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A collaborative study of Af X electronic transitions from CN(A2Π,V)3,N)60-63) fine-structureΛ-doublet
levels induced by collisions with argon and helium is presented. Experimental state-to-state rate constants
were determined with an optical-optical double resonance technique. Specific levels of CN(A2Π,V)3,N)60-
63) were prepared by excitation of the photolytically generated radical with a pulsed dye laser on various
rotational lines in the A2Π-X2Σ+ (3,0) band, and collisionally populated levels in theVA ) 3 and the nearly
isoenergeticVX ) 7 vibronic manifolds were probed after a short delay by laser fluorescence excitation in the
B-X (3,7) and B-A (3,3) bands. Final state distributions (relative state-to-state rate constants) are reported
for CN(A)-Ar collisions; the rate constants for transitions induced by He were considerably smaller. Absolute
total removal rate constants were also determined. A crossing of the A2Π V ) 3 F1f rotational/fine-structure
manifold with the X2Σ+ V ) 7 F2 levels occurs atJ ) 62.5. The dependence of Af X rate constants and the
total removal rate constants on the initial level demonstrates the importance of this “gateway” in facilitating
collisions between these manifolds. The experimental CN(A)-Ar rate constants have been compared with
theoretical rate constants computed in a quantum scattering treatment of the dynamics based on ab initio
CN(A,X)-Ar potential energy surfaces. The small non-Born-Oppenheimer mixing of the A and X states in
the isolated CN molecule was also included in the calculations. The computed total removal rates show an
enhanced value for the perturbedN ) 62 F1f initial level, in agreement with experiment, but the computed
state-to-state rate constants do not agree well with the experimentally determined values.

1. Introduction

An important collisional removal process for electronically
excited molecules is electronic quenching to the ground
electronic state. Rate constants have been measured for the
electronic quenching of the excited electronic states of many
diatomic and polyatomic molecules in collisions with a variety
of targets. In part, interest in these rate constants has been
stimulated by the application of laser diagnostic techniques, such
as laser-induced fluorescence, for the measurement of concen-
trations of molecules and radicals in finite-pressure environ-
ments, such as flames and the atmosphere.1,2 Because quenching
affects the fluorescence quantum yield, and hence the relation-
ship between signal strength and species concentration, knowl-
edge of the quenching rate constants is crucial to a proper
understanding of these experiments.

Two different mechanisms, which are not mutually exclusive,
have been put forth to describe collision-induced electronic
transitions.3 The first mechanism is the “gateway” model of
Gelbart and Freed,4 which attributes transfer between different
electronic states to spectroscopic perturbations in the diatomic
moiety.5 These perturbations mix the two states, with the result
that collisions will allow interelectronic transitions to borrow

from the large cross sections associated with rotationally
inelastic scattering within a single electronic state.6,7 Since
spectroscopic perturbations are weak, the only levels that are
accidentally nearly degenerate will mix significantly. Conse-
quently, these sparse mixed levels should serve as gateways
between the separate electronic states.

The second mechanism attributes collision-induced electronic
transitions to the electrostatic mixing of the electronic states
induced by the approach of the collision partner.8 Implicit in
the Gelbart-Freed model is the assumption that this coupling
is weak. However, electrostatic coupling will enable collision-
induced transitions between the two states even when spectro-
scopic perturbations between the two states are negligible, or
forbidden by symmetry.

The application of modern laser techniques has allowed the
state-to-state study of collision-induced rotational energy transfer
in diatomic molecules, and collisions of a number of diatomic
molecules in various electronic states have been studied with
such techniques.6,7 In contrast, there have been relatively few
investigations of collision-induced electronic transitions in which
both the initial and final rovibronic levels were resolved.3 The
paradigm for collision-induced electronic quenching has been
the CN radical. The potential energy curve for the A2Π
electronic state lies nested within the curve for the ground X2Σ+

state (see Figure 3 of ref 3), and there exist near degeneracies
between rotational levels of theVA vibronic manifold of the A
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state and theVX ) VA + 4 manifold of the X state.9 Individual
levels in both electronic states can be probed conveniently by
optical excitation to the B2Σ+ state.10-12

The non-Born-Oppenheimer perturbational mixing of the
A2Π and X2Σ+ electronic states of CN has been well character-
ized by Kotlar et al.9 Both mechanisms of energy transfer can
thus be operative in CN Af X collisional transfer, unlike the
situation for the isoelectronic N2+ ion,13-16 for which there are
no perturbations between the analogous A2Πu and X2Σg

+ states
because of the g-u prohibition for perturbations in homonuclear
diatomics.5

Collisional electronic energy transfer in the CN radical was
first investigated by Pratt and Broida.17 Other workers have
investigated nonradiative electronic transfers in CN in Ne
matrixes,18 CN-Ne binary complexes,19,20CN-Arn clusters,21

and in bimolecular collisions.22,23Dagdigian and co-workers24-28

used optical-optical double resonance (OODR) to study elec-
tronic transitions from low rotational levels of theVA ) 3, 7,
and 8 manifolds, induced by collisions with He and Ar.
Unfortunately, in these studies any special role played by the
perturbatively mixed gateway levels was obscured by the
efficient electrostatic coupling between nonperturbatively mixed
levels and by experimental difficulties in the direct laser
excitation of the most perturbed A state levels9,29 (in the VA )
7 level).

On the basis of the theoretical work of Alexander and Corey,8

Werner and co-workers30 used multireference configuration
(MRCI) techniques to generate the necessary potential energy
surfaces (PESs) for the CNHe system. These were then used in
quantum scattering studies to determine cross sections for
various Af X transitions.28,31Overall, the agreement between
the calculated and experimentally determined final state distri-
butions was quite good.

More recently, again in collaboration with Werner, we
reported similar MRCI PESs for the CNAr system.32 We have
used these to study pure rotational energy transfer within the A
state.32,33In particular, using 193 nm photolysis of BrCN, rather
than a discharge, to generate the CN radical, we were able to
study collisions of CN(A2Π) in very high (N ≈ 60) rotational
levels of theVA ) 3 manifold with both Ar and He.33,34Although
these experiments were limited to the study of rotational
transitions within the A state, the same initial state preparation
can be used to study electronic energy transfer emanating from
these high rotational levels since theVA ) 3 and VX ) 7
manifolds cross in the rangeJ ) 62.5-92.5.9 Because these
levels are spaced far apart, electronic inelasticity arising from
direct electrostatic coupling should be small, and spectral
congestion should not be a problem. This would allow an
unambiguous investigation of the role of perturbation-mixed
gateways in electronic energy transfer, in particular through the
perturbation atJ ) 62.5.

Figure 1 presents an energy level diagram for theVA ) 3
andVX ) 7 vibronic manifolds in the vicinity of this perturba-
tion, which leads to mixed electronic state character (10%
admixture) for theVA ) 3, N ) 62 F1f andVX ) 7, N ) 63 F2

levels. We report here the experimental measurement of total
removal and Af X rate constants for collisions ofVA ) 3, N
) 60, 62, and 63 initial levels with Ar, and also with He. Initial
levels that are both weakly and strongly affected by the isolated-
molecule perturbation have been investigated in order to gauge
the extent of the importance of the gateway levels. The
experimental rate constants are compared with theoretical rate
constants computed by quantum scattering methods based on
the ab initio CN(X2Σ+,A2Π)-Ar PESs mentioned above.32 The

calculation of these rate constants explicitly includes the non-
Born-Oppenheimer mixing of the A2Π and X2Σ+ states in the
isolated CN radical.9,28

2. Experimental Results

2.1. Apparatus.The experiments were carried out in the same
apparatus as that used for the study of rotationally inelastic
collisions of high CN(A2Π) rotational levels,33,34 and the
experimental arrangement is briefly described here. CN was
produced in a quasi-static cell by 193 nm photolysis of BrCN
(5 mTorr) diluted in He or Ar (total pressure 0.3-0.9 Torr).
After a several microseconds delay to allow for translational
equilibration,35 a selected CN(A2Π) rovibrational/fine-structure
level was excited by pulsed “pump” dye laser irradiation on
isolated lines in the A2Π-X2Σ+ (3,0) band. The populations
of the initial level and collisionally populated levels in theVA

) 3 andVX ) 7 vibronic manifolds were probed by Bf X
fluorescence excitation in the B2Σ+-A2Π (3,3) and B2Σ+-X2Σ+

(3,7) bands 30 ns after the pump laser by a “probe” dye laser.
The probe laser energy and Af X fluorescence induced by
the pump laser were also recorded for normalization purposes
while acquiring the OODR spectra.

As discussed previously,33 the probe laser alone excited B
f X fluorescence due to the presence of vibrationally excited
CN(X2Σ+) and electronically excited CN(A2Π) fragments from
the photolysis and subsequent partial collisional relaxation.
Hence, the pump laser was fired every other shot, and the laser
on and off signals were separately summed over a preset number
of shots before the probe laser was stepped to the next
wavelength. OODR spectra for the determination of populations
of collisionally populated levels were obtained by subtraction
of these two signals. Typical OODR spectra with the pump laser
on and off were presented previously (see Figure 2 of ref 33).

The initially prepared level in the A2Π state should have an
isotropicMJ distribution since the A-X (3,0) band was saturated

Figure 1. Energy level diagram of the CN A2Π V ) 3 and X2Σ+ V )
7 vibronic manifolds around their crossing atJ ) 62.5. The levels are
labeled with the total angular momentumJ and the fine-structure labels
F1 and F2, as well as the case (b) rotational angular momentum quantum
numberN. In the case (b) limit,J ) N + S whereS is the electron
spin; we haveJ ) N + 1/2 and J ) N - 1/2 for F1 and F2 levels,
respectively. Each rotational level in the2Π state is further split into
the e and fΛ-doublets, of opposite total parity. The dotted line
connecting theN ) 62 F1f level in the A2Π state and theN ) 63 F2

level in the X2Σ+ state denotes that these are the most perturbed levels
in this energy range due to the non-Born-Oppenheimer mixing in the
isolated diatom. From ref 9, we estimate that theVA ) 3, N ) 62 F1f
level possesses 10% X state character, while theVX ) 7, N ) 63 F2

level possesses 10% A state character. The energies in the diagram are
given relative to that of the CN(X2Σ+,V)7,N)0) level.
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at the 5 mJ pulse energy at which the pump laser was usually
operated. Care was taken to adjust the energy of the probe laser
beam so that excitation of the both the B-A (3,3) and B-X
(3,7) bands were in the linear regime. It should be noted that
the band strength of the former is considerably larger than that
of the latter36 so that saturation effects would tend to lead to an
overestimate of the rotational populations in the X state vs those
in the A state. The OODR spectra were recorded at probe laser
pulse energies of approximately 30µJ. A discussion of the
intensity factors for converting the Br A and B r X laser-
induced fluorescence signals to populations is presented in the
Appendix.

2.2. Total Removal Rate Constants.A first test of the
importance of the gateway mechanism is to see whether the
rate constants for depletion of the population of the initially
excited A2Π level by all collisional processes is enhanced at a
spectroscopic “gateway.”

The total removal rate constants were determined in the
following manner, as described in detail previously.32,33 The
intensities of parent lines in the OODR spectra, which are a
measure of the concentrations of the initially prepared A2Π
levels, were recorded as a function of the pump-probe delay
and were fitted to a single-exponential decay. Rate constants
were computed from averages of the results from three to four
runs. The total removal rate constants can be equated with the
sum of the rate constants for collision-induced rotational and
electronic transitions since other processes such as diffusion
occur on a much longer time scale.

We have investigated collisions of CN(A2Π,V)3,N)60,62,-
63) fine-structure/Λ-doublet levels. These initial levels lie both
below and above the most perturbed level, withJ ) 62.5. The
experimentally determined total removal rate constants are
presented in Table 1. The reflection symmetries37 and the
fractionalΣ-state character of the initial fine-structure/Λ-doublet
levels are also indicated. The rate constants for CN(N)60)-
Ar and CN-He collisions were reported previously.33,34 The
overall differences in the magnitudes of the rate constants for
CN-He vs CN-Ar collisions have been discussed previously.34

The total removal rate constants for collisions with He show
no dependence upon the fine-structure label orΛ-doublet
symmetry of the initial level, with the exception of the perturbed
N ) 62 F1f level, for which the total removal rate constant is
approximately 20% higher than for the other levels.

As noted previously,33 the total removal rate constants for
the essentially unperturbedN ) 60 levels in collisions with Ar

are approximately 35% higher forΛ-doublet levels of A′′
symmetry than for A′ initial levels. These differences were
shown33 to be due to differences in the total rotational energy
transfer rates out of theΛ-doublet levels of different reflection
symmetries because of theΛ-doublet specificities in the
rotationally inelastic collision dynamics. For theN ) 62 levels,
the total removal rate constant for the perturbed F1f level is
seen to be approximately 75% larger than the corresponding
rate constants for the otherN ) 62 initial levels. This, and the
previously noted enhanced total removal rate constant for this
level in collisions with He, strongly suggests that the energy
transfer rate out of the perturbed level is being enhanced because
of the spectroscopic perturbation, presumably through enhanced
A f X collisional transfer. The total removal rate constant for
the slightly perturbedN ) 63 F1f level is seen to be 15-45%
larger than for the otherN ) 63 levels in CN-Ar collisions.

2.3. OODR Spectra.State-to-state rate constants for colli-
sion-induced electronic transitions ofN ) 60, 62, and 63 levels
with Ar as the collision partner were determined from line
intensities in OODR spectra. In previous work,33,34we reported
experimental and computed state-to-state rate constants for
collision-induced rotational transitions within the A2Π state for
the N ) 60 levels for both Ar and He as collision partners. In
the present work, we have also investigated Af X transitions
induced through collisions with He. The Af X rate constants
for the latter system are found to be much smaller, as evidenced
by the smaller enhancement of the total removal rate constant
for the perturbedN ) 62 F1f level, noted in the previous section,
and as expected from the smaller A∼ X coupling PES for the
CN-He system compared with CN-Ar.30,32Hence, a much less
extensive study of CN-He collision-induced transitions was
carried out. Below we first describe our observations for CN-
Ar collisions.

Figure 2 presents portions of the OODR spectra for which
theN ) 60 F1e and F1f levels were initially prepared by pump
laser irradiation on the A-X (3,0) R1(59) and Q1(60) lines,
respectively. In addition to the B-A Q1(61) and Q2(61) lines
involving detection of CN molecules that have undergone∆N
) +1 rotationally inelastic transitions, we observe in each
spectrum one B-X line, indicative of a collision-induced Af
X electronic transition. Similar OODR spectra were observed
for theN ) 60Λ-doublet levels in the F2 fine-structure manifold.
For initial Λ-doublet levels of A′ reflection symmetry (F1e and
F2f), a ∆N ) +1 transition populated the observed rotational
level in the X2Σ+ state; this transition is accompanied by very

TABLE 1: Total Removal Rate Constants (in 10-11 cm3 molecule-1 s-1) for Collisions of CN(A2Π,W)3) with Ar and He

initial level % Σ charactera Ar (exp) Ar (theory)b Ar (theory)c Ar (theory)d He (exp)e

N ) 60
F1e(A′)f 1.3× 10-2 8.7( 0.4 8.08 6.21 7.15 19.0( 1.2
F2f(A ′) 4.6× 10-4 9.1( 0.6 7.07 20.5( 0.9
F1f(A ′′) 0.19 12.3( 1.7 10.82 9.50 10.5 20.7( 2.5
F2e(A′′) 2.1× 10-3 11.5( 1.1 10.8 20.9( 1.5

N ) 62
F1e(A′) 1.7× 10-2 9.5( 1.9 11.05 6.53 21.0( 1.1
F2f(A ′) 4.7× 10-4 9.8( 2.0 20.7( 1.5
F1f(A ′′) 10.4 17.5( 3.5 14.90 15.17 24.4( 1.6
F2e(A′′) 2.3× 10-3 10.7( 2.1 19.0( 1.1

N ) 63
F1e(A′) 2.0× 10-2 12.2( 1.5
F2f(A ′) 4.7× 10-4 9.6( 0.9
F1f(A ′′) 1.6 14.1( 1.2
F2e(A′′) 2.4× 10-3 9.8( 0.8

a Computed from the Hamiltonian of Kotlar et al.9 b Computed with the four diabatic CN(A2Π, X2Σ+)-Ar PESs32 and the isolated-molecule
spectroscopic perturbation.9 c Computed with the coupling PESV1 set to zero, but with the isolated-molecule perturbation.d Computed with the
CN(A2Π)-Ar PESsVΠ andV2,32 and hence only includes rotationally inelastic transitions within theA state.e Reference 34.f The reflection symmetry37

of the initial levels is given in parentheses.
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little change in the CN internal energy (see Figure 1). In contrast,
a ∆N ) 0 transition populated the observed X state level for
initial Λ-doublet levels of A′′ reflection symmetry (F1f and F2e),
with the loss of approximately 200 cm-1 of internal energy. In
all cases, the fine-structure label was conserved in the collision-
induced electronic transition.

The OODR spectra for theN ) 62 manifold indicate a
significantly different collisional behavior for these fine-
structure/Λ-doublet initial levels than for theN ) 60 levels.
Figure 3 presents OODR spectra for the perturbed F1f initial
level, as well as the F2f level, in the spectral region where B-X
lines were observed. Lines in the B-A (3,3) and B-X (3,7)
bands are observed. As discussed in detail previously,38 one of
the lines in the spectra is a B-A magnetic dipole transition out
of the initially prepared A state level.

For one of theN ) 62 initial Λ-doublet levels, i.e., the
perturbed F1f level, the intensities of lines in the P branch of
the B-X (3,7) band atN ) 63 are large. As seen in Figure 1,
the most perturbed level in theVX ) 7 manifold is theN ) 63
F2 level. The A ∼ X mixing has a dramatic effect on lines
associated withN ) 63 in the P branch of the B-X (3,7) band.
As Figure 4 shows, there are three electric-dipole allowed lines
in the P branch of a2Σ+-2Σ+ transition, e.g., a CN B-X band,
for each rotational manifoldN in the lower 2Σ+ state.39

Normally, the “satellite” Q12 line has negligible intensity for
high N.39 Thus, in CN B-X bands at highN, each member of
the P branch usually consists of two lines, P1 and P2 (see Figure
2), which are resolved because the spin splitting in the B state
is larger than that in the X state.10,12However, forVX ) 7 N )
63, the A∼ X mixing leads to an intensity factor for the B-X
(3,7) Q12(63) line that is approximately twice that of the P1(63)
line. Moreover, the perturbation leads to a larger energy
separation of theN ) 63 F1 and F2 levels, which is ap-
proximately equal to the spin splitting in the B state. This implies
that the P1(63) and P2(63) lines are overlapped and the Q12(63)
line appears at slightly higher wavenumber. These considerations
were taken into account in deriving state-to-state rate constants,
which are presented in the next subsection.

Figure 5 presents OODR spectra for which theN ) 63 F1f
and F2f levels were initially prepared by pump laser irradiation
on the A-X (3,0) R1(62) and R2(62) lines, respectively. In
addition to lines in the B-A Q1 and Q2 branches, involving
detection of the initial level and levels populated by collision-
induced rotational transitions, we see B-X lines associated with
the N ) 64 rotational manifoldN in the X state, indicative of
collision-induced electronic transitions to theVX ) 7 vibronic
manifold.

As discussed previously,34 the signal-to-noise ratio in OODR
spectra probing CN-He collisions was poorer than for CN-
Ar collisions since rotational relaxation of high rotational levels
of CN(X2Σ+) is faster with He than with Ar.40 As a result of
the poorer signal-to-noise ratio and the smaller Af X collision-
induced electronic transfer rates for CN-He collisions, sug-
gested by the state dependence of the total removal rate constants
presented in section 2.2, an extensive study of the CN-He state-
to-state electronic energy transfer rates was not carried out. In
fact, A f X collisional transfer was definitely observed only
for the perturbedN ) 62 F1f level. Figure 6 presents an OODR
spectrum for pump laser excitation of this level by irradiation
on the A-X (3,0) Q1(62) line. Collisional population of theVX

) 7, N ) 63 fine-structure levels can be inferred from
observation of the B-X (3,7) P1,2(63) and Q12(63) lines, in

Figure 2. Probe laser fluorescence excitation spectra with the pump
laser tuned to the (a) Q1(60) and (b) R1(59) lines of the A2Π-X2Σ+

(3,0) band (N ) 60 F1f and F1e levels, respectively, initially prepared)
in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump-
probe delay was 30 ns. Lines in the B2Σ+-A2Π (3,3) and B2Σ+-X2Σ+

(3,7) bands are identified.

Figure 3. Probe laser fluorescence excitation spectra with the pump
laser tuned to the (a) Q1(62) and (b) R2(61) lines of the A2Π-X2Σ+

(3,0) bandN ) 62 F1f and F2f levels, respectively, initially prepared)
in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump-
probe delay was 30 ns. Lines in the B2Σ+-A2Π (3,3) and B2Σ+-X2Σ+

(3,7) bands are identified. The line denoted “MD” is a magnetic dipole
transitions in the B-A band (see ref 38).

Figure 4. Allowed rotational lines in the P branch of a2Σ+-2Σ+

electronic transition.
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analogy to the observations for collisions of this initial level
with Ar.

Comparison of the intensities of the B-X P1,2(63) and Q12-
(63) lines in the OODR spectra displayed in Figures 3a and 6
for collisions of the N ) 62 F1f level with Ar and He,
respectively, to gauge the relative magnitudes of the Af X
rate constants can be misleading. For both collision partners,
the intensities of the B-X lines relative to the B-A Q1(62)
line are similar. The latter line probes a level formed by fine-
structure changing rotationally inelastic collisions. This process
has a much smaller rate constant for CN(A)-He than for CN-
(A)-Ar collisions.20,34

2.4. Relative State-to-State Rate Constants.From OODR
spectra such as those shown in Figures 2, 3, 5, and 6, final
rotational state distributions (relative state-to-state rate constants)
for collision-induced electronic transitions to theVX ) 7

manifold were determined. In all cases, the pump-probe delay
was 30 ns. From the total removal rate constants given in the
previous section, the population of the initially prepared level
in the A state was reduced from its initial value by less than
10% for this delay. Under these conditions, transfer between
the initial level and a final level through secondary collisions
involving intermediate levels is negligible since the populations
of the collisionally populated levels are considerably less than
that of the initially prepared level.

Intensity factors, required for the conversion of relative
intensities in the OODR spectra to relative state-to-state rate
constants, for lines in both the B-A (3,3) and B-X (3,7) bands
were computed using spectroscopic constants of Kotlar et al.9

for the mixedVA ) 3 andVX ) 7 manifolds. The non-Born-
Oppenheimer mixing of these manifolds9 was explicitly included
in the calculation of the intensity factors.41 The Appendix
presents our estimation of the ratio of the electric dipole
transition matrix elementsµ(VB)3,VX)7)/µ(VB)3,VA)3), re-
quired to put the intensity factors in the B-A and B-X bands
on the same scale. Some comment about the determination of
the populations in theVX ) 7, N ) 63 F1 and F2 fine-structure
levels is in order, given the spectral overlap of the B-X (3,7)
P1,2(63) lines noted above. The population in the F2 level was
determined from the intensity of the Q12(63) line, which is free
from overlap. The population in the F1 level was then determined
from the intensity attributable to the P1(63) line in the overlapped
P1,2(63) pair, after subtraction of the computed intensity for the
P2(63) line.

The final state distributions for collision-induced electronic
transitions into theVX ) 7 manifold were normalized so that
the population of the final level corresponding to the∆N ) -1
fine-structure andΛ-doublet symmetry conserving collision-
induced pure rotational transition within theVA ) 3 manifold
equals unity. Thus, the magnitudes of collision-induced elec-
tronic and rotational transitions can be directly compared.

Table 2 presents the experimentally determined relative state-
to-state for collision-induced Af X electronic transitions from
the N ) 60, 62, and 63 fine-structure/Λ-doublet levels in the
VA ) 3 manifold for Ar as the collision partner. For each initial
level, two to three spectra were recorded to obtain relative state-
to-state rate constants and statistical errors. The relative rate
constants are normalized by setting the value for the∆N ) -1
fine-structure andΛ-doublet symmetry conserving pure rota-
tional transition within theVA ) 3 manifold to unity. For
convenience, we have indicated in Table 2 the reflection
symmetries37 of the initial levels. In previous work,33 we
reported the relative state-to-state rate constants for collision-
induced rotational transitions within the A state forN ) 60
initial levels.

In the case of collisions of the relatively unperturbedN )
60 initial levels, only one collisionally populated level within
the X state could be detected, and the relative rate constants
for the other final levels were below our detection limit (see
Figures 2, 3, 5, and 6). As noted previously,33 the CN(A) levels
at this high level of rotational excitation lie close to the Hund’s
case (b) limit, and this is reflected in the propensities for
collisionally populating specific rotational levels within the X
state. We see from Table 2 that the fine-structure label is
conserved in these Af X collision-induced electronic transi-
tions. This implies that the coupling of the rotational angular
momentumN and electron spinS to form the total angular
momentumJ is maintained.

We also see that initialΛ-doublet levels of A′ symmetry
preferentially yield the rotational level in the X state with∆N

Figure 5. Probe laser fluorescence excitation spectra with the pump
laser tuned to the (a) R1(62) and (b) R2(62) lines of the A2Π-X2Σ+

(3,0) band (N ) 63 F1e and F2f levels, respectively, initially prepared)
in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump-
probe delay was 30 ns. Lines in the Q1 and Q2 branches of the B2Σ+-
A2Π (3,3) band, as well as the P1,2(64) lines of the B2Σ+-X2Σ+ (3,7)
band, are identified. Magnetic dipole transitions from the initially
prepared levels are denoted “MD” (see ref 38).

Figure 6. Probe laser fluorescence excitation spectrum with the pump
laser tuned to the Q1(62) line of the A2Π-X2Σ+ (3,0) band (N ) 62
F1f initial level prepared) in the presence of 300 mTorr He and 5 mTorr
BrCN. The pump-probe delay was 30 ns. Lines in the B2Σ+-A2Π
(3,3) and B2Σ+-X2Σ+ (3,7) bands are identified.
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) +1, and little change in the CN internal energy (see Figure
1), while initial levels A′′ symmetry form the X state level with
∆N ) 0, and consequently loss of ca. 200 cm-1 of internal
energy. AnalogousΛ-doublet propensities were observed in
rotationally inelastic CN(A)-Ar collisions.33 In this case, the
Λ-doublet levels of A′ symmetry underwent∆N ) +1 collision-
induced rotational transitions to final levels of A′′ symmetry,
while Λ-doublet levels of A′′ symmetry underwent∆N ) -1
collision-induced rotational transitions to final levels of A′
symmetry. From the relative Af X state-to-state rate constants
given in Table 2 and those given previously33 for pure rotational
transitions within the A state, we find that the rate constants
for A f X transitions are approximately 10-15% of the sum
of the rate constants for all pure rotational transitions.

The A f X state-to-state rate constants forN ) 62 and 63
initial levels show some qualitative differences with theN )
60 rate constants. Table 2 does show that theΛ-doublet levels
of A′ symmetry, which are relatively unaffected by the A∼ X
perturbation (see Table 1), show a marked propensity for
formation of X state levels with a∆N ) +1 change in the
rotational angular momentum and conservation of the fine-
structure label, exactly as found for the correspondingN ) 60
initial levels. However, the relative rate constants for theN )
62 and 63 levels are larger than for theN ) 60 initial levels.

The final state distributions in the case of theN ) 62 and 63
Λ-doublet initial levels of A′′ symmetry differ considerably from
those found for theN ) 60 A′ levels. There does not appear to
be strong propensity to populate X state levels with∆N ) 0
and conservation of the fine-structure label, as in the case of
the correspondingN ) 60 levels. For theN ) 62 A′′ initial
levels, there are large rate constants for formation of theN )

63 levels in the X state, with a preference for formation of the
F2 over the perturbed F1 fine-structure level. In the case of the
N ) 63 A′′ initial levels, there is roughly equal population of
theN ) 63 and 64 rotational levels in the X state. We also see
that the sum of the Af X rate constants into all final rotational
levels are larger than for theN ) 60 initial levels, particularly
for the F1f levels, which are those most strongly affected by
the A∼ X perturbation.9 These enhanced Af X rate constants
are consistent with the larger total removal rate constants
reported in section 2.2 for theN ) 62 and 63 F1f initial levels.

From OODR spectra such as that shown in Figure 6, we have
also determined the relative state-to-state rate constants for
collision-induced electronic transitions out of the perturbedN
) 62 F1f level for He as the collision partner. As noted in section
2.3, this was the only initial level for which collisionally
populated levels in the X state could be detected for CN(A)-
He collisions. The only observed final levels are theVX ) 7, N
) 63 F1 and F2 fine-structure levels, produced with relative rate
constants of 0.08( 0.02 and 0.18( 0.04, respectively. As in
the case of CN-Ar collisions, these CN-He rate relative rate
constants were normalized to the∆N ) -1 fine-structure and
Λ-doublet symmetry conserving pure rotational transitions. We
also see a preferential population of the perturbed F2 final
“gateway” level, as in the case of collisions with Ar. However,
it can be seen by comparison with the CN-Ar state-to-state
rate constants reported in Table 2 that the magnitude of the A
f X rate constants, relative to the pure rotational energy rate
constants, are approximately an order of magnitude smaller for
CN(A)-He than for CN(A)-Ar collisions.

3. Theoretical Calculations

3.1. Formalism. The calculation of state-to-state cross
sections and thermal rate constants for collision-induced2Π f
2Σ+ electronic transitions follows the formalism we have
presented previously.28,32,42The total wave function of the CN-
(A2Π,X2Σ+)-Ar system is expanded as a sum of products of
the molecular electronic-rotational wave functions, expressed
in an intermediate coupling scheme, multiplied by functions that
describe the orbital motion of the argon atomic collision partner
with respect to the diatomic molecule. For the2Π rotational
levels under consideration here (N ≈ 60), the molecular wave
functions are close to the Hund’s case (b) limit, in contrast to
low rotational levels, which follow case (a) coupling. The
asymptotic dependence of the expansion coefficients describing
the contribution of each diatomic internal and orbital basis
function defines the fundamental scatteringS matrix.

As in our previous studies of collision-induced rotational
transitions of CN(A2Π) N ≈ 60 rotational levels with Ar and
He,33,34 the computationally faster coupled-state (CS) ap-
proximation,43 rather than the full close-coupling method, was
used. The CS approximation utilizes a body-frame (BF) expan-
sion of the wave function,44,45 in which P denotes the BF
projection ofJ.46 In the BF expansion the matrix of the orbital
angular momentumL is not diagonal. In the CS approximation,
the off-diagonal matrix elements ofL are set to zero, and the
diagonal centrifugal terms45 are replaced by the diagonal matrix
p2Lh(Lh + 1)/2µR2, where Lh is an effective orbital angular
momentum, taken to be the same for all channels.

SinceL must be perpendicular to the triatomic plane,P is
hence also the projection of the total angular momentumJ along
R, the vector connecting the atom and center of mass of the
diatom. In the CS approximation, it is assumed that the
projectionP does not change during the collision. This, in turn,
implies that the angle between the plane of rotation, which

TABLE 2: Experimentally Determined Relative
State-to-State Rate Constantsa for A f X Electronic
Transitions from CN(A 2Π,W)3,N) Fine-Structure/Λ-Doublet
Levels Induced by Collisions with Ar

initial fine-structure/Λ-doublet level

final level F1e (A′)b F2f (A ′) F1f (A ′′) F2e (A′′)
N ) 60 Initial Levels

N′ ) 60
F1 0.93( 0.19
F2 0.40( 0.07

N′ ) 61
F1 0.34( 0.06
F2 0.27( 0.05
sumc 0.34 0.27 0.93 0.40

N ) 62 Initial Levels
N′ ) 62

F1 b
F2 b

N′ ) 63
F1 0.93( 0.20 0.11( 0.02 0.46( 0.09 0.24( 0.04
F2 0.19( 0.04 0.79( 0.16 2.56( 0.45 0.84( 0.17
sumc 1.12 0.90 3.02 1.08

N ) 63 Initial Levels
N′ ) 63

F1 1.40( 0.19
F2 0.31( 0.05 0.73( 0.14

N′ ) 64
F1 0.97( 0.11 0.37( 0.14 0.58( 0.10 0.50( 0.10
F2 0.32( 0.09 0.85( 0.13 0.96( 0.13 0.27( 0.05
sumc 1.29 1.22 3.25 1.50

a Normalized to the∆N ) -1 fine-structure andΛ-doublet symmetry
conserving collision-induced pure rotational transition within theVA )
3 manifold. Blank entries in the table indicate that the final level was
not detected in the OODR spectra.b Final level could not be detected
because of a spectral overlap.c Sum of the relative rate constants over
the final levels.
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becomes increasingly better defined for highJ, and the vector
R is also conserved.

The application of the CS method to collision-induced
2Π f 2Σ+ electronic transitions involving a diatomic molecule
and an atomic collision partner has been described earlier.28 In
particular, we have presented explicit expression for the matrix
elements of the interaction potential involving aΠ electronic
state in intermediate case coupling, with inclusion of the non-
Born-Oppenheimer mixing of the isolated-molecule diatomic
electronic/rotational states. After the scattering calculation,
thermal rate coefficients were obtained by integrating the
computed state-to-state cross sections over an assumed Boltz-
mann distribution of relative collision energies.47

3.2. Computed Rate Constants.The relative importance of
the two mechanisms for collision-induced electronic transitions,
involving the spectroscopic “gateway” and/or direct electrostatic
coupling induced by the approach of the perturber, was
computationally investigated through calculations of state-to-
state rate constants from a selected set of initialVA ) 3 levels,
including the most strongly perturbedN ) 62 F1f level.
Specifically, we computed state-to-state and total removal rate
constants involving F1e and F1f initial levels for N ) 60 and
62, for which rate constants were also experimentally deter-
mined. The size of the state expansion, as well as the integration
parameters and maximum value of the total angular momentum
J, were chosen to ensure an accuracy of better than 1% in the
calculated probabilities for all transitions out of these initial
levels. All scattering calculations were performed with our
HIBRIDON code.48

The matrix elements of the interaction potential were
calculated using the computed CN(X2Σ+, A2Π)Ar PESs of
Berning and Werner.32 It should be pointed out that in a diabatic
basis four PESs are needed.42 Two of these,VΠ andV2, describe
the interaction of theΠ state with the atomic target, while a
third, VΣ, describes the interaction of theΣ+ state with the atom.
Finally, V1 represents the electrostatic coupling of the A′
component of theΠ state with theΣ+ state, which is induced
by the approach of the atom. In the calculation of state-to-state
rate constants, integral inelastic cross sections were carried out
at 36 collision energies that spanned the range 5 cm-1 < E <
2005 cm1. The most probable collision energy in thermal
experiments atT ) 295 K is Emp ) 205 cm-1, and the full
width at half-maximum of the distribution is∆Efwhm = 500
cm-1.

In addition to the experimentally determined total removal
rate constants, Table 1 presents the computed total removal rate
constants. Three calculations are presented: The first are full
calculations, with inclusion of the isolated-molecule non-Born-
Oppenheimer mixing and theV1 coupling PES. The non-Born-
Oppenheimer mixing includes the spin-orbit, orbit-rotation,
and spin-rotation coupling (see p 124 of ref 5) with magnitudes
appropriate to the isolated CN molecule.9 To investigate the
relative effect of the coupling PES vs the gateway effect in
inducing collision-induced electronic transitions, we determined
a second set of total removal rates constants from calculations
in which V1 was set to zero but in which the non-Born-
Oppenheimer mixing in the isolated molecule was retained.
Finally, we tabulate the total removal rates are from our
previously reported33 calculations forN ) 60 initial levels,
which considered only collision-induced rotational transitions
within the A state (VΠ andV2 PESs only).

As noted previously,33 the rate constants for the sum of all
rotationally inelastic transitions out ofN ) 60 initial levels are
slightly larger for A′′ than for A′ Λ-doublets. The total removal

rate constants obtained from full calculations for the F1e (A′)
and F1f (A ′′) initial levels are slightly larger than those for where
only rotational energy transfer within the A state was considered
and show an enhancement in the rate constant for the A′′ initial
Λ-doublet level.

The total removal rate constants obtained from full calcula-
tions for theN ) 62 F1e and F1f initial levels are significantly
larger than the values for the correspondingN ) 60 levels. We
note that the perturbedN ) 62 F1f initial level has the largest
computed total removal rate constant of the levels investigated.
The total removal rate constants computed withV1 set to zero
show an even larger enhancement for the perturbedN ) 62 F1f
level. Surprisingly, the total removal rate constants computed
with V1 set to zero for theN ) 60 F1e and F1f initial levels are
slightly smaller than those computed with consideration of only
collision-induced rotational transitions within the A state. This
indicates that the electronic and rotational inelasticities interfere,
to some extent, and are not simply additive.

It is also of interest to examine computed state-to-state Af
X rate constants. Table 3 presents relative rate constants from
the N ) 60 and 62 F1e and F1f initial levels, obtained from
calculations with the full set of PESs and from those in which
the V1 coupling PES was set to zero. The rate constants are
nonnegligible for only a small range of final rotational levels
N′. Consequently, only these transitions are listed in Table 3.
Also computed but not presented in Table 3 were state-to-state
rate constants for collision-induced rotational transitions within
the A state. As noted earlier, these had previously33 been
computed forN ) 60 initial levels by consideration of the
interaction of the A state with the atomic collision partner (VΠ
andV2 PESs only). We find only slight differences in the state-

TABLE 3: Computed Relative State-to-State Rate
Constantsa for A f X Electronic Transitions from
CN(A2Π,W)3,N) Fine-Structure/Λ-Doublet Levels Induced
by Collisions with Ar

initial fine-structure/Λ-doublet level

F1e F1f

final level full calc V1 ) 0 full calc V1 ) 0

N ) 60 Initial Levels
N′ ) 59

F1 b b b b
F2 0.004 b 0.007 b

N′ ) 60
F1 b b 0.004 b
F2 0.012 b 0.152 b

N′ ) 61
F1 0.012 b 0.003 b
F2 0.714 b 0.102 0.036

N′ ) 62
F1 0.003 b b b
F2 0.047 0.006 0.199 0.002

N ) 62 Initial Levels
N′ ) 61

F1 b b b b
F2 0.006 b 0.015 0.005

N′ ) 62
F1 b b 0.002 b
F2 0.020 b 0.349 0.016

N′ ) 63
F1 0.017 0.003 0.006 0.002
F2 2.540 0.007 3.136 3.750

N′ ) 64
F1 0.002 b b b
F2 0.077 0.010 0.082 0.019

a Normalized to the∆N ) -1 fine-structure andΛ-doublet symmetry
conserving collision-induced pure rotational transition within theVA )
3 manifold.b Relative rate constant<0.001.
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to-state rate constants for collision-induced rotational transitions
resulting from the two sets of calculations.

In the calculations of the state-to-state Af X rate constants
computed with theV1 PES, there is a strong propensity for all
initial levels toward population of the F2 fine-structure level
for a given rotational levelN′ in theVX ) 7 vibronic manifold.
This contrasts with our experimental observation forN ) 60
initial levels (see Table 2) of conservation of the fine-structure
label in collisional Af X transitions whose state-to-state rate
constants are large enough that the final level could be detected.
It should be noted that the most strongly perturbedVX ) 7 level
is an F2 level, and perhaps this preference for formation of F2

final levels is a manifestation of the “gateway” effect in the
calculations. We also do not find in the calculations with the
V1 PES theΛ-doublet propensities seen in the experimentally
determined A f X rate constants out of the relatively
unperturbedN ) 60 initial levels, wherein the final rotational
levels populated resulted from changes∆N ) +1 and 0 for
initial Λ-doublet levels of A′ and A′′ symmetry, respectively;
this propensity is observed for the F1e initial level, but not F1f.

The calculations with theV1 PES forN ) 62 initial levels
do show prominently the effect of the gateway. The calculated
rate constants are very large for formation of theN ) 63 F2

final level, i.e., the mostVX ) 7 perturbed level. The computed
relative rate constants are actually significantly larger than the
corresponding experimental rate constants. The state-to-state rate
constants computed with theV1 coupling PES set to zero provide
an opportunity to separate the effect of theV1 coupling PES
and the spectroscopic “gateway”. We see from Table 3 that the
state-to-state computed rate constants for the relatively unper-
turbedN ) 60 F1e and F1f and N ) 62 F1e initial levels are
negligible whenV1 is set to zero. Also, the state-to-state Af
X rate constant for the perturbedN ) 62 F1f initial level is
large only for the transition to the perturbedN ) 63 F2 final
level (the “gateway” to “gateway” transition).

The striking differences in the rate constants obtained from
the two sets of calculations indicate that the spectroscopic
“gateway” is very important in enabling collision-induced
electronic transitions. In addition, the electrostatic coupling
between the A2Π and X2Σ+ states, represented by theV1

coupling PES, also contributes significantly by allowing transi-
tions to and from levels that are not strongly affected by the
spectroscopic perturbation.

4. Discussion

We have presented a collaborative experimental and theoreti-
cal study of Af X electronic transitions from CN(A2Π,V)3,N)
60-63) fine-structure/Λ-doublet levels induced by collisions
with argon and helium. For this high level of rotational
excitation, the CN(A) electronic state approaches the Hund’s
case (b) limit, in which the electron spin is weakly coupled to
the diatomic internuclear axis.39 Moreover, the spacings between
successive rotational levelsN are comparable tokT, unlike the
situation for the low CN rotational levels. As a result, the state-
to-state rate constants show a qualitatively different dependence
upon the quantum numbers of the final levels than seen in our
previous investigation26 of collision-induced electronic transi-
tions from low rotational levels of theVA ) 3 manifold.

For low-J initial levels, the final rotational level distribution
in theVX ) 7 manifold displayed an even-odd alternation as a
function of the final rotational angular momentumN′. This
oscillation could be attributed to the near homonuclear character
of the CN(X2Σ+,A2Π)Ar PESs,32 in particular theV1 coupling
PES. Such an oscillation in the final state populations is not

observed here for high initial rotational levels, presumably
because of the large rotational spacings and the consequent rapid
decrease in the rate constants with increasing change in the
rotational angular momentum. A similar loss of alternation was
observed in rotationally inelastic collisions within high-J levels
of the A state.33

Our particular focus in this study has been the investigation
of the relative importance for high rotational levels of CN(A2Π)
of the two mechanisms invoked to describe collision-induced
electronic transitions,3 namely “gateways” caused by perturba-
tional mixing in the isolated diatomic molecule4 and electrostatic
mixing of the diatom electronic states induced by the approach
of the collision partner.8 To this end, we have determined total
removal and state-to-state Af X rate constants forVA ) 3
initial levels near the spectroscopic perturbation with theVX )
7 manifold atJ ) 62.5 in collisions with Ar and He. The
enhanced efficiency of electronic energy transfer for a spec-
troscopically perturbed “gateway” level was seen in the
significantly larger total removal rate constant for theN ) 62
F1f level (J ) 62.5) for CN(A)-Ar collisions as compared to
the total removal rate constants for other initial levels with
similar total internal energy. The role of the gateway was also
in evidence in the state-to-state Af X rate constants, as the
rate constant from this initial level to the corresponding
perturbed level in theVX ) 7 manifold (N ) 63 F2) was found
to be large.

The experimentally determined CN-Ar rate constants were
compared with theoretical rate constants computed on the basis
of ab initio CN(X2Σ+,A2Π)Ar PESs.32 The computed total
removal rate constants do display an enhanced value for the
perturbedN ) 62 F1f initial level, in agreement with experiment.
However, the agreement of the computed state-to-state rate
constants for theN ) 60 and 62 F1e and F1f initial levels with
the experimental values is disappointing. In particular, the
experimentally observed conservation of the fine-structure label,
i.e., the coupling ofN andS to form the total angular momentum
J, was not reproduced in the computed state-to-state rate
constants. In contrast, we found excellent agreement between
theory and experiment for state-to-state rate constants for
collision-induced rotational transitions involving collisions of
CN(A2Π) with both Ar and He.33,34

The true V1 coupling potential depends not only on the
orientation of the CN molecule relative to the atomic partner
but also on the CN bond distancer. In the earlier investigation
of the CNHe PESs,30 the V1 PES was determined at several
values ofr and then averaged over the product of the vibrational
wave functions of theVA ) 3 andVX ) 7 vibronic levels. In
contrast, the more recent calculations of the CNAr PESs by
Berning and Werner32,49 were limited to a single value ofr.
The averaging over the products of the vibrational wave
functions in the two electronic states was done by multiplying
the calculated value ofV1 (at this single value ofr) by theVA

) 3/VX ) 7 Franck-Condon factor. A more complete MRCI
calculation of the PESs, followed by a correct averaging over
r, could well resolve the discrepancy with experiment seen here.

To unravel the relative importance of the two mechanisms
for electronic energy transfer in the computed rate constants,
values obtained in the full calculations have been compared with
those computed with theV1 coupling PES set to zero. In the
latter set of calculations, the only Af X state-to-state rate
constant of significant magnitude was for the transition from
the perturbed level in the A state (N ) 62 F1f) to the perturbed
level in the X state (N ) 63 F2), i.e., a transition between the
two “gateway” levels. This clearly differs from the qualitative
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appearance of the experimentally determined state-to-state rate
constants, for which significant values are observed for transi-
tions between unperturbed levels. We thus conclude that both
mechanisms are operating in electronic transitions involving high
rotational levels of CN(A2Π) induced by collisions with Ar.

Our calculations, which were based on realistic PESs and an
excellent treatment of the collision dynamics, predict that the
gateway contribution to electronic energy transfer in CN,
although large, does not completely dominate the contribution
due to direct collisional coupling of the levels in question. This
stands in contrast to other, earlier predictions, based on more
approximate treatments of the interaction potentials and the
collision dynamics, which predict that gateway transfer will be
1-2 orders of magnitude more efficient.50,51

From the examination of the disagreement of the experimental
and computed CN(A)-Ar state-to-state rate constants, it appears
that the role of the gateways has been overemphasized in the
calculations. This could be due to inaccuracies in theV1 coupling
PES, which were discussed earlier in this section. Another
possible source of error is our treatment of the electronic state
mixing (the non Born-Oppenheimer couplings) in the isolated
CN radical. We have assumed that this mixing is independent
of the approach of the collision partner. This is likely an
excellent approximation, since thermal energy collisions will
sample only the relatively long-range part of the CN-Ar
interaction. At these distances the perturbation of the electron
clouds is small, so that the expectation of the electronic orbital
angular momentum and its projections (which enter into the
magnitude of the non-Born-Oppenheimer couplings) will be
little affected. Although the variation of these couplings with
the CN-Ar distance was not explored by Berning,49 similar
studies of the H-Cl, F-H2, and Cl-H2 systems52-54 suggest
strongly that the variation with distance of these constants will
be small, over the range of distances sampled in the collision.

Collision-induced Af X electronic transitions with helium
as the collision partner have been found to be significantly less
facile than for collisions with Ar. This difference also points to
the role of theV1 coupling PES, rather than the spectroscopic
“gateways”, in enabling the collision-induced electronic transi-
tions, since the magnitude of the isolated-molecule non-Born-
Oppenheimer mixing is independent of the identity of the
collision partner. In ab initio calculations of the interaction
potentials, theV1 coupling PES was found to be considerably
smaller for the CN(X2Σ+,A2Π)He than CN(X2Σ+,A2Π)Ar
system.30,32This difference in the coupling strength can explain
the altered magnitude of the CN Af X rate constants involving
collisions of Ar and He.

In this state-to-state study of collision-induced electronic
transitions involving high rotational levels of the CN radical,
we thus find that both mechanisms play a role in inducing
transitions from the A2Π to X2Σ+ electronic state. The relative
importance of the “gateway” and collision-induced electrostatic
mixing mechanisms depends on the degree of mixed electronic
state character of the rotational levels involved.
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Appendix: CN B-A and B-X Line Strength Factors

The determination of the ratios of rate constants for collision-
induced A f X electronic transitions and collision-induced
rotational transitions within the A state depend on accurate
measurement of populations of rotational levels within the A
and X electronic states. We provide a brief discussion of the

intensity factors used to convert B-A and B-X laser-induced
fluorescence signals to populations in the A and X states,
respectively. On the basis of multireference configuration
interaction calculations of the CN electronic states, Knowles et
al.36 have provided tables of radiative transition probabilities
for B-A and B-X bands. These calculations provide CN(A2Π
and B2Σ+,V) radiative lifetimes that are in good agreement with
experiment.

Because of the large angular momenta of the rotational levels
studied here and the expected effect of the centrifugal potential
on vibrational overlap integrals, we have recalculated the band
strengths using the ab initio transition moment functions36 and
RKR potential energy curves,11 with inclusion of the centrifugal
potential. We find that the ratio of the electric dipole transition
matrix elements,m(VB)3,VX)7)/m(VB)3,VA)3), equals+0.43
for rotational angular momentumN ) 62. This value is 15%
larger than forN ) 0. The transition moments are defined
following the recommendations of Whiting et al.55 The phase
of the ratio of transition moments for the CN B-A and B-X
bands has been determined previously.41 The B-A and B-X
fluorescence excitation intensity factors for individual rotational
lines were computed using the rotational line strength factor
defined in eq 7 of ref 41.

Comparison of lifetimes does not provide a sensitive check
on the computed36 B f A transition rates, and hence the B-A
transition moment, since the B2Σ+ state decays primarily through
B f X fluorescence. We have recorded fluorescence emission
spectra to check that the calculated B-A band strengths are
accurate. The probe laser wavenumber was set to that of the
B-A (3,3) P2(6) line, with a long photolysis-pump delay so
that the rotational state distribution was thermalized.56 Popula-
tion within the A state was prepared by pump laser excitation
of the A-X (3,0) R2 band head. Excitation of low rotational
levels, rather than high-N levels, is advantageous because of
the significantly larger fluorescence signals for the former, with
a thermalized sample.

We desire to measure the ratio of the Bf A (3,3) and Bf
X (3,7) band intensities. However, it was not possible to observe
emission in the B-A (3,3) band because of scattered laser light.
Instead, we chose to compare the intensities of the Bf A (3,2)
and B f X (3,7) bands, which occur at 516 and 546 nm,
respectively. The response of the fluorescence detection system
in this small wavelength range is constant. A color filter was
used to block the very strong emission in the Bf X (3,3) band.
A fluorescence emission spectrum is displayed in Figure 7. The
computed36 Einstein spontaneous emission probabilities are 2.81

Figure 7. Fluorescence spectrum in the Bf A (3,2) and Bf X (3,7)
bands upon probe laser excitation in the B-A (3,3) P2(6) line after
pump laser excitation in the A-X (3,0) R2 band head in the presence
of 900 mTorr He. The photolysis-pump and pump-probe delays were
100 µs and 30 ns, respectively.
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× 103 and 1.51× 103 s-1 for the Bf A (3,2) and Bf X (3,7)
bands, respectively, yielding a calculated band intensity ratio
of 1.87. From spectra such as that shown in Figure 7, the
experimentally measured ratio is 1.45. The difference in the
computed and measured intensity ratio is less than 30%, which
is close to our estimated experimental uncertainty in the
measurement of OODR line intensities.
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Ph.D., Universita¨t Stuttgart, 1995.

(50) Alexander, M. H.; Osmolovsky, M. G.J. Chem. Phys.1982, 77,
839.

(51) Pouilly, B.; Robbe, J.-M.; Alexander, M. H.J. Phys. Chem.1984,
88, 140.

(52) Alexander, M. H.; Pouilly, B.; Duhoo, T.J. Chem. Phys.1993,
99, 1752.

(53) Stark, K.; Werner, H.-J.J. Chem. Phys.1996, 104, 6515.
(54) Capecchi, G.; Werner, H.-J.. To be published.
(55) Whiting, E. E.; Schadee, A.; Tatum, J. B.; Hougen, J. T.; Nicholls,

R. W. J. Mol. Spectrosc.1980, 80, 249.
(56) Nizamov, B.; Dagdigian, P. J.; Tzeng, Y.-R.; Alexander, M. H.J.

Chem. Phys.2001, 115, 800.

8354 J. Phys. Chem. A, Vol. 106, No. 36, 2002 Nizamov et al.


