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Absolute absorption cross sections of the absorption spectrum of the 2ν1 band of the HO2 radical in the
near-IR region were measured by continuous wave cavity ring-down spectroscopy (cw-CRDS) coupled to
laser photolysis in the wavelength range 6604-6696 cm-1 with a resolution better than 0.003 cm-1. Absolute
absorption cross sections were obtained by measuring the decay of the HO2 self-reaction, and they are given
for the 100 most intense lines. The most important absorption feature in this wavelength range was found at
6638.20 cm-1, exhibiting an absorption cross section ofσ ) 2.72 × 10-19 cm2 at 50 Torr He. Using this
absorption line, we obtain a detection limit for the HO2 radical at 50 Torr of 6.5× 1010 cm-3.

Introduction

The hydroperoxyl radical HO2 is a key intermediate in low-
temperature oxidation processes such as atmospheric chemistry
or low-temperature combustion. Because of its importance in
both atmospheric and combustion processes, the kinetics1-5 as
well as the spectroscopy6-11 of HO2 have received intense
interest in recent years. The self-reaction of HO2 is relatively
fast,5,12,13and thus, the more important the initial HO2 concen-
tration is, the faster the self-reaction. Therefore, the techniques
used to study the HO2 radical must present a suitable balance
between sensitivity and time resolution. Because it achieves this
requirement, UV absorption spectroscopy has become a widely
used technique to monitor the HO2 radical and it has enabled
important kinetic data to be acquired.13-17 However, the broad
and structureless absorption of HO2 in this wavelength range
leads to many overlaps with the absorption features of other
species such as peroxy radicals. This lack of selectivity is an
important limitation of the UV absorption spectroscopy that
encouraged the development of spectroscopic measurements in
the infrared region where we can find narrow and resolved
absorption lines of small structures such as the HO2 radical.7,9,18-20

Although the mid-infrared range provides stronger absorption
cross sections, it induces problems such as line pressure
broadening or sampling issues. Peroxy radicals such as HO2

are known to have absorption bands in the near-IR region, a
vibronic progression in the low-lying2A′r2A′′ transition
(∼7017.5 cm-1 for HO2), as well as the first vibrational overtone
in the OH stretch (centered at 6648.9 cm-1 for HO2). This
wavelength range offers weaker line strengths than those in the
mid-IR region, but it has other advantages such as less pressure
line broadening and the availability of powerful, reliable, and
low cost devices (laser sources, detectors, optics, and so forth)
from the telecom industry. Therefore, several experiments have
been reported using a laser diode in the near-IR to detect HO2

radicals: DeSain et al.6 recorded the HO2 radical spectrum
between 6603.2 and 6685.5 cm-1 using wavelength modulation
spectroscopy. This work enabled the assignment of almost 500

lines of the O-H stretching overtone 2υ1 of the HO2 radical.
Christensen et al. monitored HO2 by the same overtone band at
6638.2 cm-1 to study the kinetics of HO2 + NO2

21 or the HO2

self-reaction.5 Recently, Kanno et al. measured the nitrogen and
water-pressure broadening coefficients of the HO2 band at
∼7020.8 cm-1 (ref 22) and the rate enhancement effect of water
on HO2 self-reaction12 using two-tone frequency modulation
(TTFM) absorption spectroscopy.

We recently introduced a new way to perform time-resolved
detection of the HO2 radical in a photolysis reactor by using
continuous wave cavity ring-down spectroscopy (cw-CRDS) in
the near-IR.23 We recorded HO2 absorption lines and self-
reaction kinetics with a 10µs time resolution and a detection
limit of 2 × 1012 molecules cm2.

The increasing number of papers using the near-IR shows
that this spectral region is convenient for the detection of HO2

radicals. Nevertheless, the absorption line strengths of the HO2

radical in this spectral region are not well-known. In Figure 1
are illustrated all published absorption cross sections, calculated
to Doppler limiting conditions for comparison, along with values
obtained in this work in the same wavelength range. In 1991,
Johnson et al. published the first line strengths of the HO2 radical
in this wavelength range.9 They measured 23 lines by two-tone
frequency modulation spectroscopy (TTFMS) at∼1509 nm
(with an accuracy of approximately 0.5 nm) and calibrated the
HO2 concentration by modulated-photolysis UV absorption
spectroscopy; they found peak absorption cross sections ofσ
) 1-10 × 10-20 cm2. However, they mentioned several error
sources: uncertainties in the TTFMS calibration, changes of
HO2 concentration due to instabilities in pressure and photolysis
rates during the course of the experiment, and changes in the
diode laser output powerI0. They estimated the accuracy of
the absorption cross sections to be∼50%. In 1997, Taatjes and
Oh24 published as a foot note the line strength of the line at
6625.8 cm-1 to be S ) 2.4 × 10-21 cm2 molecule-1 cm-1,
stating that the manuscript is in preparation; no details on how
this line strength was obtained were given. Recently, Christensen
et al.21 have estimated the peak cross section of the transition
at 6638.2 cm-1 to beσ ) (4 ( 2) × 10-20 cm2 in 100 Torr N2:
this cross section was determined by comparison to the HO2
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cross sections of the transitions near 6627 cm-1 obtained by
Johnson et al. in 1991.

While the line positions of the overtone 2ν1 transition of the
HO2 radical have been carefully measured and assigned by
DeSain et al.,6 there is clearly a need for more reliable absolute
absorption cross sections of the HO2 radical. In the present
paper, we therefore report our results on the measurement of
the line strength of the high resolution absorption spectrum in
the O-H stretching overtone 2ν1 band by cw-CRDS coupled
to laser photolysis. We have used the HO2 self-reaction kinetics
to extract the absorption cross section at a given wavelength
and pressure for eight lines exhibiting a large range of line
strength. From these measurements was extracted a calibration
factor permitting calibration of the entire spectrum previously
recorded.

Experimental Setup

The experimental setup is described in detail in ref 23. Major
improvements have been accomplished since (summarized in
Table 1) and have been beneficial to the calibration of the
spectrum. The experimental setup comprises three main com-
ponents: the quasi-static reactor, the photolysis excimer laser
(Lambda Physic LPX 202i), and the cw-CRD spectrometer (see
Figure 2).

A stainless steel flow cell was used as a chemical reactor to
enable the implementation of the cw-CRD spectrometer (cavity
length 78 cm). The overlap between the probe laser beam and
the photolysis laser beam was maximized to obtain the highest
sensitivity, that is, the IR-beam crosses the photolysis beam at
an angle of 4° (Figure 2). The length of the overlap regionLA

was calculated from geometrical basics, and it was 30 cm for
measuring the absorption spectrum and was increased to 37 cm
for the kinetic measurements by guiding the photolysis beam
with a 1 inch dielectrical mirror instead of a 2 cmquartz prism.
HO2 radicals were prepared by the following reaction sequence

Cl atoms were generated via laser photolysis of two different
precursors: SOCl2 at 248 nm and Cl2 at 351 nm. SOCl2 was
used for measuring the absorption spectrum, because the excimer
laser was set to work at 248 nm and SOCl2 is known to be an
efficient precursor for Cl atoms at this wavelength.25 The
reactant concentrations for recording the entire spectrum were
O2 ) 3.3× 1016 cm-3, CH3OH ) 1.1× 1016 cm-3, and SOCl2
) 2.6 × 1014 cm-3, leading with a photolysis energy of 300
mJ/pulse to an estimated initial HO2 concentration of 1.3×
1014 cm-3.

As already mentioned in our previous paper,23 the chemistry
of the SOCl radicals under our conditions is not known and
may influence the HO2 concentration time profile. This will have
no influence on the recording of the spectrum, since for each
wavelength the signal is acquired using the same experimental
conditions and averaging eight data points within the same time
segment (0-2 ms after the photolysis pulse). However, the
calibration of this spectrum was obtained through measuring
HO2 decays, and this requires accurate knowledge of the HO2

loss processes. We have therefore switched the excimer laser
wavelength to 351 nm to be able to photolyze Cl2, which is
well-known to be a clean source of Cl atoms. HO2 decays using
Cl2 as a precursor were measured at variable concentrations
between 1× 1015 cm-3 and 5× 1016 cm-3 Cl2, leading to
estimated initial HO2 concentrations of 1-10× 1013 cm-3. The
absorption spectrum was measured at a total pressure of 50 Torr
He, and kinetic decays were measured in the pressure range
20-100 Torr. Typical total gas flows were 700 cm3 min-1 at
50 Torr, leading to a flow velocity within the reactor of 7 cm
s-1. The different gases were introduced into the cavity as
stabilized flows using calibrated flow controllers (Tylan FC-
260). The total pressure was kept constant using the pressure
controller (Leybold-Heraeus MR 16) installed at the exit of the
reactor. Experiments were performed at a photolysis repetition
rate of 0.5 Hz, permitting a sufficient renewal of the reaction
mixture between two photolysis laser shots. The temperature
of the gas mixtures was 296( 3 K.

Figure 1. Comparison of absorption cross sections from this work
with available literature values: Christensen et al.,21 Taatjes and Oh,24

and Johnson et al.9

TABLE 1: Characteristics of the Experimental Setup for
Spectroscopic and Kinetic Measurementsa

spectroscopy kinetic

precursor SOCl2 Cl2
IR laser source Agilent laser module DFB laser
mirrors Layertec Los Gatos
R 0.99974 0.99996
LA/cm 30 37
Rmin/cm-1 Hz-1/2 2 × 10-8 1.2× 10-9

[HO2]min/cm-3 1.5× 1012b 6.5× 1010b

a R: reflectivity of the cavity mirrors;LA: overlap length between
photolysis and detection volume;Rmin: absorption coefficient noise
equivalent, and [HO2]min: HO2 concentration noise equivalent forσ )
2.72× 10-19 cm2. b [HO2]min was lower than expected fromRmin due
to strong absorption of CH3OH and thus lowerτ0

Figure 2. Schematic of the experimental setup. DL: diode laser; OI:
optical isolator; AOM: acoustooptical modulator; APD: avalanche
photodiode; and L: lens.

Cl + CH3OH f HCl + CH2OH

CH2OH + O2 f HO2 + CH2O
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The near-infrared beam was provided by two different laser
sources: a fibered tunable laser module (Agilent 81680A) for
acquisition of the absorption spectrum and a fibered distributed
feedback (DFB) diode laser (Fitel-Furukawa) for the kinetic
measurements. The Agilent laser module is mode hop-free
tunable from 1460 to 1580 nm, allowing scanning of the HO2

absorption feature over a large wavelength range. Its technical
specifications indicate a(5 pm relative wavelength accuracy
and a(0.01 nm absolute accuracy. We measured at the fibered
output a power of 180µW at 1460 nm increasing to a maximum
of 1.6 mW at 1570 nm. The DFB diode laser allows working
with much higher power (until 20 mW) but only within a small
wavelength range for the diode used in this work at∼1506(
3 nm.

The radiation is coupled into the cavity through a set of lenses
and mirrors to obtain a good cavity mode match to excite the
fundamental TEM00 mode. The beam passes through an optical
isolator and an acoustooptical modulator, allowing deviation of
the laser beam within 350 ns with respect to the trigger signal.
In addition to the Agilent laser controller, the diode laser
emission wavelength was monitored using a fibered wavemeter
(Burleigh WA-1100) with an accuracy of 0.01 cm-1. A good
agreement, except for a systematic shift of 0.056 cm-1, was
found between these two sources; thus, no additional wave-
number calibration was performed. The optical signal transmit-
ted through the cavity is converted into current by an avalanche
effect photodiode (Perkin-Elmer C30662E). A homemade
amplifier-threshold circuit converts the current signal to an
exploitable voltage signal and triggers the acquisition, that is,
the acoustooptical modulator, the delay generator (PAR 9650),
and the digital oscilloscope (Tektronix TDS5052) that is used
for data recording. The entire detection system has a bandwidth
of 5 MHz. A personal computer is connected to the main devices
either by GPIB or via a digital/analogic acquisition card
(National Instruments PCI-6221). Control of the experiment and
data acquisition and processing were executed by LabVIEW
7.1 virtual instruments.

To extract the ring-down times, the trigger signal and the
output from the avalanche photodiode are recorded by the
oscilloscope with 200 ns time resolution during 20 ms for
spectroscopic measurements and 40 ms for kinetic measure-
ments. Since HO2 has a short lifetime limited by its rapid self-
reaction, recording its spectrum requires detecting it shortly after
the photolysis pulse to obtain a strong absorption signal. To
acquire both the zero absorption baseline and the HO2 absorption
signal, recording is started 18 ms before the photolysis pulse,
permitting one (or more) ring-down event(s) before the pho-
tolysis pulse and, in general, another one within 2 ms after the
photolysis flash to be obtained. For measuring the kinetic decay
of the radical concentration, recording is started 4 ms before
the photolysis pulse, permitting one (sometimes two) ring-down
event(s) before the photolysis pulse and several (two-six in
general) ring-down events after the photolysis pulse to be
obtained. After entirely transferring both traces to the computer,
the positions of the individual ring-down events, and thus the
delay with respect to the photolysis pulse, are first extracted
from the trigger signal trace, and the individual cavity ring-
down decays are then sampled into a 160µs time window for
the spectroscopic measurements and a 320µs time window for
the kinetic experiments, starting at each trigger signal. The ring-
down time is then roughly estimated by linear regression of
the logarithmic decay and thereafter fitted over 4 lifetimes by
a Levenberg-Marquardt LabVIEW virtual instrument. Two
different sets of mirrors were used: mirrors withR ) 99.974%

(Layertec) leading to typical decay times in the empty cavity
of 10 µs for the spectroscopic measurements and mirrors with
R ) 99.9956% (Los Gatos) leading to typical decay times in
the empty cell of 60µs for the calibration measurements.

For measuring the absorption spectrum (see Figures 8 and 9
and the Supporting Information), typically eight events occurring
after the photolysis pulse are averaged, requiring in general eight
photolysis pulses (i.e., 16 s) before increasing the laser
wavelength by 0.0022 cm-1 (or 5 × 10-4 nm) for the next
sequence of recordings. Using this method, the overall scan
speed is∼0.6 cm-1 h-1. For measuring kinetic decay (see Figure
3), ∼400 ring-down events are typically sampled, leading to a
typical recording time of less than 10 min. Table 1 summarizes
the characteristics of the experimental setup for the kinetic and
spectroscopic measurements.

Results and Discussion

The ring-down timeτ is extracted from the signal through

where I(t) and I0 are the signals transmitted by the cavity.
Typical signals, as obtained with our experimental setup, are
shown in Figure 3a for different precursor concentrations: the
ring-down time is measured relative to the photolysis pulse
(occurring att ) 0ms), each dot represents one ring-down event,
and no averaging was performed. As shown in Figure 3b, the
absorption coefficientRt at a given delay can be calculated from
the decay timeτ0 of the empty cavity (in our case, before the
photolysis pulse, i.e., t< 0 ms) and the decay timeτt of the

Figure 3. Kinetic measurements at 6640.31 cm-1 for four initial Cl2
concentrations: 1.25× 1015, 2.7 × 1015, 5.6 × 1015, and 10× 1015

molecules cm-3 from top to bottom in the upper graph. (a) Ring-down
timeτ plotted as a function of the delay relative to the photolysis pulse.
(b) Absorption coefficientR plotted as a function of the delay relative
to the photolysis pulse.

I(t) ) I0 exp(- t
τ) (1)
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cavity containing the sample (i.e., after the photolysis pulse, t
> 0 ms):

whereRL is the ratio between cavity lengthL (distance between
the two cavity mirrors) and lengthLA over which the absorbing
species is present (in our case, the overlap between the
photolysis beam and absorption path) andc is the light speed.
One can extract either the absorption cross sectionσ for
spectroscopic measurements or the concentration [A]t of the
target molecule for kinetic experiments. While the kinetic of
reaction (R1) has been the subject of many investigations,
mainly by UV absorption spectroscopy,8,26-30 quantitative
information on the near-infrared spectroscopy of the HO2 radical
is sparse.9 We have therefore reversed the procedure and have
deduced the initial HO2 radical concentration and thus the
absorption cross sectionσ from the time-resolved absorption
profiles.

Kinetic Measurements.Under our experimental conditions,
the decay of HO2 concentration, as shown in Figure 3b, results
mainly from the well-studied self-reaction5,12,13,31,32

and, less importantly, through diffusion out of the photolysis
volume

Approximating the diffusion process to an exponential loss, the
HO2 concentration-time profile is governed by the rate
constantsk1 and kdiff :

Under reaction conditions where (R1) is the major loss process,
that is, at short reaction times, the decay can be approximated
to the linear equation

with [HO2]t being the radical concentration at timet and [HO2]0

being the initial radical concentration. A plot of 1/[HO2]t ) f(t)
results then in a straight line with a slope corresponding tokdiff /
[HO2]0 + 2k1 and an intercept of 1/[HO2]0. Measuring the kinetic
decays for several [HO2]0 concentrations permits therefore
distinguishing between diffusion and self-reaction.

A plot of

leads to a straight line with a slope ofm ) kdiff /[HO2]0σλ +
2k1/σλ and an intercept ofI ) 1/[HO2]0σλ. Figure 4 shows such
a plot for three different absorption lines with absorption cross
sections between 0.32 and 1.2× 10-19 cm-1. Using the same
initial HO2 concentration, the influence of the absorption
coefficientσ on the slope and intercept is clearly visible. Figure
5 shows the same plot (1/R ) f(t)) for the signals from Figure
3b: the straight line represents the linear regression of all data
between 0 and 5 ms, as shown in the inset. The linearity in this
time frame is very good for all concentrations, but one can

observe a deviation from linearity toward long reaction times
and low concentrations; that is, the approximation in eq 4 is
not valid anymore. The slight increase in the initial slopem
with decreasing initial HO2 concentration is a result of the
diffusion loss (R2); this loss becomes more important relative
to (R1) with decreasing initial HO2 concentration. Figure 6
illustrates the influence of diffusion: the slopem is plotted as
a function of the interceptI for four initial HO2 concentrations

Figure 4. Plot of 1/R ) f(t) for three different absorption lines using
the same concentration of Cl2 ) 1 × 1016 molecules cm-3: 6637.45,
6640.98, and 6640.31 cm-1 with absorption cross sections of 3.15×
10-20, 5.92× 10-20, and 11.5× 10-20 cm2, respectively, from top to
bottom. The straight lines show the linear regression for the experi-
mental data between 0 and 5 ms, and the inset shows a magnified view
of this section.

Figure 5. Plot of 1/R ) f(t) for the signals from Figure 3b. The straight
lines show the linear regression for the experimental data between 0
and 5 ms, and the inset shows a magnified view of this section.

Figure 6. Plot of the slopem as a function of the interceptI from
Figure 4- and 5-type plots at four different pressures (25, 50, 75, and
100 Torr from bottom to top, respectiviely) and four different initial
Cl2 concentrations at each pressure obtained at 6637.29 cm-1. The inset
shows the slopes of the regressions as a function of 1/p.

Rt ) [A]tσ )
RL

c (1
τt

- 1
τ0

) (2)

HO2 + HO2 f H2O2 + O2 (R1)

HO2 f Diffusion (R2)

d[HO2]

dt
) -2k1[HO2]

2 - kdiff [HO2] (3)

1
[HO2]t

) 1
[HO2]0

+ ( kdiff

[HO2]0

+ 2k1)t (4)

1
R

) 1
[HO2]tσλ

) f(t) (5)
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at four different pressures between 25 and 100 Torr. The
unimolecular rate constantkdiff is directly obtained from the slope
of these plots and is reported in the inset of Figure 6 as a
function of 1/p for the four pressures. The correlation is very
good, which strongly supports our assumption that the increase
in the slope with decreasing initial HO2 concentration is due to
diffusion. The absorption coefficients used for the calibration
of the absorption spectrum (see next section) have therefore been
deduced from measurements of kinetic decays for several initial
radical concentrations and extrapolation of eq 5 to infinite
[HO2]0, that is, the interceptI ) 2k1/σλ of Figure 6-type plots.

The rate constantk1 is known to be enhanced by molecules
such as H2O, CH3OH, or NH3,3,12,13,29,31,33,34but the concentra-
tions used in this work are too low to become important.
According to Stone and Rowley,13 a CH3OH concentration of
1016 cm-3 leads at 296 K to an enhancement of the rate constant
of 4.2 × 10-16 cm3 s-1. Recently, Christensen et al.3 have
reported the thermodynamics and kinetics of the HO2‚CH3OH
complex formation as well as the rate constant for the reaction
of the addition complex with HO2 and argued for a reinterpreta-
tion of the experimental results of Stone and Rowley. Neverthe-
less, extrapolation of the equilibrium constant to our temperature
and CH3OH concentration shows that∼1% of the HO2 is
trapped in the addition complex, with the addition complex
reacting∼10 times faster than HO2 itself. As a consequence,
we consider that under our conditions we can safely neglect
any enhancement of the rate constant and have therefore adopted
the average of the latest recommendations of IUPAC35 and
NASA:36 k1 ) 1.65× 10-12 + 4 × 10-32[He] cm3 s-1.

The decrease of the absorption coefficient with increasing
pressure, due to pressure broadening of the absorption line, is
greatly visible in Figure 6: the intercept and thus the absorption
coefficient decrease by nearly a factor of 2 from 2.5 to 1.3×
10-20 cm2 with a pressure increase from 25 to 100 Torr He, as
shown in the inset of Figure 7. The absorption line at 6637.29
cm-1 was measured for all four pressures, and each line was
fitted to a Voigt profile using the theoretical Doppler half width
of 7.09× 10-3 cm-1. The obtained half widths at half-maximum
(HWHM) are plotted as a function of pressure in Figure 7, and
they lead to a broadening coefficient of 0.057 cm-1 atm-1 He.
This value can be compared to those from recent measurements
of the broadening coefficient of other bath gases: Kanno et
al.22 obtainedγcoll values of 0.101 and 0.216 cm-1 atm-1 N2

and H2O, respectively, and we have obtained recently37 values
between 0.078 and 0.155 cm-1 atm-1 for air-broadening,
depending on the rotational quantum number. These values are
significantly higher, which is in good agreement with the
expected large difference in collision efficiency between He and
the other bath gases. The full line in the inset of Figure 7 shows

a simulation of the absorption cross section at the line center
of a Voigt profile as a function of pressure usingγcoll ) 0.057
cm-1 and an integrated line strength ofS ) 4.5 × 10-22 cm2

molecule-1 cm-1, which is the average value obtained from the
integration of the entire line profile for all four pressures after
normalizing. Note the good agreement between the pressure
broadenings obtained by two different methods: (i) by scanning
the full absorption line and (ii) by deducing the absorption cross
section at the line center wavelength from time-resolved decays.

Absorption Spectrum. The absorption spectrum of the HO2

radical was measured at a total pressure of 50 Torr He in the
range of 6604-6696 cm-1 using the Agilent diode laser source.
In this wavelength range, more than 40 000 data were measured
with a resolution better than 0.003 cm-1, with each data being
the average of eight ring-down events occurring within 2 ms
after the photolysis pulse, obtained at a repetition rate of 0.5
Hz. The entire spectrum is shown in Figure 8, where more than
900 lines have been detected in this wavelength range. A
magnified view of the entire spectrum is available as Supporting
Information; the positions of the 491 lines assigned by DeSain
et al.6 to the 2ν1 band of the HO2 radical are shown as dots. A
very good agreement for most of the line positions was found.

All peaks of the spectrum have been fitted to a Voigt profile;
an example of such a fit is shown in Figure 9. The absorption
coefficients R obtained from these fits were brought to an
absolute scale by the following calibrating procedure: the
absorption cross sectionsσ of eight absorption lines chosen
within the range accessible with the DFB diode, exhibiting a
wide range of line strengths and being relatively isolated from
other lines, were determined at 50 Torr from kinetic decays as
described in the above paragraph; that is, the kinetic decays
were measured with different initial precursor concentrations
and the absorption cross sectionσ was extracted from the

Figure 7. Plot of the pressure broadening coefficientγcoll, obtained
from a Voigt fit of the entire absorption line at 6637.29 cm-1. The
inset shows the absorption cross sectionσ, obtained from kinetic decays,
as a function of pressure.

Figure 8. HO2 absorption spectrum in the range 6604.5-6696 cm-1

at 50 Torr.

Figure 9. Portion of the absorption spectrum from Figure 8 between
6666.0 and 6667.5 cm-1: the full line shows the fit of a Voigt profile
to the experimental data.

cw-CRDS Measurements of the HO2 Radical 2ν1 Band J. Phys. Chem. A, Vol. 111, No. 30, 20076963



intercept of Figure 6-type plots. The absorption cross sections
for all eight lines obtained in this way are given in Table 2.
Figure 10 shows the plot of these absorption cross sectionsσ
as a function of the absorption coefficientsR obtained from
the Voigt profile fit; a very good correlation was obtained. The
absorption coefficientsR from all lines of the entire spectrum
were then converted to absorption cross sectionsσ using the
calibration factor obtained in Figure 10. Table 3 summarizes,
for the 100 most intense lines, the center wavelength, the
absorption cross sectionσ, and the full width at half-maximum
(FWHM). As can be seen from Figure 8, the absorption line at
6638.20 cm-1 surpasses all other lines by nearly a factor of 2,
and the absorption cross section at 50 Torr was determined to
be σ ) 2.72 × 10-19 cm2 for this line. Very likely, this
absorption line represents the convolution of two lines, but even
at low pressure no deconvolution could be observed.

The absorption cross sections can be compared to the few
available data in the literature (all existing data are in the
wavelength range 6623-6639 cm-1; see Figure 1): Johnson et
al.9 reported maximal line strengths ofS ) 1.6 × 10-21 cm2

molecule-1 cm-1 in this wavelength range, while in the paper
of Taatjes and Oh24 the line strength of one line at 6625.8 cm-1

was given asS) 2.4× 10-21 cm2 molecule-1 cm-1. From our
calibration, we deduce for this line S) 4.2 × 10-21 cm2

molecule-1 cm-1, which is little less than the value given in
our previous work23 for the same line (S) (5.2( 1.0)× 10-21

cm2 molecule-1 cm-1). This decrease is partly due to the use
of a lower rate constant fork1, but it is also probably due to a
much more complete calibration procedure. Johnson et al.9

reported many difficulties in calibrating their line strength and
mentioned that experiments are in progress to measure more
accurately both the line positions and line strength; however,

to our knowledge, the results of these experiments have never
been published. The value of Taatjes and Oh24 was given only
as a footnote, without details on how this value was obtained,
which makes it difficult for us to compare the reliability of the
results.

If not an absolute, a very good relative agreement was found
for the line strength of the most intense line at 6638.2 cm-1.
Very recently, Christensen et al.21 reported an absorption
cross section ofσ100 Torr N2 ) (4 ( 2) × 10-20 cm2, estimated
relative to the cross sections reported by Johnson et al.9 For
comparison with our data, we have calculated the absorption
cross section under Doppler conditions using an average air-
broadening coefficient37 of γcoll ) 0.0115 cm-1 atm-1 (σDoppler

) 1.1× 10-19 cm2), which is 2.6 times larger than the average
of the 23 absorption cross sections reported by Johnson et al.9

This is in excellent agreement with the ratio found in this
work: σ50 Torr He) 2.72× 10-19 cm2 (which yieldsσDoppler )
4.2 × 10-19 cm2), that is, 2.5 times larger than the average of
the absorption cross sections of the 24 lines measured in this
work in the wavelength range covered by Johnson et al.9 (see
Figure 1).

It has to be kept in mind that the absorption cross sections
given in Table 3 are determined at a total pressure of 50 Torr
He. Helium having moderate collision efficiency, the given
absorption coefficients can probably be converted for most lines
to other He pressures usingγcoll ) 0.057 cm-1 atm-1,
independent of the rotational quantum number. Attention should
be paid for those lines exhibiting a strong deviation from the
average line width of 0.022( 0.005 cm-1 full width at half-
maximum (FWHM), as these absorption features are likely to
represent several convoluted lines and their broadening behavior
might be complex. Working in other bath gases such as N2 will
decrease the absorption cross section: changing, for example,
from 50 Torr He to 50 Torr N2 can decrease the absorption
cross section by up to 40%.37

The uncertainties on the reported absorption coefficients have
two different origins: the main uncertainty is directly connected
to the uncertainty in the rate constantk1, as the extracted
absorption cross section is directly linked to it. Any future
change (increase or decrease) in the recommendation ofk1 can
be directly taken into account as it would change (increase
or decrease) all absorption cross sections in a proportional
manner. In the latest IUPAC recommendation,35 the uncertainty
for this rate constant at 298 K is estimated to(40%. However,
we find good agreement between our estimated initial HO2

concentrations, obtained from calculating the photolytic Cl atom
concentration, and the one obtained from the intercept of Figure
4- and 5-type plots, using the appropriate absorption cross
section.

The other source of uncertainty is linked to the experiment
itself: acquiring the entire absorption spectrum took∼2 weeks,
and our calibration procedure requires that we consider the HO2

concentration to be constant over the entire period. The
photolysis laser was run in constant energy mode, all flows were
controlled by calibrated flowmeters, and the total pressure was
kept constant and was monitored continuously. We are thus
confident that the HO2 concentration was stable to better than
10%. The calibration procedure is afflicted by uncertainties from
(a) the linear regression of individual HO2 profiles (Figure 4-
and 5-type,<3% (2σ)), (b) the extrapolation to [HO2]0f∞
(Figure 6-type,<5% (2σ)), (c) the linear regression of the
calibration line (Figure 10, 3% (2σ)), and (d) the fit to the
individual lines by a Voigt profile (Figure 9). The global
uncertainty linked to the experiment, that is, excluding the

Figure 10. Plot of absorption cross sectionsσ, obtained from kinetic
decays, as a function of the peak height, obtained from a Voigt fit of
the absorption spectrum at 50 Torr for eight absorption lines in the
wavelength range 6633-6641 cm-1. The error bars represent an
estimated experimental error of 10%.

TABLE 2: Absorption Cross Section for the Eight Distinct
Absorption Lines Used for Calibration of the Entire
Spectrum. All Cross Sections Are Obtained from
Measurements of the Kinetic Decays at Various Precursor
Concentrations

ν/cm-1 σ50 Torr/(10-19 cm2)

6633.70 1.43
6635.92 1.30
6637.46 0.32
6637.73 0.66
6638.20 2.72
6638.58 0.25
6640.31 1.11
6640.98 0.59
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uncertainty in the rate constant, is estimated to be(10% for
the absorption coefficients of the eight lines in Table 2 (only
afflicted by type (a) and (b) uncertainties), while it is estimated
to be(25% for all other lines from Table 3 (impacted also by
(c)- and (d)-type uncertainties).

The line positions were anchored to the line positions given
by DeSain et al.;6 the line positions of 81 out of the 100 lines
in Table 3 were found to match to better than 0.01 cm-1 with
a transition assigned by DeSain et al., with the average deviation
being 0.0027 cm-1.We thus estimate the line positions given
in Table 3 to be accurate to better than 0.01 cm-1.

A single shot detection limit (S/N ) 1) for our actual setup
(mirrors withR ) 0.99996 withτ0 ) 40 µs) of [HO2] ) 6.5×
1010 cm-3 can be calculated for the most intense absorption
line at 6638.20 cm-1 (σ ) 2.72 × 10-19 cm2 at 50 Torr),
assuming a measurable decrease in the ring-down time of 0.4
µs. Reducing the pressure and averaging can easily decrease
this detection limit by a factor of 2.

Conclusion

We have measured the absorption spectrum of the 2ν1 band
of HO2 radicals in the wavelength range 6604-6696 cm-1 by
cw-CRDS coupled to laser photolysis. The absorption coef-
ficients were converted to absolute absorption cross sections
by deducing the initial radical concentration from kinetic decays.
The strongest line was observed at 6638.20 cm-1, nearly a factor
of 2 stronger than the second-strongest line observed in this
wavelength range. The absorption cross section for this line in
50 Torr He was determined to beσ ) 2.72× 10-19 cm2.
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