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ABSTRACT: Emissions from the 1S and 1D excited states of atomic oxygen play a
Ž .prominent role in creating the dramatic light displays aurora borealis seen in the skies

over polar regions of the Northern Hemisphere. A probabilistic asynchronous cellular
wautomaton model described previously Seybold, Kier, and Cheng, J Phys Chem 1998,

x102, 886]891 has been applied to the excited-state dynamics of atomic oxygen. The
Ž3 .model simulates the time-dependent variations in ground P and excited-state

populations that occur under user-defined probabilistic transition rules for both pulse
and steady-state conditions. Although each trial simulation is itself an independent
‘‘experiment,’’ deterministic values for the excited-state emission lifetimes and quantum
yields emerge as limiting cases for large numbers of cells or large numbers of trials.
Stochastic variations in the lifetimes and emission yields can be estimated from repeated
trials. Q 1999 John Wiley & Sons, Inc. Int J Quant Chem 75: 751]756, 1999
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Introduction

n Roman mythology Aurora was the goddessI of the dawn, who rose each morning from the
ocean and brought light to Earth. The Greeks called
her Eos. The aurora borealis, or northern lights, is

Correspondence to: P. G. Seybold.

a dramatic light display that appears occasionally
in the upper atmosphere in northern latitudes
w x1]3 . The corresponding display in the south po-
lar regions is called aurora australis. Similar emis-
sions can be detected from the atmospheres of
Mars and Venus.

It is now known that emissions from excited
oxygen atoms play a prominent role in these dis-
plays. Recent experimental and theoretical work

( )International Journal of Quantum Chemistry, Vol. 75, 751]756 1999
Q 1999 John Wiley & Sons, Inc. CCC 0020-7608 / 99 / 040751-06
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suggests that an important channel for formation
of these excited atoms is dissociative recombina-
tion of Oq, formed during the day by ultraviolet2
irradiation in the ionosphere, with cold electrons
w x4, 5 :

q y U UU Ž .O q e ª O q O 12

Ž U UUHere O and O represent potentially excited
.oxygen atoms. Other processes also produce ex-

cited oxygen atoms, including the photolysis of
U w xozone, O q hn ª O q O 6 . Three states arise3 2

4 w x 1from the atomic oxygen p configuration 7 ; a S
y1 Ž . 1state at 33,792 cm 4.189 eV , a D state at 15,868

y1 Ž . 3cm 1.967 eV , and the ground P state, with
J s 0, 1, and 2 sublevels at 226.5, 158.5, and 0
cmy1, respectively. These states are illustrated in
Figure 1. The prominent aurora green line at 5577
˚ 1 1A is caused by the forbidden S ª D transition.

˚ 1 3Red lines at 6300 and 6364 A come from D ª P
˚transitions, and an ultraviolet line at 2972 A arises

from the 1S ª 3P transition. All of these transitions
w xare forbidden by the LaPorte rule 8 , and the last

two are also spin forbidden.
Traditionally excited-state dynamics have been

analyzed by solving sets of coupled differential
rate equations which describe the interrelation-
ships and transition rates among the states. Al-
though it is not normally made explicit, these
equations and their solutions are valid only in the

Ž .deterministic limits of either i very large num-
Ž .bers of particles or ii very large numbers of trials

FIGURE 1. Excited states and transitions of atomic
oxygen.

for single particles. We have recently presented an
alternative, general model for first-order molecular

w xkinetic processes based on cellular automata 9 .
The cellular automata model is stochastic in nature
and can be applied to both single ingredients and
larger ensembles. Traditional deterministic solu-
tions emerge naturally from the model as limiting
cases for either large numbers of ingredients or
large numbers of trials. As one application of the
model, a general cellular automata treatment of
molecular excited-state dynamics has also been

w xintroduced 10 . In the present study we present a
specific application of the latter excited-state model
to the excited-state dynamics of atomic oxygen, as
exhibited in the atmospheric displays observed as
northern lights.

Methods

The general concepts of cellular automata have
w xbeen extensively covered in the literature 11]16 ,

and the features of our own models have also been
w xdescribed 9, 10, 18 so that only a brief summary

will be given here. Cellular automata typically
treat systems composed of ingredients which oc-
cupy the cells of one-, two-, or three-dimensional
grids. Normally the ingredients, which in the pre-
sent case represent oxygen atoms, can move to
unoccupied cells and may also be capable of
changing their states, these actions being deter-
mined by local rules specified by the model. Time
steps occur as discrete iterations in which the rules
are applied. The ensemble of ingredients evolves
in time in accordance with the specified rules and

Žmay exhibit quite complex behaviors char-
.acterized as ‘‘emergent properties’’ even when

relatively simple rules are employed.
In the present first-order model a two-dimen-

Ž .sional N = M usually 100 = 100 rectangular grid
is used, movement rules are unnecessary, and only

wprobabilistic state-transition rules are invoked 9,
x10 . The latter probabilistic rules govern the likeli-

hood of transitions between the states of the oxy-
gen atoms. During each iteration, all of the ingre-
dients in the grid are interrogated in random order
and given an opportunity to act; hence the au-

Žtomata to be described are asynchronous. The or-
der of interrogation is immaterial in the present
work but can be important in other studies, e.g.,
when the transition probabilities depend on the

.natures of the neighboring cells. A visual display
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of the model’s evolution is provided in which the
oxygen atomic states are represented by different
colors of the cells of the grid, and an inventory is
kept of the numbers of cells of different colors and
their transitions as the system evolves. Because of
the probabilistic rules, each trial simulation is an
independent ‘‘experiment.’’ Statistical information
can be obtained by performing repeated trials and
analyzing the results.

The transition probabilities between the states
w xwere obtained from the compilation of Okabe 18

and are as follows:

1 3 y1Ž .Prob S ª P : 0.067 s
1 1 y1Ž .Prob S ª D : 1.34 s
1 3 y1Ž .Prob D ª P : 0.0051 s

Since the probabilities used in the simulations must
necessarily all be less than unity, the above figures
were divided by 10, so that in effect each iteration
in the model corresponds to an elapsed time of
0.1 s.

Ž .Three cases were examined: 1 decay starting
with all O atoms in the uppermost 1S state, illus-
trating both direct decay to the 3P state and cas-

1 Ž .cade via D; 2 decay of a mixed population of
states representative of the experimentally ob-

w xserved yields 4 of the dissociative recombination
q Ž .of O ; and 3 a steady-state condition in which2

transitions from the ground 3P state repopulate
the excited 1S and 1D states in the same ratio as
used in case 2. In the last case, for purposes of
illustration, arbitrary probabilities were tested for
the repopulation process, the rate of which varies
with atmospheric conditions. These last probabili-
ties represent the overall process consisting first of

Žrecombination of the oxygen atoms O q O q M
.ª O q M and then ionization of the resulting2

Ž q y.molecular oxygen O q hn ª O q e .2 2

Results and Discussion

CASE 1: DECAY OF THE 1S STATE

For this case all cells were initially placed in the
1S state. To illustrate the stochastic character of the
model, two model simulations were carried out,
the first using a 20 = 20 s 400 cell grid and the
second using a 100 = 100 s 10,000 cell grid. The
results for the 400-cell simulation are shown in

Ž . 1Figure 2. From Figure 2 a it is apparent that the S
state quickly decays, essentially disappearing by

FIGURE 2. Variations in the state populations during
1 ( ) ( )decay of the S state at a short times and b longer

times, as simulated by a 400-cell cellular automaton.

about 30 iterations, corresponding to 3 s elapsed
time. The decay path is predominantly to the 1D
state, with only a handful of the cells converting to
the 3P ground state. As transitions from the 1S
state occur the 1D state population increases,
reaching a maximum at ca. 25]30 iterations. There-
after the 1D population begins a slow descent as
transitions to the ground state exert their influ-
ence. A view of part of the later stages is given in

Ž .Figure 2 b . Because the number of ingredients
involved in the simulation is finite and modest,

Žthe population curves are not entirely smooth. A
smaller cell count would display even greater

.raggedness.
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For a set of 10 trial simulations the half-lives
t for decay of the 1S state ranged from 3.9 to 4.81r2

Ž1 .iterations, with an average t S s 4.5 " 0.3 it-1r2
erations. Since the lifetime is related to the half-life

Ž1 .as t s t rln 2, this translates to t S s 6.5 "1r2 1r2

0.4 iterations, or 0.65 " 0.04 s. The reported value
w xfor this lifetime is 0.71 s 12 . The quantum yields

Ž1 3 .f S ª P in these same ten trials ranged from
0.0275 to 0.055, showing the highly stochastic na-
ture of the variations found when small numbers
of ingredients are involved. The average quantum

Ž1 3 .yield for this transition was f S ª P s 0.043 "
0.010 and that for transition to the 1D state was
Ž1 1 .f S ª D s 0.957 " 0.010. The deterministic

quantum yields expected on the basis of the transi-
Ž1 3 .tion probabilities are f S ª P s 0.048 and

Ž1 1 .f S ª D s 0.952.
In this same series of trials the 1D half-life

ranged from 1307 to 1481 iterations, with an aver-
Ž1 .age t D s 1368 " 62 iterations, which corre-1r2

Ž1 .sponds to a lifetime t D s 197.4 " 0.9 s. The
experimental value given by Okabe is t s 150 s
w x18 . The difference in the lifetime values noted
here prompts several comments. First, it is likely
that this difference falls well within the normal
uncertainty, experimental and theoretical, for such
a transition. Lifetimes of long-lived atomic and
molecular states are notoriously difficult to mea-
sure accurately, since the excited species involved
are extremely vulnerable to collisional and other
Ž .see below quenching processes, and the experi-
mental value is given only to two significant fig-
ures. It is also clear that the transition probabilities
employed are approximate and could easily be
adjusted to exactly match the observed lifetime.
However, given the uncertainty in the observed
lifetime, the latter procedure seems hardly justi-
fied in this instance. Since only a single decay
channel for the 1D state is included in the model,
the quantum yield of emission for this state is the
same, f s 0.957, as its yield via the radiative
1S ª1D transition.

In contrast to the 400-cell simulation, the simu-
lation with 10,000 cells, a number which approxi-
mates the deterministic limit, shows a much

Ž .smoother variation in the state populations Fig. 3 .
Ž .Figure 3 a shows the early stages of this evolution

with the rapid decay of the 1S state and initial
1 Ž .buildup of the D state. Figure 3 b illustrates the

later progression toward complete decay to the 3P
state. In Figure 4 the logarithmic decay curves of
the 1S and 1D states are shown. Both decays are

FIGURE 3. Variations in the state populations resulting
1 ( ) ( )from decay of the S state at a short times and b

longer times as simulated by a 10,000-cell cellular
automaton.

seen to approximate the expected exponential
falloffs until the numbers of respective ingredients
remaining become too small for statistical validity.
The lifetime values obtained from fitting the expo-
nential decays for this single trial with 10,000 cells

Žwere ignoring significant figures for purposes of
. Ž1 . Ž 2 .illustration t S s 0.669 " 0.004 s r s 0.998

Ž1 . Ž 2and t D s 199.20 " 0.01 r s 0.9998 for the in-
.terval 70]4500 iterations . The quantum yields for

Ž1 3 .this single run were f S ª P s 0.049 and
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( ) 1 ( )FIGURE 4. Decay profiles for a the S state and b
the 1D state as simulated by a 10,000-cell cellular
automaton.

Ž1 1 .f S ª D s 0.951, compared to the theoretical
yields of 0.048 and 0.952, respectively.

CASE 2: DECAY OF A
DISTRIBUTED POPULATION

w xKella et al. 4 have estimated the relative yields
of the O atoms produced in the dissociative recom-

q w Ž .x 3bination of O reaction 1 to be 43% for the P2

state, 54.5% for the 1D state, and 2.5% for the 1S
state. A simulation was carried out with the
10,000-cell grid to illustrate the time-dependent
population variations arising from such an initial
distribution. The results are shown in Figure 5. As
in case 1, the 1S population rapidly disappears,
whereas the 1D population quickly peaks and then
more slowly decays while it replenishes the ground
3P state population.

CASE 3: STEADY STATE

In this study probabilities for production of
both the 1S and 1D states from the 3P state were
introduced. The rates were chosen to be consistent
with the experimental yields described above for
the production of excited oxygen atoms by disso-

w xciative recombination 4 . In a first study the tran-
Ž3 1 .sition probabilities were set at P P ª S sT

Ž3 1 .0.000025 and P P ª D s 0.000545. The resultsT
for these rates are shown in Figure 6, where it is
clear that a high steady-state population of the 1D
state arises because of the long lifetime of this

Žmetastable species. A second study not illus-
.trated with higher rates for these processes

showed an even greater steady-state accumulation
in the 1D state, as well as considerable depletion of
the 3P state. It seems possible that a similar popu-
lation inversion might occur in the atmosphere in

FIGURE 5. Time-dependent variations in the state
populations following generation of a population
representative of dissociative recombination, as
simulated by a 10,000-cell cellular automation.
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FIGURE 6. Approach to steady-state conditions from
a population originally in the ground 3P state.

polar regions when atmospheric conditions are fa-
vorable, and it has not escaped our attention that
the conditions illustrated in Figure 1, combined
with the metastable nature of the 1D state, are
strikingly similar to the classic structure found in a
three-state laser. While general atmospheric condi-
tions would hardly seem suitable for laser action
per se, it does appear possible that stimulated

Ž .emission might contribute to some unknown ex-
tent to the decay of the 1D state in the upper
atmosphere, thereby shortening its observed life-
time.

Conclusions

Three models have been applied to the excited-
state dynamics of atomic oxygen to illustrate the
ability of relatively simple cellular automata mod-
els to simulate the time-dependent variations in
the populations of excited- and ground-state atoms
in a real experimental milieu. The models, based
on reported transition probabilities, provide a con-
sistent picture of the excited-state dynamics of
oxygen atoms in the upper atmosphere, including
values for the state lifetimes and quantum yields
of emission. An interesting outgrowth of the
steady-state model is the conjecture that stimu-
lated emission may contribute to the decay of the

long-lived 1D state. Cellular automata models can
supplement or even, in some applications, replace
the traditional approach to such problems, which
relies on the solution of a set of coupled differen-
tial equations. Since the cellular automata models
are based on a simple set of rules and operate on
finite elements, we argue that such models have
an attractive heuristic quality and correspond more
closely to the experimental situation on the atomic
and molecular level than do the abstract equations.
In addition, the cellular automata models provide
stochastic and statistical information that is miss-
ing from the traditional approach.
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