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Summary

The rate of formation of O,(b) when oxygen atoms recombine has been
monitored in a fast flow system by following the emission at 762 nm as a
function of time. The formation rate was found to be very sensitive to the
amount of O, in the stream. A kinetic study of this process showed that it
could be described by a mechanism in which the recombination of oxygen
atoms in a termolecular reaction forms an unidentified precursor that is
quenched principally by oxygen atoms and yields O,(b) through collisions
with oxygen molecules. Several of the rate constants for the reactions
involved have been determined at 300 K. The relevance of these results to
the night airglow is discussed.

1. Introduction

The factors that control the yield of any electronically excited state
formed by atom recombination remain to be established. It has been
suggested that two such factors might be the relative degeneracies of the
bound states and the shapes of the potential energy curves at large inter-
nuclear distances [1]. However, there is as yet no certainty that these factors
are indeed important or that there are not other unidentified tontrolling
factors. Consequently it remains important to establish experimentally the
yields of such states during atom recombination.

For O, the determination of the yields of the various bound elec-
tronically excited states that correlate with O(°P) atoms is of practical
significance because emission from all these states is observed in the night
airglow [2, 3]. For example, an emission of about 6 kilorayleighs (kR)
(corresponding to about 3.2 X 10® photons ecm™3 s !) has been reported at
762 nm from O,(b). This emission has been reported to be centred at an
altitude of 94 km [3] where [O] =5 X 10!! atoms em™3, [N,] =3 X103
molecules cm™3, [0,] = 5 X 10'2 molecules cm™ 2 and the total particle con-
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centration [M] = 8.5 X 10!3 molecules cm™ 3. Assuming that the emission is
excited by the reactions

O+0+M—> O,b) + M (1)
Oa(b) + N — Oyx(a) + N, (2)
O,(b) — Ox(X) + kv (3)

where k3 = 0.079s7 ! [4]) and k, = 8 X 1075 cm?® molecule™® s7! [5] the emis-
sion intensity at 94 km should be given by
k,[0]?[M]
1 + (k3/k3)[N,]

I(762 nm) =

It follows that a value of about 3 X107 3% ¢cm® molecule 2 57! is required for
k, to account for the observed emission intensity. This corresponds to about
30% of the total recombination rate constant at 196 K [6].

A laboratory study of reaction (1) was undertaken by Young and co-
workers [7, 8]. They determined a value of 1.7 X 10737 ¢m® molecule % 5!
for k,, which is more than four orders of magnitude smaller than the value
required to explain the nightglow emission. However, one of their qualita-
tive observations indicates that it may be possible to reconcile the laboratory
and the atmospheric results. Young and Black [8] observed that when small
amounts of O, were added to the gas stream containing only N, and oxygen
atoms there was a sharp increase in the O,(b) produced. Their experiments
were carried out in a bulb with a long residence time and it was consequently
difficult to unravel the mechanism by which the O, affected the production
rate. They did suggest, however, that their observations were consistent with
the formation of a precursor in the recombination process, followed by
conversion of this precursor to O,(b) in collisions with O,. Young and Black
suggested that the precursor might be O,(X, v = 9) or O,(a, v = 3).

More recently Witt et al. [9] showed that the direct recombination
mechanism described by eqn. (1) could not be fitted to their night airglow
measurements, whereas an indirect mechanism involving a precursor could be
fitted to their data provided that about 80% of the recombining oxygen
atoms form the precursor and almost every precursor that is quenched by O,
produced O,(b).

In 1983 Kenner and Ogryzlo [10] reported that when O, is added to
a stream of Oj(c, v =0) molecules, O,(b) is produced. Although they
suggested that this lends support to the proposal of Witt et al. [9], it is
worth observing that their system [10] also contained O,(A) and O,(A’)
molecules in vibrational levels up to v’ = 5, which could also act as precursors
for O4(b).

In the work described in this paper we have prepared oxygen atoms in
an O,-free fast flow system and have followed the appearance of O(b) in an
attempt to determine the mechanism and rate constants that govern its
appearance.
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2. Experimental procedure

The discharge flow system used to measure the formation of O,(b) is
shown in Fig. 1. N, and NO in N, (9.81%) were obtained from Linde
Speciality Gases and used directly from the cylinders. Further purification of
these gases yielded the same results and was discontinued. N, was admitted
to the flow system through a needle valve into a quartz tube (inside diam-
eter, 10 mm) that was inserted into a 2.45 GHz discharge cavity. The NO-
N, mixture was added through a titration inlet 3 cm above the main observa-
tion vessel (60 mm (inside diameter) X 70 cm). Oxygen (Matheson ultrahigh
purity grade) could be added at various points along the tube through a
movable multiple-jet inlet that facilitated rapid uniform mixing of the gases.
The system was evacuated using two 500 1 min~! (at standard temperature
and pressure) high vacuum pumps in parallel and flow rates of up to 2 m s™!
could be obtained in the main flow tube. A large orifice valve between the
system and pumps was used to throttle the flow rate as required. Gas pres-
sures in the system were measured using a Baratron capacitance manometer
((0 - 10) £ 0.001 Torr (absclute)).

1

5 NO/N; —» =N,
% -—0,
| .
Vacuum n 3
Pumps

Fig. 1: Schematic diagram of the apparatus: 1, 2.45 GHz discharge cavity; 2, capacitance
manometer; 3, variable inlet; 4, honeycomb collimator; 5, monochromator; 6, photo-
multiplier in cooled housing; 7, high voltage power supply; 8, preamplifier; 9, photon
counter; 10, chart recorder.

The walls of the observation tube were coated with a thin film of halo-
carbon wax (Halocarbon Products Corporation series 12-00) to minimize
heterogeneous atom recombination and deactivation of O,(b). This was done
by washing the tube with a saturated solution of the wax in chloroform and
allowing the solvent to evaporate. The discharge tube walls were poisoned
with syrupy phosphoric acid to suppress atomic nitrogen recombination.
Prior to the NO-N, titration inlet the partially dissociated gas was passed
through a glass wool plug to remove vibrationally excited N, [11].

O,(b) was monitored along the flow tube by the O,(b) = 0,(X) (0,0)
emission at 762 nm. A blackened honeycomb collimator was fitted to the
entrance slit of a 0.25 m Bausch and Lomb monochromator to limit its field
of view to 1 cm of the horizontal axis in the centre of the main flow tube. A
filter was used to eliminate lower order transmissions from the 1 um blazed
grating. The light was detected with an RCA C31034 (60 ER GaAs response)
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photomultiplier tube housed in a thermoelectric cooled housing maintained
at —20.0 °C. The output signal of the photomultiplier was conditioned by a
preamplifier and fed to an Ortec photon counting system and then to a strip
chart recorder.

The atomic oxygen was generated by adding NO to the atomic nitrogen
stream until the “null point’’, where the concentration of atomic oxygen was
equal to the amount of NO added.

The detector system was calibrated for the measurement of absolute
intensities by observing the NO, continuum emission from known concentra-
tions of NO and atomic oxygen [12]. The absolute emission rate constants
reported by Sutoh et al. [13] were used in the calibration.

3. Results

3.1. Steady state measurements

Preliminary observations on the appearance of O,(b) in the stream of
oxygen atoms confirmed earlier reports [7, 8] that indicated that the addi-
tion of small amounts of O, greatly enhanced the production of O,(b). How-
ever, the behaviour of the Oj,-induced emission was not found to be consis-
tent with a simple accelerated termolecular process described by reaction (1)
with M = O,. Since the quenching of O,(b) by O, is less efficient than
quenching by the principal bath gas (N,), the removal of O,(b) is governed
by reaction (2) and should remain constant as O, is added. A simple first-
order dependence of the emission intensity on [O,] should therefore be ob-
served. However, as shown in Fig. 2, the steady state concentration of O;(b)
reaches a maximum with the addition of a relatively small amount of O,.
Such behaviour is inconsistent with the simple mechanism described by eqgns.
(1) and (2). However, the observation can be explained if the recombination
of atoms produces a precursor (O,*) that is converted to O,(b) only in colli-
sions with O,. This mechanism, which also assumes that O,* is quenched
principally by oxygen atoms in the absence of O,, is described by reactions
(2), (3) and the following:
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Fig. 2. oz(blz;) concentration as a function of added O, ([O]= 2.14 X104 atoms
cm 3; [N;] = 6.62 X 106 molecules cm™3).
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O+0+M—>0,*+M (4)
0,* + O —> quenched products (5)
0,* + O, — all products (6a)
O," + O, —> Oy(b) + O, (6b)

where the rate constant for reaction (6b) is vk¢ and 7y = 1 if the products of
reactions (6a) and (6b) are the same. This mechanism predicts an O,(b)
steady state concentration given by the following rate law:
k4ke[0]%[0,]1[M
[04(b)],, = Ykake[0]“[0,1{M] 7
k3 [N2](k5[O] + k6[0-])

If this energy transfer mechanism is correct, then when the O, concentration
is large so that k,[O,] > k5{O] the rate law reduces to the form

vka[M]
[0xb)ls = ———[O]? (8)
? k5[N]
and, when the O, concentration is small, reduces to the form
Tkake[M]
0,(b)}e = ———————[0O1[0 9
[Oa(b)] kskz[Nz][ 1O:] (9)

An experimental test of these predictions is contained in the measurements
summarized in Figs. 3 and 4. Figure 3 shows that at high O, concentrations
the emission from O,(b) is second order in [O], consistent with egn. (8). In
Fig. 4 the same type of plot yields a first-order dependence on [O] when
[O;] is small, as predicted by eqn. (9).

The gradual change in the dependence of the O,(b) steady state concen-
tration on [O,] from first order (as predicted by egn. (9)) to zero order (as
predicted by eqn. (8)) is illustrated by the curve in Fig. 2.

To extract rate constant ratios from these steady state experiments eqn.
(7) was rearranged to the form
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Fig. 3. A plot showing the second-order dependence of [Oz(bIE 1 on atomic oxygen at
relatively high concentrations of O, ({0,] = 6.24 %X 1015 molecules cm™3): slope of line, 2.

Fig. 4. A plot showing the first-order dependence of [Oy(b1Z "')] on atomic oxygen at

relatively small concentrations of O, ([0;] = 4.48 x 1014 molecules em™3): slope of
line, 1.
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[O1*[M] _ k2 (ks[O} +1)
[Ox(b)]IN,] Yka\ks[O-]

and the left-hand side was plotted against the ratio [0]/{O,] as shown in
Fig. 5. (The data for Fig. 5 are given in Table 1.) The intercept and the ratio
of the slope to the intercept of the line drawn through these points yield

k

2 4 = (6.1 £ 2.8) X 1072 cm? molecule™!
2

and

ks

25 _26x1.2

6

3.2. Rise time measurements
In the absence of added O, the O,(b) concentration at the first observa-

tion point was undetectably small when (1 -4) X 10!% oxygen atoms cm™3
were allowed to flow into the observation tube. Under these conditions the
O,(b) concentration slowly built up to a value of about 7 X 10® molecules
cm™3 at the end of the observation tube. Measurements on this system are
difficult to interpret because the O, concentration is slowly building up
along the tube and this molecule greatly increases the O,(b) formation rate.
When O, is added to the stream in the observation area there occurs a
dramatic increase in the rate of formation of O,(b) as shown in Fig. 6. When
excessive amounts of O, are added the O,(b) concentration passes through a
maximum and then decreases towards the end of the tube. Under these con-
ditions the oxygen atom concentration is found to be depleted by

and all the “drop’’ of the O,(b) steady state concentration in this region can
be accounted for by this loss of atoms together with a small contribution from
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Fig. 5. Overall dependence of the Ox(b!Z, *) concentration, corrected for [0}, [M] and
[N2], as a function of the [0]/[0,] ratlo slope, 4.3 X 10'° molecules cm —3; intercept,
1.6 X 10'® molecules cm™

Fig. 6. [oz(blz;)] as a function of distance along the flow tube. The numbers on each
curve show the amount of O, (mTorr) added at the 15 ¢m position.
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O,(b) + O; — quenched products (11)

To obtain rate constants for reactions (4) and (6), experiments were con-
ducted at O, concentrations that are low enough to avoid depletion of
atomic oxygen by reaction (10), but large enough to make reaction (4) rate
controlling. Under these conditions the rise of the O,(b) concentration from
the point of O, addition is illustrated in Fig. 7. It is not difficult to show
that the rate at which O,(b) rises to the steady state concentration [O,(b)],
is given by

[O2(b)]rer = [O2(b)]es exp(—Fk,[N2]1t) (12)
where
[O2(b)]rer = [O2(b)]ss — [O2(b)]; (13)

The quenching rate constant k2, can therefore be obtained from the plot
shown in Fig. 8. From the slope of this line

ky=2.9X1071 cm? molecule !s!

vk 4 can be calculated from the steady state concentration using the relation-
ship

Yk4[0),:2[M] = k3 [O2(b)]s[N>] (14)
From the steady state limit in Fig. 8 we obtain

yk4=1.34 X 107** cm® molecule ? 57!

k4 can also be obtained by combining the above value of k, with the ratio
YR,
k2
which was obtained in Section 3.1. This yields a value of

YRs=1.77 X 1073* cm® molecule™? 57!

=6.1 X102% cm?® molecule™!

A weighted average of all our measurements yields a value of Yk, = (1.6 £
0.6) X 1073* cm® molecule 257 1.
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Fig. 7. The [oz(blz;)] resulting from the addition of O, at ¢ = 0 as a function of time.

Fig. 8. A linear plot based on eqn. (12). The data are taken from Fig. 7.
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4. Discussion

The results presented in this paper confirm the earlier measurements
that show that the direct formation of O,(b) in reaction (1) is a very ineffi-
cient reaction that could not account for the night airglow. The kinetic
evidence is consistent with an excitation mechanism in which the recombina-
tion of oxygen atoms produces an excited state of O, (the “precursor’’) that
is quenched by oxygen atoms and can yield O4(b) only in collisions with O,.
A quantitative analysis of our experimental data in terms of this mechanism
yields an O,(b) quenching constant given by

E,=2.9X10 !5 ecm? molecule ! 57!

that is consistent with earlier values [5]. A value of 1.6 X 1073* for vk,
means that if reaction (6) yields O,(b) with a quantum yield of unity

E,=1.6 X103 cm® molecule 2 571

However, if <y is less than unity, k, is proportionately larger. It follows that if
the total atomic oxygen recombination rate at room temperature is 4.8 X
10733 cm® molecule™? s7! [6], the precursor is a state into which at least 3%
of the recombination occurs.

Although it is not possible to determine the individual rate constants k&
and kg, the ratio

that we obtained is potentially useful in the identification of the precursor
O,*. Currently this ratio of rate constants has only been reported for
O,(A3Z,", v=0-4) where ks/kg= 100 [10] and Oy(c'Z,, v = 0) where ks/
k¢ = 200 [10]. It would therefore appear that none of these is an acceptable
precursor for O,(b). However, it remains possible that higher vibrational
levels of either of these states could be the precursor. The unobserved, but
apparently weakly bound, O,(°I],) state also remains a possibility [1].

If we attempt to apply our data to the night airglow several problems
arise. Simple steady state analysis of the mechanism described by eqgns.
(2) - (6) yields

k4i[01%[0O,][M
/(762 nm) = YR 4[O]°10,1[M] (15)
(Bs/kg[O] + [O,])(1 + k,/k;3[N,])
where
vka=1.6 X 10734 cm® molecule 2 57!
.’.z_s =926
ke

k
—2 = 3.7 X107 % cm?® molecule™!
3



398

and the particle concentrations are those listed in Section 1 (i.e. at 94 km).
Substitution of these values into eqn. (15) yields an emission intensity of
530 photons cm ™3, which is only about 16% of the observed emission.

There are several reasons why our constants might yield a small value
for this intensity. Firstly, our values have been determined at 300 K. The
temperature at 94 km is closer to 190 K. In view of the increase in the total
recombination rate constant with decreasing temperature [6] it is quite pos-
sible that &k, is larger at lower temperatures. Secondly, our experiments are
conducted at pressures that are almost four orders of magnitude higher than
those that occur near 94 km. In view of the fact that O,* is most probably
electronically excited oxygen with an unrelaxed vibrational distribution, it is
likely to have a much higher vibrational temperature in the upper atmo-
sphere where fewer collisions occur. Consequently a more efficient produc-
tion of O,(b) from the precursor is not unreasonable.
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