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ABSTRACT: Accurate measurements of the absolute concentrations of
radical species present in the atmosphere are invaluable for better
understanding atmospheric processes and their impact on Earth systems.
One of the most interesting species is HO2, the hydroperoxyl radical,
whose atmospheric daytime levels are on the order of 10 ppt and whose
observation therefore requires very sensitive detection techniques. In
this work, we demonstrate the first steps toward the application of
external-cavity diode-laser-based noise-immune cavity-enhanced optical
heterodyne molecular spectroscopy (NICE-OHMS) to the detection of
the HO2 radical in the near-infrared range. Measurements of stable
species and of HO2 were made in a laboratory setting, and the possibilities of extending the sensitivity of the technique to
atmospheric conditions are discussed.

■ INTRODUCTION
The measurement of absolute concentrations of trace gases in
the atmosphere has far-reaching implications, as such
concentrations are crucial inputs for models that predict future
air quality and climate change. The numerous, varied, and
interlinked chemical cycles in the atmosphere are complex, and
for models to be refined and improved, comparison with
accurate data on the absolute concentrations of individual
species constitutes the best validation. Field measurements
therefore add tremendous value to theoretical modeling and
have led to the development of increasingly effective measure-
ment techniques.1 When measuring trace gases, particularly in
the field, in addition to achieving the necessary sensitivity, it is
also highly desirable that any detection system be able to
operate at ambient temperature and pressure and without the
need for extensive sample preparation. It is also an important
requirement that absolute concentrations of species can be
obtained.
Radical species, such as OH and HO2, control virtually all of

the daytime oxidative chemistry in the lower atmosphere and
are responsible for the transformation of primary emissions into
secondary pollutants.2 Important climate gases such as methane
and ozone are also intricately related to the concentration of
HO2; their atmospheric lifetimes depend on the concentration
of HO2, which also controls the production of acidic species,
with their well-known detrimental effects to the environment.
Although undoubtedly important, HO2 provides a range of
challenges when considering appropriate detection techniques
as atmospheric daytime levels of HO2 are very small [∼2.5 ×
108 molecules cm−3 ≡ 10 parts per trillion (ppt)] and so
require very sensitive detection techniques. Currently, HO2 is
measured by the indirect techniques FAGE (fluorescence assay

by gas expansion), which is essentially laser-induced fluo-
rescence at low pressure,2−8 and PERCA (peroxy radical chain
amplification), whereby HO2 and RO2 catalyze the oxidation of
NO and CO into CO2 and NO2, which can then be
measured.9−13 Although FAGE specifically measures HO2

(indirectly through its conversion into OH), it suffers from
interference from RO2 radicals.14 PERCA traditionally meas-
ures the sum of all RO2 species, although we note that a very
recent work showed the possibility of selective measurement of
atmospheric peroxy radical concentrations of HO2 and RO2

using a denuding method based on PERCA.15 It is therefore
desirable to have a direct and speciated technique.
A highly attractive analytical method for trace gas sensing

that offers the required selectivity, can return absolute number
densities, and might have the required sensitivity levels is
absorption spectroscopy. In the ultraviolet (UV) range, where
optical techniques traditionally operate, the spectroscopy of
HO2 has been extensively studied, and important information
on reaction kinetics has been acquired in laboratory experi-
ments.16−22 Although the cross sections for electronic
excitation of HO2 are large (σ = 10−18 cm2), the absorption
spectrum of HO2 is broad and structureless, and there is
interference from other species, such as other peroxy radicals
and hydrogen peroxide, the main product of HO2 self-reaction.
The commercial development of diode lasers in the near-
infrared range opened up the opportunity of studying HO2 in
this range, and subsequent investigations into these narrower
and better-resolved absorption features and their use in
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studying HO2 kinetics have been published.23−37 The HO2

absorption bands in the near-infrared range are a vibronic
progression in the low-lying 2A′ ← 2A″ electronic transition
(∼7017 cm−1), along with the first vibrational overtone in the
OH stretch (2ν1) centered at 6649 cm−1. It is this latter band
that we probe in this work, because, although the spectral range
offers smaller line strengths than the mid-infrared and UV
ranges,38,39 it does offer advantages through the availability of
cheap, commercially available continuous-wave (cw) laser
sources such as the external-cavity diode laser (ECDL)
(1480−1540 nm) used in this work. The commercial
importance of diode lasers in the telecommunications and
consumer electronics industries drives their ongoing develop-
ment, resulting in lasers being available at a wide range of
wavelengths (375−430 and 630−2700 nm) with suitable
powers and narrow linewidths. The introduction of cw
quantum cascade lasers in the past decade has now enabled
expansion into the mid-infrared range as has been recently
reported for HO2 probing the ν3 band, which has absorption
cross sections 1 order of magnitude larger than in the near-
infrared range.40,41

Previous works have reported a variety of diode-laser-based
experiments in the near-infrared range within the 2ν1 band to
detect HO2, including Taatjes and Oh using wavelength-
modulation spectroscopy (WMS)25 and DeSain et al. using
two-tone frequency-modulation spectroscopy (TTFMS) to
measure the line positions with high resolution.26 In most of
these studies, heterodyne detection techniques such as WMS
and TTFMS were used to measure small absorbances, often in
combination with multipass cells, such as Herriott-type flow
cells, to increase the absorption path length. In studies by
Ibrahim et al. on air-broadening coefficients34 and by Thiebaud
et al. on detailed high-resolution measurements of absorption
cross sections,35 continuous-wave cavity ring-down spectrosco-
py (cw-CRDS) was used to monitor time-resolved HO2

concentrations. With this technique, a detection limit for
HO2 of 3.2 × 109 cm−3 for a 1 Hz detection bandwidth was

obtained at a pressure of 25 Torr.42 In this method, light is
trapped in a high-finesse optical resonator consisting of two
highly reflective mirrors containing the sample under
investigation and undergoes repeated reflections such that the
effective optical path length is on the order a few kilometers in
a tabletop setup. Although the basic technique of cw-CRDS is
well-established and has been confirmed to be one of the most
convenient and useful sensitive spectroscopic methods regularly
reaching sensitivities on the order of 10−9 cm−1,43 it is
insufficient for the purpose of HO2 detection under
atmospheric conditions, which requires an absorption coef-
ficient of ∼10−12 cm−1 to be measured; for reliable
quantification, even an order of magnitude lower would be
needed. The true potential of optical cavity-based cw laser
absorption spectroscopy is realized, however, when the
radiation is coupled into an optical cavity that is locked in
resonance with the laser wavelength. There are multiple
advantages in conducting spectroscopy within fully resonant
cavities, including increased power levels on the detectors,
which lead to a reduction in the shot-noise limit; excitation of
single stable cavity modes, which leads to a narrower
distribution of ring-down times; and increased data acquisition
rates. Sensitivities on the order of 10−11−10−12 cm−1 Hz−1/2 are
expected and, indeed, have been attained in a handful of elegant
experimental methods.43

However, where truly ultrasensitive detection is required, as
is the case for the atmospheric detection of HO2, the potential
that the noise-immune cavity-enhanced optical heterodyne
molecular spectroscopy (NICE-OHMS) technique offers is
unrivalled. Pioneered by Ye and Hall,44 this technique requires
that the laser be locked on resonance with the cavity, utilizing
the increase in path length and signal, while also frequency
modulating the input radiation. In fm-NICE-OHMS, a specific
case of frequency-modulation spectroscopy (FMS) is per-
formed in which the modulation frequency is carefully selected
to exactly match that of the cavity free spectral range or
multiples thereof. This leads to the “noise-immunity” feature of

Figure 1. Experimental setup for the NICE-OHMS experiments detailing the ring cavity and a schematic diagram of the electronics. ECDL, external
cavity diode laser; EOM, electro-optic modulator; PD1, PD2, and PD3, photodiodes 1, 2, and 3, respectively; PZT1 and PZT2, piezoelectric
transducers.
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NICE-OHMS; as the frequency components of the FM triplet
(carrier frequency and sidebands) are all separated by the free
spectral range, each is transmitted through the cavity in the
same way (i.e., maintaining the resonance with a cavity mode),
with each component being affected identically by the cavity. As
the fm-NICE-OHMS signal arises from the beating between
the carrier and the sidebands, the signal is noise-immune to
jitter in the laser frequency, which is responsible for most of the
sensitivity-limiting noise in the signal. The use of modulation
techniques transposes the signal to high frequency (a few
hundred megahertz) to achieve a reduction in the noise. On top
of this, a “slower” wavelength-modulation spectroscopy (WMS)
can be applied to further improve the sensitivity (wm-NICE-
OHMS), for example, by altering a piezoelectric transducer on
one of the cavity mirrors.
Although NICE-OHMS has yielded unprecedented sensitiv-

ities of 10−14 cm−1 Hz−1/2, we note that such performance has
been observed only in measurements of sub-Doppler saturated
line shapes.45 Other practitioners have shown that the
technique becomes limited by noise associated with etalon
structures that become evident only when scanning over
hundreds of megahertz, as is generally necessary for making
observations of molecular species.46−48 For example, the Axner
group used fiber-laser-based NICE-OHMS for Doppler-
broadened detection of C2H2 and CO2 around 1531 nm
using a cavity with a finesse of 4800 with a minimum detectable
absorption of 3.5 × 10−11 cm−1 Hz−1/2 47 and most recently
reported a sensitivity of 1.8 × 10−11 cm−1 Hz−1/2.49 We recently
reported the performance of an ECDL-based NICE-OHMS
spectrometer and obtained a sensitivity of 4 × 10−11 cm−1

Hz−1/2.50 In this article, we present the application of this near-
infrared NICE-OHMS spectrometer to the detection of the
HO2 radical. Spectra from stable species of atmospheric
relevance, namely, CO2, CH4, and N2O, are used to illustrate
the performance of the spectrometer and to demonstrate that
the technique is capable of measuring spectral parameters. We
then present the first application of the NICE-OHMS system as
an accurate and direct technique for measuring the
concentration of the hydroperoxyl radical HO2 in a laboratory
setting.

■ EXPERIMENTAL DETAILS
Optical Setup. A schematic of the experimental setup is

shown in Figure 1. The light source was an ECDL (Sacher
Lasertechnik LION, linewidth < 2 MHz) tunable in the range
of 1480−1540 nm with a maximum output power of 3.2 mW
providing a mode-hop free tuning range of 56 GHz using
current coupling. The laser light was first directed through an
optical isolator (Isowave I-15-UHP-4 1550 nm) to prevent
optical feedback before passing through two beam-shaping
lenses, which reshaped the elliptical beam output from the laser
to a predominantly Gaussian-shaped beam, mimicking the
TEM00 mode of the cavity. Two electro-optic modulators
(EOMs) were situated after these lenses: EOM1 [Nova phase
electro-optic phase modulator (EO-PM-NR-C3)] to modulate
the light for locking the laser frequency to a TEM00 mode of
the cavity and EOM2 [Quantum Technologies (TWAP 10-
1350-1650 nm)] for modulation at the cavity free spectral range
and, hence, postcavity FM detection. To isolate the alignment
of the beam into the cavity from adjustments to the laser and
EOMs and also to provide a clean, predominantly Gaussian-
shaped beam, the light was fed through a single-mode
polarization preserving fiber (OZ Optics). The resulting

power incident on the cavity was 1 mW. The wavelength of
the laser was monitored with a wavemeter (Burleigh WA-
1000), and a frequency scale for the data was defined by
monitoring the laser output with a spectrum analyzer (10 GHz
Melles Griot 1300−1500 nm, adjusted for 0.81 GHz free
spectral range).
The ring cavity was formed by four high-reflectivity mirrors

(1 in. in diameter, radius of curvature of r = −1 m) in a bow-tie
configuration with a half-round trip length, L, of 137 cm and a
cavity free spectral range (FSR) of 109.5 MHz. The specified
reflectivity of the input and output coupling mirrors was 0.9994
(Newport 10CV00SR.70T), and that of the other two mirrors
was 0.9997 (Newport 10CV00SR.70F). The two highest-
reflectivity mirrors were mounted on piezoelectric transducers
(PZTs): PZT1 (PiezoMechanik HPSt 150/20-15/55) was used
for scanning the cavity length, and PZT2 (Physik Instrumente
GmbH P-622.10 L) was used for the modulation of the cavity
length for WMS. The vacuum chamber housing the ring cavity
was evacuated to 10−4 Torr before it was filled with a given
pressure of gas, monitored with a capacitance manometer
(MKS instruments 722A11TBA2FA, 0−10 Torr). To avoid
etalons, wedged windows (antireflection coated for 1050−1600
nm) were used on the vacuum chamber.

Electronic Components. The electronic components were
numerous and finely tuned to the power and frequency of the
laser source. For the locking of the laser frequency to a cavity
TEM00 mode and the FM frequency to twice the cavity FSR,
three frequencies were generated by two voltage-controlled
oscillators (VCOs, Mini-Circuits JTOS-300). Signals were
generated at 219 and 244 MHz (used for the FSR locking)
and mixed and filtered to produce the 25 MHz difference
frequency used for locking the laser to the cavity. The laser
frequency was locked to a TEM00 mode of the cavity using the
Pound−Drever−Hall (PDH) method,51 with EOM1 used to
produce sidebands at ±25 MHz on the laser frequency. The
laser light reflected from the cavity was directed onto a fast
photodetector (PD1) (New Focus 1611) with a bandwidth of 1
GHz, amplified (Mini-Circuits ZFL-500LN), and then
demodulated at 25 MHz using a double balance mixer (Mini-
Circuits ZAD-1) to generate the PDH error signal. This error
signal was processed by a fast (megahertz) locking circuit with a
bandwidth of ∼2 MHz and fed back to the laser injection
current for primary locking of the laser frequency to the cavity.
With the laser locked to the cavity, the cavity length was
changed such that the laser frequency was scanned over a
preselected range by applying a sinusoidal voltage ramp, at a
frequency of 1 Hz, to PZT1. A slow locking circuit followed the
change in cavity length and generated a signal that was fed back
to the laser PZT input for the ECDL, to maintain the lock of
the laser to the cavity while scanning the cavity length. The
bandwidth of the laser when locked was necessarily less than
∼50 kHz. A feed-forward loop was implemented in the locking
scheme to reduce the load placed on the locking electronics
and to increase the scan rate for which mode-hop free tuning of
the laser was maintained.
To perform fm-NICE-OHMS, EOM2 frequency-modulated

the laser light at ∼219 MHz to generate sidebands at ±2 times
the FSR from the carrier laser frequency. However, the FSR of
the cavity changes slightly during a frequency scan over an
absorption line as the length of the cavity changes, and the
noise-immune aspect of NICE-OHMS requires a good match
between the modulation frequency and the FSR of the cavity.
Hence, the modulation frequency was locked to the FSR using
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the DeVoe and Brewer method:52 A fraction of the amplified
signal from PD1 was split off (Mini-Circuits ZFSC-2-1-S) and
demodulated with a double balance mixer (Mini-Circuits ZAD-
1) at 244 MHz (the sum of the cavity FSR and the PDH
locking frequency) to produce an error signal for locking the
FM frequency to the cavity FSR. This error signal was fed into a
proportional−integral locking circuit to adjust the tuning
voltage on the VCO and thus the modulation frequency of
EOM2 to match twice the FSR.
To produce the fm-NICE-OHMS signal, the ac output of a

second photodetector PD2 (New Focus 1611) was amplified
(Mini-Circuits ZKl-1R5 and ZFL500HLN) and high-pass-
filtered (Mini-Circuits SHP-175), before being demodulated at
∼219 MHz with a double balance mixer (Mini-Circuits ZDM-
1W-S). This signal was passed through a 100 Hz low-pass filter,
recorded using a digital oscilloscope (Lecroy 9304), and stored
on a computer. Changing the demodulation phase allowed
either the absorption or dispersion FMS signal to be acquired.
Following the generation of the fm-NICE-OHMS signal, the
detection sensitivity can be further improved by applying an
additional modulation to the cavity in the form of WMS. The
cavity length and, through the locking circuit, the laser
frequency were dithered using PZT2 at a low frequency of
60 Hz with a frequency excursion of 0.1 GHz. To produce this
wm-NICE-OHMS signal, the fm-NICE-OHMS signal was
demodulated at 60 Hz using a lock-in amplifier (EG&G 7265
DSP). Demodulation of the signal occurred with a time
constant of 50 ms, corresponding to a bandwidth of 3.2 Hz.
Again, the processed signals were recorded with the
oscilloscope and passed to a computer for analysis.
The maximum sensitivity that could be achieved was limited

by residual amplitude modulation (RAM) resulting from
imperfections in the EOMs and etalons before the cavity,
whereby some of the radio frequency applied through the EOM
induces amplitude modulation, leading to undesirable noise on
the detected signal. Etalon effects were minimized with the use
of wedged windows, careful alignment of the optical
components, and using optical fibres with angled ends. A
simple method of removing a background variation would be to
implement a background subtraction technique, whereby the
signals are taken both with and without the absorber present in
the cavity and then subtracted from one another to remove the
background variation. However, this approach was not possible
with this NICE-OHMS setup, given the drift in the laser, and

the necessity to maintain the laser lock to the cavity over the
entire data acquisition period.

HO2 Generation and Kinetic Modeling. HO2 was
generated within the optical cavity through Cl-atom reactions
with CH3OH and O2, which were initiated by the continuous-
wave photolysis of Cl2 by UV lamps

ν+ → +hCl Cl Cl2 (1)

+ → +Cl CH OH CH OH HCl3 2 (2)

+ → +CH OH O HO H CO2 2 2 2 (3)

A more complete reaction scheme, including all of the major
reactions involved in the generation and loss of HO2 with their
rate constants, is listed in Table 1. Detailed modeling of the
HO2 production and reaction scheme was undertaken to
predict the concentrations of HO2 and of potentially interfering
species that also absorb around 1.5 μm, such as H2CO. For the
modeling, an estimate of the rate constant for Cl2 photolysis
was needed (reaction 1) for our particular experimental
configuration.
To photolyze Cl2, five UV lamps were fitted in the top of the

vacuum chamber, 2 cm above the bow-tie cavity, beneath the
Perspex lid. The spectrum of one of the lamps (Philips Sylvania
TLD F18W black light blue tubes) was recorded using a Jobin
Yvon spectrometer (CP200), and in combination with
knowledge of the power of one lamp (18 W), this allowed
the number of photons emitted (per nanometer per second) to
be calculated. Considering the five-lamp configuration inside
the vacuum housing and the assumption that one-fourth of the
radiation from each lamp was incident on the sample based on
the geometry of the vacuum chamber, the flux of photons, I0(λ)
(cm−2 s−1), was thus estimated at 2 cm below the lamps, that is,
at the beam path in the cavity. In the case of weak absorption,
as here, the Beer−Lambert law can be applied to calculate the
number of photons absorbed in 1 cm−3 in 1 s

λ λ ε λ=I I cl( ) ( ) ( )abs 0 (4)

where ε(λ) is the wavelength-dependent absorption cross
section of chlorine; c is the concentration of Cl2; and l is the
interaction length, taken to be 1 cm. Integrating this expression
over the wavelength range of interest results in the number of
photons absorbed per cubic centimeter per second, which
corresponds to the rate of Cl2 dissociated (assuming that the

Table 1. Reactions Occurring during HO2 Generation and Their Corresponding Rate Constants

reaction rate constant units ref

R1 → +Cl Cl Cl2 7 × 10−3 s−1 this work

R2 + → +Cl CH OH CH OH HCl3 2 5.5 × 10−11 cm3 molecule−1 s−1 53

R3 + → +CH OH O HO H CO2 2 2 2 9.1 × 10−12 cm3 molecule−1 s−1 53

R4 + → +HO Cl HCl O2 2 3.5 × 10−11 cm3 molecule−1 s−1 53

R5 + → +HO Cl OH ClO2 1.0 × 10−11 cm3 molecule−1 s−1 53

R6 + → +HO CH OH H CO H O2 2 2 2 2 2.0 × 10−11 cm3 molecule−1 s−1 54

R7 + → +HO HO H O O2 2 2 2 2 1.4 × 10−12 cm3 molecule−1 s−1 53

R8 + → +Cl CH OH H CO HCl2 2 6.6 × 10−10 cm3 molecule−1 s−1 55

R9 + → +H O Cl HCl HO2 2 2 4.1 × 10−13 cm3 molecule−1 s−1 53

R10 + → +OH H O HO H O2 2 2 2 1.8 × 10−12 cm3 molecule−1 s−1 53

R11 + → +H CO Cl HCO HCl2 7.3 × 10−11 cm3 molecule−1 s−1 53

R12 + → +CH OH Cl ClCH OH Cl2 2 2 2.9 × 10−11 cm3 molecule−1 s−1 56
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quantum yield for photodissociation is unity). The rate
constant for chlorine-atom production, k, is defined as d[Cl]/
dt = k[Cl2] and is therefore equal to 2∫ 0

∞I0(λ) ε(λ) dλ; this
gives a rate constant for these experimental conditions of 7 ×
10−3 s−1. For a similar experiment, the rate constant for
chlorine-atom production was measured as 1.35 × 10−3 s−1 for
one lamp,57 corresponding to a value of 6.7 × 10−3 s−1 if five
lamps were used. We note that the value determined here,
which uses the assumption that a geometrical factor of one-
fourth of the photons emitted interact with Cl2, does not
control the HO2 concentration; modeling with the photolysis
rate constant increased by a factor of four led to the HO2
concentration increasing by only 1%, because both the
production and loss rates of HO2 are mainly dependent on
species formed through photolysis.
The HO2 peak absorption cross sections in the 1.5-μm range

are typically around σ = 1 × 10−19 cm2,35 and to ensure that
detection of HO2 was successful and well within the capabilities
of the NICE-OHMS spectrometer, an initial minimal
absorption coefficient, αmin, of 10−7 cm−1 was determined.
The required concentration of HO2 molecules was ∼8 × 1011

molecules cm−3, and kinetic modeling was undertaken, with
initial concentrations of reactants chosen to generate HO2 at
this concentration. The simulation models continuously flowing
products and reactants, with the entire gas volume in the
vacuum chamber (36800 cm3) being replaced every 120 s.
Simulations were performed with and without wall-loss
processes, with the effective rate constants estimated using
the method of Chantry,58 and their effects are discussed later.
The steel and Perspex vacuum assembly housing the ring

cavity was first evacuated to 10−4 Torr before being filled to 760
Torr with N2. After the lights had been switched on, the
chamber was evacuated to a pressure of 40 Torr, and the flows
of constituent gases were started. Flows of 18.2 sccm (standard
cubic centimeters per minute) of 1% Cl2 in Ar (certified purity
of 1.00% in argon balance), 3.7 sccm of O2 (BOC, certified
purity of 99.5%), and 1719 sccm of Ar (BOC Pureshield,
99.998% purity) were controlled by mass flow controllers
(Tylan FC-260), with the flow of 1.83 sccm of CH3OH vapor
being controlled through a calibrated needle valve. Pressures
inside the vacuum chamber were measured with two
capacitance manometers (MKS Instruments, 0−100 and 0−
760 Torr), with the total pressure in the cell of reactants and
buffer gas being controlled actively with a valve in the exit path
before the pump. With the flows and lamps on, the locking
procedure was implemented, as outlined above.

■ RESULTS AND DISCUSSION

Spectrometer Characterization. In this section, observa-
tions of a selection of weak transitions of methane, carbon
dioxide, and nitrous oxide across 52 cm−1 (from 6595 to 6647
cm−1) are presented, demonstrating (i) the calibration of the
technique, (ii) the broad operating range of the spectrometer,
and (iii) its applicability for returning spectroscopic parameters
such as pressure-broadening parameters.
Locked CEAS. Calibration of the spectrometer requires the

finesse of the optical cavity to be determined. To this end, the
transmission of the cavity was monitored by a fast photo-
detector (PD2), and its dc output recorded in a locked cavity-
enhanced absorption spectroscopy (CEAS) experiment with
the same data acquisition system but with the electronics for
fm-NICE-OHMS switched off. For CEAS, the transmission

through the cavity can be represented by the modified Beer−
Lambert law

ν ν
ν

α ν−
=

−
I I

I
L
R

( ) ( )
( )

( )
1

0

(5)

where I(ν) and I0(ν) are the transmitted intensities with and
without an absorbing species present, respectively; α(ν) is the
frequency-dependent absorption coefficient (the product of the
absorption cross section and the absorber number density); L is
the cavity length; and R is the geometric mean of the mirror
reflectivity.43

For the determination of the cavity finesse, 25 Torr of
methane was introduced into the cavity, and the CEA spectrum
was recorded for an unassigned and weak CH4 transition at
6595.90 cm−1 with an integrated absorption cross section, σint,
of 1.115 × 10−25 cm2 cm−1 obtained from the HITRAN
database.59 Recent high-resolution CRDS measurements by
Campargue et al.60 gave very similar results for the line
strengths. Figure 2 shows a typical locked CEAS trace for 25

Torr of CH4 along with a Voigt fit with the Gaussian
component fixed to the calculated full width at half-maximum
(fwhm) Doppler width of 611 MHz appropriate for a sample at
298 K. This CEA spectrum was acquired by scanning over 5
GHz at a scan rate of 1 Hz; the signal was acquired with 30
averages over an acquisition time of 30 s. The returned
Lorentzian component of the fit was 91 ± 3 MHz (fwhm),
which does not agree well with the calculated value for self-
broadening of 138 MHz using the self-broadening parameter
reported in the HITRAN database for transitions in this
range.59 However, widespread values are reported in the
literature for the self-broadening of CH4 transitions in various
vibrational bands,61,62 and our value is within these limits. A
mean mirror reflectivity R of 0.9985 ± 0.0001, and thus a
finesse of 2100 ± 200, was calculated from the integrated area,
A, of the locked CEAS data, and the determined sensitivity was
6.5 × 10−8 cm−1. The moderate sensitivity is partly due to the
fact that, in locked CEAS, any phase and frequency
modulations are converted into residual amplitude modulation,
which increases the noise on the signal; the NICE-OHMS
technique seeks to minimize these effects by utilizing
modulation spectroscopy within a fully resonant cavity.

Broad Wavelength Tunability and Pressure Broadening.
To analyze the performance of the spectrometer over a broad
wavelength range and to demonstrate that the technique is
capable of measuring spectral parameters, this section details

Figure 2. Typical locked CEAS spectrum of 25 Torr of CH4 at
6595.90 cm−1.
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observations on CO2 measurements and the measurement of
pressure-broadening parameters for CH4 and N2O. Figure 3

shows fm- and wm-NICE-OHMS signals for the P34(e)
transition in the ν1 + ν2 + 2ν3 band of CO2 at 6646.58 cm−1

with the highest sensitivity achieved with this measurement
being 2 × 10−10 cm−1. This is 2 orders of magnitude
improvement in the sensitivity over locked CEAS. The signal
was acquired with six averages over an acquisition time of 10 s.
We found that this was the optimal acquisition time to provide
the maximum signal-to-noise ratio, limited by longer-term laser
drift problems. It should be emphasized that the position of the
CO2 transition is 40 cm−1 from the spectral position where
CH4 data were taken previously, which resulted in a sensitivity
of 3 × 10−11 cm−1 for wm-NICE-OHMS.50 The response of the
laser to the locking is not constant across the broad spectral
range accessible with the laser, resulting in a varying amplitude
modulation across the spectral range and a different level of
noise. The highest sensitivities achieved with the system occur
in the spectral range around 6596 cm−1, for which the system
was initially designed and optimized. From measurements
across the tuning range of the laser, it is clear that optimizing
the electronics at each spectral range is particularly important
and can markedly improve the sensitivity attained; yet this is
time-consuming and often not possible when designing a field
instrument for practical application. However, despite this
variation in sensitivity across wavelength ranges, we note that
the ability to apply NICE-OHMS to various transitions across
different ranges of the spectrum while still achieving
sensitivities of around 10−10 cm−1 is of great benefit when
designing a spectrometer that can meet a wide range of
detection requirements.
To verify the linearity of the technique, the relationship

between the amplitude of the absorption feature and the
pressure of added gas was recorded for both the fm-NICE-
OHMS and wm-NICE-OHMS signals with increasing pressures
of CO2. In both cases, the amplitudes increased linearly with
increasing pressure of gas, with the results being shown in
Figure 4. The nonzero intercept gives an indication of the noise
inherent in the measurements and will determine the minimal
sensitivity achievable with the system. fm-NICE-OHMS was

then used to determine pressure-broadening coefficients for the
unassigned transition of CH4 at 6610.06 cm−1 broadened by
helium. Twenty-five Torr of CH4 was added to the evacuated
cavity, after which increasing amounts of He were added, from
2 to 300 Torr. At each pressure, fm-NICE-OHMS data were
recorded at both the absorption and dispersion phases. The FM
data were fitted using a Voigt profile, fixing the fwhm of the
Gaussian component of the fit to the theoretical value of 611
MHz and allowing the half-width at half-maximum (hwhm) of
the Lorentzian component of the fit to vary. From this fitting
routine, the Lorentzian width of each absorption profile was
obtained. As demonstrated by the typical trace showing the
data (black line) and fit (red line) in Figure 5, the signals of
both the absorption (top) and dispersion (bottom) phases for
25 Torr of CH4 broadened by 150 Torr of helium are well-
represented by Voigt profiles transformed into FM space.
During the data acquisition routine, only one phase of the data
(absorption or dispersion) can be acquired per scan, with the
operator selecting the phase. Hence, for the data presented
here, at each pressure, both the absorption and dispersion
signals were acquired separately, but during the same lock. The
time delay between each pair of measurements was around 20 s.
In Figure 6, the Lorentzian component of each fit from the
absorption spectra is plotted against pressure, with a straight
line fitted to the points. From the graph, a pressure-broadening
coefficient of 1.5 ± 0.1 MHz Torr−1 (hwhm) is obtained, which
corresponds well with the literature values of 1.3−1.7 MHz
Torr−1 for transitions within the 2ν3 band of methane at 1.65
μm.63,64 The figure shows again a y-axis offset of 44 ± 5 MHz
attributable to self-broadening that is consistent with the locked
CEAS experiment for 25 Torr of pure CH4.
A similar procedure was undertaken to retrieve pressure-

broadening coefficients of N2O broadened by the addition of
helium. Figure 7 shows the fm-NICE-OHMS absorption signal

Figure 3. fm- and wm-NICE-OHMS signals for the P34(e) transition
in the ν1 + ν2 + 2ν3 band at 6646.58 cm−1 for 8.1 ( fm-NICE-OHMS)
and 0.2 Torr (wm-NICE-OHMS) of CO2.

Figure 4. Plots of signal height versus pressure of CO2 gas for fm-
NICE-OHMS and wm-NICE-OHMS data.
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(black) with the corresponding fit (red) for 0.42 Torr of N2O
broadened by 50 Torr of helium for the R28(e) transition in
the ν3 band. For the signals broadened by helium, again each
absorption-based fm-NICE-OHMS trace was fitted with the
Gaussian width fixed to the calculated value of 366 MHz, and
the Lorentzian component of the Voigt profile was allowed to

vary. Figure 8 shows the plot of the Lorentzian hwhm
component of each fit against pressure, with a straight line

yielding a pressure-broadening coefficient of 2.2 ± 0.1 MHz
Torr−1, in excellent agreement with the literature value of 2.1
MHz Torr−1 for the P(26) transition in the same ν3 band.

65

Spectroscopic Detection of HO2. Having shown the
calibration and broad wavelength tunability of our NICE-
OHMS spectrometer with stable species, the final part of this
article focuses on the detection of the hydroperoxyl radical
HO2 in a laboratory setting. Specifically, the near-infrared
radiation of the laser probes the first vibrational overtone in the
OH stretch, 2ν1 (centered at 6648.9 cm

−1). The two absorption
features selected for investigation in this work were assigned by
DeSain et al.26 as the qP1(12) transition at 6623.32 cm−1,
consisting of two transitions due to spin-rotation splitting, and
the qP2(10) transition at 6623.57 cm−1, consisting of four
transitions due to spin-rotation splitting. The transitions are
labeled according to ΔKaΔJK″a(N″) where N is the rotational
angular momentum quantum number, J is the sum of the
rotational and spin angular momentum quantum numbers
given by N ± 1/2, and Ka is the quantum number for rotation
about the a axis of the molecule as defined in ref 26.
The ECDL was scanned with a sinusoidal ramp of 1.8 V

peak-to-peak amplitude at a frequency of 0.532 Hz, giving a
scan range of 12 GHz. Figure 9 shows the fm-NICE-OHMS
spectra of HO2 at 6623.32 and 6623.57 cm−1, with peak
absorption cross sections of σ = 9.7 × 10−20 cm2 and σ = 1.3 ×
10−19 cm2, respectively.35 In the case of HO2, we were able to
subtract a background measurement by just turning off the UV
lamps, which resulted in a HO2-free background after 10 s. No
absorption features due to methanol were observed in the
spectral range, but the effect of etalons within the setup on the
spectra is clearly visible. A fit to the 6623.32 cm−1 absorption
feature is shown in red in Figure 9a, but indicates a problem.
With the Gaussian width constrained to the Doppler-
broadened value [426 MHz (fwhm)], the returned Lorentzian
component is close to zero, implying no substantial pressure
broadening at 40 Torr of Ar. Thiebaud et al.35 measured a
fwhm for this transition as 660 MHz at 50 Torr He, and we
would expect at least a similar pressure-broadening contribution
under our conditions. The HO2 measurements were taken
toward the end of this study, when the diode laser was starting
to exhibit multimode behavior, and the calibrated frequency
scale (obtained from the spectrum analyzer traces) might be
inaccurate. Although the results discussed above and taken

Figure 5. Simultaneous fitting for the (top) absorption and (bottom)
dispersion spectra of 25 Torr of CH4 at 6610.063 cm−1 broadened by
150 Torr of helium.

Figure 6. Lorentzian hwhm from the absorption spectra as a function
of pressure for 25 Torr of CH4 broadened by He.

Figure 7. Typical absorption fm-NICE-OHMS signal of 0.42 Torr of
N2O in 50 Torr of He, with a fit to the data and the associated
residuals plot.

Figure 8. Lorentzian hwhm as a function of pressure for 0.42 Torr of
N2O broadened by He.
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earlier in the study for other molecules returned sensible
linewidths and pressure-broadening parameters, we concluded
that our frequency calibration might be in error for the HO2
measurements. For the qP2(10) transition at 6623.57 cm−1, a
greater linewidth [Gaussian component of 576 ± 15 MHz
(fwhm)] was obtained (Figure 9b), appearing to show the
effects of the unresolved spin-rotation splitting. The ratio of
linewidths of these two features, 1.36, is very similar to that
found by Thiebaud et al. (1.35) and would be consistent with
our present results showing the effect of an incorrect frequency
scale.
Table 1 shows that formaldehyde is a stable photolysis

product and that it absorbs weakly in the 6623 cm−1 range. A
spectrum of pure H2CO (50 mTorr) showed absorption
features that did not coincide with those in Figure 9 but that
would be observed in the frequency range scanned if the
concentration was above the measured H2CO detection limit of
6 × 1013 cm−3. Modeling using the purely gas-phase kinetic
scheme of Table 1 predicted the concentration of H2CO to be
2 × 1014 cm−3, a concentration that should have been
observable. The absence of such absorption features suggests
that the modeled concentration is too high, and inclusion of a
wall-loss term58 was found to decrease the concentration below
the detection limit for values of the sticking coefficient above
10−5. Formaldehyde is known to interact strongly with
surfaces,66 and values of >10−5 are to be expected.
The data were calibrated against a known concentration of

CH4 in the same spectral range and taken at a similar time to
the HO2 measurement. The methane transition chosen was at
6623.19 cm−1, with a peak absorption cross section of 1.69 ×
10−23 cm2 under Doppler-broadened conditions. With both
data sets being taken at the same phase (absorption), the
relative heights of the signals and the peak absorption cross
sections were compared for the calibration. We note that we

used a peak cross section for HO2 obtained for 50 Torr of He,
35

and this might change somewhat for 40 Torr of Ar. The
concentration of HO2 was determined to be 6 × 1011 cm−3,
close to the expected value for HO2 of 5.8 × 1011 cm−3 based
on the simulations. Using this calibrated HO2 concentration
and the signal-to-noise ratio of 38 gave a minimum detection
sensitivity of 1.8 × 10−9 cm−1, and a minimum detectable
concentration of ∼4 × 1010 radicals cm−3 is inferred.
Comparing this value with those given in the Introduction, it
can be seen that the sensitivity reported here is an order of
magnitude lower than those reported for fm-NICE-OHMS
previously. These measurements were conducted toward the
end of the lifetime of the laser source, which was suffering
degradation from repeated modulation over several years. In
addition, the setup was also not working under optimal
conditions, as one of the piezoelectric transducers received an
erroneously large voltage that reduced its performance and
meant that no wm-NICE-OHMS could be performed at this
stage.
As a further confirmation that the species produced and

detected from the photolysis experiments in the cavity was
HO2, two kinetic analyses were undertaken. Analysis of the
time taken for the HO2 signal to disappear following the
cessation of the chlorine flow and analysis of the time taken for
the HO2 signal to disappear following switch-off of the UV
lamps were investigated. The input flow rates for the flow
controllers were set so that the residence time in the cavity was
120 s. Once all of the flows were on and the laser was locked
and stable with fm-NICE-OHMS data being collected on HO2,
the chlorine flow was ceased. As the lamps remained on during
this time, the photolysis reaction of Cl2 continued, and it is this
reaction that drove the formation of HO2 until all of the Cl2
was used or pumped away. The laser remained locked, with all
of the other flows on, and data from scans over the same HO2
qP1(12) transition at 6623.32 cm−1 were recorded at
approximately 20-s intervals. These data are shown in Figure
10 and have been offset in the y direction for clarity. It can be

seen from the data that, over the 120 s following the cessation
of the chlorine flow, the concentration of HO2 dropped steadily
as the remaining chlorine in the cavity was pumped out.
The measurement of the decay of the HO2 absorption

feature after the lamps were switched off is shown in Figure 11.
Error bars are shown in the figure; however, the error bars are
small and so cannot be clearly seen. Also shown are two
simulations of the decay starting from a HO2 concentration of 5
× 1011 cm−3: one from the kinetic scheme shown in Table 1

Figure 9. fm-NICE-OHMS spectra of HO2 on the (a) qP1(12)
transition at 6623.32 cm−1 and (b) qP2(10) transition at 6623.57 cm−1,
each with a fit to the data shown in red.

Figure 10. fm-NICE-OHMS data recorded over 2 min following the
cessation of chlorine flow (data offset in the y direction for clarity).
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and one including the maximum possible wall-loss rate (when
diffusion to the walls is the rate-limiting step and wall-loss
coefficients are relatively high). Although the simulation
without wall loss provides a better fit, it is clear that the
simulations are in good agreement with the experimental data.

■ CONCLUSIONS AND OUTLOOK
This work has demonstrated the use of an external-cavity
diode-laser-based NICE-OHMS system and its application to
detection of a range of species of atmospheric importance. The
spectrometer was successfully used to make the first measure-
ments of the HO2 radical species in a laboratory setting,
marking a first step in applying this ultrasensitive spectrometer
to real atmospheric scenarios. One of the key features of any
detection technique is that it yields a direct and speciated
solution. It has been demonstrated that the NICE-OHMS
spectrometer can provide this for HO2.
The experimental sensitivity limit achieved for detection of

HO2 was 1.8 × 10−9 cm−1 corresponding to ∼4 × 1010 radicals
cm−3, which is not sufficiently sensitive to achieve detection of
atmospheric levels. There is significant and real potential that
these limits can be met with reasonably attainable improve-
ments to the experimental system. In the current setup, there
are two main limitations: the laser source and the mirrors. With
improvements to the laser source to return the system to its
optimal operating conditions, NICE-OHMS offers a viable,
speciated, and compact spectrometer for application to
atmospheric remote sensing. Although having a broad range,
with a tunable ECDL allowing greater flexibility in the selection
of the detection wavelength, the relatively large linewidth (2
MHz) of the laser locking system adds a further level of
experimental complexity to the system, and maintaining the
lock of the laser to the cavity during the wavelength scanning
for data acquisition is difficult. With the implementation of an
improved laser source, such as an erbium-doped fiber laser
(EDFL), this situation would be improved, as the much
narrower linewidth of the laser would allow it to be locked
more easily to the cavity. In combination with fiber-coupled
EOMs, this could lead to a compact and mobile fiber-based
NICE-OHMS system. In a recent work, it was shown that the
background signals originating from an imbalance of the phase-

modulated triplet can be minimized by using appropriate types
of EOMs.49 Furthermore, it was shown that using an EOM with
active feedback significantly reduces drifts and noise in the
system, as was also previously shown by Bell et al.50 Higher
powers would also improve the signal size with an associated
reduction in the shot-noise limit for the setup. The current
sensitivity was achieved with a cavity of relatively low finesse,
which could be improved by the use of higher-reflectivity
mirrors; it should be noted, however, that this will change the
locking response of the cavity. Although the implementation of
a narrow-linewidth EDFL would increase the ease of locking,
the spectral coverage limitations of such laser sources might
hamper the application of such a laser in the atmospheric-
pressure-broadened regime.
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