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Abstract
A new FAGE setup has recently been built at the University of Lille, France. It permits the quantification of OH and HO2 in the
atmosphere with a detection limit of 3×105 molecules/(cm3 ·min) for OH and 1×106 molecules/(cm3 ·min) for HO2 . Its coupling to a
photolysis cell enables the measurement of the total reactivity of the hydroxyl radical in ambient air and kinetic studies in laboratory.
Two configurations have been considered: one with the photolysis cell at 90◦ to the FAGE nozzle, the other on line with the FAGE
nozzle. The two configurations have been tested and validated by measuring the well known rate constants of OH with CH4 , C3 H8 and
CO. The advantages and drawbacks of each configuration have been evaluated. The “on line” configuration limits losses and permits
measurements over a larger reactivity range but is aﬀected by OH formation from the laser beam striking the FAGE nozzle, thus limiting
the ability to carry out energy dependence studies which can, in contrast, be successfully performed in the 90◦ configuration.
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OH is the principle atmospheric oxidant and is at the
origin of the majority of chemical transformations in the
atmosphere (Finlayson-Pitts and Pitts, 1986). The chemical mechanisms leading to its formation and consumption
are very complex and understanding of diﬀerent pathways
is key to the ability to accurately model atmospheric
chemistry and to predict atmosphere evolution. In order to
study the OH production and loss, techniques for the field
measurements of absolute concentrations of OH and HO2
have been developed over the past two decades. Indeed, as
OH is highly reactive (atmospheric lifetime in the range of
the ms), strongly linked to the photochemistry, and as its
concentration and temporal variation are very sensitive to
environmental changes, comparison between experimental
measurements and models can allow the evaluation of the
quality of the chemical mechanisms present in the models
and the level of knowledge of the chemistry at the site
considered.
Diﬀerent techniques, reviewed by Heard and Pilling
(2003), have been used to quantify OH in the atmosphere,
species particularly diﬃcult to measure due to its high
reactivity and low concentration (105 –106 mol/cm3 ). Of
these only a few combine a high detection limit with
high temporal and spatial resolutions. The most commonly
used technique for field measurements is called FAGE
(Fluorescence Array by Gas Expansion). It was pioneered
by Hard et al. (1984) in the 1980s, and was based on
the detection of OH radicals by laser induced fluorescence

(LIF) at 282 nm after expansion of the sample gas through
a pinhole into a low-pressure detection cell to achieve a
good enough signal to noise ratio to detect OH in the
concentration range found in the atmosphere.
From there, improvements of the technique to limit OH
generation by the LIF laser, working at a longer excitation
wavelength (308 nm) (Mather et al., 1997), development of
new instruments (Holland et al., 1995; Creasey et al., 1997;
Kanaya et al., 2001; Dusanter et al., 2009), calibration
studies (Bloss et al., 2004; Faloona et al., 2004; Dusanter
et al., 2008), adaptation to other species (HO2 : Mather et
al., 1997; NO and IO: Bloss et al., 2003; N2 O5 : Matsumoto
et al., 2005; RO2 : Fuchs et al., 2008), interference studies
(Ren et al., 2004; Fuchs et al., 2011) and intercomparisons
between FAGE instruments or with other techniques have
all been performed (Campbell et al., 1995; Schlosser et al.,
2009; Fuchs et al., 2010).
In parallel, both ground and air based field campaigns
have been carried out in many diﬀerent environments such
as: urban (in New York: Ren et al., 2003; in Mexico:
Dusanter et al., 2009), clean coastal sites (CHABLIS
Bloss et al., 2007; Rishiri Island: Kanaya et al., 2007),
rural polluted areas (BERLIOZ: Holland et al., 2003;
PRIDE: Lu et al., 2011), coniferous or deciduous forests
(Creasey et al., 2001; Dlugi et al., 2010), pristine tropical
forests (GABRIEL campaign: Martinez et al., 2010; OP3:
Whalley et al., 2011). Systematic diﬀerences between the
measured and modelled OH concentration profiles have
been observed, highlighting missing knowledge in the
chemical mechanisms used. In very clean environments
these disagreements are often an overestimation of the OH
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Atmospheric and kinetic studies of OH and HO2 by the FAGE technique

When coupled to an atmospheric temperature and pressure
laser photolysis cell, it can be applied to kinetic studies in
laboratory or to the total OH reactivity measurements in
ambient air.
This article describes the UL-FAGE and its coupling to
two photolysis cells: one “on line” and the other at 90◦
to the measurement axis, including the validation of these
cells by measuring the well known rate constants of the
CH4 , C3 H8 and CO + OH reactions. The advantages and
drawbacks of each configuration have been evaluated.

1 Description of experimental technique
1.1 FAGE instrument
The newly developed University of Lille Fluorescence
Assay by Gas Expansion (UL-FAGE) instrument shown in
Fig. 1 has been detailed previously (Parker et al., 2011).
It consists of two White type multipass cells similar to
those used at Pennsylvania State University (Faloona et al.,
2004) (aligned to give approximately 30 passes) mounted
in series to detect OH and HO2 simultaneously. In the first
cell OH is measured by LIF, while in the second HO2 is
measured indirectly by injecting NO to convert the HO2
to OH which is subsequently detected by LIF. Our FAGE
setup continuously pumps the ambient air through a small
aperture (1 mm) into the low pressure cells (1.5 Torr) at a
flow rate of 9.2 L/min with an Edwards GX6/100L pump.
The LIF signal is generated by exciting OH molecules
(A-X 0-0, Q1 (3) at 308.244 nm) using a frequency
doubled dye laser (Sirah Laser PrecisionScan PRSC-24HPR) pumped by the frequency doubled output of a
Nd:YVO4 laser (Spectra Physics Navigator II YHP40532QW), working at a repetition rate of 5 kHz. The laser
energy is split between the OH cell (2 mW), the HO2 cell
(1 mW) and the wavelength reference cell (0.3 mW) using
CVI Melles Griot beam splitters, the OH and HO2 beams
being coupled to two 10 m OZ Optics fibres of 200 µm
diameter via collimators (Melles Griot) for transport to the
detection cells. The transmission through the 10 m fibre
is roughly 65%. However, the major losses occur when
coupling the light into the fibres and depend critically on
the alignment: between 15% and 20% of the initial dye
laser output (around 15 mW) reach the OH cell and 5% to
10% reach the HO2 cell.
As under atmospheric conditions the HO2 concentration
Sampling pinhole
Detector
(CPM)
Reference cell

OH cell
NO
HO2 cell

Fig. 1

Pump
FAGE instrument scheme.
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and HO2 concentrations by the model (Bloss et al., 2010)
suggesting that important sinks are not taken into account.
In contrast, at “polluted” sites (Ren et al., 2006) or in
tropical forests (Kubistin et al., 2010), the models often
underestimate the measured OH. In forest, this is possibly
linked to the chemistry of secondary organic products from
biogenic oxidation which plays an important role (Butler
et al., 2008; Lelieveld et al., 2008). The identification
and quantification of these species is particularly problematic as the type of molecule and the concentrations
are unknown and maybe incompatible with detection by
the common analytical techniques used to measure VOCs
(GC-MS: Lewis et al., 2000; PTR-MS: DeGouw and
Warneke, 2007).
Another point of view can be then considered to estimate
the eﬀect of the unknown species: the measurement of
the total OH reactivity. This measurement provides the
lifetime of OH radicals in the presence of the reactive
species present in ambient air, and when compared to
a reactivity calculated from the concentration of species
measured and their rate constants for reaction with OH
enables the determination of the extent of the missing
species.
In the last decade, new instruments have been developed
to measure OH reactivity in the atmosphere. Three principle techniques have been used. The comparative reactivity
technique is based on the coupling of a reactor with a PTRMS. A reference compound and an ambient air sample
are introduced into the reactor, where OH is continuously
generated. The OH reacts competitively with both the
reference compound and species present in the air sample.
The concentration of the reference species is followed by
the PTR-MS and the change in concentration can be used
to calculate the reactivity towards OH of the air (Sinha et
al., 2008). The two other techniques both employ FAGE for
detecting OH radicals. One uses a continuous generation
of OH in a movable injector within a flow tube (Kovacs
and Brune, 2001) connected to a FAGE instrument where
the OH concentration can be continuously measured as
a function of the distance of the injector from the measurement region. In the other technique, a laser photolyses
ozone in the UV in the presence of ambient water vapour
to form a pulse of OH radicals, the decay of this OH pulse
being observed through time resolved measurements with
a FAGE (Sadanaga et al., 2004).
Both techniques have been deployed in field campaigns
for ground based measurements (Harder and Pilling, 2003;
Carlo et al., 2004; Yoshino et al., 2006; Lou et al., 2010).
Recently, a few fields campaigns have combined the
quantification of OH and HO2 with reactivity measurements (INTEX B, airborne measurements: Mao et al.,
2009; PRIDE, ground field campaign: Lu et al., 2011),
which greatly improves the possibility of fully characterising the oxidative capacity at a specific site, but requires
the simultaneous employment of two dedicated complex
and expensive instruments.
At the University of Lille 1, a new FAGE setup (ULFAGE) has recently been developed for the measurement
of OH and HO2 in the atmosphere during field campaigns.
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(1)

H + O2 −→ HO2

(2)

The OH concentration generated can be calculated:
[OH] = [HO2 ] = F184.9 ×σH2 O × [H2 O] ×ϕ × ∆t

(3)

where, σH2 O (Cantrell et al., 1997) and ϕ (Atkinson et al.,
2004) are known and [H2 O] is measured accurately by a
dew point hygrometer. The lamp flux: F184.9 is measured
indirectly by actinometry by simultaneously measuring the
O3 , produced by photolysis of O2 at 184.9 nm, with a
commercial analyser (TEI 49i). OHlosses are the OH losses
between the OH generation point and the nozzle and is
determined by changing the position of the lamp along the
calibration cell.
The calibrations are performed with a turbulent flow of
40 L/min in the calibration cell with a water concentration
in the range of 1000–3000 ppm leading to an OH and HO2
production of 108 –109 mol/cm3 .
Because the FAGE instrument is composed of two cells,
diﬀerent parameters have to be determined for each cell
during the calibration process. The calibration factor (in
counts·sec−1 ·molecule−1 cm3 ·mW−1 ) for OH is calculated
for cell 1 (OH cell) from the measurement of the signal at
a known concentration of OH and a known laser power.
As the calibration is carried out in the same conditions as
measurements in the atmosphere, the OH losses between
sampling and detection in cell 1 are included in the
calibration factor as it is the OH concentration present
at the entrance of the nozzle which is considered in the
calculation.
In cell 2 (HO2 cell), the calibration is performed under
two diﬀerent conditions: with and without NO. Without
NO, the calibration factor for OH is measured. In the
same way as in the first cell, the OH losses between the
cone and the detection region in cell 2 are included in this
factor. With NO, as the HO2 has been converted in OH, the
measured signal originates from both OH and HO2 . The
signal from OH is known and corresponds to the signal
measured without NO and can then be subtracted from
the total signal to obtain the HO2 calibration factor (in
counts·sec−1 ·mol−1 cm3 ·mW−1 ).
It should be noted that we assume no losses of HO2
between the inlet nozzle and the detection region in cell
2. This assumption is reliable because of the low reactivity
of HO2 compared to OH.
During atmospheric measurements, signals in cells 1
and 2 are measured simultaneously. The measurements
in cell 1 provide the OH concentration, which is used
to calculate the contribution of OH in cell 2. As OH
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This setup can be used to measure atmospheric OH and
HO2 during field campaigns, as it has an excellent OH
detection limit of 3×105 mol/cm3 for an average time of
1 min.
The HO2 detection limit can in theory be the same but
because the laser power used in the HO2 cell is lower than
in the OH cell, the resulting detection limit for HO2 is
1×106 mol/cm3 in 1 min. These detection limits are given
for a signal/noise ratio of 1 using the calibration of the
instrument.
Indeed, as it is very diﬃcult to calculate the absolute
concentration directly from the fluorescence signal, a calibration is necessary. This is done by placing a calibration
cell on top of the FAGE inlet nozzle. In the calibration cell,

H2 O + hν (184.9 nm) −→ OH + H

c.

1.2 Use in the quantification mode

a known concentration of water vapour is photolysed at
184.9 nm by a mercury lamp thus generating a low, known
concentration of OH and HO2 .

.a

is approximately two orders of magnitude higher than OH,
more power is injected into the OH cell to increase the
sensitivity of the OH quantification, which owing to the
lower concentration is more critical than the sensitivity of
the HO2 measurement. In order to stabilize the emission
of the fluorescence excitation laser, a constant OH radical
concentration is generated in the reference cell by water
vapour thermolysis and the ensuing fluorescence intensity
following excitation is continuously measured. A decrease
in the signal engenders an automatic wavelength scan
through a Labview program.
The resulting LIF signal from the excited OH, also at
308 nm (A-X 0-0), is detected perpendicular to the excitation beam after passing through two focusing lenses and an
interference filter (Barr Associates). Care has been taken
to reduce the stray light as much as possible by installing
several baﬄes within the cell to remove extraneous light;
in addition the inner surfaces of the cell are black and
have been machined to be very rough to avoid reflections.
The detection is done by photon counting with gated CPM
(Channel Photon Multiplier, Perkin-Elmer MP-1982) modules connected to a counting card (National Instruments
PCI-6602) installed in a PC. The low pressure in the FAGE
cells, which reduces collisional quenching and therefore
prolongs the fluorescence lifetime, makes it possible to
separate the stray light from the excitation laser pulse and
the fluorescence signal by way of temporal discrimination.
Fluorescence is then collected from 400 to 1200 nsec after the laser pulse, which corresponds to the time between
turning on the detector and the fluorescence intensity
becoming too low to be advantageously collected, ie., a
longer measurement time would not increase the signal-tonoise ratio anymore.
Before each FAGE cell a perforated loop of 1/8th inch
Teflon tubing has been installed through which additional
reagents can be added. HO2 is measured in the second cell
in this way by adding a small flow of pure NO (99.9%, air
liquide) which converts most HO2 radicals to OH radicals
in a rapid reaction. OH is then measured by LIF. To obtain
the “real” HO2 concentration, the residual OH signal,
calculated from the signal in the first cell weighted by the
relative sensitivities of the cells determined by separate
calibration, is subtracted.
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Fig. 2 Kinetic configurations schemes for the laser photolysis cell: upper
graph on line configuration (OLC), lower graph 90◦ configuration (NDC).

(i.e., OH signal as a function of time after photolysis)
is the same: instead of summing LIF excitation pulses
over a long time period to increase the signal and the
sensitivity as is done in quantification mode, the signal
is recorded synchronized with the photolysis laser pulse
and all fluorescence signals occurring at the same delay
with respect to the photolysis laser are summed for several
photolysis pulses. As the LIF excitation laser repetition
rate is 5 kHz, this results in a time resolution of 200 µsec.
This mode requires the synchronisation of the fluorescence excitation with the photolysis pulse. This was
presented previously (Parker et al., 2011). The synchronisation is achieved with two delay generators (DG535,
Stanford research Systems) and the PC counting card via
LabView (v7.1, National Instruments). Delay generator 1
triggers at 5 kHz the excitation laser, the corresponding
fluorescence measurement period and the second delay
generator, which in turn triggers the photolysis laser at a
repetition rate between 0.1 to 10 Hz (a dummy delay on an
unused channel of the delay generator is used to decrease
the repetition rate of the photolysis laser). The photolysis
laser in turn triggers the start of data acquisition. Data are
typically summed over 1000–1500 photolysis laser pulses
at 2 Hz repetition rate.
Two diﬀerent configurations for the photolysis cell are
used as shown in Fig 2: in the “on line” configuration
(OLC), the photolysis cell is coupled to the FAGE on
the pumping axis. This combination is the first in the
world and was built to limit physical interferences during
the pumping as the photolysis volume is centered on
the probing nozzle. As the characterization of the OLC
photolysis cell was described previously (Parker et al.,
2011), it will be only presented through a comparison with
the 90◦ configuration (NDC).
Both cells are made of aluminium: cylindrical (length:
48 cm, diameter: 5 cm) for the OLC, plane-parallel (length:
100 cm, sides: 6 cm × 6 cm) for the NDC. The cells
are closed on one side by a Suprasil quartz window
(CVI Melles Griot) mounted on flanges which allow the
photolysis laser beam to enter. In the OLC, the other end
is connected to the sampling cone of the FAGE cell. For
the NDC, the other end is equipped with a window similar
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For kinetic measurements, the FAGE set-up described in
Section 1.1 is used to measure the time resolved OH
signal from a photolysis cell after its generation by laser
photolysis. The FAGE cells are connected to the photolysis
cell which has optical access permitting the photolysis of
the gas mixture and therefore the generation of radicals
at various wavelengths from the UV (266 nm, quadrupled
YAG) to the visible (YAG + dye laser), depending on the
goal of the study.
Two diﬀerent cell configurations (Fig. 2) were tested to
limit and to better understand the physical processes taking
place during the time resolved measurement of OH in
the photolysed volume. These processes such as diﬀusion
out of the photolysed volume or losses on the reactor
wall, might aﬀect the OH decay time profile. For both
configurations, the technique of measuring the OH decay

Pump
Cell 1

c.

1.3 Use in kinetic/reactivity mode

OH OH OH OH OH
OH OH OH
OH
OH OH OH
OH
OH
OH OH
OH

.a

concentrations are usually very low compared to HO2 , this
contribution is weak.
OH and HO2 measurements in the atmosphere are
recorded using the following procedure: the excitation
laser is scanned to find the peak of the OH transition
and the fluorescence signal in the reference cell at the
peak is recorded. The laser is then set to the peak of the
OH transition for 20 sec and the signal summed during
that time. The wavelength is then shifted by 0.02 nm to
a wavelength where OH is not excited to measure the
background due to laser and solar radiation. It then takes
a further 20 sec to return to the peak by a step by step
process whereby Labview steps the laser wavelength while
monitoring the eﬀect on the LIF signal in the reference cell
to achieve at least 95% of the signal obtained during the
previous scan. If the 95% can not be achieved then a new
scan is launched to find the peak again.
An intercomparison campaign was undertaken in the
SAPHIR smog chamber in April 2010 in Jülich (Germany), with measurements performed under several diﬀerent experimental conditions (e.g., ozone, NOx, humidity).
The results show a good correlation with the Jülich FAGE
instrument that is permanently installed at the chamber and
further details on this intercomparison can be found in the
dedicated EUROCHAMP report (Fittschen et al., 2010). In
addition, the UL-FAGE participated in the HCCT (Hill Cap
Cloud Thuringa) campaign in September 2010. This campaign, following the two previous FEBUKO campaigns
(Herrmann et al., 2005) had the aim of better understanding
the transformation mechanisms of the gas, liquid and solid
phases linked to an air mass passing through a cloud.
For that, numerous instruments for the characterisation of
these phases were installed at three sites (upwind, in the
cloud and downwind), one being on top of a hill where
orographic clouds are frequently observed. Among these
two FAGE instruments were deployed: the UL-FAGE at
the upwind site and the University of Leeds FAGE on
top of the hill. Results are under analysis and will be the
subject of future publications but the first results showed
that the OH concentrations were below our detection limit
during the cloud events.
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2.1 Extraction of kinetic data from measurements in
the 90◦ configuration
OH radicals have been generated in all experiments by the
photolysis of O3 at 282 nm in the presence of H2 O. The
NDC cell was validated through the measurement of three
well known rate constants:
OH + CH4 −→ H2 O + CH3

O2

(4)

OH + CO −−−−→ HO2 + CO2

(5)

OH + C3 H8 −→ H2 O + C3 H7

(6)

OH decays have been measured under pseudo first-order
conditions, as was previously reported for the OLC cell.
O3 was produced using an ozone generator (SYCOS KTGPTM, Ansyco, Germany) and mixed with zero air at low
water vapour and CH4 (or CO, C3 H8 ) (N55 for CH4 , N35
for C3 H8 and 1% in N2 for CO both from Air Liquide,
France). All experimental conditions are compared with
the OLC cell and presented in Table 1. The diﬀerent
gases were introduced to the reactors using calibrated mass
flow controllers (F-201, Bronkhorst, The Netherlands and
5800S, Brooks, USA). Pressure within the photolysis cell
was kept constant and monitored with a 0–3 bar pressure
transmitter (PAA-41, Keller, Switzerland).
Typical OH decays are shown in Fig. 3 for the two
diﬀerent beam shapes, using the same initial O3 and H2 O
concentrations. OH decays obtained for the non-expanded
beam for the reaction of CH4 +OH are presented for three
diﬀerent CH4 concentrations in Fig. 4.
Experiments have also been performed using two diﬀerent laser beam sizes, non-expanded and expanded, using
the experimental conditions shown in Table 2.
The main diﬃculty in the determination of the rate
constants from the recorded OH decay is to apply a correct
fitting procedure for OH signals. It has been shown in
our earlier work (Parker et al., 2011) that with the decays

Parameter

NDC

OLC

p-range (Torr)
Total flow (min−1 )
Flow through FAGE (min−1 )
[CH4 ] range (cm−3 )
[CO] range (cm−3 )
[C3 H8 ] range (cm−3 )
′
kmax
(sec−1 )

760
20
9.2
3 × 1015 –10 × 1015
0.7 × 1014 –3 × 1014
1 × 1013 –10 × 1013
100

350–800
11.5
9.2
3 × 1015 –30 × 1015
2 × 1013 –30 × 1013
–
200

Table 2

Experimental conditions for both beam profile

Laser energy (mJ/cm2 )
Beam diameter (cm)
[O3 ] (cm−3 )
[H2 O] (cm−3 )
[OH]0 (cm−3 )

Expanded

Non-expanded

1.1
2
0.2 × 1012 – 2 × 1012
0.1 × 1017 – 1 × 1017
107 – 108

4.5
1

108 – 109

recorded in the OLC cell, the start time of the exponential
fit is crucial as the decay is at short reaction time a convolution of the physical increase of OH concentration reaching
the detection cell and the chemical consumption in the
photolysis cell. In the NDC cell configuration presented
in this work, the physical mixing processes are much more
complex, as the sampling is not centered on the photolysis
volume but is occurring at the border of the photolysed
volume, i.e., the laser beam is aligned to be as close as
possible to the inlet nozzle without touching it. Therefore,
the rise time is longer than in the OLC cell.
To find the best combination of experimental parameter
and fitting procedure, various tests have been carried out to
optimize the working conditions considering the expected
OH decay rates. The rise of the signal has been fitted as
a single exponential growth for both, expanded and nonexpanded beam, in contrast to our earlier work (Parker et
al., 2011). The decay however required two diﬀerent fitting
procedures to best reproduce the expected rate constant:
(1) A single exponential decay as used in the OLC configuration was considered for measurements performed in the
expanded beam case. (2) A double exponential decay had
to be considered for the non-expanded beam, indicating
that the decay of OH concentration due to diﬀusion is
the major “loss” reaction at short reaction times. Only
at longer reaction times, when OH concentration in the
photolysis cell has become more uniform, the decay is
mainly due to a loss due to chemical reactions.
Examples for both beam shape are given in Fig. 3.
In the case of the non-expanded beam, the first decay
(which has already been observed in other instruments
(Sadanaga et al., 2005)) is probably mainly due to physical
phenomena involving the decrease of the OH concentration
due to diﬀusion of radicals out of the photolysis volume,
the second decay is then linked to the OH decay due to
the chemical reaction. In the case of the expanded beam,
the decay can be well reproduced by a mono-exponential
decay, indicating that the diﬀusion is already advanced at
the time, when the signal reaches its maximum and does
not markedly influence the OH decay. In the expanded
case, the limitation is the low signal/noise ratio achieved
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The description and validation of the OLC cell was already
presented in a previous study (Parker et al., 2011). A
comparison of the two diﬀerent cells configuration (OLC
and NDC) is now given together with the validation of the
NDC cell.

Experimental conditions for the diﬀerent experiments

c.

2 Validation /comparison of the kinetic configurations

Table 1

.a

to the first one and a beam dump is used to trap the laser
beam. Gases are introduced via a Swagelok fitting on one
side, further Swagelok fittings are mounted at the other end
to allow an extra pump along with additional sampling instruments (O3 , NOx, H2 O) as well as pressure/temperature
monitoring to be connected. The two configurations are
presented schematically in Fig. 2.
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10
0.0

0.1

0.2
0.3
Time (sec)
Fig. 3 Comparison between two OH time decay profiles in zero air in the
NDC: Non-expanded beam , expanded beam. The solid line corresponds
to a fit using a double exponential decay, k0′ =9.72 sec−1 . The dashed line
represents a fit using a single exponential decay, k0′ = 13.86 sec−1 .

100
C CH = 0 cm-3
C CH = 2.90 × 1015 cm-3
C CH = 1.43 × 1016 cm-3

OH signal (a.u.)

4

4

4

50

0
0.00

0.02

0.04

0.06
0.08
0.10
Time (sec)
Fig. 4 OH decays for 3 diﬀerent CH4 concentrations, obtained in the
NDC with non-expanded beam.

which is due to the relatively low energy output of the
frequency doubled dye laser used in this study (< 5
mJ/pulse). The use of a more powerful laser, such as a
quadrupled YAG laser as used in the OCL configuration
(Parker et al., 2011) will provide a better signal to noise
ratios.
Diﬀerent fitting processes were tested to extract the
pseudo first-order rate constants from the chemical decays.
These rate constants are then plotted against the reactant
concentration to determine the rate constant of the reaction
(Parker et al., 2011), a typical procedure in kinetic studies.
The goal of this work was not to measure again the rate
constants for Reactions (4) to (5), but rather use the well
known rate constants to extract the most reliable fitting
equation for future measurement under diﬀerent conditions
(laboratory kinetic studies or OH lifetime measurements in
field studies).
Examples of profiles in zero air as presented in Fig. 3
illustrate very well the diﬀerences for the two beam
configurations. The rate constants of Reactions (4) to (5)
have been measured using diﬀerent configurations. Table 3
reports the values obtained, compared to those obtained in
the OLC.
It can be seen from Table 3 that the rate constant for
Reaction (4) has a large scatter between the three diﬀerent
values, and that the non-expanded measurement does not

2.2 Comparison of the advantages/drawbacks of the
two configurations
The advantages and drawbacks of the OLC can be compared to those of the NDC. (1) The OLC samples from
the centre of the photolysed volume, in line with the

1000
0 mm
12 mm
100

10

1
0.0

0.1

cn

100

0.2

0.3
0.4
0.5
Time (sec)
Fig. 5 OH decays obtained by aligning the photolysis laser at two
diﬀerent positions with respect to the inlet nozzle.

c.

OH signal (a.u.)

Zero air - expanded beam

agree within the error limit with recent recommandations.
It must however be pointed out, that the Reaction (4)
is very slow, and low concentrations of highly reactive
impurities can induce large errors. Reaction (4) also results
in slightly too high rate constants for both configurations,
NDC and OLC, while the agreement with recent recommandation is very good for Reaction (5).
It is clear, that both expanded and non-expanded beam
have some weakpoints, and that the ideal case would be
to photolyse the entire volume, i.e., a large expanded
beam aligned into the centre of the photolysis cell. The
photolysis laser used for this study was not powerful
enough to test this configuration, however we have tested
the impact of the position of the laser beam with respect to
the inlet nozzle on the OH profile. In Fig. 5, two OH decays
using the same, non-expanded photolysis beam and the
same initial reactant concentration are plotted: the upper
black curve has been obtained by aligning the laser beam
just above the inlet nozzle, while the lower blue trace has
been obtained by aligning the laser 12 mm above the inlet
nozzle, i.e., close to the centre of the cell.
The red dashed lines represent a double exponential
decay for the 0 mm trace, while a single exponential decay
has been used for the 12 mm trace, not taking into account
the slow rise. Decay rates of 13.10 and 13.76 sec−1 are
obtained for the second decay of the 0 mm trace and
the single decay of the 12 mm trace respectively. This
result is very promising for future experiments, when a
more powerful quadrupled YAG laser will be available for
photolysis experiments.
A first application of the NDC configuration using a
dye laser at 565 nm to excite NO2 has been done. The
aim was the study of the controversial formation of OH
radicals by the reaction of NO2 excited in the visible with
water, proposed as a potential new source of OH in the
atmosphere (Amedro et al., 2011).

.a

Zero air - non-expanded beam
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Table 3 Rate constants measured in OLC and NDC at 296 K
k5 (CH4 + OH)
(cm3 /(mol·sec))
Non expanded
NDC
OLC
Rec.*

10−15#

(7.2 ± 0.7) ×
(6.2 ± 0.2) ×10−15
6.01 ×10−15

Expanded
(5.8 ± 0.1) × 10−15

k6 (CO + OH)
(cm3 /(mol·sec))
Non expanded

k7 (C3 H8 + OH)
(cm3 /(mol·sec))
Non expanded

(2.7 ± 0.2) × 10−13
(2.5 ± 0.2) × 10−13
2.31 × 10−13

1.04 × 10−12
–
1.05 × 10−12

* Recommended rate constants all from Atkinson et al., 2006, all errors are statistical only, except for # : standard deviation of three individual
measurements.

OH signal (a.u.)
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Fig. 6 Interference generation of OH radicals through impact of photolysis laser beam onto the metal nozzle in the OLD configuration.
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Fig. 7 Interference generation of species in the OLC.
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This study has shown the potential of the new UL-FAGE
for the quantification of OH and HO2 in the atmosphere
as well as its use for kinetic applications when coupled
to a photolysis cell. For kinetic applications, two configurations were used: with a photolysis cell “on line” with
respect to the gas flow and the FAGE detection and another
one with the FAGE at 90◦ with respect to the gas flow. The
use of the two configurations for rate constant measurements involving OH consumption were validated through
the measurement of known rate constants. Diﬀerent fitting
procedures needed to be applied, adapted to the diﬀerent
configurations.
The limitation and advantages of both configurations
were discussed: the “on line” configuration allows for the
measurement of faster decays, but can not be used for OH

.a

The energy dependence of the OH-fluorescence signal was
studied in both configurations. While the OH signal increases linearly with laser energy in the NDC, we observed
unexpected OH formation in the OLC: increased concentration of OH were detected when a mixture of He and
water was photolysed at 282 nm, as shown in Fig. 6. Also,
O3 and NOx were detected in the gas mixtures at the exit
of the photolysis cell after photolysis of a mixture of air
and water at 282 nm, using commercial analyzers (Fig. 7).
We suspect this formation to be due to the generation of a
plasma when the laser strikes the metallic surface around
the FAGE inlet nozzle. Due to this eﬀect this configuration
can not be used to study of reactions leading to OH
formation such as photolysis reactions. However, these
processes are strongly dependant on the laser fluence and
kinetic studies can be done at relatively low laser power
where the interference is weak and short lived, and does
not aﬀect rate constant or reactivity measurements.
The same energy dependence of the signal was tested
in the NDC cell: no such unexpected formation of OH
radicals or other species has been observed, even at the
highest energies.

530 mJ/cm2
250 mJ/cm2
180 mJ/cm2
74 mJ/cm2

je
sc

2.3 Interferences within both configurations

10

[NO2], [NO], [O3] (ppb)

macroscopic gas flow direction, therefore decrease the
influence of physical eﬀects such as diﬀusion. As the
initial increase in signal is fast but non-exponential, the
fitting of the OH decay is started after a fixed delay with
respect to the photolysis laser. This delay has been deduced empirically by measuring well-known rate constants
(Parker et al., 2011). Decays of up to 200 sec−1 can be
measured in this configuration. (2) The NDC samples
from the extremity of the photolyzed volume at 90◦ with
respect to the macroscopic gas flow directions. Therefore,
in this configuration physical eﬀects such as diﬀusion and
probably turbulences influence the OH profile much more.
The rise is slower and exponential and enables the fitting
of the complete profile. Depending on the size of the
photolysed volume, either mono- or biexponential decays
will be fitted to best reproduce the experimental traces.
Decays of up to 100 sec−1 can be measured in this configuration. (3) Even though faster decays can be measured
in the NDC configuration, a major drawback of the OLC
is that the entire FAGE cells must be rotated by 90◦ from
their quantification configuration, making switching from
quantification to reactivity slow and tedious. The NDC
does not require this rotation, and therefore a faster change
is possible, an important issue during field campaigns.

Atmospheric and kinetic studies of OH and HO2 by the FAGE technique
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2003. Measurements of OH and HO2 radical concentrations
and photolysis frequencies during BERLIOZ. Journal of
Geophysical Research, 108(D4): 8246.
Kanaya Y, Cao R Q, Kato S, Miyakawa Y, Kajii Y, Tanimoto
H et al., 2007. Chemistry of OH and HO2 radicals observed at Rishiri Island, Japan, in September 2003: Missing
daytime sink of HO2 and positive nighttime correlations
with monoterpenes. Journal of Geophysical Research, 112:
D11308.
Kanaya Y, Sadanaga Y, Hirokawa J, Kajii Y, Akimoto H, 2001.
Development of a ground-based LIF instrument for measuring HOx radicals: Instrumentation and calibrations. Journal
of Atmospheric Chemistry, 38(1): 73–110.
Kovacs T A, Brune W H, 2001. Total OH loss rate measurement.
Journal of Atmospheric Chemistry, 39(2): 105–122.
Kubistin D, Harder H, Martinez M, Rudolf M, Sander R, Bozem
H et al., 2010. Hydroxyl radicals in the tropical troposphere
over the Suriname rainforest: comparison of measurements
with the box model MECCA. Atmospheric Chemistry and
Physics, 10(19): 9705–9728.
Lelieveld J, Butler T M, Crowley J N, Dillon T J, Fischer H,
Ganzeveld L et al., 2008. Atmospheric oxidation capacity
sustained by a tropical forest. Nature, 452(7188): 737–740.
Lewis A C, Carslaw N, Marriott P J, Kinghorn R M, Morrison P,
Lee A L et al., 2000. A larger pool of ozone-forming carbon
compounds in urban atmospheres. Nature, 405(6788): 778–
781.
Lou S, Holland F, Rohrer F, Lu K, Bohn B, Brauers T et al.,
2010. Atmospheric OH reactivities in the Pearl River Delta
– China in summer 2006: measurement and model results.
Atmospheric Chemistry and Physics, 10(22): 11243–11260.
Lu K D, Rohrer F, Holland F, Fuchs H, Bohn B, Brauers T
et al., 2011. Observation and modelling of OH and HO2
concentrations in the Pearl River Delta 2006: a missing OH
source in a VOC rich atmosphere. Atmospheric Chemistry
and Physics Discussions, 11(4): 11311–11378.
Mao J, Ren X, Brune W H, Olson J R, Crawford J H, Fried A
et al., 2009. Airborne measurement of OH reactivity during
INTEX-B. Atmospheric Chemistry and Physics, 9(1): 163–
173.
Martinez M, Harder H, Kubistin D, Rudolf M, Bozem H,
Eerdekens G et al., 2010. Hydroxyl radicals in the tropical
troposphere over the Suriname rainforest: airborne measurements. Atmospheric Chemistry and Physics, 10(8):

Vol. 24

je
sc

86

