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The CN(B22t-X23*) 14-14 emission band was observed in the reaction of Ar(3Poz2) with BrCN by the use of the
flowing afterglow method. The intensity anomalies in the rotational lines at N'=7 due to the B2Z*(v=14)~
4TI(v=7) perturbation were measured as a function of the pressure of Ar or He introduced as a collision partner in
the reaction region, the ambient pressure being varied from 9 to 2000 mTorr (1 Torr=133.322 Pa). The intensities
of the perturbed lines relative to that of the rotational band envelope increased with the ambient pressure in the low
pressure region in the cases of both Ar and He. On the other hand, they decreased with pressure in the higher
pressure region. The pressure dependence of the intensity anomaly for He followed that for Ar, although higher
pressure of He was necessary to attain the same level of the intensity anomaly for Ar. These pressure dependences
can be explained semiquantitatively by a model with collisional rotational relaxations in the quartet and doublet
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manifolds, the former being dominant at low ambient pressure and the latter at higher pressure.

A number of intensity anomalies have been observed
in the CN(B2Xt-X23/*) emission in the reaction of cyan-
ogen bromide with argon metastable atoms,1~10

Ar(3Poz) + BrCN —> CN(B2S*, 4T, 45+, etc.) + Ar +Br. (1)

These intensity anomalies are ascribed to the local per-
turbations between the B2X* state and the AZ2[T; 124579
43+36) and 4I1689 states. Previous measurements on
these intensity anomalies have shown that they are
strongly pressure dependent,!=48-10 indicating that
rotational relaxation in the perturbing electronic states
in collision with ambient argon atoms is prominent.

The pressure-dependent anomalies in the CN B2X*t~
AZ?[T; perturbed lines were first observed by Broida and
co-workers?2 in the reactions of organic molecules with
active nitrogen. A detailed analysis was made by
Duewer et al.3 on the pressure dependence of the rota-
tional distribution of CN(B2X*, v=11) with special
attention to the anomalies due to the perturbation with
43* in reaction (1) by the use of a steady-state kinetic
model (see Appendix 2), by which the cross section for
rotational relaxation in the B23* state by collision with
Ar atoms was estimated to be 85+10 A. However, they
could not obtain direct evidence for collisional relaxa-
tion in the quartet manifold of the CN radical, mainly
because their experiments had to be made at ambient
pressures higher than 150 mTorr. Our recent study!®
has shown that these anomalies disappear at an ambient
pressure below 9 mTorr and that the pressure depend-
ence of the population enhancement of certain vibra-
tional bands is attributable to collisional rotational
relaxation with the ambient gas.

The purpose of the present study is to make more
detailed measurements of the intensity anomalies in the

rotational levels of the CN(B2%*-X25*) 14-14 band in
argon and helium pressures ranging between 9 and 2000
mTorr and to analyze the pressure dependences to
explain the origin of the observed anomalies. A two-
state model is set up for this analysis by a modification
of the steady-state kinetic model of Duewer et al.? to
account for the rotational relaxations in the B2%* and
41T states connected through strong perturbation.

Experimental

A flowing afterglow apparatus!®!) was used. A flow tube
was pumped by a mechanical booster pump (500 dm3s-1).
The flow velocity was measured to be ca. 300 ms=1.10  Argon
metastable atoms were produced by microwave discharge
(2.45 GHz, 100 W) in a Pyrex tube of 15 mm o.d. just before a
stainless steal flow tube of 114 mm diameter. Charged spe-
cies produced in the discharge were eliminated by applying an
electric field between a pair of grids placed between the
discharge region and the reaction zone. Cyanogen bromide
was admixed to the flow ca. 15 cm downstream from the
discharge region through a nozzle. Excited CN radicals were
produced in reaction (1). The CN(B23*-X25*) emission was
observed perpendicularly to the direction of the gas flow
through a quartz window and was focused on a Spex 1704 1-m
monochromator with a slit of 10 pmX20 mm (spectral resolu-
tion: 0.1 A FWHM). Dispersed emission was detected by a
photomultiplier (Hamamatsu R585) and a photon-counting
circuitry. The spectral response of the detection system was
calibrated by the use of a standard halogen lamp (Ushio
Electric Co.).

The lowest possible background pressure of Ar was 9 mTorr
in the reaction zone to maintain a stable discharge in the Pyrex
tube, whereas the pressure of the collision partner, Ar or He,
which was introduced through an orifice on another flange,
was varied from 0 to 2 Torr in the reaction zone. The
pressure of rare gas was monitored by a Pirani gauge, which
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was calibrated with a capacitance manometer (MKS
Baratron).

The enhancement of the intensity anomalies in the 14-14
band increased as the distance between the sample nozzle and
the observation point along the flow was increased. This is
due to the collisional rotational relaxation that CN radicals
suffer as they travel along the flow. In the present observa-
tion, the image of the entrance slit of the monochromator was
set at a point only slightly downstream (less than 1 mm) from
the sample injection nozzle by adjustment of a focusing lens so
as to minimize the intensity anomaly and to eliminate the
influence of collisional relaxation under these experimental
conditions.

Results

Figure 1 shows the observed spectra of the perturbed
rotational lines in the CN(B2X*-X2%*) 14-14 band at
different pressures of ambient argon. The rotational
line at N'=7 splits into the extra and main lines due to
the B25*t~4IT perturbation.8912 The wavefunctions of
the perturbed levels are represented by!3

Ye=(1—p?)V2ym— p*is, )]
and
Py =pyn+ (1 — p?) 2y, (3)

where Wt and ¥wm represent the perturbed wavefunc-
tions and 1 and ¢ are the unperturbed wavefunctions
for the 4IT and B2t states, respectively. The mixing
parameter, p2, that represents the character of the vir-
tual ¢IT state in the perturbed states is reported to be
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Fig. 1. Observed emission spectra of the 14-14 band
of the CN(B23") transition at Ar pressures of (a) 280
mTorr and (b) 9 mTorr.
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0.43.8 The extra line corresponds to the transition
from the perturbed rotational “E” level, which has more
of the 4IT state character. A schematic presentation of
the perturbation between CN(B2X*) and CN(‘II) is
shown in Fig. 2.
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Fig. 2. Schematic representation of the perturbation
between CN (B2Z*) and CN (4I1).
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Fig. 3. Pressure dependence of the intensity ratio,
(Ie+Im)/ Ly, in the B25t~4IT perturbation with (a)
Ar and (b) He as a collision partner. Open circles
represent the observed values and the solid curve the
best-fit simulation. Error bars represent one stan-
dard deviation. The value obtained with no addi-
tional collision partner through the second orifice is
shown by a circle with a center dot (©).
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Fig. 4. Pressure dependence of the intensity ratio, Ig/
Ly, in the B23*~I1 perturbation with (a) Ar and (b)
He as a collision partner. See legend of Fig. 3.

Figure 3 shows the Ar and He pressure dependences
of the observed intensity ratio, (Ig+1Im)/ Ieny, Where Iv, Ie
and I., denote the intensities of the main, extra, and
unperturbed rotational lines, respectively (see Fig. 1);
L is estimated from the envelope of the vibrational
band by interpolation. In Fig. 4 are shown the
observed intensity ratios, It/ I, for Ar and He as colli-
sion partners.

The pressure dependence shown in these Figures has
the following features: (1) The intensities of the per-
turbed lines relative to that of the band envelope first
increase and then decrease with the total pressure.l¥
(2) The ratio of the intensity of the extra line to that of
the main line decreases as the total pressure increases.
(3) The observed intensity ratios, (fe+1Im)/ Ieov and Ie/ Iu,
in the case of He as a collision partner exhibit pressure
dependences similar to those for Ar. (4) The maximum
values of (Ie+1Iv)/ L.y and Ie/ Iy are the same for Ar and
He; a higher pressure of He is required in order to
achieve the same degree of rotational relaxation than
that of Ar. As described in Discussion, the above
observations can be reproduced by taking into account
the rotational relaxation in the 4IT and B2X* states by
collision with Ar and He atoms.

Discussion

Two-State Relaxation Model. In order to account
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for the observed characteristic pressure dependences,
the following model of rotational relaxation is set up:
The increase in the intensity anomalies observed in the
low-pressure region with increasing ambient pressure is
ascribed to the collisional rotational relaxation within
the quartet manifold which populates the perturbed
levels and the decrease in the anomalies in the high-
pressure region to the increasing influence of the rota-
tional relaxation in the B state# A simulation based
on this model is made by extension of the steady-state
kinetic model of Duewer et al.¥ Intraelectronic pure
rotational transitions and interelectronic transition only
at the perturbed levels are included in the model, where-
as collisional interelectronic transfer between the unper-
turbed rotational levels and a possible difference in the
collision transfer rates for the spin-orbit states are
ignored (See Appendix 1). As discussed in the follow-
ing, this model reproduces the observed features by
choice of a plausible set of adjustable parameters.

Formulation of Rotational Relaxation in Two Elec-
tronic States Connected through Perturbation. The
collision-induced rotational relaxation within a single
electronic state -of the excited CN radical was analyzed
by Duewer et al.3 In their analysis the population Y is
given by

Y=3A4nXm, 4)
m=0
where A,, is the probability that a radical experiences
rotational-level-changing collisions m consecutive times
and no further before its depletion by radiation or
quenching from the system under consideration,

T 1+2Q )( z )'" )
i+zQ+z Nt 14+zQ+z ) °

and X, is the population vector of the rotational levels
after m rotational-level-changing collisions, with its
component X,,(N), where N is the rotational quantum
number. The radiative lifetime is denoted as 7, and z is
the collision frequency represented by

z= OVre|sz/kT, (6)

-

where o is the “total cross section” for collision-induced
rotational relaxation, v. is the mean relative velocity
between the CN radical and a collision partner, P is
the total pressure, and Q is the probability of the
relaxation per collision to another vibrational or elec-
tronic state, relative to the rotational relaxation. This
Xm is represented by the use of a collision matrix, P, as

#  The exact lifetime of the quartet state is not known, but it is
expected to be orders of magnitude longer than that of the B
state, considering a dark-state nature of the quartet state.
This expectation is in accord with the features obtained by an
ab initio calculation that the internuclear distance of the 4IT
state differs sigificantly from that of the 4%* statel516) and that
the energy of the 4IT state is close to that of the 4% state.1516)
Therefore, the effective number of collisions of the quartet
state during its lifetime is larger than that of the B state during
its lifetime of ca. 100 ns.
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Xm= P"Xo, )

where P consists of the probability of relaxation per
collision from Nto N’, Pyy. From Egs. 4—6, the cross
section for rotational relaxation can be obtained from
the measured population.

The applicability of the above treatment?® is limited to
a system that has a unique set of A, because without
this constraint it is practically impossible to formulate
Am by taking into account all the rotational-level-
changing collision paths. In the present analysis, how-
ever, A, cannot be assumed to be unique, because two
electronically excited states of CN are coupled through
perturbation. In Ref. 2 the radiative lifetimes of the
perturbed levels are derived by neglect of cross terms as

gt = (1= p?)rn1+ p2ry! (t)]
and
= p2rp i+ (1 —pHrsl 9

The lifetime of a perturbed rotational level differs from
those of unperturbed levels. Hence it is necessary to
take into account the population transfer among the
B2X*, 4I1, extra and main rotational levels, whose life-
times are denoted as ts, 711, Tg, and Ty respectively (see
Egs. 8 and 9). In addition, the cross sections for rota-
tional relaxation for the B2X* and 4IT states are in
general not identical. Therefore, the A,’s for the
unperturbed levels of the doublet and quartet manifolds
and the perturbed levels should be all different.

In order to deal with these circumstances, the follow-
ing relaxation paths are taken into account by iteration:
(1) emission from the unperturbed B2X+ levels, (2) colli-
sional relaxations from the unperturbed B2X* and *I1
levels to the perturbed E and M levels, and (3) the
repopulation of unperturbed levels by collisional transi-
tions from the perturbed levels. The steady-state emis-
sion intensity is calculated by a summation of the emis-
sion intensities in repeated cycles of iteration. The
detail of the calculation is described in Appendix 2 (see
also Fig. Al).

Analysis of Pressure Dependence. The observed
pressure dependence of the perturbed line was analyzed
by the use of this model. The parameters « and 8 in
the collisional relaxation probability (Eqs. A3 and A4)
could not be determined simultaneously because of
strong correlation between them. Therefore, the values
reported in Ref. 3, =0.2 and $=0.05 were assumed.
The observed ratios of (/g+1m)/ Inv and Ie/ Iv were fitted
to the calculated values. The fitting parameters were
the lifetime of the state, the ratio of the formation rates
to the 4IT (v=7) and B2X* (v=14) states, and the cross
sections for rotational relaxation in the 4IT (v=7) and
B23t (v=14) levels. These cross sections are directly
related to the effective collision frequency, which
accounts for the rate of overall rotational relaxation
(See Eq. 6 in conjunction with the rate equation Eq. Al
in Appendix 2). When the He atom is chosen as a

[Vol. 65, No. 2

Table 1. Parameters of Rotational Relaxation for CN
by Collision with Argon and Helium Atoms”

CN(IT), v=7" CN(B2z*), v=14"

Cross section®

with Ar 85(15) Az 95(15) A2

with He 24(5) 19(5)
Hard-sphere collision cross section”

with Ar 44.7 45.6

with He 34.1 34.8
Lifetime 35(10) ps [116 ns]”

a) Numbers in parentheses represent one standard error
to the last significant digit. b) The vibrational states
are assigned in Ref. 12. ¢) From an analysis of the
pressure dependence of the intensity anomalies by the
two-state kinetic model. d) Estimated from a hard-
sphere collision model. e) Ref. 33.

collision partner, the collisional relaxation due to the Ar
atoms which flow from the discharge region into the
reaction zone must be taken into consideration in the
low-pressure region. Accordingly, the collision fre-
quency, z, in Eq. 6 is modified as

z= U(CN*_He)vrcl(CN*_He)PHe/kT
+ o(CN*-Ar)viel(CN*-Ar) Par/ kT, (10)

where o(CN*-He) and o(CN*-Ar) represent the cross
sections for rotational relaxation of the excited CN
radical by collision with He and Ar, respectively, and
viel(CN*-He) and via(CN*-Ar) represent the mean rela-
tive velocities of the excited CN radical with respect to.
the He and Ar atoms, respectively. As shown in Figs. 3
and 4, the pressure dependences of the intensity anoma-
lies obtained in the present experiment are reproduced
reasonably well by the model described above by the use
of the ratio of the formation rates, Rr/ Rs (See Eq. A9
in Appendix 2), of 2.410.8 and the rest of the parame-
ters listed in Table 1.

Since the lifetime of the IT state is found to be two
orders of magnitude longer than that of the B2X* state,
the rotational relaxation of the 4IT state is dominant at
low ambient pressure while that of the B2%* state con-
tributes at higher pressure. The observed increase in
the (Iget+Iv)/L., at low ambient pressure is thus
accounted for by the collisional rotational relaxation in
the 4IT state; the collisional relaxation to the perturbed
level enhances the intensity anomaly. On the other
hand, the decrease in the (Ig+1m)/ Iy at higher pressure
is due to the collisional rotational relaxation in the B2%*
state; in this case the enhanced population at the per-
turbed level is distributed among the rotational levels of
the B2Xt state and, consequently, averaged out.

Collisional Rotational Relaxation by He and Ar. As
shown in Figs. 3 and 4, the pressure dependence with He
shifts from that with Ar to a higher pressure. This
observation indicates that o(CN*-He) is smaller than
o(CN*-Ar). An attempt is made to compare these
“total cross sections” for rotational relaxation with the
cross sections for hard-sphere collision estimated from
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the van der Waals radii of the He and Ar atoms, 1.40
and 1.88 A, respectively,!” and the effective collision
radii of CN(B2Z*) and CN(4IT), 1.89 and 1.93 A, respec-
tively. The effective radius of CN is estimated to be
equal to the radius of a sphere whose volume is equal to
that calculated from the van der Waals radii of C and N,
1.70 and 1.55 A, respectively,!” and the internuclear
distances between the C and N atoms, 1.55 and 1.29 A
for 4T and B2X* states, respectively, calculated from the
rotational constants.? The estimates of these parame-
ters seem reasonable because the crss sections thus
derived, listed in Table 1, are similar to those for hard-
sphere collision for Ar-Ng and He-Ng, 37.8—38.5 and
30.5—31.4 A2 respectively, calculated by the use of the
oy parameters of the Lennard-Jones (12, 6) poten-
tials.18-23)

The absolute values of the cross sections obtained in
the present analysis depend on the choice of the collision
matrix, P, and therefore on the assumed values of o and
B in Eqs. A3 and A4. Nevertheless, it seems permissi-
ble to assume the same collision matrix for the collision
of CN with Ar and He because rare gas atoms are
isotropic. Therefore, the relative magnitude of the
cross sections for Ar and He is taken for the following
discussion. The ratio, o(CN*-Ar)/o(CN*-He)~1.3,
derived from the above hard-sphere collision model is
much smaller than that derived in the present study
from the fitting of the observed pressure dependences,
3.5 for CN(*IT) and 5.0 for CN(B2X+). The main origin
of the discrepancy is thought to be the neglect of long-
range interaction in the hard-sphere collision model. A
simple calculation based on the electrostatic interaction
between the permanent dipole moment of CN* and the
induced dipole moment of Ar or He gives 6.0 for
o(CN*-Ar)/o(CN*-He). Thus long-range interaction
seems to play a significant role in the collision-induced
rotational relaxation.

This work was supported by the Joint Studies Pro-
gram (1987—1988) of the Institute for Molecular
Science. K. S. would like to thank the Itoh Science
Foundation for partial financial support.

Appendix 1. Collision-Induced Transitions among
Electronic and Spin-Orbit States.

Interelectronic Transitions. The collision-induced transi-
tions between the unperturbed rotational levels of the B2X*
and 4T states are not included in the present simulation.
Detailed state-to-state studies have been made by Dagdigian
and co-workers?¢—2" on a similar case of the CN AZT; and
X23.* states, where the rates of collisional interelectronic tran-
sitions are shown to be comparable or even faster than those of
collisional intraelectronic pure rotational transitions. Hence,
the “doorway” model that the interelectronic transitions
through the perturbed levels are dominant is not operative in
this particular molecular system. Unfortunately, the corre-
sponding state-to-state transition rates are not available at
present for the collisional rotational relaxation of the 4IT state.
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It is highly unlikely, however, that the rates of collision-
induced interelectronic transitions for the perturbed and
unperturbed levels of the 4IT state are similar to those for the
levels of the AZ2II; state.?® The pressure dependence of the
intensity anomalies observed in the present study can hardly
be expected if these rates are comparable. Moreover, the
intensity anomalies cannot be reproduced in the simulation in
our B23* and 4IT system, even if a small contribution of the
interelectronic collisional transition is taken into account.
Therefore, the “doorway” model can be assumed in the present
molecular system. This is attributable to a very short lifetime
of the CN B2Xt state; once the CN “II population is trans-
ferred in collisional interelectronic transition to the B2X™ state,
hardly any back-transfer is possible from the B2X* state to the
4T state and, hence, no contribution to the intensity anomalies
of the perturbed levels is expected. A more quantitative
treatment of the pressure dependence of the intensity anoma-
lies must await the state-dependent cross sections of rotational
transition provided by the state-to-state spectroscopic study of
the 4IT state.

Transitions between Spin-Orbit States. Collisional transi-
tions between spin-orbit states have been extensively studied
for a 2I1 state,28-32) especially for collisions of NO,28-30
CdH,31 and CaF32 with rare gas atoms. One of the major
conclusions of these studies is that the cross sections for
transitions between rotational levels belonging to different
spin-orbit manifolds are smaller than those for transitions
within a given spin-orbit manifold. A consensus seems to
have been reached that the former is roughly an order of
magnitude smaller than the latter,20-32 although an earlier
paper?®) reports that it holds only for the NO-He case.
Unfortunately, a similar study for a *IT state has not yet been
made. It seems to be a reasonable assumption, however, that
a similar “propensity” rule holds for a *II state. Thus, only
the transitions within a given spin-orbit manifold are included
in the present simulation analysis.

Appendix 2. Procedure of Iteration.

Relaxation in a Single Electronic State. Prior to the dis-
cussion on the two-state problem, the case of a single state?® is
summarized. The rate equation for the population of the
N-th rotational level, X(N), is written as

dX(N)/dt=FN)— X(N)/t
+ z;![PNWX(N’ — PxwX(N)]—zQX(N). (A1)

Here F(N) is the formation rate of the N-th rotational level of
a given vibrational state. The definitions of 7, z, and Q are
given in Discussion. The normalized initial population of the
N-th rotational level, Xo(N), is given by

Xo(N)= F(N)/%."F(N), (A2)

where the subscript zero indicates that no collisional relaxa-
tion has taken place. Duewer et al.?) tested three models for
Py and concluded that their experimental data were best
reproduced by the following exponential-gap model

Py =c(ad™ M4+ B[QN +1D/2N+ D], (N>N) (A3)

Pay=c(d¥NM+ B[N + 1)/ 2N+ 1)] exp (—AExn/kT),
(N<N') (Ad)

and
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Pyn=0. (A5)

In Eq. A4, AENN denotes the difference in the rotational
energies between the N-th and N'-th levels, « and B are
adjustable parameters, and ¢ and ¢’ are normalization con-
stants so that

Piyv=1. (A6)
¥

Initial Populations. The relative rates of formation of the
unperturbed levels in the 4IT or B23.* state can be represented
as

FA(N)=(28xr+ D)fa(N), (A7)

wheres Sa is the total spin of the respective electronic state
(A=X for the B23* state and A=II for the *IT state) and N is
the rotational quantum number. The rates of formation of
the unperturbed rotational levels of the spin-sublevels of the
411 and B2X* states, fa(N), are assumed to follow the
Boltzmann function,

JAN)=ra2N+1) exp (—Ex(N) [k Twor)/
QN+ 1) exp (—Ex(M)/kTrw). (A8)

Here, ra is the rate of formation of the spin-sublevel; the rate
of formation of the vibronic state in question, Ra, is repre-
sented as

RA=(Q2Sr+ Dra. (A9)

The rotational energy of the level specified by N in the 4IT or
B25*t state is denoted by Ea(N). The effective rotational
temperature of B2X*, T, is set to 2100 K, the higher effective
rotational temperature of the double Boltzmann distribution
observed in the CN(B2Xt-X2Xt) 14-14 band,!® because the
fractional population for the lower rotational temperature is
small. The effective rotational temperature of the ¢II state is
not available at present; hence it is tentatively assumed to be
equal to that of B2X*(v=14). It is further assumed that all the
spin-orbit states are produced in equal probability. The
initial population of the rotational level N, populated at a unit
time interval, A¢, is set equal to its formation rate:

Us%AN)=fs(N)At.

As to the notation of Ua“(N), superscript i represents the
number of collisional transitions between the unperturbed and
perturbed levels, and j represents the number of collisions
causing rotational relaxation among the unperturbed levels in
a single vibronic state. The relative rates of formation of the
perturbed levels, which correspond to their initial populations,
can be written as

(A10)

Se=(— pA)fup t p¥rp, (A1)
and

Su=p¥up+(1— p?)fsp, (A12)
where

Jap=fa(Np). (A13)

Relaxation and Radiative Decay in the B>t State. The
population of the CN radicals in the B23%" state which decay by
radiation before relaxation to a perturbed level is calculated.
The relaxation processes under consideration are illustrated in
Fig. Al(a). The partial population of the CN radicals after

[Vol. 65, No. 2

(A17) E (A7)
a7
~y [Z2N
W O (ue)

(A16) (A16)

(a)

1 ]
S E (A19) 2
X —O— TN

(A23) —e—-
—— i M ——
! (A24) '
B * ‘T
(b)

Fig. Al. Schematic presentation of the relaxation
paths: (a) relaxation and radiative decay in the B23*
and 4IT states, (b) relaxation and radiative decay
relevant to the perturbed levels. Iteration was made
for (a) and (b). The numbers in parentheses in the
figure represent the corresponding numbers in the
equations displayed in Appendix 2.

the j-th collision and before the (j+1)-th collision is given by

-1
Vzo‘j = - U}_‘O’j(N).

T 14+zQ+z (Al4)

The subscript and superscripts in ¥A*/(N) are defined equally
to those in Ux*/(N). The population after the (j+1)-th colli-
sion, Us%/*!(N), is determined from Us®/(N) as follows: 1) The
product of Us%/(N) and the probability matrix, whose compo-
nents are given in Eqs. A3—AS5, is calculated. 2) A “propen-
sity” rule is assumed to apply for the collisional transitions
between the spin sublevels that the transitions are restricted in
the same spin-orbit manifold, e.g. AQ=0 for a case (a) mole-

cule as in the CN 4IT state in the present analysis. It is then
shown that

40,j+|=____Z__PU40,j. AlS

Uz 1420+ > (AT5)

The calculation is terminated when the number of consecutive
collisions j is so large that the population of the excited CN
radicals that survive after more than j collisions, Us%/{(N), is
negligible and that no further change is observed in the
computed pressure dependence.
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The population which is transferred by collision from other
unperturbed rotational levels in the B23* state to the virtual
level which participates in perturbation is calculated as

z
TZPO 22

— Sy U
T Tt l+zQ+z % v, U

(A16)
The same treatment for the population is made for the *IT
state, and the population Trp°, which is formed by relaxation
from the rotational levels in the *I1 state to the perturbed level,
is calculated.

Populations for Perturbed Levels. The population of the
CN radical which emits radiation from the perturbed levels is
calculated. The processes under consideration is illustrated
in Fig. Al(b). The nascent populations of the perturbed
levels, populated at a unit time interval, Az, that correspond to
the extra and main lines, U2° and U3, are given by

U= (1— p?) Tup® + p2Tsp® +feAt (A7)

and

USO= p2 Trp® + (1 — p?) Tsp® + fuAt (A18)

where the third terms are omitted in further iterations. The
procedure for calculating U2° and UY° is similar to that
described above for Us®%(N). As a result, a part of the CN
radicals emit radiation from the perturbed levels, and the rest
of them are relaxed to unperturbed levels in the 4IT and B23*
states. These populations, 7ps® and Tpn®, which are formed
by relaxation to the B2X* and *II states, respectively, before
radiation from the perturbed levels are substituted for Us'%(N)
and Un*(N) for a subsequent cycle of iteration as

UaY"=PTpa, (A19)
where

TeA(N)=0 for N#N, (A20)
and

Tea(N)=Tpan for N=N,. (A21)

Calculation of the Emission Intensities. A further calcula-
tion is made on the populations of the unperturbed levels in
the B2X* state, 31Us"/(N) and the *IT state, >¥n"/(N), and

those lost by rela;l(ation to the perturbed levels, /U;pl and Uppl.
The above procedure is repeated until the population U
becomes negligible. The overall populations, Ve, VM, and
Ven are calculated, by summation over all the possible colli-
sional relaxation routes, to be

Ve= SISV,
[

Vmu= 22 VMi’j,
[V

(A22)
(A23)

and
Vew = [2‘7‘_, Vsii(Ny—1)+ EI; Vs (Ny+1)]/2, (A24)

where, Ve*/ and Vu'/ are calculated in a similar manner as in
Eq. Al4.

It is to be noted that in our experimental setup the CN(B)
radicals produced upstream from the observation point may
contribute to the observed emission. Therefore, Eqs. A22—
A24 weighted with a temporal profile should be integrated
along the line of flow down to the observation point. The
corrected population is represented by
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X< Vi1 —exp(—d/v7)], (A25)

where v is the flow velocity and d is the distance along the
flow. The right-hand side of Eq. A25 being expanded, the
population is expressed as

X< Vd|v, (A26)

by neglecting higher-order terms, since d/ vl because d is
small under the present experimental conditions. Finally, the
overall emission intensities are calculated by

Te < Ve/ g, (A27)
Im < Vy/twm, (A28)
and
Teny & Veny[ Tx. (A29)
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