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We have developed a novel discharge-flow technique for studying the quenching of 
N, (X ‘2; ,u” >5) and N, (B 31Ts ) by a variety of molecules. The technique involves adding 
small number densities of N, (A 38,+ ) to a flow of N, (X,0) producing, thereby, N, (B). By 
comparing N, (B) fluorescence intensities generated when a quencher is added to the N, (X,0) 
flow 2-3 ms before N, (A) addition with intensities observed after the N, (X,0) and quencher 
have been mixed for times of 10-30 ms, we can separate the effects of N, (B) fluorescence 
quenching from effects of N, (XJ) quenching. Our results indicate that CH,, CO,, CO, 0, , 
and N, 0 quench N, (B) at rates approaching gas kinetic while H, , N, , SF,, and CF, are 
about ten times slower. Rate coefficients for N, (X,U”>~) quenching by H, and N, are on the 
order of lo-*’ cm3 molecule-’ s-l, those for CO,, CH,, and CF, roughly an order of 
magnitude faster, and CO and N, 0 yet another order of magnitude faster. 

1. INTRODUCTION 

We have developed a technique for determining global 
quenching rate coefficients for N, (XJ”) in vibrational lev- 
els u” > 5. This technique involves monitoring nitrogen first- 
positive fluorescence, N, (B 3fI,-A 38,f ) , excited in the en- 
ergy transfer reaction between N, (A) and N, (X,v”). The 
first-positive emission intensity is proportional to the num- 
ber density of N, (X,v”).’ Molecules added to the reactor 
can quench both the N, (X,v”) and the first-positive emis- 
sion. This paper describes techniques for separating the two 
processes. 

arm off the flow tube from the reaction between metastable 
Ar ( 3P2,0 ) and N, .‘*’ A hollow cathode, dc discharge in a 
flow of a few percent Ar in He makes the Ar( 3P2,0 ) . Nitro- 
gen intercepts the argon metastables just after they flow out 
from the cathode. A loop injector that can be moved along 
the length of the flow tube adds the quenching reagent. 

Vibrationally excited, ground-electronic state nitrogen 
plays an important role in a number of areas including laser 
excitation,2 discharge physics,3 semiconductor processing,4 
and upper atmospheric chemistry.5 Determining the role of 
N, (X,v) in these various processes is difficult, however, due 
to N, (X,v)‘s diabolical resistance to detection. A number of 
laser-based techniques for detecting N, (X,0) have been de- 
veloped in recent years,6 but these techniques tend to be 
prohibitively expensive for most budgets, insensitive ( 2 1014 
molecules cmm3), or they defy ready quantification. The 
technique we have developed is sensitive ( 2 10” 
molecules cme3) and easy to implement. Although our ap- 
proach cannot quantify N, (X,u) number densities exactly, 
it can specify them within factors of 2 or 3. 

A monochromator sensitive to radiation between 200 
and 900 nm detects emissions diagnostic of N, (X,U”) and 
N, (A). The important spectral features are the N, first- 
positive bands, N, (B 3fI,-A ‘Z,t ) between 560 and 900 
nm, excited in the N,(A) plus N, (XJ”) energy-transfer 
reaction, and the N, Vegard-Kaplan bands, 
N, (A 3Z,-X ‘2: ), between 250 and 370 nm. The 
N, (X,u” ) number density is proportional to the ratio of the 
first-positive to Vegard-Kaplan intensities.’ A least- 
squares, spectral fitting procedure, that we have described in 
some detail previously,’ determines band intensities from 
the spectra. 

II. EXPERIMENT 
These experiments used the 4.6 cm i.d., quartz, dis- 

charge-flow reactor we have described in detail previously’ 
(see Fig. 1) . Briefly, the N, (XJ” ) is generated in a micro- 
wave discharge through a flowing mixture of nitrogen dilute 
in helium. The effluents from the discharge pass through a 
nickel screen prior to entering the upstream end of the flow 
reactor. The screen removes the atoms and deactivates elec- 
tronically excited metastables, but has relatively little effect 
on vibrationally excited N, . 

N, (A) enters at the downstream end of the flow reactor FIG. 1. Discharge-flow reactor for studying N, (B) and N, (X,u) quench- 
through an axial injector. The N, (A) is prepared in a side ing. 
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ill. EXPERIMENTAL TECHNIQUE 
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quencher. The N, (X,u” ) quenching rate coefficients can be 
determined, therefore, from the natural log of the ratio of 
Stern-Volmer factors, I, at long to short delay times divided 
by quencher number density and reaction time: 

When quencher is injected immediately behind the 
N, (A) inlet, the number density of N, (XJ”) remains es- 
sentially unchanged. This is because vibrational quenching 
is a relatively slow process (k, 5 10 - I4 cm3 
molecule - ’ s - ’ ) and reagents are mixed for too short a time 
( =: 2 ms) to effect significant quenching. Any diminution in 
the first-positive emission, therefore, results from quenching 
N, (B), or, in some cases, N, (A ). Injecting the reagent into 
the upstream end of the flow reactor allows adequate time 
( - 10-30 ms) for some of the N, (X,u”) to be quenched, 
unless its quenching rate coefficients are exceedingly small. 
Any difference in diminution of the first-positive emission 
with the injector in the upstream position as compared to the 
downstream position can be attributed to quenching of the 
N, (X,v” ) by added reagent. 

k, = ln(WW 

[QlAt ’ 
(5) 

where the subscripts u and d refer to intensity measurements 
with the injector in the upstream and downstream positions, 
respectively. 

These concepts are described mathematically as fol- 
lows. In the absence of added quencher, the intensity of the 
N? first-positive emission is given by’ 

4, =k,[N,W] =k,[N,(X,u”)][N,(A)], (1) 

These formalisms presume that the added N, (A) is not 
diminished upon injecting the quencher. This is not neces- 
sarily always the case. When the A state also is quenched, the 
actual A-state number density must be determined by mea- 
suring Vegard-Kaplan intensities for each set of experimen- 
tal conditions, and then divided into the corresponding first- 
positive intensities. This procedure corrects for A-state 
quenching, and therefore makes this technique applicable 
for studies of quenchers which react rather efficiently with 
N, (A), e.g., N,O. Because of the rather short time that 
N, (A) is actually in the flow reactor before the fluorescence 
is observed, A-state quenching generally is not large even for 
efficient A-state quenchers. 

IV. RESULTS 

where, k, is the rate coefficient for N, (BJ”) 1) excitation 
in the reaction between N, (A) and N, (X,u”), 3.5 X lo- ” 
cm3 molecule - ’ s - ’ (see below), and k, is the N, (B) radia- 
tive decay rate, taken here for the global measurements to be 
1.5 X 10’ s - ‘.9 These experiments were run at low pressures 
( - 1 Torr), primarily of helium. This reduces bath-gas 
quenching of N, (B) in the flow tube to less than a 20% 
effect.‘e We have neglected bath-gas quenching, therefore, 
in Eq. (1). 

When the quencher is introduced into the flow reactor 
with the injector in the downstream position, the first-posi- 
tive emission intensity is given by 

I= k,[N,(B)] = kx[N,U)][N,GW’)] 

1 +k,[Ql/k ’ 
(2) 

where k, is the rate coefficient for N, (B) quenching by the 
quencher Q. For the moment we ignore quenching of the 
N, (A). Taking the ratio of the first-positive intensity in the 
absence of quencher to that in the presence of quencher gives 
the classical Stern-Volmer formula” for electronic quench- . . mg, viz., 

I- =Z,/Z= 1 + k,[Q]/k,. (3) 
The rate coefficient for N, (B) quenching is given, therefore, 
by the product of the N, (B) radiative decay rate times the 
slope of a plot of I vs [Q] for data taken with the injector in 
the downstream position. 

With the injector in the upstream position, quenching of 
the N, (X,u”) also becomes possible, and the first-positive 
emission intensity becomes 

I= k,[N,(B)] = 
k,[N,(A)] [N2(X,~‘t)]oe-k”[Q’At 

1 +k,[Ql& 
, 

(4) 

where k, is the rate coefficient for N, (X,u” ) quenching, At is 
the time the quencher and the N, (X,u”) are mixed, and the 
subscript o refers to conditions in the absence of added 

Figure 2 shows typical spectra generated in the quench- 
ing of N, (B) and N, (X,u) by CO,. Clearly the longer mix- 
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FIG. 2. N, (B ‘II,-A ‘Z.’ ) spectra excited in the energy transfer reaction 
between N, (A) and N, (X,u) at different number densities of added CO, 
and varying reaction times. In order of decreasing intensity the conditions 
are [CO, ] = 0, At = 2.5 ms; [CO, ] = 9.6~ 10“’ molecules cm-‘, 
At = 2.5 ms; [CO, ] = 9.6 X lOI molecules cm j, At = 19.4 ms. The spec- _ _ 
tra are not corrected for monochromator spectral response. 
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ing time further decreases the first-positive emission intensi- 
ties from the levels at short mixing times. Most of our 
observations were survey measurements designed primarily 
to determine relative quenching efficiencies. Thus the major- 
ity of N, (B) and N, (X,u” ) quenching rate coefficients were 
determined by monitoring changes in the N, (B) band inten- 
sities in the presence and absence of a single quencher num- 
ber density at the two different injector positions. In a few 
cases, spectra were taken at two different quencher number 
densities with agreement between the two sets of data better 
than 20%. 

To assess the validity of our procedure, we studied the 
quenching of N, (B) by CH, in more detail than the other 
molecules investigated. Figure 3 shows the Stern-Volmer 
quenching plot for two of the four bands of the first-positive 
system that were monitored as a function of added CH, . The 
rate coefficients for quenching N, (B) by CH, range from 
about 3 X 10 - lo cm3 molecule - ’ s - ‘, for u’ = 2 and 3, to 4 
and 5 X 10 - lo cm3 molecule - ’ s - ’ for u’ = 6 and 8, respec- 
tively. The good linearity of these Stem-Volmer plots indi- 
cates that the two- or three-point measurements for all other 
quenchers should not give grossly inaccurate results. 

Table I summarizes the global quenching rate coeffi- 
cient measurements. Since we were interested primarily in 
relative quenching efficiencies, the experimental values can 
have absolute uncertainties up to a factor of 2. In relative 
terms, the numbers should be good to f 25%. Table II 
shows that rate coefficients for quenching individual vibra- 
tional levels of N, (B) can vary considerably for some mole- 
cules. 

The values reported for N, (X,v) quenching (also Table 
I) are not state specific. The energetics of the N, (A) plus 
N2 (X,v) reaction restrict N, (X,u) to vibrational levels no 

3.5 I I I I 
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TABLE I. Global rate coefficients’ for quenching of N, (B) and N, (X.0” ) 

Quencher N, (B) N, (XV”) 

CH, 3X10Wi0 1x10-‘4 
HZ 5x10-” 2x10-” 
co, 2x10-‘0 4x1o-'4 
N* 3x10-" 2x1o-'5 
CF, 4x10-" 1x10-” 
SF, -1x10-” . . . 

N,O 4x10-'" 3x10-'3 
co 2x10-'O 7x10-" 
0, 2x10-'O . . . 

“Units of cm3 molecule-’ s-’ at 300 K. 

smaller than five for N, (BJ = 1) excitation, and at least as 
great as 13 to excite N, (BJJ = 12). Undoubtedly each B- 
state vibrational level is excited by several X-state levels. 

In our initial studies on the reaction between N, (A ) and 
N, (X,u” ), we studied the variation in B-state excitation as a 
function ofd-state vibrational level.’ We added CH, to our 
reactor to relax the vibrational energy in the A state. In our 
analysis, we included the effects of some vibrational relaxa- 
tion of the N, (X,u”) by the CH,, but presumed no elec- 
tronic quenching of the N, (B) state. The current studies 
show that this supposition was in error and that, in fact, CH, 
is quite efficient at quenching first-positive emission. 

Correcting the data of Ref. 1 for N, (B) quenching by 
CH, has only a small effect on the rate coefficient for excit- 
ing N, (B,u’ = 1-12) in the reaction between N,(A) and 
N, (X,u’ = 5-15). The revised value for this rate coefficient 
is (3.5 -h 1.5)x10-“cm3molecule-‘~-‘,a 16%increase 
over the value reported previously. 

V. DISCUSSION 
A. N,(B) quenching 

Most gases studied quenched N, (B) quite strongly, 
with rate coefficients for quenching by CH, , CO, CO,, 0, , 
and N, 0 being roughly gas kinetic. N, , H, CF, and , , SF, 
quenched N, (B) about 10 times more slowly. 

TABLE II. Vibrational level dependent N,(B) quenching rate coeffi- 
cients.* 

01 I t I I 1 I 
0 2 4 6 8 

[CH4](1014 molecules cm-s) 

v’ N, CO CO, N,O CH, CF, SF, H, 0, 

1 0.16 2.1 2.0 3.1 2.3 0.29 0.08 0.34 1.5 
2 0.21 2.0 2.0 4.6 2.5 0.59 .'. 0.39 1.5 
3 0.29 1.7 1.8 4.5 1.6 0.20 0.53 0.50 1.5 
4 0.31 1.2 2.1 5.1 1.6 0.14 0.23 0.48 1.7 
5 0.35 0.7 2.5 6.5 2.0 0.16 0.66 0.54 1.6 
6 0.35 1.0 2.3 6.6 2.4 0.59 0.33 0.56 2.2 
7 0.36 1.1 1.6 5.2 2.3 0.23 ... 0.50 2.3 
8 0.39 ..* 1.4 5.8 2.7 0.65 ... 0.57 2.7 
9 0.36 0.5 2.1 7.4 3.1 0.73 0.38 0.73 1.9 

10 0.29 1.6 2.0 7.5 3.6 0.60 0.20 0.69 4.0 
11 0.30 0.7 1.7 9.1 4.9 0.45 0.39 0.82 3.2 
12 0.22 3.0 1.6 7.4 5.1 1.3 0.28 0.61 2 

FIG. 3. Stem-Volmer plot for N, (B) quenching by CH,. a Units of 10 - ” cm’ molecule - ’ - ‘. s 
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Young et a1.” reported the most extensive set of N, (B) 
quenching rate coefficients in the literature. Their values, in 
units of cm3 molecule- ’ s - ’ ,were4.6xlO-“,8.5x10-“, 
1.5~ IO- lo, 2.7~ lo- ‘I, 1.1 X lo- lo, and 1.6~ lo- lo for 
N, (B) quenching by H, , CO, CO,, N, , 0, , and N, 0, re- 
spectively. Their rate coefficients for quenching by N, and 
H, agree quite well with ours, but their other values are 
about 50% smaller. Their value for N, (B) quenching by 
He, 8 X 10 - I3 cm3 molecule - ’ s - ‘, is similar to that which 
we reported previously.‘o 

Young et al.3 rate coefficient measurements were rela- 
tive to their rate coefficient for N, (B). quenching by N,O. 
Since the value for N, 0 quenching is about half the one we 
measured, their rate coefficients should be doubled for prop- 
er comparison. Agreement between the two sets of measure- 
ments then is quite good for CO, CO,, and 0, while their 
rate coefficients for quenching by H, and N, are roughly 
double ours. 

Both Young et al.3 measurements and our global 
quenching-rate coefficients are not state specific and might, 
therefore, have been most sensitive to different groups of 
N, (B) vibrational levels. This could then explain the report- 
ed differences if the individual N, (B) vibrational levels were 
quenched at markedly disparate rates. Table II shows that in 
cases where significant variation with vibrational level ex- 
ists, the lower levels tend to quench more slowly. Our global 
quenching rate coefficients are weighted towards the lower 
vibrational levels, u’ = 1-3, whereas Young ef a/.‘s experi- 
ment was most sensitive to middle levels, u’ = 4-7. One 
would expect, therefore, that our results would be smaller 
than those of Young et al. In the present case, however, the 
average rate coefficients for quenching u = 4-8 by both H, 
and N, and is essentially the same as the global rate coeffi- 
cients. 

Lee and Suto” reported N, (B) quenching rate coeffi- 
cients by H, and N, to be 2.4X lo- I1 cm3 molecule- ’ .a-’ 
and 2.1x10-” cm3 molecule - ’ s - ‘, respectively. While 
their rate coefficient for quenching by N, is consistent with 
ours, their H, quenching rate coefficient is outside the com- 
bined uncertainties of the two studies. Their experiment was 
most sensitive to N, (B,u' = 6-12). For this range of vibra- 
tional levels, our H, quenching rate coefficients are two to 
three times larger than theirs. 

Our data for the individual vibrational levels (see Table 
II) indicate little variation with vibrational level for N, (B) 
quenching by CO, and N, . In contrast, CH,, CF., , H, , 0, , 
and N, 0 show a tendency for quenching rate coefficients to 
increase with increasing vibrational level. The increase be- 
tween u’ = 2 and u’ = 12 is roughly a factor of 2-3. 

Our results on quenching by N, are consistent with our 
previous study I4 which indicated N, (B) quenching rate co- 
efficients by N, ranged between 2 and 3X lo-” 
cm3 molecule - ’ s - ’ for most vibrational levels. We had ob- 
served previously, however, that vibrational levels 7-9 were 
quenched two to three times faster than the other vibrational 
levels. Shemansky reported similar observations. ls She- 
mansky’s investigation and our earlier studies were more 
extensive than the current investigation, and should be more 
reliable. 
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Global observations cannot provide mechanistic infor- 
mation related to N, B-state quenching. Thus the observed 
rate of removal of a lower vibrational level of N, (B) might 
be moderated by collisional cascade from higher N, (B) vi- 
brational levels. The measured global quenching rate coeffi- 
cient for these low u’ levels would then be somewhat less than 
one would measure in a single state selected study. The cas- 
cade could be either direct removal of vibrational energy 
from N, molecules in the B state or it could involve elec- 
tronic quenching into one or more of the electronic states 
nested within the N, (B) manifold, the primary ones being 
A(38,+,u>7),B'(3X;), W(3A,),orX(1Eg+),followedby 
collisional intersystem crossing back to lower vibrational 
levels of the B state. An additional mechanism for quenching 
by N, is electronic energy exchange where a molecule in the 
B state transfers some of its electronic energy to a ground 
state molecule, leaving the receptor molecule in a lower vi- 
brational level of the B state. This process has been demon- 
strated in isotopic studies by Pravilov et al.16 and more re- 
cently by us. I7 For most cases of practical interest, e.g., 
discharge or aurora1 excitation of N, (B), the effective, glo- 
bal rate coefficient describes better the overall system behav- 
ior. 

B. N,(X,v”) quenching 

Nitrous oxide and carbon monoxide quench N, (X,u) 
rather efficiently, roughly 0.1% gas kinetic. Rate coeffi- 
cients for quenching by CO,, CF, , and CH, are roughly an 
order of magnitude, and H, and N, two orders of magnitude 
smaller than N, 0 and CO. The primary mode of de-excita- 
tion is undoubtedly U-U transfer, although our measurement 
technique cannot distinguish single quantum from multi- 
quanta relaxation. 

The process being identified as vibrational quenching 
essentially involves the difference between removal of vibra- 
tional energy in levels 5-l 3 to vibrational levels 4 and below 
and energy resident in vibrational levels greater that 13 into 
levels 5-13. It is thus a net vibrational quenching, and the 
reported quenching rate coefficients should be taken to be 
lower limits to the true values. Because the higher vibration- 
al levels of the B state can be excited only from larger vibra- 
tional levels of the ground state, one can determine, in a 
qualitative sense, relative quenching efficiencies for the X- 
state vibrational levels involved by examining changes in the 
Nz (B,u) distribution under the different sets of conditions. 

The N, (B,u) distributions with the injector placed in 
the upstream position are essentially identical ( + 15% ) to 
those with the injector in the down stream position for 
N, (X,u) quenching by N, and CO,. This result suggests 
that the relative N, (X,u) distributions do not change with 
added N, or CO,, but that the overall N, (X,u) number 
density is diminished. 

With H, , CH, , and CF,, quenchers, the relative vibra- 
tional distributions of the five lowest N, (B,u) are similar for 
both injector positions, as are the relative distributions of the 
six highest N, (B,u). Relative to each other, however, the 
magnitude of the emission from the high vibrational level 
group diminishes twice as much as the lower vibrational lev- 
el group when the injector is in the upstream position. The 
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observations suggest that these molecules quench N, (X) vi- 
brational levels greater than about 9 about twice as efficient- 
ly as levels 5-9. 

On the other hand, N, 0 and CO quenchers decrease the 
relative N, (B,v) more for the lower six vibrational levels 
than for the higher ones when the reagent injector is moved 
to the upstream position. Such behavior would result if the 
N, (XJ) levels most responsible for N, (B,u = l-6) excita- 
tion are quenched more rapidly than the higher N, (X,u). 

quenching rates of N, (0) by CO, and N, 0 will be retarded. 
McNeal et ~1.‘~ demonstrated this effect for CO, by showing 
that the effective rate of N, (v) quenching diminished as the 
N, partial pressure increased. 

An alternative explanation of our observations might be 
that the added quenchers just rearrange population within 
ground state vibrational levels 5-13 from vibrational levels 
more efficiently excited to the B state by N, (A) into levels 
that are excited less efficiently. If this were the case, how- 
ever, one would expect that the quenched N, (B) vibrational 
distributions with the injector in the upstream position 
would differ from those with the injector in the downstream 
position. In reality, as we have mentioned, for some quench- 
ers the N, (B,u) distributions do not vary with injector posi- 
tion while for other quenchers changes are readily apparent. 

SF, and 0, behaved anomalously. In the global sense, 
SF, quenched N, (B) only modestly with the injector in the 
downstream position. With the injector in the upstream po- 
sition, adding SF, actually increased the total N, (B) num- 
ber density. The first-positive vibrational distributions in the 
absence and presence of SF, were quite different, however, 
with some levels increasing in intensity as SF, was added, 
while others diminished in intensity. This observation ap- 
pears to indicate that SF, relaxes vibrational energy within 
the B-state manifold. The increase in N, (B) with the injec- 
tor in the upstream position indicates that SF, relaxes higher 
vibrational levels of N, (X,v) into those for which our diag- 
nostic is most sensitive, most likely u’ = 5-15. However, SF, 
apparently does not relax the observed levels efficiently. 

McNeal et aZ.19 and Starr and Shaw*’ also reported rate 
coefficients for N, (u) quenching by CO, and N, 0. Starr 
and Shaw noted that N, (v) excited atomic potassium flu- 
orescence at a number of wavelengths. They monitored di- 
minution of the 404.4 nm potassium line as a function of 
increasing CO, or N, 0 number density. This state of potas- 
sium can be excited only by N, ( u> 11)) so their experiment 
measured quenching of vibrational levels above those for 
which we are most sensitive. Nonetheless, their values of 
8 X 10 - l4 and 1.4~ 10 - I3 cm3 molecule - ’ s - ’ for CO, and 
N, 0, respectively, are in reasonable accord with our values. 

McNeal et ai.19 monitored N, (v) by photoionization of 
N, at wavelengths too long to ionize N, (v = 0). Although 
their signals were for ionization of N, (u> 1 ), their diagnos- 
tic was heavily weighted towards N, (u = 1). They mea- 
sured effective rate coefficients for quenching at a number of 
N, partial pressures and found the effective rate coefficients 
for N, (v) quenching by CO, and N, 0 increased as the N, 
partial pressure decreased. In the low N, partial pressure 
limit, they determined rate coefficients of (2 & 1) X 10 - l3 
and (9 f 4) X lo- I4 cm3 molecule- ’ s - ’ for CO, and 
N,O, respectively. Since our diagnostic monitors only 
N, (v)5), we should not be affected by back relaxation from 
co, (VI. 

In the case of 0,, the N, (Bp) intensity was reduced by 
the addition of 0, at both injector positions. However, the 
diminution was less with the injector in the upstream posi- 
tion. Unlike the case of SF,, N, (B,v) quenching by 0, was 
fairly uniform over the range of vibrational levels at both 
injector positions. These observations would suggest that 0, 
is an inefficient quencher of the N, (XJ) important for 
N, (B) excitation process, but that it does quench higher 
N, LO). 

In summary, we have presented a novel technique for 
measuring the quenching of N, (J&v” ) and N, (B) by a var- 
iety of quenchers. Our observations indicate that most spe- 
cies studied quench N, (B) at near gas-kinetic rates, whereas 
even efficient vibrational quenching of N, (X,v” ) generally 
proceeds at rates four or more orders of magnitude less than 
gas kinetic. 
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