The rate coefficient for quenching N(2D) by O(3P)
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- We have studied the quenching of N(*D) by atomic oxygen in a discharge-flow reactor.
Vacuum ultraviolet resonance fluorescence is used to detect the metastables. Three different
discharge-based sources provide the atomic oxygen: discharged O,/Ar, discharged N,O/Ar,
and the reaction of N with NO. Results from the three different approaches are congruent and
indicate the lack of significant systematic errors in the study. The rate coefficient at 300 K is

(1.06 + 0.26) X 10~ 2 cm?® molecule~!s~ 1.

I. INTRODUCTION
The reaction of N(2D) with O,,
N(*D) + 0,-NO(v<18) + OC’P, 'D) (h

is the major source of NO in the upper atmosphere.' Radi-
ation from vibrationally excited NO is one of the primary
pathways for cooling the upper atmosphere. Collisions with
translationally hot O atoms and absorption of earth shine
radiation are the primary mechanisms for exciting NO(v) in
the quiescent atmosphere, whereas reaction (1) is the pri-
mary source of NO(v) under auroral conditions. Because
N(?D) controls NO production rates in the upper atmo-
sphere, understanding N(°D) chemistry is essential to un-
derstanding upper atmospheric radiative transport.
Caledonia and Kennealy have shown that one of the
controlling factors of N (D) number densities in the upper
atomosphere is the quenching of N(2D) by atomic oxygen

N(*D) + OCP)-N(*S) + O('D,P). (2)

Efficient quenching by O will reduce N(?D) number densi-
ties and thereby those of NO. Conversely, inefficient
quenching will result ultimately in increased NO produc-
tion. Reaction (2) also affects the total atmospheric NO in
that efficient quenching of N(2D) by O not only reduces the
total NO by moderating its production via reaction (1), but
also it generates® N(*S) which is a sink for atmospheric NO
via reaction (3)

N(%S) + NO-N, + OCP). 3)

The magnitude of the rate coefficient for reaction (2)
has been the subject of considerable controversy over a num-
ber of years and is considered to be uncertain to within at
least a factor of 3. This uncertainty in the quenching rate
coeflicient, therefore, lends considerable uncertainty to ef-
forts to model NO in the upper atmosphere as well as radia-
tive cooling of the atmosphere.

In 1976, Davenport ef al.’> used vacuum ultraviolet
(VUV) resonance absorption to monitor N(*D) number
densities in a discharge-flow reactor to determine a ratio
k,/k, =3.0 4 0.5. Assuming a value for k, of 5.5 10~ "2
cm® molecule™!s™!, they reported k,= (1.8 40.6)
%10~ cm® molecule ™! s~ . Several years later, Iannuzzi
and Kaufman* monitored N(*>D) in the presence of atomic
oxygen with a VUV resonance-fluorescence diagnostic and
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reported an upper limit to reaction (2) which agreed with
the value given by Davenport et al.

Modeling studies, on the other hand, generally have fa-
vored values for k, which are factors of 2 or more lower than
those proposed by Davenport et al. and by Iannuzzi and
Kaufman. Frederick and Rusch,’ e.g., modeled N(2D) pro-
files from airglow measurements taken by Atmospheric Ex-
plorer C and D and concluded that k, mustbe4 X 10~ '* cm?

molecule ™! s™'. A similar modeling effort by Richards et
al? concluded that Frederick and Rusch underestimated
N(®D) production rates and revised their value upwards
slightly to 6 10~ !* cm® molecule™! s~'. Cravens et al.®
and Strobel et al.” modeled NO profiles in the upper atmo-
sphere and concluded that k,=1x10"" cm’ mole-
cule™'s™', whereas similar modeling efforts by Oran et al.®
concluded k, < 10~ *cm® molecule ™! s~ . Fensen et al.’ re-
cently modeled the altitude profiles of N(?D), N(*S), and
NO simultaneously and found their model best matched
airglow data for k, = 110~ "2 cm® molecule ™' s~ ".

Recently Jusinski e? al.'° reported a laboratory measure-
ment of (2.1 4+ 0.8) X 107! cm? molecule ™! s~ for this re-
action at room temperature. This value is an order of magni-
tude greater than previous laboratory measurements and
even more discordant with the estimates derived from atmo-
spheric modeling.

The discrepancies between the various laboratory and
aeronomic results are such that additional laboratory inves-
tigations of this reaction were imperative. We have studied
this reaction in a discharge-flow reactor using a sensitive
resonance-fluorescence diagnostic for the N(?D) atoms. We
used three different sources for the atomic oxygen to try to
reduce systematic errors. In each of these sources, the atom-
ic oxygen is prepared separately from the N(?D) and then
mixed only subsequently. The three different sets of experi-
ments give consistent results and indicate that the two old
laboratory measurements of the rate coefficient are about a
factor of two too large.

Il. EXPERIMENTAL
A. Apparatus

The experiments were carried out in the 2-in. diameter
discharge-flow reactor shown schematically in Fig. 1. The
N(2D) was generated at the upstream end of the reactor in a
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70 W microwave discharge of 1% to 2% nitrogen in argon.
Further downstream, a flow of atomic oxygen enters the
reactor through a hook-shaped injector. At the extreme
downstream end of the reactor, N (>D) number densities are
monitored by vacuum-ultraviolet resonance fluorescence.
We have detailed out general procedures for monitoring
N (2D) and measuring its kinetics previously.'!

The three different sources of atomic oxygen are all mi-
crowave-discharge based, the discharge being upstream in
the hook-shaped injector. One source consists of discharging
mixtures of argon and molecular oxygen. In some cases,
small amounts of SF, were added to the discharge to en-
hance the oxygen dissociation. Adding SF to the discharge
in the absence of oxygen had no effect on the N(2D) number
densities. The principal effluents of this discharge will be O,
O,(X 32; ),and O,(a ‘A,g ). We describe tests for the effects
of O, (a) below.

The second source of atomic oxygen was a microwave
discharge through a mixture of argon and nitrous oxide, or
in some instances argon, nitrogen, and nitrous oxide. We
have shown previously'? that at low mole fractions of nitrous
oxide this discharge produces oxygen and nitrogen atoms,
with the oxygen generally being at least an order of magni-
tude more abundant than the nitrogen. The small N-atom
flows do not affect our kinetic measurements because atomic
nitrogen is not a significant quencher of N(2D). At higher
mole fractions of nitrous oxide, nitric oxide accompanies the
atomic oxygen out of the discharge. Since NO reacts readily
with N(?D),'** such conditions are to be avoided. Adding
molecular nitrogen to the discharge defers the production of
nitric oxide to larger nitrous oxide mole fractions. Undisso-
ciated N, O, and perhaps O, or O,(a), which might be pro-
duced by recombination in the active discharge, are also ef-
fluents of this discharge source.

Our third source of atomic oxygen was to titrate N
atoms with NO in the injector, upstream from its opening
into the main flow tube. In this case, we discharged mixtures
of N, and SF, in Ar. The SF, greatly enhanced N, dissocia-
tion.”> For some experiments we placed a glass-wool plug

downstream from the discharge, but upstream from the NO
injector to ensure removal of excited states of atomic and
molecular nitrogen produced in the discharge.'® The pres-
ence of the glass—wool plug had no effect on results.

We studied the conditions under which the N + NO
titration was complete within the injector by replacing the
microwave discharge with an N, (4) generator and looking
for the escape of NO from the injector. N,(A4) excites strong
NO y-band fluorescence,'” NO(4 22+ — X 2I1) in an elec-
tronic energy-transfer reaction. Observing y-band fluores-
cence, therefore, signals the escape of unreacted NO from
the injector. We failed to observe significant y-band intensi-
ties until the NO flow approached the titration end point.
Chemiluminescence monitoring with a downstream pho-
tometer determined the titration end point unambiguously
(vide infra).

Turning on the secondary discharge to make the atomic
nitrogen increased the resonance fluorescence signals be-
tween 5% and 30%, depending upon conditions, i.e., N-
atom number density and total pressure. Apparently N(°D)
is formed in an atom recombination process similar to that
which is known to generate N(®P) (vide infra). This addi-
tional contribution to the resonance-fluorescence signal var-
ied with the amount of NO added to the injector flow and
had to be subtracted, therefore, from the signal due to metas-
tables produced in the primary discharge. Ignoring it would
have resulted in rate coefficients that were too large.

Atomic oxygen number densities were monitored by
measuring the O/NO air afterglow when nitric oxide was
added to the flow reactor with the N(’D) discharge off. A
photometer consisting of an interference filter centered at
580 nm, with a full width at half-maximum bandpass of 10
nm, and an HTV R-955 photomultiplier detected the air-
afterglow fluorescence. O-atom number densities were de-
termined for each flow rate of O, or N,0, and the photome-
ter calibration was checked after each run under the
identical flow and pressure conditions of the run. Previous
reports detail our procedures for measuring O-atom number
densities from air-afterglow observations as well as our pho-
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tometer-calibration procedures.'>'®

Typical conditions in the reactor include main argon
and nitrogen flow rates of 15004000 and 25-75 umol s,
respectively, argon and nitrogen flows through the injector
discharge of 200-700 and 15-100 umol s ', respectively,
reagent O,, N,0, or NO flows of 0-8, 0-20, and 0-6
pumol s, respectively, SF, flow rates less than or equal to
0.05 umol s ', and total pressures between 0.8 and 3 Torr.
The fixed injector was situated either 34 or 44 cm from the
observation region. Effective reaction times were varied by
altering the total flow rate and the pumping speed of the
system. These times ranged between 4.5 and 21 ms.

B. Experimental technique

In addition to reactions (1) and (2), important pro-
cesses for removing N(2D) in our reactor are

N(*D) + N,O-NO + N, (4)
and
N(2D) + wall-N(*S) + wall. (5)

For the case of using O, as a source of atomic oxygen,
the differential equation describing the rate of change in the
N (2D) number density with time is

2
i[—%ﬂ’l= — {ks + K, [0,1}INCD)], (6)
for the case where the injector discharge is off, and
2
AINED _ _ (i, + k,10] + K, [O,1}INCD)]

(7

when the injector discharge is on. Because the number den-
sity of N(2D) is much smaller than that of either O or O,,
these two differential equations are effectively first order and
can be solved analytically. The resulting solutions become

INCD)1 (1) ]
: = — {ks + K,[0 g
n[ [NCD)](t=0) {ks + k,[0,]}1 (8)
with the discharge off, and
ln{ [NCD) (1)
[INCD)](t=0)

] — — {ks + &,[O] + K,[0,]}1

9

with the discharge on.

The decay coefficient I' is minus one times the variation
in the natural log of the N(>D) number density as a function
of molecular oxygen number density at a fixed time. With
the discharge off, we have

dinl,

d[0,]
where we have exploited the fact that the N(2D) number
density is directly proportional to the resonance-fluores-
cence intensity 7.'!

When the discharge is on, some of the molecular oxygen
is dissociated to make atomic oxygen. The relationship be-
tween the number densities of the two species is

[O] =2a[0,], (11)

and

— Ky, (10)

off =

[02]=(1—a)[02]o’ (12)

where the subscript 0 indicates the number density which
would have been obtained in the absence of dissociation, i.e.,
the number density with the discharge off, and « is the frac-
tional dissociation. In terms of experimentally measured
quantities

a= —ﬁ-]— . (13)
2{0,1o

When the molecular-oxygen mole fraction in the dis-
charge region is on the order of 1% or less, a is invariant to
changes in the oxygen flow rate. This allows the decay coeffi-
cient with the discharge on to be expressed as

dinl,,

C.. 710, {2ak, + (1 —a)k,}t (14)

The basic experimental approach is to determine decay
coefficients with the discharge on and with it off. Any differ-
ences between the two measurements result from differences
between the rate coeflicients for reactions (1) and (2). Ra-
tioing Egs. (10) and (14) gives

—ll’"—=2a£2-+l—a. (15)

roff k 1
Equation (15) can be solved to give the ratio of the rate
coefficients k, to &, in terms of the experimentally measured
quantities & and the ratio of the decay coefficient with the
discharge on to that with it off. Since we have previously
established'' that the rate coefficient for reaction (1) is
(4.6 + 0.5) X 10~ "> cm® molecule "' s™', k, can be deter-
mined unambiguously.

A similar approach results from using discharged N,0O
as the atomic-oxygen source. In this case, the relevant data-
analysis equation is

r
=a Lz +1—a, (16)
Foﬂ‘ k4
where we have assumed that undissociated nitrous oxide is
the primary effluent, in addition to atomic oxygen, exiting
the discharge. If instead of N,O the other effluent from the
discharge is molecular oxygen, the analysis equation be-
comes
l—a

Ton _ 1ok k 17
r., &, ak, + > 1} . a7
Given that the ratio of the rate -coefficients
k,/k, = 2.1 + 0.3, Eq. (17) will give similar results to those
derived using Eq. (16). Here again we determine k, from
the ratio of two rate coefficients. We have shown previous-
ly'" that k, = (2.2 + 0.3) X 10~ "> cm*® molecule ™' s ™",
Generating O atoms from the reaction between N and
NO results in a much simpler analysis. The basic measure-
ment is of the decay coefficient, determined similarly to Eq.
(10), but as a function of added nitric oxide number density
[i.e., the number density of nitric oxide which would be ob-
tained in the absence of reaction (3) ]. This analysis relies on
the fact that reaction (3) is stoichiometric.'® In addition, we
assume that none of the atomic oxygen recombines on the
injector walls prior to injection into the flow reactor. Given

on
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that the injector was Teflon coated, this is a reasonable as-
sumption. In order to avoid the uncertainties of mixing and
flow development, we divided the decay coefficients we ob-
tained by decay coefficients for molecular oxygen removal of
N(2D) measured under identical conditions. This result
again gives the ratio of rate coefficients &, /k,.

Ill. RESULTS

Figures 2 and 3 show examples of data taken using O,
and N,O, respectively, as atomic-oxygen sources. These fig-
ures show clearly that the effect of turning on the discharge
is to reduce the effective decay coefficient. This can be so
only if some discharge-produced species has a smaller rate
coefficient than does either O, or N,O. Since the major dis-
charge-produced species in both cases is atomic oxygen, it
follows that k, must be less than either k, or k,.

Another significant discharge effluent from both
sources, but especially from the molecular oxygen source, is
electronically excited O,(a 'A, ). In several experiments, we
tried to enhance the production of O, (a) by placing a nickel
screen downstream from the discharge in the injector. The
screen recombines some of the atoms into molecular elec-
tronic states which readily quench to O,(a 'A) in the pres-
ence of 0,.2° The rate coefficients obtained for O-atom
quenching agreed within experimental error to those ob-
tained without the presence of the screen, but under other-
wise similar conditions. This suggests that 0,(a'A) quench-
ing of N(*D) is similar to O,(X) quenching.

Figure 4 shows the results of two different experiments
using the reaction between N and NO as the O-atom source.
In both cases, the decay is relatively slow, but as the lower
curve shows conclusively, the decay rate increases dramati-
cally past the N-atom titration end point when NO is al-
lowed to enter the flow reactor. Clearly the NO reacts much

104 T T T T T
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102
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RESONANCE - FLUORESCENCE INTENSITY (Hz)

10 1 1 1 1 t
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FIG. 2. Decay of N(2D) resonance-fluorescence intensity as a function of
the number density of discharged and undischarged O,.
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FIG. 3. Decay of N(*D) resonance-fluorescence intensity as a function of
the number density of discharged and undischarged N,O.

more rapidly with the N(*D) than does the atomic oxygen.
The much greater number densities of ground-state nitrogen
atoms than N (?D) in the flow reactor do not remove the NO
by reaction (3) fast enough to protect N(*D) from NO
quenching. One must be careful, therefore, to prepare the
atomic oxygen reagent in the injector, removed from the
N(2D) reactant.

Our approach for determining k, has the distinct advan-
tage that by determining it from the ratio of two rate coeffi-
cients, one of which is already well established, uncertainties
introduced by poor mixing or incompletely developed lami-
nar flow conditions are eliminated. This is an important

1000 T T T T T T

RESONANCE - FLUORESCENCE INTENSITY (Hz)

[0} (10 13 atoms cm -3)

FIG. 4. Decay of N(2D) resonance-fluorescence intensity as a function of
atomic-oxygen number density.
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point because hook-shaped injectors generally do not give
the good mixing that results from using loop injectors. Fur-
thermore mixing corrections cannot be explored easily using
a fixed injector. We have shown previously that such correc-
tions can at times be considerable in studies of metastable
kinetics."

The problem with mixing in our system is not associated
with the reliability of decay coefficient measurements, but
rather with estimating the effective reaction time. The two
orders of magnitude linearity of our decay plots ensures ab-
sence of secondary processes or uneven mixing. A few milli-
seconds are required, however, before the injected quenchers
are distributed uniformly throughout the reactor. This finite
time to achieve a uniform distribution means that the effec-
tive reaction time may be somewhat different from that cal-
culated from the ratio of the distance between the injector
and observation region to the average flow velocity. By mak-
ing decay measurements on a molecule whose quenching
rate coefficient is already well known, we effectively cali-
brate the injector for imperfect mixing. In these experiments,
the mixing correction generally amounted to a 20% to 30%
reduction in the effective reaction time. Ignoring it would
result in the measurement of rate coefficients which were too
small by that amount. Note that the correction enters the
data analysis explicitly only in the runs using the N + NO
source. The other two sources result in the direct determina-
tion of a rate coefficient ratio and the effective reaction time
does not enter the analysis. All three approaches give the
same result. The results were invariant, furthermore, to
changes in reactor pressure or effective reaction time. We are
confident, therefore, that major systematic errors have been
eliminated from our measurements.

Table I summarizes our results for the various experi-
mental runs. The error bars represent 1o standard devia-
tions. The error bars on the weighted averages include the
uncertainties in the reference rate coefficients and the
weighted average of the three sets of data include an addi-
tional 10% uncertainty to account for possible determinate
errors. At the 95% confidence level, 20, our experimemts
indicate that &, is (1.06 4 0.26) X 10~ "> molecule ' s~ .

IV. DISCUSSION
A. Comparison with the literature

Our results are somewhat lower than the two earliest
experimental studies,>* but do agree with them within the
limits of experimental error. Agreement with the aeronomi-
cally derived values of Cravens et al.,® of Strobel et al.,” and
Fensen et al.’ is very good, and agreement with Richards et
al.? model-derived value is acceptable.

The major disagreement with the recent results of Ju-
sinski et al.'® indicates the likelihood of a large systematic
error in those experiments. The basis of their experiment was
to add NO directly to the flowing stream of active nitrogen,
and to rely on the much greater number density of ground-
state nitrogen atoms than of metastable nitrogen atoms to
convert the NO to atomic oxygen before the NO had a
chance to diminish the N(2D) number density significantly.

TABLE 1. Results of N(2D) + O studies.

Weighted average®
O-atom Run k, (1072 em?® k, (1072 cm?
source number a molecule™'s™')  molecule™'s™")
0, 1 0.16 1.56 +0.78
2 0.30 1.61 + 0.69
3 0.61 1.06 + 0.32
4 0.57 0.92 +0.32
5 0.34 0.55 + 0.46
6 0.37 1.43 £ 0.18
7 0.15 0.92 + 0.67
1.214+0.18
N,O 1 0.34 0.88 +0.13
2 0.27 0.68 +0.12
3 0.26 0.77 +0.17
4 0.46 1.19 + 0.25
5 0.40 1321011
6 0.41 0.70 + 0.11
0.90 + 0.13
N + NO 1 1.10 + 0.064
2 1.19 + 0.064
3 1.17 + 0.074
1.154+0.13
1.06 +0.13"

* Includes uncertainties in reference rate coefficients.
®Includes estimated 10% uncertainty for systematic errors.

In principle, this approach should work provided that the
difference in number densities between N (*S) and N(?D) is
sufficiently great and provided that mixing is instantaneous
and uniform. In practice, the approach does not work. Fig-
ure 4, as well as the results of similar experiments by Ian-
nuzzi and Kaufman,* shows that adding NO to a stream of
active nitrogen greatly enhances the rate of removal of
N(2D) over that due to atomic oxygen.

Jusinski et al. suggested a number of alternative expla-
nations for their obtaining a rate coefficient a factor of 10
larger that previous investigations suggested. They dis-
missed them all as unreasonable. We feel, however, that
three of their alternative explanations might have more cre-
dence than they admitted. These three possibilities are that
N(D) is created downstream from the microwave dis-
charge via an N-atom recombination process, that down-
stream N (2D) production results from the reaction between
N, (X, v”>9) and N(*S), or that the N(®D) reacted with
NO before the N atoms in the flow consumed the NO. An
additional complication, not discussed by Jusinski et al., is
that by adding electron-attaching quenchers, they might
have reduced the efficiency of their ion-collection system.
An apparent reduction in signal, therefore, might be mistak-
en for quenching rather than just a change in detection sensi-
tivity. '

The first possibility is that N(*D) might be created in N-
atom recombination by a mechanism involving the following
sequence of reactions:
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N(“S) + N(*S) + M=Ny(4) + M, (18a)
-N,(X) + M, (18b)

N(4) + N(*S) >N(CP) + N,(X), (19a)
-NCD) + Ny(X), (19b)

N(*P) + N(*8) »N(*D) 4+ N(*$), (20a)
~2N(*S), (20b)

N(’P) + M=N(*D) + N(*5), (21
N(*D) + wall»N(*S) + wall. (5)

Reaction (21) can be neglected for the the Jusinski ez al.
experiment because neither nitrogen nor helium quench
N(?P)."*?122 Had they used an argon carrier, reaction (21)
would have had to be considered.*

A steady-state analysis using reactions (5), (18), and
(19b) gives

ki k
[N(?D)] = —" - [N]*[M]. (22)
k5 k 19
If reaction (20) were responsible for N(2D) excitation, the
relevant steady-state expression would be

(Kysa/ks) (K1oa/k19) Kaoo [IN1°[M]
ks + kxo[N]

Whether or not the two N (2D) excitation mechanisms
described by Egs. (22) and (23) scale differently with N-
atom number density depends upon the relative magnitudes
of ks and k,,[ N]. The rate of wall quenching & is controlled
by diffusion to the walls. Lin and Kaufman®' have reported a
diffusion coefficient for N(2D) in helium of 790 cm? s~ ! at
one Torr, from which we calculate that in Jusinski ez al.’s 10
mm diameter reactor ks~ 1.13X 10%/p, where p is the pres-
sure in Torr. Taghipour and Brennen? and Young and
Dunn? have shown the rate coefficient for N(*P) quenching
by N(“S) to be 6 X 10~ 3 cm® molecule~' s~ . For the con-
ditions typical in the Jusinski ez al. experiment, the ratio
k,o[N1/k, will generally be less than 0.3. The mechanism
described by Eq. (23), therefore, will scale approximately as
the cube of the N-atom number density in contrast to that
described by Eq. (22), which scales as the N-atom number
density squared. The high N-atom number densities and
high pressures in Jusinski ez al.’s system makes N(2D) pro-
duction by these mechanisms likely.

Our recent studies?* on the production of N(?P) in reac-
tion (19) indicated that N(2D) was also produced in our
reactor. Our observations did not allow us to distinguish
direct production of N(*D) in reaction (19b) from indirect
production resulting from N(2P) quenching by nitrogen
atoms or argon, reactions (20a) and (21) [using theoretical
arguments, Taghipour and Brennen?? support N (2D) as the
primary product in this quenching reaction]. The present
measurements showed quite clearly a residual N (*D) signal
when the primary discharge was turned off. This residual
signal was proportional to the product of the square of the N-
atom number density and the total pressure. This scaling, as
given in Eq. (22), suggests direct N(?D) production via re-
actions (18) and (19b).

At 3 Torr, with an N-atom number density of 1.3 10"

INCD)] = (23)

atoms cm ™ and a transit time of about 30 ms, only two
thirds of our N (*D) signal was from N (>D) produced in the
primary discharge, the other third was generated by N-atom
recombination. One would expect that the conditions of Ju-
sinski et al., N-atom number densities three times greater
and total pressures an order of magnitude larger than in our
work, would result in roughly two orders of magnitude in-
creased N(’D) production from N-atom recombination.
Diffusion to the walls and quenching by molecular nitrogen
result in a two to three e-fold decay in our system between
the discharge and the observation region. In the Jusinski ez
al. experiment this decay increases from three to seven e-
folds under their typical experimental conditions. Thus one
might expect the N(2D) signal generated by N-atom recom-
bination to dominate that produced directly in the discharge
under their conditions.

Apparently, this was not the case. Jusinski ef al. noted
that their N(2D) signal diminished when they moved the
primary discharge further away from the observation re-
gion. This indicates that some of the observed N(*D) is pro-
duced directly in their discharge. Their data indicate the
presence of a residual component, however, which under
some conditions comprised a significant fraction of their
N (D) signal. Undoubtedly this residual component is pro-
duced by N-atom recombination. Adding NO will alter the
N-atom number density and, thereby, reduce the residual
N(?D) signal. Because molecular oxygen reacts very slowly
with atomic nitrogen,* it will quench only the N(*D) pro-
duced in the discharge. The decay plot will be curved, there-
fore, with an eventual plateau corresponding to the N(?D)
which is generated by N-atom recombination. This may ex-
plain the curvature in the O, quemching plot of their Fig.
2(b).

The NO added by Jusinski et al. generally amounted to
only about 10% of their N-atom number density. This small
fraction would suggest that consumption of atomic nitrogen
in their system would account only for about a 20% reduc-
tion in their N(®D) signal. Some further small reduction
would be obtained because the atomic oxygen will reduce the
steady-state number density of N, (4) in their system via
quenching. This will then further diminish the production of
N(*D) in reaction (19b). N-atom quenching of N,(A) will
still dominate other loss processes, so this additional reduc-
tion should amount to no more than an additional 10%.

Jusinski er al’s observed decays appear to be linear
down to about one third of their initial N (2D) number den-
sity. Thus, apparent N(?>D) quenching, resulting from re-
ducing their N-atom number density, can account only for
about a third of their observed decay. The additional mecha-
nisms mentioned above must be responsible for the balance.

A second mechanism for producing N (?°D) downstream
from the discharge could be the reaction between N, (X,
v">9) and N(“S):

N, (X" >9) + N(*S) - N,(X) + N(°D). (24)

This reaction is not as unlikely as it might seem at first
glance. Clearly it must go at some finite rate because the
reverse reaction is well known.'>?! The quenching of N(*D)
by N, is not particularly fast,'* k=~1.5Xx10~"* cm® mole-
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cule~!s™!, so one might expect that its reverse, reaction
(24), would proceed similarly slowly. Reaction (24), how-
ever, has many more available channels. All vibrational lev-
els greater than or equal to nine have sufficient energy to
react. While the exoergicity of reaction (24) for v" =9 is
almost 4 kT, the reaction becomes resonant within kT for
vibrational levels 11 and 12. This more nearly resonant
quenching might be substantially more efficient. That these
levels are populated significantly in active nitrogen is clear.
We have observed recently the excitation of N, (B) in the
energy transfer reaction between N, (4) and N, (X,v).*
Those observations required vibrational levels of ground-
state nitrogen up to at least v” = 14. Our Penning ionization
studies on active nitrogen revealed the presence of N, (X, v)
containing at least 3.8 eV.”” Finally, Black et al. *®* and
Kessler® have used multiphoton-ionization techniques to
detect N, (X, v) in vibrational levels as high as 25. Some
fraction of the apparent N (D) quenching observed by Ju-
sinski et al. could well actually result from the quenching of
N, (X, v). Such quenching would reduce the N (*D) produc-
tion rate and, thereby, its signal.

The production of N(2D) in reaction (24) potentially
could affect our results also. Our much lower number densi-
ties of N,(X,v) and N(*S), however, would result in a
N(®D) production rate that is several orders of magnitude
less than that which would be obtained in Jusinski et al.’s
experiment. If important, this mechanism would be stron-
gest in the experiments using reaction (3) as the source of O
atoms because those experiments had much greater N-atom
number densities (still far below those of Jusinski ez al., how-
ever). Those experiments gave results similar to the ones
using the other two O-atom sources. We conclude, therefore,
that reaction (24) and its concomitant complications are
unimportant under our experimental conditions.

The third mechanism which could contribute to the fas-
ter rate coefficient measured by Jusinski et al. would be the
reaction between N (>D) and NO. Husain e al.'> have shown
that NO reacts with N(?D) with a rate coefficient of
6x10~!'"" cm®molecule™!s™!. Any NO that finds an
N(*D) atom, therefore, will react with it rapidly. Jusinski et
al. dismiss this possibility by claiming that NO has a chemi-
cal lifetime in their system of only 0.1 ms. This calculation,
however, assumes perfect, instantaneous mixing of the NO
into the gas stream. In fact, the NO is injected from a small
ball located on the axis of their flow reactor, The local NO
number density in the vicinity of the reagent inlet will be
much higher than its asymptotic limit. Even if the asympto-
tic NO number density were only 10% of the N-atom num-
ber density, the local NO number density will not equal the
N-atom number density until it has diffused one third of the
distance to the reactor walls. While this region contains only
10% of the reactor volume, it contains almost a quarter of
the N(2D) in the reactor because wall quenching causes
N(?D) to have a large radial gradient in number density. By
the time NO has diffused halfway to the reactor walls, its
number density is still on the order of a third of that of the N
atoms, but it has already been in contact with well over half
of the N(2D) in the reactor. Thus the effective chemical life-
time of NO in the reactor must be somewhat longer than

Lawrence G. Piper: Quenching of N(2D) by O(*P)

calculated by Jusinski et al. It is the combination of the radial
number density gradients of NO and N (*D) in the vicinity of
the injector which allows the NO the opportunity to react
with N(?D) prior to being consumed by ground-state nitro-
gen atoms.

A final possibility for Jusinski et al.’s large rate coeffi-
cient measurement is a reduction in detection efficiency with
the addition of atomic oxygen to their reactor. Atomic oxy-
gen, being an electron attaching gas, can alter the collection
efficiency in several ways. One thing that happens is that the
negative ions formed by electron attachment take longer to
reach the electrodes.*® The temporal pulse of the charges is
thereby increased. Since Jusinski ez al. monitored their sig-
nal with a boxcar averager, their gate width might not have
been optimized to account for this lengthened temporal
pulse. The longer temporal pulse will have the effect of low-
ering the current collected during a fixed gate width. This
reduced signal can be mistaken as quenching.

Neither in the paper under discussion, '’ nor in their ear-
lier papers on multiphoton ionization detection of
N(2D),*"* do Jusinski et al. discuss the current vs voltage
characteristics of their ion collection electrodes. In general,
the ion signal will increase as an increasing potential differ-
ence is applied across the electrodes until a plateau is
reached. Further increases in the voltage do not result in
increasing signals until the voltage becomes high enough to
cause secondary ionization of the background gas by colli-
sions with the accelerated ions and electrons. Cool® has
shown that adding an electron attaching gas both delays the
onset of the plateau to higher voltages and, in addition, re-
duces the avalanche effect at the highest voltages. Thus,
whether Jusinski ez al.’s system was biased to be in either the
plateau or avalanche region, the addition of an attaching gas
could lower their signal. This dimunitization in signal would
have the appearance of being quenching when in reality it
was just a change in detection sensitivity. One might expect
similar behavior upon adding molecular oxygen. Atomic
oxygen has a much higher electronegativity, however, so it
could show a somewhat larger effect.

Probably none of the four possibilities suggested to ra-
tionalize Jusinski et al.’s obtaining a rate coefficient which
we think is too large is a major effect. Each may contribute
only 10% or 20% to the reduction of N(°D). In concert,
however, they could easily account for a diminutization in
signal of 50% to 70%. The dynamic range in Jusinski et al.’s
experiment is of comparable magnitude.

Recently, Miller et al.*® have investigated the quenching
of N(?D) upon adding NO to a flow of active nitrogen. In
some of their experiments they tried to reproduce the operat-
ing conditions of Jusiniski et al. Using resonance-enhanced
multiphoton ionization to detect both N (*D) and NO, Mill-
er et al. found that NO persisted in the afterglow for times
much greater than they would expect based upon the rate of
consumption of NO by N(S) that they calculated to be
appropriate to their experimental conditions. They attribut-
ed this discrepancy to be due to slow mixing of the NO into
the main flow. They noted that the N(>D) number-density
decay was effectively first order in added NO, but that the
effective rate coefficient for N(2D) quenching was much fas-
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ter under conditions where significant NO remained at the
detection region compared to conditions under which the
NO was completely consumed. Their analysis of mixing ef-
fects allowed them to uncouple the effects of NO quenching
of N(?D) from those of O quenching. Their data imply a rate
coefficient for reaction (2) of (1.0 + 0.3) X 10~ 2 cm® mol-
ecule™!s™", in excellent agreement with our results.

B. Other issues

The doublet potential curves which asymptotically cor-
relate to an N(2D) and an O(*P) atom have myriad cross-
ings with lower potential curves whose asymptotic limits
correlate to N (*S) and either O (*P) or O('D) atoms. On the
basis of spin conservation, one would expect that the favored
product would be O(*P) atoms. Oran ef al.® on the other
hand, speculated that the one-electron spin—orbit matrix ele-
ments will couple the incoming doublet states with the quar-
tet states correlating to the production of an O('D) atom as
facilely as to the doublet states correlating to O (*P) atoms as
a product. Davenport et al.,> however, report that unpub-
lished calculations by Olson and Smith show the channel
leading to O (*P) production will be favored.

Sivjee et al.** report anomalies, noted in auroras over
Svalbard, in the ratio of emission of the two components of
the N(2Ds,, 3,,-*S3/,) doublet at 520 nm. They suggest that
these differences might result from the need of reaction (2)
to conserve total angular momentum. The J = 5/2 sublevel,
therefore, could react only with the J= 1,0 sublevels of
atomic oxygen, producing the J=2,1 sublevels. The
J = 3/2 sublevel of N(2D), on the other hand, can react with
all three sublevels of O(*P). Thus, under certain conditions,
they would expect to see a depletion in the emission from
N(*Ds,;). The relatively high pressure in our reactor en-
sures that the two sublevels of N (*D) will be in equilibrium.
Our measurements, therefore, will be an average of the reac-
tivities of the two sublevels and cannot be used to test Sivjee
et al.’s hypothesis.

One cannot use the criterion of conserving total angular
momentum as an argument against the production of O('D)
in reaction (2). Both sublevels of N(2D) can interact with
one of the sublevels of O(*P) to produce O('D, ). All that
can be argued on this basis, therefore, is that with fewer
channels available, O('D) production would be expected to
be less efficient than that of O(*P).

In the event that O(*P) is the favored product, reaction
(2) will proceed with the release of 2.38 eV of translational
energy. This reaction, therefore, could be a source of transla-
tionally hot O and N atoms in the upper atmosphere. The
reactions of these hot atoms could be somewhat different
from those of thermal atoms. For example, the production of
NO from the reaction of N (*S) with O, could be much more
efficient if the nitrogen atoms are translationally hot. Solo-
mon”® has discussed the effects of translationally hot atoms
on thermospheric chemistry in some detail.

SUMMARY AND CONCLUSIONS

We have shown that the rate coefficient for quenching
N(2D) by atomic oxygen is (1.06 4 0.26) X 10~ 2 cm® mol-

ecule ™' s~ ! at 300 K. This value is consistent with many of

the aeronomically derived quenching rate coefficients. In
particular, very recent modeling results of Fesen et al.’ favor
a value of 1 X 10~ "> cm® molecule ~' s~! for k,. They show
convincingly that a value for &, as large as that proposed by
Jusinski et al.'® would completely quench all radiation at 520
nm from the N(2D-*S) transition and would, furthermore,
result in N(*S) (and NO) number densities that are much
larger (or smaller) than has been consistently obtained from
numerous aeronomic observations. The atmospheric chem-
istry of N(?D), and of NO, now appears to be reasonably
well understood.

Agreement with earlier laboratory studies®® is within
experimental error, while that with the most recent experi-
mental effort* is excellent. The discrepancies with the Ju-
sinski et al.'® laboratory study, however, indicates a large
systematic error in that experiment.
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