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Levels'
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A collaborative study of A~ X electronic transitions from CN(AT,s=3,N=60-63) fine-structure\-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 ofITN&S N=60—

63) were prepared by excitation of the photolytically generated radical with a pulsed dye laser on various
rotational lines in the AIT—X2=" (3,0) band, and collisionally populated levels in the= 3 and the nearly
isoenergetiax = 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 of4HevA= 3 Ff rotational/fine-structure
manifold with the Xt v = 7 F, levels occurs all = 62.5. The dependence of-A 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@x)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-Be@ppenheimer 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 perturbbid= 62 Ff 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 from the large cross sections associated with rotationally
inelastic scattering within a single electronic stateSince
spectroscopic perturbations are weak, the only levels that are
accidentally nearly degenerate will mix significantly. Conse-
uently, these sparse mixed levels should serve as gateways
etween the separate electronic states.

An important collisional removal process for electronically
excited molecules is electronic quenching to the ground
electronic state. Rate constants have been measured for th
electronic quenching of the excited electronic states of many b
diatomic and polyatomic molecules in collisions with a variety The second mechanism attributes collision-induced electronic
of targets. In part, interest in these rate constants has been[

stimulated by the application of laser diagnostic techniques, such.ranSItlons to the electrostatic mixing .Of the electrqn.lc.states
. induced by the approach of the collision parthémplicit in

as laser-induced fluorescence, for the measurement of conceny "= ibart Freed model is the assumption that this counlin

trations of molecules and radicals in finite-pressure environ- P ping

ments, such as flames and the atmosph@Because quenching is weak. However, electrostatic coupling will enable collision-
affects the fluorescence quantum yield, and hence the relation-induced transitions between the two states even when spectro-

ship between signal strength and species concentration, knowl->SOPIC perturbations between the two states are negligible, or

edge of the quenching rate constants is crucial to a properfor%']doIen tl)_y stymm(:try.d | techni h I dth
understanding of these experiments. e application of modern laser techniques has allowed the

Two different mechanisms, which are not mutually exclusive, state-to-state study of collision-induced rotational energy transfer

have been put forth to describe collision-induced electronic mggﬁlrg ;Ci??/z?g&zsé% r;?rgr?ilgssl(t):tsesfhz\?é"gg:r: 22:&?;3”\1'/%
transitions® The first mechanism is the “gateway” model of

) 7 .
electronic states to spectroscopic perturbations in the diatomic 9

moiety? These perturbations mix the two states, with the result bgigéiherr:nfﬁlfllcilrl]iiiggiln:jot;/::té:joZII(;clzfr\(l)?:iscWi:aenE;ehsir?hﬁgt;ebeen
that collisions will allow interelectronic transitions to borrow P 9 q 9

the CN radical. The potential energy curve for thélA
 Part of the special issue “Donald Setser Festschrift". electronic state lies nested within the curve for the groufd™X

* Present address: Alliance for Nanomedical Technologies, 309 Stocking State (see Figure 3 of ref 3), and there exist near degeneracies
Hall, Cornell University, Ithaca, NY 14853. between rotational levels of the vibronic manifold of the A
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state and thex = va + 4 manifold of the X staté.Individual Av=3 Xsty=7
levels in both electronic states can be probed conveniently by

. o F, F: F, F:
optical excitation to the B+t statel0-12 2N 1 2 N5 1
. . . . =64 =685
The non-Borr-Oppenheimer perturbational mixing of the 7400 635 — 645 645 655
AZIT and X=* electronic states of CN has been well character- ] - N=64
/ _ p25—N=83 a5 65— N8 g5
ized by Kotlar et aP Both mechanisms of energy transfer can 7200 7% :
thus be operative in CN A= X collisional transfer, unlike the ] N=62 fo . N=63
I . I ; ~ 7000 615 62.5-62.5 63.5
situation for the isoelectronic N ion,*3-16 for which there are e ] .
no perturbations between the analogodblAand X=," states Z 600 605 615 15— =02 o5
because of the-gu prohibition for perturbations in homonuclear 2 ] N=60
i i S 59.5——— 60.5 N=61
diatomics® & ee00 5% 5 05— 615
_ Collisional electronic energy transfer in the CN radical was 54001 585—N=59 o5 cos_ N=80
first investigated by Pratt and Broida.Other workers have ] N=58 ' '
investigated nonradiative electronic transfers in CN in Ne 6200 %7° 885 s N=59 .
matrixes® CN—Ne binary complexe&2°CN—Ar, clusters’! 1y J J J

and in bimolecular collision:?*Dagdigian and co-workets 8 Figure 1. Energy level diagram of the CN?Al » = 3 and XS+ o =
used optical-optical double resonance (OODR) to study elec- 7 vibronic manifolds around their crossinglt 62.5. The levels are
tronic transitions from low rotational levels of thg = 3, 7, labeled with the total angular momenturand the fine-structure labels
and 8 manifolds, induced by collisions with He and Ar. FiandF, as well as the case (b) rotational angular momentum quantum
Unfortunately, in these studies any special role played by the numberN. In the case (?) limitJ = N + 31WhereS is the electron
perturbatively mixed gateway levels was obscured by the SPIn: we haved = N + %/, andJ = N — %/, for F, and k; levels,

fficient electrostati lina betw turbatively mixed respectively. Each rotational level in tRH state is further split into
efncient electrostatic coupling between nonperturbatively mixed "¢ 54 fA-doublets, of opposite total parity. The dotted line

levels and by experimental difficulties in the direct laser connecting the\ = 62 Ff level in the AIT state and th&l = 63 F
excitation of the most perturbed A state levéfs(in the va = level in the X+ state denotes that these are the most perturbed levels
7 level). in this energy range due to the non-Bei@ppenheimer mixing in the

On the basis of the theoretical work of Alexander and Cérey, isolated diatom. From ref 9, we estimate that the= 3, N = 62 hf
Werner and co-worke?$ used multireference configuration level possesses 10% X state character, whilethe: 7, N = 63

) - level possesses 10% A state character. The energies in the diagram are

(MRCI) techniques to generate the necessary potential energygiyen relative to that of the CNEE*,s=7,N=0) level.
surfaces (PESSs) for the CNHe system. These were then used in
quantum scattering studies to determine cross sections forcalculation of these rate constants explicitly includes the non-
various A— X transitions?8:31OQverall, the agreement between Born—Oppenheimer mixing of the &I and X?=" states in the
the calculated and experimentally determined final state distri- isolated CN radical:28
butions was quite good.

More recently, again in collaboration with Werner, we 2 Experimental Results

reported similar MRCI PESs for the CNAr systé#iVe have 2.1. Apparatus.The experiments were carried out in the same
used these to study pure rotational energy transfer within the A apparatus as that used for the study of rotationally inelastic
state?233In particular, using 193 nm photolysis of BrCN, rather = collisions of high CN(AII) rotational level$334 and the
than a discharge, to generate the CN radical, we were able toexperimental arrangement is briefly described here. CN was
study collisions of CN(AII) in very high (N ~ 60) rotational  produced in a quasi-static cell by 193 nm photolysis of BrCN
levels of theva = 3 manifold with both Ar and Hé&3*Although (5 mTorr) diluted in He or Ar (total pressure 6-8.9 Torr).
these experiments were limited to the study of rotational After a several microseconds delay to allow for translational
transitions within the A state, the same initial state preparation equilibration3® a selected CN(AT) rovibrational/fine-structure
can be used to study electronic energy transfer emanating fromjeve| was excited by pulsed “pump” dye laser irradiation on
these high rotational levels since thg = 3 andvx = 7 isolated lines in the AT—X2=* (3,0) band. The populations
manifolds cross in the rangeé= 62.5-92.5° Because these  of the initial level and collisionally populated levels in thg
levels are spaced far apart, electronic inelasticity arising from = 3 andvx = 7 vibronic manifolds were probed by B X
direct electrostatic coupling should be small, and spectral fluorescence excitation in the?B—A2I1 (3,3) and BS—X23+
congestion should not be a problem. This would allow an (3,7) bands 30 ns after the pump laser by a “probe” dye laser.
unambiguous investigation of the role of perturbation-mixed The probe laser energy and 4 X fluorescence induced by
gateways in electronic energy transfer, in particular through the the pump laser were also recorded for normalization purposes
perturbation atl = 62.5. while acquiring the OODR spectra.

Figure 1 presents an energy level diagram for the= 3 As discussed previousf?,the probe laser alone excited B
anduvx = 7 vibronic manifolds in the vicinity of this perturba- — X fluorescence due to the presence of vibrationally excited
tion, which leads to mixed electronic state character (10% CN(X2Z*) and electronically excited CN@I) fragments from

admixture) for thevn = 3,N=62 Rfandvx =7,N=63 kK, the photolysis and subsequent partial collisional relaxation.
levels. We report here the experimental measurement of totalHence, the pump laser was fired every other shot, and the laser
removal and A— X rate constants for collisions @y = 3, N on and off signals were separately summed over a preset number

=60, 62, and 63 initial levels with Ar, and also with He. Initial of shots before the probe laser was stepped to the next
levels that are both weakly and strongly affected by the isolated- wavelength. OODR spectra for the determination of populations
molecule perturbation have been investigated in order to gaugeof collisionally populated levels were obtained by subtraction
the extent of the importance of the gateway levels. The of these two signals. Typical OODR spectra with the pump laser
experimental rate constants are compared with theoretical rateon and off were presented previously (see Figure 2 of ref 33).
constants computed by quantum scattering methods based on The initially prepared level in the %I state should have an
the ab initio CN(X2=",A%I1)—Ar PESs mentioned aboyé The isotropicM; distribution since the A X (3,0) band was saturated
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TABLE 1: Total Removal Rate Constants (in 10'1* cm3 molecule™? s71) for Collisions of CN(A2II,»=3) with Ar and He

initial level % X charactet Ar (exp) Ar (theory¥ Ar (theory¥ Ar (theoryy He (exp}
N =60
Fie(A)f 1.3x 1072 8.7+ 04 8.08 6.21 7.15 194 1.2
FAf(A") 46x 104 9.1+ 0.6 7.07 20.5+ 0.9
Faf(A'™) 0.19 12.3+ 1.7 10.82 9.50 10.5 20F 2.5
Fe(A") 2.1x 1073 11.5+1.1 10.8 20.9+-1.5
N=62
Fie(A) 1.7x 1072 95+1.9 11.05 6.53 216 1.1
FAf(A") 47x 104 9.8+ 2.0 20.7+ 1.5
Faif(A'™) 10.4 17.5+ 3.5 14.90 15.17 24.4 1.6
Fe(A") 2.3x 1073 10.7+ 2.1 19.0+1.1
N=63
Fie(A) 2.0x 1072 12.2+ 1.5
Ff(A") 47x 104 9.6+0.9
Faf(A'™) 1.6 14.1+ 1.2
Fe(A") 2.4x 1073 9.84+0.8

2 Computed from the Hamiltonian of Kotlar et al® Computed with the four diabatic CNER, X2=+)—Ar PES$? and the isolated-molecule
spectroscopic perturbatidn® Computed with the coupling PE®, set to zero, but with the isolated-molecule perturbatfd@omputed with the
CN(AZIT)—Ar PESsVy andV,,%2 and hence only includes rotationally inelastic transitions withinitstate.© Reference 34.The reflection symmet?y
of the initial levels is given in parentheses.

at the 5 mJ pulse energy at which the pump laser was usuallyare approximately 35% higher fok-doublet levels of A
operated. Care was taken to adjust the energy of the probe lasesymmetry than for Ainitial levels. These differences were
beam so that excitation of the both the-B (3,3) and B-X showr? to be due to differences in the total rotational energy
(3,7) bands were in the linear regime. It should be noted that transfer rates out of thA-doublet levels of different reflection
the band strength of the former is considerably larger than that symmetries because of thA-doublet specificities in the

of the latte?® so that saturation effects would tend to lead to an rotationally inelastic collision dynamics. For the= 62 levels,
overestimate of the rotational populations in the X state vs thosethe total removal rate constant for the perturbeti |€vel is

in the A state. The OODR spectra were recorded at probe laserseen to be approximately 75% larger than the corresponding
pulse energies of approximately 3@. A discussion of the rate constants for the othBr= 62 initial levels. This, and the

intensity factors for converting the B- A and B X laser- previously noted enhanced total removal rate constant for this
induced fluorescence signals to populations is presented in thelevel in collisions with He, strongly suggests that the energy
Appendix. transfer rate out of the perturbed level is being enhanced because

2.2. Total Removal Rate ConstantsA first test of the of the spectroscopic perturbation, presumably through enhanced
importance of the gateway mechanism is to see whether theA — X collisional transfer. The total removal rate constant for
rate constants for depletion of the population of the initially the slightly perturbedN = 63 Kf level is seen to be 1545%
excited AI1 level by all collisional processes is enhanced at a larger than for the othell = 63 levels in CN-Ar collisions.

spectroscopic “gateway.” 2.3. OODR Spectra.State-to-state rate constants for colli-
The total removal rate constants were determined in the sion-induced electronic transitions Nf= 60, 62, and 63 levels
following manner, as described in detail previou8ly® The with Ar as the collision partner were determined from line

intensities of parent lines in the OODR spectra, which are a intensities in OODR spectra. In previous wé?k*we reported
measure of the concentrations of the initially preparé@lA  experimental and computed state-to-state rate constants for
levels, were recorded as a function of the purppobe delay collision-induced rotational transitions within thélA state for
and were fitted to a single-exponential decay. Rate constantsthe N = 60 levels for both Ar and He as collision partners. In
were computed from averages of the results from three to four the present work, we have also investigatee+AX transitions
runs. The total removal rate constants can be equated with theinduced through collisions with He. The A X rate constants
sum of the rate constants for collision-induced rotational and for the latter system are found to be much smaller, as evidenced
electronic transitions since other processes such as diffusionby the smaller enhancement of the total removal rate constant
occur on a much longer time scale. for the perturbedN = 62 Kf level, noted in the previous section,
We have investigated collisions of CN{H,v=3 N=60,62,- and as expected from the smaller~AX coupling PES for the
63) fine-structureA-doublet levels. These initial levels lie both  CN—He system compared with CNAr.2%-32Hence, a much less
below and above the most perturbed level, witk 62.5. The extensive study of CNHe collision-induced transitions was
experimentally determined total removal rate constants are carried out. Below we first describe our observations for-CN
presented in Table 1. The reflection symmeffieand the Ar collisions.
fractionalZ-state character of the initial fine-structutedioublet Figure 2 presents portions of the OODR spectra for which
levels are also indicated. The rate constants for NGRg0)— theN = 60 Fe and Kf levels were initially prepared by pump
Ar and CN-He collisions were reported previoust3* The laser irradiation on the AX (3,0) Ry(59) and Q(60) lines,
overall differences in the magnitudes of the rate constants for respectively. In addition to the BA Q4,(61) and Q(61) lines
CN—He vs CN-Ar collisions have been discussed previolily.  involving detection of CN molecules that have undergamé
The total removal rate constants for collisions with He show = +1 rotationally inelastic transitions, we observe in each
no dependence upon the fine-structure label Asdoublet spectrum one BX line, indicative of a collision-induced A~
symmetry of the initial level, with the exception of the perturbed X electronic transition. Similar OODR spectra were observed
N = 62 Kf level, for which the total removal rate constant is for theN = 60 A-doublet levels in the Hine-structure manifold.
approximately 20% higher than for the other levels. For initial A-doublet levels of Areflection symmetry (ke and
As noted previously? the total removal rate constants for Ff), a AN = +1 transition populated the observed rotational
the essentially unperturbédl= 60 levels in collisions with Ar level in the X=* state; this transition is accompanied by very
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Figure 2. Probe laser fluorescence excitation spectra with the pump

laser tuned to the (a) {B0) and (b) R(59) lines of the ATI—X2=* probe laser wavenumber (cm™)

(3,0) band Nl = 60 Rf and ke levels, respectively, initially prepared)  Figure 3. Probe laser fluorescence excitation spectra with the pump

in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump  laser tuned to the (a) {62) and (b) R(61) lines of the AIT—XZ=*

probe delay was 30 ns. Lines in th&B—A?II (3,3) and BE"—X2Z* (3,0) bandN = 62 Rf and Ff levels, respectively, initially prepared)

(3,7) bands are identified. in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump
probe delay was 30 ns. Lines in th&B—A1 (3,3) and BEt—X2=*

little change in the CN internal energy (see Figure 1). In contrast, (3.7) bands are identified. The line denoted “MD" is a magnetic dipole
a AN = 0 transition populated the observed X state level for ansitions in the B-A band (see ref 38).

initial A-doublet levels of A reflection symmetry (& and Re), 25+
with the loss of approximately 200 crhof internal energy. In e Fy J'= N'+1/2
all cases, the fine-structure label was conserved in the collision- N=N-1_ Fp J'=N'-1/2
induced electronic transition.
The OODR spectra for th&l = 62 manifold indicate a Pi| P2 Q12
significantly different collisional behavior for these fine-
structureA-doublet initial levels than for th&l = 60 levels. N © Fi J=N+1/2
Figure 3 presents OODR spectra for the perturbgdritial f Fo J=N-1/2
level, as well as the4Flevel, in the spectral region whereB< 25+
lines were observed. Lines in the (3,3) and B-X (3,7) Figure 4. Allowed rotational lines in the P branch of &+t—2s+

bands are observed. As discussed in detail previcsipe of electronic transition.
the lines in the spectra is aB\ magnetic dipole transition out
of the initially prepared A state level. Figure 5 presents OODR spectra for which the= 63 Kf
For one of theN = 62 initial A-doublet levels, i.e., the and Ff levels were initially prepared by pump laser irradiation
perturbed i level, the intensities of lines in the P branch of ©N the A=X (3,0) Ri(62) and R(62) lines, respectively. In
the B-X (3,7) band aN = 63 are large. As seen in Figure 1, addltlo_n to I|nes_|r_1_the BA Q; and Q branches, |nvoIv_|n_g
the most perturbed level in the = 7 manifold is theN = 63 detection of the initial level and levels populated by collision-
F» level. The A~ X mixing has a dramatic effect on lines induced rotational transitions, we see R lines associated with
associated withN = 63 in the P branch of the BX (3,7) band.  theN = 64 rotational manifolN in the X state, indicative of
As Figure 4 shows, there are three electric-dipole allowed lines collision-induced electronic transitions to thg = 7 vibronic
in the P branch of 8"—2=* transition, e.g., a CN BX band, manifold.
for each rotational manifold\N in the lower 2= state3® As discussed previousff the signal-to-noise ratio in OODR
Normally, the “satellite” @, line has negligible intensity for ~ spectra probing CNHe collisions was poorer than for CN
high N.39 Thus, in CN B-X bands at highN, each member of  Ar collisions since rotational relaxation of high rotational levels
the P branch usually consists of two linesaRd B (see Figure of CN(X2=") is faster with He than with Af9 As a result of
2), which are resolved because the spin splitting in the B state the poorer signal-to-noise ratio and the smaller-A collision-
is larger than that in the X staté!2However, forvx =7 N = induced electronic transfer rates for ENe collisions, sug-
63, the A~ X mixing leads to an intensity factor for the-BX gested by the state dependence of the total removal rate constants
(3,7) Q2(63) line that is approximately twice that of the(€3) presented in section 2.2, an extensive study of the-8B! state-
line. Moreover, the perturbation leads to a larger energy to-state electronic energy transfer rates was not carried out. In
separation of theN = 63 K and R levels, which is ap- fact, A— X collisional transfer was definitely observed only
proximately equal to the spin splitting in the B state. This implies for the perturbedN = 62 Kf level. Figure 6 presents an OODR
that the R(63) and B(63) lines are overlapped and thex®3) spectrum for pump laser excitation of this level by irradiation
line appears at slightly higher wavenumber. These considerationson the A-X (3,0) Qi(62) line. Collisional population of thex
were taken into account in deriving state-to-state rate constants= 7, N = 63 fine-structure levels can be inferred from
which are presented in the next subsection. observation of the BX (3,7) P 2(63) and Qx(63) lines, in
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manifold were determined. In all cases, the purppobe 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-BA (3,3) and B-X (3,7) bands
were computed using spectroscopic constants of Kotlar.%t al
for the mixedva = 3 andvx = 7 manifolds. The non-Bora
Oppenheimer mixing of these manifoldgas explicitly included
in the calculation of the intensity factots.The Appendix
presents our estimation of the ratio of the electric dipole
transition matrix elementg(vg=3,vx=7)u(vs=3,0a=3), re-

B-X
Q,(62) P,(64) | MD Q,(64)

on the same scale. Some comment about the determination of
the populations in thex = 7, N = 63 K and Fk, fine-structure
levels is in order, given the spectral overlap of theX8(3,7)
P1,463) lines noted above. The population in thelével was
determined from the intensity of the;§63) line, which is free
Figure 5. Probe laser fluorescence excitation spectra with the pump from overlap. The population in the evel was then determined
laser tuned to the (a):62) and (b) R(62) lines of the ATI=X?2" from the intensity attributable to the(®3) line in the overlapped
_(3,0) band N = 63 ke and Ef levels, respectively, initially prepared) ir aft b . f th di itv for th
in the presence of 500 mTorr Ar and 5 mTorr BrCN. The pump P1’2(63)_pa"’ after subtraction of the computed intensity for the
probe delay was 30 ns. Lines in the §hd Q branches of the &+~ P2(63) line.

AZI (3,3) band, as well as the §64) lines of the BX"—X?Z* (3,7) The final state distributions for collision-induced electronic
band, are identified. Magnetjc d1i,po|e transitions from the initially {ransitions into thevy = 7 manifold were normalized so that
prepared levels are denoted "MD" (see ref 38). the population of the final level corresponding to thid = —1

Y Q(63) I quired to put the intensity factors in the-\ and B—X bands

18560 18580 18600 18620
probe laser wavenumber (cm™)

B-A(3,3) fine-structure andA-doublet symmetry conserving collision-
B-A(33) Q,(62) induced pure rotational transition within thg = 3 manifold
Q,(61) equals unity. Thus, the magnitudes of collision-induced elec-
B-X(3,7) tronic and rotational transitions can be directly compared.
Py 2(63) B-A(3,3) Table 2 presents the experimentally determined relative state-
BZ.)A(g;’f) l Q, ,(63) @ (63) to-state for collision-induced A> X electronic transitions from
2 the N = 60, 62, and 63 fine-structurtdoublet levels in the

va = 3 manifold for Ar as the collision partner. For each initial
w 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 forAhe= —1
fine-structure and\-doublet symmetry conserving pure rota-
Figure 6. Probe laser fluorescence excitation spectrum with the pump tional transition within theva = 3 manifold to unity. For
I'??_er_t_u?fed t? the @Zd) '_i”ehOf the ‘m_ﬁ?go(&?r) bal-rl]dezsszT convenience, we have indicated in Table 2 the reflection
Blrc"lut.""_‘rheevgu?::’;rgbé'r(;él;yp\:ve;seg%e:& e ot symmetried’ of the initial levels. In previous work} we
(3,3) and BE*—X2=* (3,7) bands are identified. reported the r_elatlve state-to-state rate constants for collision-

induced rotational transitions within the A state fdr= 60

L T T T T T T
18530 18550 18570 18590

probe laser wavenumber (cm™)

analogy to the observations for collisions of this initial level initial levels.

with Ar. In the case of collisions of the relatively unperturbiéd=
Comparison of the intensities of the-&X P; A63) and Q- 60 initial levels, only one collisionally populated level within

(63) lines in the OODR spectra displayed in Figures 3a and 6 the X state could be detected, and the relative rate constants

for collisions of the N = 62 FRf level with Ar and He, for the other final levels were below our detection limit (see

respectively, to gauge the relative magnitudes of the-AX Figures 2, 3, 5, and 6). As noted previoulyhe CN(A) levels

rate constants can be misleading. For both collision partners,at this high level of rotational excitation lie close to the Hund's

the intensities of the BX lines relative to the B-A Q1(62) case (b) limit, and this is reflected in the propensities for

line are similar. The latter line probes a level formed by fine- collisionally populating specific rotational levels within the X

structure changing rotationally inelastic collisions. This process state. We see from Table 2 that the fine-structure label is

has a much smaller rate constant for CN{Aje than for CN- conserved in these A> X collision-induced electronic transi-

(A)—Ar collisions20:34 tions. This implies that the coupling of the rotational angular
2.4. Relative State-to-State Rate Constant&rom OODR momentumN and electron spir§ to form the total angular

spectra such as those shown in Figures 2, 3, 5, and 6, finalmomentumJ is maintained.

rotational state distributions (relative state-to-state rate constants) We also see that initia\-doublet levels of A symmetry

for collision-induced electronic transitions to thg = 7 preferentially yield the rotational level in the X state witiN
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TABLE 2: Experimentally Determined Relative
State-to-State Rate Constangsfor A — X Electronic
Transitions from CN(A2I1,=3N) Fine-Structure/A-Doublet
Levels Induced by Collisions with Ar

initial fine-structureA-doublet level

final level Re (A)®P Ff (A") Fif (A") Fe (A")
N = 60 Initial Levels
N =60
Fy 0.93+0.19
F> 0.40+ 0.07
N =61
F1 0.34+0.06
F 0.27+ 0.05
sunf 0.34 0.27 0.93 0.40
N = 62 Initial Levels
N =62
F1 b
F b
N' =63
F1 0.93+0.20 0.114-0.02 0.46:0.09 0.244+0.04
F, 0.19+£0.04 0.79+-0.16 2.56+0.45 0.84+0.17
sunf 1.12 0.90 3.02 1.08
N = 63 Initial Levels
N =63
F1 1.40+0.19
Fa 0.31+£0.05 0.73+-0.14
N =64
= 0.97+0.11 0.37+0.14 0.58+0.10 0.50+0.10
F, 0.32£0.09 0.85+-0.13 0.96:0.13 0.27+0.05
sunf 1.29 1.22 3.25 1.50

aNormalized to theAN = —1 fine-structure and\-doublet symmetry
conserving collision-induced pure rotational transition withinthe=
3 manifold. Blank entries in the table indicate that the final level was
not detected in the OODR spectPeFinal level could not be detected
because of a spectral overl&gBum of the relative rate constants over
the final levels.

= +1, and little change in the CN internal energy (see Figure
1), while initial levels A" symmetry form the X state level with
AN = 0, and consequently loss of ca. 200 ¢nof internal
energy. Analogous\-doublet propensities were observed in
rotationally inelastic CN(AY-Ar collisions3? In this case, the
A-doublet levels of Asymmetry underwemiN = +1 collision-
induced rotational transitions to final levels of' A&ymmetry,
while A-doublet levels of A symmetry underwenAN = —1
collision-induced rotational transitions to final levels of A
symmetry. From the relative A- X state-to-state rate constants
given in Table 2 and those given previouglfor pure rotational
transitions within the A state, we find that the rate constants
for A — X transitions are approximately £15% of the sum
of the rate constants for all pure rotational transitions.

The A— X state-to-state rate constants fér= 62 and 63
initial levels show some qualitative differences with tHe=
60 rate constants. Table 2 does show thatAhaoublet levels
of A’ symmetry, which are relatively unaffected by the~AX
perturbation (see Table 1), show a marked propensity for
formation of X state levels with &N = +1 change in the
rotational angular momentum and conservation of the fine-
structure label, exactly as found for the correspondhing 60
initial levels. However, the relative rate constants for khe=
62 and 63 levels are larger than for tNe= 60 initial levels.

The final state distributions in the case of the= 62 and 63
A-doublet initial levels of A symmetry differ considerably from
those found for thé& = 60 A’ levels. There does not appear to
be strong propensity to populate X state levels wAtN = 0

Nizamov et al.

63 levels in the X state, with a preference for formation of the
F, over the perturbed;Hine-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 A~ X rate constants into all final rotational
levels are larger than for tHé = 60 initial levels, particularly
for the Rf levels, which are those most strongly affected by
the A~ X perturbatior® These enhanced A X rate constants
are consistent with the larger total removal rate constants
reported in section 2.2 for thd = 62 and 63 K 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 perturbed
= 62 Rf 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 the= 7, N
= 63 R and R, fine-structure levels, produced with relative rate
constants of 0.0& 0.02 and 0.18t 0.04, respectively. As in
the case of CN-Ar collisions, these CNHe rate relative rate
constants were normalized to tAdN = —1 fine-structure and
A-doublet symmetry conserving pure rotational transitions. We
also see a preferential population of the perturbedfifal
“gateway” level, as in the case of collisions with Ar. However,
it can be seen by comparison with the €ANr state-to-state
rate constants reported in Table 2 that the magnitude of the A
— 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-indéted>
23" electronic transitions follows the formalism we have
presented previousk#:3242The total wave function of the CN-
(A21,X2=1)—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 tFd rotational
levels under consideration herd & 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 scatterfdgnatrix.

As in our previous studies of collision-induced rotational
transitions of CN(AIT) N ~ 60 rotational levels with Ar and
He 3334 the computationally faster coupled-state (CS) ap-
proximation?3 rather than the full close-coupling method, was
used. The CS approximation utilizes a body-frame (BF) expan-
sion of the wave functiof**> in which P denotes the BF
projection ofJ.*6 In the BF expansion the matrix of the orbital
angular momenturh is not diagonal. In the CS approximation,
the off-diagonal matrix elements af are set to zero, and the
diagonal centrifugal termare replaced by the diagonal matrix
h2L(L + 1)/2uR2, where L is an effective orbital angular
momentum, taken to be the same for all channels.

SinceL must be perpendicular to the triatomic plafeis
hence also the projection of the total angular momeniaiong
R, the vector connecting the atom and center of mass of the

and conservation of the fine-structure label, as in the case ofdiatom. In the CS approximation, it is assumed that the

the correspondingN = 60 levels. For theN = 62 A" initial
levels, there are large rate constants for formation ofithe

projectionP does not change during the collision. This, in turn,
implies that the angle between the plane of rotation, which
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becomes increasingly better defined for hijrand the vector
R is also conserved.

The application of the CS method to collision-induced
2[1 — 2=* electronic transitions involving a diatomic molecule
and an atomic collision partner has been described eé&flier.

TABLE 3: Computed Relative State-to-State Rate
Constants for A — X Electronic Transitions from
CN(A?I1,»=3,N) Fine-Structure/A-Doublet Levels Induced
by Collisions with Ar

initial fine-structureA-doublet level

particular, we have presented explicit expression for the matrix Fe Rf
elements of the interaction potential involvingfhelectronic final level full calc V;=0 full calc V=0
state in intermediate case coupling, with inclusion of the non- N = 60 Initial Levels
Born—Oppenheimer mixing of the isolated-molecule diatomic N =59
electronic/rotational states. After the scattering calculation, (= b b b b
thermal rate coefficients were obtained by integrating the F 0.004 b 0.007 b
computed state-to-state cross sections over an assumed Boltz- N'= 60
mann distribution of relative collision energit’s Py b b 0.004 b
: F 0.012 b 0.152 b
3.2. Computed Rate ConstantsThe relative importance of N =61
the two mechanisms for collision-induced electronic transitions, F1 0.012 b 0.003 b
involving the spectroscopic “gateway” and/or direct electrostatic F2 6 0.714 b 0.102 0.036
coupling induced by the approach of the perturber, was ;1 0.003 b b b
computationally investigated through calculations of state-to- F, 0.047 0.006 0.199 0.002
state rate constants from a selected set of initiad= 3 levels, N = 62 Initial Levels
including the most strongly perturbeN = 62 FRf level. N =61
Specifically, we computed state-to-state and total removal rate = b b b b
constants involving f& and Kf initial levels for N = 60 and F2 0.006 b 0.015 0.005
62, for which rate constants were also experimentally deter- N =62
mined. The size of the state expansion, as well as the integration Fr b b 0.002 b
. F, 0.020 b 0.349 0.016
parameters and maximum value of the total angular momentum , g3
J, were chosen to ensure an accuracy of better than 1% inthe g 0.017 0.003 0.006 0.002
calculated probabilities for all transitions out of these initial F 2.540 0.007 3.136 3.750
levels. All scattering calculations were performed with our N';64 0.002 . . .
48 1 .
HIBRIDON code: F, 0.077 0.010 0.082 0.019

The matrix elements of the interaction potential were
calculated using the computed CN§X, A2IT)Ar PESs of
Berning and Werne¥ It should be pointed out that in a diabatic
basis four PESs are need&d.wo of theseV andV,, describe
the interaction of thdl state with the atomic target, while a
third, Vs, describes the interaction of tBe state with the atom.
Finally, V1 represents the electrostatic coupling of thé A
component of thdl state with theZ* state, which is induced

by the approach of the atom. In the calculation of state-to-state

aNormalized to theAN = —1 fine-structure andk-doublet symmetry
conserving collision-induced pure rotational transition withinthe=
3 manifold.” Relative rate constant0.001.

rate constants obtained from full calculations for the FA')

and Rf (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 theifial
A-doublet level.

rate constants, integral inelastic cross sections were carried out e total removal rate constants obtained from full calcula-

at 36 collision energies that spanned the range 5'cmE <
2005 cm. The most probable collision energy in thermal
experiments al = 295 K is Enp = 205 cn?, and the full
width at half-maximum of the distribution iAEqmm = 500
cm L,

tions for theN = 62 Re and Kf initial levels are significantly
larger than the values for the correspondihg 60 levels. We
note that the perturbed = 62 Ff initial level has the largest
computed total removal rate constant of the levels investigated.
The total removal rate constants computed Withset to zero

In addition to the experimentally determined total removal show an even larger enhancement for the pertuhbed62 Fif

rate constants, Table 1 presents the computed total removal rat@evel. Surprisingly, the total removal rate constants computed
constants. Three calculations are presented: The first are fullith \/; set to zero for th& = 60 Fe and Ff initial levels are

calculations, with inclusion of the isolated-molecule non-Born
Oppenheimer mixing and thé coupling PES. The non-Botn
Oppenheimer mixing includes the spiarbit, orbit—rotation,
and spir-rotation coupling (see p 124 of ref 5) with magnitudes
appropriate to the isolated CN molecdldo investigate the

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 A

relative effect of the coupling PES vs the gateway effect in X rate constants. Table 3 presents relative rate constants from
inducing collision-induced electronic transitions, we determined the N = 60 and 62 ke and Kf initial levels, obtained from

a second set of total removal rates constants from calculationscg|culations with the full set of PESs and from those in which

in which Vi was set to zero but in which the non-Bern
Oppenheimer mixing in the isolated molecule was retained.
Finally, we tabulate the total removal rates are from our
previously reporte® calculations forN = 60 initial levels,
which considered only collision-induced rotational transitions
within the A state Yr; andV, PESs only).

As noted previously? the rate constants for the sum of all
rotationally inelastic transitions out &f = 60 initial levels are
slightly larger for A’ than for A A-doublets. The total removal

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 previciisheen
computed forN = 60 initial levels by consideration of the
interaction of the A state with the atomic collision partnéf; (
andV, PESs only). We find only slight differences in the state-
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to-state rate constants for collision-induced rotational transitions observed here for high initial rotational levels, presumably

resulting from the two sets of calculations. because of the large rotational spacings and the consequent rapid
In the calculations of the state-to-state-AX rate constants  decrease in the rate constants with increasing change in the

computed with the/; PES, there is a strong propensity for all rotational angular momentum. A similar loss of alternation was

initial levels toward population of the,Hine-structure level observed in rotationally inelastic collisions within highevels
for a given rotational levelN' in the vx = 7 vibronic manifold. of the A state®®
This contrasts with our experimental observation for= 60 Our particular focus in this study has been the investigation

initial levels (see Table 2) of conservation of the fine-structure of the relative importance for high rotational levels of CR[B
label in collisional A— X transitions whose state-to-state rate of the two mechanisms invoked to describe collision-induced
constants are large enough that the final level could be detectedelectronic transitiond namely “gateways” caused by perturba-
It should be noted that the most strongly perturbge= 7 level tional mixing in the isolated diatomic molectilend electrostatic
is an F; level, and perhaps this preference for formation of F mixing of the diatom electronic states induced by the approach
final levels is a manifestation of the “gateway” effect in the of the collision partne$.To this end, we have determined total
calculations. We also do not find in the calculations with the removal and state-to-state & X rate constants fors = 3
V1 PES theA-doublet propensities seen in the experimentally initial levels near the spectroscopic perturbation with #e=
determined A— X rate constants out of the relatively 7 manifold atJ = 62.5 in collisions with Ar and He. The
unperturbedN = 60 initial levels, wherein the final rotational  enhanced efficiency of electronic energy transfer for a spec-
levels populated resulted from changkBl = +1 and O for  troscopically perturbed “gateway” level was seen in the
initial A-doublet levels of Aand A" symmetry, respectively;  significantly larger total removal rate constant for the= 62
this propensity is observed for theeFinitial level, but not kf. F:f level (J = 62.5) for CN(A)-Ar collisions as compared to
The calculations with th&/; PES forN = 62 initial levels the total removal rate constants for other initial levels with
do show prominently the effect of the gateway. The calculated similar total internal energy. The role of the gateway was also
rate constants are very large for formation of the= 63 K in evidence in the state-to-state-A X rate constants, as the
final level, i.e., the mostx = 7 perturbed level. The computed rate constant from this initial level to the corresponding
relative rate constants are actually significantly larger than the perturbed level in thex = 7 manifold (N = 63 ) was found
corresponding experimental rate constants. The state-to-state rate be large.
constants computed with thg coupling PES set to zero provide  The experimentally determined M rate constants were
an opportunity to separate the effect of ¥gcoupling PES  ¢ompared with theoretical rate constants computed on the basis
and the spectroscopic “gateway”. We see from Table 3 that the 5¢ a1 initio CN(XE=+ AZIT)Ar PESs® The computed total
state-to-state computed rate constants for the relatively unper-remoyal rate constants do display an enhanced value for the
turbedN = 60 Re and kf and N = 62 Re initial levels are  pertyrhedN = 62 R initial level, in agreement with experiment.
negligible whenV is set to zero. Also, the state-to-state A However, the agreement of the computed state-to-state rate
X rate constant for the perturbéd = 62 Rf initial level is constants for thél = 60 and 62 ke and Ff initial levels with
large only for the transition to the perturbéd= 63 F final the experimental values is disappointing. In particular, the
level (the “gateway” to “gateway" transition). experimentally observed conservation of the fine-structure label,
The striking differences in the rate constants obtained from j e the coupling oN andSto form the total angular momentum
the two sets of calculations indicate that the spectroscopic J, was not reproduced in the computed state-to-state rate
“gateway” is very important in enabling collision-induced constants. In contrast, we found excellent agreement between
electronic transitions. In addition, the electrostatic coupling theory and experiment for state-to-state rate constants for
between the Al and XX* states, represented by thé&  collision-induced rotational transitions involving collisions of
coupling PES, also contributes significantly by allowing transi- CN(AZ) with both Ar and He3334
tions to and from levels that are not strongly affected by the

spectroscopic perturbation, The true V; coupling potential depends not only on the

orientation of the CN molecule relative to the atomic partner
but also on the CN bond distanceln the earlier investigation

4. Discussion of the CNHe PES$ the V; PES was determined at several
We have presented a collaborative experimental and theoreti-values ofr and then averaged over the product of the vibrational
cal study of A— X electronic transitions from CN@&I,v=3N= wave functions of thesa = 3 andvx = 7 vibronic levels. In

60—63) fine-structureA-doublet levels induced by collisions ~ contrast, the more recent calculations of the CNAr PESs by
with argon and helium. For this high level of rotational Berning and Werné#“9 were limited to a single value af.
excitation, the CN(A) electronic state approaches the Hund’s The averaging over the products of the vibrational wave
case (b) limit, in which the electron spin is weakly coupled to functions in the two electronic states was done by multiplying
the diatomic internuclear ax#Moreover, the spacings between the calculated value of; (at this single value of) by the va
successive rotational levelsare comparable t&T, unlike the = 3lvx = 7 Franck-Condon factor. A more complete MRCI
situation for the low CN rotational levels. As a result, the state- calculation of the PESs, followed by a correct averaging over
to-state rate constants show a qualitatively different dependence’, could well resolve the discrepancy with experiment seen here.
upon the quantum numbers of the final levels than seen in our To unravel the relative importance of the two mechanisms
previous investigatio of collision-induced electronic transi-  for electronic energy transfer in the computed rate constants,
tions from low rotational levels of thex = 3 manifold. values obtained in the full calculations have been compared with
For low-J initial levels, the final rotational level distribution ~ those computed with th¥; coupling PES set to zero. In the
in the vx = 7 manifold displayed an everodd alternation as a  latter set of calculations, the only A~ X state-to-state rate
function of the final rotational angular momentulNi. This constant of significant magnitude was for the transition from
oscillation could be attributed to the near homonuclear characterthe perturbed level in the A stathl & 62 Ff) to the perturbed
of the CN(E=T,A2IT)Ar PESs32 in particular theV; coupling level in the X stateNl = 63 F), i.e., a transition between the
PES. Such an oscillation in the final state populations is not two “gateway” levels. This clearly differs from the qualitative
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appearance of the experimentally determined state-to-state rate B-A(3.2)
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(AIT) 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 . , , o : , ,
approximate treatments of the interaction potentials and the 510 515 520 525 540 545 550 555
collision dynamics, which predict that gateway transfer will be

1-2 orders of magnitude more efficiet#>? i 7 H trum in the BA (3,2) and B— X (3,7)
. . . . lgure /. uorescence spectrum in the B ,2) an — s
From the examination of the disagreement of the experimental bands upon probe laser excitation in the-& (3,3) Py(6) line after

and computed CN(A)Ar state-to-state rate constants, it appears pump laser excitation in the AX (3,0) R, band head in the presence

that the role of the gateways has been overemphasized in theyf 900 mTorr He. The photolysispump and pumpprobe delays were
calculations. This could be due to inaccuracies intheoupling 100us and 30 ns, respectively.

PES, which were discussed earlier in this section. Another ] )
possible source of error is our treatment of the electronic state intensity factors used to convert# and B-X laser-induced
mixing (the non Borr-Oppenheimer couplings) in the isolated fluorescence signals to populations in the A and X states,
CN radical. We have assumed that this mixing is independent 'espectively. On the basis of multireference configuration
of the approach of the collision partner. This is likely an interaction calc'ulatlons of the CN.elgctronlc states, Knowl§§ et
excellent approximation, since thermal energy collisions will al 3% have provided tables of radiative transition _probabllmes
sample only the relatively long-range part of the €Ar forB—A and B—_X_ban_ds._ These calculatlons provide CNIA _
interaction. At these distances the perturbation of the electron@nd B ) radiative lifetimes that are in good agreement with
clouds is small, so that the expectation of the electronic orbital €XPeriment. .
angular momentum and its projections (which enter into the Be_zcause of the large angular momenta of the rptat|onal Ievgls
magnitude of the non-BorrOppenheimer couplings) will be stud!ed h_ere and the e_xpected effect of the centrifugal potential
little affected. Although the variation of these couplings with ©On Vibrational overlap integrals, we have recalculated the band
the CN-Ar distance was not explored by Bernifsimilar strengths using the ab initio transition moment funct?é.lamd
studies of the H-Cl, F—H,, and ClH, system&-54 suggest RKR p_otentlal energy curvéé,\_/wth inclusion o_f th_e centrlfug_a_l
strongly that the variation with distance of these constants will Potential. We find that the ratio of the electric dipole transition
be small, over the range of distances sampled in the collision. Matrix elementsm(vg=3,vx=7)/m(ve=3,0a=3), equalst0.43
Collision-induced A— X electronic transitions with helium  for rotational angular momentu = 62. This value is 15%
as the collision partner have been found to be significantly less 12rger than forN = 0. The transition moments are defined
facile than for collisions with Ar. This difference also points to following the recommendations of Whiting et®lThe phase

the role of theV; coupling PES, rather than the spectroscopic ©f the ratio of transition moments for the CN-# and B-X
“gateways”, in enabling the collision-induced electronic transi- 2ands has been determined previod$iyhe B-A and B-X
tions, since the magnitude of the isolated-molecule non-Born fluorescence excitation intensity factors for individual rotational

Oppenheimer mixing is independent of the identity of the lines were computed using the rotational line strength factor

collision partner. In ab initio calculations of the interaction defined in eq 7 of ref 41.

potentials, thevs coupling PES was found to be considerably Comparison of lifetimes do_e_s not provide a sensitive check
smaller for the CN(X=*,AZT)He than CN(X=*+ A2T)Ar on the compute® B — A transition rates, and hence the-B

system?®32This difference in the coupling strength can explain transition moment, since theB" state decays primarily through

the altered magnitude of the CN-A X rate constants involving B — X fluorescence. We have recorded fluorescence emission
collisions of Ar and He. spectra to check that the calculated-B band strengths are

In this state-to-state study of collision-induced electronic @ccurate. The probe laser wavenumber was set to that of the

transitions involving high rotational levels of the CN radical, Bh_ArS?”?’) PZ.(G) Iilne, Witdh. a .Itc))ng photolyzispur?g%daelaylso
we thus find that both mechanisms play a role in inducing that the rotational state distribution was thermalizeBopula-

transitions from the Al to X25+ electronic state. The relative 11 Within the A state was prepared by pump laser excitation

importance of the “gateway” and collision-induced electrostatic of the A-X (3,0) R band head. Excitation of low rotational

mixing mechanisms depends on the degree of mixed eIectroniclﬁvel_s’ r.?ther lthlan h'gfrl‘l' levels, is advanlta?emrj]s ]E)ecause .Or]:
state character of the rotational levels involved. the significantly larger fluorescence signals for the former, wit

a thermalized sample.
We desire to measure the ratio of the-BA (3,3) and B—
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 B (3,2)
and B— X (3,7) bands, which occur at 516 and 546 nm,
The determination of the ratios of rate constants for collision- respectively. The response of the fluorescence detection system
induced A— X electronic transitions and collision-induced in this small wavelength range is constant. A color filter was
rotational transitions within the A state depend on accurate used to block the very strong emission in the-BX (3,3) band.
measurement of populations of rotational levels within the A A fluorescence emission spectrum is displayed in Figure 7. The
and X electronic states. We provide a brief discussion of the computed® Einstein spontaneous emission probabilities are 2.81

B-X(3,7)

intensity (arb. units)

wavelength (nm)
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Appendix: CN B—A and B—X Line Strength Factors
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x 10°and 1.51x 10 s 1 for the B— A (3,2) and B— X (3,7)

bands, respectively, yielding a calculated band intensity ratio

Nizamov et al.

(30) Werner, H.-J.; Follmeg, B.; Alexander, M. Bl. Chem. Physl988
89, 3139.
(31) Werner, H.-J.; Follmeg, B.; Alexander, M. H.; Lemoine JDChem.

of 1.87. From spectra such as that shown in Figure 7, the ppys 1989 91, 5425.

experimentally measured ratio is 1.45. The difference in the

(32) Alexander, M. H.; Yang, X.; Dagdigian, P. J.; Berning, A.; Werner,

computed and measured intensity ratio is less than 30%, whichH--J. 3. Chem. Phys200Q 112, 781.

is close to our estimated experimental uncertainty in the
measurement of OODR line intensities.
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