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Abstract

The UV absorption cross-section spectra of the atmospherically important radical BrO have been determined using the recently developed
technique of time-windowing Fourier transform spectroscopy (TW-FTS). The absorption spectra of the A2�3/2–X2�3/2 band system were
recorded in the flash photolysis of a gaseous mixture of Br2 and O3. The bromine-photosensitized decomposition of O3 was observed at
five different temperatures between 203 and 298 K. The absolute UV absorption cross-section was determined from the time-dependent
observation of reactant and product absorptions and by a kinetic analysis of the BrO behavior. The integrated UV absorption cross-section
of BrO was, within the accuracy of the measurements, constant over the temperature range studied, as expected from spectroscopic
considerations. For the (7, 0) vibrational band at 29 540 cm−1 (338.5 nm), the peak absorption cross-sections were determined to be 2.19±
0.23 at 298 K, 2.23±0.23 at 273 K, 2.52±0.26 at 243 K, 2.75±0.29 at 223 K, and 3.03±0.31 at 203 K (all in units×10−17 cm2 per molecule,
at a spectral resolution of 3.8 cm−1, with error intervals of 2σ). Further, vibrational constants and the dissociation limit for the electronic
state A2�3/2 were derived. The A← X dissociation energy was determined to beD0 = 35 240± 160 cm−1 or 421.6± 1.9 kJ/mol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The current importance of the BrO radical for the atmo-
sphere can be largely attributed to its participation in cat-
alytic cycles which destroy stratospheric and tropospheric
ozone[1–5]. As a result of the photolysis of many bromine
compounds in the UV and visible by solar radiation, a larger
fraction of atmospheric bromine is present as BrO, compared
to the fraction of atmospheric chlorine present as ClO. Simi-
larly, the multiphase or heterogeneous activation of bromine
in the stratospheric polar vortex in spring is not expected
to be as significant as the activation of chlorine. The atmo-
spheric removal of ozone by bromine reactions proceeds
in the gas phase via chemical mechanisms similar to those
involving chlorine reactions[4,6]. However, again as a re-
sult of the photolysis of potential bromine reservoir species,
the chain length of the catalytic cycles is significantly

∗ Corresponding author.

longer for the bromine chain removal of ozone than that for
chlorine.

Both in situ and remote sensing measurement techniques
are being used successfully to investigate and determine the
precise role of BrO in chemistry of the stratosphere and
troposphere[3–5,7–11]. Anti-correlations between BrO and
O3 concentrations have been observed in the lower strato-
sphere. In this region, BrO is known to play a prominent
role in the recycling of stratospheric Cl atoms through its
reaction with ClO. This reactivation of Cl by reaction of
ClO with BrO is estimated to account for 20–30% of the
total O3 loss during Antarctic spring[12,13]. The presence
of bromine compounds is also known to be important in the
disintegration of tropospheric ozone at high latitudes. Large
clouds of BrO during an episode of low ozone have been
observed by instrumentation on the ground and aboard satel-
lites [3,5,14–18].

The determination of atmospheric BrO amounts and dis-
tributions by remote sensing measurements in the VIS/UV
spectral range requires an accurate knowledge of the ab-
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sorption cross-sections[9,19]. These spectra are also needed
for the estimation of the atmospheric photolysis rate of
BrO [20,21]. Therefore, reference absorption spectra have
to be recorded in laboratory measurements. The UV ab-
sorption spectrum of BrO is attributed to the electronic
transition A2�3/2 ← X2�3/2. The high reactivity of the
BrO radical implies that it is difficult to establish large con-
centrations longer than a few milliseconds. For this reason,
time-resolved observation methods have been employed for
the determination of the absorption cross-section. In many
earlier studies of BrO, homogeneous gas reactions were
initiated and decay curves of the reactants were recorded
by grating spectrometers employing a photomultiplier
[20,22,25,26]. The concentration–time profiles were then
compared to a chemical kinetics model of the experiment.
Cox et al.[22] applied a modulated photolysis to gaseous
samples of Br2 and O3. Laszlo et al.[26] used a laser pulse
to photolyze Br2/N2O mixtures. Sander and Watson[25]
and Wahner et al.[20] used a flash photolysis setup to
generate BrO. Grating spectrographs have also been used
in the majority of the previous studies to record the UV ab-
sorption spectrum of BrO[20,22–26]. Photomultipliers and
photodiode arrays are well suited for the UV observation
of BrO because of the high sensitivity and their intrinsic
relatively high temporal resolution. Cox et al.[22] scanned
the spectrum employing a photomultiplier. Wahner et al.
[20], Orlando et al.[23], and Gilles et al.[24] recorded the
UV absorption spectrum using a grating spectrograph with
a diode array detector.

However, the wavelength deviations of grating spectrom-
eters in the UV quite often lead to errors during the anal-
ysis of atmospheric observations. In an inter-comparison
of several retrieval methods for remote sensing data, Ali-
well [27] concluded that one of the major sources of er-
ror is the spectral calibration of the BrO reference data.
Some studies have chosen high-resolution methods to record
UV absorption spectra of BrO. Wheeler et al.[28] em-
ployed the sensitive cavity-ring-down spectroscopy tech-
nique, while Wilmouth et al.[29] used a continuous-scan
interferometer for recording high-resolution FT-UV spec-
tra. However, both these studies did not determine the abso-
lute absorption cross-sections, but relative absorption spec-
tra. Wilmouth et al.[29] scaled their spectra using literature
values, made at a different spectral resolution. Wheeler and
Wilmouth further carried out an elaborate rotational analy-
sis and determined rotational constants and pre-dissociation
lifetimes for the electronic state A2�3/2. Wilmouth also es-
timated the upper and lower state dissociation energies. Nev-
ertheless, no vibrational constants for the A2�3/2 state have
been reported so far from FTS measurements. These con-
stants were determined in earlier works by Durie and Ram-
say[46] and Barnett et al.[49] using grating spectrographs.

Thus far, few measurements of the UV absorption
cross-section of BrO have been reported for stratospheric
temperatures. The first low temperature absorption spectrum
was recorded by Wahner et al.[20] at 223 K. This spectrum

has been used in the past for atmospheric remote-sensing of
BrO (after wavelength shifting by up to 0.2 nm). The only
available spectra that cover a broader stratospheric tempera-
ture range from 203 to 273 K were recorded by Gilles et al.
[24] employing a grating spectrograph.

In the present paper, the results from a flash photoly-
sis study are reported. The recently developed technique of
time-windowing Fourier transform spectroscopy (TW-FTS)
[33] has been used to record UV absorption spectra of BrO at
temperatures of 203, 223, 243, 273, and 298 K. The UV ab-
sorption cross-section of BrO was determined from a knowl-
edge of the experimental absorption and the concentration
of BrO as a function of time, the latter being determined by
a chemical kinetics model. Moreover, the vibrational con-
stantsωe, xe, andye, as well as the dissociation limit for the
electronic state A2�3/2 were analyzed.

2. Experimental

BrO was produced by a flash photolysis of mixtures of
Br2 and O3. A schematic diagram of the apparatus is pro-
vided inFig. 1. The photolysis setup had already been used
for several studies[31,32]. For the experiments described
here, it was synchronized to a continuous-scan FTS which
is sketched in the lower part ofFig. 1. The Br2 photosensi-
tized decomposition of ozone was initiated in a quartz ves-
sel of 3 l volume and 120 cm length by a broadband flash.
The reaction vessel comprised three quartz tubes, the inner
reaction volume being surrounded by two concentric jack-
ets. The reaction volume was maintained at temperatures
between 203 and 298 K by flowing ethanol or water through
the inner jacket. The flow and temperature of the ethanol
was controlled by a cryogenic cooler (Haake KT90-4). The
outer jacket was evacuated to isolate thermally the inner
compartments. All experiments were performed under flow
conditions. The resultant flushing of the mixture minimized
any secondary reactions and maintained the concentrations
of the reactant gases, which are partially exhausted by rad-
ical reactions initiated by the photolysis flash. The gas inlet
and the pump connection were located at the opposite ends
of the reaction vessel.

The precursor mixtures of Br2 and O3 were transported
through Teflon tubes. N2 was used as carrier gas for Br2.
A part of the N2 stream passed a cooled trap containing
pure Br2. The desired precursor concentrations were reg-
ulated by changing the carrier gas flow using flow con-
trollers (MKS 1259 CC). The N2 flow was between 100 and
1000 standard cm3/min−1. For the generation of O3, a flow
of O2 passed through an electric discharge tube. The O2 flow
was regulated to between 100 and 4000 standard cm3 min−1.
The enrichment with O3 in the discharge was between 0.5
and 3%, depending on the throughput of O2. A second
N2 flow of between 500 and 6000 standard cm3 min−1 was
added in order to maintain the total pressure of 100 mbar. The
purity of the gas sources was 99.998% for O3 and 99.999%
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Fig. 1. Experimental setup. The upper part of the diagram shows the photolysis apparatus and the optical system for the absorption measurements. In
the lower half, a continuous-scan FTS and the synchronization electronics are drawn. The synchronized trigger is used to start the photolysis flash.

for N2 (Messer Griesheim, Germany). The precursors were
mixed at a junction 0.5 m before entering the reaction vessel,
which corresponded to a travel time of 3–10 ms. The total
pressure in the cell was measured by a manometer (MKS
Baratron 122 B, 1000 mbar, readout PDR-C-2C), connected
directly to the absorption cell. After leaving the reaction
chamber, the exhaust gases passed over a hot platinum wire
to destroy the O3 and other hazardous material. A cooled
trap before the pump captured the residue of Br2 and BrO.
Chemical kinetics simulations were carried out prior to the
experiments in order to estimate the required precursor con-
centrations. The concentrations were chosen such that the
time constant for the formation of BrO was in the range
1–10 ms. This enabled the time-resolved observation with a
temporal resolution of 0.333 ms. Initial concentrations of the
precursors ranged from 1.0×1014–5.4×1015 molecules/cm3

for Br2 and 1.0× 1014–1.8× 1015 molecules/cm3 for O3.
The maximum concentration of BrO was between 5.0 ×
1012–1.0× 1014 molecules/cm3, which corresponded to op-
tical densities between 0.05 and 1.0.

Reactions were started by a broadband xenon photoly-
sis flash. This flash was generated by a system compris-
ing two flash tubes (Heimann HG-9903), positioned along
the absorption cell, and the necessary electronics. The flash
lamps were triggered by the synchronization signal from the
TW-FTS control unit. The broadband emission of the flash
tubes from 250 to 700 nm led to photodissociation mainly
of Br2. The photolyzed fraction of Br2 was 0.80± 0.11%
per flash. It was determined by comparing spectra from
time windows directly before and after the flash. The pho-
tolyzed percentage turned out to be independent from the
temperature within the stated error interval. To suppress the

photolysis of O3 resulting from absorption in the Hartley
and Huggins bands, an appropriate plastic film was used
as UV filter. The transmission spectrum of the plastic film
decreased sharply at wavelengths below 320 nm, its optical
density (OD) rising from 0.2 at 340 nm to more than 4.0 at
280 nm. However, the photolysis of some O3 cannot be com-
pletely avoided, since O3 also absorbs by its Chappuis band
(400–800 nm) which lies in the same spectral region as the
Br2 absorption. In the experiments described here, the pho-
tolyzed fraction of O3 was 0.051± 0.020%. The photolysis
flash had a duration of about 80±30�s (full width at half
maximum), limited by impedances in the discharge electron-
ics and by the condensers. Until 0.5–0.7 ms after the trigger,
electrical cross-talk and scattered light from the flash dis-
turbed the measurement. Therefore, the first two time win-
dows could not be properly exploited. Since the typical time
constants of the BrO formation were adjusted to 1–10 ms,
the production of BrO, its maximum and subsequent re-
moval could be readily observed with TW-FTS. The chain
reactions initiated by the flash led to a catalytic destruction
of a part of the O3. In order to refill and re-establish the ini-
tial gas concentrations in the flow cell, a delay of 7.5 s was
inserted before re-triggering the flash.

The absorption behavior after photolysis of the Br2/O3
mixtures was observed by time-resolved FTS measure-
ments in the UV and visible spectral range. A high-pressure
xenon lamp (Hamamatsu L2194, 75 W) was used as anal-
ysis light source, which is much weaker than the flash
lamps. The reaction cell was equipped with an internal
multi-path White-type optics comprising aluminium mir-
rors coated with MgF2. The mirrors were mounted inter-
nally in order to reduce signal losses by the cell windows.
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However, the mirror reflectivity of about 90% imposed a
limitation on the absorption path length, set to 965.0 and
482.5 cm.

2.1. Time-windowing Fourier transform spectroscopy

The absorption measurements were carried out using a
recently developed technique of time-windowing Fourier
transform spectroscopy. This method is described in more
detail elsewhere[33], therefore only a short summary is
given here. The displacement of the sweep mirror of a
continuous-scan FTS is monitored and a trigger signal is
produced when the mirror reaches a certain position (Fig. 1).
The TW-FTS technique has been implemented on a com-
mercial Bruker IFS-120 HR Michelson interferometer. In
the experiments described here, the trigger is employed to
initiate the xenon flash of the photolysis setup. In this way,
the chemical reactions are synchronized to the data acquisi-
tion of the FTS. The experiment has to be repeated while the
trigger position with respect to the start of the interferogram
is successively altered.

Eventually, the TW-FTS experiments yielded a series of
interferograms which included the information for all time
windows. From the raw-data, intensity spectra were derived
as a function of time. Optical densities were then calcu-
lated for several time windows after the flash. As reference
background for the optical densities, a time window spec-
trum recorded immediately before the trigger was used. This
time window represented the undisturbed filled gas com-
partment about 5 ms before triggering the flash. Thus, the
optical density spectra reflected the relative changes as a re-
sult of the photolysis flash and subsequent reactions. They
were negative or positive when an absorber was removed,
as for example O3, or produced, like BrO. To obtain abso-
lute optical density spectra, one absorption spectrum for a
time window before the flash was compared to the spectrum
of an empty cell. The resultant spectrum was added to the
time-resolved optical densities. Since the FTS was evacuated
during the measurements, all recorded spectra are calibrated
in vacuum wavenumbers. The total spectral range extended
from 16 000 cm−1 (625.0 nm) to 35 000 cm−1 (285.7 nm).
The low wavenumber side of the spectrum was limited by
the GaP detector diode, whereas the high wavenumber side
was limited by the output of the analysis lamp.

Fig. 2 illustrates the temporal behavior of the optical den-
sity spectra and the formation and decay of different sub-
stances. Stray light from the photolysis flash can be observed
in the spectrum at the experimental time around 0 ms. The
flash is followed by the formation of BrO, which can be
identified by the structured absorption between 25 000 and
33 000 cm−1. The Br-catalyzed removal of the UV absorber
O3 is observed in the Huggins absorption bands between
31 000 and 36 000 cm−1. The Br2 absorption remains almost
constant, since less than 1% is photolyzed. Three absorbers
are clearly identified in the spectral region investigated: the
precursors O3 and Br2 and the absorption bands of BrO.
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Fig. 2. Temporal series of optical densities recorded after applying a
photolysis flash to a Br2/O3 mixture. The flash is triggered at time 0 ms.
One spectrum for every 2.5 ms is plotted.

Two different series of flash photolysis experiments with
time-resolved observation were carried out. The objective
of the first series of measurements was to derive the UV
absorption cross-section of BrO. The temporal resolution
was set to 0.333 ms. In order to limit the total measurement
time and the amount of experimental data, the spectral
resolution was set to 40 cm−1. This spectral resolution is
sufficient to identify and resolve the vibrational bands in
the A2�3/2 ← X2�3/2 electronic transition of BrO. Ex-
perimental concentration decay curves of O3 and Br2 were
determined from the respective changes in optical density.
The required absorption cross-sections for O3 were taken
from Ref. [34], whereas the absorption spectra for Br2
were determined from FTS measurements which were sub-
sequently scaled to the absorption cross-sections reported
in Ref. [35]. In these experiments, the kinetic parameters
needed to infer the concentration, e.g. the photolysis rate of
Br2 and the loss of BrO were determined. This enabled the
relative absorption spectrum to be transformed into absolute
UV absorption cross-sections.

In a second series of TW-FTS measurements, UV absorp-
tion spectra of BrO were recorded with a spectral resolution
of 3.8 cm−1 which is adequate for remote sensing applica-
tions. Again there was a trade-off between spectral and tem-
poral resolution. The width of a time window was now set
to 2.66 ms. Optical densities were accumulated and contri-
butions of O3 and Br2 were removed. This yielded absorp-
tion spectra of BrO with a signal-to-noise ratio between 50
and 150. Using the results from the kinetic experiments de-
scribed above, the optical densities were scaled to yield the
absolute absorption cross-sections of BrO.

2.2. Determination of σBrO

In order to scale the relative spectra to absolute absorp-
tion cross-sections, the photolysis experiments had to be
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interpreted by a chemical kinetics model. The chemical
mechanism, used in the data analysis, comprises the ho-
mogeneous gas-phase reactions that dominate the reaction
system of Br2, O3, and BrO. They have been reported by
several authors[25,26,36,37]. BrO was formed through the
bromine-photosensitized destruction of ozone:

Br2+ hν→ 2Br (1)

Br +O3→ BrO+O2 (2)

The photolysis of Br2, reaction (1), was not modeled explic-
itly. Instead, the initial amount of Br atoms was determined
from the fraction of photolyzed Br2 (0.80±0.11% per flash).
BrO was formed mainly by reaction (2). However, since the
photolysis of O3 could not be suppressed completely, a small
amount of BrO was also formed by the reaction of O(3P)
atoms with Br2:

O3+ hν→ O(3P)+O2 (3)

O(3P)+ Br2→ BrO+ Br (4)

Reaction (4) is again followed by reaction (2), forming an-
other BrO molecule in the presence of ozone. The pho-
tolyzed fraction of O3 was determined to 0.051±0.020% per
flash. Because photolysis wavelengths shorter than 320 nm
were filtered by a plastic film, atomic oxygen was expected
to be formed mainly as O(3P). The remaining O(1D) atoms
were supposed to be quenched to O(3P).

Three different approaches were used to scale the relative
spectra of BrO to absolute absorption cross-sectionsσBrO.
The first method was based on a budget consideration. In
a first approximation, the amount of BrO produced by the
flash can be regarded as being given by the quantity of pho-
tolyzed precursor molecules. Considering the concentration
of Br and O atoms immediately after the flash, and the BrO
forming reactions (2) and (4), the expected concentration of
BrO was estimated through [BrO]= [Br] + 2[O]. The ab-
sorption cross-section of BrO could then be calculated by
σBrO = OD/[BrO]L, whereL is the absorption path length
and the optical density.

Table 1
Experimental results for the UV absorption cross-sections of BrO, derived by different methods from the TW-FTS measurements

Temperature (K)

203± 3 (12) 223± 3 (14) 243± 3 (16) 273± 2 (17) 298± 2 (26)

Precursor budget 2.50± 0.78 2.14± 0.70 2.25± 0.54 2.02± 0.38 2.00± 0.68
Second-order decaya 4.5 ± 2.8 3.9± 2.7 3.4± 1.6 2.8± 1.5 1.8± 0.9
Second-order decayb 4.1 ± 1.8 3.5± 1.4 3.7± 1.1 2.4± 0.9 1.5± 0.9
Chemical kinetics simulationc 3.31± 0.83 2.74± 0.69 2.39± 0.47 2.18± 0.46 2.17± 0.51
Chemical kinetics simulationd 3.03± 0.31 2.75± 0.29 2.52± 0.26 2.23± 0.23 2.19± 0.23

The results are given for the peak absorption of BrO in the (7, 0) vibrational band at 29 540 cm−1 (338.5 nm) and a spectral resolution of 3.8 cm−1 FWHM.
The units are 10−17 cm2 per molecule. The error intervals represent two times the standard deviation. Values in parentheses are number of experiments.

a The values were calculated usingk6 as reported in Ref.[41] (seeTable 2).
b The values were calculated based on the TW-FTS results fork6.
c Measurements were averaged for each temperature separately.
d The integrated absorption cross-sections of all temperatures were averaged (see text).
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The production of BrO after the photolysis flash was not
instantaneous, but was characterized by a rising slope. Si-
multaneously with the formation of BrO, the self-reactions
(see reactions (5) and (6) below) led to a partial disintegra-
tion of BrO. This mechanism caused a maximum observed
concentration of BrO at about 3–10 ms after the flash trigger.
Beyond that maximum, the BrO concentration slowly de-
cayed (Fig. 3). For the budget calculation, the virtual optical
density of BrO immediately after the flash had to be deter-
mined. This was done by extrapolating the decay curve of
BrO back to the moment right after the flash at about 0.2 ms.
An example for this backwards extrapolation is shown in
Fig. 3. The concentration is given in relative units, because
at this state of the analysis, no absolute concentration mea-
surement was possible. Using a polynomial of fourth grade,
the decay curve was back-extrapolated to 0 ms, the time of
the flash trigger.

The results for the peak absorption cross-section in the
(7, 0) band of BrO (29 540 cm−1) are given inTable 1
(row 1) for a spectral resolution of 3.8 cm−1. The results
from other methods of data analysis that are discussed in
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the following sections are also stated. For 203 and 223 K,
the cross-sections from the precursor budget are lower than
the values reported by previous studies, whereas for high
temperatures the results are comparable (Table 5, Refs.
[20,22–24,26,29]). At 298 K, the peak cross-section of the
(7, 0) band yields(1.39±0.48)×10−17 cm2 per molecule at a
spectral resolution of 36 cm−1 (0.40 nm) and a confidence in-
terval of 2σ. This is only 12% smaller than the average value
from the mentioned studies, 1.58×10−17 cm2 per molecule.
On the other hand, at 223 K, the back-extrapolation yields
(1.35± 0.44) × 10−17 cm2 per molecule at a spectral res-
olution of 36 cm−1, which is 30% smaller than the value
reported by Wahner et al.[20], and about 40% below the
result from Gilles et al.[24].

In a second analysis of the experimental data, the decay
curve of the BrO concentration was investigated. The de-
crease of BrO is caused by the self-reactions:

BrO+ BrO→ 2Br+O2 (5)

BrO+ BrO→ Br2+O2 (6)

In a study of the BrO self-reaction, Harwood et al.[38]
observed an additional absorber with an unstructured spec-
trum at the temperatures 223 and 235 K and pressures above
133 mbar. It was attributed to the BrO-dimer Br2O2. Har-
wood et al. also observed a pressure dependence of the
self-reaction in the pressure range from 133 to 1013 mbar,
and therefore proposed a third channel of the self-reaction,
2BrO+M ↔ Br2O2 +M. However, the TW-FTS experi-
ments showed no evidence for an additional absorber. Only
three absorbers could be distinguished above noise level.
They were identified as Br2, O3, and BrO. A reason for this
is supposedly the lower pressure of 100 mbar. As discussed
below, this was also supported by a plot of 1/[BrO] against
time (Fig. 5).

In Fig. 4, the experimental concentration–time profiles of
BrO and O3 are plotted for a measurement at 273 K. The O3
concentration decays slowly due to the catalytic destruction
cycle formed by reactions (2) and (5). The initial concen-
tration of O3 was 1.0 × 1014–1.8 × 1015 molecules/cm3

and thus between 10 and 100 times bigger than the amount
of Br atoms. As observed in several previous studies
[22,25,30,36,38], an excess concentration of ozone leads to
a masking of reaction (5), because almost every produced
Br atom reacts with O3 via reaction (2) to form another
BrO. Hence, the observable decay of BrO is supposedly
caused by reaction (6) only. The concentration curve of BrO
may then be expressed as a second-order decay because of
the self-reaction (6):

1

[BrO]t
= 1

[BrO]0
+ 2k6t (7)

Fig. 5shows the optical density and the corresponding con-
centration of BrO, plotted as 1/OD and 1/[BrO] against time
for a measurement at 223 K. The graph is almost straight
and supports the model of a simple second-order decay. The
small structures in the plot are caused by some instability
during the TW-FTS measurement. Similar plots with little
or no curvature were obtained for the other temperatures.
As pointed out by Harwood et al.[38], this indicates that
ter-molecular reactions were not observable, and presum-
ably no large quantities of Br2O2 were formed. The appear-
ance of Br2O2 should instead lead to a convex curve.

The experimental concentration [BrO] and the absorption
cross-sectionσBrO are related through OD= [BrO]σBrOL,
where OD is the measured optical density andL the ab-
sorption path length. The slope ofFig. 5 can be used to
determine the relationk6/σ = L�(1/OD)/(2�t). Further,
with knowledge ofk6, the UV absorption cross-section of
BrO can be derived. Values fork6 were taken from DeMore
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et al. [41], and the absorption cross-section of BrO was
scaled accordingly. The example ofFig. 5 yields σBrO =
3.14× 10−17 cm2 per molecule for the peak absorption in
the (7, 0) vibrational band at 29 540 cm−1 and a spectral
resolution of 3.8 cm−1 (FWHM). The results for all temper-
atures are stated in the row 2 ofTable 1. All experiments of
one temperature were averaged. A second data analysis to
determineσBrO was carried out using the TW-FTS results
for k6 from the chemical kinetics simulation as described in
the next section. The values are stated in row 3 ofTable 1.
The error intervals forσBrO reflect the uncertainty ofk6 and
the experimental errors in the determination of the slope of
the function 1/OD versus time. The average values fork6 as
stated inTable 2have been reported by DeMore et al.[41].
The error ranges ofk6 were chosen after a comparison of
different studies of the self-reaction of BrO by Cox et al.
[22], Mauldin et al.[30], and Harwood et al.[38]. However,
the accuracy of the absorption cross-section of BrO as de-
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Fig. 5. Experimental decay curves of the optical density and the con-
centration of BrO for a measurement at 223 K. The data are plotted as
1/[OD] at 29 540 cm−1 and 1/[BrO] against time.

Table 2
Experimental results and literature values for the rate constantsk5 (×10−12 cm3/s molecule) andk6 (×10−13 cm3/s molecule)

Temperature (K)

203± 3 223± 3 243± 3 273± 2 298± 2

k5

This work 2.1± 1.2 2.9± 0.8 2.7± 1.0 3.0± 0.8 2.9± 0.6
[41] 2.92 2.87 2.83 2.78 2.74
[38] 2.45± 0.54 2.62± 0.57
[30] 1.23 2.34± 0.43
[22] 3.0 ± 2.4 3.4± 2.6
[37] 2.49± 0.42

k6

This work 16.8± 4.0 11.9± 2.8 10.6± 1.6 5.6± 1.2 4.1± 2.4
[41] 19.4 13.2 9.6 6.5 5.0
[38] 8.3 6.4 4.3 3.1
[30] 5.8 4.45± 0.82
[22] 7.4 ± 1.6 6.6± 2.0
[37] 4.69± 0.68

The TW-FTS results are stated in the top lines.

termined by the decay analysis is not satisfying. The error
intervals forσBrO are between±30 and±60%, based on a
95% confidence level.

The large inaccuracy of the decay method made it nec-
essary to extend the chemical model and perform a chemi-
cal kinetics simulation of the experiments. The experimen-
tal concentration–time profiles of BrO and O3 were com-
pared to the modeled decay curves. For the simulation, ad-
ditional reactions were included. Br2 is produced mainly by
the self-reaction of BrO (6). Another mechanism of Br2 for-
mation was proposed by Laszlo et al.[26], who assumed a
production of Br2 which is catalyzed by BrO:

Br + BrO→ Br2O (8)

Br + Br2O→ Br2+ BrO (9)

Laszlo et al. [26] determinedk8 to be (1.5 ± 0.4) ×
10−12 cm3 per molecule s at room temperature. The rate of
reaction (9) was measured by Burkholder[39] to k9 =
2× 10−10 cm3 per molecule s. Reaction (8) is considerably
slower than reaction (9) and therefore limits the rate of
the Br2 formation. Since a small part of the ozone was
also photolyzed, reactions involving atomic oxygen were
included in the model:

O(3P)+ BrO→ Br +O2 (10)

O(3P)+O2+M → O3+M (11)

O(3P)+O3→ O2+O2 (12)

Reaction (10) can remove BrO and form Br, which in turn
can react with the remaining O3 via reaction (2). In this
way, BrO is recycled and another O3 molecule decomposed.
Reaction (11) produces O3, and through reaction (12), odd
oxygen is removed.

The chemical kinetics model was simulated using the inte-
grator of differential equations facsimile[40]. Rate constants
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were taken from the Refs.[22,26,30,38,41]. Other input pa-
rameters were the initial concentrations of Br, O(3P), Br2,
and O3 after the photolysis flash. The output of the chemi-
cal model was compared to the experimental concentration
time profiles of BrO and O3. Based on the least squares
differences and a genetic fitting algorithm, the model pa-
rameters were optimized. The employed fitting algorithm is
capable of finding the global optimum in a given parame-
ter space, being rather independent of initial parameter set-
tings. Three fit-parameters were optimized simultaneously:
the scaling factor for the BrO absorption cross-section and
the rate constants of the self reactions (5) and (6). The rate
constantsk5 andk6 were determined because the confidence
intervals stated in the literature[22,30,38,41]allow a large
variation of between±20 and±50% (seeTable 2). More-
over, a sensitivity analysis which is described below, indi-
cated that the absorption cross-section of BrO depends to a
large extent from the rates of the reactions (5) and (6) (com-
pareTable 4). The same is true for reaction (2), which is
responsible for the initial formation of BrO directly after the
photolysis flash. However, the first two time windows up to
0.7 ms were disturbed by stray light and electrical cross-talk
from the flash driver and cables. This made the observation
of the rising slope of the BrO concentration difficult. There-
fore, the rate constantk2 as reported in Ref.[41] was used
(k2 = 1.7× 10−11 exp(−800/T) cm3/s molecule).

The experimental results for the rate constantsk5 andk6
are listed inTable 2. As a comparison, the values reported in
the Refs.[22,30,37,38,41]are also stated. The ter-molecular
channel of the self-reaction of BrO as proposed by Har-
wood et al.[38], 2BrO+M ↔ Br2O2 +M, was included
in the chemical model. For this reason and because of the
lower pressure (100 mbar), we expect that the TW-FTS re-
sults fork5 andk6 do not have contributions from the third
channel.

For room temperature, the experimental results are in
agreement with the literature values. As mentioned before,
the high experimental concentration of ozone led to a mask-
ing of reaction (5). Although this reaction was almost in-
visible, Table 2shows that the results for k5 are compara-
ble to most of the other studies. Fork6 at temperatures be-
low 250 K, the values reported by Harwood et al.[38] and
Mauldin et al. [30] are smaller than the TW-FTS results.
The could not be totally explained by our measurements.
The low temperature results by Mauldin et al.[30] for both
k5 andk6 are also not in agreement with other studies. In the
Figs. 6 and 7, the TW-FTS results fork5 andk6 are plotted
in the Arrhenius form as ln(k) over 1/T. The average values
from DeMore et al.[41] are drawn as well. With exemption
of the measurements at 203 K, the figures indicate a good
agreement between the TW-FTS results and the literature
values.

The temperature dependence of a rate constantk can be
expressed ask = A exp(−Ea/RT) with the Arrhenius pa-
rameterA and the activation temperatureTa = Ea/R. The
Arrhenius parameters fork5 and k6 were derived from a
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line indicates the values reported by DeMore et al.[41].

linear regression. The results are summarized inTable 3.
Within the error intervals, the TW-FTS results fork6 are in
agreement with the values reported by DeMore et al.[41]
and Harwood et al.[38]. For k5, the broad error interval of
the activation temperatureEa/R is caused by the measure-
ment at 203 K (Fig. 6). Apart from that, the literature values
for both k5 and k6 show a large variation. Few measure-
ments have been reported for lower temperatures. Mauldin
et al.[30] investigated room temperature and only one lower
temperature (223 K). Cox et al.[22] carried out measure-
ments at elevated temperatures (273–348 K). And since the
pre-exponential factorA generally is not independent of the
temperature over a broader range, the results by Cox are not
quite comparable to the other studies.

The third parameter from the optimization yielded the
scaling factors for the BrO absorption cross-sections. Us-
ing the results from the chemical kinetics simulation, the
high-resolution optical density spectra were transformed
to cross-sections. All measurements of one temperature
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Table 3
Arrhenius parameters for the rate constantsk5 and k6

Constant Reference A (×10−13 cm3/s molecule) Ea/R (K)

k5 This work 33.0± 7.9 36± 55
k5 DeMore et al.[41] 24 40
k5 Harwood et al.[38] (T > 250 K) 53.1± 11.7 −211± 59
k5 Cox et al.[22] 120 375± 415

k6 This work 0.210± 0.113 −905± 104
k6 DeMore et al.[41] 0.28 −860
k6 Harwood et al.[38] (T > 250 K) 0.113± 0.047 −983± 111
k6 Cox et al.[22] 2.9 −259± 208
k6 Mauldin et al.[30] (135 mbar) 2.01 −237

The TW-FTS error intervals represent the standard deviation from the linear regression.

were averaged. The results are stated in row 4 ofTable 1
for the peak cross-section of the (7, 0) band at a spectral
resolution of 3.8 cm−1. In the top line, the number of mea-
surements for each temperature is given. The error intervals
of σBrO are caused by two factors. The first contribution
is the averaging of several measurements. The second part
results from the uncertainty of the parameters used in the
chemical kinetics simulation. In order to determine the
effect of these uncertainties in the data evaluation on the
UV absorption cross-section of BrO, a sensitivity analysis
was carried out. The mathematical weight of the photol-
ysis and the reactions in the chemical kinetics model was
investigated. Experimental uncertainties resulted from the
photolyzed fractions of the precursors Br2 (0.80± 0.11%
per flash) and O3 (0.051± 0.020%). Inaccuracies of the
chemical kinetics model originate from the employed rate
constants. The sensitivity analysis was carried out by chang-
ing one parameter at a time within its allowed interval. A
new fit of the chemical kinetics model to the experimental
data then yielded a changed value for the UV absorption
cross-section of BrO. The results of the sensitivity analy-
sis are listed inTable 4, expressed as relative changes in
the absorption cross-section due to the variation of one
parameter.

The uncertainty in the amount of Br atoms produced by
the photolysis of Br2 was a major experimental source of
error. The absorption cross-section of BrO varied by 6–9%,
depending on the amount of photolyzed Br2. On the other
hand, the imprecise determination of the O3 photolysis con-
tributed by between 0.3 and 1.3% to the error inσBrO. Table 4
further indicates that reactions (2), (5), and (6) which dom-
inate the kinetics of the BrO radical in the regarded temper-
ature range have the biggest impact. The inaccuracy of the
rate of self-reaction (6) has most influence at lower temper-
atures. Contrarily, reactions (4), (10), (11), and (12), which
involve atomic oxygen, only have a small effect on the ab-
sorption cross-section. The error contributions of all param-
eters listed inTable 4sum up to the total uncertainty which
is stated in the bottom line. The resulting error in the deter-
mination ofσBrO from one measurement is between 13 and
22% on a confidence level of 95%. The total error ofσBrO

for one temperature as stated inTable 1(row 4) is between
20 and 26%. It includes the averaging of several measure-
ments and the uncertainties of parameters.

3. Results and discussion

The absolute UV absorption cross-sections of BrO were
determined by combining the relative spectra and the results
from the chemical kinetics simulation.Fig. 8shows most of
the band system for the temperatures 203 and 273 K. It il-
lustrates the population change of the rotational terms in the
electronic ground state X2�3/2 with varying temperature.
For the lowest observed temperature, 203 K, the vibrational
bands become very narrow, and the minimum absorption
between the bands approaches zero. In particular, no under-
lying continuum is observable. The earlier study by Wahner
et al. [20], suggested the existence of an absorption con-
tinuum below the observed band system. However, the new

Table 4
Relative changes of the UV absorption cross-section of BrO because of
the uncertainty of parameters in the experiments or the data analysis

T (K)

203± 3 223± 3 243± 3 273± 2 298± 2

�σk2 (%) 10.3 10.0 7.9 7.6 10.4
�σk4 (%) 0.16 0.14 0.11 0.19 0.19
�σk5 (%) 4.0 3.4 3.2 4.7 5.6
�σk6 (%) 16.6 13.6 11.2 6.3 5.4
�σk8 (%) 2.8 2.6 2.0 1.8 4.5
�σk9 (%) 0.25 0.34 0.14 0.32 0.18
�σk10 (%) 0.03 0.14 0.09 0.04 0.04
�σk11 (%) 0.16 0.14 0.23 0.07 0.06
�σk12 (%) 0.13 0.01 0.14 0.04 0.17
�σBr2 (%) 6.9 8.7 8.1 7.6 6.1
�σO2 (%) 0.39 1.1 1.3 0.74 0.21

�σPar (%) 21.4 19.6 16.5 13.5 15.0

The errors due to uncertainties of the rate constants are stated by�σk

(%). The effect of the photolysis of the precursors Br2 and O3 is given
in the rows�σBr2(%) and�σO3 (%). Only one parameter was changed in
each case. The bottom line lists the total uncertainty�σPar (%) of one
measurement including all parameter variations (95% confidence).
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Fig. 8. Experimental UV absorption cross-section of BrO for the temperatures 203 and 273 K. The spectral resolution is 18 cm−1 (0.20 nm). The vibrational
bands are labeled with the quantum numbers (v′, v′′) for the upper and lower states.

TW-FTS measurements as well as the results reported by
Wilmouth et al.[29] provide no evidence for such a contin-
uum. Both results indicate that the UV absorption spectrum
is formed by the A–X band system only.Fig. 8 also shows
the population change of the first excited vibrational state
v′′ = 1. The hot band (4, 1) at 27 470 cm−1 is considerably
weaker at 203 K compared to 273 K.

When comparing the results for the different temperatures,
we found that the integral of the UV absorption cross-section
over the whole band system,

∫
σ(ν̃) dν̃, was approximately

constant. The results of the integral are plotted inFig. 11
for all investigated temperatures. The variation of the mean

Table 5
A comparison of the experimental UV absorption cross-section of BrO from this work with other studies

Reference Spectral resolution (nm) Temperature (K)

203± 3 223± 3 243± 3 273± 2 298± 2

This work 0.042 nm / 3.8 cm−1 3.03± 0.31 2.75± 0.29 2.52± 0.26 2.23± 0.23 2.19± 0.23
This work 0.20 nm / 18 cm−1 2.33± 0.24 2.14± 0.22 2.01± 0.21 1.84± 0.19 1.82± 0.19
This work 0.40 nm / 36 cm−1 1.86± 0.19 1.73± 0.18 1.64± 0.17 1.54± 0.16 1.52± 0.16

[22] 0.22 nm 1.8 ± 0.20
[20] 0.18 nm 2.21± 0.16 1.71± 0.14
[24] 0.50 nm 2.15 2.05 1.93 1.84 1.63
[26] 0.60 nm 1.41± 0.15
[25] 0.90 nm 1.56± 0.14 1.14± 0.14

[22] 0.40 nm 1.6 ± 0.18
[20] 0.40 nm 1.95± 0.15 1.55± 0.13
[23] 0.40 nm 1.4 ± 0.3
[24] 0.40 nm 2.30 2.21 2.06 1.96 1.74
[26] 0.40 nm 1.59± 0.18
[29] 0.40 nm 228 K: 1.97± 0.15 1.58± 0.12

The table lists the peak absorption cross-section of the (7, 0) vibrational band at 29 540 cm−1 (338.5 nm). Units are 10−17 cm2 per molecule. The results
are given for different spectral resolutions. The spectral resolution of the TW-FTS experiments was 3.8 cm−1 (0.042 nm at 330 nm). In the middle part
of the table, results by different authors are listed at their original spectral resolution. For a better comparison, all values were transformed to aspectral
resolution of 36 cm−1 or 0.40 nm (after[29]).

values is considerably smaller than the error bars for each
temperature that represent twice the standard deviation. Sup-
ported by a spectroscopic reasoning which is discussed be-
low, we expect that the integral varies by less than 1% within
the temperature range from 203 to 298 K. Therefore, the re-
sults for all temperatures were averaged. The mean value of
the integral is(2.66± 0.28)× 10−14 cm per molecule, with
a 2σ error interval. All absorption spectra were then scaled
to this mean value. Taking into account the error intervals
for every temperature, a standard deviation of 5.2% for the
absorption cross-section was yielded. The results are stated
in row 5 of Table 1and inTable 5.
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In most of the earlier studies on the UV absorption
cross-section BrO, the results have been reported for the
peak absorption of the (7, 0) vibrational band at 29 540 cm−1

(338.5 nm).Tables 1 and 5therefore list the TW-FTS results
for this peak.Table 5 compares the experimental results
with previous studies. To obtain a comparable spectral res-
olution, the BrO spectra from the TW-FTS measurements
were convoluted using a Gaussian function with an appro-
priate half-width. The results are presented for the original
spectral resolution and for a common spectral resolution of
36 cm−1 (0.40 nm, FWHM). Note that the value reported
by Wilmouth et al.[29] was calculated by averaging the
results of the other studies listed inTable 5.

The new absorption cross-section of BrO at 298 K is in
good agreement with the values reported by Cox et al.[22],
Wahner et al.[20], Orlando et al.[23], and Laszlo et al.
[26]. At deeper temperatures, the results of this study are
generally below the values published by Gilles et al.[24],
Wahner et al.[20], and Wilmouth et al.[29]. Further, the
temperature dependence of the TW-FTS experiments is
smaller than observed in the other measurements. Between
298 and 223 K, the values reported by Gilles for the (7,
0)-band peak cross-section increase by 27%. Within the
same temperature range, the TW-FTS results rise by only
14% at 0.40 nm (36 cm−1) spectral resolution. The tem-
perature behavior for the peak cross-section was confirmed
by a synthesis of the vibrational band (7, 0), as described
below with the vibrational analysis. Although no absolute
cross-sections could be determined from the synthesis, the
temperature ratios were comparable to the TW-FTS results.

Fig. 9 shows the spectral region that is used for the
determination of atmospheric concentrations of BrO from
remote sensing data[9,42]. Again, the broadening of vibra-
tional bands as well as the increase of the hot band (4, 1)
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Fig. 9. UV absorption cross-section of BrO at stratospheric temperatures in the spectral region that is used for data retrieval in remote sensing. The
spectral resolution is 18 cm−1 (0.20 nm). The vibrational bands are labeled with the quantum numbers (v′, v′′).

with increasing temperature may be observed. InFig. 10,
the vibrational band (7, 0) is plotted for different strato-
spheric temperatures. It is one of the few bands in the band
system of the A–X transition that show rotational structure.
The rotational lines are broadened due to pre-dissociation.
The linewidth was determined by Wheeler et al.[28] to
3.2± 0.3 cm−1 (FWHM).

3.1. Temperature dependence of the integrated
cross-section

As noted above, when comparing the TW-FTS results
for different temperatures, the integral

∫
σ(ν̃) dν̃ over the

UV absorption cross-section of BrO was found to be almost
constant. The integration was carried out in the range from
26 300 cm−1 (380.2 nm) to 35 000 cm−1 (285.7 nm). The
experimental results for the different temperatures are plot-
ted in theFig. 11. Corresponding values for the studies by
Wahner et al.[20] and Gilles et al.[24] are also included.
While the integral values for the spectra by Wahner are
comparable to the TW-FTS values, the results for Gilles
are about 20% higher. Obviously, all experimental values
show a rather small variation over the whole temperature
range. The mean TW-FTS value over all five temperatures
is (2.66 ± 0.28) × 10−14 cm per molecule. The integral∫

σ(ν̃) dν̃, when carried out over the entire band system of
an electronic transition, is proportional to the Einstein coef-
ficient for absorption and hence to the square of the dipole
matrix elementRe for the electronic transition[43]:
∫

σ(ν̃) dν̃ = hν̃nm
8π3

(4πε0)3h2
|Re|2 (13)

Here,ν̃nm is the mean wavenumber of the band system,h the
Planck constant, andε0 the vacuum permittivity. According
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Fig. 10. UV absorption cross-section of BrO for the (7, 0) band at stratospheric temperatures. The spectral resolution is 3.8 cm−1 (0.042 nm).

to Born and Oppenheimer[44], Eq. (13)is independent of
vibrational and rotational quantum numbers. Therefore, to
understand the temperature behavior, only the electronic
transitions have to be considered. This leads to two ques-
tions: (1) Which electronic transitions are involved in the
observed UV absorption spectrum of BrO? (2) How big is
the variation ofRe in the temperature range from 203 to
298 K? To answer the first question, the thermal distribution
over several lower electronic states has to be discussed. For
BrO, only the two electronic states, X2�3/2 and X2�1/2,
are significantly populated at stratospheric temperatures.
The doublet splitting was determined by McKellar[45] to
968 cm−1. The energetically higher doublet term X2�1/2
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Fig. 11. Integrated UV absorption cross-section of BrO for different temperatures. The integration
∫

σ(ν̃) dν̃ extends from 26 300 to 35 000 cm−1. The
TW-FTS results are compared to the measurements by Wahner et al.[20] and Gilles et al.[24]. The horizontal line indicates the TW-FTS average over
all temperatures. The error bars represent two times the standard deviation.

has a thermal population of 0.93% at 298 K and 0.10% at
203 K. For the UV spectrum of BrO, no absorption bands
have been reported that could be assigned to the elec-
tronic transition A2�1/2 ← X2�1/2. The observation of
this sub-band is difficult because of the disturbing main
transition A2�3/2 ← X2�3/2, which is probably about
100 times stronger at 298 K due to the higher population.
The two systems are expected to be located in the same
spectral range. For ClO, both electronic transitions have
been observed by Durie and Ramsay[46]. Hence, they can
also be expected for BrO. However, caused by the small
population, the sub-band A2�1/2← X2�1/2 has very little
impact on the integrated absorption cross-section at the con-
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sidered temperatures. Since the transition dipole moments
of the two sub-bands are probably similar, we estimate the
variation to be much smaller than the population differ-
ence of 0.83%, when changing temperature from 298 to
203 K.

Eq. (13)further depends on the purely electronic matrix
elementRe, which is related to the electronic eigenfunc-
tions. A possible temperature behavior ofRe is caused by a
change of the internuclear distance with vibrational excita-
tion due to the an-harmonic electronic potential. However,
after Born and Oppenheimer[44] the electronic eigenfunc-
tions have a weak dependence on the internuclear distance.
The first and second derivatives∂Ψe/∂r and∂2Ψe/∂r2 vanish.
Further, a comparison of the dissociation energyD′′0 for the
electronic ground state X2�3/2 with the vibrational energy
suggests thatRe is constant for all thermally populated vi-
brational levels. The vibrational energyωe of the electronic
ground state of BrO is 722.6 cm−1 [23]. At 298 K, 96% of
the molecules are in the vibrational ground statev′′ = 0,
and 3.3% are in the first excited statev′′ = 1. We deter-
minedD′′0 to 19 372± 160 cm−1 (see next section). Hence,
D′′0 is 93 times larger than the thermal energy at 298 K and
27 times larger than the vibrational energyωe. Since only
vibrational levels well below the dissociation limit are popu-
lated, a very small variation in the internuclear distance and
therefore almost no change ofRe may be assumed. In sum-
mary, the integral (13) over the UV absorption cross-section
of BrO is expected to vary by much less than 1% over the
investigated temperature range from 203 to 298 K.

The reaction of halogen atoms with ozone may also pro-
duce vibrationally or rotationally excited halogen oxides,
disturbing the thermal Boltzmann distribution. On the other
hand, the pressure and time scales used in the present experi-
ments were sufficiently large to achieve complete collisional
deactivation of these excited states (under these conditions a
few 108–109 collisions per second occur). The time-resolved
observation provided no evidence for a relaxation of ther-
mally excited vibrational states. In particular, the strength
of the hot bands (2, 1) and (4, 1) did not vary during the
observation.

3.2. Vibrational analysis

By a spectroscopic analysis of the TW-FTS spectra,
vibrational constants and the dissociation energy for the
electronic state A2�3/2 of BrO have been determined. No
rotational analysis was carried out, since rotational con-
stants had been derived in the works by Durie and Ramsay
[46], Wheeler et al.[28], and Wilmouth et al.[29]. Our
study is based on the origins of the vibrational bands in the
UV absorption spectrum. The band origins were determined
using simulated band spectra. Several ro-vibrational bands
for the BrO molecule were synthesized, as described in
Refs.[29,47,48]. The bands were simulated because most of
them are asymmetric due to the smaller rotational constants
in the A2�3/2 state compared to the ground electronic state

Table 6
Band originsν̃0 and peak positions̃νpeak in vacuum wavenumbers for the
observed vibrational bands

(v′, v′′) ν̃0 (cm−1) ν̃peak (cm−1) σpeak

(×10−17 cm2

per molecule)

(0, 0) 26240± 10 26230± 10 0.03± 0.03
(2, 1) 26495± 15 26480± 7 0.05± 0.03
(1, 0) 26715± 4 26675± 2 0.09± 0.06
(2, 0) 27235± 4 27180± 2 0.15± 0.06
(4, 1) 27471± 4 27450± 2 0.14± 0.06
(3, 0) 27775± 3 27735± 2 0.29± 0.06
(4, 0) 28187± 3 28175± 2 0.89± 0.10
(5, 0) 28683± 2 28646± 1 0.75± 0.10
(6, 0) 29097± 3 29066± 2 0.97± 0.10
(7, 0) 29545± 1 29540± 1 2.19± 0.22
(8, 0) 29981± 2 29955± 1 1.32± 0.14
(9, 0) 30379± 2 30346± 1 1.24± 0.12
(10, 0) 30768± 3 30741± 2 1.32± 0.14
(11, 0) 31156± 2 31143± 1 1.51± 0.16
(12, 0) 31540± 2 31527± 1 1.30± 0.14
(13, 0) 31897± 4 31864± 2 0.94± 0.10
(14, 0) 32233± 3 32208± 2 0.75± 0.08
(15, 0) 32558± 2 32530± 1 0.65± 0.08
(16, 0) 32860± 5 32830± 3 0.60± 0.08
(17, 0) 33160± 5 33142± 3 0.50± 0.08
(18, 0) 33435± 7 33410± 3 0.47± 0.08
(19, 0) 33695± 7 33676± 3 0.45± 0.08
(20, 0) 33936± 3 33916± 2 0.35± 0.08
(21, 0) 34154± 3 34140± 2 0.27± 0.06
(22, 0) 34356± 3 34349± 2 0.20± 0.06
(23, 0) 34530± 4 34518± 2 0.20± 0.06
(24, 0) 34695± 10 34655± 5 0.17± 0.06
(25, 0) 34825± 7 34793± 3 0.14± 0.03
(26, 0) 34935± 7 34920± 3 0.08± 0.03

The fourth column lists the peak cross-sectionsσpeak. The valuesν̃peak

andσpeak are given for 298 K and a spectral resolution of 3.8 cm−1.

X2�3/2. This asymmetry is illustrated byFigs. 9 and 10.
Rotational constants for the lower electronic state X2�3/2
were taken from Orlando et al.[23], and for the upper state
A2�3/2 from Wilmouth et al.[29]. Most vibrational bands
are unstructured due to strong pre-dissociation[28,29]. To
account for the pre-dissociation broadening, the synthesized
bands were convoluted with a Lorentz function. The result-
ing simulated bands were shifted on the wavenumber axis
and scaled to achieve the best agreement with the experi-
mental spectrum. The shifting value then yielded the origin
for the respective band.

Table 6 lists the experimental band origins and the
wavenumber positions of the band peaks for the vibrational
progression (v′, 0). The observed hot bands (2, 1) and (4, 1)
are also included. Further, the peak absorption cross-section
for each vibrational band is stated. The spectral resolution is
3.8 cm−1. Both peak wavenumbers and peak cross-sections
depend on the spectral resolution. On the other hand, there
is no resolution effect on the band origin positions. The
wavenumberν̃0 of a band origin in the UV absorption
spectrum of BrO can be expressed as

ν̃0(v
′, v′′) = Te+G′(v′)−G′′(v′′) (14)
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Fig. 12. Birge-Sponer plot for the vibrational progression (v′, 0). The en-
ergy differences�Gv′+1/2 between the vibrational bands in the electronic
state A2�3/2 are plotted overv′ + 1/2. The extrapolation is based on a
second-order polynomial.

with

G(v) = ωe(v+ 1
2)− ωexe(v+ 1

2)2+ ωeye(v+ 1
2)3+ · · ·

(15)

Here,Te is the energy difference between the potential min-
ima of the two involved electronic states,ωe is the vibra-
tional energy at equilibrium, andv′ and v′′ are the vibra-
tional quantum numbers in the upper and lower state. The
constantsxe andye reflect the an-harmonicity of the vibra-
tional potential up to the third order inv. The experimental
values forν̃0(v

′, v′′) are listed inTable 6. The energy dif-
ferences�Gv+1/2 = ν̃0(v

′ + 1, 0)− ν̃0(v
′, 0) between two

adjacent levels of the progression (v′, 0) can be used to de-
termine the vibrational constantsωe, xe, andye for the upper
electronic state as well as the dissociation energy.�Gv+1/2
calculates to

�Gv+1/2= ωe− 2ωexe+ 13
4 ωeye

+ v(6ωeye− 2ωexe)+ v23ωeye (16)

Fig. 12shows the Birge-Sponer diagram, where the energy
separations�Gv+1/2 are plotted overv+1/2. According to
Eq. (16), the energy differences may be approximated by a

Table 7
Vibrational constants for the electronic state A2�3/2

Te (cm−1) T0 (cm−1) ωe (cm−1) xe (×10−3) ye (×10−4)

This work 26352± 10 26240± 10 498± 24 6.8± 3.4 −2.1 ± 0.8
[29]a 26228 489± 24 5.8± 3.5 −2.3 ± 0.8
[46]b 512± 51 8.4± 7.3 −1.7 ± 1.6
[49]c 26241 516.1 9.1 −1.4
[50]d 27020 478

The error intervals represent the standard deviation.
a The values were determined from the band peak positions as published by Wilmouth et al.[29].
b The values were determined by a new analysis using the band origins as stated in Durie and Ramsay[46] with corrected vibrational quantum numbers.
c The constants were calculated from the polynomial as given by Barnett et al.[49] for the progression (v′, 0).
d Ab initio study by Li et al.[50].

second-order polynomial. The fitted parabola is also drawn
in the figure and extrapolated to the intersections with both
axes. For vibrational levelsv smaller than 10, the energy
differences�Gv+1/2 are scattered around the average curve.
The same observation was reported by Wilmouth et al.[29].
With higher vibrational excitation, the energy differences
decrease and the dissociation limit is approached. From the
coefficients of the polynomial, the vibrational constantsωe,
xe, andye were derived. The results are listed inTable 7.

The presented vibrational constants for the electronic state
A2�3/2 are the first values derived from FTS measurements.
Wilmouth et al. [29] recorded high-resolution FT-UV ab-
sorption spectra, but did not report vibrational constants. For
a comparison to the TW-FTS results, we carried out the vi-
brational analysis based on the band positions reported in
Ref. [29]. Those wavenumber positions represent the band
peak locations, which are usually smaller than the origins of
asymmetric bands. The latter are independent of tempera-
ture and spectral resolution. The difference is illustrated by
the value forT0 in Table 7, which is the energy of the vi-
brational transition (0, 0). AsTable 7shows, the TW-FTS
results are in good agreement with the vibrational constants
derived from the band positions reported by Wilmouth et al.
The error ranges are also very similar. The covariances are
mainly caused by the varying energies at low vibrational
excitation, as shown inFig. 12.

The results from Durie and Ramsay[46] and Barnett
et al. [49] are also included inTable 7. Durie and Ram-
say did not observe the bands (0, 0) to (3, 0), and there-
fore based their analysis on a wrong assignment of vibra-
tional quantum numbers. The assignment was later revised
by Barnett et al. We re-evaluated the vibrational constants
using the band origins reported by Durie and Ramsay[46].
Table 7shows that these values are in agreement with the
TW-FTS observations, but the error ranges are about twice
as large. Barnett et al.[49] expressed the band origin po-
sitions of the progression (v′, 0) by the polynomial̃ν0 =
26 237+ 511.3v′ − 4.83v′2− 0.074v′3. The polynomial co-
efficients were transformed toωe, xe, andye, and are also
stated inTable 7. Li et al.[50] carried out an ab initio study of
the low-lying electronic states of BrO and estimated values
for Te andωe. The result forTe is somewhat higher than the
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Table 8
Experimental results for the dissociation energies of BrO

Reference D0 (A ← X) D′0 (A2�3/2) D′′0 (X2�3/2)

This work 35240± 160 (421.5± 1.9) 9000± 160 (107.7± 1.9) 19372± 160 (231.7± 1.9)
[29] 35180± 140 (420.8± 1.7) 8930± 140 (106.8± 1.7) 19312± 140 (231.0± 1.7)
[46] 35200± 200 (421.0± 2.4) – 19330± 200 (231.2± 2.4)
[49] 35200± 200 (421.0± 2.4) 8960± 200 (107.2± 2.4) 19330± 200 (231.2± 2.4)

The values are given in cm−1 and kJ/mol (in brackets).

TW-FTS value. According to the variation principle, an ap-
proximated molecular wave function always yields a higher
electronic energy than observed experimentally. Li et al. also
obtained a value for the vibrational constantωe in the elec-
tronic state A2�3/2 (ωe = 478 cm−1), which is lower than
the experimental results. However, a higher theoretical value
for A2� (ωe = 532 cm−1) was yielded, without regarding
the spin-orbit coupling. All experimental values as listed in
Table 7are between those two ab initio results forωe.

3.3. Dissociation energy

Based on the Birge-Sponer plot inFig. 12 and a Le
Roy-Bernstein extrapolation, the dissociation energy for the
upper state A2�3/2 has been determined. The dissociation
limit is given by the area under the curve betweenv′ = 0
and the intersection of the curve with thev′-axis [48]. The
Birge-Sponer extrapolation yielded a dissociation value of
v′ = 29.3± 1 for �Gv+1/2 = 0, and an upper state dis-
sociation energyD′0 = 8880± 40 cm−1. This corresponds
to an A← X dissociation energyD0 = 35 120± 40 cm−1.
However, the Birge-Sponer extrapolation does not describe
very well the vibrational energies for largev near the dis-
sociation limit. Near the dissociation limit of a molecule,
the atomic interaction is governed by a long-range poten-
tial. According to the Le Roy-Bernstein theory, the function
(�Gv+1/2)

(n−2)/(n+2) is linear for large values ofv. The
constantn is determined by the strongest contribution of the
long-range potential. For neutral molecules,n is typically
5 or 6 [48]. The Le Roy-Bernstein extrapolation yielded
an A← X dissociation energy ofD0 = 35 400 cm−1 for
n = 5 and D0 = 35 350 cm−1 for n = 6. Since both
methods are approximations, we estimate the A← X dis-
sociation energy in total toD0 = 35 240± 160 cm−1 or
421.5± 1.9 kJ/mol. For the upper state dissociation energy
we obtainedD′0 = 9000± 160 cm−1 or 107.7± 1.9 kJ/mol.
As mentioned by Durie and Ramsay[46], the lower state
dissociation limitD′′0 can be derived by subtracting the en-
ergy difference between the excited and the ground-state O
atom (1D− 3P= 15 868 cm−1) from D0. This yieldsD′′0 =
19 372± 160 cm−1 or 231.7± 1.9 kJ/mol. The experimen-
tal results are listed inTable 8 together with values from
previous studies. The TW-FTS results are in good agree-
ment with the other reported values. Wilmouth et al.[29]
based their analysis on the band peak positions instead of
the band origins. But since this had only little impact on
the energy differences of the band positions, the results for

the dissociation energies are comparable. Durie and Ram-
say[46] did not observe bands at wavenumbers smaller than
28 000 cm−1. For this reason, they did not determine a value
for D′0. This value was later reported by Barnett et al.[49],
based on new measurements.

4. Conclusions

New measurements of the UV absorption cross-section
of the atmospheric radical BrO have been carried out,
using a recently developed technique of time-windowing
Fourier transform spectroscopy to observe the bromine-
photosensitized decomposition of O3. The determination
of the absolute cross-section was achieved by performing
a kinetic analysis of the system. Five different tempera-
tures in the range from 203 to 298 K were studied. This
temperature range covers most of the relevant tropospheric
and stratospheric temperatures. The integrated UV ab-
sorption cross-section of BrO was observed to be almost
constant over the entire temperature range studied, in agree-
ment with theoretical considerations. Further, a compari-
son of the temperature dependence of the cross-sections
showed no continuum absorption underlying the struc-
tured rotational-vibrational bands of the BrO A–X elec-
tronic transitions. This confirms the observation made by
Wilmouth et al. [29]. The study of continuum absorption
demonstrates some of the advantages of a time-resolved
broadband observation method like the TW-FTS. By se-
lecting an appropriate time window with a high concen-
tration of BrO, an optical density between 0.5 and 1 was
achieved. This is considerably higher than under static
conditions, where BrO concentrations are much lower
because of the reactivity of the radical. The higher opti-
cal density also reduces any effects arising from baseline
drifts.

The absorption cross-sections of BrO determined in this
study data provide an interpolation to any particular atmo-
spheric temperature of interest. Moreover, the recorded FTS
absorption spectra of BrO have a much higher spectral reso-
lution (3.8 cm−1/0.042 nm) than current remote sensing in-
struments. We estimate the uncertainty in the wavenumber
scaling to be less than 0.6 cm−1 (0.007 nm). This enables the
generation of appropriate reference spectra for atmospheric
observations by spectral convolution with the respective in-
strumental line shape.
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