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We have studied the state-to-state excitation of N,(B °II,, v’ = 1-11) in energy pooling
reactions between N,(4 >, v’ = 0,1) molecules and subsequent quenching in collisions with
molecular nitrogen. Excitation of vibrational levels 10, 2, and 3 appears to be much stronger
than excitation of the other vibrational levels. In addition, we failed to observe any emission
from v’ = 12 even though it is energetically accessible. The excitation rate coefficients are quite
large, 7.7 X 10~ ! cm? molecule ~! s~! for the pooling of two N,(4, v’ = 0) molecules, and
roughly a factor of three larger for energy pooling events involving N, (4, v’ = 1). The effective
rate coefficients for electronic quenching of N, (B) by N, are also quite large, ~3x 10~

cm? molecule ' s~ !. Comparison of our quenching results with the laser-excited, real-time
quenching studies of Rotem and Rosenwaks indicates agreement only within factors of 2-3.

I. INTRODUCTION

Hays and Oskam’ investigated the temporal decay of
emissions from N, (4 *2} ) and N, (B *I1, ) in the afterglow
of a pulsed discharge. They noted that the intensity of the
first-positive system, N,(B *I1,-4 °Z} ), varied quadrati-
cally with the intensity of the Vegard-Kaplan bands,
N,(4°2}-X"2}), and interpreted this behavior as a sign
that N, (B) was excited in the afterglow by energy pooling
reactions involving N,(A). Their observations led them to
assign a rate coeflicient for the energy pooling process result-
ing in N,(B) formation of 1.1 X 10™° ¢cm® molecule~'s~".
One would have to assume that this number is a lower bound
because their detection system could not observe N,(B,
v’ = 0-2). Nadler et al.? discovered in 1980 that the Herman
Infrared (HIR) system, which emits over the same wave-
length region as N,(B), was also populated efficiently by
N,(A4) energy pooling. They estimated a lower limit for HIR
formation of 2.5X 10~!" cm® molecule!s~! which they
subsequently revised upward to 7X107!'"" cm? mole-
cule™' s7'.>4 They also showed that some production of the
Bstate did indeed occur, but they were unable to estimate the
rate coefficient for B-state formation because of that state’s
rapid quenching by nitrogen and argon.

Unpublished observations at PSI® in the near infrared
recorded the HIR system in N,(4) energy pooling, but
failed to detect significant populations of N,(B). We were
thus skeptical of the magnitude of the pooling rate coeffi-
cient which Hays and Oskam had reported. The work of
Nadler et al.>* also showed convincingly that HIR produc-
tion had to be similar in magnitude to the production of
N, (B). Thus the present investigation was motivated in part
by our desire to reconcile the conflict between Hays and
Oskam’s report and the observations of Nadler et al. as well
as our own.

In part I of this investigation,® we studied the state-to-
state excitation of N,(C *I1,,, v = 0—4) and the Herman In-
frared (HIR) system, v = 2,3, in energy pooling reactions of
N,(4°2}, v'=0,1). We showed the excitation of N,(C)
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to be quite efficient for energy pooling of two N, (4, v' = 0)
molecules or one v’ = 0 interacting with a v’ = 1 molecule,
k = 1.5X 107 cm® molecule~" s~ !, but saw no evidence of
significant formation of N,(C) when two N,(4, v'=1)
molecules interacted, k <0.5X 10~ ° cm?® molecule™!s~".
The Herman infrared system showed striking state specific-
ity. Only HIR v = 3 was excited by two N, (A4, v’ = 0) mole-
cules, k =8x10"" cm® molecule™'s™%; a =0 and a
v’ =1 molecule combined to produce only HIR v =2,
k= 10x10"" cm® molecule ™" s~ '; and two N, (4, v’ = 1)
molecules appeared not to excite the Herman infrared sys-
tem at all. This paper reports the extension of these investi-
gations to N, (B °I1, ).

il. EXPERIMENTAL

The apparatus used for these studies has been described
in detail in a number of recent publications.®!* Basically the
experiment involves generating N,(A) metastables cleanly
in a discharge-flow apparatus and then monitoring spectro-
scopically the Vegard—-Kaplan, Herman infrared and first-
positive systems under constant conditions. The energy
transfer reaction between metastable Xe(*P,, ) and N, pro-
duced the N,(A4) metastables.'*!¢ Introducing CH, down-
stream from the discharge allowed the vibrational distribu-
tion of the N, (4) to be varied so that state-specific measure-
ments could be made.®'” The xenon metastables were pro-
duced in a hollow cathode discharge through a mixture of
xenon and argon in a neon carrier gas. Typical flow rates
through the discharge were 8, 150, and 3500 umol s~! for
xenon, argon, and neon, respectively. The small argon flow
was crucial to produce adequate number densities of the
metastable xenon atoms. The nitrogen was then added
downstream from the discharge so that we could be certain
that nitrogen excitation was effected only by the energy-
transfer reaction. As we show later, discharging the nitrogen
along with the rare gases causes direct excitation of nitrogen
in the discharge which drastically alters the N,(B) excita-
tion magnitude and distribution in the afterglow. The reason
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for doing the experiments in neon is that, unlike argon, neon
is a relatively weak quencher of N,(B).'®!® The distribu-
tions observed in a neon buffer when the number densities of
the other gases (especially nitrogen) have been reduced to a
minimum, will be relatively close to nascent. This would not
be the case in an argon buffer. Not only does argon quench
the N, (B) electronically, but it alters the N, (B) vibrational
distribution drastically (see below). The procedure then was
to repeat spectral scans of the various band systems as a
function of nitrogen partial pressure. Analysis of the spectra
gave populations of each vibrational level as a function of
nitrogen partial pressure. Extrapolating the results to zero
nitrogen partial pressure gave the nascent populations.
Scans at several different neon partial pressures showed only
small changes in total N, (B) excitation rate and in its vibra-
tional distribution.

The spectra were analyzed by least-squares computer
fitting as discussed previously.®'° We used the appropriate
potential constants in Lofthus and Krupenie? for the Ve-
gard-Kaplan and first-positive systems, and used the Ein-
stein coefficients of Shemansky?' and Shemansky and
Broadfoot?? to extract the N,(4) and N, (B) number densi-
ties. We treated the Herman infrared system empirically as
described previously.® We also described previously our pro-
cedures for turning observed intensities into absolute photon
emission rates and for correcting for the different radial den-
sity gradients of the N,(A4) and the N, (B).®

We have expressed some concern previously that She-
mansky’s Einstein coefficients for N, (4-X) might be 20%~
40% too large.'®”® Furthermore, Shemansky and Broad-
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foot’s Einstein coefficients for N,(B-4) transitions (which
are the ones tabulated in Lofthus and Krupenie?®) are some-
what questionable.”>* Pending resolution of these issues,
however, we choose to use the commonly accepted values.
We currently are investigating the N,(B-4) transition pro-
babilities.”® We have also found recently?® that the potential
constants of Roux et al.”’ fit the first-positive bands more
accurately than those given in Lofthus and Krupenie.?° The
small differences do not affect the populations extracted
from the spectral fitting, however.

Ill. RESULTS

The processes controlling the formation and destruction
of N, (B) in the energy pooling of N,(A4) are

By
[ v

N (4,0) + Ny (4,0") = Nuo(Bp) + Np(Xp™), (1)
kg
N,(B,v) + N, — products, (2)
ki
N,(B,v) —» Ny(4) + hv, (3)

where in the rate coefficients &, the superscript v denotes the
vibrational level of the N,(B) product, the subscript v de-
notes the vibrational level of the N, (4) molecules, and k 23
is the radiative decay rate of N,(B,v). Because the N,(B)
has a lifetime on the order of microseconds,?>2%28-%° it is in
steady state within the field of view of our detector, so that

we can equate its formation and destruction rates:
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850 nm with nitrogen partial pressures of 0.46 and 0.027
Torr, respectively at a constant neon pressure of 3 Torr.
Clearly, the first-positive bands increase strongly with re-
duced nitrogen partial pressure. Figures 3 and 4 show repre-
sentative data on the formation of the B state from the pool-
ing of N,(4,v' =0) plotted according to Eq. (7). From
these plots and similar ones for the other vibrational levels
studied, we obtained both rate coefficients for B state forma-
tion from energy pooling (from the intercepts) and rate co-
efficients for quenching N, (B) by molecular nitrogen (from
the slopes). The bulk of the experiments were at 3.0 Torr
total pressure, but scans at 1.5 and 6 Torr gave similar vibra-
tional distributions, and similar ratios of B-state number
density to the square of the 4-state number density as the
data just discussed (see Fig. 5). Thus at the lowest nitrogen
partial pressures studied, N,(B) quenching by the neon, ar-
gon, xenon, and CH, in the reactor did not appear to be
large. We therefore studied the variations in B state forma-
tion from the energy pooling of vibrationally excited N,(A4)
under conditions comparable to those producing the mini-
mum B-state quenching observed in the N, (4,0’ = 0) stud-
ies.

For these studies, we consider the system to be essential-
ly two vibrational levels of N,(4), i.e., v =0 and v'>0.
From Eq. (5) we derive

[N,(B) {1 + (kg*/ks) [N,1}
[N,(4,v' =0)})?

kB,v kB’u ,
= 1.267 ;:O 12.534 z" [Nz(A,U’ >0)]
k“‘,s kra':!] [N2(A’U =0)]
kB,v , 2
+1.267 2 { [N;(4.'>0)] ] , ®
kra'cl; [NZ(A’U =0)]

where we have corrected only for molecular-nitrogen
quenching (~10% effect). Thus we can extract rates for

pooling from collisions of one or both vibrationally excited
N,(4) molecules from quadratic least-squares fits of the
left-hand side of Eq. (8) vs the ratio [N,(4,0'>0)}/
[N,(4,0' =0)]. We used the quenching-rate coefficients
determined in the N,(4,v" = 0) studies to correct the N, (B)
number densities. Figures 2, 6, and 7 show how the spectrum
between 550 and 720 nm changes as the degree of vibrational
excitation in the N, (A4) changes. Figures 8 and 9 show repre-
sentative B-state vibrational levels plotted according to Eq.
(8). The solid lines are calculated from the least-squares fit.
The intercepts of these plots gave results within 10% of the
V' = Oresults determined above. These results also show that
the pooling between a v’ = 0 and a v’ > 0 is somewhat faster
than the pooling between two v' = 0 molecules or between
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FIG. 5. Variation in N, (B,v) excited from energy pooling of N, (4,1’ = 0)
with neon pressure.
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FIG. 6. Spectrum of the nitrogen Herman infrared v’ = 2,3 and first-posi-
tive systems excited in the energy pooling of N,(4,v' = 0,1) for a nitrogen
partial pressure of 38 mTorr and no added methane.

two v >0 molecules. Table I summarizes the rate coeffi-
cients measured, Table II the effective N, quenching rate
coefficients.

In Table I, the rate coeflicients for B-state formation are
corrected for formation resulting from radiative cascade
from the C-state which also is formed in N,(4) energy pool-
ing. We multiplied the rate coefficients previously deter-
mined for C-state formation® by the appropriate branching
ratio for radiation to the different B-state levels.”® The terms
with a common B-state level were then summed to derive the
correction factors.

The error bars listed in Table I are 1o standard devia-
tions derived from the least-squares fits. These error bars
provide, in most instances, a reasonable picture of the rela-
tive uncertainties between the measurements for the various
states and also the relative uncertainty between measure-
ments made by most other groups who will have used the
same lifetimes for the 4 and B states. One exception will be
the rate coefficient for formation of N, (B,v" = 1) for which
the relative uncertainty could be as much as a factor of two
or three. The only emission from this level lies at the extreme
edge of the monochromator’s response. The response func-
tion is rather uncertain, therefore. All other observations
result from a simultaneous fit of several bands with common
upper states. This fitting procedure eliminates errors due to

6915

N2(B 31g - A 3y*)

Av = 3
T frrTvi T TV 11
6 10 8 6 4

HERMAN INFRARED

Av = 4
T

r

TTl
1210 8

| M
100 3-0 3-132-0

INTENSITY (ARBITRARY UNITS)

0"‘ Illllllffrllllll| FITIIII

560 580 600 620 640 660 680 700 720
WAVELENGTH (nm)

FIG. 7. Spectrum of the nitrogen Herman infrared v = 2,3 and first-posi-
tive systems excited in the energy pooling of N,(A,v' = 0,1) for a nitrogen
partial pressure of 38 mTorr and a methane partial pressure of 1.4 mTorr.

uncertainties in the response function. In absolute terms, a
roughly 40%-50% systematic uncertainty must be added to
the statistical uncertainties to account for errors in the
N,(4) and N,(B) lifetimes and in the air afterglow rate
coefficient which was used to calibrate the optical system
absolutely.

IV. DISCUSSION

Examination of the data shows several interesting re-
sults. Close to half of the B-state formation arises as a result
of radiative cascade out of N, (C). The distribution of N, (B)
vibrational levels excited by two N, (4,v' = 0) is indepen-
dent of vibrational level except for vibrational levels two and
ten, which are excited two to three times more efficiently
than the other levels. As the N,(4) becomes more vibration-
ally excited, the N, (B) vibrational distribution begins to fa-
vor the lower vibrational levels. Under no conditions did we
observe any excitation of N,(B,v = 12).

Clearly the Hays and Oskam result for the formation of
N,(B) is incorrect. Their studies were performed in the
afterglow of a pulsed discharge of nitrogen. A number of
metastable species in addition to N,(A) will persist in the
afterglow of a nitrogen discharge, and we expect that one of
these other metastables is responsible for Hays and Oskam’s
observations. We tested this hypothesis briefly with experi-
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ments in an argon buffer. We compared results when the N,
was added in the normal fashion and when it was diverted to
mix with the main argon flow upstream from the discharge.
Figure 10 shows our result graphically. While discharging
the nitrogen with the argon increased the N,(A4) number
density in the observation region by about a factor of 3, the
populations of the N, (B) vibrational levels grew by a factor
of 70. The HIR 3,1 band, which is relatively free from first-
positive overlap, and which is therefore a good monitor of
the increase in A-state pooling, grew by only a factor of 9 as
would be expected. The eightfold greater increase in the B-
state population than can be explained on the basis of in-
creased A-state number densities shows clearly that dis-
charging nitrogen directly produces metastables in addition

to N, (4) which are long lived and which couple collisional-
ly into the B state. This other state was probably responsible
for Hays and Oskam’s observations. Metastable N,(a’ '2 )
molecules are formed in the discharge,'>*! and do have
enough energy to excite N,(B), but we showed them not to
be responsible for N,(B) formation. Adding H, down-
stream from the discharge, but upstream from the observa-
tion region, completely eliminated N,(a’) emission at 171
nm but reduced the B-state emission by less than 15%. We
are currently considering other alternatives to the precursor
of the enhanced B-state emission.

Adding the rate coefficients for energy pooling into
N,(C*I1,) and the Herman infrared system reported pre-
viously® to those determined here for N, (B 311 ) givesaval-

— FIG. 9. Variation in the ratio of the number
density of N, (8,0’ = 10) to the square of the
number density of N,(A4,v' = 0) as a func-
tion of the ratio of N,(A4) v'>0tov' =0.
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TABLE 1. Rate coefficients for N, (8 *I1, ) formation from N,(4 3%.* ) energy pooling.
kg kg Kt
N,{(B,v') Observed Cascade™® Direct Observed Cascade Direct Observed Cascade Direct

1 24 +06 3.6 +01 - 6.6+ 1.0 33404 33414
2 39 +02 23401 1.6 +03 5.6+ 1.8 26404 3.0+22 14.7 + 43
3 1.9 +0.1 1.5 04 +0.1 58+03 1.6 402 42405
4 1.6 +0.1 1.1 0.5 +0.1 27410 11402 1.6+ 12 38+25
5 1.5 +0.1 0.8 07 +0.1 22406 0.6+0.1 1.6 +0.7 45+ 1.3
6 .1 +0.1 0.5 06 +0.1 1.7+0.2 04401 1.34+03 1.54+05
7 09 +0.1 0.3 0.6 +0.1 1.6 + 0.1 0.3 1.34+0.1
8 0.6 +0.1 0.2 04 +01 1.3+0.1 02 1.1+0.1
9 09 +0.1 0.1 0.8 +0.1 1.0+ 04 0.1 09+04 1.6+ 1.0

10 1.8 +0.1 1.8 +0.1 28405 28405 1.3+ 1.1

11 0.32 + 0.04 0.32 + 0.04 04 +02 04402 1.0+ 05

N, (B)
Total 7.7 + L1 215+ 7.6 28+ 1t

® Rate coefficients are in units of 10" cm® molecules™ s

b Cascade corrections are based upon the results of Ref. 6.
© If no cascade error bar is listed, it is less than + 0.05.

ue of 3.0 and 4.7 107! ¢cm® molecule~'s™! for energy
pooling of two N,(4v' =0) and of N,(4y
=0) + N,(4,0' = 1), respectively. These numbers repre-
sent a lower limit to the total energy pooling rate coefficient,
because unobserved states might be involved, and also be-
cause we have not been able to evaluate the contributions of
N,(B,' =0) formation. Since vibrational levels one
through eight are all formed at least 50% by radiative cas-
cade from the C state, we would expect N, (B,v' = 0) to fol-

low suit. This would raise the total pooling rate coefficient by
less than 10%. The formation of unobserved states cannot
readily be assessed. A number of states are available, most
notably the W3A, and B’ 33 states. We do see the 5-1
band of the B '~B system at 825 nm, but cannot tell whether it
is formed directly or by collisions between N,(B) and N,. In
addition, we have observed a small amount of emission in the
140 to 180 nm region which is probably from the Lyman~-
Birge-Hopfield system, but the intensities are much too

TABLE 1L Rate coefficients® for N,(8) quenching by N..

weak to resolve for an adequate identification. We would
therefore not expect the singlet states to form a significant
exit channel.

Various groups have used a Franck—-Condon model to
try to rationalize their energy transfer results.***3 The
thinking is that the energy-transfer rate coefficients should
scale roughly as '

k~gqge™ EVIT, 9)
where ¢, and ¢, are the Franck—Condon factors coupling
initial and final states in the energy-transfer process and AE
is the energy defect for the transfer process. Our experimen-
tal results comprise an extensive set of state-to-state energy-
transfer rate coeflicients and therefore can provide an ar-
duous test of this model. Table III compares experimental
and model results. The model results were normalized to
give the same rate coefficient as determined experimentally
for the energy-pooling process involving two N,(4,0" = 0)

This
N, By work® Reference 36 Reference 37 Reference 40 Reference 19° References 38 and 39 Reference 41
i 1.0+ 0.8 0.8 ~1 1.2 >0.77 0.22 4-0.02
2 0.8 4 0.1 1.2 1.9 +0.2 36 >0.89 0.32 4+ 0.02
3 3.04+0.2 2.1 1.74+0.2 9.0
4 24 +0.1 1.9 1.8 +0.2 4.3
5 2.6 +0.1 1.8 23402 6.8
6 2.1403 1.8 4.1+4+04
7 6.4 403 2.4 6.6 + 0.4 e
8 80+ 24 72+04 7.5
9 70412 98+ 1.0 0.9 2.8
0 23+02 63+08 2.8 53 44409
11 2.84+02 20+03 7.2 oo

® Units 10~ cm® molecule ' s~ .
® Based on two-state coupling model.
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FIG. 10. Spectra of HIR v' = 3 and N, first-positive systems when the
N, (4) is formed by direct discharge of the N, with the argon and when it is
formed in the conventional manner by adding the N, downstream from the
discharge. The two spectra were normalized so that the Herman infrared
3,1 bands at 703 nm would coincide.

molecules. Examination of the table shows that the model
fails to predict the N,(B,v) distributions from the various
energy-transfer processes even qualitatively. Nor does it pre-
dict how the rate coefficient for producing a given vibration-
al level of N, (B) will vary as the N, (A4) becomes vibration-
ally excited. Previously we have noted this failure of the
Franck-Condon model to predict N,(C,v) distributions
from N,(A4) energy pooling® and NO(4,v) distributions ex-
cited in the energy transfer reaction between N,(4,v"”) and
NO.'°

TABLE III. Comparison between observed energy pooling rate coefficients
and those predicted by a Franck-Condon model.

k&vn kgiva kﬁun
N,(B,w') Model® Observed Model® Observed Model® Observed
1 0.03 e 12.4 33 0.06
2 0.3 1.6 16.3 3.0 27.2 14.7
3 1.0 0.4 10.6 4.2 82.1 e
4 2.9 0.5 37 1.6 73.2 3.8
5 3.0 0.7 5.2 1.6 24.4 4.5
6 0.14 0.6 5.5 1.3 14.1 1.5
7 0.003 0.6 0.24 1.3 15.3 e
8 0.004 0.4 0.05 1.1 6.5 v
9 0.06 0.8 0.025 0.9 0.6 1.6
10 0.06 1.8 0.8 2.8 cee 1.3
11 0.02 0.3 29 0.4 0.2 1.0
12 0.14 . 0.044 R 0.02
N,(B) Total 7.7 7.7 58.1 21.5 243.1 28.0

® Units are 10~ "' cm® molecule—!s~".
® The model calculations have been normalized to give the same total rate
coefficient for two N,(A4,v' = 0) molecules as was observed experimental-

ly.
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Table II lists the rate coefficients for electronic quench-
ing of N,(B,v) determined in this study along with several
other sets of values in the literature. Agreement with the
measurements of Mitchell*® and of Shemansky,>” both of
whom excited N, (B,v) by electron impact, is fair as is agree-
ment with Gartner and Thrush’s*®**° measurements in a re-
combining N-atom afterglow. Agreement with Becker ez
al’s* afterglow observations and the kinetic absorption
spectroscopy determination of Dreyer and Perner*! follow-
ing excitation of nitrogen by relativistic electrons is not so
good. All of these numbers are effective two-body quenching
rate coefficients. The actual processes involved are much
more complex. The B *I1, state of nitrogen is coupled colli-
sionally into a number of other nested electronic states in-
cluding the 4°2 .}, B'33,, W3A,, and perhaps various
states of the singlet manifold including X '3 '8193542-44
Thus the quenching is actually a complex process which in-
volves shuttling energy back and forth between the various
states involved. Sadeghi and Setser'®*? and Rotem et
al.'®** have demonstrated this coupling between the states
unequivocally. These groups have excited specific vibration-
al levels of the B Il state by laser pumping 4 *3 .+ —state
molecules. Subsequent to the laser pumping they observe
emission from B’ 33 —state levels, and lower vibrational

levels of the B 311 ¢ State, as well as pressure-dependent, mul-
tiexponential decays of the fluorescence from the initially
populated level. In most cases the flucrescence decays can be
separated into two pressure dependent components, one
fairly fast, and the other quite slow. The rapidly decaying
component represents coupling into a reservoir state which
is in equilibrium with the initially pumped level. Generally
the WA, state is identified as the primary reservoir state.

Sadeghi and Setser'® and Rotem et al.'%*>** tried to de-
scribe their observations using the two-state coupling model
given by Yardley.** We derived a steady-state expression
consistent with this model to allow comparison of our obser-
vations with those of Rotem and Rosenwaks. !°

The following reactions describe the model:

ktp
N,(4) + N,(4) - N,(B) + N,(X), (10)
kBW
N,(B) + N,(X) = N, (W) + N,(X), (11)
kg
N,(B) + N,(X) - 2N,(X), (12)
k7
N, (B) = N,y(A) + Ay, (13)
kg
N, (W) + N,(X) - 2N,(X), (14)
134
Nz(W) - Nz(B) + hv, (15)

where we have assumed W as the reservoir state. The B', 4,
and perhaps even the X state could also be reservoir states.
For simplicity’s sake, however, we designate only one reser-
voir state. This set of equations defines the following rates:

Ry =k, [N ()] (16)
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R, =k?+kgIN,], (17
R,= kBW[NZL (18)
R—2=kWB[N2]9 (19)
R3=k,"'+kg[N2]. (20)
The rate of formation of state W'is
V] _R1B1- R+ ROIWL. 21
Under steady-state conditions we obtain
[W1=R,[B]/(R_,+Rj). (22)
The rate of formation of state B is
%’:—]=R,—(R1+R2)[B]+R_Z[W]. (23)

Under steady-state conditions, with the inclusion of Eq.
(22) above, Eq. (23) becomes

R,/[B]
= [(Rl +R2)(R_2 +R3) —RzR_Z]/(R_z +R3) .
(24)

The two-state coupling model of Yardley explains biexpon-
ential decays of state B as

[B]() A o= MO 4 g, e B0

_Bi) (25)
[Bl(t=0)

Under conditions such that 4, > 4, the following expressions
apply:

A«lsz +R_2 = kBWP(l +X); (26)
izz (R1+R2)(R—2+R3)_R2R—-2’ (27)
R,+R_,
B kW kB kW
Ktk koxtke p (28)
A4y 1+y
kwse A4,
y=K 'l=—="2. (29)
’ kpw 4,
Combining Egs. (24) and (27) gives
Ry =,12(R2+R—2)=,12 [__1'."_1’_ . (30)
[B] R _,+R, ¥ + (R3/R;)
Applying expression (28) for 4, gives
R, _ kBy+ kY k’éx+kg' 31)
[B]l] xy+ (Ry/R,) x + (R3/R,)

This expression has a form similar to Eq. (7) which de-
scribes the quenching of N, (B). The product of the ratio of
the factor multiplied by P to the constant term in Eq. (31)
times k 2 gives the effective rate coefficient for quenching,
based upon rates determined experimentally from the laser-
pumping experiments, i.e.,

kBy + k¥
R 12 &
x+k

Rotem and Rosenwaks'® studied vibrational-level depen-
dent decays as a function of nitrogen pressure. The effective
rate coefficient of their slowly decaying component is

6919
k% kY
k=% _CoXt %o (33)
dp 1+y
This expression combines with Eq. (31) to give
k(1
kef = ;(_il’_) k2. (34)

klx+kY

We list values of kg based upon their measurements of &,
and y in Table II. We used the radiative lifetimes of N,(B)
and N,(W) calculated by Werner et al.** to derive the k i
values listed. The calculation assumes that the coupling is
with the vibrational level of the W>A , state which is closest
in energy resonance to the vibrational level of B °II, consid-
ered. Clearly this approximation is somewhat simplistic and
may account for the rather mediocre agreement between our
measured, effective quenching rate coefficients, and those
we calculate based upon the two-state coupling model and
Rotem and Rosenwaks’ experimental results. Under the cir-
cumstances, perhaps a factor of 2-3 agreement is acceptable.
The coupling is probably too complex to be explained by only
a two-state model. The ultimate test of any model used to
describe phenomena on a microscopic scale is that it be able
to reproduce effects observed in global experiments. The
two-state model achieves this goal only in part, and appears
to need further development.

The microscopic details of the quenching processes de-
pend strongly upon the quenching partner. Nitrogen ap-
pears to quench electronic energy out of all levels at roughly
comparable rates, and thereby shows little evidence of effect-
ing vibrational relaxation within the N,(B) vibrational
manifold.*® Argon, on the other hand, is much less efficient
than nitrogen at quenching B *II, manifold electronically,
but it rather efficiently alters the vibrational distribu-
tion.***’ Figure 11 demonstrates this point dramatically.
The spectrum in Fig. 11(a) for which the nitrogen partial
pressure is 0.21 Torr, shows fairly strong first-positive band
attenuation relative to the unquenched Herman infrared
band at 703 nm. The vibrational distribution, however, is
quite similar to that in Fig. 6 which was taken under condi-
tions of sufficiently low nitrogen partial pressure that elec-
tronic quenching is minimal. Figure 11(b) shows that re-
ducing the nitrogen partial pressure, so as to eliminate N,
quenching effects, results in a much stronger first-positive
system intensity. In argon, however, the vibrational-level
distribution is drastically altered. Raising the argon pressure
further, as shown in Figs. 11(c) and 11(d), does result in
some reduction in the first-positive system intensity, but
more noticeable is the continual shifting of the vibrational
distribution. Especially interesting in Fig. 11(d), which is
with 10 Torr of argon, is that the vibrational distribution
appears to hang up in v’ =8. The apparent electronic
quenching by argon in Figs. 11(c) and 11(d) compared to
Fig. 11(b) might result only from shifting the B *II, popula-
tion into vibrational levels v’ = 0-2 which do not emit in the
spectral region observed. The observations would have to be
extended into the infrared to clarify this point. Clearly
N, (B °I1, ) quenching is an extremely complex process, and
simple models such as implied by Eq. (7) or even Eq. (31)
are not completely adequate.
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V. SUMMARY AND CONCLUSIONS

While our results indicate clearly that the formation of
N,(B’Il,) in N,(4 *Z,}) energy-pooling reactions is effi-
cient, kK~ 10~ °cm? molecule ~! s, it is an order of magni-
tude less efficient than previous reports.! Our investigations
indicate that the earlier measurements were made in the
presence of additional N, metastables which also are colli-
sionally coupled to N, (B). The sum of the rate coefficients
for N, (B) excitation reported here and those for N,(C) and
N, (HIR) reported previously® give a lower limit to the total
N,(4) energy-pooling rate coefficient of 3-5x10~'°
cm® molecule ™! s! depending on the N,(A) vibrational
level distribution. This figure is substantially below the pre-
viously reported values of 1-3 X 10~° cm® molecule ™' s™".
This discrepancy could be reduced somewhat by including
unobserved nitrogen states such as B’ >3 and W3A,. In-
cluding these states will require spectral observations well
out into the infrared. The 0,0 transitions of B' *X, -B*II,
lies at 1528 nm while the 2,0 and 1,0 transitions of
W?>A,-B 1, areat 3320 and 6430 nm, respectively. The 0,0
transition of the W-B system is too far into the infrared for
conventional detectors. Nevertheless, a search in the in-
frared for B'—B transitions, as well as transitions from the

WAVELENGTH (nm)

higher vibrational levels of the W state appears to be the next

important step in unraveling N,(4) energy pooling.

Our observations of state-to-state transfer rates provide
an important test for the Franck—-Condon model which has
been invoked so enthusiastically in recent years. We have
been unable to find even qualitative agreement between this
model and our observations on N, (4) energy pooling, both
in this work and in our experiments reported in Ref. 6.
Neither did our state-to-state measurements on the excita-
tion of NO(4 22 %) by N,(A4)'° provide any support for this
model. The failure of the Franck—Condon model to describe
these systems is especially intriguing because it apparently
describes reasonably well some aspects of the excitation of
sulfur-containing molecules by N,(4).*%4°
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