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A CRESU~Cinétique de Re´action en Ecoulement Supersonique Uniforme! apparatus has been used
to measure rate coefficients for the reactions of C (3P) with O2 and NO at temperatures from
295 K down to 15 K. C (3P) atoms were, for the first time in a kinetic study, monitored directly by
vacuum ultraviolet laser-induced fluorescence. The rate coefficients for both reactions increase
as the temperature is lowered, matching the expressionsk(C1O2)5(4.960.8)310211

(T/298 K!2~0.3260.08! cm3 molecule21 s21 and k~C1NO!5~1.560.4!310210 (T/298 K)2(0.1660.14)

cm3 molecule21 s21. © 2000 American Institute of Physics.@S0021-9606~00!01719-0#

INTRODUCTION

Ground state atomic carbon, C(2p2 3PJ) has been de-
tected in a wide range of astronomical environments, and is
particularly abundant in dense interstellar clouds. Reactions
of C(3P) are thought to be important in the synthesis of
long-chain carbon-containing radicals observed there, and so
there is considerable interest in the measurement of the rate
coefficients for C(3P) reactions down to the temperatures
prevailing in these dense clouds~10–50 K!.

We recently performed the first ever measurements on
the kinetics of C(3P) reactions below room temperature, us-
ing an indirect chemiluminescence technique to follow the
concentration of C(3P) with time in a CRESU~reaction ki-
netics in uniform supersonic flow! apparatus.1 Reaction rates
were determined by observing the chemiluminescence from
NO (B 2P) which is generated in the reaction between
C(3P) atoms and NO2. As C(3P) was not observed directly,
it was not possible to confirm experimentally that any ex-
cited spin–orbit population formed in the photolysis was re-
laxed. It was argued that, as the spin–orbit splittings in
C(3P) are rather small, the3P1 and3P2 states lying 16.4 and
43.4 cm21, respectively, above the ground state3P0, relax-
ation would be very rapid. Furthermore, it was necessary to
consider the possibility that other photolysis products of
C3O2 were responsible for the observed signal. It was con-
cluded that they were not. However, experimental confirma-
tion of these points awaited the current work employing di-
rect detection of atomic carbon. We had also hoped to
measure the rate of reaction of C(3P) with NO in our previ-
ous study, but this proved impossible owing to the reaction
of NO with NO2 present in excess as part of the chemilumi-
nescence detection scheme.

Apart from the results published in our earlier paper,
kinetic measurements on reactions of carbon atoms have
been confined to room temperature or above. Husain and
co-workers have performed kinetic measurements on the
widest variety of reactions using atomic resonance absorp-
tion to detect C(3P). Becker and co-workers are the only
group to have used LIF detection, via a two-photon transi-
tion. Some dynamical studies have also been carried out us-

ing crossed molecular beams. References to these earlier
studies may be found in our previous paper.1

EXPERIMENTAL TECHNIQUE

In order to measure the rate of the prototypical atom–
diatomic radical reaction between C and NO, as well as to
confirm our earlier results, we sought to devise a scheme for
directly detecting the relative concentration of C(3P) formed
in the CRESU flow, using one-photon vacuum ultraviolet
~VUV ! laser-induced fluorescence~LIF!. We initially at-
tempted to use a two-photon scheme first demonstrated by
Bersohn and co-workers,2 whereby a two-photon UV excita-
tion is followed by VUV fluorescence. However, this proved
impractical for kinetic measurements, as the precursor mol-
ecule, C3O2, was very effectively photolyzed by the probe
laser, presumably via multiphoton absorption, resulting in a
high and constant background signal. We therefore turned to
one-photon VUV LIF employing the (3s 3P– 2p 3p) transi-
tions aroundl5166 nm. One-photon VUV LIF detection of
C(3P) has been demonstrated previously,3 but never in a
kinetic study. Generation of the required 166 nm radiation is
not possible using standard frequency-tripling techniques in
rare gas mixtures, and so we chose instead to employ two-
photon resonant frequency mixing in xenon.4

The CRESU method, as applied to neutral–neutral reac-
tions, has already been described in detail by Simset al.5

Full specifications of the Birmingham CRESU apparatus
have also been given recently by Jameset al.6 Here, we give
a brief description of the CRESU apparatus, emphasizing the
aspects peculiar to this study.

The heart of the CRESU apparatus is an axisymmetric
Laval nozzle, mounted on a moveable reservoir within a
vacuum chamber. All the temperatures~apart from 295 K! in
the gas flows were achieved by the isentropic expansion of
the gas mixture prepared in the reservoir through the nozzle
and into the main chamber. This expansion generates a su-
personic flow of gas in which the Mach number, the tem-
perature, the density of the gas, the mole fraction of the
co-reagent and the velocity of the gas stream are constant
along the axis of the flow. A range of nozzles was employed
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in the present work, each providing a particular temperature
and density for the selected carrier gas. Experiments were
carried out in He, Ar, and N2.

C(3P) atoms were created by the 10 Hz pulsed laser
photolysis of carbon suboxide, C3O2, using the 193 nm ra-
diation from an excimer laser~Lambda-Physik, Compex
102!, which propagated through the throat of the Laval
nozzle and along the axis of the flow. The fluence of the
beam was about 50 mJ cm22 in the CRESU chamber. C3O2

was synthesized and used as before.1

Detection of C(3P) atoms was achieved using VUV LIF
at wavelengths around 166 nm, corresponding to the
@3s 3P– 2p 3P# electronic transition. 166 nm radiation was
generated by two-photon resonant four-wave frequency
mixing4 in xenon. A gas cell, with a path length of around 20
cm, was equipped with a quartz input lens~10 cm focal
length! and a CaF2 recollimation lens~10 cm focal length! at
the output, leading directly into the CRESU chamber. Two
tuneable dye laser beams were introduced into the cell,
which contained 35 mbar of Xe. The first, at a wavelength
255.94 nm was the frequency-doubled output of a 355 nm
Nd:YAG-pumped dye laser~LAS, LDL 205!. The output
energy was;2 mJ. The UV frequency (nUV) was set to the
Xe 5p– 6p @21

2, 2# two-photon resonance. Excitation of this

resonance was ensured by monitoring the Xe1 multiphoton
ionization signal in a separate cell. Another, visible dye laser
beam~pulse energy;20 mJ! at a wavelength of around 560
nm ~corresponding to frequencynvis) was generated in a sec-
ond identical dye laser pumped by the same Nd:YAG laser
~Spectra Physics, GCR 170!, but at 532 nm, and combined
and co-propagated into the Xe cell. VUV radiation resulted
at a frequencyvVUV52nUV2nvis . Tuning the visible dye
laser in the rangelvis5560– 565 nm, corresponded to
lVUV5165.44– 165.88 nm. The resultant VUV beam inter-
sected the CRESU flow and the photolysis beam at the focus
of an optically fast CaF2 condenser lens pair, which imaged
any resulting fluorescence onto the photocathode of a VUV
solar blind photomultiplier tube~Electron Tubes, type 9403!
after passing through a VUV interference filter~Acton Re-
search! centered at 159.8 nm~23.4 nm bandwidth!.

Examples of VUV LIF spectra are shown in Fig. 1 at
room temperature and at 15 K. Relaxation of the nascent
spin–orbit distribution was seen at the lowest temperatures
studied, and was observed to take place very rapidly~in
;1–2ms!. Kinetic measurements were only started after this
relaxation had taken place. Measurements of the actual rates
of spin–orbit relaxation will be the subject of a future pub-
lication.

For each co-reagent concentration, a C(3P) kinetic de-
cay trace was recorded by systematically varying the time
delay between the photolysis and probe laser pulses. Each
decay consisted of 100 points, and was averaged for 6 laser
shots per point. They were fitted to yield values ofk1st for
each gas mixture on which experiments were carried out at a
particular temperature. The flows of co-reagent~O2, or NO;
Air Products!, and the carrier gas~He, Ar, or N2; Air Prod-
ucts! were taken directly from the cylinders and regulated by
means of mass flow controllers~MKS!. Knowledge of the
total gas density from Pitot-tube measurements and of the
individual gas flows enabled the concentrations of the co-
reagent, and hence the corresponding second-order rate co-
efficient, to be calculated.

RESULTS AND DISCUSSION

Experiments to determine the kinetic behavior of carbon
atom reactions with a reagent R~R5O2 or NO! were per-
formed both at room temperature in a subsonic flow, and at
low temperatures ranging from 15 K to 204 K in He, Ar, or

TABLE I. Rate coefficientsk, for the reaction between C(3P) atoms and O2
~in carrier gas M! measured over the temperature range 15–295 K.

T/K M
@M# / 1016

molecule cm23

@O2]/1013

molecule
cm23

No. of
points

k/10211cm3

molecule21 s21

15 He 5.05 0–9.2 11 11.260.7a

27 He 4.65 0–7.2 10 12.261.2
54 Ar 5.36 0–6.0 11 7.7460.84
83 N2 4.88 0–0.8 11 7.2760.79

207 N2 5.83 0–5.6 11 6.5260.33
295 Ar 17 0–23 11 4.0960.16

aErrors quoted as6ts statistical error, wheret is the appropriate value of
Student’st distribution for the 95% point.

FIG. 1. VUV LIF spectra of the@3s 3P– 2p 3P# transition in atomic carbon,
observed in the CRESU flow at 295 K~upper spectrum! and 15 K~lower
spectrum!. The transitions are labeled according to the upper and lower
spin–orbit levels involved (J8, J9).
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N2 buffer gases, using a number of Laval nozzles. Results for
R5O2 and NO are summarized in Tables I and II, and the
temperature dependences of the rate coefficients for these
reactions of C(3P) are displayed in Figs. 2 and 3. Table III
compares previously measured values with the rate coeffi-
cients that have been determined in the present work at room
temperature.

The new results for the reaction

C~3P!1O2→CO1O ~1!

display a remarkably good agreement with our previous
measurements using the indirect chemiluminescence detec-
tion technique. This lends confidence to both sets of mea-
surements. An unweighted nonlinear least-squares fit to the
combined data set yields the following temperature depen-
dence: k15(4.960.8)310211 (T/298 K)2(0.3260.08) cm3

molecule21 s21, with errors quoted as62s, wheres is the
standard error. This compared favorably with the tempera-
ture dependence determined previously (k54.7310211

(T/298 K)20.34 cm3 molecule21 s21). Possible explanations
for the observed negative temperature dependence were dis-
cussed in our previous paper.1

Our results for the reaction

C~3P!1NO→CN1O ~2a!

→CO1N ~2b!

are in only fair agreement with the rather scattered results of
previous studies at room temperature, as can be seen in Table
III. An unweighted nonlinear least-squares fit over the tem-
perature range 15–295 K yields the following temperature
dependence for the overall rate coefficient:k25(1.560.4)
310210 (T/298 K)2(0.1660.14) cm3 molecule21 s21, with er-
rors quoted as before. The rapid rate at room temperature,
combined with the mild negative temperature dependence, is
characteristic of radical–radical or atom–radical reactions
occurring on attractive potential surfaces.1 In such cases,

TABLE II. Rate coefficientsk, for the reaction between C(3P) atoms and
NO ~in carrier gas M! measured over the temperature range 15–295 K.

T/K M

@M# / 1016

molecule cm23

@NO#/1013

molecule
cm23

No. of
points

k/10210 cm3

molecule21 s21

15 He 5.05 0–4.6 11 2.2860.17a

27 He 4.65 0–1.8 14 2.0160.11
54 Ar 5.36 0–1.2 11 2.5060.08
83 N2 4.88 0–0.8 9 1.7360.26

207 N2 5.83 0–4.9 10 1.6960.15
295 Ar 18 0–9.1 11 1.260.09

aErrors quoted as6ts statistical error, wheret is the appropriate value of
Student’st distribution for the 95% point.

FIG. 2. Rate coefficientsk for the reaction of C(3P) atoms with O2 plotted
on a log–log scale against temperature. The filled symbols show the results
of this work; circles~d! denoting Ar carrier gas; squares~j! N2; and
triangles~m! He. The open circles show the results of our previous mea-
surements over the same temperature range with chemiluminescence detec-
tion ~Ref. 1! and the solid line shows the result of a nonlinear least-squares
fit to the combined data set, givingk5(4.960.8)310211 (T/298
K) 2(0.3260.08) cm3 molecule21 s21. The room temperature results of Husain
and Young~Ref. 12! and Beckeret al. ~Ref. 13! are shown as an open
diamond~L! and an open square~h!, respectively.

FIG. 3. Rate coefficientsk for the reaction of C(3P) atoms with NO plotted
on a log–log scale against temperature. The filled symbols show the results
of this work: circles~d! denoting Ar carrier gas; squares~j! N2; and
triangles~m! He. The solid line shows the result of a nonlinear least-squares
fit to this new data givingk5(1.560.4)310210 (T/298 K)2(0.1660.14)

cm3 molecule21 s21. The room temperature result of Braun~Ref. 10! is
shown as an open circle~s!, that of Husain and Young~Ref. 12! as an open
diamond~L!, that of Beckeret al. ~Ref. 13! as an open square~h!, and that
of Bergeatet al. ~Ref. 15! as an open inverted triangle~,!.

TABLE III. Comparison of rate coefficients for the reactions of C(3Pj ) with
O2 and NO at room temperature from the present work with those from
previous measurements.

k;300 K(C(3P)1R→products)
/10210 cm3 molecule21 s21

R5O2 R5NO Methoda Reference

0.33 1.1 FP–VUVAb 10
0.3360.15 0.7360.22 FP–VUVAb 11
0.2660.03 0.4860.08 FP–VUVAb 12
0.4760.03 0.1660.02 PLP–LIF 13
0.1660.02 0.2760.02 FT–CL 14
0.2560.04 0.5460.08 FT–RF 15
0.43760.015 — PLP–CL 1
0.409Á0.016 1.20Á0.09 PLP–VUV LIF This work

aFP, flash photolysis; VUVAb, vacuum ultraviolet absorption; PLP, pulsed
laser photolysis; LIF, laser-induced fluorescence; FT, flow tube; CL, chemi-
luminescence; RF, resonance fluorescence; VUV LIF, vacuum ultraviolet
laser-induced fluorescence.
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some collisions may occur over surfaces that do not lead to
thermodynamically accessible products. The observed mild
negative temperature dependence may then result from an
increase in the proportion of collisions which occur on sur-
faces that do lead to products. The3P1 and 3P2 spin–orbit
states of C(3P) lie at energies equivalent to 23 K and 62 K,
respectively, above the ground state3P0. The populations in
the individual spin–orbit states change markedly through the
range of temperature covered in the present experiments.
Therefore, if reaction is more probable from lower spin–
orbit states this alone could lead to a negative temperature
dependence, independent of the dynamics of the reactive
collisions.7

In contrast to the reaction between C and O2, recentab
initio potential surface and rate coefficient calculations have
been performed on the C1NO system. Beghinet al.8 em-
ployed the ACCSA method on a long range electrostatic/
dispersion potential, giving a rate coefficient at room tem-
perature of 3.43310211 cm3 molecule21 s21, with a marked
negative temperature dependence. Anderssonet al.,9 in a
very recent study, present quasiclassical trajectory calcula-
tions on a newab initio potential surface. They obtain a rate
coefficient of;8310211 cm3 molecule21 s21 at room tem-
perature, and almost no temperature dependence. However,
they took a constant correction factor of 1/9 to allow for the
nonreactive collisions as explained above. At room tempera-
ture, and certainly below, this factor is temperature depen-
dent, and fuller treatment could bring their results into agree-
ment with our experimental data. Further comparisons with
theoretical calculations, as well as with new crossed-beam
measurements at very low collision energies being per-
formed in Bordeaux by Costes and co-workers, will be the
subject of a future paper.
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