RO2 radicals produced by small alkanes are
negligible, while RO2 radicals derived from OH plus alkenes
are detected with a relative sensitivity larger than 80% with
respect to that of HO2 for the instrument of Julich during field
campaigns (Fuchs et al., 2011). Whalley et al. (2013) found that
the sensitivity to RO2 interference is highly dependent on cell
design and operating parameters, which indicates that the
observations of HO2 by some LIF instruments worldwide may
be higher than the true value if the instruments are sensitive
to these RO2 species. The interferences from RO2 were also
characterized and assessed in the IU-FAGE instrument with
measurement of HO2 . It was found that approximately 80%
of alkene-derived RO2 radicals and 20% of alkane-derived
RO2 radicals were converted to HO2 . During MCMA-2006 campaign, interferences from various RO2 radicals contributed to
about 35% of the measured HO2 signal, especially in forested
environments dominated by saturated biogenic emissions
such as isoprene (Lew et al., 2018). Thus, it is necessary to
determine the influence of various RO2 radicals during the
measurement of HO2 in FAGE instrument in order to realize
the accurate measurement of HO2 in the atmosphere.
In this article, a newly established FAGE instrument for
the detection of OH and HO2 is described. A series of experiments are designed to optimize the system performance. As
HO2 is measured by chemical conversion to OH with adding
NO into the FAGE instrument, the conversion efficiency of HO2
was investigated firstly. Furthermore, the sensitivity, detection
limit and interferences of the FAGE instrument in ambient
HO2 measurement were investigated. Lastly, the instrument
was first deployed in the comprehensive STudy of the Ozone
foRmation Mechanism field campaign in Shenzhen during October and November of 2018 (STORM-2018), and OH and HO2
concentration was successfully measured in the campaign
and the diurnal variation of HOx were studied.

1.

Experimental section

1.1.

OH detection by FAGE instrument

OH and HO2 radicals are measured in the same fluorescence
cell. The measurement of HO2 takes advantage of its rapid gasphase reaction with NO (HO2 + NO → OH + NO2 ) and subsequent detection of OH in the fluorescence cell. FAGE technique
is an effective, highly sensitive method to detect OH radical
in the atmosphere. Its principle has been introduced in detail elsewhere (Chen et al., 2018; Wang et al., 2019) and is only
described in brief here. A diagram of the HO2 FAGE system is
illustrated in Fig. 1. In this technique, both excitation and detection of OH are performed by 308 nm laser pulse, which is
provided by a tunable dye laser pumped by a diode-pumped
Nd:YVO4 laser after frequency doubling. The laser output has
a pulse width of 27 ns and a repetition rate of 8.5 KHz. Ambient
air is sampled through a nozzle and passed down to the center
of fluorescence detection cell. The cell is vacuumed by a mechanical roots pump combined with a rotary pump to keep a
low pressure for OH detection. Stable excitation is the basis of
accurate measurement of OH by FAGE technique. As the ambient temperature has certain influences on the laser wavelength, a reference cell was designed to maintain the laser
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Fig. 1 – Schematic diagram of the HOx FAGE detection system. BS: Beam splitter, OL: optical lens, OFC: optical fiber couple,
OF: optical fiber, BE: beam expander, AH: aperture hole, M: mirror, HV: high voltage supply, Am: amplifier, PD: photodiode,
PC: photon counter, DDG: digital delay generator, AD: A/D converter.

wavelength at the peak of the OH excitation line, and the fluorescence intensity was monitored in real time. A fraction of
the laser was directed into a reference cell where high OH
concentrations were generated from the pyrolysis of water vapor by nickel-chromium filament. Small drifts in laser energy
due to grating and doubling crystal instabilities can be used
to correct the reference signal (Creasey et al., 1997). The fluorescence signal is collected by a gated detection system composed of a micro channel photomultiplier (MCP), an amplifier,
and a time-gated photon counter. A digital delay generator is
triggered externally by the synchronous output of the laser
system (T0 ) to control the time series of the whole system.
Electronic gating of the detector allows temporal filtering of
the weak OH fluorescence from the much more intense scattered laser light. As the fluorescence signals is also affected
by laser output, the laser energy is continuously monitored
by a photodiode, and then used to modify the laser energy
(Hofzumahaus et al., 1998; Holland et al., 2003). Data collection and analysis were performed automatically in real-time
by software based on National Instrument LabView.

1.2.

Chemical conversion for HO2 detection

The FAGE instrument described above was used to measure
ambient concentrations of HO2 using a chemical conversion
technique with addition of NO (see Fig. S1). The NO gas is
added into the fluorescence cell from a NO loop injector, which
is located directly below the inlet nozzle to realize the conversion of HO2 to OH. The flow rate of NO is controlled and
regulated by mass flow controller in order to realize the conversion of HO2 to OH. The conversion efficiency of HO2 (ρHO2 )
in FAGE instrument is defined as the fraction of HO2 convert
to OH by chemical reaction with NO. To determine ρHO2 , a calibration system with laboratory-generated OH and HO2 radical
sources is established, which is based on photolysis of water
vapor by a mercury lamp at 184.9 nm in synthetic air at atmospheric pressure via the following reactions, and this method
was used widely by the HOx measurement groups to calibrate
instrument (Creasey et al., 1997; Dusanter et al., 2008).
H2 O + hν (184.9 nm ) → OH + H

(R1)

H + O2 + M → HO2 + M

(R2)

To obtain the conversion efficiency of HO2 (ρHO2 ), several
different modes of OH fluorescence signal tests were carried out. In the first mode, a certain mixed gas is introduced
to the flow tube at a constant flow (20 STP L/min), which
mainly contains high purity air (> 99.999%, Nanjing Specialty
gasses, China) and high purity N2 (> 99.999%, Nanjing Specialty gasses, China) bubbling through a water trap. The radicals including OH and HO2 generated in the flow tube are then
introduced into the fluorescence cell with only NO added. Under this mode, the OH fluorescence signal (SHOx ) corresponds
to the sum of the OH radical in the system and a fraction of OH
generated from the conversion of HO2 via reaction with NO. In
the second mode, a flow rate of 50 sccm (standard cubic centimeter per minute) CO (1%, Nanjing Specialty gasses, China)
is added into the flow tube, where OH radicals are converted to
HO2 entirely (OH + CO + O2 → HO2 +CO2 ), then only HO2 radical is sampled into the fluorescence cell, where it reacts with
NO giving the OH fluorescence signal (SHO2 ). As the HO2 radical can be quantitatively converted to OH in a certain concentration of NO, the OH fluorescence signal of SHOx and SHO2 can
calculate the conversion efficiency of HO2 in the FAGE system.
The conversion efficiency of HO2 in the FAGE instrument is
given by the expression:
ρHO2 =

SHO2
2SHOx − SHO2

2.

Results and discussion

2.1.

OH detection performance

(1)

Accurate measurement of OH is the basis to realize the detection of HO2 in the FAGE instrument. As for the OH detection sensitivity, some influence factors such as laser stray light
and solar stray light have been investigated in our previous
studies. On the basis of former results, experiments were performed with a variety of nozzles (including 0.4 mm, 0.8 mm
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Fig. 2 – Dependence of OH signal intensity on the pressure inside the fluorescence cell and the distance between the nozzle
and the center of the fluorescence detection region. (a) with 1 mm nozzle and a distance of 160 mm, (b) with 0.4 mm nozzle
and a distance of 160 mm, (c) with 0.4 mm nozzle and intracavity pressure of 350 Pa. cts/mW represents the number of
photons per unit of energy detected within the integral time of 10 sec. Except for nozzle, cavity pressure and the expansion
distance, other conditions remain constant.

and 1.0 mm), different distances between nozzle and the
center of the fluorescence detection region (ranging in 102–
220 mm), and different internal pressures in the cell (ranging
in 100–950 Pa) to optimize the sensitivity of OH in our FAGE instrument. For the optimization experiments, OH radical is produced in the calibration system at the region just upstream of
the nozzle. For each given combination of the nozzle, distance
and pressure, the OH fluorescence signal intensity is measured. As for 1.0 mm nozzle, the change trend of OH fluorescence at the condition of different internal pressures (Fig. 2a)
is similar to that reported by Faloona et al. (2004). When the
internal pressure is about 400 Pa, the detection sensitivity of
OH is the largest. While for 0.4 mm nozzle, the trend of OH
signal intensity dependence on the pressure is different from
that for 1.0 mm nozzle. As shown in Fig. 2b, for 0.4 mm nozzle, the detection sensitivity of OH is the best when the cell
pressure is around 200 Pa. And when the pressure is reduced
from 400 to 200 Pa, the sensitivity of the instrument can be
increased about 49%. Fig. 2c shows the change of fluorescence
signal intensity with different distances. It is shown that when
the distance is less than 160 mm, the detection sensitivity of
OH increases with the increasing of the distance and reaches
the maximum around 160 mm. For example, the detection
sensitivity of OH at the distance of 160 mm is about 28% higher
than 120 mm. When the distance is greater than 160 mm,
the detection sensitivity tends to be constant. Spectral studies show that the temperature in the cell recovers to ambient

temperature at the distance of 160 mm (298 K) (see Fig. S2a),
while at the distance of 120 mm, the temperature is low than
the ambient one (265 K) (see Fig. S2b). The temperature in the
fluorescence cell at the distance of 160 mm is similar with the
result reported by Novelli et al. (2014a, b), where the temperature in low pressure segment of LIF instrument was measured
with a thermistor positioned in the center of the air flow and
was equal to ambient temperature (293 K) with the distance of
140 mm from the pinhole to the fluorescence detection center.
The detection sensitivity of OH in the instrument have been
further improved after a series of optimization of distance,
pressure and nozzle size, which makes the instrument more
suitable for the measurement of OH concentration at night.
And the main instrument parameters used in the experiments
and field measurement are shown in the Table 1.
To minimize the effect of all kinds of stray light on fluorescence is also critical to accurate measurement of OH. The
fluorescence emitted from the excitation volume of the cell is
focused onto a photocathode of a microchannel plate photomultiplier (MCP) (Photek Ltd., UK), after passing through several lenses and an interference bandpass filter. In order to improve the excitation efficiency of the system, on the one hand,
the 308 nm laser beam transmitted from the optical fiber is
expanded by the two latter lenses and optimized to about a
diameter of 8 mm at fluorescence detection region. On the
other hand, a mirror is mounted at the opposite of the detector. In order to minimize the reflection of stray light in the system, several improvements have been adopted. First, the in-

44

journal of environmental sciences 99 (2021) 40–50

Table 1 – Properties of FAGE instrument for the HO2 detection.

Nozzle aperture (mm)
Flow rate (L/min)
Distance nozzle – detection (mm)
Distance NO loop injector –
detection (cm)
[NO] (1012 cm−3 )
Cell pressure (hPa)
Laser rep. rate (kHz)
Laser power (mW)

Parameter I

Parameter II

0.4–1.0
1.1–8.0
102–220
72–190

0.4
1.1
160
130

0.8–300
100–950

1.6
400
8.5
15–30

Parameters I used in the experimental tests, parameters II used in
the field campaign.

OH fluorescence signal (SOH ) in the FAGE cell may be affected by the wavelength shift, and it can be corrected by
the fluorescence signal in the reference cell. In addition, the
laser energy in the FAGE cell, which is monitored by a photomultiplier tube, is also used for the correction of SOH . The
concentration of OH measured by FAGE is related with fluorescence signal SOH and detection sensitivity COH ([OH] =
SOH / COH ). The OH detection sensitivity (COH ) can be characterized using the calibration HOx source, where certain concentration of OH, HO2 and O3 are generated by photolysis of
water vapor and O2 in a flow tube via reactions (R1, R2, R3
and R4). The concentration of OH or HO2 can be calculated via
Eq. (2).
O2 + hν (184.9 nm ) → 2O

(R3)

2(O + O2 + M) → 2O3

(R4)

[OH] = [HO2 ] =

Fig. 3 – Time series of PM2.5 concentration (upper panel)
and the background signal intensity measured by the FAGE
system for 1 s (lower panel) during 2018-STORM field
campaign at Shenzhen graduate school of Peking
University.

ner wall of fluorescence detection cell is anodized. Second, the
fluorescence detection cell is attached to two arms with baffle disks through which the laser beam passes. Lastly, due to
that the fluorescence emitted by the excited OH radical is detected by a time-gated photomultiplier, the laser scatter background signal is nearly negligible after optimizing the timing
for the fluorescence detection. Solar stray light with strong
randomicity is the largest noise source of the FAGE system
in the field measurement of HOx radicals. To accurate measure and subtract the solar stray light, the solar background is
simultaneously measured by counting photons in solar stray
light measurement channel at 2.5 μs after each fluorescence
measurement, and the measurement lasts for 3 μs. Thus, the
fluorescence signal resulted from solar scattering can be subtracted from the total fluorescence signal. Fig. 3 shows the
background signal measured during 2018- STORM field campaign, and the laser detection energy is about 20 mW. It is
shown that although the concentration of PM2.5 ranges in 10–
90 μg/cm3 , the laser stray light has no significant change and
basically maintains around zero. The solar stray light can also
be well subtracted through the gate-timing setting at noon.
All of these improvements contribute to the reduction of the
system fluctuations and the accuracy of measurement, which
make the instrument more suitable for the measurement of
atmospheric HOx radicals at complex pollution environment
in China.

[O3 ][H2 O]σH2 O φOH
[ O 2 ] σ O 2 φO 3

(2)

here, σH2 O and σO2 are the absorption cross section of water
and oxygen at 185 nm. φ is the photodissociation quantum
yield, where φ OH = 1 and φO3 = 2 (Kanaya et al., 2001). [O3 ],
[H2 O] and [O2 ] are the concentrations of ozone, water and oxygen, respectively.
In order to obtain accurate concentration of OH, the following aspects are considered. The oxygen absorption cross
section (σO2 ) is specific for every mercury lamp and depends
on the special design for flow tube (Creasey et al., 2000). The
value of (1.25 ± 0.08) × 10-20 cm2 was obtained for the OH radical standard source of the system used in this work. The water vapor concentration is measured with high precision and
good accuracy using humidity and temperature probes before
the mixed gas enters the flow tube. The ozone concentration
is detected indirectly by converting it to NO2 firstly via reaction with sufficient NO, then NO2 being measured by CRDS developed in our laboratory (Li et al., 2019). Under laminar flow,
ozone concentration has a distinct gradient distribution in the
flow tube, and the ratio of ozone concentration in the center
of the flow tube to that at the exit of the flow tube (defined
as P factor) was determined as 1.81±0.05 for this flow tube. A
total 20 L/min humidified zero air (the mixing ratio of H2 O in
the air flow ranged from 1000 to 20,000 ppmv) flows through
a 600-mm-long, 17-mm-inner OD quartz flow tube at atmospheric pressure, generating a continuous source of OH and
HO2 radicals. And the transmission time of the HOx radicals
in the flow tube before entering the nozzle is about 20 ms. Generally, the concentration of OH and HO2 ranged from 2.9 × 107
to 3.0 × 109 cm−3 . For the calibration of the instrument, OH
concentrations were controlled between3.5 × 108 cm-3 and
2.5 × 109 cm-3 by varying water vapor concentration. OH fluorescence signal evaluated from Q1 (2) line was found to be
linear with the radical concentration, which indicates that
the effect of water vapor on OH sensitivity can be almost deducted. Based on the relationship, detection sensitivity COH
of 1.92 × 10−7 cts/sec (molecules cm−3 )−1 mW−1 was derived
for OH detection in synthetic air containing trace water vapor.
Due to the large variation of water vapor in the measurement
of OH during the field measurement, the influence of water
vapor on the OH sensitivity in FAGE system was investigated.
As shown in Fig. S3, a small decreasing trend is well within
the uncertainty and no significant change in the sensitivity
against water vapor was found. Then the overall uncertainty
of COH is estimated to be 14% in our FAGE instrument.
Based on the sensitivity (COH ) and the background signal
(SBG ), the detection limit of OH ([OH]min ) was estimated. Under the condition of the laboratory experiment, [OH]min is determined according to the following parameters: S/N = 2 (the

journal of environmental sciences 99 (2021) 40–50

Fig. 4 – The change trend of HO2 conversion efficiency with
various NO concentration added.

signal-to-noise ratio), m = n = 1 (m is the number of OH measurement on resonance, n is the number of background measurement off resonance), SBG = 5 cts/sec (including 1 cts/sec of
the MCP dark noise and laser scattering noise, and 4 cts/sec of
the solar stray-light background signal at noon), P ==20 mW,
COH = 1.92 × 10−7 cts/sec (molecules cm−3 )−1 mW−1 , [OH]min is
calculated to be 9.5 × 104 cm−3 and 2.1 × 105 cm−3 under night
and noon conditions, respectively, with 60 sec signal integration time.

2.2.

HO2 conversion efficiency

The conversion efficiency of HO2 (ρHO2 ) is strongly dependent
on NO concentration and reaction time, and the reaction time
depends on the expansion distance. Generally, the shorter
the distance is, the lower the ρHO2 is. In order to investigate
the ρHO2 more conveniently during the measurement, at each
fixed distance, ρHO2 of the system was studied by changing NO
concentration. Ambient air is introduced through the nozzle
(diameter of 0.4 mm) which is located 160 mm apart from the
center of the fluorescence detection cell. Pure NO with various flow rate was injected into the fluorescence cell using NO
glass loop injector to investigate whether a sufficiently high
ρHO2 can be obtained. The results show that ρHO2 is large than
90% when 2 sccm pure NO is added (see Fig. S4a). NO loop
injectors of various diameters and materials are designed to
optimize the conversion efficiency of HO2 (ρHO2 ) (see Fig. S4b).
Different materials (copper and glass) and different diameters
(10 mm and 16 mm) are used for testing the conversion efficiency. Considering that the NO loop injector made of glass is
easier to machine than copper, and there is less collision loss
of the radials in the transmission process in the FAGE detection cell, glass is selected for designing NO loop injector. As for
the diameter of NO loop injector, it is found that the NO loop
injector with 10 mm diameter is capable of fast reaction with
radicals and blending well. The 10-mm-OD glass NO loop injector was selected at last for this work and the widely varies
of HO2 conversion efficiency were tested here. It is shown that
when NO concentration varies from 1.6 × 1012 to 2.5 × 1014
cm−3 , ρHO2 of our FAGE instrument changes from 18% to 96%
(Fig. 4).
Considering that OH fluorescence quenching can be affected by water vapor, the conversion efficiency of HO2 in FAGE
instrument was also measured under different water vapor
concentration. When different concentrations of water vapor
are introduced into the calibration system, different concen-
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trations of HO2 radicals are produced before entering the FAGE
instrument. Fig. 5a shows the change trend of ρHO2 with various water vapor concentrations (ranging in 0.2%-1.8%) and
HO2 concentrations (ranging from 3.0 × 108 to 3.4 × 109 cm−3 )
under the condition of adding 1 sccm NO (2%, Nanjing Specialty gasses, China) into the FAGE instrument. The conversion
efficiency of HO2 remains almost constant (20.8%±0.6%) under different water vapor concentrations as well as different
HO2 concentrations. In the actual atmospheric measurement
of HO2 , it has been confirmed further that ρHO2 has no significant change with the change of atmospheric humidity when
the concentration of adding NO keeps constant. Considering
the influences of NO concentration and water vapor concentration on ρHO2 , the total uncertainty of the measurement of
ρHO2 in our FAGE instrument is less than 7%.
The detection sensitivity of HO2 (CHO2 ) is the product of the
detection sensitivity of OH (COH ) and the conversion efficiency
of HO2 to OH (ρHO2 ) (CHO2 = COH × ρHO2 ). As mentioned above,
the pressure has a certain impact on COH , while no significant
effect on ρHO2 . The impact of pressure on CHO2 in the instrument is similar to that of COH for this instrument. As shown
in Fig. 5b, the change trend of detection sensitivity of HO2 is
similar to that of OH (Fig. 2b). And the total uncertainty of CHO2
in our FAGE instrument is about 17%. The detection limits for
HO2 (S / N = 2) are estimated to be 4.8 × 105 cm−3 at night
and 1.1 × 106 cm−3 at noon (the conversion efficiency of HO2 ,
ρHO2 =20%) with integration time of 60 sec.

2.3.

Interferences of HO2 measurement

Several interferences for the ambient measurement of OH,
such as O3 , HONO, ozonlysis of alkenes, and acetone, were investigated by Ren et al. (2004), and it is believed that these interferences are insignificant and can be neglected for the ambient HO2 measurement, because the concentration of ambient HO2 is normally about 10–200 times than OH in various areas. However, three special interferences for the ambient HO2
measurement are known for the current instrument design.
Photolysis of HCHO is one source of HO2 signal, and it is found
that about 0.05 pptv HO2 can be produced per 100 ppbv HCHO
(Ren et al., 2004). This interference is negligible under most
atmospheric conditions. And it is presumed that the reactions between OH and some chemicals such as CO, NO2 , CH4 ,
VOCs in our FAGE system are also negligible, which will not affect the detection accuracy of HO2 radicals. The reason is that
there is little chance of HOx radical colliding with these gas
molecules at the lower pressure in the system, as the concentration of CO, NO2 , CH4 , VOCs sampled into the FAGE system
is about 250 times lower than that in the atmosphere. When
NO was added into the fluorescence cell, HONO or NO2 contained in NO gas may interfere the HO2 measurement. Thus,
NO was passed through an ascarite trap and an iron sulfate
trap in our FAGE system to remove the trace amount of HONO
and NO2 existing in the NO gas cylinder, and no significant
background signal is noticed when various NO concentration
(ranging in 0˜3.5 × 1013 cm−3 ) is added into the fluorescence
cell. As shown in Fig. 6, when various NO flow rate (2% NO gas,
0˜20 sccm) is injected into the fluorescence cell in the absence
of ambient radicals, there is no significant interference to OH
signal. While a small HO2 interference is observed when NO is
injected into the fluorescence cell in the absence of ambient
radical, and the equivalent HO2 concentration of this signal is
3 × 107 cm−3 for the NO mixing ratios applied in the campaign
(Tan et al., 2017).
Specific RO2 radicals have the potential to be converted
to OH on the same timescale as HO2 . It has been found
that RO2 may be one of the most important interference factors in detecting HO2 with FAGE technology in several works
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Fig. 5 – (a) Dependence of HO2 conversion efficiency on H2 O and HO2 concentrations. ρHO2 under the condition of air with 2%
V/V of H2 O is presented., (b) signal intensity of HO2 dependence on pressure in the fluorescence cell.

directly by reacting with O2 (R6), or decompose to a hydroxyalkyl radical (R7) which then reacts rapidly with O2 to form
HO2 indirectly (R8). Due to this rapid decomposition pathway
(k = 9.6 × 10−12 cm3 molecule−1 s−1 , Atkinson et al., 1997), the
detection accuracy of HO2 radicals may be affected.
Decomp.

Fig. 6 – The changing trend of background signal in the
fluorescence cell as injected NO flow rate ranging in 0˜20
sccm. cts/mW represents the number of photons detected
by the detector per unit of energy within the integral time
of 10 sec.

(Dusanter et al., 2009; Griffith et al., 2013; Lew et al., 2018). The
reason is that in the process of measuring HO2 with FAGE,
when NO is added to convert HO2 to OH, RO2 can also react
with NO to generate HO2 (R5, R6), which is further converted
into OH to be detected in the cell.
RO2 + NO → RO + NO2

(R5)

RO + O2 → R, CHO + HO2

(R6)

Due to the low pressure employed in FAGE detection, however, Reaction (R6) is very slow (1.65 × 10−15 cm3 molecule−1
s−1 , for R = CH3 ), and given the very short residence time in
FAGE (typically just a few milliseconds or less) thinking about
the distance between NO injection and the detection region,
RO2 radicals are hardly to be converted to OH to any large extent. As for β-hydroxyalkoxy radical, it can either produce HO2

R(OH )−RO −→ R = O + R − OH

(R7)

R − OH + O2 → R = O + HO2

(R8)

In the atmosphere, many organic compounds can react
with OH, O3 or NO3 leading to the produce of RO2 radicals, so
it is critical to refrain from the interferences from RO2 in the
atmospheric measurement of HO2 . As different kinds of RO2
radicals have different influences on the measurement of HO2
in the FAGE system, the conversion efficiencies of some different RO2 to OH (ρRO2 ) in the FAGE system were test in our laboratory for accurate analysis of ambient HO2 concentration.
The produce of the various RO2 was performed by introducing some typical volatile organic compounds into flow reactor
to react with OH. According to the measurement of conversion efficiency of HO2 , the other two measurement modes of
OH fluorescence signal are also needed to carry out in order to
determine ρRO2 .
A small flow (10–100 sccm) of diluted (200–5000 ppm)
hydrocarbon mixture in N2 (methane, propane, isoprene or
methanol) was introduced into the flow tube. The residence
time within the flow tube (˜66 ms at 20 L/min) was sufficient
to ensure complete conversion of OH to RO2 before being sampled into the fluorescence cells. The peroxy radicals generated
by scavenging all OH radicals of the radical source with a hydrocarbon in the flow tube before introduced into the fluorescence cell, giving the OH fluorescence signal reading (SOH+VOC )
without NO addition and (SROx ) with NO addition in the fluorescence cell. The fluorescence signal SOH+VOC is used to verify
whether OH has fully reacted with VOC. As the RO2 radicals
can be quantitatively converted to OH in the excess amount
of NO, the conversion efficiency of RO2 is given by the expression:
ρRO2 =

2SROx − SHO2
2SHOx − SHO2

(3)

Isoprene is one kind of the most dominant BVOC. It is believed that the oxidation of isoprene will control the atmo-
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Fig. 7 – Dependence of RO2 conversion efficiency (ρRO2 ) on NO concentration (1.5 × 1012 -4.0 × 1014 cm−3 ) in the FAGE cell. (a)
RO2 radical produced from the reaction of isoprene with OH, (b) Comparison of RO2 (isoprene + OH) conversion efficiency
with HO2 conversion efficiency in the NO concentration range of 1.5 × 1012 - 8.0 × 1012 cm−3 in the FAGE cell, (c) RO2 radical
produced from the reaction of propane with OH, (d) RO2 radical produced from the reaction of methanol with OH, (e) RO2
radical produced from the reaction of ethene with OH.

spheric chemistry in the forest boundary layer and contribute
to cloud formation in marine environments. A flow rate of
10 sccm isoprene (200 ppm) was added into the flow tube
in this test, and OH reactivity with isoprene is about 250 s−1
when the concentration of OH radical produced in the flow
tube is about 7.5 × 108 cm−3 . The conversion efficiency of RO2
to OH was detected when the conversion efficiency of HO2
was 18.25±0.81%, 31.95±3.18%, 74.5±1.41% and 96.64±1.32%
respectively, the corresponding result is shown in Fig. 7a and
b. Considering the possible interference from alkyl RO2 (from
the reaction of alkane with OH) or β-hydroxyalkyl RO2 (from

the reaction of OH with alkene), propane and ethene, the two
typical VOCs in the atmosphere, are also selected for the test.
A certain concentration of propane or ethene was added into
the flow tube, and reacted with a certain concentration of OH.
The OH reactivity with propane, ethene is 20 s−1 and 42 s−1
respectively under the current test conditions. Considering alcohol is one of the important sources of anthropogenic VOCs
emission in China, methanol is also tested here. A flow rate
of methanol was added into the flow tube reacting with same
concentration of OH, and the reactivity of methanol with OH
is about 17 s−1 . The conversion efficiency of RO2 derived from
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propane, ethene and methanol under different NO concentration were determined in a similar way (Fig. 7c, 7d, 7e).
The trend of RO2 to OH conversion efficiency with increasing of NO concentration is similar with that of HO2 to OH
(Fig. 4). When the conversion efficiency of HO2 in the FAGE instrument is large than 90%, a large OH yield from RO2 radicals
derived by ethene, isoprene and methanol are observed. While
the HO2 conversion efficiency is controlled at a low level, for
example ρRO2 =20%, the interferences from these RO2 radicals
will be less than 6%. In these tests, even the concentration
of VOCs added into the flow tube is about 100 times higher
than those in the atmosphere, the interferences from these
RO2 are negligible at low HO2 conversion efficiency. It is noteworthy that in the laboratory simulation reaction system, the
concentration of RO2 radicals derived by ethene, isoprene or
methanol is same as the HO2 concentration. But in the real
atmosphere, the total concentration of RO2 derived from all
kinds of potential sources is approximately equal to that of
HO2 , the ratio RO2 /HO2 lies mostly in the range between 0.75
and 1.2 (Mihelcic et al., 2003; Tan et al., 2017). And the RO2 radicals derived by alkene or aromatic compounds, which are the
main contributors to HO2 , only account for a small fraction of
the total RO2 radicals. Lew et al. (2018) reported that the total
average modeled RO2 concentration consisted of 54% alkanebased, 27% alkene-based, and 14% aromatic-based peroxy radicals during the Mexico City Metropolitan Area 2006 campaign.
Therefore, it is believed that the interferences of RO2 radicals
should be low enough to be ignored in most cases in the atmosphere.
As discussed above, HO2 detection sensitivity (CHO2 ) is related to both OH detection sensitivity (COH ) and HO2 to OH
conversion efficiency (ρHO2 ). That means under the condition
of high OH detection sensitivity, the conversion efficiency of
HO2 can be controlled at a low level to decrease the interferences of RO2 , while at the same time the detection limit of
HO2 can still be maintained to meet the field measurement.
Thus, the conversion efficiency of HO2 was selected less than
20% during the field measurement, and the interferences from
RO2 derived by these VOCs in the atmosphere are negligible in
the field measurement using this FAGE instrument. The FAGE
system is suitable for application in the field measurements
of HO2 under complex atmospheric conditions or experimental simulation chamber. If high concentration of NO is added
into the FAGE system, the HO2 conversion efficiency and the
interferences from RO2 radicals derived by ethene, isoprene
or methanol are high (Fig. 7). Therefore, the HO2 concentration measured by FAGE, denoted as [HO2 ∗ ], is then expected
to be the sum of the HO2 concentration and the mixture of
RO2 derived from alkene, alcohols and aromatic hydrocarbons
(RO2 ∗ ). The added NO will be periodically switched between
two different concentration values every few minutes. The
HO2 and HO2 ∗ (=HO2 +RO2 ∗ ) concentrations can be measured
with smaller and higher NO concentrations respectively.

2.4.

Ambient measurement

The STORM-2018 ambient measurements of HO2 radicals
were deployed at Shenzhen graduate school of Peking University, which is located in the northeast of Shenzhen University
Town and surrounded by Tanglang Mountain, wildlife park
and grassy golf course. During this campaign, HO2 concentration is obtained by switching OH measurement mode and
HO2 measurement mode by controlling the NO addition due
to only one fluorescence cell. The experiment was carried out
from October 12 to November 10, and OH concentration has
been observed during all the period, while HO2 only observed
from October 12 to October 18 and from October 29 to November 10. The laser system, reference cell and some associated
electronics were installed inside a laboratory of C building on

the 4th floor in Shenzhen graduate school of Peking University.
The fluorescence detection cell was mounted on an experiment box (1.3 × 0.9 × 1.1m), which is set on the rooftop of C
building. An 8m-long optical fiber and some 10m-long electric
cables were used to combine the instruments in the laboratory and those on the rooftop. Calibrations were performed
before and after the measurements every several days. As solar stray light is the largest noise in the filed measurement
of OH, the effects of nozzle size on solar stray light counting
have been investigated. In our former work, it was found that
1.0 mm nozzle has stronger stray light and shot noise than
0.4 mm (Wang et al., 2019), so the nozzle with 0.4 mm was select for this deployment. Considering the main sampling and
the purge gas in the top and arm of the FAGE instrument, as
well as the pumping force of the vacuum pump, the pressure
was maintained at about 400 Pa during the field measurement.
Before the measurement of HO2 , the detection of atmospheric OH has been implemented using our FAGE instrument
for several days, and the result shows good correlation between OH concentration and atmospheric O3 to O(1 D) photolysis frequencies j (O1 D) (see Fig. S5), which was detected by
a spectroradiometer. The field measurement of both OH and
HO2 has lasted for 19 days from October 12 to October 18 and
from October 29 to November 10. The conversion efficiency of
HO2 in our system is about 13.5%, and the concentration sequence of HOx radical and the value of j (O1 D) under different
weather conditions were obtained during the period (Fig. 8).
OH is produced mainly by the photolysis of ozone to form
O(1 D) followed by reaction with H2 O (Lu et al., 2012). And a
high correlation between OH and j (O1 D) was observed under
all different atmospheric conditions during the STORM-2018
filed measurement (Fig. 9). The slope of the correlation between OH and j (O1 D) measured in this campaign (2.49 × 1011
cm−3 s) is similar with the box modeling results in Shanghai
city (3.0 × 1011 cm−3 s) and the box modeling result for Beijing, Guangzhou and Chongqing (2.0 × 1011 cm−3 s) (Tan et al.,
2019). As shown in Fig. 10, the obvious diurnal trend of HOx
has been observed. The concentration of HO2 radical is suppressed in the morning, then gradually increases and at last
reaches a peak about two hours after OH radical. The OH peak
concentration of those days is about 5.3 × 106 cm−3 appearing around 12:00, while the HO2 peak concentration is about
4.2 × 108 cm−3 appearing around 13:30. HOx concentration
measured in this field campaign is different from the result
reported by Tan et al. (2019). In their work, the mean OH diurnal profile maximum is the largest in Beijing and Shanghai
(7 × 106 cm−3 ) and decreases to 4 × 106 cm−3 in Chongqing
and 2 × 106 cm−3 in Guangzhou. While the HO2 radical concentration is the highest in Chongqing, with diurnal maxima
of 5 × 108 cm−3 and decreases to 2 × 108 cm−3 in Guangzhou
and 1.8 × 108 cm−3 in Beijing and Shanghai. The first deployment of AIOFM-FAGE instrument has demonstrated its suitability for measuring HOx radicals with high sensitivity and
accuracy in the complicated environment and its potential application in more field observation will be useful to investigate
photochemistry in the atmosphere more precisely.

3.

Conclusions

A high sensitivity and accuracy instrument based on fluorescence assay by gas expansion has been developed and demonstrated for measurement of atmospheric HO2 radicals. The detection limits for HO2 of the system is estimated to be 4.8 × 105
cm−3 and 1.1 × 106 cm−3 under night and noon conditions respectively, for S/N = 2 and a total signal integration time of
60 s. The interferences of RO2 radicals produced from the reactions of OH with some typical organic compounds were inves-
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Fig. 8 – Photolysis frequency j (O1 D) and the concentration of OH and HO2 during October 12 to October 18 and October 29 to
November 10.

Fig. 9 – Correlation between the observed OH and
photolysis frequency j (O1 D). The correlation coefficients r is
0.93 for OH on the basic of the full data set.

tigated, and it is found that the total interference of RO2 radicals is low enough to be ignored at a low conversion efficiency
of HO2 . Following the experimental validation in laboratory,
the FAGE instrument was deployed successfully to detect HOx
radicals during STORM-2018 field campaign. It indicates that
the capability of the FAGE instrument to measure HOx radicals
can help us understand photochemical mechanism in the atmosphere more clearly.

Fig. 10 – Diurnal concentration variations of OH and HO2
during October 12 to October 18 and October 29 to
November 10.
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