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Abstract 

The reaction C( ‘P) +NsO(% *C+) is studied by varying the kinetic energy of C(3P) in two center-of-mass regimes: 0.1-0.2 
eV and 2-7 eV. C( 3P) is directly observed, and the C, velocity distribution is estimated from the time-of-flight of Cs. CN(X %+) 

is vibrationally inverted and rotationally ‘hot’ at all collision energies. NO( X *II) is vibrationally much colder, but rotationally 
‘hot’ at the higher collision energies. At lower energies, NO( X *l-I) has no vibrational excitation and is cold rotationally. Thus, 
little energy flow occurs between the ‘old’ NO and ‘new CN bond, suggesting a predominantly direct reaction mechanism. 

1. Introduction 

Valuable insights into the reaction dynamics of 
atom-molecule reactions can be gained from studies 
carried out under well specified initial conditions, and 
with quantum state-resolved product detection. Spe- 
cifically, the vibrational and rotational (v, R) state 
distributions of both products can reveal important 
mechanistic details. Recently, we studied the reac- 
tion C( ‘P) +NzO at high collision energies and re- 
ported the CN( X *Z+ ) and NO (X *II) product state 
distributions [ 11. For this reaction, the symmetry 
correlation and spin conservation rules for an inter- 
mediate of C, symmetry allow the reaction of ground 
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state atomic carbon with nitrous oxide to occur 
through the following channels: 

C(3P,) +N20(g ‘Z+)-CO(a ‘II) 

+N2(X ‘C’), AH= -3.41 eV, (1) 

C(3P.,)+N20(x ‘C+)-CO(X ‘Z+) 

+N2(B 311), AH= -2.07 eV, (2) 

C(3P.,)+N20(jt ‘E+)-CN(X *C+) 

+NO(X *l-I), AH= -2.88 eV , (3) 

C(‘PJ)+N20(g ‘E+)+CN(A *II) 

+NO(X *II), AH= - 1.47 eV . (4) 

The focus of our work has been the investigation of 
reaction products from channel (3) using laser-in- 
duced fluorescence (LIF). For the other channels, 
chemiluminescence from the electronically excited 
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products of reactions ( 1) and (2) has not been ob- 
served. CN(A+X) chemiluminescence from reac- 
tion (4) has been observed by Costes et al. in one 
study [ 21, but was not detected by Sekiya et al. [ 31 
In addition, some theoretical work has also been re- 
ported [4,5]. 

In the past, the reactions of atomic carbon have 
been difficult to study in molecular beams due to the 
refractory nature of the element. An efficient method 
for production of ground state atomic carbon, C( ‘P), 
is laser ablation of graphite [ 6,7]. Laser ablation has 
proven to be a much cleaner source of atomic carbon 
compared to photolytic [ 8 ] or effusive sources [ 9 1. 

In this Letter, we report changes in the energy dis- 
posal into the NO product while varying the transla- 
tional energy of the carbon beam. The results were 
obtained by using two separate methods for produc- 
tion of atomic carbon: (i) free laser ablation of 
graphite and (ii) seeding the ablated carbon in var- 
ious carrier gases through a pulsed supersonic valve 
[ 10 1. Collisional energies in the range of 4.5 + 2.5 eV 
can be obtained for the tirst method, while by seeding 
in He in the second method, energies in the range of 
0.1-0.2 eV are obtained. In these studies, a vibra- 
tional population inversion was consistently ob- 
served for the CN (X ‘C+ ) product with peak popu- 
lation around v= 3 and bandheads up to v=7 
identifiable at all collision energies. Also, significant 

rotational excitation was observed [ 1 , 1 1,12 1. In con- 
trast, the NO (X 211) product was formed vibration- 
ally much ‘colder’ (peak in v=O), but rotationally 
‘hot’ at the higher collisional energies attained by free 
ablation. At the lower collisional energies achieved in 
the seeded mode, the NO(X ‘II) displayed an even 
‘colder’ internal state distribution, indicating that lit- 
tle energy flow occurs between the ‘old’ NO bond and 
‘new’ CN bond. The dependence of the NO(X 211) 
product state distributions on the relative transla- 
tional energy of the reactants suggests that reaction 
(3) is governed by a predominantly direct mecha- 
nism and that the depth of any well that may exist in 
the potential energy surface (PES) leading to prod- 
ucts in this channel is small compared to the total en- 
ergy released by the reaction. Therefore the ‘old’ NO 
bond behaves largely as a spectator in the reaction, 
especially at the lower collisional energies. 

2. Experimental 

A schematic of the ablation apparatus is shown in 
Fig. 1. The two reactant beams are crossed at right 
angles in an octagonal reaction chamber pumped by 
a 2400 Q/s diffusion pump. Each of the two source 
chambers, for N20 and C, may be differentially 
pumped with speeds of 2400 and 1200 Q/s respec- 

Fig. 1, 
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tively. However, for the data reported here, only the 
latter is differentially pumped through a 3 mm skim- 
mer. The pressure in the scattering chamber is main- 
tained at < 4 x 1 0m5 Torr with the pulsed nozzles op- 
erating at 10 Hz. The neutral beam is generated using 
neat N20 (Matheson Industries, 99.99%) through a 
pulsed valve (Lasertechnics LPV- 1, 150 us duration, 
0.5 mm diameter orifice). The stagnation pressures 
are identified in the figure captions for each of the 
spectra reported. It was verified that clustering in the 
neutral beam does not affect the results by repeating 
the spectra with a 10% N,O/He mixture at similar 
stagnation pressures as the neat N20. Typically, the 
NzO nozzle orifice is set 28-30 mm from the center 
of the reaction chamber. A series of scans taken at 
varying stagnation pressures and nozzle distances has 
confirmed that relaxation in the product distribu- 
tions is minimal. 

The carbon beam is produced by laser ablation of 
graphite [ 6 1. The apparatus is designed to operate in 
two separate modes, one allowing the ablated mate- 
rial to freely expand into the reaction chamber (free 
ablation), while the other entrains the ablated mate- 
rial in a carrier gas allowing kinetic energy control of 
the reactant atom beam (seeded ablation). The 
seeded beam is generated by expanding the carrier gas 
through a magnetic induction-type pulsed valve 
(R.M. Jordan Co., 50 us pulse, 1 .O mm diameter ori- 
fice). The effluent from the nozzle passes through the 
ablation region where the ablated carbon species are 
entrained in the jet and carried to the reaction cham- 
ber through the skimmer. He or Hz at a stagnation 
pressure of 7.5 atm are used as carrier gases. For the 
ablation process, the fourth harmonic (266 nm) of a 
Nd : YAG laser (Spectra-Physics GCR-11-3, 7 ns 
pulse) is used. In majority of the experiments, a x 3.5 
mJ/pulse is focused to a spot size of x. 0.5 mm with 
a 50 cm lens onto a spectroscopic grade graphite elec- 
trode rod placed 7-9 cm from the reaction center. The 
rod is maintained in constant helical motion to en- 
sure good shot-to-shot stability, and the uniform en- 
ergy profile of the Nd: YAG laser beam leads to an 
efficient production of predominantly monomeric 
carbon (see below). The radiation at 266 nm has 
proven to be a far more efficient source for producing 
monomeric C than the 355 nm radiation previously 
used [ 121. In the free ablation experiments, the laser 
beam enters the reaction chamber through a side port 

opposite the skimmer, hitting the graphite rod which 
has its center aligned with the laser beam (Fig. 1). 
For operation in the seeded mode, the ablation laser 
beam enters the chamber through the back port (Fig. 
1 ), hitting the rod that is recessed with respect to the 
skimmer. In these experiments, it is particularly im- 
portant to use a pulsed valve with a short opening 
time for the carrier gas, in order to minimize cluster- 
ing of the carbon atoms. Typically, the ablation laser 
is fired 50-100 us after triggering the Jordan valve, 
while the Lasertechnics valve is triggered O-150 us 
after the Jordan valve, and the probe laser is fired 
25-50 us after the ablation laser. In the free ablation 
mode, the probe laser is fired 15-24 us after the abla- 
tion pulse. 

A transient digitizer and a computer control data 
acquisition. Analog signals from the photomultiplier 
tubes (PMTs) are sent to a Nicolet Explorer III dig- 
ital storage oscilloscope, and then to the computer for 
storage and processing. The timing sequence of the 
experiments is controlled by an array of pulse and de- 
lay generators allowing control of 6 channels with a 
10 ns incremental time adjustment. 

C ( 3P) was detected via LIF using a Nd: YAG laser 
pumped dye laser system (Quanta Ray, DCRl A, 
Quanta Ray PDLl ). The dye laser, operating on rho- 
damine 6G, generated a beam ( 1.0-3.7 mJ) that was 
frequency doubled in a ISDP crystal and focused us- 
ing a 30 cm lens into the center of the freely expand- 
ing collimated eMuent from the ablation. The LIF 
signal was normalized to laser energy on a shot-to- 
shot basis. Excitation of atomic carbon was achieved 
by a two-photon absorption at sz 280 nm (Fig. 2a), 
while fluorescence was observed at 166 nm. The flu- 
orescence from C( 3P) was imaged through a MgF 
window and focused with a 25 cm focal length CaF 
lens onto the PMT (CsI, Hamamatsu R 1259 ) . The 
telescope and PMT housing were first evacuated and 
then continually purged with Ar or Nz when record- 
ing spectra to avoid attenuation of the VUV 
fluorescence. 

For the detection of NO(X 211) and CN( X 2E+), 
an excimer-laser pumped dye-laser system (Questek 
2220M, Lambda Physik FL200 1) , operating on either 
QUI or coumarin 450 dyes, was used. CN was inter- 
rogated by excitation of the Av=O, and -2 se- 
quences of the B 2E+ tX 2E+ system [ 13 1, while NO 
was detected using the Av=O sequence of the 
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Fig. 2. (a) Detection scheme for two-photon laser excitation of 
ground state atomic carbon using the 2p3p ‘P,,+-2p2 3P,n tran- 
sition. The LIF is detected in the VUV near 166 nm. (b) Two- 
photon LIF spectrum of C( “P) from 355 nm ablation of a spec- 
troscopic grade graphite rod. Approximately 8 mJ/pulse of 355 
nm was focused with a 50 cm focal length fused silica lens to a 
0.4 mm spot in front of the rod. The probe laser was tired 7 us 
after the ablation. 

(A *Z+ eX *II) system [ 141. For NO, the dye laser 
output was frequency doubled in a BBO crystal. Typ- 
ical probe energies were 20-30 uJ and 500 uJ for NO 
and CN respectively, focused to a spot size of x 3 mm. 
The fluorescence from the excited molecules was im- 
aged using a Galileo type telescope through appropri- 
ate filters and apertures onto one of two PMTs: a 
GaAs Hamamatsu R943-02 for CN and a solar blind 
CsTe Hamamatsu R166UH for NO. 

3. Results and discussion 

3.1. Characterization of the carbon beam 

The ablation of graphite generates a variety of C, 
species whose relative concentrations depend on the 
experimental conditions. Indeed, it has been postu- 
lated that monomeric carbon can be produced as the 
major species under experimental conditions in which 
the ablation laser dissociates the majority of the C, 

species [ 15 1. Although C (‘P) has been directly ob- 
served from graphite ablation [ 16 1, it was important 
to establish that under our experimental conditions 
atomic carbon is efficiently produced while the con- 
centrations of C3 and C2 species are minimized. 

Fig. 2 shows the C( ‘P) LIF spectrum obtained by 
using two-photon absorption of focused 280 nm ra- 
diation to access the 2p3p 3P,, t2p2 ‘PJn transition 
[ 171. In order to achieve a high number density of 
carbon atoms in the detection region the apparatus 
was operated in the free ablation mode, probing the 
atomic plume 6-7 us after the ablation pulse. Similar 
measurements in the seeded mode were not at- 
tempted because of the larger fluctuations in signal 
intensities (see below). The lines in the spectrum 
were identified by using published frequencies [ 18 1. 
In addition, both C2 (D ‘XC,+-X ‘Z: ) [ 191 and C3 
(A ‘I&-X ‘Ep’ ) [ 201 are readily detectable by LIF. 
This ability to directly probe C( ‘P), C2, and C3 al- 
lows optimization of the experimental conditions to 
produce predominantly monomeric carbon, and in- 
deed the ablation conditions given in section 2 were 
chosen to maximize atomic carbon and minimize the 
C2, and C3 signals. 

The velocities of the C, species obtained in the 
beam in the free ablation and the seeded modes were 
estimated by measuring LIF signals for various time 
delays between the ablation and the probe pulses at a 
fixed distance (6.5 cm). This TOF method allows 
measuring of not only the most probable velocity, but 
also the C, velocity distribution. In these studies, LIF 
of C2 rather than atomic C was detected, primarily 
because of the smaller shot-to-shot fluctuations in the 
signal when monitoring C2. Here it is assumed that 
the velocity of C2 is similar to that of C. For the seeded 
ablation, this assumption is validated by the fact that 
Naulin et al., who produced C2 by the same method, 
reported a rotational temperature of the order of 10 
K [ 2 11. This would imply that sufficient collisions 
have taken place between CZ and He for the former 
to attain the same velocity as the carrier gas. The free 
ablation case may be more ambiguous as not very 
much is understood about the ablation process itself. 
However, the beam formed by free ablation is direc- 
tional and ‘expansion-like’ [ 22,231, which suggests 
that the different species may move at comparable 
velocities. This assumption is also supported by the 
observation of a maximum in the product CN and 
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NO signals within a microsecond of the peak of the 
CZ signal. 

Fig. 3a displays a velocity distribution obtained in 
free ablation using an ablation pulse energy of 3 mJ. 
It shows that the most probable velocity for the CZ 
beam is x 9500 m s- ’ with a broad distribution be- 
tween 7000 and 12000 m s-’ (at half maximum). 
The distributions were similar with ablation energies 
of 1-8 mJ/pulse. Correspondingly, for C2 seeded in 
He (Fig. 3b), the most probable velocity was 1600 m 
s-‘, with a much narrower distribution centered be- 
tween1450and1750ms-‘(athalfmaximum).The 
velocity of the NzO beam was measured with a fast 
ionization gauge by recording the difference in the 
arrival time of the gas pulse at two different nozzle- 
gauge distances. At a stagnation pressure of 0.7 atm, 
the mean velocity of the N20 beam was 680 m s-l 
( k 2%). It was not possible to accurately measure the 
velocity distribution of the beam using this method. 
Table 1 displays the velocities in each of the beams, 
the relative velocities and the center of mass (c.m. ) 
collision energies. The c.m. collision energy for seeded 
ablation in He ranged from 0.13 to 0.17 eV, while for 
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Fig. 3. Velocity distribution estimated for the C atom beam from 
TOF spectra of C2 detected by LIF in the (a) free ablation mode, 
and (b) seeded ablation mode. 

free ablation, the distribution ranged between 2.0 and 
7.0 eV. High kinetic energies from the free laser abla- 
tion have been obtained before in other cases; for ex- 
ample, the energy of Al atoms obtained from the 
ablation of A1203 was measured to be x 4 eV [ 241. 
The large difference in the velocities (and hence col- 
lision energies) of the two modes of producing C 
seems to have a significant effect on the internal state 
distribution of the NO product as reported below. It 
should also be noted that in our previous report, the 
C velocity distribution from free ablation was as- 
sumed to be 3000-5000 m s- ’ based on the CZ TOF 
measurements of Dreyfus and co-workers [ 22,23 1, 
thus yielding a collisional energy of 0.9 + 0.4 eV. This 
discrepancy may be explained by the fact that we have 
used much greater ablation energy ( x 1.5 J cm-‘) as 
compared to Dreyfus et al. (0.1-0.5 J cmv2). These 
authors have noted that the velocity of the beam in- 
creases with the ablation energy up to a certain level, 
above which it remains fairly constant. 

3.2. CN(X2.?Y) and NO(X ‘IJ internal state 
distributions 

A typical CN (B ‘C+ eX ‘C+ ) LIF spectrum ob- 
tained by using the seeded ablation mode and show- 
ing the Au= - 2 sequence is displayed in Fig. 4a. The 
CN product is rotationally and vibrationally ‘hot’ with 
bandheads of v< 7 clearly identified and a peak pop- 
ulation in v=3. The observed rovibrational excita- 
tion is in good agreement with the work of Costes et 
al. [ 121 who, using the Au= - 1 sequence, reported 
rotational temperatures up to 11000 K and a similar 
vibrational distribution. In our study, the LIF spec- 
trum for CN did not change substantially as a func- 
tion of collision energy, i.e. when producing C by free 
ablation (ablation energy of 15-20 mJ at 355 nm, or 
3-8 mJ at 266 nm), or ablation followed by seeding 
in He and H2. 

Also recorded were the NO (X 211) LIF spectra, an 
example of which is shown in Fig. 4b. The spectra 
were converted to populations by taking into account 
the appropriate HGnl-London line-strength factors 
calculated using the formulae of Earls [ 25 1, as de- 
scribed before [ 11. In contrast to the CN( X 2E+ ) 
product, the NO internal state distribution was dif- 
ferent for the low and high collisional energy regimes. 
Previously, we had reported for a free ablation mode 
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Table 1 
The relative velocities and collisional energies for the free and seeded ablation methods 

C-beam 
velocity a 

(m/s) 

NsO-beam 
velocity b 

(m/s) 

Relative 
velocity 

(m/s) 

Collisional 
energy c 

(ev) 

free 
ablation 

seeded 
ablation 

(He) 

95OOk2500 9525f2500 4.5f2.5 
680 

1600f 150 1740f150 0.15kO.02 

’ The width of the velocity distribution is taken at half maximum. 
b Peak of the velocity distribution. 
’ Center of mass collisional energy. 

2-4 cl 

CN(B%+-X ?Z+) 
1-3 --I Av=-2 

I 

456 458 460 

Wavelength (nm) 

NO(A?Y+ t X211) 

225.6 225.8 226.0 226.2 226.4 

Wavelength (nm) 

Fig. 4. Product LIF spectra observed from the title reaction using seeded ablation. (a) CN(B ‘Z+ +X2+) LIF spectrum. The Au= -2 
sequence was excited and fluorescence observed on the Au=0 sequence. The C( “P) beam was entrained with a stagnation pressure of 7.5 
atm Hz. The N20 beam was neat with a stagnation pressure of 0.7 atm. (b) NO (A%+ t X ‘II) LIF spectrum. The Au= 0 sequence was 
used for excitation and the observation of fluorescence. The C( “P) beam was entrained with a stagnation pressure of 7.5 atm He. The 
N20 beam was neat with a stagnation pressure of 0.7 atm. Some of the peaks that have been marked with an asterisk, likely originate 
from the Mulliken bands (D ‘Zz tX ‘Z: ) of C1. 

(355 nm, pulse energy of 15-20 ml) a high degree of 
rotational excitation with levels in excess of J= 60.5 
being detected. The rotational distribution for the 
v= 0 level of NO( 2111,2) was inverted peaking in 
J=49.5. Some population was also observed in V= 1 
and v= 2 with population ratios being u=O: 1: 2= 
1: 0.45 : 0.12. Similar distributions were obtained for 

N0(2113,2). In the free ablation mode employed for 
this study, the NO LIF spectra was obtained by using 
266 nm ablation with a pulse energy of 3.5 mJ at de- 
lays 15-24 us. Fig. 5a shows the corresponding rota- 
tional distribution. It appears to be bimodal with two 
peaks at xJ=9.5 and 25.5 and states up to J~40.5 
being populated. Some population in vibrational lev- 
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Fig. 5. Nascent rotational distributions of the u=O level of NO 
obtained in free and seeded ablation modes, using 266 nm radia- 
tion. (a) Free ablation mode. The N20 beam was neat with a 
stagnation pressure of 2.3 atm. (b) Seeded ablation mode. The 
C(3P) beam was entrained with a stagnation pressure of 7.5 atm 
He. The N20 beam was neat with a stagnation pressure of 0.7 
atm. 

els up to V= 2 was also found, although less than un- 
der the conditions reported in ref. [ 11. The rota- 
tional distribution did not change when the stagnation 
pressure (and hence the background chamber pres- 
sure) was reduced, and when increasing the distance 
of the N20 nozzle from the reaction center. Also, 
varying the delay between the ablation and probe las- 
ers from 15 to 24 us did not have a significant effect 
on the rotational distribution. Shorter time delays 
could not be used because of interference from a 
background ‘glow’ from the free ablation. It therefore 
appears that in free ablation, the experimental abla- 
tion conditions (at 3 5 5 or 266 nm ) have an effect on 
the NO energy disposal, in particular on the rota- 
tional distribution. This observation, though difft- 
cult to fully rationalize, may be a result of changes in 
the C, species velocity as a function of ablation con- 
ditions, as reported before. The bimodal nature of the 
distribution may not be entirely surprising consider- 
ing the broad energy distribution of collision energies 

in the free ablation mode (Table 1). It is also possi- 
ble that the velocity distribution generated in the ex- 
periments reported in ref. [ 1 ] by using 355 nm abla- 
tion at high pulse energies (which was not measured) 
is different than that from the 266 nm ablation used 
in this work. However, it is quite clear that free abla- 
tion in general does not provide a narrow energy dis- 
tribution, thereby complicating interpretations. In 
particular, since the products were detected at rela- 
tively long delays they may reflect preferentially re- 
actions at the lower end of the collision energy distri- 
bution. At 15-24 us delays, products are detected that 
are either formed inside the probe region in reactions 
of slower moving carbon atoms, or formed in reac- 
tions of faster carbon atoms outside the probe region, 
and scattered into it. The latter may be partially re- 
laxed, but based on considerations of scattering an- 
gles and detection efficiency, they will be detected less 
efficiently than products formed inside the probe 
volume. 

The NO( v=O) rotational distribution obtained in 
the seeded ablation (Fig. 5b) was substantially colder, 
peaking around J= 8.5. Also, no population was ob- 
served in v> 0. These results were similar when seed- 
ing in either He or Hz and changing the delay be- 
tween the ablation and probe lasers from 25 to 50 us. 
It must be emphasized that in the data analysis, pop- 
ulations obtained from several scans over the same 
spectral region were averaged. This was necessary be- 
cause there are momentary fluctuations in the plasma 
producing the atomic carbon. These fluctuations, in 
turn, lead to momentary changes in the C-beam in- 
tensity, randomly enhancing or diminishing certain 
peaks by as much as 30°h. However, the shape of the 
distribution curve was similar in each of the scans. 

An examination of the NO LIF spectrum reveals a 
number of features not assignable to the 
NO (A %+ tX *II ) transition, which are much 
weaker in the free ablation as compared to the seeded 
mode. These peaks likely originate from the Mulli- 
ken bands (D ‘XC,+ tX ‘Ep’ ) of C2 [ 211 and some 
of them have been marked with an asterisk in Fig. 4b. 
By performing scans with only the ablation source 
operating, signals were observed in the (0,O) and ( 1, 
0) bandhead regions which are definitely assignable 
to the C2 Mulliken bands. However, since the overlap 
is observed only with a small region of the 
NO(A *Z++X *II) (0,O) band, they do not consti- 
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tute a major problem in the data analysis. Also, C3 
LIF signals have been observed in the seeded abla- 
tion work due to the Swing bands (A ‘I&,+X ‘El ) 
which have a strong absorption in the region of the 
CN(B ‘C+tX ‘Z+) Au=0 sequence. However, nei- 
ther CZ and C3 nor higher order clusters will partici- 
pate in exoergic reactions with N20. The removal rate 
coefficients of C2 and C3 by NzO are G lo-l4 cm3 
molecule-‘s-l [26]. 

It is important to realize that the quantity mea- 
sured by LIF is a number density, i.e. the total num- 
ber of molecules in a specific quantum state within 
the irradiated volume. To determine the exact popu- 
lation for a given quantum state, a number density- 
to-flux transformation (DFT) is required [ 271. The 
need for the DFT arises due to the fact that reaction 
products created in different internal energy states will 
expand in space at different velocities. However, for 
this report, no attempt was made to correct for den- 
sity-to-flux effects. For an effective DFT, both reac- 
tant beams need to be collimated, which necessitated 
higher signal levels than were obtained in this study. 
However, even without this correction, the 
CN (B ‘Z+ CX 2Z+ ) LIF spectra obtained in the 
present work are in good qualitative agreement with 
those obtained by Costes et al. under conditions where 
density-to-flux corrections could be applied. The au- 
thors found the DFT corrections were small even for 
highly excited CN ( X ‘Z+ ) fragments [ 11,12 1. Hence, 
it is expected that corrections for the density-to-flux 
effects will not change the qualitative conclusions of 
this work. 

3.3. Implications to the reaction dynamics 

The dynamics for reactive processes are usually di- 
vided into two categories: direct and indirect [ 28 1. 
Put in simple terms, direct reactions are described by 
a stripping dynamics and characteristically one of the 
reaction products is born with considerably more in- 
ternal energy than the other. For these reactions, the 
well depth along the reaction coordinate is too shal- 
low to allow energy randomization among the prod- 
ucts to occur. Product state distributions from a di- 
rect reaction are usually nonstatistical with a 
significant fraction of the available energy, Eavail, 
channeled into product translation. In addition, a far 
greater amount of Eavail is channeled into the newly 

formed bond, as opposed to the ‘old’ bond. In con- 
trast, an indirect reaction proceeds through a bound 
transition state whose lifetime may be sufficiently long 
for energy randomization among the products to oc- 
cur. In this case, the products internal energy state 
distributions are often statistical. In the title reac- 
tion, theoretical calculations propose a potential well 
along the reaction coordinate and formation of a 
CNNO reactive intermediate [ 4,5 1. If this interme- 
diate survives for several vibrational periods, energy 
could flow from the new CN bond into the old NO 
bond. Thus an increase in the internal state excita- 
tion for the NO products upon decreasing the kinetic 
energy of the reactants may occur. However, our pre- 
liminary findings indicate that this is not the case. 
Instead, the internal energy in both the vibrational 
and rotational degrees of freedom of NO (X ‘II ) in- 
creases at higher kinetic energies. This points to- 
wards a reaction that is predominantly governed by 
a direct or stripping type mechanism. The high level 
of internal excitation in the CN( X 2Z+ ) product at 
all kinetic energies investigated is consistent with an 
attractive potential where energy is released as the 
reactant C atoms approach the terminal nitrogen end 
of the linear N20 molecule [ 4,5 1. 

The higher level of internal excitation in the 
NO (X ‘II ) product at higher collision energies may 
be rationalized by two possible mechanisms: the re- 
action is highly exoergic with an intermediate com- 
plex, or alternatively, it is truly direct where even if 
an intermediate is formed, it is short lived. In the first 
case, at the higher collisional energies employed, it is 
likely that a larger number of reactive trajectories with 
a greater range of impact parameters becomes acces- 
sible. Thus, the reaction may proceed through inter- 
mediate complexes that are bent either in the cis or 
trans configuration [ 4,5 1. Indeed, the broad range of 
velocities shown in Fig. 3a, could reflect a wide range 
of impact parameters. When these bent intermedi- 
ates fall apart into products, a torque is imparted on 
the reaction products manifesting itself as rotational 
excitation. Trajectories in which the approach is end 
on (zero impact parameter) may also transfer more 
energy into the NO bond through impulsive energy 
release. Increasing the collision energy will thus pro- 
duce more vibrational excitation in NO( X ‘II). A 
similar observation, i.e. conversion of higher colli- 
sional energy into product internal energy has been 
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made for the reaction Si + N20 [ 29 1. This reaction is 
endoergic, and was found to have a threshold of about 
0.3 eV. At energy values above the threshold, the ro- 
tational excitation of the product SiN (X *C+ ) was 
directly proportional to the excess collisional energy. 
However, in our study, the relatively small internal 
excitation at the lower collisional energies for NO 
would suggest a direct mechanism, where an inter- 
mediate, if formed, is short-lived. Indeed, a long-lived 
intermediate is not expected in an exothermic reac- 
tion such as the title reaction. In this regard, a com- 
parison with a theoretical study [ 301 of the reaction 
C (‘P) + NO using a quasi-classical trajectory treat- 
ment, may be useful. In that study, the rotational ex- 
citation of the product CN (X *C+ ) was linked to the 
orbital angular momentum, which in turn is propor- 
tional to the relative velocity of the reactants. There- 
fore, a higher relative velocity (and thus collisional 
energy) is observed as higher rotational excitation of 
the product. 

Classical trajectory calculations on the title reac- 
tion were run on a PES constructed using a MNDO 
semi-empirical CI SCF calculation [ 4,5 1. The calcu- 
lations were restricted by the assumption that the 
CNNO intermediate behaves as a pseudo-triatomic 
CNN’ intermediate; i.e. the NO bond was frozen in 
the calculations to reduce the dimensionality of the 
problem and reduce the computational time re- 
quired. The theoretical surface used for the trajectory 
calculations was a triplet of A” symmetry and pos- 
sessed a well favoring the formation of a collision 
complex. These calculations predicted an inverted 
vibrational energy distribution for the CN product 
peaking at u= IO- 12. Although the excitation is con- 
siderably higher than the experimentally observed 
peak at v= 3, the excitation of higher vibrational lev- 
els is qualitatively consistent with the mechanism 
suggested by the calculations. The vibrational popu- 
lation inversion, despite the presence of a well, was 
attributed to the high exoergicity of the reaction, and 
it was concluded that the reaction possesses some di- 
rect character. It has been shown that for surfaces with 
deep wells, the intermediate lifetime will fall dramat- 
ically at high collision energies with the interaction 
tending towards direct. However, a more detailed 
theoretical study providing for energy flow into the 
NO bond should provide more insight into the dy- 
namics of this reaction. 

In conclusion, it appears from our studies that the 
reaction channel leading to CN(X *Z+ ) and 
NO (X *II) proceeds through a reaction mechanism 
that is predominantly direct, where the NO behaves 
as a spectator. Additional experiments at a lower col- 
lisional energy may be necessary to determine if this 
reaction does posses some indirect character, and if 
the collisional complex may live longer. This in turn, 
could lead to more internal excitation of the NO 
product. 
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