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We have studied the excitation of N,(B 3Hg, v = 1-12) in the interaction between N, (4 32 F)
and NL(X ‘2; , v>>5). The N,(A) and N, (B) are observed spectroscopically between 220 to
400 nm and 560 to 900 nm, respectively, while the N, (X,v) number densities are determined
by metastable-helium Penning ionization. The experiments are performed in a discharge-flow
reactor with separate discharge sources of N,(4), N, (X,v) and He*(2S). The excitation rate
coefficient is (3 4 1.5) X 10~ !" cm® molecule ~! s 1. Observations of N,(4) decay indicate
that the N,(4) is removed by N, (X,v) with an apparent rate coefficient of about 3.5 x 10~ 2
cm? molecule™! s !. The discrepancy between the excitation and removal rate coefficients
probably results from N, (A4) regeneration via cascade from the excited N,(B). The
appearance of vibrationally excited N,(A4) when N, (X,v) is added to a flow of N,(4, v =0)
demonstrates this regeneration process. The reaction appears to be a transfer of electronic
energy from the N,(A4) to the N, (X,v) rather than an excitation of the N,(4) to N,(B)

resulting from the input of energy from the N, (X,v).

I. INTRODUCTION

A number of researchers have speculated on a possible
energy pooling reaction between N,(4°2.)) and
N,(X 'S, v) to generate N,(B *IL,)."” This speculation
has been fueled to some extent by observations of long-lived
N, (B) radiation in discharge afterglows. For the most part,
however, the observations also could be explained by alter-
native mechanisms. To our knowledge, there is a complete
dearth of direct experimental evidence for this reaction. We
report here a direct observation of the reaction, with esti-
mates of its efficiency.

Our observations cover the range of N,(B) vibrational
levels 1-12. The energetics of the reaction are such that
N, (X) vibrational levels between 5 and 14 are required to
excite the observed B-state levels from N, (A4, v = 0). Obser-
vations of enhanced B-state emission upon adding N,(A4) to
an active nitrogen afterglow, therefore, provide a diagnostic
of these moderately energetic ground-state vibrational lev-
els. We have explored previously the application of metasta-
ble-helium Penning ionization as a diagnostic of N, (X,v),%’
and showed that this diagnostic could provide quantitative
estimates of number densities in vibrational levels 0-6.” Our
current research is directed toward developing a diagnostic
of higher vibrational levels.

Il. EXPERIMENTAL

These studies employed the 4.6 cm diameter quartz dis-
charge-flow reactor shown schematically in Fig. 1. N,(4),
generated by energy transfer between metastable-argon
atoms and molecular nitrogt=.n,8'9 enters the reactor at its
upstream end and mixes further downstream with a flow of
vibrationally excited, ground-electronic state, nitrogen mol-
ecules. The N, (X,v) is prepared in a sidearm and introduced
into the reactor through a hook-shaped injector. A 0.5 m
monochromator equipped with photoelectric detection ca-
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pability detects the luminescence generated in the reaction
further downstream from the N, (X,v) injector. The mono-
chromator is mounted on rails so that observations can be
made at various distances from the injector, and thereby var-
ious interaction times. A second injector further down-
stream disgorges a flow of metastable helium atoms which
reveal the presence of N, (X,v) via a Penning-ionization re-
action.%"10!!

A hollow-cathode, dc discharge through a flow of 3%-
10% argon in helium generates metastable argon atoms. The
argon metastables mix immediately downstream from the
discharge with a flow of nitrogen. The argon metastables
excite N,(C *I1, ) which immediately radiates to the N, (B)
state. Radiation and quenching of the B state then results in
N, (A4)-state production. The number densities of N,(A4)
generated in the predominantly helium buffer are similar to
those obtained in a pure argon buffer. The N, (4) vibrational
distribution, however, tends to be slightly more relaxed be-
cause helium is much more efficient than argon at relaxing
the vibrational energy in the A4 state.'?

A microwave discharge through a flow of nitrogen in
helium, or just pure nitrogen generates the N, (X,v). Down-
stream from the discharge, the active nitrogen flows through
a nickel screen. The screen recombines most of the atoms
and, in addition, deactivates electronically excited metasta-
bles produced in the discharge. It has little effect of the
N, (X,v), however.”!* Failure to observe Lewis—Rayleigh
afterglow downstream from the nickel screen demonstrates
the absence of N atoms. The N, (X,») is introduced into the
main flow after atom recombination and metastable deacti-
vation have occurred.

A hollow-cathode, dc discharge in the upstream portion
of the second injector generates metastable-helium atoms.
The Penning ionization of N, produces N," (B ?2;" ) which
is observed readily in emission on the nitrogen first-negative
system, N, (B°2} )-X 22" ). The vibrational distribution
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of N, (B) mirrors that of the N,(X,») from which it was
generated. We have described in some detail previously our
procedures and analysis relating to monitoring N, (X,v) us-
ing a Penning-ionization diagnostic.%’ Our previous work
indicated that N, (X,v) was deactivated only very slowly in
collisions with the reactor walls. The N, (X,v) distributions
as determined by Penning ionization downstream from the
second hook injector, therefore, ought to be a reasonable
reflection of the actual distributions within the observation
zone just downstream from the first hook injector. We tested
this conjecture experimentally in the present series of experi-
ments by comparing the N,(B) distribution and intensity
immediately downstream from the N,(X,v) injector with
that observed downstream from the metastable-helium in-
jector. The results at the two locations, after correcting for
differences in N,(A4) number densities, were the same.

The relative spectral response of our detection system
was calibrated by comparing observed intensity distribu-
tions as a function of wavelength with those emitted by stan-
dard quartz-halogen and deuterium lamps. Light from the
lamps was reflected into the monochromator off a BaSO,
screen'® so as to ensure that the optics were filled. The re-
sponse was calibrated absolutely at 538 nm by comparison
with air-afterglow intensities.'>~2' We have detailed our pro-
cedures for making air-afterglow calibrations previous-
ly. 2223

With the detection system calibrated absolutely, we
could determine absolute number densities of all emitting
species by dividing absolute band intensities by the appropri-
ate Einstein coefficients. The spectral fitting procedure we
have described previously determined the band intensities.
Shemansky’s** Einstein coefficients were used to reduce
N, (A4) observations while those of Piper er al.>> were used
for N, (B).

Mass-flow meters or rotameters monitored the flow
rates of all gases. The calibrations of all mass-flow meters
and most rotameters were checked by monitoring the pres-
sure rise with time in a calibrated volume. Some of the rota-
meters were calibrated by comparison with a calibrated
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FIG. 1. Schematic of discharge-
flow apparatus for studying
N,(4) and N, (X,v).
0.5 m MONOCHROMATOR

MOUNTED ON RAILS

mass-flow meter. This was done by establishing the depen-
dence of flow-tube pressure on gas-flow rate using the cali-
brated mass-flow meter for flow-rate measurements. This
correlation could then be used to derive flow rates of the
uncalibrated flow meter from measurements of flow tube
pressure for various flow-meter settings. A capacitance ma-
nometer monitored the flow-tube pressure.

Typical conditions included main flow of 2500 to 5000
umol s~ ', flow of helium and N, through the N, (X,v) injec-
tor of 275 and 140 umol s~ ! respectively, and flow of helium
through the He* injector of 1600 zmols™'. In some in-
stances flows of methane were added to the flow of N,(A4), at
flow rates up to 90 umol s ™', in order to relax the vibrational
energy in the N,(4).”*” Flow tube pressures ranged
between 0.9 and 3.3 Torr.

iIl. RESULTS
A. N2(B) excitation

When the discharges producing N,(A4) and N, (X,v) are
both on, one sees an orange afterglow streaming from the
N, (X,v) injector. When either discharge is extinguished the
afterglow vanishes. Figure 2 shows the spectrum, with
N, (X,v) in the reactor, between 560 and 900 nm in the pres-
ence and absence of N,(A4). Quite strong nitrogen first-pos-
tive emission, N,(B°Il,-- 4 3} ), obtains with the addi-
tion of N, (A) while radiation is undetectable in the absence
of N,(4). The N,(4) number densities were sufficiently
small and the spectrometer slit widths sufficiently narrow
that N, (B) formed by N,(4) energy pooling?® was unobser-
vable.

Figure 3 shows that the intensity of the 2,0 band of the
first-positive system varies linearly with the intensity of the
Vegard-Kaplan system, N,(4°2} - X'S}). Since the
Vegard-Kaplan intensity is directly proportional to N,(A4)
number density, these results show that the N,(B) excita-
tion is first order in N,(A4) number density.

We have shown previously that N,(X,v) number densi-
ties vary,”® although not linearly, with discharge power.
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The number densities increase fairly rapidly as the power is
increased to ~50 W, but appear to level off around 70 W.
Figure 4 shows how the observed N,(B) number densities
vary with discharge power. In this set of experiments, the
discharge power was varied under otherwise constant condi-
tions of flow rates and N, (A4) number density. We interpret
the similarity between the variations in N,(B) with dis-
charge power and our previous observations on N,(X,v)
production with discharge power as strong evidence for
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FIG. 3. Variation in the intensity of the 2,0 band of the first-positive system
as a function of the intensity of the 0,6 band of the nitrogen Vegard-Kaplan
system N, (472} -X'22).

[N2(B,v)] (104 molecules cm-3)

N,(B) generation in the reaction between N,(4) and
N, (X,v).

These observations can be rationalized by the following
reactions which govern the formation and destruction of
N,(B):
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FIG. 4. Variation in the number density of different vibrational levels of
N, (B) as a function of the power of the u-wave discharge under conditions
of constant N,(A4) number density. N,(X,v) number densities scale with
discharge power in a manner similar to the N, (B,v) in this figure.
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NL(4°2)) + No(X 2 ,0)

SN, (B>I,,0') + Ny(X 'S} "), (1)
N,(B T, ) =Ny (4°2;7) + hv, (2)
N.(B°M,) + N,-2N,, (3)
N,(B’IL,) + Q-N,(X) + Q. (4)

Both the radiative decay rate > of N,(B) and the rate
coefficient for quenching N, (B) by nitrogen are vibrational-
level dependent.?®2%32 To analyze our data we use average
values for these quantities: k,~2X10° s~' and
k3;~2.5Xx107"" cm® molecule ' s~ .

The quenching of N,(B) by molecular nitrogen is a
complex process with the likely production of a number of
states including N,(W?>A,), Ny(B7Z), N,(4 2} v).
Reaction (3), therefore, encompasses all possibilities. It ac-
counts for removal of molecules from the B state. Ultimately
most of the B-state quenching by N, probably results in cas-
cade down through the triplet manifold to the 4-state.

Reaction (4) accounts for possible quenching of the
N, (B) fluorescence by methane, argon, and helium. The ar-
gon partial pressure generally was well below 75 mTorr,
whereas the half-quenching pressure for argon is greater
than 1 Torr.*>** Thus quenching by argon should be less
than a 10% effect. Our observations on the excitation of
N,(B) in the reaction between N(2D) and NF(a 'A)¥ indi-
cated a half-quenching pressure for helium of about 5 Torr.
Thus quenching by helium at pressures near 1 Torr is a mi-
nor, but not insignificant, loss process for N, (B). The partial
pressure of methane remained below 25 mTorr. So long as
the rate coefficient for quenching N,(B)by methane is no
greater than 310" cm?® molecule ~! s~ ', i.e., is less than
one-tenth gas kinetic, methane quenching will be unimpor-
tant for our studies. Bayes and Kistiakowsky>® indicate that
methane does quench N,(B) emission, but they failed to
provide any estimate of its quenching efficiency. We are
unaware of any other observations of N, (B) quenching by
methane. We could not distinguish any strong dependence
of the N, (B) fluorescence yield upon methane number den-
sity, so conclude that methane quenching is indeed of little
importance in our studies.

The differential equation describing the rates of forma-
tion and destruction of N,(B) as governed by the processes
in Egs. (1)-(4) is

d[N,(B)]

dt =k1[N2(A)][N2(X,U)]

— {ks + k5[N] + K, [Q 1HIN(B) ]
(5

Because the radiative lifetime of N,(B) (~5 us)?® is much
shorter than the transit time through our detector’s field of
view, the N, (B) is in local steady state at every point in our
reactor. The variation in [N, (2B) ] with time vanishes, there-
fore, and Eq. (5) can be rearranged to give

ki [INo(A) 1IN, (X0) ] .
ka+ k3[N,] + k,[Q]
This equation demonstrates the first-order dependence

between N,(B) excitation and the number densities of
N,(4) and N,(X,v).

[No(B)] =

(6)

In order to observe how the N,(B) excitation varied
with N, (A4) vibrational level, we mixed varying amounts of
methane with the total N, (A4) at the head of the flow reactor.
The added methane appeared to affect the total N,(4) num-
ber density only minimally, but reduced the N, (B) intensity
by more than a factor of 2.5 as the methane number density
was increased to 7.5 10" molecules cm ~>. Penning-ioni-
zation measurements showed a concomitant drop in the
number density of N, (X,v). The reduced N, (B)-state popu-
lation appears, therefore, to result from N,(X,v) quenching
rather than from quenching of N, (B) fluorescence by meth-
ane.

The relative N,(B) vibrational distribution, however,
showed little variation with methane number density. This
observation indicates that vibrational energy in the N,(4)
does not have a major impact on the N, (B) vibrational dis-
tribution. A hotter vibrational distribution in the N,(X,v),
on the other hand, does produce a hotter N, (B) vibrational
distribution. Figure 5 illustrates this difference. The data
points denoted by circles were taken under conditions where
the N, (X,v) vibrational distribution could be characterized
roughly by a vibrational temperature of 1800 K, and where
only about 12% of the nitrogen was vibrationally excited.
The points denoted as squares, however, were taken under
conditions of a roughly 3700 K vibrational temperature of
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FIG. 5. Relative vibrational distributions for N,(B,v) for two different lev-
els of N,(X,v) vibrational excitation. O; T o~ 1800 K,[N,(X,0)}/

[N,(X)]~0.12;: T, ~3700 K,[N,(X,)]/[N,(X)] ~0.50.
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868 Lawrence G. Piper: Excitation of NZ(BQHQ)

the N, (X,v) and with about 50% of the nitrogen vibrational-
ly excited. Clearly the hotter ground-state distribution re-
sults in a hotter N, (B) distribution. The lines through the
data points show for comparison Boltzmann distributions of
the B state resulting from vibrational temperatures of 3700
and 5000 K.

A slight rearrangement of Eq. (6) gives the result

ks
k

[N,(B)]

1
[N2<A>1[ +

N1 +52101] = B .
k, ky

N
Figure 6 shows the ratio of the N,(B) to N,(4) number
densities, after correcting for quenching, plotted against the
number density we estimate to be in vibrational levels 5-10
of the ground-electronic state. These vibrational levels are
responsible for the bulk of the observed excitation. The num-
ber-density estimates were obtained from the Penning-ioni-
zation data with some extrapolation outside the region of
greatest validity of the Penning-ionization diagnostic. While
the data are somewhat scattered, they do indicate a clear
trend with increasing N, (X,v) number density. The slope of
the line through the data gives the result %,/
k,=(1.4402)x107'¢ cm’ molecule ™. Given
k,~2x10° s7' we find the rate coefficient for exciting
N,(B) in the interaction between N,(4) and N,(X,v) is
2.8 107! cm® molecule ™' s~ . Given the uncertainties in
the experimental data used to derive this value, we think a
realistic value for k, is (3.0 4+ 1.5)x10™'"" cm? mole-
cule™'s™ L
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FIG. 6. Variation in the ratio of the number density of N, (B), after correct-
ing for quenching, to that for N,(4) with the number density of
N,(X,v = 5-10).

If we assume that all N,(X) vibrational levels excite
each energetically accessible N,(B) vibrational level with
the same rate coefficient, we can estimate a distribution for
the N, (X,v) by difference. That is, N,(B,»' = 1) can be ex-
cited by N, (X,v>5), but excitation of N, (B,v’' = 2) is possi-
ble only from N, (X,v>6), and so on up to N,(B, v = 12)
which requires N, (X,v>13). The N,(X,v) distribution ob-
tained under these assumptions lies midway between modi-
fied Treanor and Boltzmann distributions with a common
characteristic temperature. The modified Treanor distribu-
tion changes from a Treanor distribution for vibrational lev-
els less than the Treanor minimum to one which varies as 1/v
above the Treanor minimum. Our estimates of N,(X,v)
number densities assume a modified Treanor distribution
which the Penning-ionization measurements indicate is ap-
propriate for vibrational levels 0—6. At some point the distri-
bution should decrease more rapidly than 1/v. Perhaps this
increased drop off is reflected in N,(X,v) distribution esti-
mated above to lie below a modified Treanor distribution.
Equally likely, however, would be values of k, which varied
with vibrational level. Without a more accurately deter-
mined N, (X,v) distribution, such variations cannot be de-
termined.

B. Quenching of N;(4)

Figure 7 shows how N, (4,0 = 0) varies as a function of
time in the flow reactor in the absence and presence of
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N2(X,v) OFF

-

lp,6 (kHz)
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FIG. 7. Variation in intensity of the 0,6 Vegard—Kaplan band as a function
of time in the absence and presence of N, (X,v).
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N,(X,v). Clearly the N,(X,v) enhances the destruction of
N,(A) dramatically. In the absence of N, (X,v), N,(4) de-
cays principally by deactivation at the walls. When N, (X,v)
enters the reactor, the N, (A) decay increases due to quench-
ing by the N, (X,v) and perhaps a small amount of quench-
ing from residual N atoms which did not recombine on the
nickel screen. The relevant reactions are

N,(4) + wall»N,(X) + wall, (8)
N, (4) + Ny (X,v) -2N,(X), &)
N,(4) + NoN,(X) + NCP). (10)

An alternative to reaction (9) would be excitation to the B
state followed by quenching out of the B state into the X
state. Reaction (9), therefore, represents removal of mole-
cules from the triplet manifold.

The rate equation describing these reactions is

d [N,()] _

i —{kg‘f‘kq[Nz(X,U)] +k10[N]}

X [N (4)]. (11)

Under conditions such that the number densities of N, (X,v)
and N remain essentially invariant with time, Eq. (11) has
the solution

ln[ [N, (1) ]=

— Kt (12)
[N,(D](2=0)

where the loss rate X is given by
K, = 0.62{ks + k5[N,(X,v) ] + k,o[N]}. (13)

The factor of 0.62 corrects for the coupling of the radial
number density gradient of N,(A4) with the parabolic veloc-
ity profile in the reactor.’’*® The semilog plot in Fig. 7 dis-
plays the expected linear behavior between the natural log of
the N,(4) number density and the reaction time.

In the absence of N,(X,v), the decay of the metastables
is determined principally by wall deactivation. This process
is controlled by the rate of diffusion of the metastables to the
walls. The wall-loss rate kg is given by’

Dok 5

P’
where D, is the diffusion coefficient in cm® s~ at 1 Torr, 4,
is the root of the zero-order Bessel function, 2.405, r is the
flow tube radius, and p is the flow tube pressure. For the data
in Fig. 7, the decay rate in the absence of N, (X,v) is 210s™".
This value agrees moderately well with the value of 180s™"
which we calculate from Eq. (14). We are unaware of ex-
perimental values for the diffusion coefficient of N,(A4) in
He. We used a value of 540 cm?s~! at 1 Torr which we
calculated for N,(X) in He using procedures described by
Hirschfelder, Curtiss, and Bird.*’ The slight discrepancy
could result from an incompletely developed flow profile in
our reactor because of perturbations to the flow induced by
the injectors or perhaps just increased surface area for deac-
tivation because of the presence of the injectors.

The addition of N,(X,v) increases the decay rate of
N,(A4) to 731 s~ . Since the N-atom number density is less
than 10'? atoms cm 3, and the rate coefficient for quenching
N,(A4) by N is 4.0% 107" cm® molecule ' s~ ',*® less than

kg (14)

10% of this increase in N,(A4) decay can be attributed to
quenching by atomic nitrogen. The balance, therefore, must
result from quenching by N,(X,v). The rate of quenching
N,(A4) by N,(X,v) under the conditions of Fig. 7 is about
520s~'. From our Penning-ionization measurements we es-
timate an N, (X,v) number density of about 1.4 X 10'* mole-
cules cm 3. This value lets us estimate a quenching rate co-
efficient of N,(4) by N,(X,v) of about 3.7x10~'?
cm?® molecule ™! s~ . This is just over 10% of the previously
estimated rate coefficient for reaction (1). The discrepancy
between the two rate coefficients probably arises from the
fact that little N, (A ) is actually lost in pumping it from the 4
state to the B state. Most molecules pumped to the B state
eventually return back to the A4 state via radiative or colli-
sional cascade. Evidently some are lost by quenching out of
the triplet manifold.

C. Regeneration of N2(A)

Figure 8 shows direct evidence of this repopulation of
the 4 state from pumping to the B state followed by cascade
back to the A4 state. It shows the ultraviolet spectrum in the
absence and presence of N, (X,v). The spectra were taken in
the presence of methane, so that the N,(4) initially in the
field of view was entirely in vibrational level 0. When the
N, (X,v) mixes with the N,(4,v = 0), however, vibrational
levels 1 and 2 of the N,(A4) are regenerated as is evident in
Fig. 8(b).

The question arises as to whether the pumping of the
N, (A4,v) could be a direct excitation from N,{A4,v = 0) or if
it is the result of cascade from the B state which has itself
been pumped directly. We followed the time evolution of the
ratio of the number densities of N,(4,v = 1,2} to N,(4,
v = 0) to investigate this issue.

In the following discussion we will use a shorthand no-
tation in which a nitrogen molecule in a specific vibronic
state is identified by the letter of the electronic state with a
superscript corresponding to the vibrational level in that
state. For example, 4 ! represents N,(4 320" = 1).

In addition to reactions (1), (2), (8), and (9) the rel-
evant reactions for N,(4,v = 1) excitation and quenching
include the following:

N, (4,0 =0) + N,(X,p) -

NZ(A’U - 1s2) + NZ(va))
N,(4,v) + CH,—~N,(4,v — 1) + CH,,

(15)
(16)

The rate of change in the number density of N, (4,
v = 1) with time is

) e hlB] + kislA°1X")

+ k¥ 2[4?][CH,]

—{ks + Ko [X*] + k3T [CHHA', (D)
where &, is the fraction of N, (B) excitations which cascade
down to N, (4) vibrational level 1. Inserting Eq. (6) into Eq.
(17) and rearranging gives the result
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d[A4'] [41] _ Ke ™ {l_e_[K.,_l I:o],} (19)
dt (4 0] K b= 1 K b=
[ 5.k ‘5] [(4°1[x"] where we have made the substitutions for the formation and
1 + (k3)ky) [N,] + (k4 |k2)[Q]

loss rates, K and K, respectively,

=1 v= [A ]
+ kol X°] + ki — k32 [CH,] K. =0. ik, v
{8 ’ [ [4° l] ) 4 062[1+(k3/k)[Nz]+(k4/k2)[Q] k”J[X b
1+ 141] £k [X"] | (29
(4] 1+ (ka/ky) IN,] + (ky/Ky) [Q]) and

Ko=! =O.62[k8+k9[X"]

x[4']. (18)
. - . b= ~2 [4%] [47]
If the number—density ratio [4?]/[4 '] is constant, and if + [ — ki 7E ][CH4] - [ + A7]
[X "] is constant, Eq. (18) can be solved analytically upon ]
inserting the exponential form of Eq. (12) into it. The result % &k [Xx°] } 1)
is 1+ (ky/ky) [N, ] + (Kkiky) [Q]
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Figure 9 shows the data plotted according to Eq. (19). The
curve through the data is a least-squares fit. The result from
thefitis K, =174s " 'and K;='= — 1845~

Using the N,(B) vibrational distribution we observe
from reaction (1), we calculate £; = 0.2 and the ratio [4 2]/
[4'] = 0.7. These values agree quite well with our observa-
tions from this series of experiments. The rate coefficient for
reaction (16) is 1.5 1072 cm® molecule~'s~! forv =1
and 3.1 X 10~ "2 cm? molecule ™! s~ for v = 2.%° Combining
these values with the value of k,, the quenching rate coeffi-
cients given above, and the number density for N,(X,v = 5-
10) which we have estimated from Penning ionization mea-
surements to be 1.4 X 10" molecules cm >, we calculate a
value for K, of 280 s™' if we neglect the direct excitation
channel to produce N, (4,v = 1) from N, (4,0 = 0). Assum-
ing that kg and k, are the same for v = 1 as they were for
v =0, we calculate a value for K{=' of — 154 s~ Given
the experimental uncertainties in this study, the much better
than factor of two agreement between observed and calculat-
ed formation and loss rates must be considered quite good.
This agreement doesn’t preclude a direct excitation channel.
Rather a direct excitation is not required to explain the ob-
servations.

IV. DISCUSSION
A. Mechanism

We have shown that the reaction between N,(4) and
N, (X,v) results in efficient excitation of N,(B). The ques-
tion arises as to whether the molecule originally in the 4 state
is excited to the B state by the influx of the vibrational energy

0.5 T I ,
o
0.4 | _
o
0.3 |- _
e
23
<<
NN
Z2
02 | _
01 _
0.0 I ] ]
0 2 4 6 8

TIME (ms)

FIG. 9. Ratio of the number densities of N,(4,v=1) toN,(4,v=0) asa
function of time. The line through the data is the least-square fit to Eq. (19).

from the X-state molecule, or whether the X-state molecule
is excited to the B state in an electronic-energy transfer from
the A4 state. We think that the latter is more likely.

One model that has become quite popular for rationaliz-
ing energy-transfer observations involves comparing rate co-
efficients with the product of the Franck—Condon factors of
the two transitions involved in the energy transfer and multi-
plying that result by the absolute value of the energy defect of
the reaction.**~>* While we?*?%-> and others®>>¢ have shown
on several occasions that this model is inadequate to describe
the details of state-to-state observations, it may have some
validity as a qualitative predictor.

For the case of direct excitation of the 4 state by the X
state, we find that Franck—Condon factors coupling vibra-
tional level O of the A state with various B-state vibrational
levels become vanishingly small (g,,- < 10™*) for transi-
tions to B-state levels greater than v = 5. The implication,
therefore, is that population rates of the higher B-state vibra-
tional levels should be negligible. The higher vibrational B-
state levels would be more readily excited from vibrationally
excited N, (4). Thus where the 4 state excited directly to the
B state one would see a strong dependence of the B-state
vibrational distribution on that of the 4 state. This depend-
ence is not observed.

The situation is markedly different for the case of elec-
tronic energy exchange. When N, (4,v = 0) transfers all of
its energy to a given X-state level, the Franck—Condon factor
coupling that level to the most nearly resonant B-state level
is in all cases greater than 2 X 1073, and in most instances
greater than 10~ The Franck—Condon factor coupling vi-
brational levels zero of the X and 4 states is small, 1 X 1073,
but nonnegligible.

On the basis of just the Franck—-Condon factors, the
transfer appears even more facile if the 4 state does not give
up all its energy in the transfer. For example, the collision
between N, (4,0 = 0) and N, (X, v = 16) to produce N, (X,
v=13) and N,(B,v =8) has a Franck—-Condon product
three orders of magnitude greater than does the generation
of N, (B,v = 8) and N,(X,v = 0) from the reaction between
N,(X,v = 11) and N, (4,v = 0). This advantage will be off-
set somewhat by the lower number density in vibrational
level 16 of the X state compared to that in vibrational level
11. The main point is that the Franck-Condon model ap-
pears to favor quite strongly the electronic-energy exchange
channel.

The somewhat related observations of Pravilov er al.>
demonstrate rather unequivocally that electronic-energy ex-
change does occur in collisions between ground-state and
electronically excited nitrogen molecules. They studied the
formation of the N, ( B) state produced from N-atom recom-
bination. Upon adding isotopically labeled nitrogen to their
afterglow, they noted a strong shift in the positions of the
first-positive bands. The observed fluorescence was from the
isotopically labeled molecules which had been excited in an
energy-transfer reaction with B-state molecules initially ex-
cited in the N-atom recombination.

B. Related studies

Hayes and Oskam' monitored the decays of N,(A4) and
N, (B) in the afterglow following a discharge pulse in a static
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cell. They attributed the excitation of N,(B) to result pri-
marily from energy pooling of two N,(4) molecules. They
noted, however, that the variation in the ratios of the A4 state
intensity to that of the B state was less than quadratic
throughout the afterglow. Quadratic behavior would be ex-
pected in the event of excitation by N,(4) energy pooling.
Furthermore, this deviation from quadratic behavior was
greater for longer discharge pulses. They suggested reaction
(1) as a second mechanism which might be responsible for
some of the N, (B) excitation.

Our results show that reaction (1) is indeed efficient.
Evidently, the longer discharge pulses in Hayes and Oskam’s
apparatus result in increased production of N,(X,v). The
N, (B) excited from reaction (1) as opposed to the energy-
pooling reaction, therefore, would become more and more
significant as discharge-pulse lengths grew. Hayes and Os-
kam tried to eliminate the effects of reaction (1) by extrapo-
lating their results to vanishingly small discharge-pulse
lengths. The much larger value they reported for the energy-
pooling reaction than that which we reported recently”® in-
dicates that they were not completely successful in this en-
deavor. Our energy-pooling results should not have been
contaminated by reaction (1). Penning-ionization measure-
ments of our N, (A4) discharge source indicate an absence of
N, (X,v).5

Over a number of years, Kenty studied the orange
afterglow resulting from passing current pulses through
high pressure mixtures of rare gases containing a trace of
nitrogen. He showed that these afterglows did not result
from N, (B) excitation due to N-atom recombination, and
suggested that the B state was excited by collisional transfer
from a long-lived metastable in the afterglow. He proposed
that this metastable was N,(#3A,,). Our results indicate
that a more likely explanation for Kenty’s observations is the
energy-transfer reaction between N,(4) and N,(X,v). He
did suggest this possibility himself in one of his later publica-
tions,* but even his last publication® championed N, (W) as
being primarily responsible for his observations. Clearly the
close coupling between the B and W states***"5* means that
the characteristics of the latter state might affect the ob-
served B-state fluorescence. The primary excitation channel,
however, is most likely reaction (1).
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