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Abstract

The determination of gas-phase rate coefficients using the traditional discharge-flow system has produced a wealth of information that has
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informed atmospheric science. However, the range of pressure and temperatures observed in the Earth’s atmosphere cannot be acc
a system. In this paper we discuss the recent advances in flow tube studies such as the use of turbulent flow that have allowed one to
systems at atmospheric pressure and over a wider range of temperature. At the same time a number of new detection methods have
to flow systems, such as CIMS, CEAS and UV-PES that have greatly enhanced the versatility and range of systems that may be studi
are briefly discussed.
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1. Introduction

The study of gas-phase chemical kinetics is of fundamen-
tal interest to physical chemistry. In particular, understanding
the nature of radical–radical reactions, such as the factors con-
trolling the pathways for atom recombination, the reactivity of
excited states and their application to both combustion chemistry
and atmospheric chemistry is of great contemporary interest.
Recent advances in technology have facilitated the study of
chemical kinetics to much lower temperatures (∼180 K) than
previously accessible, using flash photolysis. Results from new
low temperature kinetic studies have observed strong deviations
from Arrhenius behaviour at low temperatures[1] as shown in
the Arrhenius plot for the reaction of OH with acetone,Fig. 1.
It is thought that the curved Arrhenius plot is a consequence
of a change in mechanism. At lower temperatures a reactive
channel that proceeds via the addition of OH to the carbonyl C
atom followed by elimination of CH3 from the energised adduct
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becomes accessible. Thus the simple extrapolation of h
temperature kinetic observations to temperatures that pert
the Earth’s atmosphere for example should only be under
with caution and may have considerable impact on atmosp
modelling studies. For, this reason research has focused
development of experimental techniques that can experime
access the temperatures and pressures that pertain to the
atmosphere.

2. Experimental techniques

Traditionally, two types of technique have been used fo
study of free radical reactions in the laboratory: in situ rad
generation with real-time monitoring (flash photolysis) or s
arate radical generation and mixing in a laminar flow sys
with detection as a function of contact time. The use of a lam
flow system has several advantages. Separate radical gen
is much less susceptible to secondary chemistry than in situ
eration, since radical sources do not interfere with each o
Also, the steady state conditions in a flow system readily
mit signal accumulation. However, flow tubes have been lim
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Fig. 1. Arrhenius plot for the reaction of OH with di-i-propoxymethane.

by the need to work at low pressures (P = 1–20 Torr). There are
inherent drawbacks to operating at such low pressures. First,
the narrow pressure range severely hampers the study of ter-
molecular reactions. Second, the collision frequency of trace
species with the flow tube walls is very high, so that reactions
at the walls interfere with measurements, particularly at low
temperatures (T < 250 K) [2]. As a consequence there is a lack
of high quality kinetic data for radical–radical reactions below
250 K.

Operating under pseudo first order conditions and lamina
flow it is assumed that the concentration of the limiting reagent,
Ca, depends only upon the axial position and that the reactan
transport in the axial direction is exclusively due to convection
(i.e. axial diffusion is negligible). Under these assumptions the
spatial variation ofCa is given by the simplified continuity equa-
tion

−ū − dCa

dz
− kICa = 0 (I)

wherez is the axial position of reagentCa, kI the pseudo first
order rate coefficient for the reactive loss ofCa andūis the bulk
gas velocity. Inspection of Eq.(1)shows that the approximations
made to derive the equation are the equivalent of stating that eac
molecule travels at a velocity ¯u; which is commonly called the
plug flow approximation. The plug flow approximation is only
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ity profile. Subsequently, the degree of homogeneous chemical
depletion becomes more pronounced near the flow tube walls.
Radial concentration gradients become more pronounced with
increasing pressure because the diffusive transport correspond-
ingly decreases. It has been found that rate constants using the
plug flow approximation are unreliable when the pressure is
above 10 Torr[2]. Second, radial concentration gradients are
also formed if heterogeneous reactions occur to an appreciable
extent on the flow system walls. For many species the heteroge-
neous loss at the walls has been found to increase dramatically
as the temperature decreases. Although the reactivity of walls
can be reduced by the use of coatings, the heterogeneous loss
becomes prohibitively large at temperatures below 250 K[2].

In order to evaluate kinetic parameters at higher pressures a
more detailed version of the continuity equation that includes
axial and radial diffusion terms
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whereDA is the molecular diffusion coefficient of the limiting
reagent andr is the radial co-ordinate. Poirer and Carr[3], Ogren
[4] and Keyser[5] have developed analyses for the solution of
the continuity equation for operating a flow tube at pressures up
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ccurate when axial diffusion and radial concentration g
nts are negligible. Axial diffusion effects are significant be
Torr, but can easily be accounted for by adding an axia

usion term into the continuity equation[2]. However, radia
oncentration gradients can not be accounted for easily
epresent the major limiting factor for the use of laminar fl
ystems.

There are two main sources of radial concentration grad
n the laminar flow regime. First, radial concentration gr
nts are formed when the radial transport ofCa is much slowe

han the rate of chemical removal. This confines the rea
olecules to their original radial positions. Reactants a

entre of the tube experience shorter reaction times than
t the walls as a consequence of the peaked laminar v
r

t

h

d

s

e
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o 100 Torr. Correction factors, ranging from 1 to 2, are app
o experimentally observed rate coefficients to take into acc
hese radial concentration gradients. The major limitation
uch approaches are that one requires an accurate know
f the diffusion coefficients, correction factors increase as
ressure or wall activity increases and all analyses assum

he laminar flow is fully developed which becomes increasi
ifficult at high pressures.

More recently, Abbatt et al.[6] extended the work of Keys
5] by constructing a high pressure flow tube with a large in
al diameter with multiple radical detectors. With this met

hey have determined rate constants in both laminar and t
ent f1ow conditions at pressures ranging from 7 Torr to ne
00 Torr. The flow tube reactor of Abbatt and co-workers ena

he values ofν andCa to be experimentally determined as fu
ions of radial and axial position. Rate constants are determ
y using the values ofCa andν determined in the continui
quation and numerically solving fork. Abbatt et al.[6] showed

hat it was possible to produce a “wall less” flow reactor wh
adicals were effectively confined to the core of the carrier
ow. Operating under such conditions the diffusion times of
cals from the core to the wall of the reactor is of the order o
hereas the experiments cover, typically, reaction times of
his greatly enhances the operating temperatures over w
eactions can be studied, as wall catalysed reactions can b
mised at low temperatures. Although this approach can gen
ccurate rate constants, with errors of 6%[7] the experimenta
implicity of the conventional flow tube technique has been
ificed. Furthermore, the approach of Donahue and Ande
as so far been limited to the study of OH, HO2 and H atom
eactions (see, e.g.[8–10]).
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Fig. 2. Fully developed velocity profiles for the laminar and turbulent flow
regimes.

2.1. Turbulent flow technique

Recently, a fast flow technique suitable for measuring ele-
mentary reactions over a wide range of pressures (60–760 Torr)
has been developed[11–21]. Unlike the conventional flow tech-
nique, the method operates under turbulent flow conditions.
Turbulent flow is achieved by operating under fluid flow condi-
tions with Reynolds numbers greater than 3000

Re = 2aūρ

µ
(III)

whereRe is the Reynolds number,a the internal radius of the
flow tube,ρ the density of the gas,µ the viscosity of the gas
and ūis the bulk gas velocity.Fig. 2 shows a comparison of
fully developed velocity profiles found in laminar and turbulent
flow. It is readily seen inFig. 2, that the turbulent flow veloc-
ity is flatter than the laminar flow profile. Therefore, working
under turbulent flow conditions the plug flow approximation
still holds and turbulent mixing by eddy diffusion allows the
traditional versatility of flow tube methods to be regained when
operating at higher pressures. Model simulations carried out by
Seeley[22] indicate that operating in turbulent flow allows the
plug flow approximation to be used at higher pressures with
relatively little error (< 8%). The model assumes that turbulent
flow is fully developed; reactants are mixed rapidly, with mix-
i gas
c tube.
F emi-
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a curs
i with
m
o ixing

Fig. 3. A picture of mixing under turbulent flow conditions a, without a turbulizer
and b, with a turbulizer placed at the sliding injector to induce turbulence.

of reactants. Indeed, experiments have shown that addition of a
turbulizer can create fully developed turbulent flow along a flow
tube atRe < 3000[17].

Seeley et al.[11] have performed pulse trace studies to exper-
imentally quantify deviations from plug flow conditions. Pulses
of Cl2 were added to the flow via a moveable injector and then
Cl2 was detected downstream via vacuum ultra violet fluores-
cence. The relative pulse velocity (v/vp; wherevis the average
bulk velocity and vp is the experimentally determined pulse
arrival time) was evaluated by monitoring pulse arrival time as
a function of contact time.Fig. 4shows the relative pulse veloc-
ity as a function ofRe. For Re < 200 the relative pulse velocity
is unity, i.e. the plug flow approximation holds, ForRe > 200
the relative pulse velocity increase, i.e. the plug flow approx-
imation no longer holds. However, forRe > 1000 the relative
pulse velocity decreases asymptotically with Reynolds number
approaching unity.

Operating under turbulent flow conditions, Seeley et al.[11]
estimated that deviations from the plug flow approximation
result in apparent rate coefficients that are at most 8% below
the actual values. Hence, flow corrections can be neglected, as
they are smaller than the sum of other systematic experimental
errors. Furthermore, the wall collision frequency for the reac-
tants is greatly reduced in comparison with the conventional low
pressure flow techniques which facilitates the study of gas phase
kinetics at lower temperatures (180–300 K). Herndon et al.[23]
a g-
u und
ng distances <2r and that the average velocity of the bulk
an be used to define convective transport along the flow
low visualisation studies can be performed using the ch

uminescent reaction of oxygen atoms with nitric oxide.Fig. 3
hows flow visualisation results operating under turbulent
onditions. As can be seen inFig. 3a, using a simple open tub
eactants are not well mixed and “jet streaming” of the reac
ccurs with mixing lengths much greater than 2r. However, if
turbulizer is placed on the end of the injector mixing oc

nstantaneously on the time scale of the experiment, i.e.
ixing lengths of less than 2r, as shown inFig. 3b. The addition
f the turbulizer induces turbulence and promotes rapid m
nd Chuong and Stevens[24] using different flow system confi
rations to that utilised by Molina and co-workers, have fo
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Fig. 4. A plot of the ratio of pulse arrival time:bulk velocity against Reynolds
number.

the need to apply small corrections to the plug flow approxima-
tion in order to obtain accurate results using turbulent flow as
a result of small deviations from the ideal conditions described
by Seeley et al.[11]. However, the fact that no systematic errors
have been apparent in the systems that have been studied to date
with the flow configuration adopted by Molina and co-workers
[19–21]no correction, in general, to the plug flow approximation
is applied.

3. Chemical ionisation mass spectrometry

The extended temperature and pressure range of the turb
lent flow system has been utilised by coupling to a chemi-
cal ionisation mass spectrometer (CIMS) for the study of the
radical–radical reactions, as shown inFig. 5. Unlike conven-
tional electron impact mass spectrometers, CIMS produces ion
at high pressures (20–760 Torr) via the formation of precurso
ions. Precursor ions are formed via the action of either a coron
discharge or a radioactive source, which then ionise the carrie
gas. Operating in negative ion mode the secondary electron
created from the ionisation of the carrier gas are captured via
electron attachment, using for example SF6, to produce the pre-
cursor ion. The precursor ion then reacts selectively with reagen

F tudy
o

of interest, via a simple electron transfer reaction, for example

SF6
− + NO2 → NO2

− + SF6 (1)

SF6
− + CF3O2 → CF3O2

− + SF6 (2)

via fluoride ion transfer, for example

SF6
− + HNO3 → NO3·HF− + SF5 (3)

SF6
− + HCl → Cl · HF− + SF5 (4)

Or through a rearrangement reaction, for example

SF6
− + HO2 → SF4O2

− + products (5)

SF6
− + CH3O2 → FO2

− + products (6)

CH3O2 is detected as FO2− (m/e 51). FO2
− signal only

appears when F atoms, CH4 and O2 are present. The appear-
ance of FO2− signal as a function of reactant gases is shown in
Fig. 6. Fig. 6demonstrates that the FO2

− signal returns to back-
ground levels when either the CH4, O2 or F2 flows are turned off.
Hence FO2− can only be attributed to the presence of CH3O2
radicals. A simple energetics analysis suggests that the reaction
between SF6− and FO2 will produce highly energetic FO2− ions
and that these then have sufficient energy to decompose to F−
and O2. Although FO2 radicals are being formed in the absence
of CH4 they cannot be detected as FO2

−.
The use of different precursor ions enables the CIMS a wide
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ariety of both radical and molecular species to be detected

2
− + CF3O2 → CF3O2

− + O2 (6)

F3
− + HO2 → HO2

− + NF3 (7)

Table 1summarises the species that have been detected
he CIMS technique for kinetic studies. The system can als
perated using positive ion–molecule chemistry; radical sp
ave been detected via proton transfer, e.g.[25]

3O+ + CH3O2 → CH3O2H+ + H2O (8)

3O+ + C2H5ONO2 → C2H5ONO2·H+ + H2O (9)

A further benefit of creating ions at high pressures is that
an be focused by electrostatic lenses at each pumping sta

Fig. 6. FO2
− signal production.
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Table 1
Observed chemical ionization pathways of a range of species detected for kinetic
studies using various reagent ionsa

Precursor ion Species Ion detected Reference

F− HO2 PA [13]

SF6
−

HO2 SF4O2
− [13]

CH3O2 FO2
− [18]

ClONO2 CT [15]
ClO CT [15]
OH CT [18]
BrO CT [14]
NO2 CT [13]
HCl FT [65]
HNO3 FT [65]
Cl2 CT [65]
O3 CT [65]
C7H7O2 CT [66]
C5H8OHO2 CT [67]
CF3O2 CT [68]
CF3OH FT [68]
CF3O CT [68]
CF2O CF3O− [68]
SO3 FT [69]
H2SO4 PA [69]

O2
+

CH3O2 CT [70]
CH3O2 CH3

+ [70]
CH3 CT [70]
NO2 CT [70]
NO CT [70]
C7H7O2 CT [66]
C5H8NO3 CT [71]
C5H8Cl CT [72]
Oleic acid CT [73]
Lineloic acid CT [73]
1-Ocatdecene CT [73]

O2
−

n-C3H7O2 CT [74]
i-C3H7O2 CT [74]
C2H5O2 CT [74]
Oleic acid PA [73]
Lineloic acid PA [73]
Octyl aldehyde A [73]
Decyl alcohol A [73]
Oleyl alcohol A [73]

O3
− NO2 NO3

− [75]

NO3
−

H2SO4 PA [76]
SO3 CT [76]
SO3 A [76]

I−
N2O5 NO3

− [77]
N2O5 A [77]

H3O+

CH3O2 PT [16]
CH2O PT [16]
CH3ONO2 PT [16]
C2H5O2 PT [17]
C2H5O2NO2 PT [17]
CH3CHO PT [17]
C3H7O2 PT [25]
C3H7ONO2 PT [25]
CH3C(O)C(O)CH3 PT [78]
CH3C(O)CH3 PT [78]
CH(O)CH(O) PT [78]
CH3C(O)CH(O) PT [78]
CH2(OH)CH2O2 PT [79]
CH3CH(OH)CH2O2 PT [79]

Table 1 (Continued )

Precursor ion Species Ion detected Reference

CH2(OH)CH(O2)C2H5 PT [79]
CH3CH(OH)CH(O2)CH3 PT [79]
CH2(OH)C(O2)(CH3)2 PT [79]
CH2(OH)CH(O2)C2H3 PT [79]
CH2(OH)C(O2)(CH3)C2H3 PT [79]
CH2(Cl)CH2O2 PT [80]
CH2(Cl)CH(O2)C2H5 PT [80]
CH3CH(Cl)CH(O2)CH3 PT [80]
CH2(Cl)C(O2)(CH3)2 PT [80]
CH2(Cl)CH(O2)C2H3 PT [80]
CH2(Cl)C(O2)(CH3)C2H3 PT [80]
Oleic acid PT [81]
Nononal PT [81]
9-Oxononanoic acid PT [81]
Azelaic acid PT [81]
Nonanoic acid PT [81]
Lineloic acid PT [73]
Octyl aldehyde PT [73]
1-Ocatdecene PT [73]
Oleyl alcohol PT [73]

H3O+ Decyl alcohol PT [73]
2-Decanone PT [73]

NO+

Oleic acid CT [73]
Lineloic acid CT [73]
Octyl aldehyde HA [73]
1-Ocatdecene PT [73]
Hexanal A [73]
Oleyl alcohol PT, A [73]
Decyl alcohol PT [73]

a PT, proton transfer ([M + H]+); CT, charge transfer (M+ or M−); A, asso-
ciation (e.g., [M + NO]+); HA, hydride abstraction ([M− H]+); PA, proton
abstraction ([M− H]−); FT fluoride ion transfer ([M− F]−).

thus minimise loss of ion signal. It is assumed that the resultant
ions are produced under pseudo first order conditions, i.e. at a
fixed ion–molecule contact time and a fixed precursor ion con-
centration, the product ions produced are linearly proportional
to the concentration of the species within the flow tube. Detector
sensitivity is typically estimated from a linear plot of concen-
tration versus ion signal, as shown inFig. 7. CIMS is a highly

Fig. 7. A sensitivity plot for NO2 (sensitivity is equal to one over the slope).
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sensitive detector that has been used to monitor transient species
in the laboratory at the ppt level.

The use of a turbulent flow-CIMS (TF-CIMS) enables rad-
ical reactions to be studied over a large range of pressures
(70–760 Torr) and also facilitates the study of radical reactions at
temperatures as low as 180 K. The highly sensitive CIMS detec-
tor allows kinetic studies to be undertaken at very low radical
concentrations, typically (0.1–20)× 1010 molecule cm−3. Such
low radical concentrations ensures that numerical modelling is
not required to deconvolute the rate coefficient from the observed
concentration–time profiles. Furthermore, the versatility of the
CIMS detector enables the quantification of products as a func-
tion of temperature and pressure, thus allowing the mass balance
of reactions to be verified.

4. Other recent advances in detectors coupled with flow
systems

4.1. Ultra-violet photo-electron spectroscopy

The use of electron impact mass spectrometry in gas
kinetics to measure rate constants of simple atom–molecule
or radical–molecule reactions is now well established. This
method, which was developed by Clyne et al.[26–29]amongst
others, involves molecular beam sampling from a flow tube
and ionisation by impact with electrons in the energy region
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reaction pathways. However, the UV-PES technique has poten-
tially been able to address this problem for some time. Some
examples of studies carried out in the last 20 years in the group
of Dyke emphasise the versatility of the technique.

4.1.1. F + CH3CH2OH [32]
The experiment was carried out under high F atom con-

centrations and it was possible to observe as well as reagents,
the reaction intermediates CH3CHOH, CH3CHO, CH3CO, CH3
and CF. Concentration time profiles were obtained for all species
with CO and HF observed as the final products.

4.1.2. F + C3H8 [33]
A range of primary and secondary reaction products were

observed, but crucially, at short reaction times, both the 1-
propyl and 2-propyl radicals were observed. The ratio of the
two isomers produced, was in excellent agreement with litera-
ture values. The study emphasises the ability to detect isomeric
radicals.

4.1.3. O + CH [34] and O + CH3C [35]
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as primary chemiions at the same time as chemielectrons. Sec-
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sed to measure rate constants for a large number of rea
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ass spectrometry but has a number of advantages. Fir
hotoelectron spectrum is not affected by fragmentation p
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he same gas sample as the PIMS spectrum, can be used to
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bserved. Similar studies have also been made for meta
xidant chemiionisation reactions[36].

.1.4. Na + O3 [37]
In this study excited state NaO was observed as a prod

he reaction between Na and O3 using UV-PES. The ability t
etermine the yield of excited state products would be a m
oost to atmospheric studies.

However, no quantitative studies of the rate coefficients
een attempted until very recently[38], where a convention

ow pressure flow system was coupled with a UV-PES spect
ter to study the reaction between DMS (CH3SCH3) and molec
lar chlorine. It emerges that the reaction proceeds via a b

ntermediate to yield molecular products HCl and CH3SCH2Cl
owever, both the reactants, products and the intermediate
e observed during the course of the reaction. DMS is know
e a very important component of the climate system[39] and
ualitative studies by Dyke and co-workers over the last de

40–43]have shown that all key intermediates can be dete
nd quantified. Therefore, there is considerable promise in
ling UV-PES with conventional flow tube systems. Even tho

he sensitivity of the technique is poorer than conventiona
ass spectrometry, the range of species that can be detect
ests that it may go some way to allowing atmospheric scie

o tackle the problem of product determination.

.2. Cavity enhanced spectroscopy

The use of a high-finesse cavity permits hundreds, or
housands, of traverses through the absorber, and thus re
arkedly long effective path lengths and provides exce



256 Carl.J. Percival et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 250–259

detection sensitivity. Cavity ring-down spectroscopy (CRDS),
based on the measurement of the time for light to decay within
the cavity [44–54]. The noise-equivalent absorption sensitiv-
ity is limited by the accuracy of the time-decay measurement,
and reaches its optimum values with increasing reflectivity of
the mirrors and an increasing optical base path length for each
pass through the absorber and is typically in the range of 10−5

to 5× 10−9 [54,55] for a single pass through the cavity. The
high sensitivity is achieved by arranging an isolation of the cav-
ity from vibrations and by using external cavity laser diode,
an optical isolator and an acousto-optic modulator. However, it
is rather difficult to maintain isolation from vibration with the
type of discharge-flow system used for gas phase kinetic mea-
surements of reactive intermediates[56]. Extreme demands on
the stability of the CRDS apparatus can therefore make these
systems complex and expensive to implement.

The Wayne group, amongst others, e.g.[57–59], have devel-
oped a continuous wave (CW) cavity enhanced absorption spec-
troscopy (CEAS) with an off-axis alignment of the cavity geom-
etry and with time integration of the output of the cavity for
measurement of the absorption of narrow-band and broadband
absorbers. The off-axis adjustment of the cavity can significantly
reduce demands for optical isolation between the diode laser and
the cavity, while detection of the time-integrated light of the cav-
ity output can be performed by means of a low-frequency lock-in
amplifier. This technique is significantly simpler than the other
c sition
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to particulate-matter (Mie) scattering. After simplification,(IV)
can be written as

Im = cgT
2I0 e−(AS+AR+AM)

×
(

1 − R2m+2 e−(2m+2)(AS+AR+AM)

1 − R2 e−2(AS+AR+AM)

)
(V)

whereAS = [C]σLS, [C] is the concentration of the absorber,
σ the absorption cross section at the laser frequency andLS the
single-pass absorption length, which can be as long as the cavity
lengthL. After an arbitrarily large number of reflections in the
stable cavity, the overall output intensity is given by

I = cgT
2I0 e−(AS+AR+AM) 1

1 − R2 e−2(AS+AR+AM) (VI)

For weak absorption (AS� 1) and weak scattering (AR � 1,
AM � 1), the relative change of the output intensity resulting
from the presence of the absorber can be simplified to

IN − IS

IS
≈ AS(1 + R2)

1 − R2 + 2R2(AR + AM)
(VII)

whereIN is the output intensity of the empty cavity andIS the
output intensity with the absorber. For (AR + AM) � (1− R) and
R ≈ 1, the relative change of the output intensity is given by

IN − IS ≈ AS = 1
[C]σLS (VIII)

des
a in
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i hot
n radia-
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i .
I gins
t ensi-
t

e
d use
w CRDS approaches based on fast digital signal-acqui
oards.

A typical experimental optical arrangement is shown inFig. 8.
he focused laser beam from a temperature controlled

aser is directed through an interference filter into the abs
ion cell bounded by two plano-concave mirrors. Each m
as its own holder mounted in adjustable gimbals. One o
irror holders is fixed to a piezoelectric transducer (PZT) a

inusoidal voltage ramp is applied to the PZT to provide m
lation of the cavity length. A mechanical chopper is use
odulate the beam. The modulated light transmitted thr

he cavity is focused by a lens onto a photodiode that was
led to an amplifier. The detected signal is then fed into a loc
mplifier.

For the situation where there is no interference betwe
eam trapped in the cavity and an incident or output beam
verlap on the input or output mirror. For a cavity formed fr
wo identical mirrors with intensity transmission and reflec
oefficientsT andR, an overall output intensityIm afterm reflec-
ions can be written

m = cgT
2I0 e−(AS+AR+AM)(1 + R2 e−2(AS+AR+AM)

+R4 e−4(AS+AR+AM) + · · · + R2m e−2m(AS+AR+AM))

(IV)

herecg is the coupling parameter, which is less than u
nd depends upon the beam parameters and geometry
avity, I0 the incident laser-beam intensity,AS the one pas
oss due to the sample absorption,AR the one-pass loss d
o molecular (Rayleigh) scattering andAM the one-pass loss d
e
-

-

t

he

IS 1 − R 1 − R

Thus, for weak absorption, the cavity evidently provi
n effective path lengthLS/(1− R) and an absorption ga
= 1/(1− R), while the reflectivity of the mirrors can be deriv

rom R = (G − 1)/G. Thus, for (AR + AM) � (1− R) andR ≈ 1,
he concentration of the absorber can be calculated from

C] = IN − IS

IS

1 − R

σLS
(IX)

The minimum detectable concentration of absorbers
rise for maximum mirror reflectivity, maximum absorpt
ross section, maximum one-pass through the absorber
he cavity-output intensity having no amplitude noise beyon
ntrinsic quantum fluctuation. Under the shot-noise limit (s
oise predominates over thermal noise and background

ion) a ratio of the RMS intensity fluctuations (σI ) to average
ntensity (I0) incident on the photodiode is given as[60].

σI

I0
=

√
−2e�f

ηI0
(X)

heree is the electron charge,�f the bandwidth of the detectio
lectronics andη is the photodiode sensitivity. For instance, fo
hot-noise limit, the valueσI /I0 can be as high as 1.3× 10−6 for
lock-in-amplifier time constant of 3 s (e.g. an equivalent n
andwidth of 0.083 Hz at a filter slope of 6 dBoctave−1) for an

ncident intensity of 100 nW andη = 0.16 AW−1 atλ = 404 nm
n practice, however, noise from various instrumental ori
ends to become dominant and so can limit the detection s
ivity in off-axis CEAS.

Wayne and co-workers[61] developed the CEAS for th
etection of the nitrate radical and have shown that the
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Fig. 8. (a) Experimental set-up for off-axis cw CEAS with cavity output intensity integrated over time. (b) Discharge-flow apparatus for the study of NO3 with
but-2-ene. Taken from Kasyutich et al.[61].

of the off-axis alignment of the cavity and simultaneous mod-
ulation of the cavity length and the diode laser wavelength
allow minimisation of the intensity fluctuations induced by
the cavity resonance, while preserving both the cavity ampli-
fication of the effective optical path through absorbers and
the broadband optical-frequency transmission characteristic of
the cavity. For the nitrate radical it has been shown that in
this case, a noise-equivalent fractional absorption per one opti-
cal pass of 1.6× 10−6 was demonstrated at a detection band-
width of 1 Hz, Which is the equivalent of noise-equivalent
(1σ ≡ root-mean-square variation of the signal) detection sen-
sitivity of 5.5× 109 molecule cm−3. Thus the use of CEAS
imparts orders of magnitude improvements in sensitivity in com-
parison to the use of both LIF and multipass White-cell absorp-
tion spectroscopy. Typically laser-induced fluorescence (LIF)
detector[62] possesses a sensitivity of∼1010 molecule cm−3

(average of 300 measurements) towards NO3 while a white
cell utilising a tungsten–halogen lamp with an interference
filter has a sensitivity towards NO3 of 1011 molecule cm−3

[63]. More recently Kasyutich et al.[61] have utilized CEAS
for the detection of both NO2 and IO and have achieved
noise-equivalent detection sensitivities towards nitrogen diox-
ide of 1.8× 1010 molecule cm−3 and towards the IO radical of
3.3× 109 molecule cm−3.

The use of a flow tube-CEAS (FT-CEAS) will facilitate the
study of radical kinetics. The highly sensitive CEAS detector
allows kinetic studies to be undertaken at low radical concentra-
tions, typically 5× 1011 molecule cm−3, i.e. under pseudo first
order conditions. Indeed, Kasyutich et al.[61] studied the reac-
tion of NO3 with E-but-2-ene using FT-CEAS which yielded
a rate constant of (3.78± 0.17)× 10−13 cm3 molecule−1 s−1

which is in excellent agreement with the recommended value
of (3.78± 0.41)× 10−13 cm3 molecule−1 s−1. Furthermore the
versatility of CEAS, via the use of a range of diodes, will enable
the study of both the kinetic and mechanistic studies of a wide
range of radical reactions, for instance, Bale et al.[64] have uti-
lized FT-CEAS to study the reactions of peroxy radicals with
iodine monoxide.

5. Conclusions

In 1979 Howard reviewed the determination of gas-phase
rate coefficients by flow systems and listed a number of disad-
vantages, as well as many advantages. In the last 5–10 years,
development of the turbulent flow reactor has breathed new life
into flow tube studies, allowing a much wider range of pres-
sures and temperatures to be accessed whilst still maintaining
the versatility of the flow system in terms of radical prepara-
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tion. At the same time a number of detection techniques, such
as CIMS, CEAS and UV-PES, have been successfully coupled
with flow systems and have provided routes to detecting a range
of species that have hitherto been closed to flow tube interroga-
tion. The future for flow tube approaches to determine gas-phase
kinetic parameters is very bright.
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