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Ultra-sensitive measurement of peroxy radicals
by chemical ampliﬁcation broadband
cavity-enhanced spectroscopy
Yang Chen,†a,b Chengqiang Yang,†a,c Weixiong Zhao,*a Bo Fang,a Xuezhe Xu,a
Yanbo Gai,a Xiaoxiao Lin,a Weidong Chend and Weijun Zhang*a,c
The PERCA (PEroxy Radical Chemical Ampliﬁcation) technique, which is based on the catalytic conversion
of ambient peroxy radicals (HO2 and RO2, where R stands for any organic chain) to a larger amount of
nitrogen dioxide (NO2) ampliﬁed by chain reactions by adding high concentrations of NO and CO in the
ﬂow reactor, has been widely used for total peroxy radical RO2* (RO2* = HO2 + ΣRO2) measurements.
High-sensitivity and accurate measurement of the NO2 concentration plays a key role in accurate
measurement of the RO2* concentration. In this paper, we report on the development of a dual-channel
chemical ampliﬁcation instrument, which combined the PERCA method with the incoherent broadband
cavity-enhanced absorption spectroscopy (IBBCEAS), for peroxy radical measurements. The IBBCEAS
method is capable of simultaneously measuring multiple species with high spectral identiﬁcation, and can
directly measure NO2 concentrations with high sensitivity and high accuracy and without interference
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from other absorbers. The detection sensitivity of the developed PERCA–IBBCEAS instrument for HO2
radicals was estimated to be about 0.9 pptv (1σ, 60 s) at a relative humidity (RH) of 10%. Considering the
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error sources of NO2 detection, CL determination, and the radical partitioning in the air sample, the total
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uncertainty of RO2* measurements was about 16–20%.

Introduction
Peroxy radicals (HO2 and RO2, where R stands for any organic
chain), considered to be important intermediates in many key
oxidation mechanisms taking place in the troposphere, play a
significant role in the formation of major air pollutants, e.g.
photochemical ozone and secondary organic aerosols.1–5
Peroxy radicals are highly reactive with a short lifetime (of the
order of a minute in clean air and much less than a minute in
polluted air) and ultra-low concentrations (typically <100 pptv,
parts per trillion by volume), and in situ real time measurement of atmospheric peroxy radicals represents a great
challenge.6,7

In the last two decades, the peroxy radical chemical amplification (PERCA) method has been developed and widely used
for total peroxy radical RO2* (RO2* = HO2 + ΣRO2) measurements.8 The PERCA technique, pioneered by Cantrell et al.,9–11
is based on the catalytic conversion of ambient peroxy radicals
to a larger amount of nitrogen dioxide (NO2) amplified by
chain reactions by adding high concentrations of NO and CO
in the flow reactor. The principle is shown in Fig. 1.
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Fig. 1

Principle of the peroxy radical chemical ampliﬁcation (PERCA).
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The radical propagation reactions are given below:12
(1) conversion of RO2 into HO2 by their reaction with NO
and O2:
RO2 þ NO ! RO þ NO2

ð1Þ

RO þ O2 ! HO2 þ RCHO

ð2Þ

(2) conversion of HO2 into NO2 (and then the quantitative
measurement of [NO2]):
HO2 þ NO ! OH þ NO2

ð3Þ

(3) chemical amplification (recycle) of HO2 by the reaction
of OH with CO and O2:
OH þ CO þ O2 ðþMÞ ! HO2 þ CO2 ðþMÞ

ð4Þ

The number of amplification cycles is called the chain
length (CL). The max. amplification number, i.e. the eﬃciency
of the amplification, is dependent upon the competition of
chain propagating, terminating reactions and physical losses
in the reactor.12 The total peroxy radical concentration can be
obtained by dividing the measured concentration of the amplified NO2 by the chain length (CL). CL, vitally important for the
high-sensitivity measurement of peroxy radicals, is typically in
the range of 100–200.8,13
As the PERCA relies on the use of the measured NO2 concentration as a proxy for the concentration of RO2* radicals,
the background NO2 (from ambient air and from the conversion of NO to NO2 by reaction of NO + O3) needs to be subtracted from the measured total NO2 signal in order to extract
the concentration of NO2 only produced from the conversion
of RO2* radicals. For this purpose, a dual-channel is usually
used for simultaneous concentration measurements of NO2: a
chemical amplification channel (for total NO2 including background NO2) and a reference channel containing only background NO2.13 The diﬀerence of the NO2 concentrations in
these two channels, Δ[NO2], can be used to deduce the peroxy
radical concentration:
ð½OH þ ½HO2  þ Σ½RO2 Þ ¼ Δ½NO2 =CL

ð5Þ

As the OH concentration is typically two orders of magnitude lower than that of peroxy radicals, the ratio of Δ[NO2] to
CL is hence approximately equal to the sum of the concentrations of HO2 and ΣRO2, [RO2*].
½RO2 * ¼ Δ½NO2 =CL

ð6Þ

Therefore high-sensitivity and accurate measurement of the
NO2 concentration play a key role in accurate measurement of
the RO2* concentration. The amplified NO2 concentration can
be measured with luminol chemiluminescence detection,12,14,15 laser-induced fluorescence (LIF) measurement,16
or cavity-enhanced spectroscopy (CEAS).8,13,17–19
The reported detection sensitivity of the luminol based
PERCA method for RO2* was about 1 pptv (1σ) with 20 s time
resolution (CL = 45 ± 7, with a 1σ detection limit of 43 pptv for
NO2). Limited by the inlet geometry, wall losses at the prereactor nozzle, and the pressure in the chamber, the CL in this
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study was about 2–4 times lower than the typical values. A
large CL can be achieved if these factors were well considered.
Although the luminol method is a well-established technique
for sensitive NO2 detection, it still presents some drawbacks,
such as its limited linear response range and the sensitivity
dependence on the humidity and pressure at the luminol
detector. The total RO2* measurement uncertainty was about
25–45%. The contributions of the three major error sources
resulting from NO2 detection, from CL determination, and
from radical partitioning in the air sample were 20–35%, 15%,
and 8–14%, respectively.12
The LIF technique is free from interference from other oxidants occurring when using the luminol method, and is
expected to be more selective than luminol detection.
However, the LIF system is complex and needs careful calibration. The quenching of excited NO2 by CO can also significantly aﬀect the NO2 measurement.16 The reported limit of
detection (LOD) for NO2 was about 31 pptv (1σ, 60 s). As the CL
value decreases with relative humidity, the CLs at RH of 50%
and 80% were about 30–40 percent of the value under dry conditions (190 in their work), and the corresponding detection
limits for RO2* were 1.4 pptv and 1.8 pptv, respectively.
Cavity-enhanced absorption spectroscopy (CEAS) includes
cavity ring-down spectroscopy (CRDS), optical feedback cavityenhanced absorption spectroscopy (OF-CEAS), cavity attenuated phase shift spectroscopy (CAPS), and incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS).20
The CEAS methods rely on the use of high-finesse optical
cavities to realize long eﬀective optical pathlengths of up to
several kilometers to achieve high detection sensitivity for
direct absolute concentration measurement of NO2.
In 2009, Liu et al. combined PERCA with CRDS for peroxy
radical detection.13 The reported detection sensitivity was estimated to be ∼3 pptv (1σ, 60 s, CL = 150 ± 50). With an
improved dual-channel system, the detection sensitivity was
improved down to 1 pptv (1σ, 10 s, CL = 190 ± 20).17 Horstjann
et al. reported a dual-channel airborne instrument, which
combined PERCA with OF-CEAS for peroxy radical measurements. The reported detection limit for RO2* was about 3 pptv
(1σ, 120 s, CL = 88 ± 17).8 Recently, Wood and Charest combined PERCA with CAPS for the quantification of the atmospheric peroxy radicals.18 The reported detection limit for RO2*
was 0.3 pptv (1σ, 60 s) at a RH of 40% (CL = 208 ± 25) and the
estimated measurement accuracy of RO2* was about 25%.
In this paper, we report on the development of a highly sensitive photonic instrument based on chemical amplification
IBBCEAS for peroxy radical measurements.19 The IBBCEAS
technique, first proposed by Fiedler et al.,21 involves a broadband incoherent light source combined with a high-finesse
optical cavity, which allows one to perform high-sensitivity
measurements of multi-species.22 Identification of the target
molecules can be realized by applying a DOAS (diﬀerential
optical absorption spectroscopy)-type data processing algorithm to the measured broad-band absorption spectra.22,23
Under the experimental conditions with a chain length (CL) of
91 ± 11 and a RH of 10%, the 1σ limits of the IBBCEAS-based
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NO2 detection of 49 pptv and 62 pptv for reaction and reference channels, respectively, were obtained at an average time
of 60 s, which led to a 1σ LOD of 0.9 pptv for RO2* and a
measurement uncertainty of 16–20%.

Experimental setup
A schematic diagram of the dual-channel PERCA system developed in the present work is shown in Fig. 2(a). The dualchannel system consisted of two identical flow reactors, both
equipped with identical IBBCEAS systems for NO2 detection:
one called a reaction channel is used for chemical amplification and the measurement of the amplified NO2 concentration
and the other called a reference channel is used for the
measurement of background NO2 concentration. The resulting
diﬀerence Δ[NO2] is used as a proxy for peroxy radical concentration determination using eqn (5).
Ambient or calibration samples were drawn into the reaction and reference flow reactor channels at the same flow rate.
Both flow reactors consisted of a 1.5 m long Teflon tube with
an inner diameter of 4.6 mm. The gas residence time in the
reactor was about 1 s. The reagent gases NO (100 ppmv in N2)
and CO (99.995%) were added to the amplification reactor
right at the sample inlet to minimize wall loss of the peroxy
radicals. For the reference channel, CO was replaced with N2 to
inject into the reactor. In order to remove particles from the
air samples and to remove the peroxy radical from the sample
for chain length calibration, a 0.45 μm Teflon particle filter
was placed at the end of each reactor prior to the IBBCEASbased NO2 detectors.
To make the dual-channel IBBCEAS system more stable and
compact, a custom cage system (with a 49 by 110 cm footprint)
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that houses all of the optical components was designed
(Fig. 2(b)). The distance of the two highly reflective mirrors
(LGR, 1 in. diameter, 1 m radius of curvature, with R > 99.99%
between 415 and 465 nm) was 85 cm for both channels. The
optical cavity was made of a quartz tube with an inner diameter of 25 cm. The distance from the sample inlet to the
outlet was about 62 cm. The sample was continuously flowed
through the IBBCEAS cell at atmospheric pressure at a flow
rate of 1.3 L min−1. Each mirror was isolated from the sample
flow by a purge volume that was continuously flushed with
high-purified nitrogen at a rate of 100 ml min−1 to prevent
degradation of the mirror reflectivity. The temperature and
relative humidity of the sample was measured with a
hygrometer humidity sensor (Rotronic, model HC2) at the
outlet of the reaction channel.
Two similar blue LEDs (LedEngin LZ110B200) were used as
broadband light sources providing a spectral emission peaked
at 460 nm (with a full-width at half maximum of ∼25 nm) for
the reaction and reference IBBCEAS detectors. Each of the LED
was mounted on a Peltier heat sink to stabilize its emission
intensity, and was separately controlled with laser diode
current and temperature drivers. The LED light was coupled
from the LED into a multimode fibre of 600 μm core
diameter and 0.22 NA (Ocean Optics). The emerging light
beam from the fibre was collimated with an oﬀ axis parabolic
mirror (PFL = 25.4 mm) and injected into the IBBCEAS cavities. Light transmitted through the cavity was also collected
with an oﬀ axis parabolic mirror (PFL = 25.4 mm), and
coupled into a multi-mode optical fibre of 600 μm core diameter and 0.22 NA. Each of the output from the fibre was
directly connected to a CCD spectrometer (Ocean Optics
QE65000, equipped with a 100 μm wide slit, with a spectral
resolution of ∼0.4 nm over the wavelength ranges of
413.3–483.6 nm and 412.6–484.7 nm for the reaction and reference IBBCEAS channels, respectively).

Results and discussion
NO2 detection with IBBCEAS
The IBBCEAS method is based on the measurement of light
intensities transmitted through the high-finesse cavity. The
total optical extinction coeﬃcient α(λ) due to the sample
inside the cavity can be expressed as follows:24–27


I0 ðλÞ
1  RðλÞ X
1
¼
αðλÞ ¼ RL
ni σ i ðλÞ þ PðλÞ
ð7Þ
IðλÞ
d
i

Fig. 2 (a) Schematic diagram of the developed dual-channel chemical
ampliﬁcation IBBCEAS instrument. (b) Assembly drawing of the custom
cage system for all of the optical components for the dual-channel
IBBCEAS.
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where RL is the ratio of the total cavity cell length (d, the distance between two mirrors) to the real cell length containing
the air sample when the cavity mirror is purged with gas flow.
R(λ) is the mirror reflectivity; I0(λ) and I(λ) are the light intensities transmitted through the cavity without and with air
samples, respectively. ni and σi are the number density and the
absolute absorption cross section for the ith absorber, respectively. The polynomial oﬀset P(λ), typically 3rd order, is used to
account for variation in the spectral background.

This journal is © The Royal Society of Chemistry 2016
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In this work, RL was determined from the absorption
measurement of diﬀerent concentrations of NO2 ranging from
10 to 60 ppbv with and without mirror purging. The RL values
were determined to be 1.11 and 1.09 (with an eﬀective optical
pathlength of the samples of 76.5 cm and 78.2 cm) for the
reaction and reference channels, respectively. R(λ) was determined by the Rayleigh scattering of N2 and CO2. The total
uncertainty in NO2 measurement using the IBBCEAS NO2
detector was contributed by the errors in R(λ), RL and the NO2
absorption cross-section.28 The uncertainties in Rayleigh
cross-sections of N2 and CO2 were 1% and 4%, respectively.
The uncertainty in RL was less than 2%, and the uncertainty in
NO2 absorption cross-section was about 4%.29 Considering all
of these errors, the total uncertainty in NO2 measurement was
estimated to be 6%.
A representative of data retrieval of the NO2 concentration
from the measured IBBCEAS spectrum is shown in Fig. 3(a) for
the reaction channel. The acquisition time for each spectral
data was 3 s (150 ms integrating time and 20 spectra aver-

Fig. 3 Performance evaluation of the IBBCEAS-based NO2 detector. (a)
Experimental absorption spectrum of NO2 of the reaction channel
associated with the ﬁt residual; (b) upper panel: continuous time series
measurement of zero air; middle panel: Allan deviation plots for NO2
concentration; and lower panel: frequency distribution of the zero air
mixing ratio measurement with the reaction (in blue) and reference (in
black) IBBCEAS detectors. The reference channel was spaced −1.0 ppbv
apart to show the results clearly.
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aging). The detection sensitivity was estimated to be 5.06 ×
10−9 cm−1 (1σ). The LOD and the measurement precision of
the IBBCEAS detector were investigated with time series
measurement of zero air (Fig. 3(b)). An Allan variance analysis
was carried out to evaluate the optical system stability (and
hence the maximum averaging time) of the two IBBCEAS
detectors. For the reaction channel, the minima (∼25 pptv, 1σ)
in the Allan plots indicate the optimum average times (∼230 s)
for optimum detection performance (middle panel of Fig. 3(b)).
With 60 s integration time, the 1σ LOD was 49 pptv. For the
reference channel, with 60 s integration time, the 1σ LOD was
62 pptv. In the lower panel of Fig. 3(b), the frequency distribution of the time series measurement of zero air is shown. A
Gaussian distribution was fitted to the histograms to obtain the
mean and standard deviation (a measure of the actual instrumental precision) of the zero air measurement.30,31 The corresponding confidence intervals (2σn−1/2, where n is the number of
data points) were 15 pptv and 19 pptv for the reaction and reference IBBCEAS detectors, respectively. The 1σ standard deviations of 231 pptv and 303 pptv of the histograms were
consistent with the 1σ standard deviations of 233 pptv and
297 pptv determined from the continuous zero NO2 measurements for the reaction and reference channels, respectively.
During the past decade, cavity enhanced absorption spectroscopy (CEAS) techniques (CRDS, OF-CEAS, ML-CEAS, CAPS,
and IBBCEAS) have been widely used for sensitive measurement of NO2, as summarized in Table 1. The achievable sensitivity is dependent on the injection eﬃciency of light intensity
into the cavity, and the eﬃciency of suppression of various
noise components.48 The state-of-the-art performances of NO2
detection using CEAS were achieved by Fuchs et al.35 with the
use of a low-power (∼40 mW) Fabry–Perot (F–P) diode laser
(CRDS), by Thieser et al.38 with the use of a moderate-power
(120 mW) diode laser (CRDS), by Karpf et al.39 using a highpower (∼1.1 W) multimode F–P diode laser (CRDS), and by
Grilli et al.42 with a femtosecond laser oscillator (ML-CEAS).
The reported 1σ detection limits of NO2 were 11 pptv (1 s, with
an Leﬀ of 23.8 km), 6 pptv (4 s, with an Leﬀ of 20 km), 38 pptv
(128 ms, with an Leﬀ of 1.7 km), and 11 pptv (12 s, with an Leﬀ
of 13.4 km), respectively. With a strong LED coupled with high
reflectivity mirrors, the current sensitivity of the IBBCEAS
method is competitive with other CEAS methods. An IBBCEAS
instrument dedicated to aircraft measurement of NO2 recently
reported by Min et al.47 achieved a detection limit of 40 pptv
(5 s, with an Leﬀ of 17.8 km).
Distinct from other laser-based CEAS techniques, IBBCEAS,
involving an unmodulated broadband light source and a
multichannel detector, oﬀers its unique advantages of being
free from: (1) spatial mode matching of the light beam to the
cavity, (2) electronic locking of the cavity resonant mode to the
laser wavelength, and (3) strict optical alignment for TEM00
mode injection. These advantages make the IBBCEAS
approach simple, stable, robust, and very suitable for field
atmospheric measurement.47,49 For CEAS using a laser at a
fixed wavelength, potential spectral interferences from other
atmospheric species, such as glyoxal, methyl glyoxal, methyl
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Analyst
Normalization and comparison of NO2 detection limits using CEAS instruments operating in the blue spectral range

Methods

Light source

CRDS

Dye laser
Diode laser
Dye laser
Diode laser

OF-CEAS
CEAS
ML-CEASa
CAPS
IBBCEAS

Operating
wavelength
(nm)

410
408.5–410.5
405.23
404
407
405
405
400
Diode laser
411
Diode laser
414
Femtosecond laser 435.6–436.6
LED
430 (10)b
Diode laser
404
LED
440 (20)b
LED
441–462
Xe arc lamp
441–469
LED
450–490
435–465
443–480
438–468

d (cm) 1 − R (ppm)

1σ RMS
Leﬀ (km) (reported units)

35
100
109
95
30
93
70
50
49.6
60
94
50
43
26
150
94.4
97.5
99
94
48

7.9
16.7
7.3
23.8
0.6
26.6
20.0
1.7
5.5
6.0
13.4
2.5
0.4
2.5
6.3
17.9
0.3
13.0
6.3
17.8

44
60
150
35
500
35
35
300
90
100
70
200
1000
105
240 (444–450 nm)
34 (455 nm)
3000 (480 nm)
36 (455 nm)
150 (445 nm)
27(455 nm)

400
7.1 × 10−9 cm−1 (15 s)
100 pptv (50 s)
200
50 pptv (10 s)
41
11 pptv (1 s)
3
67 pptv (10 s)
40
45 pptv (1 s)
12
6 pptv (4 s)
3
38 pptv (128 ms)
4
200 pptv (70 ms)
14
500 pptv (3 s)
224
1.5 × 10−10 cm−1 (12 s)
5
300 pptv (600 s)
950
240 pptv (80 s)
554
2 × 10−10 cm−1 (10 s)
16
1.6 × 10−9 cm−1 (480 s) 325c
20 pptv (60 s)
100c
1.2 × 10−8 cm−1 (100 s) 3400c
30c
4 × 10−10 cm−1 (60 s)
5 pptv (1748 s)
54
18
2.5 × 10−9 cm−1 (10 s)

Reported cavity based spectroscopy combined with PERCA for peroxy radical measurements
CRDS
Diode laser
405
86
200
3.3
100 pptv (10 s)
OF-CEAS
CAPS
IBBCEAS

Diode laser
LED
LED

408.9
450 (10)b
440–475

40
26
85

50
100
200 (460 nm)

8.0
2.6
3.9

Normalized 2σ
detection limit
(pptv) in 60 s
Year

300 pptv (40 s)
12 pptv (30 s)
300 pptv (3 s)

82
600d
17
100

Ref.

2003
2005
2006
2009
2009
2011
2016
2016
2006
2006
2012
2005
2006
2008
2006
2008
2009
2010
2011
2016

32
33
34
35
36
37
38
39
40
41
42
43
44
45
23
28
25
22
46
47

2009
2014
2014
2014
2016

13 and 17
8
18
This work

a

ML-CEAS: mode-locked cavity enhanced absorption spectroscopy. b FWHM (full width at half maximum) of the measured optical absorption of
NO2 in the brackets. c Adapted from ref. 22. d Limited by the temperature drift eﬀects on both the laser and the resonator cavity, the optimum
averaging time of the reported system was 40 s.

glyoxal, and water vapor, and broadband extinction of aerosols, are a serious issue that needs to be carefully quantified.34,45 One clear advantage of broad wavelength band
IBBCEAS over fixed narrow wavelength band CEAS is that:
DOAS (diﬀerential optical absorption spectroscopy)-type spectral fitting methods can be used to retrieve multiple absorbers
from the wavelength-resolved broadband extinction measurement, which makes IBBCEAS a high-selectivity instrument for
highly accurate assessment of atmospheric species (aerosol
and trace gases).22,23,27,47,48
In this work, the detection sensitivity of NO2 using
IBBCEAS in PERCA is favourably comparable with other CEAS
methods. By improving the light injection eﬃciency (the coupling eﬃciency of the LED light to the multimode optical fiber,
and from the fiber to the cavity) and using higher reflectivity
mirrors, the detection sensitivity of our IBBCEAS system could
be further improved.
Determination and optimization of the CL
As shown in eqn (6), accurate determination of the chain
length (CL) is a key issue for highly accurate measurement of
the RO2 radical concentration. For CL calibration, a continuous and stable HO2 radical source generated by thermal
decomposition of H2O2 vapor up to 600 °C was used.13 H2O2
vapor was generated by passing a fraction of the zero air (gen-
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erated with a Thermo Scientific™ 111 zero air supply) flow
through a 30% solution of a H2O2 bubbler and then dried to
10% relative humidity with a silica gel column dryer. Six
signals were measured in the following three calibration steps:
(1) S1 and S′1: zero air background for reference and reaction channels;
(2) S2 from the reference reactor with only NO (HO2 was
removed by the Teflon filter), corresponding to the background
NO2 impurity in the NO reagent gas and in the zero sample
gas. S′2 from the reactor channel with HO2 in the sample,
corresponding to the background NO2 impurity and NO2 from
the conversion of HO2 by NO via reaction (3). In these
measurements, there is no amplification of HO2 by the chain
reaction because of the absence of CO. The HO2 concentration
is equal to (S′2 − S2).
(3) With NO, CO in both flow reactors. S3 is the signal from
the reference channel without HO2 (removed by the Teflon
filter) corresponding to the background NO2 impurity and S′3
is the signal from the reactor channel (with HO2 in the
sample) including the background NO2 impurity and the
amplified NO2 signal resulting from the conversion of amplified HO2 via reactions (3) and (4). The diﬀerence of (S′3 − S3) is
the absolute concentration of the amplified NO2.
The chain length of the chemical amplifier can thus be
given by the ratio between the amplified NO2 signal Δ[NO2]

This journal is © The Royal Society of Chemistry 2016
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resulting from step (3) and the HO2 radical concentration
[HO2] obtained from step (2):
CL ¼ Δ½NO2 =½HO2 
¼ ððS′3  S′1 Þ  ðS3  S1 ÞÞ=ððS′2  S′1 Þ  ðS2  S1 ÞÞ

ð8Þ

An experimental calibration result is shown in Fig. 4. In
this experiment, the flow rates of NO and CO were set at
100 ml min−1. The corresponding NO and CO mixing ratios in
the flow reactors were 7.7 ppmv and 8.5%, respectively. Under
this experimental condition, the HO2 concentration determined from ((S′2 − S′1) − (S2 − S1)) was about 1.94 ppbv and
the chain length was determined to be 82.7.
The CL is dependent on the reactor conditions, such as the
radical source, NO concentration, CO concentration, the reaction time, etc.17,32 As shown in previous studies, an increase of
the CO concentration will increase the value of CL; however, for
safety reasons, the CO concentration was fixed at 8.5%. For a
reaction time larger than 1 s, the measurement may be interfered
with by the decomposition of peroxyacetyl nitrate (PAN) and
peroxy nitric acid (PNA).17 Therefore, in our experiment, the reaction time was fixed at 1 s. The NO dependence of CL is shown in
Fig. 5 with 8.5% CO. The corresponding HO2 concentrations are
also plotted in the figure. As the concentration of NO initially
increased, the reaction rate of HO2 + NO → NO2 + OH was faster

Fig. 4

An example of CL calibration.

Fig. 5 Dependence of CL on NO concentrations with a relative humidity of 10% in 1 s reaction time. The error bars represent the statistical
error of 5 independent measurements.

This journal is © The Royal Society of Chemistry 2016

than that of OH + NO + M → HONO + M, which led to an
increase of the CL. On further increasing the NO concentration,
the [OH]/[HO2] ratio increased and became predominant through
the reaction of OH + NO, which led to the removal of the radicals
and resulted in a decrease of the CL.13,50
In summary, CL was optimized under the experimental conditions of [NO], [CO], and reaction time. In our experiment,
the maximum CL for HO2 was 91 ± 11 with a NO mixing ratio
of about 7.7 ppmv (with a flow rate of 100 ml min−1) at a RH
of 10%. The uncertainty in CL was about 12% due to the
unstable calibration radical source. The detection sensitivity of
the developed PERCA–IBBCEAS instrument for HO2 radicals
was estimated to be about 0.9 pptv (1σ, 60 s, calculated by
dividing the square root of the sum of squares of the NO2
detection sensitivities of the two NO2 detectors with CL). Considering all of the error sources, the total uncertainty in RO2*
measurement was about 16–20% (with an error of 6% for NO2
detection, 12% for the CL determination, and 8–14% (taken
from ref. 12) for the radical partitioning in the air sample).
Interference of water vapor and background O3
The CL significantly reduces with increasing relative humidity
(RH) for all CO-based chemical amplifiers.18,51 The RH eﬀect
on the reactor’s CL needs to be well characterized.52 Bypass
humidified zero air was introduced to the radical sources.
A Perma Pure FC125-240 series gas humidifier was used to
control the RH in the bypass air. The RH dependence of the
CL is shown in Fig. 6.
The water eﬀect on CL is dependent on the physical configurations of the amplification reactor and the experimental
condition.13,52 Diﬀerent from previous PERCA studies (CL
decreases monotonously with RH),16,18 Liu et al. found a negligible eﬀect of water vapor at low RH (<30%).13 In this work, our
data show a minor change of CL at RH < 20%. For RH > 20%,
the CL decreases monotonously with RH, with a significant
decrease in CL at RH > 40%. About 58% and 72% reduction of
CL at 40% and 50% RH compared to 8% RH were observed.
Accordingly, the detection sensitivity for RO2 measurement will
be reduced by a factor of 3 under wet conditions. In ambient

Fig. 6 RH-dependent CL. The CL values under 8% RH and wet conditions were compared. A base-10 log scale is used for the y-axis.
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measurement, the RH of the sample is concurrently monitored,
and the interference of H2O in the CL can be corrected with the
water dependence curve obtained from Fig. 6.
A reliable measurement of peroxy radicals depends on the
measurement accuracy of the amplified NO2 signal Δ[NO2].
For single-inlet PERCA instruments, a fast switching between
background and amplification modes and low volume inlets
with small residence time are essential for the eﬀective subtraction of “background signals” (ambient NO2 and the conversion of NO to NO2 by reaction of NO + O3) from the “radical +
background signals”, which allows PERCA to achieve high
measurement accuracy at low NO2 and O3 concentrations, or at
constant or only slowly varying concentrations. In the case of
rapid variation of NO2 and O3 concentrations, the measurement precision of single-inlet PERCA will be degraded.10,15
In order to solve the problems related to the fast background variation due to ambient NO2 and O3 fluctuations,
dual-channel PERCA (with dual-inlet and dual-detector system)
is implemented in the present work, where the reaction
channel is locked in amplification mode, and the reference
channel is locked in termination mode.10 The background
fluctuations can be continuously and simultaneously recorded
in both channels. A previously reported dual-channel PERCA
system showed a superior performance for precise measurement of RO2 even under the condition of highly unfavourable
background O3 fluctuations.10,15,18
Fig. 7 shows a continuous measurement of HO2 at diﬀerent O3
concentrations in the sample using the developed dual-channel
PERCA-IBBCEAS instrument. A quartz flow tube equipped with a
mercury pen-ray lamp (Oriel 6035) was used to generate O3 by
photolysis of a flow of zero air through the tube. The lamp
current was varied to produce O3 at diﬀerent concentrations. O3
was converted to NO2 quickly by reaction with excess NO in the
reference and reaction channels according to the reaction:53
NO þ O3 ! NO2 þ O2

ð9Þ

with a reaction rate coeﬃcient of k = 2 × 10−14 cm3 per molecule per s at 298 K. In our experiment (7.7 ppmv NO and 1 s

residence time), the O3 conversion eﬃciency was determined
to be 1 − exp(−k[NO]tresidence) = 98%.
As can be seen in Fig. 7, the measured HO2 concentration
was kept almost constant from dual-channel measurement,
not aﬀected by the change in background O3 concentration
varying from 0 to 89 ppbv (resulting in a background NO2
change from ∼40 to ∼120 ppbv), which underscores the importance of simultaneous measurement of background and
amplified signals.

Conclusions
In conclusion, we reported on the development of a dualchannel chemical amplification broad-band cavity-enhanced
absorption spectroscopy instrument for peroxy radical
measurements. Compared to other high sensitivity cavityenhanced techniques involving narrow band laser sources, the
broad-band CEAS method is capable of simultaneously
measuring multiple species with high spectral identification,
which makes it free from interference from other absorbers.
The primary experimental results demonstrated the ability of
the system for high-sensitivity measurement of ambient peroxy
radicals at the mixing ratios of the pptv level.
Limited by the radical source, in this paper, we can only
perform the evaluation of the system for HO2 measurement.
However, for RO2, the CL is comparable to that of HO2 and the
NO2 detection sensitivity is not changed, thus the detection
sensitivity for RO2 is comparable to that for HO2. For further
atmospheric applications, the CL for diﬀerent types of RO2
and the dependence of CL on the relative humidity will be
investigated.
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