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Further Observations on the Excitation of IF(B*II,*) in Active Nitrogen
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We have used a clean source of Ny(X,0) to investigate the excitation of IF(B) by Ny(X,v”=9~15). We find very little excitation
even though the partial pressures of Ny(X,v=9-15) are on the order of 5 mTorr. The upper limit to the rate coefficient
for IF(B) excitation by N,(X,v=9-15) is 2 X 107!* cm? molecule™* s7!.

Introduction

In previous studies we inferred the likely role of N,(X,v>9)
in exciting IF(BI1y") in active nitrogen.! At the time of those
studies, we had neither a clean source of N,(X,v) that was free
from other metastable species nor a clear diagnostic for the higher
vibrational levels of N,(X,v). Recently we developed such a clean
source of N,(X,v) and a diagnostic for v’ = 5-15.2 This report
details our application of this source to the study of IF(B) ex-
citation by N,(X.0).

The N,(X,v) source we use in discharge-flow studies involves
two steps. A microwave discharge of N, dilute in argon or helium
generates active nitrogen. The active nitrogen then flows through
a nickel screen before entering the flow reactor. The screen
recombines most of the atoms exiting the discharge and deactivates
electronically excited metastables. However, copious amounts
of N3(X,v) pass through the screen. The N,(X,v) diagnostic
technique is to add metastable nitrogen molecules, N,(A3Z,*),
to the flow and to observe the resultant nitrogen first-positive
emission, N,(B*II,-A3Z,*). This diagnostic is sensitive to vi-
brational levels of N,(X,v) between about 5 and 15.

We have looked for IF(B*IIy*) excitation in the presence of
N,(X,v) generated by this clean source, using downstream addition
of N,(A) to confirm the presence of the N,(X,v) and to provide
an estimate of the N,(X,0) number density. In addition we studied
IF(B) excitation in active nitrogen with the nickel screen removed
and confirmed our previous results on the energy-transfer reaction
between N;(A) and IF.?

Experimental Section

The experimental apparatus was the 4.6 cm inside diameter
quartz flow reactor that has been described previously (see Figure
1).2¢ The N,(X,v) is generated at the upstream end of the flow
reactor in a microwave discharge through a flow of nitrogen dilute
in helium. The discharge effluents flow through a nickel screen
prior to turning a right angle and entering the flow reactor. At
the downstream end of the flow reactor, two injectors, spaced 10
cm apart, introduce first IF and then N,(A).

The IF is generated in the upstream injector from the reaction
between CF,l and F atoms. The F atoms are produced in a
microwave discharge through a mixture of CF, in helium at the
upstream end of the injector. Downstream from this discharge,
CF;l is added to the injector, and the F atoms and CF;l flow
together for several milliseconds before exiting the injector into
the main flow reactor. The residence time in the injector is
adjusted to ensure complete reaction of the F with the CF,1.5 The
walls of the injector are Teflon coated to retard heterogeneous
destruction of the IF.

The N,(A) is generated in the downstream injector from the
reaction between metastable argon atoms and nitrogen mole-
cules.®” The argon metastables are produced in a hollow-cathode
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dc discharge sustained in a mixture of about 5% argon in helium.
Nitrogen enters just downstream from the discharge. The N,(A)
number densities at the exit of the injector are fairly modest,
roughly 10% molecules cm™, but these number densities are more
than adequate for the experimental measurements.

Spectral observations of emissions inside the flow reactor used
a 0.5-m monochromator in combination with a thermoelectrically
cooled R943-02 photomultiplier tube. This system is sensitive
between 200 and 900 nm. All spectra were taken several cen-
timeters downstream from the N,(A) injector. Scans of the
nitrogen Vegard-Kaplan bands, N,(A3Z *-X'Z,*), between 250
and 370 nm revealed the number densities of N,(A). The ratio
of the intensities of the nitrogen first-positive bands, between 550
and 900 nm to those of the Vegard-Kaplan bands, allowed esti-
mation of the N,(X,v) number densities.? Finally we scanned the
region between 400 and 650 nm to observe the IF(B3II;*-X!Z1)
system.

We analyzed all spectra with the spectral fitting procedure we
have documented previously.? This procedure corrects for spectral
overlap from different emission bands and gives the number
densities of all emitting states contributing to the spectrum.
Einstein coefficients used in the spectral analysis were those of
Shemansky® for N,(A-X), Piper et al.¥ for Ny(B-A), and Mar-
inelli and Piper'® for IF(B-X).

Typical conditions include a total pressure of 1 Torr, primarily
Hle with about 5% N,, and bulk flow velocity around 5000 cm
s7L

Results

Our experimental approach involves comparing the rate of
TF(B) excitation by N,(X,v) to that for excitation by Ny(A). The
excitation rate is the product of the excitation rate coefficient,
k.., times the exciting metastable number density. IF(B) is in
steady state within the monochromator’s field of view. As a result
its formation and decay rates, k4, Will be equal:

kex[IF] [NZ*] = krad[lF*] = IlF‘ (1)

We have neglected electronic quenching, because it is minimal
under our conditions."! The excitation rate is the slope of a plot
of IF(B) intensity as a function of IF(X) number density, i.e.,

dlip /d[IF] = ki [Ny*] 2

In practice, we set the monochromator to observe a single
IF(B-X) band and measured how its intensity varied with IF(X)
number density. We then scanned the total IF(B-X) system at
a fixed [IF(X)] so that we could correct the data to convert the
peak intensity to integrated band intensity and to account for the
fraction of the total band system intensity contained in the single
band observed.
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Figure 1. Flow reactor for studying the excitation of IF(B) by Ny(X,0).
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Figure 2. Excitation of the IF(B) 0,4 band by N,(A) and Ny(X,v).

To check our experimental system, we first looked at the ex-
citation of IF(B) by N,(A). We have studied this system in some
detail previously.> Cha and Setser'? subsequently confirmed our
results. Mixing IF and N,(A) together excited the IF-
(B’II,*-X"Z*) system. The relative vibrational distribution in
these experiments is slightly more relaxed than we had reported
previously. Our previous experiments used an argon buffer, while
the present ones used a helium buffer. Helium is roughly 5 times
more efficient than argon at relaxing vibrational energy in IF(B)."

Figure 2 shows how the intensity of the IF(B,0’=0 - X,v"=4)
band varied as a function of IF number density. The linear
dependence expected from eq 1 is indeed obtained. After the
appropriate corrections are made, the slope of this plot gives a
rate coefficient for exciting IF(B) by Ny(A) of 7 X 107! cm?
molecule™ s™!. This agrees excellently with our previously re-
ported? value of 8 X 107" cm® molecule™ s,

Figure 2 also shows the variation in IF(B) intensity as a function
of added IF number density for excitation by N,(X,v). The ratio
of the slopes of the lines for N,(A) excitation to N,(X,v) excitation
is 22. This result suggests that the product X [N,(X,v)] is much
smaller than the product k4[N,(A)]. The superscripts A or X
on k,, indicate the different excitation rate coefficients for the
two nitrogen electronic states. Alternatively, a small number
density of N,(A) might persist downstream from the nickel screen,
and this residual N,(A) number density is 22 times less than the
number density of the N,(A) that was added through the N,(A)
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injector. Such a small N,(A) number density would have been
below our detection limit for observing N,(A-X) emission.

We estimated our number density of N,(X,0”=9-15) to be 1.3
X 10" molecules cm™ based upon the N,(B—A) intensities we
observed when known amounts of N,(A) were added to the
N,(X,v). For excitation by N,(X,v=9-15), therefore, this number
density and the slope of the line in Figure 2 indicate that the rate
coefficient for exciting IF(B) by N,(X,v) can be no more than
2 X 107'® cm?® molecules™ s™'. This number is an upper limit since
excitation by residual N,(A) in the afterglow was not included
in its derivation.

Two pieces of evidence point to the likelihood that a small
number density of N,(A) persists downstream from the discharge.
The microwave discharge makes a small amount of NO from
impurities in the gases used. N,(A) excitation of NO results in
fluorescence of the NO y bands,'® NO(A2Z*-X2I1). The intensity
of the NO v bands can be used as a tracer for Ny(A). We find
that the ratio of intensities of the NO vy bands in the presence
of Nj(A) to that with the N,(A) off, i.e., in the presence only of
the screened discharge effluent, is 20. This is essentially the same
ratio as found for the two cases of IF(B) excitation. Additionally,
we observed a weak residual fluorescence from N,(B) when the
N,(A) was turned off. The most likely source of this N,(B) is
excitation of N,(X,v) by N,(A). Here again the ratio of the N,(B)
with the N,(A) on to that with it off was 22. These observations
point to the persistence of residual Ny(A) downstream from the
nickel screen and indicate that any excitation of IF(B) by Nj-
(X,v=9-15) is insignificant.

A possible alternative for the first-positive emission observed
in the absence of added N,(A) would be that generated from
N-atom recombination. We checked our N-atom number densities
downstream from the nickel stream by titrating with NO. NO
quantitatively converts any N atoms in the flow to O atoms."* In
the presence of excess NO, any atomic oxygen in the flow will
recombine with the NO to give the well known air afterglow
emission.'®2! Upon adding excess NO, we did observe the air
afterglow very weakly. Its variation in intensity with the number
density of added NO indicated an initial N-atom number density
downstream from the nickel screen of 1.1 X 10! atoms ¢cm™. Qur
previous experience?? is that such small number densities of N
atoms at the low pressures employed, 1.06 Torr, would result in
unobservable first-positive emission by our detection system. The
nickel screen was quite efficient at removing N atoms from the
flow. NO titrations of the discharge afterglow under identical
conditions, but with the nickel screen removed, indicated an
N-atom number density of 6.4 X 10'? atoms cm™.

Finally, we removed the nickel screen and looked briefly at the
excitation of IF(B) in the microwave-discharge afterglow. In this
case the ratio of the rate of excitation of IF(B) by unscreened
active nitrogen to that by N,(A) alone was 14.2. Scans over the
N,(A-X), Vegard-Kaplan, bands, however, showed that the ratio
of the N,(A) number density in the unscreened active nitrogen
to that from the N,(A) source alone was 5.5. Thus only 40% of
the excitation in the active nitrogen comes from N,(A) in the flow.

The IF(B) vibrational distribution excited in active nitrogen
is considerably more relaxed than that excited by N,(A). Figure
3 compares the total IF(B) vibrational distribution excited in the
unscreened active nitrogen to that excited by just the Ny(A)
component of the active nitrogen. The difference between the
two curves gives the IF(B,v) distribution excited by the additional
metastable species in the active nitrogen. The fraction of IF(B)
excitation by the N3(A) in the active nitrogen varies from about
30% for the lowest levels to about 75% for the highest levels. The
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Figure 3. Relative vibrational distribution of IF excited by active N,
compared to that excited by the N,(A) component of the active N,. The
difference between the two curves is the enhancement that active nitrogen
contributes to IF(B) excitation above that by N,(A).
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Figure 4. Relative vibrrational distributions of IF(B,v) in 1 Torr of
helium from N,(A) excitation compared to that by the residual meta-
stable in active N,.

residual excitation comes from some other nitrogen metastable
that excites IF with a much more relaxed vibrational distribution
than does N,(A). Figure 4 compares the IF(B) vibrational dis-
tribution from N,(A) excitation to that from excitation by the
unidentified metastable. In our previous work, we had speculated
that N,(X,v) might be that additional metastable. The results
of this work show conclusively that N,(X,0”=9-15) is incapable
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of exciting IF(B) to any appreciable extent. Conceivably some-
what higher vibrational levels could be involved but we have no
readily available, quantitative diagnostic for them. This ration-
alization does not seem to be particularly likely.

We showed previously* that the number densities of higher
electronic states of molecular nitrogen were much smaller than
that of the A state. As a result, these states are unlikely to
contribute significantly to IF(B) excitation. We have no diagnostic
for N,(A’SZ*) and so cannot rule out its role in IF(B) excitation
on the basis of our observations. Attempts by two other groups
to detect N(A’) in nitrogen afterglows,>?* using laser-induced
fluoresence on the Herman Infrared system, have not been suc-
cessful. This null result has led to the conclusion that N,(A”*Z)
is quenched quite efficiently by species in the afterglow. As a
result, N,(A’) does not appear to be a likely candidate for the
species responsible for the excess IF(B) excitation.

Vibrational levels of N,(A) greater than or equal to 4 are
difficult to detect in emission. Generally vibrational populations
decrease as the vibrational energy increases so the populations
of these higher levels could account for no more than a small
fraction of the excess IF(B) excitation that we observe. Vibrational
levels of N,(A) as high as v’ = 6 have been observed under some
conditions in discharge-flow reactors using a laser-induced
fluorescence diagnostic.2**®  We never see Vegard-Kaplan
emission from N,(A) vibrational levels above two in a helium
buffer, even at pressures and residence times for which emission
from v’ = 3 and 4 is readily observable in an argon buffer. This
is because helium is relatively efficient at relaxing the vibrational
energy in N,(A) compared to argon.? Significant number
densities of N,(A,v>2), therefore, seems unlikely.

Metastable nitrogen atoms, N(2D), lack sufficient energy to
excite IF(B,v>0), unless the IF(X) is vibrationally excited. If
the N,(X,v) in the afterglow transferred vibrational energy to
IF(X), then the higher levels of IF(B) could be excited by N(2D).
It is also conceivable, of course, that the rate coefficient for IF(B)
excitation by N,(A) could be enhanced significantly if the IF(X)
is vibrationally excited. Davis and Woodward noted large en-
hancements in IF(B) excitation in oxygen afterglows when the
IF(X) was vibrationally excited.?’” This possibility merits further
study.
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