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1. Introduction

The atmosphere is a complex mixture of interacting
trace gases whose atmospheric residence times vary
from less than one second up to many years depend-
ing on the molecule’s reactivity.!~3 Highly reactive
radical species have the shortest atmospheric life-
times and lowest ambient concentrations (typically
parts per trillion), yet it is the chemical reactions of
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these molecules* that control the rates of processing
and hence atmospheric lifetimes of natural and
anthropogenic emissions. Owing to their short life-
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times, the spatial and temporal distribution of at-
mospheric radicals is highly variable, leading in turn
to highly variable rates in the chemical processing
of emissions and the production of secondary pollut-
ants. Indeed, it seems likely that a large fraction of
the chemistry of the troposphere in particular occurs
at the small scale, for example, at the interface
between a pollution plume and the background air.
To be able to form an understanding of these pro-
cesses, measurements of short-lived atmospheric
species?® are required which are sensitive, unam-
biguously selective toward the target species, and
acquired rapidly on a spatial scale sufficient to
resolve the variability.

In the 15 years since its inception, cavity ring-down
spectroscopy (CRDS) has established itself as a
selective and sensitive method for making absorption
measurements on weakly absorbing or highly dilute
samples.6~1! The detection of a wide range of species
has been accomplished in the laboratory, and many
of these species are of atmospheric importance.
Moreover, the sensitivities demonstrated for the
laboratory instruments are approaching the levels
(and in certain cases are already sufficient) to probe
species at the concentrations present in the atmo-
sphere. Being an absorption technique, CRDS is also
able to provide absolute measurements of an absorb-
er's concentration provided that molecular absorption
cross sections are known from laboratory measure-
ments and the various contributions to the absorption
spectrum of the sample mixture can be spectrally
separated. Cavity ring-down techniques therefore
offer an alternative to other methods of making
absorption measurements in the atmosphere, of
which long-path (~10 km) differential optical absorp-
tion spectroscopy (DOAS) has previously been the
most widely applied in the visible and UV regions of
the electromagnetic spectrum.*?~14 However, com-
pared to long-path DOAS, CRDS makes measure-
ments on an intrinsically smaller spatial scale de-
termined by the length of the optical cavity (typically
one meter), and thus CRDS instruments have ap-
plications in the attribution of local sources/sinks and
the investigation of small-scale chemical processing
in the atmosphere.

This paper briefly reviews the use of absorption
spectroscopy in atmospheric studies (section 2) con-
centrating on the visible and UV regions of the
spectrum where many atmospherically important
species have been probed via spectrally broad ab-
sorption bands arising from their electronic transi-
tions. In atmospheric applications, absorption by the
target species must be distinguished from overlap-
ping absorptions due to other species and the ill-
defined or unknown attenuation due to atmospheric
aerosol. This is commonly achieved using DOAS
methods to analyze spectra acquired across a wide
range of wavelengths, the subject of section 3 of this
review.

The underlying principles of CRDS are discussed
in section 4, including where the latter technique is
already being applied to atmospheric studies. The
extension of CRDS to broad-band light sources and
hence to DOAS analysis methods is developed in
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section 5, where the relatively few examples of such
instruments reported in the literature before mid-
2003 are reviewed in some depth. The procedure and
apparatus required for a broad-band CRDS measure-
ment are introduced, including the critical element
for simultaneous time- and wavelength-resolved de-
tection of the radiation leaking from the ring-down
cavity: the use of a charge-coupled device (CCD)
detector. The significant advantages of combining
broad-band variants of CRDS with the established
analysis methods of DOAS are highlighted from
section 5 onward. Sections 6 and 7 explore existing
and potential applications of broad-band CRDS and
present examples to show how the concentrations of
several atmospherically important target species are
retrieved quantitatively from the measurements.
Because the spectral fitting procedures are based on
DOAS methods, they are able to retrieve the absorber
amounts even where the broad-band spectra are
complicated by the finite spectral resolution of the
instrument, the presence of strong overlapping ab-
sorption features due to other absorbers, and extinc-
tion by atmospheric aerosol. Long path DOAS meth-
ods for atmospheric studies have employed light
sources at visible and UV wavelengths, and inevita-
bly this review of broad-band cavity ring-down spec-
troscopy also focuses on these regions of the spec-
trum. There is, however, no fundamental reason
further technological developments should not extend
the applicability of broad-band CRDS to other spec-
tral regions, a subject explored further in section 8.

2. Atmospheric Absorption Spectroscopy in the
Visible and UV Regions of the Spectrum

Spectroscopic methods, exploiting the unique in-
teraction properties of different molecules with elec-
tromagnetic radiation, have been used extensively to
measure the composition and structure of the Earth’s
atmosphere.t>1516 |t is beyond the scope of this
review to discuss these methods in detail, other than
to indicate that spectroscopic measurements in the
Earth’'s atmosphere have made use of absorption and
thermal emission, have utilized most regions of the
electromagnetic spectrum, and have exploited many
different observing methodologies and platforms. The
common feature of these techniques, however, is that
the target molecules are identified unambiguously
via their characteristic interaction with electromag-
netic radiation, a process which in absorption spec-
troscopy generally also allows the concentrations of
the absorbing species to be quantified absolutely.

This review focuses on measurement methodologies
employing the subset of spectroscopic transitions that
occur in the UV and visible regions of the electro-
magnetic spectrum. These are predominantly either
electronic in origin, e.g., 02, 03,720 NO,,82021
N03,18,20,22724 HONO,18*2° HCHO,18’20 Bro,18,20 and
10,820 or in some cases the vibration—rotation
overtone absorptions of molecules whose fundamen-
tal absorption bands reside in the mid-infrared,
e.g., H,0.172526 At UV and visible wavelengths, the
Planck function, and hence any thermal emission
signal, is weak at typical terrestrial temperatures.
In consequence, emission spectroscopy cannot, in
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general, be exploited and absorption spectroscopy
using either natural (e.g., solar, lunar etc.) or artifi-
cial sources must be used as a measurement method.

The absorption of electromagnetic radiation is
governed by the Beer—Lambert law, which can be
written in the form

(1
trans(l) = % = exp[—a(A)l] = exp[— z a,(A)x1]

° W

where the optical transmission at wavelength A4 over
an absorption path of length | is given by 1(1)/1o(4),
the ratio of the initial and final radiation fluxes.
o(4) is the absorbance per unit path and is composed
of the absorption cross section ¢j(A) of absorber or
scatterer i and its concentration x;, the summation
being performed over all absorbing or scattering
species. The product a(d) x | is termed the optical
depth. The ultimate sensitivity of a measurement of
species i is determined by the accuracy to which the
transmission can be measured, and this in turn
depends on the measurement technique used, the
absorption cross section of the molecule in question,
the presence of other interfering absorbing species,
and the absorption path length.

For stratospheric composition measurements from
satellite and balloon platforms or ground-based in-
struments, absorption path lengths are determined
by the observation geometries used and are generally
hundreds of kilometers in the horizontal. In the
infrared region of the spectrum, the pressure broad-
ening of ro-vibrational transitions can be spectrally
resolved and exploited in inversion methods,?”?® but
it is usually not possible to resolve any pressure
broadening for transitions at UV and visible wave-
lengths. Hence, in general, only path-average mea-
surements can be made, restricting the horizontal
and vertical resolutions that are achievable.

In the troposphere, practical factors restrict ab-
sorption path lengths to a few kilometers, although
the increased sensitivity arising from long absorption
path lengths compared to those obtainable in the
laboratory remains. The pioneering work of Platt and
Perner and their co-workers led to the development
of long-path differential optical absorption spectros-
copy (DOAS), which has now been widely applied to
measure surface and boundary layer concentrations
of a range of species, for example, NO,, NO3;, HONO,
OH, O3, HCHO, SO, (see refs 29—32 and a number
of more recent reviews!> 14). Some notable recent
deployments of DOAS instruments have extended the
measurements of NO3%33° and have led to the detec-
tion of BrO,%° 10,4743 and 0O10.#4

For the NO3; molecule, measurements are made
generally using its B ?E' < X 2A’; electronic transition
at 662 nm whose peak cross section'®22724 is around
2 x 1077 cm? molecule™. The DOAS systems cur-
rently in use typically have path lengths of the order
of 10 km?23363945 tg achieve the sensitivity of ca. 1 pptv
(parts per trillion by volume) necessary to probe NO3
in the atmosphere. Such high sensitivities require
that the optical density along the path be measured
to an accuracy of 0.02%,%¢ and more usually realized
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measurement accuracies would require correspond-
ingly longer absorption path lengths to achieve the
same sensitivity. As only path-averaged measure-
ments are possible with the long-path DOAS method,
this determines the spatial resolution achievable,
although a DOAS approach for OH using a multipass
cell has been reported.*®

In the troposphere, and particularly in the plan-
etary boundary layer with its highly localized emis-
sion sources, structure is expected to be present on
spatial scales well below that observable with the
typically used DOAS approaches. An in situ variant
of the DOAS method is thus highly desirable. As
described in this paper, such a method has in fact
been realized by combining the DOAS approach with
the ultrasensitive absorption method of cavity ring-
down spectroscopy (CRDS). The CRDS technique
provides absorption path lengths of many kilometers
confined within a high-finesse optical cavity of the
order of 1 meter baseline length and thus is capable
of making measurements similar in sensitivity to
DOAS but on a vastly reduced spatial scale. However,
the majority of CRDS applications demonstrated in
the laboratory to date have used essentially mono-
chromatic laser radiation, losing an important ad-
vantage of the DOAS method. Indeed, the major
subject of this review—combining the sensitivity of
CRDS and the selectivity of the DOAS technologies
for field studies—arises from the use of a broad-band
source and a wavelength-resolved photodetector.
Greatest flexibility is obtained when the photo-
detector is two-dimensional and thus able to follow
simultaneously the time dependence of each wave-
length-resolved channel. The use of (essentially mono-
chromatic) lasers and broad-band light sources in
CRDS is reviewed in sections 4 and 5, respectively,
but first we provide a brief review of the DOAS
methodology, which in later sections is applied to the
analysis of broad-band CRDS spectra.

3. Differential Optical Absorption Spectroscopy
(DOAS)

Application of the Beer—Lambert law (eq 1) is
straightforward under laboratory conditions where
I(1) and Io(1) can be measured directly and where the
measurement wavelength can be selected to be one
at which only the species of interest absorbs. How-
ever, determination of the target species’ optical
depth is far more complex in the atmosphere, where
the absorptions of several interfering molecules may
overlap at the measurement wavelength and where
broad-band extinction due to Rayleigh and Mie
aerosol scattering are significant. In this case, the
unambiguous identification of an individual species
is still often possible through the use of spectral
oversampling, where the atmospheric absorption is
measured across a broad spectral bandwidth (typi-
cally 20—100 nm) at hundreds of wavelengths. Mol-
ecules that possess structured absorptions on scales
within this bandwidth can be distinguished from any
underlying scattering terms in the optical depth
which generally vary relatively smoothly with wave-
length and can thus be removed by an appropriate
high-pass filtering method. In addition, the absorp-
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tions due to several different constituents can be
measured simultaneously by appropriate optimal
fitting of the relevant molecular absorption cross
sections to the observed spectrum, the use of absorp-
tions measured simultaneously at many wavelengths
making the problem overdetermined.

The spectral fitting process of a generalized active
DOAS-type measurement is illustrated in Figure 1
for two hypothetical species A and B whose struc-
tured absorption spectra overlap in the region of
interest (see part A). The first step is to measure an
observed spectrum (1) and a reference spectrum
Io(A) where the latter is readily obtained by directly
recording the spectrum of the light source with the
same detection system. Alternatively, lo(1) can be
obtained from an atmospheric spectrum recorded
under conditions when known amounts of the ab-
sorbing species are present between the source and
detector. The latter is used in passive techniques
(e.g., zenith sky spectroscopy334) because lo(1), the
unattenuated extraterrestrial spectrum, cannot eas-
ily be measured directly. Part B of Figure 1 shows
the simulated I(1) and lo(4) used in the present
example, where Ip(4) is the wavelength-dependent
source spectrum including the response function of
the instrument’s detector and I(1) is the observed
spectrum which includes contributions due to ab-
sorption by molecular species A and B and the effects
of an unstructured but varying absorption charac-
teristic of Rayleigh or Mie aerosol scattering. Part B
of Figure 1 shows the Rayleigh or Mie extinction as
the dot—dashed line. Statistically generated noise
representing photon shot noise has been added to the
simulation of the observed spectrum.

The next step in the DOAS analysis is to calculate
the optical depth over the absorption path from the
natural logarithm of the ratio of the reference and
observed spectra

OD(1) = -1 ') )l )
= —In|—| = S 6i(A)x;
1o(4) Z

where the summation includes all absorbing and
scattering species present in that spectral region. The
smoothly varying scattering terms are then removed
from the optical depth through the use of a high-pass
filter. A variety of filtering methods have been
employed,?~1* but the simplest and most commonly
implemented involves the use of a polynomial which
is fitted to the measured optical depth and then
subtracted from it, leaving the so-called differential
spectrum or differential optical depth, AOD(A)

AOD() = § ai(Apxl = P(An) 3)

where P(4,n) is the polynomial in A of order n fitted
to the observed optical depth. The resulting dif-
ferential optical depth (taking n = 2) for the simula-
tion is shown as the gray line in part C of Figure 1,
discussed below. The process of high-pass filtering
illustrated above enables the DOAS method to largely
overcome the problems arising from unknown or
inadequately characterized atmospheric absorption
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Figure 1. Schematic illustration of the principles of the
DOAS method, in this case for a smoothly varying underly-
ing absorption and two idealized species A and B, indicative
of H,O and NO3 absorptions (see section 3). Details of the
various panels are given in the text.

or scattering. However, it should be recognized that
the rejection of less structured contributions to the
measured absorption is a function of the specific filter
used, and therefore it is necessary to exercise care
when applying a filter to prevent inadvertent rejec-
tion or smoothing of differential structure due to the
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molecular absorbers. There are a variety of more
sophisticated methods including Fourier transform
filtering methods and orthogonalization of the vari-
ous differential cross sections fitted, but the basic
approach remains unchanged.

Differential cross sections for each of the species
that are to be fitted to the measurement are then
obtained by filtering the molecular absorption cross
sections available from laboratory measurements and
complied in standard spectral databases.'”182026 The
same filter parameters applied in the calculation of
the measured differential optical depth (here, the
order of the polynomial n and the wavelength range)
must also be used for determining the differential
Cross sections

Aci(A) = g;(2) — P*(A,n) (4)

where i designates the absorbing or scattering species
(in this example, i = A or B). The differential cross
sections for species A and B are shown part D of
Figure 1. The path-integrated concentrations of each
species are deduced by simultaneously fitting the
derived differential cross sections to the measured
differential optical depth using an appropriate mini-
mization method. The result is shown as the solid
curve overlaid on the “measurement” in part C of
Figure 1. With the path-integrated concentrations of
absorbers A and B now known, the underlying
absorption/extinction can be retrieved by subtraction
of the fitted molecular spectra from the measured
spectrum in absolute absorption units. The fitted
optical depth (due to the sum of the molecular
absorbers and the aerosol continuum) is compared
with the measurement in part E, the solid black and
underlying gray curves, respectively. Typically, the
differential spectrum is recorded at several hundred
wavelength points and the number of fitted param-
eters is generally less than 10. Thus, the problem is
greatly overdetermined and can usually be solved
with a nonlinear least-squares method.*

It is usual to match the instrument resolution to
the molecular absorption of interest so that the
Beer—Lambert law can be taken to hold. In this case,
if the absolute absorption cross sections are known,
the path-integrated amounts of each absorbing spe-
cies may then be derived via the DOAS analysis by
direct comparison with the known cross section.
However, as discussed in detail below, for highly
structured absorbers such as H,O and Oy, significant
non-Beer—Lambert law behavior can be observed and
more sophisticated analysis methods are required.*®

4. Cavity Ringdown Spectroscopy

O'Keefe and Deacon*® are widely acknowledged as
being the first to demonstrate cavity ring-down
spectroscopy (CRDS) when in 1988 they recorded the
CRDS spectrum of vibrational overtones of the b 1X,*
< X 354~ transitions of molecular oxygen in air. Since
then, cavity ring-down spectroscopy has become well
established in many research laboratories as a method
of making sensitive and quantitative measurements
of the absorptions of a large number of weakly
absorbing or highly dilute gas-phase species. The
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technique is now finding applications in the liquid
phase,®~52 for studies of solid films,537% and for
measuring atmospheric particles®®® and soot.>°® A
review of the various ways in which CRDS has been
incorporated into experimental methodologies is be-
yond the scope of this paper, especially since many
excellent reviews of the technique already exist.5711
In particular, the review by Berden et al.® provides
a comprehensive tabulation of species that have been
probed in this way prior to June 2000, a great many
being of interest to atmospheric science. Brown'’s
review!! of CRDS in this special issue updates and
extends the list for atmospheric trace gases and
aerosol particles. Instead, this paper focuses on a
subset of the various CRDS techniques—those that
use broad-band radiation to acquire spectra over a
wide range of wavelengths simultaneously—and es-
pecially the application of such methods to absorption
measurements of atmospheric samples. However,
before these are discussed, it is pertinent to review
briefly the fundamental theory of CRDS.

4.1. Ringdown Decay

In its simplest form, the technique of CRDS relies
on injecting monochromatic radiation from a pulsed
laser into a high-finesse cavity composed of highly
reflective mirrors. A detector such as a photomulti-
plier tube or an avalanche photodiode observes the
rate of decay of the light intensity leaking from the
cavity's output mirror. Where the spectral width of
the laser radiation is sufficiently narrow to excite
only a single Fabry—Perot mode of the cavity, it has
been shown that the intensity decay is characterized
by a single-exponential function.®® For an empty (i.e.,
evacuated) cavity formed by two identical mirrors,
the 1/e decay time constant of the exponential, r,
commonly called the ring-down time, is given

_d
¢ |[InR(A)|

where d is the mirror separation, R(4) is the geomet-
ric mean reflectivity of the cavity’s mirrors, and c is
the speed of light. Note that the mirror reflectivity
and hence the empty cavity ring-down time depends
on wavelength.

Radiation obtained from pulsed laser systems is not
strictly monochromatic but usually extends over
several neighboring Fabry—Perot modes of the cavity.
Beating between these modes can lead to oscillations
in the intensity of the cavity output during an
individual decay.®* However, the practical effects of
this are small if the experiment is conducted in such
a way that many cavity modes are excited®—a so-
called “quasi-continuum of modes”—and a number of
decay signals are averaged together before fitting for
the ring-down time. Nevertheless, this represents a
compromise and the ultimate sensitivity of the CRDS
technique can only be realized if precautions are
taken to match the laser radiation to a single Fabry—
Perot mode of the cavity. For example, van Zee et
al.®3 demonstrated a pulsed single-mode instrument
having a fractional uncertainty of 0.03% in the fitted
ring-down time for an individual decay, compared to
a typical uncertainty of 1% in multimode systems.

T(A) = (5)
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Continuous wave (CW) sources, external cavity
diode lasers (ECDL) being the most commonly em-
ployed, have inherently narrower bandwidths than
pulsed sources, and thus CRDS systems based on CW
sources®%9 seldom suffer from multimode phenom-
ena. The issue instead is that the frequency of the
laser is no longer guaranteed to overlap with a mode
of the ring-down cavity. Excitation of the cavity
therefore relies on accidental resonance between the
laser and the cavity, and modulation of the laser
frequency or the cavity length is usually employed
to ensure such overlap happens at least once during
the modulation period. Whenever the laser and cavity
come into resonance, light intensity propagates
through the cavity onto the photodetector. It is usual
to arrange that the laser beam be interrupted once
the detector registers a signal above a certain thresh-
old, for example, using an acousto-optic modulator.
The subsequent ring-down decay is then recorded in
the usual fashion. Schemes also exist where the
intensity of light exiting the cavity is used in a
feedback loop to actively lock the cavity into reso-
nance with the CW laser source, and these instru-
ments show exceptional sensitivity.”>’* Another al-
ternative is to use a cavity with a dense mode
structure and scan the CW laser slowly in wave-
length while recording the steady-state light intensity
coming from the cavity. The technique is called
cavity-enhanced absorption spectroscopy (CEAS)”? or
CW-—integrated cavity output spectroscopy (ICOS).”®
This technique is the most simply implemented of
the CW methods but requires an independent mea-
surement of the wavelength-dependent mirror re-
flectivity (or the absorption of a calibration sample)
in order for its relative measure of the absorbance
to be made quantitative.

4.2. Quantitative Absorption Measurements by
CRDS

The bandwidth of the source radiation has further
implications when CRDS is employed to record the
absorption spectra of samples within the cavity.®°
Provided that the spectral width of the probe radia-
tion is much narrower than that of the absorption
feature, the intensity of light leaking from the cavity
also decays exponentially with a ring-down time
7'(4) that is directly related to the ring-down time of
the empty cavity and the attenuation due to the
sample

I
() ()

where ¢ is the speed of light and the remaining
guantities have the same meaning as in the Beer—
Lambert law expression of eq 1. The condition that
the probe radiation be narrower than the absorption
feature is easily satisfied for lasers such as ECDLs
used in CW CRDS, though it is still necessary to
ensure that the laser and the cavity come into
resonance sufficiently often during a scan across an
absorption line to reproduce its proper line shape.
More care must be exercised when using pulsed laser
systems because their bandwidths are often compa-

1
co(d) =—+ cZai(/l)xi (6)
7(A) ]
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rable to the width of a molecule’s Doppler and
pressure broadened lines potentially giving rise to
decays which are no longer simple exponential in
form (see sections 5 and 6). At least the quasi-
continuum of modes excited in the ring-down cavity
of a pulsed system ensures that many cavity modes
sample the molecular absorption feature at any given
wavelength.

Ringdown times are measured in absolute units of
seconds, and digitizers such as those used in digital
storage oscilloscopes are able to monitor on a highly
accurate time base the decaying signals from which
values of the ring-down times are subsequently
extracted by computer fitting of an exponential
function. In laboratory experiments, the wavelength
of the probe laser is usually scanned across the
spectral feature of interest and the CRDS absorption
spectrum is constructed by comparing the ring-down
times with those measured for a scan with the
absorber excluded from the cavity (see eq 6). Thus,
like conventional absorption spectroscopy, CRDS can
be configured to provide absolute measurements of
concentrations. However, for samples that are mix-
tures, absolute concentration measurements are only
achievable if the wavelength-dependent losses by
mechanisms other than absorption by the target
species are also known, i.e., all the other terms
contributing to the summation in eq 6. In the
atmosphere, these could, like the target molecule
itself, be highly variable, e.g., scattering by aerosol
particles or variation in the concentration of an
overlapping gas phase absorber. Thus, even if the
laser has sufficient tunability, it is unlikely to be
practical to obtain scans over the extended spectral
ranges typically used in DOAS field instruments to
measure molecules with broad absorption features
at visible and near-UV wavelengths.

Different strategies are employed instead. A target
species can be monitored by acquiring ring-down
times at carefully selected wavelengths by modula-
tion of the radiation between two wavelengths, the
peak and far wings of the molecule’s absorption band,
in both cases being careful to avoid wavelengths
where other species absorb. The absorber amount is
deduced from the variation in the ring-down times
on- and off-resonance and the difference in the
molecular absorption cross section including any
correction required to account for a change in mirror
reflectivity (though the potential remains for inter-
ference by variable aerosol scattering). Field instru-
ments based on tunable diode laser absorption spec-
troscopy (TDLAS) already use a related methodology
to obtain scans over a selected resolved ro-vibrational
transition of the target molecule, and it is likely that
future CW—CRDS field instruments based on ECDLs
will follow a similar strategy (though see the excep-
tion of ref 69 discussed in section 4.3).

Another approach is to measure the ring-down time
at a single wavelength at the peak of an absorption
band while modulating the concentration of the
target species, thereby side-stepping issues concerned
with the wavelength dependencies of any interfer-
ences. This method necessitates the rapid and selec-
tive removal of the target species from the sample
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flow without affecting the remaining constituents or
creating others that might contribute to absorption
or scattering at the single probe wavelength. As such,
this method must be carefully tailored to a specific
application, and measurements have been performed
with great success on NOz at 662 nm, modulating its
concentration by titration with NO, the reaction
selectively removing NO; during its residence time
(1 s) in the inlets of the instruments.5%74776 The
photolytic removal of NO3; from the sample has also
been proposed.””

For studies in the atmosphere, the advantage of
the above spectral or chemical modulation method-
ologies is that measurements are obtained more
frequently than would be possible when scanning
across the whole absorption spectrum, thereby al-
lowing the concentration of rapidly varying species
to be recorded. The disadvantage is that the absorber
amount is deduced from just two pieces of informa-
tion, which requires a foreknowledge of the potential
spectral or (photo)chemical interferences. Yet the
form of eq 6 suggests that where CRDS spectra are
obtained using a broad-band light source, the con-
tribution from the various absorbers to the spectrum
can be separated via DOAS methods using their
known absorption cross sections and any aerosol
scattering/absorption can be removed by spectral
stripping. Furthermore, the broad-band measure-
ments collect spectral information across the whole
absorption band simultaneously—in principle, in a
single laser shot—and thus are also able to monitor
rapidly changing concentrations. Cavity ring-down
spectroscopy using broad-band light sources, the
main subject of this review, is discussed extensively
from section 5 onward.

4.3. Cavity Ringdown Spectroscopy for
Atmospheric Studies

The high sensitivity demonstrated for laboratory-
based CRDS instruments (even multimode, where
the minimum detectable absorbance® is from 107 to
10719 cm™?) is attractive to those seeking to make
measurements of highly dilute absorbers—atmospheric
trace species in the case of the present authors. The
technique has become so widely implemented in
laboratory-based research that CRDS mirrors are
now commercially available with reflectivities of
>99.99% throughout the visible region of the spec-
trum and at certain wavelengths into the near-
infrared. Reflectivities in the near UV are at present
only a little less efficient. Thus, a compact (<1 m)
instrument can provide access to ring-down times
equal to many tens of microseconds for the empty
cavity (eq 5), equivalent to path lengths of 10 km or
more. These path lengths are comparable to those
employed by conventional long-path DOAS instru-
ments, although now the cavity length determines
the vastly smaller intrinsic spatial scale of the CRDS
measurement.

A large fraction of laboratory-based CRDS instru-
ments operating at visible and near-UV wavelengths
detect species that are also of atmospheric impor-
tance, some recent examples being NO,,5878-81 NO,, 7782
HONO,83 H20’67,84 OH’62,85787 Broy88,89 |O,90'91 and
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010.2 Some of the above papers report the first
proof-of-principle experiments en route to construc-
tion of a field instrument, while other authors with
no such ambitions nevertheless refer to the potential
applications of their studies for atmospheric mea-
surements. Moreover, all of the species in the above
list have been detected in the atmosphere by DOAS
(see section 3) and hence can be considered as
candidates for broad-band cavity ring-down studies.
So far, only NO,7® and NOs® from the above list have
been probed in this way: the other broad-band
experiments in the scientific literature and the spe-
cies probed by them are reviewed in section 5.

Given the efforts of so many investigators, it is
surprising that the literature contains few reports of
measurements made by CRDS in the field (as op-
posed to measurements, like the original cavity ring-
down demonstration,* made in the laboratory on a
controlled atmosphere). NOj is currently the molecule
of main interest, with three groups having con-
structed prototype instruments. Brown et al.”76.93
are the most advanced, having reported atmospheric
measurements made via the chemical modulation of
NOs. The ring-down times measured at the peak of
the 662 nm absorption band (and hence also the
sensitivity of their instrument) were increased through
the use of Teflon filters to remove aerosol from the
sample. This had the added benefit of decoupling
variations in (662 nm) from variations in atmo-
spheric aerosol, the drawback of the approach being
that the Teflon filters needed to be changed periodi-
cally. The instrument also provided the first in situ
measurements of atmospheric N,Os, this species
being the reservoir of atmospheric NOz. The N,Os
measurements were achieved by directing 50% of the
laser output through a second identical ring-down
cavity heated to 80 °C in which ambient N,Os was
thermally decomposed to NO3; and the latter mea-
sured in the same way. The sensitivity of the instru-
ment was 0.25 pptv (10) for both NO; and N,Os in a
5 s integration period.

Very recently, Simpson®® reported measurements
of N,Os performed in December 2002 and January
2003 at the University of Alaska in Fairbanks, AK,
where ambient conditions meant that the tempera-
ture-dependent equilibrium between NO3z; and N,Os
overwhelmingly favored the latter. The instrument’s
mode of operation shared several common features
with the Brown et al. instrument. N,Os was moni-
tored via measurements of NO; formed from its
thermal decomposition in a heated inlet. The amount
of NO; in the cavity was similarly quantified by
measuring ring-down times at a single fixed wave-
length at the peak of the molecule’s 662 nm absorp-
tion band while modulating its concentration by the
chemical reaction with NO. Again, the value of the
ring-down time and the reproducibility of the mea-
surements were increased by drawing ambient air
into the instrument through a Teflon filter. However
the light source was different: the instrument, which
was based on the prototype of King et al.,”” employed
an external cavity diode laser. The use of an ECDL
meant that the instrument was lightweight, compact,
and consumed a modest amount of electrical power.
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The detection limits demonstrated for the instrument
were 2.4 pptv for N,Os and 1.7 pptv for NO3 (both 20
limits for a 25s integration), only slightly poorer than
those of Brown’s instrument, which has a 50% longer
baseline ring-down time.

Ball et al.®? took a very different approach, using
a broad-band dye laser source and a two-dimensional
CCD detector. This instrument is discussed further
in section 5.2.2, and representative spectra of labora-
tory samples of oxygen and NOj are shown to aid the
discussion in sections 6 and 7. The resulting broad-
band absorption spectra were analyzed using the
DOAS methodology discussed in section 3, giving an
NO; sensitivity of 0.5 pptv for laboratory samples
(150 s integration time). The sensitivity was reduced
to ~2 pptv for ambient samples due largely to the
reduction in the ring-down times caused by aerosol
extinction (up to 1 x 107% cm™?), the values of which
were also quantified by the DOAS analysis. Although
the results have yet to be published, this instrument
has been deployed to measure atmospheric NO3; and
OIlO at Mace Head (Eire) during the North Atlantic
Marine Boundary Layer Experiment. To our knowl-
edge, this is the first occasion that broad-band cavity
ring-down spectroscopy has been taken into the field.

5. Cavity Ringdown Spectroscopy with
Broad-Band Light Sources

It is interesting to note that, but for the few
examples highlighted in the following sections, prac-
titioners of CRDS have deliberately sought to avoid
the use of spectrally broad radiation sources. For
example, Romanini and Lehmann® used an elevated
pressure of HCN to ensure that the width of its
rotationally resolved transitions were broader than
the 0.18 cm™! line width of the probe laser. In their
study of the spectroscopy of molecular oxygen near
1.27 um (pressure and Doppler broadened line width
of 0.098 cm™1), Newman et al.®® confined the analysis
of the ring-down signals to just the early part of the
decay where the effects due to the broader line width
of their laser (0.25 cm™) were minimized. These
investigators considered it necessary to take such
precautions because complications occur in CRDS
when the spectral width of the probe radiation is
similar to or wider than that of the molecular
absorption feature.®06185 Specifically, the ring-down
decays cannot satisfactorily be described by a single-
exponential function and hence attributed a unique
ring-down time—the decays are termed “multiexpo-
nential”. In turn, an attempt to fit a 1/e decay time
to a multiexponential ring-down event and then use
eq 6 to calculate an absorber amount would result
in the underestimation of the absorber’s true con-
centration (see section 6).

Notwithstanding the above discussion, analytical
treatment of multiexponential decays is readily trac-
table and importantly still yields quantitative mea-
surements of absorber amounts provided that the
spectral distribution of the radiation contributing to
the ring-down event is known.%° The primary disad-
vantage of broad-band compared to narrow-band
studies and the reason for the increased complexity
of the analysis is that the light source no longer
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determines the spectral resolution of the measure-
ment, hence the likelihood of multiexponential ring-
down decays must be explicitly incorporated into the
analysis procedure. However, the greater advantage
of using spectrally broad sources for atmospheric
studies is that, because information is collected
simultaneously over a wide range of wavelengths, the
DOAS methodology can be applied to fit the overlap-
ping absorptions contributing to the broad-band
CRDS spectrum including ill-defined aerosol absorp-
tion/scattering terms. The retrieval of absorber
amounts from the analysis of CRDS spectra obtained
with broad-band sources seems still to be in its
infancy (an easily implemented retrieval method is
discussed in some detail in sections 6.2 and 6.3).
Nevertheless, we hope to demonstrate in this review
that for atmospheric studies the disadvantages of the
increased complexity of the analysis method are
outweighed by the advantages afforded by the DOAS
methodology, especially when applied to the simul-
taneous detection of time- and wavelength-dependent
ring-down signals.

The literature contains only a few reports by
investigators who have employed truly broad-band
sources in their CRDS studies. Table 1 summarizes
these studies in order of publication date. The
criterion for inclusion in Table 1 is that the band-
width of the radiation source is at least an order of
magnitude greater than the width of the molecular
absorption features (so the studies referred to above®%
do not qualify). Several of the broad-band studies
sought to avoid the issue of multiexponential decays
altogether by reducing the dimensionality of the
experiment by either detecting time-dependent sig-
nals restricted to a narrow range or subset of
wavelengths or detecting time integrated or time-
gated signals dispersed in wavelength. These “one-
dimensional” studies are reviewed in section 5.1. In
contrast, section 5.2 reviews two related versions of
broad-band CRDS that used a two-dimensional de-
tector to resolve the radiation exiting the ring-down
cavity in both time and wavelength simultaneously.
This latter approach retains a major advantage of
conventional CRDS, namely, that the measurements
are independent of intensity fluctuations in the
output of the light source.

5.1. One-Dimensional Broad-Band Cavity
Ringdown Techniques

5.1.1. Fourier Transform Techniques

Engeln and Meijer® injected the output of a broad-
band dye laser (400 cm~! width centered at 763 nm)
into a CRDS cavity and employed a Fourier trans-
form spectrometer to select a subset of wavelengths
from the cavity output. The temporal evolution of
resulting multiexponential signal was recorded by a
photomultiplier tube as a function of the displace-
ment of the interferometer’'s mirror. This apparatus
was thus an example of the type shown in Figure 2a,
where part of the cavity output is selected before
being directed onto a time-resolved, wavelength-
integrating detector. After a number of hours of
acquisition at some 3000 discrete mirror displace-



Table 1. Summary of Literature Reports of Cavity Ringdown Instruments Using Broad-Band Light Sources

central bandwidth of  spectral width acquisition sensitivity
technique light source wavelength light source  of measurement detector time of spectra molecule per cm
Fourier transform  Nd:YAG pumped dye 763 nm 400 cm™t 760.5—767.7 nm  Fourier transform 4 h (200 decays at each of  oxygen 2.5 x 1077
cavity ring-down laser with grating in spectrometer prior to 3260 mirror positions) @
spectroscopy % zero order (50 Hz) PMT
Ring-down spectral Nd:YAG pumped dye 625—645 nm <0.1cm~1P  narrow band time-dependent cavity not given (single shot propane 2 x 1078 (single

measurement at 21
sequential wavelengths)2

(steps of 1 nm)P output dispersed by
rotating mirror

and imaged onto CCD

photography0t laser (20 Hz)

Pulse-stacked cavity free electron laser 5.38 um 25 nm 0.03 nm limited monochromator and liquid not given?
ringdown (11.8 MHz) by resolution of nitrogen-cooled HgCdTe
spectroscopy®® monochromator  detector
Cavity ringdown Nd:YAG pumped 420 nm 25 nm 415-433 nm spectrograph and CCD not given
spectrography’® broadband dye laser camera with image
intensifier gated at
consecutive time delays
Broad-band cavity = Nd:YAG pumped broad- 660 nm 30 nm 650—670 nm spectrograph (0.45 nm 12 min
ringdown band dye laser (20 Hz) resolution ) and clocked
spectroscopy?®? CCD camera
Broad-band ring- Nd:YAG pumped (i) 630 nm >15 nm (i) 625—641 nm cavity output dispersed in  single shot
down spectral broadband dye laser time by a rotating mirror
photography102 and in wavelength by a
diffraction grating
(1.5 cm~! resolution),
(ii) 690 nm (ii) 686—695 nm then imaged onto CCD
Cavity ring-down Ti:Al,O5 & optical 1500cm~t  15cm? 1.5cm~1limited spectrometer and liquid not given (100 s per
spectroscog)y of parametric amplifier by resolution of nitrogen-cooled HgCdTe spectral point; typically
thin films®6 (1 kHz) with difference spectrometer detector 41 points per spectrum)?
frequency mixing
Fourier transform xenon arc lamp (CW) white light  white light  763.4—766.6 nm  Fourier transform not given (5 recordings
phase shift cavity modulated in intensity source source spectrometer (resolution of in- & out-of-phase
ringdown (100 kHz) 0.5 cm™1) and PMT interferograms at 2000
spectroscopy®’ mirror positions)2
Incoherent broad- xenon arc lamp (CW) white light  white light (i) 627.7— monochromator and diode (i) 25 s or 500 s
band cavity- source source 630.3 nm array; resolution is (i)
enhanced 0.026 nm and (ii) 1.2 nm
absorption
spectroscopy19 (ii) 628—670 nm (i) 90's
Broad-band cavity = Nd:YAG pumped (i) 690 nm 30 nm (i) 686—692 nm spectrograph and clocked (i) 150 s
ringdown broadband dye laser CCD camera; resolution
spectroscopy, (20 Hz) is (i) 0.1 nm fwhm
this work (ii) 660 nm (ii) 650—670 nm and (ii) 0.2 nm fwhm (i) 130 s

water vapor

NO;

NOs

(i) propane

(ii) oxygen

Ceo film on
BaF; substrate

oxygen

(i) oxygen

(ii) azulene

(i) oxygen

(ii) NO3 and
water vapor

wavelength)

2 x107°

1x 10°5¢

4.7 x 107°

(i)2 x 1078
at 636 nm

(ii) not given

1.3 x 1077 per
pass of sample

not given but
better than
1 x 10°6¢

not given but
better than
1 x 1077 for
oxygen¢

(i) 6.3 x 109

(i) 1.2 x 109

a The acquisition time was determined largely by the scan rate of the monochromator/spectrometer or the laser. ® Although this proof-of-principle investigation was performed with
a narrow-band laser, the potential for use of a broad-band source was discussed at length and demonstrated in later experiments. ¢ Sensitivity estimated from data given in the

report. Where insufficient data was given, an order of magnitude estimate of the sensitivity is made from the quality of the published spectra.
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(A)
ringdown cavity
I 1 wavelength time
Iti);?\?it;i?cde 9\&% l‘ —>>| selection —>>| resolved
detection
mirror 1 mirror 2
(B)
ringdown cavity
broadband wavelength diode
9|Z > E —3>| dispersion array
mirror 1 mirror 2

Figure 2. Schematic diagrams of one-dimensional broad-
band cavity ring-down techniques. (A) Time-dependent
detection of ring-down signals due to a preselected subset
of wavelengths. (B) Time-integrated or time-gated detection
of ring-down signals dispersed in wavelength.

ments, the complete data set was rearranged into
arrays having the same time bin but different mirror
displacement. The arrays were then Fourier trans-
formed to yield time-dependent spectral intensity
distributions. Ringdown times and thus an absorp-
tion spectrum of molecular oxygen were extracted
from fits to data points of the same wavelength
drawn from sequential time-dependent spectra. In
terms of the radiation employed, this Fourier trans-
form CRDS method is unquestionably a broad-band
technique. However, the method does not provide
simultaneous measurement of the cavity output in
both time and wavelength because the data from
which the ring-down decays are composed were
collected at sequential mirror positions. In fact, the
acquisition time of the full spectrum (4 h) is currently
too long for monitoring short-lived atmospheric radi-
cals, and it is likely that measurements of longer-
lived species by this method would be compromised
by variations in other absorption terms (e.g., aerosol
scattering).

In a separate paper, one of the original authors and
his colleagues®” report an extension of the methodol-
ogy in which a Michelson interferometer was placed
before the ring-down cavity and used to preselect the
frequencies of radiation entering the cavity. This too
is a variant on the generic apparatus depicted in
Figure 2a, except here the wavelength-dependent
selection of the radiation is performed earlier in the
optical train. In addition, the intensity of the light
source was modulated and the phase shift in the
output of the ring-down cavity monitored using a
photomultiplier tube. Again, it was necessary to
acquire data at a number of mirror positions (ap-
proximately 2000) before a complete spectrum of the
sample could be obtained. The experiment is thus an
analogue of phase shift cavity ring-down spectros-
copy®® using broad-band radiation to record, in this
instance, a 3.5 nm section of b 1Z;* (V' = 0) < X 3%~
(v"" = 0) band of molecular oxygen near 765 nm. The
especially exciting development in this work is the
white light source: a Xe arc lamp, which produced
incoherent radiation over a very wide spectral range.

5.1.2. Wavelength-Selected Techniques

A second approach was adopted by Crosson et al.%
who used pulses from a free electron laser (25 nm
fwhm centered at 5.38 um) to record an absorption
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spectrum of water vapor. To avoid multiexponential
decays, a monochromator was required to resolve the
cavity output into separate narrow (0.03 nm) wave-
length ranges incident sequentially on a single
HgCdTe detector. The ring-down decays were thus
recorded in a time-resolved manner, integrated in
wavelength over the narrow range transmitted by the
monochromator (see Figure 2a). Marcus and Schwet-
tman®® used the same strategy in their study of the
mid-infrared absorptions of thin films of Cg. The
radiation generated by frequency mixing using a
seeded Ti:Al,O3 regenerative amplifier and optical
parametric amplifier laser system was tunable in the
range 1000—3300 cm~! and had a bandwidth of ~15
cm~L. A portion of the radiation transmitted through
the ring-down cavity was selected by a spectrometer
(resolution 1.5 cm™t) and detected in a time-resolved
manner by a single HgCdTe detector. Again, the
sample’s spectrum was built up from a series of ring-
down decays recorded at discrete steps of the spec-
trometer with the occasional retune of the laser
frequency.

Both experiments discussed above®%° are effec-
tively narrow-band CRDS where the monochromator/
spectrometer (not the light source) determines the
wavelength and bandwidth of the measurement.
Indeed, neither group was attempting broad-band
detection; rather they were seeking to demonstrate
other aspects of CRDS (pulse stacking to increase the
cavity transmission® or CRDS on thin films®¢) with
lasers sources that were spectrally broad for unre-
lated reasons. While the above approach avoids
multiexponential ring-down decays, it is however
fundamentally inefficient in terms of making full use
of the intensity emitted by the light source because
output at wavelengths outside the range selected by
the dispersive element is excluded from the detector.

5.1.3. Spectrally Resolved Techniques

Czyzewski et al.”® demonstrated cavity ring-down
spectrography using broad-band radiation from a Nd:
YAG pumped dye laser. Broad-band radiation around
420 nm (15 nm fwhm) was passed through the ring-
down cavity and dispersed in wavelength by a spec-
trograph. The wavelength-resolved spectrum of the
cavity output was detected at a well-defined delay
with respect to the laser pulse using a charge-coupled
device (CCD) with a gated image intensifier. The gate
width was typically 50 ns. This apparatus is an
example of the type shown in Figure 2b, where the
full bandwidth of the light source is used for each
measurement. However, the gating of the image
intensifier permitted a wavelength-resolved spectrum
to be acquired at just one time delay within the ring-
down event. Thus, Czyzewski et al. built up the
temporal evolution of the cavity output over a num-
ber of laser shots by acquiring wavelength-resolved
spectra for consecutively gate delays. Only once this
process was complete could ring-down times be
extracted from the data set. Even then consecutive
data points along the decay trace derived from
different laser shots, meaning that shot-to-shot varia-
tions in the laser output added noise to the decay and
hence uncertainty to the fitted ring-down time.
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Consequently, cavity ring-down spectrography in its
present incarnation has lost one of the great advan-
tages of cavity ring-down spectroscopy, namely, that
the time constant of the ring-down transient is
insensitive to intensity fluctuations of the laser.

Czyzewski et al. demonstrated their technique on
a sample of 0.01 Torr of NO, (a mixing ratio of
approximately 10 ppmv). The relative uncertainty
quoted for the determination of the sample’s absor-
bance was about 5%, which, assuming an average
absorption cross section of 6 x 107'° cm? molecule*
for NO, in the region 415—433 nm,?! equates to a
sensitivity of approximately 1 x 1075 cm™t. This is
modest by comparison with other narrow-band CRDS
measurements of NO, 88788081 and is largely attribut-
able to the relatively low reflectivity of the cavity
mirrors (99.8% at 410 nm decreasing to 99.0% at 440
nm).

Incoherent broad-band cavity-enhanced absorption
spectroscopy (IBBCEAS)' s the broad-band CRDS
application most closely analogous to long-path DOAS.
This is another example of the type of experiment
shown in Figure 2b. Here, the cavity was illuminated
by light from a continuous wave (CW) xenon arc
lamp—an incoherent light source frequently em-
ployed in DOAS systems. In effect, the large paths
traveled through the sample while the photons were
confined to the cavity substituted for the extended
optical path of the DOAS instrument. Photons leak-
ing from the cavity were dispersed in wavelength by
a monochromator and imaged by a diode array in
much the same way as the return signal from a
DOAS retro-reflector would be processed. The result-
ing time-averaged spectrum of intensity versus wave-
length was, subject to certain caveats, used together
with a similar spectrum obtained for an empty cavity
(i.e., purged with a nonabsorbing gas) to obtain the
wavelength-resolved absorbance of the sample. In-
deed, in their paper, Fielder et al. show broad-band
absorption spectra of oxygen and azulene obtained
in the laboratory with sensitivities substantially
better than 107 cm~2. The method is elegantly simple
in design and shows considerable promise because
the apparatus would almost certainly be sufficiently
robust for atmospheric field measurements.

The caveats alluded to above present obstacles to
the measurement of absolute absorber amounts using
this one-dimensional measurement of time-inte-
grated intensity versus wavelength. Germane to the
present discussion, Fielder et al. noted that their
technique was affected by fluctuations in the inten-
sity of the light source. It was particularly important
that the lamp preserved its spectral intensity distri-
bution for the duration of the measurements, al-
though the authors proposed a twin-beam instrument
in which the spectral distribution of the lamp can be
monitored and used to correct for such variations.
Moreover, like cavity-enhanced absorption with nar-
row-band lasers,”?> IBBCEAS provides absolute ab-
sorption measurements only if the reflectivity of the
cavity’s mirrors is known as a function of wavelength
across the bandwidth of the measurement. The
mirror reflectivity is either measured directly via
conventional CRDS (for example, Fielder et al. used
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Figure 3. Schematic diagrams of (A) ring-down spectral
photography (RSP) and (B) broad-band cavity ring-down
spectroscopy (BBCRDS).

a scanned monochromatic source) or deduced from a
IBBCEAS calibration spectrum of a known amount
of an absorber with known cross section. Conse-
qguently, in its present demonstration, IBBCEAS is
not a “stand alone” technique.

5.2. Two-Dimensional Broad-Band Cavity
Ringdown Techniques

5.2.1. Ringdown Spectral Photography

In 1998, Scherer devised a technique he termed
ring-down spectral photography (RSP)*! in which
radiation from a ring-down cavity was dispersed in
time and wavelength and then imaged onto a two-
dimensional detector array. The RSP apparatus is
shown in Figure 3a. Radiation leaking from the ring-
down cavity first encountered a mirror rotating at
up to 6000 revolutions per minute. A sensor on the
mirror mount’s drive spindle was used to monitor the
rotational period and to provide a trigger for the laser
system. Upon reflection from the rotating mirror, the
radiation was projected onto a diffraction grating
such that its physical position on the grating was
related to a time delay with respect to the laser pulse.
The radiation was then dispersed according to its
wavelength by the diffraction grating. The net result
was the spatial dispersion of radiation along mutu-
ally perpendicular axes according first to the time it
left the cavity and second its wavelength. Finally, the
spatially dispersed cavity output was imaged onto a
CCD camera. Thus, RSP achieved simultaneous time
and wavelength resolution of the cavity output and
consequently is a two-dimensional technique.

Ringdown spectral photography was demonstrated
initially in a proof-of-principle study on propane.t0?
The study used a sequence of discrete wavelengths
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generated by tuning a conventional narrow-band dye
laser in steps of 1 nm to mimic a broad-band source.
At each step, the (monochromatic) cavity output was
imaged to form a “streak” on the CCD where the
position of the streak along the perpendicular axis
of the CCD depended on the wavelength of the laser
radiation. The spatially displaced decay steak images
recorded in this way, one for each wavelength of the
laser, were merged together to reveal the full spectral
photograph at a resolution of 1 nm (see Figure 5 of
ref 101).

Following refinement of the RSP instrument, a
further study!®? in 2001 used broad-band radiation
(0.13—0.5 mJ per pulse) from a YAG-pumped dye
laser to record complete spectral photographs in a
single laser shot. The ring-down cavity (d = 52 cm)
consisted of two mirrors with reflectivities of ap-
proximately 99.99% near 630 nm and 99.96% near
690 nm. Impressive spectral photographs were pro-
duced of the 5th overtone of a C—H stretch in
propane (which appears as a broad absorption band
due to state congestion) and the rotationally resolved
b 1Z," (v = 1) — X 3%, (v"" = 0) electronic transition
in molecular oxygen. The spectral photograph of
propane spanned the range 626—640 nm, while that
of oxygen covered wavelengths 686—695 nm. The
images were recorded on a subset of 640 x 480 pixels
of a larger uncooled CCD, each pixel being 8 um x 9
um in size. The combination of the pixel size and the
dispersion of the diffraction grating allowed spectral
photographs to be acquired with a resolution up to
1.5cm™t. Thus, individual rotational lines are clearly
visible in the spectral photograph of the oxygen
sample (see Figure 5 of ref 102).

Scherer et al. also demonstrated that it was pos-
sible to extract quantitative absorption spectra from
spectral photographs by fitting an exponential decay
to the light intensity recorded in narrow slices of the
image taken along the wavelength axis. An absorp-
tion spectrum of the propane sample was constructed
in this way using slices from every 20th pixel and
showed excellent agreement with an absorption
spectrum of the same sample recorded by conven-
tional step-scanned CRDS using a narrow-band dye
laser. The uncertainty in the measured absorption
deduced from the slice of the RSP image at 636 nm
was estimated to be 2 x 1078 cm~1. This value is
comparable with the sensitivity achievable by nar-
row-band CRDS in a single shot. However, impor-
tantly RSP produced a vast saving in acquisition
time, having acquired the whole spectrum during a
single pulse of the broad-band laser. The next step
in the analysis would have been to demonstrate
explicitly the quantitative nature of RSP by, for
example, deducing the concentration of propane in
the sample from a spectral fit of the absorption
spectrum. Presumably the only reason Scherer et al.
did not do so was because the wavelength-resolved
cross sections were unavailable. Retrieval of the
absorber amount from the spectral photograph of
oxygen (for which the spectroscopy is known with
great certainty) would have been more difficult—more
on this topic in section 6.
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In the present instrument, rotation of the mirror
through just a few degrees of an arc was sufficient
to disperse the cavity output across the full frame of
the CCD. Although the stability of the mirror’s
motion was measured to be better than 15 ns per
degree within a single revolution, the mechanism’s
driving motor possessed a long-term stability insuf-
ficient to permit light from successive ring-down
events to be overlaid on the detector. Consequently,
RSP by this method remains, to date, a single-shot
technique. Scherer et al. noted that it is desirable to
average a number of ring-down events to reduce
fluctuations in the in the RSP images, particularly
for those observed in the oxygen studies. It is possible
that this could be done postacquisition by an analysis
routine that realigns and then combines multiple
images, though such a process would be time-
consuming. Furthermore, the rate-limiting step in
the acquisition of the spectral photograph from each
laser shot is the process of reading the images from
the CCD. Whereas the ring-down event is complete
within a few hundred microseconds, the time taken
to download an image from a CCD camera is of the
order of one second. Though it can also be run in
single-shot mode, the next related technique, devel-
oped independently, includes the capability to overlay
and thus average directly the contributions from
many ring-down events on the two-dimensional
detector. The technique therefore acquires ring-down
events with much greater frequency leading to an
improved sensitivity within a given integration time.

5.2.2. Broad-Band Cavity Ringdown Spectroscopy

In 2001, we reported® studies on the NO;3 radical
by broad-band cavity ring-down spectroscopy
(BBCRDS) in which the cavity output was resolved
in both time and wavelength simultaneously and
imaged on a clocked two-dimensional charge-coupled
device (CCD) detector. A schematic of the BBCRDS
instrument is shown in Figure 3b. The absorption
spectra of molecular oxygen, NOs, and mixtures of
NO3 and water vapor presented to aid the discussion
in later sections of this review were obtained with a
refined version of this instrument with significantly
improved sensitivity compared to our original work.

Pulsed broad-band radiation (~5 mJ) was gener-
ated from a longitudinally pumped dye and Nd:YAG
laser system operating at 20 Hz. The tuning grating
had been removed from the dye laser cavity,*® and
in this way laser radiation covering a continuous
range of >30 nm was generated dependent on the
gain curve of the dye. The cavity consisted of two
identical plano-concave mirrors separated by about
150 cm depending on the application. Two mirror
pairs were used, both having their peak reflectivity
close to 670 nm: approximately 99.995% the older
pair used for the NO;3 studies and 99.999% for those
of the oxygen studies. In both cases, the mirror
reflectivity was found to vary smoothly with wave-
length, a result that, where it occurs, can be used to
advantage in the differential analysis of the ring-
down spectra (section 6.3). Light exiting the ring-
down cavity was collected and conveyed via an optical
fiber to an astigmatic imaging spectrograph, and the
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Figure 4. Schematic diagram of the principles of CCD operation. (A) Incident light is converted into photocharge (X) and
stored in potential wells on the silicon layer. Three sets ofparallel transfer electrodes (shown as 1, 2, and 3 in both parts
of A) are then charged cyclically to maintain a potential gradient across the device and push charge from pixel to pixel
(X—Y). Finally, when photocharge from the first pixel has traversed the whole device, the charge is read out from the
readout register to the output amplifier (Z). The voltage clocking sequence is shown on the right. (B) This illustrates how
multiple spectra can be integrated on the CCD. (i) Photons from the cavity output are dispersed by the spectrograph and
converted into photocharges on pixels in the unmasked part of the CCD. (ii) Time- and wavelength-resolved spectra are
built up as photocharges are transferred downward by the clocking sequence. (iii) Once the complete ring-down event is
recorded, charge is reverse clocked (upward in this case) to bring the first spectrum back to its original position to await

a further capture sequence.

output image of the spectrograph was projected onto
a clocked CCD perpendicular to the fast transfer axis.
The laser was pulsed on a delayed trigger so that the
clocking sequence initiated before radiation entered
the cavity. The spectral resolution of the instrument
was determined primarily by the choice of spec-
trograph grating and entrance slit width and was 0.1
and 0.2 nm fwhm in the O, and NO; studies,
respectively. An imaging spectrometer, which uses
torroidal mirrors to correct the spherical aberration
inherent in the Czerny—Turner optical arrangement,
was required so that the spectrum was not dispersed
along the time axis, as this would have degraded the
time resolution achievable.

Figure 4 illustrates the operation of the unique
component of this instrument: the clocked CCD. A
detailed account of CCD technology is given by
Dereniak and Crowe.'%® The CCD chip itself was a
512 x 1024 array of 15 um square pixels divided into
image and storage areas of 512 x 512 each. Photo-
charge generated by the incident radiation and
constrained by potential wells within each pixel was
transferred efficiently (>99.9999%) between rows of
CCD pixels in either direction by applying suitably
phased voltages to the electrodes along one of the
axes of the pixel array. The timing and sequence of
these phased voltages along the time axis of the CCD
are referred to as a clocking sequence (Figure 4A).
Thus, the time-resolved spectra obtained in one
transit of the chip were returned to their starting
positions after the ring-down trace measurement to
await the next laser pulse (Figure 4B). A mask was

also used to prevent illumination of the unexposed
parts of the CCD and to improve the definition of the
10 rows of pixels exposed to the incident radiation.
With a maximum clocking rate of 0.5 us per row, the
instrument had a time resolution of 5 us. Readout of
charge from the CCD introduced a small source of
noise; however, the electronics of the detection system
were configured to allow the on-chip integration of
ring-down events due to <255 laser pulses prior to
readout, thus significantly increasing the ratio of
signal to readout noise. The on-chip integration of
many ring-down events gave the present system a
further significant advantage over the single-shot
RSP apparatus'®®192 pecause BBCRDS spectra are
produced wherein shot-to-shot variations due to
cavity mode beating have been averaged out.
Representative spectra obtained with this instru-
ment are presented in sections 6 and 7 as illustra-
tions both of the capabilities of cavity ring-down
techniques using broad-band radiation and of some
of the pit falls involved in the analysis of such spectra
to yield absorber amounts. The quantitative retrieval
of absorber amounts is, of course, a necessary re-
qguirement for the use of broad-band instruments in
atmospheric observations but, as far as we are aware,
has only been reported in the literature for NO;z in
laboratory samples.®? Compared to NOgz, the narrow
and optically thick absorption lines of atmospheric
oxygen and water vapor present particular challenges
to the spectral analysis. In sections 6.2 and 6.3 we
present an easily implemented retrieval method
based on a linear fit to the changing absorption cross
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sections presented by molecular absorbers as the
intracavity radiation travels increasing large path
lengths back and forth between the cavity mirrors.
This fitting procedure is demonstrated for spectra of
the b — X transition in molecular oxygen and applied
in section 7.2 to the fitting of the water vapor
structure that overlaps the 662 nm absorption band
used to quantify atmospheric NOz;. The conclusions
reached in these discussions are equally relevant to
the analysis of spectra from other broad-band ver-
sions of the cavity ring-down technique.

6. b < X Bands of Molecular Oxygen—A Test
Case for Broad-Band Studies

The first (narrow-band) cavity ring-down spectrum
reported by O’Keefe and Deacon, the originators of
the technique, was of the b 1Z,* (V' = 1,2) — X 3%,
(V"' = 0) transitions of molecular oxygen.*® Since then,
several researchers have also chosen to use the
fundamental (760 nm) and overtones (690 or 630 nm)
of oxygen’s atmospheric bands to demonstrate their
particular advances in the field of cavity ring-down
spectroscopy:

(1) Phase shift cavity ring-down spectroscopy®—
Engeln et al., 1996;

(2) Fourier transform cavity ring-down spectros-
copy®®—Engeln & Meijer, 1996;

(3) Cavity-enhanced absorption and cavity-en-
hanced magnetic rotation spectroscopy’>—Engeln et
al., 1998;

(4) Integrated cavity output analysis'®—QO'Keefe,
1998;

(5) Pulsed single-mode cavity ring-down spectros-
copy®3—van Zee et al., 1999;

(6) Broad-band ring-down spectral photography*°>—
Scherer et al., 2001,

(7) Fourier transform phase shift cavity ring-down
spectroscopy®’—Hamers et al., 2002;

(8) Incoherent broad-band cavity-enhanced absorp-
tion spectroscopy'®°—Fiedler et al., 2003.

Other groups have also applied CRDS to investi-
gate the spectroscopy of these transitions for the
oxygen isotopomers'® or employed the bands in
order to test or optimize their apparatus.’19197 The
spectroscopic line parameters?!’ for these transitions
are known accurately and, though weak in terms
of conventional absorption spectroscopy, the line
strengths are such that ring-down spectra can be
obtained with excellent signal-to-noise ratios using
only relatively modest cavity mirrors. However, the
fine structure of the bands (line widths ~ 0.1 cm™?
fwhm) cannot be fully resolved by any of the broad-
band instruments reviewed in section 5. Additionally,
these absorptions are optically thick at the very long
optical path lengths accessible in cavity ring-down
methods leading to non-Beer—Lambert law behavior,
the correct treatment of which provides an exacting
test of any analysis procedure that seeks to retrieve
guantitative absorber amounts from broad-band cav-
ity ring-down spectra. These complications are dis-
cussed further in section 6.1 et seq which uses the
analysis of a broad-band spectrum of oxygen as an
example to illustrate the quantitative nature of
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Figure 5. Cavity ring-down spectroscopy in two dimen-
sions—A sample of 10% oxygen in nitrogen. The upper
panel contains a plot of the wavelength- and time-depend-
ent optical density, OD(i,j), measured by each pixel (see
text). The optical density corresponds with color as fol-
lows: red/orange, OD(i,j) = 0, yellow = 1, green = 2, blue
= 3. The horizontal and outer vertical scales give the (i,j)
pixel coordinates along the wavelength-dispersed and
clocked axes of the CCD detector, respectively. The inner
vertical axis gives the time delay for the clocking speed of
1.5 us per pixel row. The lower panel shows the absorption
cross sections of molecular oxygen from a line-by-line
calculation using line parameters from the HITRAN da-
tabasel” (wavelengths are in a vacuum). The assignment
of the rotational structure in the P and PQ branches is also
shown.

broad-band CRDS techniques even under spectro-
scopically unfavorable conditions.

Figure 5 shows an example of results obtained
using our CCD detection system to monitor output
from the cavity simultaneously as a function of
wavelength and delay time. The upper panel of
Figure 5 shows a contour map of the optical depth
for a laboratory sample of 10% O, diluted in N, at
760 Torr. Note that the time dependence of the
optical depth is a result of the time-dependent path
length as light travels back and forth within the
cavity, rather than any change in the absorber
concentration. The optical depth was calculated from
the natural logarithm of the ratio of the counts
registered by each pixel for spectra recorded first by
flowing the O,/N, mixture through the cavity (sample)
and then flushing the cavity with pure N, (flush),
following the subtraction in both cases of any dark
count signal

countsggn(i.j)
countssample(i -J)

OD(i,j) = In (7)

The horizontal scale and the outer vertical scale
of the color plot give the (i,j) coordinates of the ith
pixel along the wavelength dispersed axis of the CCD
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for the jth step of the clocking sequence. The clocking
speed was 1.5 us per pixel row, and the inner scale
of the vertical j-axis gives the time delay after the
laser pulse (160 us corresponds to an optical path
length of 48 km). Taking the ratio as in eq 7 removes
contributions to the measured optical depth from
losses that are common to both the sample and the
flushed cavities, i.e., mirror absorption and transmis-
sion losses, and molecular Rayleigh scattering at one
atmosphere pressure (Rayleigh scattering by O, and
N is assumed to be the same: a difference would in
any case result only in a smoothly varying continuum
absorbance that would be removed by the DOAS
analysis that follows). Figure 5 was composed using
data averaged from 10 sample and 10 flush spectra,
each spectrum being the on-chip integration of 255
ring-down events. The total acquisition time for the
batch of 10 sample spectra (2550 ring-down events)
was approximately 150 s including the time taken
to read the images from the CCD. The batch of 10
flush spectra took another 150 s to acquire, though
for a sequence of measurements it would usually be
necessary to acquire flush spectra only periodically
to check for degradation in the reflectivity of the
cavity mirrors.

The wavelength calibration for the data in Figure
5 was provided by comparison of the differential
structure of the measurement with oxygen absorption
cross sections obtained from a line-by-line calculation
at the appropriate temperature and partial pressures
of O, and N,. The lower panel of Figure 5 shows the
absorption cross sections calculated at high resolution
using line parameters given in the HITRAN spectral
database.!” Compared to the measurement shown in
the contour plot above, the calculated cross sections
exhibit clearer differential structure because they are
not limited by the resolution of the present instru-
ment.

To confirm the quantitative nature of broad-band
CRDS techniques, it is necessary to compare the
concentration of O, deduced from spectral fitting of
the measurement shown in Figure 5 with the known
O, amount in the sample. However, before fitting the
data, we review the processes that lead to non-Beer—
Lambert law behavior and hence multiexponential
decays in broad-band cavity ring-down measure-
ments that are unable to fully resolve the spectral
transitions. We use the data shown in Figure 5 as
our example.

6.1. Multiexponential Ringdown Decays in
Broad-Band CRDS

As noted in section 4, a significant complication
arises in the analysis of cavity ring-down spectra if
the spectral width of the probe radiation is compa-
rable to or exceeds the widths of the molecular
absorption features.®° The analogous issue for broad-
band studies is whether the spectral resolution of the
detection system is sufficient to fully resolve the
molecular absorption features. We have already
stated that the spectral resolution (0.1 nm fwhm)
of the instrument that acquired the data in Figure 5
is more than an order of magnitude larger than the
width of the oxygen absorption lines (~0.1 cm™*
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Figure 6. Origin of multiexponential ring-down decays—
A simulation for 10% oxygen at atmospheric pressure. The
upper panel shows the range of wavelengths incident on
pixels n; and n; due to the instrument resolution (repre-
sented by a Gaussian of 0.08 nm fwhm and unit amplitude
centered at 691.32 and 691.51 nm). The cavity output
sampled onto these pixels is shown at intervals of 15 us,
assuming that oxygen is the only structured absorber
within the sample and that the ring-down time of the cavity
is 180 us without absorption by O,. Here, the instrument
function is more than an order of magnitude wider than
the oxygen absorption lines. The lower panel shows the
natural logarithm of the total signal recorded by pixels n;
and n, as a function of time, calculated from the area under
the curves of decaying amplitude in the upper panel.

fwhm, equivalent to 0.005 nm at 690 nm). A similar
comment applies to the other broad-band instru-
ments reviewed above (Table 1).

Figure 6 illustrates how the limited spectral reso-
lution of a broad-band instrument leads to multiex-
ponential ring-down decays, in this case in a simu-
lation for sample of oxygen. (Note that the same effect
arises in conventional narrow-band CRDS where the
molecular absorption lines are narrower than the line
width of the laser.) The simulation treats the instru-
ment function as a Gaussian of 0.08 nm fwhm, shown
in the upper panel of Figure 6 as the two broad
features of unit amplitude for pixels i = n; and n,.
(In the pixel coordinates of Figure 5, n; = 414
corresponds to A = 691.32 nm and n, = 428 corre-
sponds to 4 = 691.51 nm). The first of these pixels
records cavity output where there is no %0, struc-
ture, although there are very weak features due to
the less abundant O, isotopomers. However, the
second pixel receives cavity output attenuated by the
N"” = 17 line of the PQ branch of 10,. The nested
curves of decreasing amplitude show the calculated
time evolution of the spectral energy incident on
these pixels at intervals of 15 us. The calculation
assumed that the only structured absorption was that
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by 10% O in N, at atmospheric pressure and used a
ring-down time of 180 us to account for the combina-
tion of mirror losses and Rayleigh scattering.

The signal recorded by each pixel column during
ring-down decay corresponds to the integrated area
under the nested curves shown in the upper panel
of Figure 6. The natural logarithm of this signal is
plotted as a function of time in the lower panel. For
i = ny, this appears as a straight line because all
wavelength components within the envelope of the
instrument function decay at a single rate deter-
mined in this simulation entirely by the reflectivity
of the cavity mirrors and Rayleigh scattering. This
is the familiar case of a ring-down decay that is a
simple exponential function, and a fit to these data
returns the ring-down time of 180 us previously
assumed in the calculation. For pixel column i = ny,
however, cavity output on-resonance with the O,
absorption feature decays far more rapidly than
radiation at other wavelengths also sampled by this
pixel column. Hence, the ring-down signal cannot be
adequately described by a single-exponential function
and the logarithm of signal versus time shows
pronounced curvature.

As noted at the beginning of section 5, narrow-band
CRDS measurements have been made successfully
under conditions where the spectral width of the
probe radiation exceeds that of the molecular absorp-
tion features by ensuring that the absorption by the
sample was small.59% A convenient way to arrange
this was to consider only those data acquired for
relatively few passes of the cavity (i.e., at short times,
t < 7). This was equivalent to deducing a ring-down
time from the gradient of the decaying signal at the
short time limit. However, such an option is undesir-
able for broad-band ring-down measurements in the
atmosphere because it would severely compromise
the sensitivity of a measurement that relies on the
very long path lengths accessible by the CRDS
technique. Therefore, the analysis of broad-band ring-
down spectra requires the presence of multiexponen-
tial ring-down decays to be considered explicitly. In
the current analysis this is achieved through the use
of an effective or linearized absorption spectrum.

6.2. Linearization of Absorption in Broad-Band
CRDS Spectra

One approach to the analysis of broad-band CRDS
spectra could be to fit the two-dimensional (time,
wavelength) absorption measurement to calculations
using a suitable nonlinear multivariable least-
squares approach into which a high-resolution line-
by-line transmission code has been embedded. In
other words, a simulation akin to that in section 6.1
could be run iteratively for the oxygen concentration
until the rate, and especially the curvature, in the
simulated decays matched the experimental data for
all wavelength bins of the CCD detector. However,
an equivalent and computationally much less costly
approach, and the one suggested here, is to use an
effective or linearized absorption cross section for the
molecular absorber at the resolution of the instru-
ment that accounts accurately for the apparent
change in absorption cross section during the ring-
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Figure 7. Transmission spectra calculated for column
amounts of oxygen encountered by photons confined within
the cavity for 15, 30, ..., 135 us, equivalent to optical path
lengths of 4.5, 9.0, ..., 40.5 km. The lighter gray lines are
high-resolution transmission spectra calculated using the
oxygen absorption cross sections from a line-by-line calcu-
lation. The thicker black lines are the corresponding
transmission spectra at the resolution of the BBCRDS
instrument obtained from a convolution of the high-
resolution transmission spectra with the measured instru-
ment function (see text).

down period due to saturation of the absorption
process at line center. Linearized cross sections are
produced in the following manner.

Step 1. Column amounts of the absorber, u(t),
encountered by the intracavity radiation as it is
reflected back and forth within the cavity are calcu-
lated for an initial trial value for the absorber
concentration, Xo, for times t spanning the range of
the ring-down signal

u(t) = x,ct (8)

where c is the speed of light. High-resolution absorp-
tion cross sections produced from a line-by-line
calculation, (1), are then used to calculate the
transmission spectrum for each column amount of the
absorber

trans(4,t) = exp[—o(A)u(t)] (9)

The lighter traces in Figure 7 show examples of
high-resolution transmission spectra in the portion
of the oxygen spectrum between 690.95 and 691.75
nm, calculated in intervals of 15 us for times t = 15—
135 us for a sample of 10% O, at atmospheric
pressure. The region includes the N = 15 and 17
lines of both the P and PQ branches of 160, (the other
weak transitions are due to the less abundant isoto-
pomers). It is clear from Figure 7 that the radiation
at the line centers is highly attenuated: the trans-
mission at line center is approximately 0.2 even for
the earliest spectrum at t = 15 us.

Step 2: The high-resolution transmission spectra
at each time step are independently convolved with
the instrument function to yield time-dependent
transmission spectra degraded to the resolution of
the instrument, transins:(4,t). This latter set of spectra
is shown as the solid black curves in Figure 7.

Step 3: The procedure now is to produce linearized
absorption cross sections from the variation of
transins(4,t) with u(t) at the center wavelength ap-
propriate for each pixel column of the detector. The
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Figure 8. Transmission of the 10% oxygen sample at the
resolution of the BBCRDS instrument versus the column
amount of the absorber encountered by radiation trapped
in the cavity for 15, 30, ..., 135 us. The upper and lower
panels are for wavelengths off- and on-resonance with a
strong absorption line, respectively, and the solid points
are taken directly from the transmission spectra of Figure
7 at the appropriate wavelengths. At A = 691.32 nm, where
absorption by oxygen is weak, the linear relationship
indicates that the absorption can be described by a constant
cross section. However, the data for 1 = 691.51 nm exhibit
pronounced curvature attributable to substantial changes
in spectral shape around strong absorption lines that
become saturated at the long optical paths of the BBCRDS
measurement. Linear fits are shown for comparison, and
these are used below to calculate the linearized absorption
cross sections, o*(1) (see text). The gradient of the dashed
line in the lower panel indicates the absorption cross
section for a short path length.

gradient of a linear fit to the variation of the natural
logarithm of transinst(4,t) with u(t) is thus a linear
approximation to the (changing) absorption cross
section at wavelength A. For consistency with the
later discussion, this quantity is termed the linear-
ized molecular absorption cross section o*(1), where
the asterisk indicates that the linearization process
has been performed.

Figure 8 shows explicitly the linearization of cross
sections at two test wavelengths, 4 = 691.32 and
691.51 nm, off- and on-resonance with oxygen ab-
sorption lines. The solid points are the natural
logarithm of transins(1,t) at times t = 0—135 us, the
data having been taken directly from Figure 7 at the
relevant time steps and wavelengths. The solid
diamonds (4 = 691.32 nm) fall on a straight line, the
gradient of which is the (negative of the) linearized
absorption cross section, 0*(1). The sample is optically
thin at this wavelength in the far wings of the oxygen
lines, and the linearized absorption cross section is
essentially the same as that which would be obtained
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Figure 9. Oxygen absorption cross sections calculated at
the resolution of the BBCRDS instrument for the full
wavelength range of the present measurements. The dotted
line shows the cross sections appropriate for absorption
over a short path length, and these were obtained by
convolving the high-resolution cross sections directly with
instrument function. The heavy black line shows the
linearized absorption cross sections that parametrize the
absorption over the very long path lengths travelled by
radiation while confined within the ring-down cavity.

if the high-resolution absorption cross sections o(4)
had been convolved directly with the instrument
function. However, crucially for 4 = 691.51 nm, the
solid circles do not fall on a straight line, indicating
that the shape of the absorption spectrum around
this wavelength changes during the ring-down event—
the linearized absorption cross section now repre-
sents an average of the changing cross section
encountered by the radiation while reflected back and
forth within the ring-down cavity. Note that o*(1) at
this wavelength is substantially different from the
absorption cross section at the limit of high dilution
(represented by the gradient of the dashed line)
obtained by convolving the high-resolution absorption
cross section directly with the instrument function.

The heavy black line in Figure 9 shows linearized
absorption cross sections calculated by the above
method for wavelengths spanning the (1,0) band of
O,. For comparison, the dotted line represents the
oxygen absorption cross sections appropriate for an
optically thin sample, obtained by convolving the
high-resolution cross sections directly with the in-
strument function. The two spectra in Figure 9 show
marked differences both in the magnitude of the
absorption cross section and in the shape of the
spectrum. As anticipated above, the regions of strong
absorption appear less pronounced in the linearized
spectrum (most noticeable near the band head at 687
nm).

The justification for adopting the above approach
is presented in Figure 10, where the results of a
calculation of transinst(4,t) are compared with the
experimentally determined O, optical depths shown
previously in Figure 5. The open points are the
negative of the measured optical depths versus time
for pixel columns corresponding to n; (diamonds; 4
=691.32 nm) and n; (circles; A = 691.51 nm). Because
the measured optical depths have been derived from
the ratio of pixel counts in the sample and flush files
(eq 7), the contributions from mirror losses and
Rayleigh scattering have already been removed,
leaving only attenuation by oxygen within the sample.
Thus, the measured optical depths can be compared
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Figure 10. Comparison of the calculated column-depend-
ent transmission with the BBCRDS measurements on the
sample of 10% oxygen. The comparison is shown for
wavelengths off- and on-resonance with a strong absorption
line. The open points are the negative of the optical depth,
—0D(i,j), taken at the appropriate wavelengths from the
color plot in the upper panel of Figure 5. The solid points
are the transmission data shown previously in Figure 8,
though here shown as a function of the time that the
photons were confined in the ring-down cavity.

directly with the calculated transmission data (solid
points) to show that the curvature observed in the
multiexponential ring-down decays even on reso-
nance with saturated absorption lines can be repro-
duced by the above spectral calculations. Thus, the
linearized absorption cross sections accurately de-
scribe the path-length-averaged cross sections pre-
sented by the sample over the range of wavelengths
within the envelope of the instrument function for
the various column amounts encountered by the
radiation while trapped in the cavity. In turn, this
confirms that a spectrum of measured linearized
ring-down times, where the ring-down decay is ap-
proximated using a single-exponential function with
a 1/e decay time of t*(1) regardless of whether the
decay at that wavelength is in fact multiexponential,
can indeed be reproduced theoretically. The linear
fits of In(signal) versus t in the broad-band ring-down
data that produce t*(1) and the linear fits in the
spectral calculation that produce o*(A) must be
conducted over the same range in delay times and
corresponding column amounts, respectively.

The problem of recovering the O, concentration
from the data now resembles a DOAS analysis where
a linearized cross section gi*(1) of species i is fitted
to an absorbance spectrum a*(1) calculated using
measured linearized ring-down times from the sample
spectra t*(1). Equation 10 is the analogue of eq 6
adapted for this calculation using the aforementioned
quantities designated with an asterisk

L ! e ) L oe ) x  (10)
=—+4ca*(d) =— o;*(4) X
™) () (A) Z I

The spectral calculation requires the O, absorber
amount to be known, and in practice, an iterative
procedure using a trial first guess is employed.
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Figure 11. Differential fitting of the measured BBCRDS
absorption spectrum of a sample of 10% oxygen at standard
atmospheric pressure. (A) The linearized absorption cross
section, 0*(1), is shown as the solid black line which is fitted
with a quadratic function (dashed line). Subtraction of the
quadratic yields the differential linearized absorption cross
sections, Ao*(1) (gray line). (B) The measured decay rate,
k*(4), of the wavelength-dependent ring-down signal (solid
black line). Subtraction of a quadratic fit to these data (the
dashed line) yields the differential decay rate, Ak*(1) (gray
line). (C) A linear fit to a plot of the differential quantities
generated in parts A and B, where the gradient of the line
gives the oxygen concentration multiplied by the speed of
light.

6.3. Quantitative retrieval of Absorber Amounts
Using Linearized Absorption Cross Sections

Except for the use of linearized absorption cross
sections calculated according to the method outlined
above, the differential fitting of absorbances mea-
sured via single-exponential fits to broad-band ring-
down decays follows the standard DOAS procedure
introduced in section 3. First, a polynomial of order
n is fitted to the linearized absorption cross sections,
for example, see part A of Figure 11 where n = 2.
The fitted polynomial is then subtracted from the
linearized cross sections to yield a differential linear-
ized absorption cross section, Ao*(1), represented by
the gray curve. The procedure of polynomial fitting
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and subsequent subtraction would normally be re-
peated on the measured absorbances calculated from
eq 10 to yield a differential absorption spectrum,
Aa*(A). However, owing to the very long path lengths
accessed in with the present instrument, small
residuals due to oxygen absorption were observed in
the data for the flush spectra, implying incomplete
flushing of the ring-down cavity. Consequently, in
this example, differential fits were performed on the
rate of decay of the ring-down signal averaged over
the batch of 10 sample data alone, where the decay
rate is defined as k*(1) = 1/t*(4), and as before the
asterisk denotes the linear fit. Note that the mirror
losses and Rayleigh scattering cause the decay rates
to be offset from zero even at wavelengths where
oxygen does not absorb (part B of Figure 11). Fitting
and subtraction of the polynomial yielded a dif-
ferential decay rate Ak*(1) in the usual way. The
choice of fitting either Ak*(1) or Aa*(4) has no effect
on the retrieval of the absorber amount from the
wavelength-dependent differential structure via the
DOAS analysis provided that the slowly varying
contribution to the decay rate due to the mirror losses
and Rayleigh scattering can be fitted accurately by
the polynomial used to generate Ak*(4).

The remaining analysis was straightforward for
this sample, which was known to contain just a single
structured absorber. Part C of Figure 11 shows a plot
of Ak*(1) versus Ao*(A) together with a linear fit to
the data, the gradient of which gives the absorber
concentration multiplied by the speed of light. That
there is a close linear relationship between Ak*(1)
and Ao*(1) at all wavelengths provides further vali-
dation of use linearized absorption cross sections to
parametrize the absorption process during the ring-
down event. The fitted O, mixing ratio of (9.85 +
0.04)% is in good agreement with the expectation of
a 10% mixture, and the difference from the expected
value is comfortably within the combined uncertain-
ties in the calibrations of the O, and N flow control-
lers. The uncertainty in the mixing ratio quoted here
is the 1o statistical uncertainty, i.e., the standard
deviation in the gradient of the linear fit of Ak*(1)
versus Acg*(A).

An excellent agreement between the fitted O,
spectrum and the measured BBCRDS spectrum is
shown in the comparison in Figure 12. The lower line
offset to negative values of the absorbance is the
residual spectrum, i.e., the measured spectrum minus
the fitted oxygen spectrum. The standard deviation
(rms) in the residual spectrum is 6.25 x 107° cm™
and is comparable to the baseline noise in conven-
tional CRDS spectroscopy. Examination of the DOAS
literature shows that least-squares fits to individual
atmospheric spectra can produce unreasonably small
statistical errors that underestimate the true uncer-
tainty of the measurement. In many respects, the
standard deviation of the residual spectrum is a
better estimate of the uncertainty in the broad-band
ring-down measurement than the statistical (ran-
dom) error deduced from the spectral fitting routine.
This is because the former includes contributions
from systematic errors including unknown or ill-
defined absorption and scattering by other compo-
nents not considered in the spectral fitting routine
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Figure 12. Fitted BBCRDS spectrum for the 10% sample
of oxygen. The measurement is shown as the lighter gray
line, here the decay rate divided by the speed of light,
k*(4)/c. In addition, a quadratic function accounting for the
mirrors losses and Rayleigh scattering has been subtracted
from the measurement (i.e., the smoothly varying baseline
underlying the differential structure of part B of Figure
11 has been removed). The solid black line overlaid on the
measurements is the fitted oxygen spectrum (mixing ratio
of 9.85 + 0.04%). The residual spectrum offset to negative
values is the measured spectrum minus the fitted spectrum
and has a standard deviation of 6.25 x 1072 cm™1,

or the failure to fit molecular absorption cross sec-
tions that properly account for absorption processes.
By way of an example, a second data set was acquired
for a 20% mixture of O, diluted with N, at standard
atmospheric pressure. The analysis of these data
began (deliberately and erroneously) using the lin-
earized cross sections for the 10% mixture and
returned a mixing ratio of (14.77 4+ 0.08)%, well below
the known dilution. The origin of the error is obvi-
ous: the curvature in the measured ring-down decays
on-resonance with the oxygen absorption lines was
greater than could be accounted for by the linearized
absorption cross sections appropriate for the 10%
mixture. Moreover, the statistical error returned by
this analysis was unreasonably small owing to the
large systematic error introduced by fitting incorrect
cross sections. Fortunately, the analysis is robust and
can be iterated to yield an accurate measurement of
an (unknown) absorber amount by recalculating
linearized absorption cross sections for successive
absorbers amount returned by the spectral fitting
procedure. On iteration, the fitted amount for the
sample of oxygen diluted to 20% tended to a figure
of (19.70 £ 0.08)%, in agreement within the 1o
statistical uncertainty with the figure of (19.80 +
0.08)% resulting from a single iteration that used
linearized cross sections calculated for a 20% mixing
ratio. Both figures agreed with the known dilution
within the systematic uncertainty due to the calibra-
tion of the O, and N, flow controllers.

In summary, quantitative absorber amounts have
been retrieved from broad-band spectra of molecular
oxygen, which, owing to the narrowness and optical
thickness of the absorption features, resulted in
pronounced curvature in the wavelength-resolved,
multiexponential ring-down signals. The pressure
broadened widths of the rotationally resolved absorp-
tion lines of water vapor'’26 (~0.2 cm~* fwhm or 0.01
nm at 650 nm) are also narrower than the resolution
of all current broad-band instruments. Thus, the
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above procedure demonstrated on oxygen is also
applicable to quantification and spectral stripping of
water vapor from atmospheric broad-band ring-down
spectra to permit fitting of the overlapping spectrum
of broad-band absorbers such as NO3. The following
section considers the quantitative measurement of
NO;3 by broad-band cavity ring-down spectroscopy on
laboratory samples of NO3; and NOs/water mixtures.

7. Measurement of the NOs; Radical by
Broad-Band Methods

As discussed above, Brown et al.”#~ 769 and Simp-
son® already demonstrated narrow-band CRDS in-
struments with sufficient sensitivity to detect ambi-
ent levels of NO; and N;Os. Respectively, the
instruments had detection limits of 0.25 pptv for both
NO; and N;Os (1o uncertainty in a 5 s integration)
and 2.4 pptv for N,Os and 1.7 pptv for NO3 (both 20
limits for a 25s integration). The sensitivity of the
Brown et al. instrument in particular compares
favorably with the sensitivity of the well-established
DOAS instruments, typically 1 pptv for NO3.36:39.45
Additionally, Ball et al.®? demonstrated a broad-band
cavity ring-down instrument able to measure NOs in
laboratory samples with a sensitivity of 2 pptv (12
min integration). To aid discussion on the quantita-
tive retrieval of absorber amounts in atmospheric
applications, we now show examples of broad-band
spectra of NO3 acquired with the refined version of
our BBCRDS instrument. These spectra also show
an improved sensitivity in a reduced acquisition time
compared to our previous work. Finally, we show
broad-band spectra of laboratory samples of a mix-
ture containing NO3z and water vapor to demonstrate
how quantitative amounts of both absorbers can be
retrieved for a simultaneous DOAS-type fitting pro-
cess through the use of linearized absorption cross
sections.

7.1. Broad-Band Spectra of NO;

In common with long-path DOAS field instru-
ments, the CRDS instruments referred to in the
previous paragraph monitor NO;3 via its broad ab-
sorption band around 662 nm due to the B ?E' — X
2A', electronic transition. The spectral width this
absorption band is approximately 3.5 nm fwhm?822-24
and therefore is more than an order of magnitude
wider than the resolution of the authors' BBCRDS
instrument. Indeed, the other broad-band instru-
ments listed in Table 1 would also be able to record
the spectrum of a similarly broad absorber in labora-
tory samples without the issue of the saturation of
strong, narrow absorption lines arising.

The upper panel of Figure 13 shows a contour map
of the optical density for a sample of NO; in nitrogen
carrier gas measured simultaneously as a function
of both wavelength and delay time during the ring-
down event. As for the oxygen sample (Figure 5), the
time dependence of the optical depth is due to the
increasing path length of the measurement as the
intracavity light undergoes multiple reflections. In
these experiments, NO3; was produced in situ within
the ring-down cavity from the thermal decomposition
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Figure 13. Cavity ring-down spectroscopy in two dimen-
sions—NO3. The upper panel contains a plot of the wave-
length- and time-dependent optical density, OD(i,j), mea-
sured by each pixel (see text). The optical density corre-
sponds with color as follows: red, OD(i,j) = 0, orange/yellow
= 0.05, light green = 0.1, sky blue = 0.15, blue = 0.2. The
CCD was clocked at 1.5 us per pixel row. The lower panel
shows the measured BBCRDS absorbance spectrum, a(4),
as the red line. The black line is the absorption due to NO3
(94.37 £+ 0.47 pptv) and NO, (6 + 2 ppbv) plus a small
baseline and was obtained from fitting molecular absorp-
tion cross sections to the measured spectrum in differential
space (quadratic fits). The residual spectrum (green line)
is the difference between the measured and fitted spectra
and has a standard deviation of 1.18 x 1072 cm™2.

of N,Os entrained into the gas flow upstream of the
cavity by passing a portion of the flow over a sample
of N,Os held a 196 K. The data in Figure 13 were
calculated using eq 7 from the average of 10 spectra
for both the sample and the nitrogen flush, each
spectrum being the on-chip integration of 200 laser
shots, i.e., for the sample, a total of 2000 laser shots
acquired in 130 s.

For this spectrally broad absorber, the wavelength-
resolved absorbance, a (1), was calculated using eq 6,
fitting simple exponential decays with time constants
of 7'(4) and z(4), respectively. a(4) was then fitted by
a quadratic function which on subtraction yielded the
differential absorbance, Aa(4). The differential NO3
absorption cross sections, Aonos(4), were calculated
by applying a quadratic fit directly to the data of
Yokelson et al.®® at 298 K, after first shifting the cross
sections to longer wavelengths by a small amount
(0.27 nm). In the present case, calibration of the
wavelength scale came from a comparison of the
differential water structure in the NO3s/H,O spectra
(see following section) with linearized absorption
cross sections generated from the ESA spectral
database?® which lists its line frequencies in a
vacuum (the Yokelson et al. data are air wave-
lengths). However, very recently, Orphal et al.?*
remeasured the NOj spectrum, and preliminary
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results indicate that marginally smaller residuals
were obtained when fitting the present NO; spectra
with the new cross sections (listed in a vacuum, so
no wavelength shift was necessary). This implies that
the new cross sections are better able to reproduce
both the position and shape of the NO3; band.

NO; was also produced inside the ring-down cavity
from the thermal decomposition of the N,Os precur-
sor. It was further likely that excess NO, was present
in the sample due to the heterogeneous conversion
of N2,Os and NO3; to NO; on the walls of the cavity
and associated tubing and that the N,Os sample itself
contained NO, impurities. Although the NO; cross
section®! at 662 nm is more than 3 orders of magni-
tude smaller than that of NO3, absorption by NO,
became significant at wavelengths in the tail of
the NOj3 band if the concentration of NO, exceeded
that of NO3; by more than about an order of magni-
tude. Therefore, the amount of NO3 in the sample
was retrieved from a simultaneous fit of Aoa() for
Aonos(2), Aonoz(2) and a quadratic baseline to account
for other unknown absorption terms such as degra-
dation of the mirror reflectivity—more on the fitting
of spectra for multiple species in the next section. The
uncertainty in the NO3 concentration quoted for the
BBCRDS spectra is the 1o standard deviation in the
fit of Aonos(4) to Aa(d) and so does not include the
uncertainty in the absolute value of the NO3 cross
sections (10% at 662 nm?3).

The lower panel in Figure 13 shows the measured
BBCRDS spectrum (red) corresponding to the data
in the color map plot above. The absorber amounts
retrieved by the fitting procedure were NO3 (94.3 +
0.5 pptv) and NO; (6 &+ 2 ppb), and the NO; figure
represents a significant improvement in sensitivity
since our previous work.8? The black line overlaid on
the BBCRDS spectrum is the calculated absorption
spectrum due to the fitted NO3; and NO, amounts
plus the fitted (quadratic) baseline. The residual
spectrum offset to negative values of the absorbance
(green line) is the difference between the measured
and fitted spectra. The standard deviation of the
residual spectrum is 1.18 x 107° cm~1. The data in
Figure 14 show further examples of BBCRDS spectra
and their fitted composite spectra for samples con-
taining smaller amounts of NOs;. Note that the
statistical uncertainty in the fitted NO; amount is
under 0.5 pptv in both panels of Figure 14. The noise
in the residual spectra is usually greatest at the
wavelength extremes of the spectra where the lower
gain of the laser dye leads to greater photon (shot)
noise—most evident when absorption by the sample
is small. This suggests that the measurement preci-
sion could be increased further if a truly broad-band
light source were available. The lower panel of Figure
14 illustrates another advantage of acquiring data
simultaneously across a broad spectral range. The
signal-to-noise ratio near the peak of the NO3 ab-
sorption band is less than unity, yet the NO3 absorp-
tion is clear from a visual inspection of the figure.
Moreover, the fitted NO3; absorbance is statistically
significant because it is derived from a large number
of measurements across the absorption band rather
than two observations at wavelengths on- and off-
resonance.
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Figure 14. Further examples of BBCRDS spectra and fits
for NO3; samples. (A) NOz = 17.57 + 0.47 pptv; NO, = 4.2
+ 1.7 ppbv; standard deviation of residual spectrum = 1.17
x 1072 cm~. (B) NO3 = 2.72 £+ 0.43 pptv; NO, = 1.7 + 1.6
ppbv; standard deviation of residual spectrum = 1.07 x
10 °cm™t.

7.2. Simultaneous Analysis of Multiple Species
from Broad-Band Spectra: NOs; and Water Vapor

As indicated in section 3, a particularly desirable
feature of the DOAS methodology is that, because of
the inherent spectral oversampling, it can be applied
successfully to situations where the absorption spec-
tra of a number of species overlap. A necessary
condition is that the cross sections of the absorbing
species possess sufficiently distinguishable structure
or have absorptions that vary so smoothly with
wavelength that the high-pass filtering process re-
moves them completely. The measurement of atmo-
spheric NO3 using it 662 nm absorption band is one
such case where quantification of the target species
is compromised by overlapping structure due to other
absorbers, here overtone bands of H,O within the
4v+0 polyad centered at 652 nm'726108 Part A of
Figure 15 shows the absorption cross sections of both
the broad NO; spectrum?® and the much sharper
vibration—rotation spectrum of H,0O, the latter from
a line-by-line calculation using line parameters from
the ESA database.?® Traditionally, DOAS measure-
ments of NO3 have required the simultaneous fitting
of absorption features of both species including the
effects of non Beer—Lambert law behavior for the
stronger H,O transitions which become saturated
under atmospheric conditions.*®

Part B of Figure 15 shows an example of a
BBCRDS spectrum of a mixed NO3; and H,O sample
obtained by present instrument under laboratory
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Figure 15. BBCRDS spectra of a sample containing water
vapor and NOj;. (A) NOjz; absorption cross sections of
Yokelson et al.?3 at 298 K and the water vapor absorption
cross sections from a line-by-line calculation using param-
eters from the ESA spectral database.?® (B) Linearized
absorbance, o*(1), from BBCRDS measurements on a
laboratory sample containing both NO3z; and water vapor
(gray line). The black line overlying the measurement is
the fitted spectrum resulting from a simultaneous dif-
ferential fit (n = 2) of the NO; cross section, the water vapor
cross section at the resolution of the instrument linearized
by the method described in the text, and a quadratic
function to describe a substantial continuum absorption
(probably due to water aerosol generated in the humidifier).
(C) Components of the fitted spectrum: a continuum
absorption (dashed line) and added to it absorption spectra
due to NOj3 (gray line) or water vapor (black line).

conditions (grey line). Because the water vapor
absorption lines were narrower than the instrument
resolution, the linearized approach was used to
calculate the sample absorbance, a*(4), via eq 10 from
values of 7*(1) obtained from the average of 10 sample
acquisitions and values of (1) from 10 flushed
acquisitions. Note the significant absorption offset
apparent in the spectrum even at long wavelengths
where absorption by neither NO3 nor the H,O mono-
mer is strong. Here the continuum absorption is
thought to be due to extinction by water aerosol
generated in the humidifier, although the effects of
broad H,O dimer absorption may also be present.'®®
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In addition, part B of Figure 15 shows the com-
posite fitted spectrum (black line) resulting from a
simultaneous fit of three quantities to the differential
absorption spectrum: (1) the differential NOj3 cross
section, (2) the differential linearized H,O cross
section calculated by the method introduced in sec-
tion 6.2, and (3) a quadratic function to account for
the continuum absorption. As before, quadratic func-
tions were applied to the spectra and cross sections
to generate the differential quantities. The mixing
ratios fitted by this procedure are 18.3 + 0.4 pptv
for NO3z; and (0.271 + 0.004)% for H,O. Again, the
NO3; amount has been retrieved with sub-pptv un-
certainty, though here in the presence of an overlap-
ping absorption feature. The fitted composite spec-
trum is decomposed into its constituent parts in part
C of Figure 15, as the absorption spectra of water
vapor (solid line) or of NO;3 (gray line) added to the
fitted continuum (dotted line).

8. Summary

In this paper we reviewed briefly the fundamentals
of “traditional” cavity ring-down spectroscopy (CRDS)
using essentially monochromatic light sources and
the use of such techniques in quantifying weak
absorptions. The relatively few CRDS experiments
in the literature that have used broad-band radiation
sources were reviewed in greater detail because of
their ability to collect information about a sample’s
absorption over a range of wavelengths during a
single ring-down event. This aspect of broad-band
instruments offers substantial potential for the mea-
surements of important trace species in the atmo-
sphere as has been demonstrated with the now
well-established DOAS technique reviewed at the
beginning of the paper. The marriage of DOAS and
CRDS methodologies in broad-band cavity ring-down
instruments has been shown in this review to provide
a route to in situ point measurements with selectivi-
ties and sensitivities comparable to the DOAS ap-
proach. Consequently, such instruments have appli-
cations in the attribution of local sources/sinks and
the investigation of small-scale chemical processing
in the atmosphere.

The apparatus and analysis procedures required
for broad-band instruments were described in some
detail because the widths of certain target (or inter-
fering) molecules’ absorption lines are narrower than
the resolution of any broad-band instrument con-
structed to date. We took as our example molecular
oxygen whose absorption lines are particularly nar-
row compared to the instrumental resolution, leading
to pronounced multiexponential character in the ring-
down signals which must be properly quantified if
broad-band techniques are to lead to quantitative
measurements of narrow-band absorbers. A retrieval
method was introduced based on the fitting of dif-
ferential spectral structure through the use of linear-
ized absorption cross sections to account for non
Beer—Lambert character of intermediate or strong
absorptions. This approach obviates many of the
difficulties faced previously in the analysis of broad-
band cavity ring-down spectra.
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Examples of broad-band cavity ring-down mea-
surements on laboratory samples containing NO3 and
both NO; and H,O were also presented. These
examples demonstrated that, since information is
gathered across the entire absorption band of, in this
case NOg, attribution of the differential structure in
the resulting spectrum via DOAS methods leads to
sub-pptv accuracy for NOz mixing ratios even in the
presence of overlapping absorptions. The analysis has
the additional advantage that any continuum ab-
sorption may be determined directly from the mea-
sured spectrum, providing important ancillary mea-
surement of the aerosol optical depth for atmospheric
studies.

In their current configurations and with the con-
tinuing development of new radiation sources, broad-
band cavity ring-down techniques are proving to be
an extremely exciting development of DOAS, which
complements the traditional long-path DOAS ap-
proach in terms of selectivity and sensitivity. How-
ever, in contrast, the intrinsic length of CRDS
measurements is the length of the ring-down cavity
(typically less than one meter), hence broad-band
cavity ring-down instruments extend measurements
to small spatial scales which are proving to be of
increasing scientific interest.

While we focused almost exclusively on the visible
and near UV regions of the spectrum, we note that
DOAS/broad-band CRDS can be extended to other
wavelengths. In principle, the broad-band techniques
reviewed here could be extended into the near-
infrared, where many important atmospheric species
have absorption features (although complete coverage
of the infrared will require an advance in detector
technology because the quantum efficiency of current
CCDs falls rapidly at long wavelengths). While
retaining the ability to survey large spectral regions
rapidly, the advantages of the DOAS approach are
less obvious in the near-IR, where molecular absorp-
tions are typically the narrow lines of ro-vibrational
transitions and where absorption and scattering by
aerosol particles is less efficient.7® At such wave-
lengths, narrow-band instruments based on, for
example, CW external cavity diode lasers may prove
to be the CRDS technique of choice for measuring
atmospheric absorbers with resolved rotational spec-
tra. However, there is a class of vitally important
atmospheric species, the peroxy radicals,* HO,, CHzO5,
C2Hs0,, etc., which have electronic transitions around
1.3 um. The absorption spectrum of HO; is congested
but is rotationally resolved,''® whereas the larger
radicals exhibit broad absorption bands.1%111.112 The
detection of these species by cavity ring-down spec-
troscopy has already been demonstrated in the
laboratory®®'? and proposed as a method for measur-
ing these species in the atmosphere.'® Their broad
absorption bands seemingly make them prime can-
didates for future broad-band cavity ring-down stud-
ies.
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