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MOLECULAR BEAM CHEMILUMINESCENCE STUDIES OF THE NO + 03 REACTION

AND MODELING OF GLOBAL NO2 DISTRIBUTION

Marta Kowalczyk

ABSTRACT

The results of a crossed molecular beam study of the chemiluml-
nescent reaction NO * O3 — NOZ* + O2 are discussed., The chemilumi-
nescence as a function of collision energy and an excitation function
were obtained using a translationally cooled supersonic NO beam.

The results have verified a steep translational energy dependence.
An investigation into the role of the internal energy states using

an effusive NO beam and a supersonic O, beam has been presented, The

3
results show that chemiluminescence enhancement occurs when high and
low temperature NO experiments are compared. It was shown that this
enhancement was inconsistent with the assignment that the upper fine
structure staté NO(ZJtB/Z) was entirely responsible for the enhance-
ment, The role that other energy modes may have is discussed. The
observed enhancement 1s consistent with the concept that the chemi-
luminescence cross section increases with NO molecular rotation for
low J states,

The second part discusses the role of NO2 in preserving a global
ozone balance, NO, vertical profiles based on Noxon's (1979)
column measurements were derived. The method of instantaneous rates

was used to calculate the rate of ozone production and destruction

by Ox and NOx‘on a grid that covered the entire globe, The results



i1

were presented as a function of altitude and latitude in contour
plots., Various latitudinal and altitudinal sums were made and dis-
cussed, The global summation between 15 and 45 km shows that the
loss of ozone due to OX is 15 % of the ozone production rate and
that the destruction of ozone by NOx is 45 : 15 % of the production
rate, Noxon's recent recalibration of his experimental method has
increased the global estimate of NOX by 25 % (Noxon 1980), therefore

the global values for ozone destruction by NOx should be increased

proportionately.
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MOLECULAR BEAM CHEMILUMINESCENCE STUDIES OF THE NO + O3 REACTION =

I. INTRODUCTION

A, HISTORICAL BACKGROUND AND JUSTIFICATION FOR THIS WORK

The chemical reaction NO + O3 -3 NO2 + O2 has been studied ex-
tensively in the last ten years with different approaches and chemical
technigues, Thermal studies by Clough and Thrush (1967) laid the
foundation by identifying two distinct product channels for the reac-

tion with the following rate constants:

1 * 2 2

NO + 03( Al) — N0, ( B, or Bz) + 0, (1)
K(T)= 1.26 x 10—126-(4180kca,l/mole/RT)cm3 /m°§§§‘“

- No:(ZA.l) *+ 0, (2)

K(T)= 7.14 x 10-1Be~(2230kca1/mole/RT)Cm'B /molec-

sec

These authors found that under room temperature conditions.the reaction
proceeded about 7-10% through the first channel, producing electroni-

cally excited NO, in an undetermined state which eventually chemi-

2
luminesced in the visible arid the near infra-red., The second channel
resulted in vibrationally excited NO2 in the ground electronic state.
The authors accounted for the different activation energles by postu-
lating that the reaction proceeds along two entirely different poten-
tial energy surfaces and that as a result, the two channels observed
are the result of a direct collision and not due to an intermediate
complex,

The visible chemiluminescence begins at 600 nm and extends to

1400 nm with a peak around 1000 nm, The entire emission spectrum is

-shifted proportionatly toward the blue when the reactants have more

¥*

Kahler, 1980,



initiai energy such as that provided at higher reaction temperatures
or with molecular beam methods, Clough and Thrush (1967) also
concluded that the visible chemiluminescence from the NO + O reaction
involve similar internal states and transitions. The entire emission

1 which

curve for this reaction is shifted toward the blue by 7000 cm

can be accounted for by the increased exoergicity of the reaction,

A similar blue shift effect on the NO + O3 reaction has been observed

by studying the wavelength resolved chemiluminescence as a function

of added internal energy in a molécular beam §tudy (Braun et al.1974)

as well as in this study. |
The chemiluminescence intensity from this reaction has generally

been studied in a broad band fashion or at best with only a cosrse

wavelength resolution, Under such conditions it is difficult to
| assign the chemiluminescence to a particular electronic state, Studies
to elucidate this have been done ﬁsing laser induced fluorescence of

NO, in a molecular beam (Smalley et alw. 1975), however the same

2
internal states may not be operative in the chemical reaction. On
the other hand, the threshold . behavior and peak emission wavelength
of both chemical reactions and the Noz flourescence suggest that one
is sampling different parts of the NO, potential energy surface,

Attempts to identify the states in the NO + 0, reaction explicitly

3
have resulted in the conclusion that a mixture of states is respon-

sible, perhaps complicated by a mutual perturbation or by a perturba-
tion by a near lying electronic state that does not exhibit itself by
chemiluminescence, (Brand et al. 1975; Stevens and Zare 1975; Tanaka

et al. 1975).



The NO + O, reaction has been extensively studied by several

3
research teams to determine the effect on the reaction rate of vibra-
tional excitation of the reactants (Gordon and Iin 1973 , 1974; Moy
et al, 1977; Bar-Ziv et al, 1978; Kurylo et al, 1974, 1975; Braun et
al, 1974; Freund and Stephenson 19763 Stephenson and Freund 19763
Hul and Cool 1978; Hui et 51‘1975). Generally a CO2 laser was used
to excite the Vs mode of OBQ The Stephenson and Freund experiments
used a CO laser combined with magnetic state tuning to vibrationally
excite the NO molecule, Experimental results showed that the chemi-
luminescence enhancements observed were proportional to the amount of
energy pumped into the reactions which mode or which molecule intro-
duced this energy seemed to make little difference. Inelastic colli-
sions can result in rapid energy transfer among modes or to the
buffer medium and may be obscuring the effects of individual modes

on the reaction rate, One way to eliminate this complication would
be to repeat these experiments under single collision conditions,

Another type of NO + O, experiment involved the use of molecular

3
beams to determine whether chemiluminescence enhancement is due to
internal or translational energy. Since these experiments are done

under single collision conditions, problems due to competing processes
are eliminated, The first such study by Redpath et al. (1978), intro-
duced a partially relaxed supersonic NO beam into a gas cell contain-

ing O The NO was heated and cooled to change its translational

3!
energy as well as its internal energy before collision., The authors
observed a chemiluminescence threshold of 3 kilocalories per mole,

a rapidly varying cross section with translational energy and an



increase in signal at high temperatures that they assigned to electro-
nic energy contributed by the excited fine structure component in the
reactant, NO (2“3/2).

This is the first experimental example of a reaction in which the
excited spin-orbit state of a molecule seems to affect the reaction cross
section., A classical trajectory calculation of the F + H2 system does
show that one would expect the cross section to be greater for the exci-
ted spin-orbit state, F(2P3 /2) (Komornicki et al, 1976)., One would not
expect this effect on energetic grounds since the separation between the
two states is dwarfed by the exoergicity of the chemical reactlion in
both cases, However, symmetry arguments for the NO + O3 case indicate
that the upper state may be primarily responsible for the chemilumi-
nescence (vaﬁ den Ende and Stolte 1980; Redpath et al, 1978).

A similar'molecular beam and gés cell experiment was carried out
by van den Ende and Stolte (1980), at higher translational energlies., A
velocity selector was placed before the NO beam in order to separate
effects due to translation from those due to internal energy. This
simplified the analysis as well as eliminated the need for extensive
veloclity spread deconvolution. At one temperature the velocity selec-
tor was scanned to study the translational energy dependence of the »
chemiluminescent reaction cross section and the temperature was varied
to study the internal éﬁergy dependence. The results were similar to
those reported by Redpath. The threshold extrapolated from higher
energles was 2,97 kcal/mole, a similar rise in cross section with
translational energy was observed and a similar assignment of addition-

al enhancement due to internal energy which was assigned to the NO



upper spin-orbit state, It was not possible to separate the effects
of molecular rotation from the spin-orbit effect in the experiments
of both Redpath and van den Ende,

More recent experiments that include state selection and beam
orientation studies indicate that rotational rather than electronic
energy may be responsible for the observed chemiluminescence enhance-
ments, (Stolte, 1980; Anderson et al, 1980), Anderson used an inhomo-
geneous magnetic fleld to focus the NO beam in a beam-gas experiment
to separate the two spin-orbit statés before reaction, The authors
found no effect due to the electronic spin-orbit state, however, the
chemiluminescence signal depended strongly on the rotational 1eve1’
for low J,

A different kind of experiment on the same system is presently
being carried out by Valentini and Kwei, (1980). Preliminary results
of thelir crossed supersonic molecular beam differential scattering
experiments show two peaks in the angular distribution for the NOZ
product. A forward scattered peak with respect to the NO beam has
been assigned to NO2 (2B1 and 232) from the chemiluminescent channel
whereas the backward scaltered peak is attributed to N'O2 (ZAi), from
the vibrationally excited, ground electronic state. When two differ-
ent nozzle temperatures were used, the ratio of the signal in the two
peaks was unchanged. This indicates that the two product channels
have either a common precursor or the same activation energy, which
is inconsistent with the idea that the reaction proceees on two differ-
ent potential energy'surfaces. Perhaps, after all, nonadiabatic effects

are taking place,



The experiment to be described here is a molecular beam chemi-
luminescence study done in three partss a supersonic NO stud , a wave-
length dependence study and a effusive NO study., First, a dependence
of the chemiluminescence on translational energy was bbserved with a
supersonic NO beam and an effusive O3 beam in order to obtain an
excitation function for the reaction, Specilal care was taken to ade-
quately study the energy region near the reaction threshold. This
experiment is a refinement on the approach used by Redpath et al, (1978)
since two molecular beams were used rather than a beam-gas arrangement,
The result is a much narrower translational energy distribution for the
reaction, eliminating the need for an extensive deconvolution,

A major problem still exists with this approach if one wishes to
study the effects of the electronic fine structure states since it is
possible that théybare relaxing along with the rotational, vibrational,
and translational states in the supersonic expansion (Miescher et al,
1978¢ Thuis et al, 1979)., It is difficult to determine the extent of
this relaxation, Although, in general, relaxation of electronic states
does not occur in a supersonic expansion, the small energy separation. \
between the NO states makes them more analogous to rotational states
than the typical separation between two electronic states. On the other
hand,/rotational energy generally couples more easily with translations
since both involve nuclear motions,

Redpath et al, solved this problem by assuming that the enhanced
chemiluminescence comes entlrely from the fine structure states, that the
lower state éross section is some fraction of that for the upper state,

and that the relaxation falls between the two extremes of no relaxation



and complete relaxation. The only consistent deconvolution of all
chemiluminescence data resulted in the conclusion that a partial relax-
ation was taking place and that the lower to upper chemiluminescence
cross section ratio was between 0 and 0.25,

The experiment by van den Ende had a similar relaxation problem
which was solved by assuming that complete relaxation with the trans-~
lational degree of freedom occurs which was supported by the results
of Miescher et al, (1978) and Thuis et al. (1979).

We have chosen to approach the relaxation problem by eliminating
it entirely. In an effusive beam no relaxation will take place. The
second major part of our study was a reverse configuration experiment
with an effusive NO beam, The O3 in He supersonic beam was prepared
with a very high velocity to eliminate serious deconvolution problems
by narrowing the collision energy distribution. This also has the
desirable effect of increasing the chemiluminescence intensity due

to its steep translational energy dependence,

B, MOLECULAR BEAM EXPERIMENTS

1. SUPERSQONTC EXPANSIONS

A supersonic beam is created when a high pressure
gas emerges from a small nozzle hole resulting in mass flow or hydro-
dynamic flow., The Knudsen number Kn defined by

. ~Inean free path in source
n smallest dimension of the nozzle orifice (3)

i1s less than unity for such a case., As the gas emerges from the

nozzle many collisions among the molecules and with the nozzle surfaces



occur. Energy transfer from the internal energy states to moleculaxr
translation as well as internal state temperature cooling occurs, A
supersonic expansion can be descrlbed as an isentropie process: there-
fore the increase in translational energy experienced by the gas comes
from a reduction in the local enthalpy §f the gas, The random trans-
lational energy of the gas is converted to forward directed motion

so that tﬁere is an increase in translational energy on the beam

axls accompanied by a decrease in the velocity spread. The narrower
velocity spread can be considered to be a decrease in temperature and
is given by the following relation;

27-1
Tg =[1 +<_\1_;;_>M ] where  Y=C /¢, (4)
Ty 2

the ratio of heat capacities and M = v/c, the Mach number which is the
ratio of the bulk velocity to the local velocity of sound, Mach num-

bers used in the NO + O, experiments varied between 6 and 22 which

3
gives T. / T, = 0.12 - 0.01 respectively., The velocity width is given
by [3v/v==(2/y)0’5 /M. For the two cases given above Av/v= 0,2 and 0,05,

As the translational temperature decreases, other internal energy
states are cooled as well, depending on how well energy transfer to
translation éccurs. For example, rotational energy levels are almost
completely equilibrated with translation whereas vibration is only
élightly relaxed in the expansion, All of the internal and translational
relaxation occurs in the early stages of the expansion when many colli-
slons are taking place. Later in the expansion when the molecular

density becomes low,this process stops;and one then has a molecular

beam of non-interacting molecules that can be translationally charac~-




terized experimentally by a time-of-flight analysis.

One can exploit the molecular weight of a species to increase or
decrease the velocity of a reactant in the beam, By seeding 10 % NO
in He,for example, one causes the heavier NO to be carried along at
a much faster velocity as it emerges from the nozzle than it would if
NO were used alone, The resulting velocity is a mass welghted velocity;
therefore,a 1% NO in He mixture causes NO to travel faster still, It is
possible to slow down the emerging velocity by anti-seeding with a
heavier species such as Ar or Xe,

Supersonic beams offer a number of'advantages in a molecular beam
experiment. First, tﬁe collapsed velocity spread allows one to work
with a more mono-energetic beam, Second, the collapsed internal energy
nodes causes a significamt simplification in the initial chemical
system, Third, much highexr beam intensities result because for a
given gas load more molecules are travelling on the beam axis,

Also since supersonic beams operate best under conditions of high
pressure and small nozzle orifices, it is possible to increase the
pressure behind the nozzle to a few atmospheres quite easily if neces-
sary. Fourth,the seeding and anti-seeding techniques

allow one to vary the translational energy thus controlling the colli-
sion energy of the reaction.

2, EFFUSIVE EXPANSIONS

An expansion which occurs by molecular effusion is the most easily
characterized,because in the expansion process molecular properties
are not changed. The internal energy states can be calculated simply

from statistical mechanical and kinetic theory. For this reason such



expansions are also called "thermal" expansions,

An effusive expansion is achieved by using a low pressure gas and
a small nozzle orifice . The condition that the mean free path in the
source is greater than the smallést dimension of the nozzle orifice means
that the Knudsen number is greater than unity. Under these conditions
effusion from the orifice presents a negligible perturbation on the
gas behind the nozzle and the molecule undergoes no collisions as it
emerges,

Kinetic theory predicts that the number of molecules per second
Jeaving such a source is given by

nvA : (5)

s

N=

i

where n is the number density behind the nozzle, v is the average
molecular velocity of the bulk gas and As is the area of the nozzle
slit., Molecules emerge in a cosine distribution; therefore,the forward
flux intensity is less than thevsupersonic case where one has flux en-
hancement on the beam axis. The beam flux is less also because the

gas pressures behind the nozzle must be much lower to satisfy the
effusive condition. For example, in the NO + O3 experiments with a
0.0055 inch nozzle diameter at 136K, the maximum pressure that could
be used and still maintain an effusive expansion was 0,06 torr NO,

3. PUMPING CONSIDERATIONS

Experiments which must be conducted under single collision condi-
tions must have‘the pumping capacity to remove the large gas load intro-
duced by molecular beams, especially supersonic ones., TFor example,
the number of He atéms at one atmosphere passing through a 0.003 inch

diameter orifice at room temperature is approximately 1.2 x 1020 mole~

10
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cules / second, To achieve a pressure of 10"6 torr in the collision
center one would need to use unacceptably large and expensive pumping
equipment, The pumping requirements are greatly reduced by using
differential pumping, that is, using a‘fore chamber to pump away most
of the gas load before the beam passes into the experimental chamber,
Certain molecular beam expsriments require a second differential pump-
ing chamber to act as a pressure buffer between the source differtial
chamber and the experimental chamber to keep the pressure sufficiently
low in the collislon center. Differential pumping reduces the require-
ment for exceptionally large vacuum pumps. For example, the NO + O3
experiment which had one differential pumping stage for the supersonic
beam used a 1800 liter/sec source diffusion pump for gas line pres-
sures up to 700 torr and a 3000 liter/sec pump for 1000 torr He behind
the supersonic nozzle, Although a machine with differential pumping
is more complex, it often can be less expensive than an equivalent
single chamber machine and in many cases it is the only way experi-

ments that require ulitra high vacuua can be designed.

C. SCOPE OF THIS WORK

This work consisted of two major experimental parts, First the

excitation function of the NO + 0, chemiluminescence was investigated

3
with a supersonic NO beam and an effusive O3 beam in order to determine
how the system responds to an increase in translational energy. Four
different translational energies were avallable using different mixtures
of NO in He or Ar. ?he temperature of NO was varied continuously

ibeiween 160 and 450K for each of these mixtures in order to have a

continuous scan of translatlonal energy. This experiment was intended
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to produce a verification of the Redpath et al, (1978) excitation
function. The second major part of this work was an investigation

of the role of the internal energy states of NO in promoting chemi-
luminescence. The experiment was repeated with an effusive NO beanm
and a supersonic beam, The internal states of a molecule are preserved
in an effusive expansion. It was possible to separate the effects

of translation from internal energy. Internal energy effects were
studied by changing the temperature of NO between 136K and 400 K.
Translational effects were studied by changing the mole fraction of

O, in He, thereby changing the collision energy,

3
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IT, EXPERIMENTAL

A, CHEMILUMINESCENCE MACHINE DESCRIPTION

1. VACUUM SYSTEM

A crossed molecular beam apparatus designed by C,C. Kahler and
Y. T. Lee was used for all the chemiluminescence experiments (Kahler
1980). Figure 1 shows a side view of the machine, The dimensions on
the drawing are shown approximately 1:7, i.e., the cover flanges at
each end of the machine were 17 inches in diameter. The machine
consisted of three chambers? the beam source chamber, the collision
chamber, and the beam catcher chamber. Each chamber was pumped by a
six inch diffusion pump and each chamber could be lsolated from the
pump by a gate valve,

The source chamber is the region in which the supersonic beam was
formed. The reactant gas mixture was introduced into the gas inlet port
at total pressures between 250-1000 torr. At the inner extreme of the
gas inlet tube was a small orifice between 0,002-0,006 inches in diameter,
As the gas emerged from this nozzle orifice into the vacuum, a super-
sonic beam was formed., This beam was collimated by a cone shaped
skimmer on the front wall of the beam source. The‘skimmer’diameter
of 0,024 inches at a distance of 0.28 inches from the nozzle tip,
created a beam of 2.5 degrees half angular width. The molecules that
did not pass through the skimmer, i.e. 99 % of the total gas léad,
were pumped away by diffusion pump I. The beam source chamber, a
differential pumping chamber for the supersonic beam is used to
reduce the total bacgground pressure in the collision center. The
total pressure in the beam source region was monitored by ion gauge I.

In general, this pressure was less than 2 x 10 -t toxrr during the
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experiments. If the pumping system was not efficlent enough to keep
the pressure below this limit, the supersonic beam would attenuate
itself through a clcud of molecules that persist between the nozzle

and the skimmer, At the higher gas pressures used in this experiment
it was necessary to replace the six inch diffusion pump with a ten inch
model backed with a larger mechanical pump to avoid these problems,

The reading on the ion gauge I was directly proportional to the gas
load introduced into the beam source chamber so that it was used to
provide a relative beam number density normalization.

After passing through the skimmer into the reaction chamber, the
supersonic beam was modulated with a 150 Hz tuning fork chopper (Bulova
L 40), A beam flag,which was controllable from outside the vacuum ,
could be positioned before the beam to prevent molecules from reaching
the collision center. It could also be used as an independent check
on the operation of the tuning fork modulator and the two channel data
system corresponding to chopper open or closed,

The effusive beam was introduced from above directly into the
collision chamber at right angles to the supersonic source, This beam
was formed by a low pressure, 0,0<-15 torr, reactant gas behind a large
ndzzle orifice, 0.0055-0,008 inches, The beams produced could be
purely effusive or in the transition region between effusive and super-
sonic, but not supersonic because it was necessary to keep the background
pressure in the collision chamber below about 5 x 10 =5 torr. At pres-
sures above this valueycollisional quenching of the long lived NO2 will
seriously compete with chemiluminescence. The ion gauge II in the

collision chamber was used to verify that under operating conditions
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the pressure was low enoughi however ion gauges Il and IIT were not
used continuously,since the red glow of the filament scattered too much
light into the light collectioﬁ system. Gas which scattered from the
molecular collisions as well as the entire load from the effusive beam
source was pumped by diffusion pump II., A liquid nitrogen trap before
the diffusion pump was used during the experiments to prevent back -
streaming which would coat the optical window. When experiments were
not being done, the gate valve in this region was kept closed,

For alignment, the nozzle was placed about 0.2 inches above the
collision center, A thin wire was placed into the nozzle orifice
and was centered as follows, Two cathetometers were aligned through
two sets of flanges whose relation to the collislon center was known,
This defined two axes 1in the plane of the supersonic beamyand the in-
tersection of these axes defined the collision center. The nozzle was
moved manually until the thin wire was exactly centered, The nogzle
was then carefully secured outside the vacuum chamber,so that the
atmospheric pressure against the vacuum would not disturb its position.

The final beam catcher chamber was separated from the collision
chamber with a large cone designed with an aperture large enough to
accept the entire width of the supersonic beam. This chamber was
used to pump the gas load of the on-axls supersonic beam and to prevent
these molecules from scattering back into the collision center. The

cone separator was silver plated to act as an 0, destroying catalyst,

3
When the molecules reached the back flange;they hit a silver surface
with a high surface area for more O3 destruction. The diffusion pumps

in regions IT and III were fitted with silver foil on the output to
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prevent excessive oxidation of the mechanical pump oil,

To minimize light scattering within the machine, the entire inner
surface was painted with an oil based paint, 3M-101-C10 Nextel Velvet
Black., The painted surfaces were very effective in reducing scattered
light. Outgassing from the paint did not present a serious problemr
while experiments were in progress. It was necessary, however, to
pump on the machine for about three days after the inner chamber was
exposed to air for a few daysysince the paint did slowly absorb atmos-
pheric water vapor. The entire machine was lightproof after the ion
gauges II and III were covered with a black cloth,

2,) THE OPTICAL SYSTEM

Figure 2 shows an overhead view of the machine, The beam source
chamber and the beam catcher chamber show no additional features, The
collision chamber region shows an optical system coupled to a photo-
multiplier which was focussed on the collision center. The optical
system was designed to reduce as much as possible any stray light not
originating at the collision center, A quartz plate separated the col-
lision chamber which is under vacuum from the rest of the optical system
which is at atmospheric pressure. Thls assured that the precise align-
ment of the lenses would not be deformed when the machine was evacuated,
Atmospheric water vapor and CO2 were eliminated by blowing dry nitrogen
in the lens region and throughout the photomultiplier housing. |

Chemiluminescence from the collision center reached the first
plano~convex lens which sent +the light out parallel. The second
plano-convex lens refocussed the light at the position of the iris dia-

phragm, The size of the iris determined how large an area was being
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sampled, A 1/8 inch diameter aperture sampled about 4% cubic inch,
Typically an aperture of about this magnitude was used for fhe NO + O3
experiments. The size was varied yntilan optimal signal to nqise was
achleved, The last plano~convek lens took the focused light and sent
it out parallel, The final aspheric lens shaped the output light into
an oval so that it would match the photomultiplier photocathode more
exactly., All of the lenses were made of synthetic fused silica, The
diameters of the plano-convex and aspheric lenses were two and one
inch respectively. The refocussing scheme used in this optical system
causes a significant gain in detection sensitivity since stray light
and chemiluminescence not originating at the collision center were
blocked by the iris diaphragm.

The light then passed through an adapter region and through narrow
band pass filters which were used for the wavelength dependence study.
The 1light then entered the photomultiplier, an‘RCA C31034A, an extended
(to 900 nm) red sensitive tube with a GaAs photocathode.

3. DETECTION AND PHOTON COUNTING SYSTEM

The photomultiplier tube was copled with dry ice to reduce the
tube dark current, At such low temperatﬁres thermal stresses between
the glass tube and the metal pins and the Teflon tube socket can easily
break the tube, especielly during cooidown and warmup periods., To
prevent this the Teflon socket pin holes were enlarged and the pins
were allowed @& 1/8 inch movement latitude within the socket that still
adequately functioned as an electrical insulator. To prevent moisture
condensation on the’pins, the tube and socket assembly were sealed with

electrical grade RTV and the voltage divider assembly beneath the
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socket was potted., Moisture condensation near the froni of the photo=-
multiplier was prevented by inserting an evacuated quartz tube between
the cooled housing and the warm air in the lens cavity. The dry ice
housing and amplifier-discriminator used were obtained from Pacific
Photometric Inc. (PP 3378, PP AD4),

The photomultiplier tube was supplied with -1500 volts from a
regulated high voltage power supply. The signal from the photomulti-
plier was amplified by a high gain amplifier,and then sent to a discri-
minator which was set so that signals not originating as photons wexe
rejected, The count xrate was low enough so that digital photon counting
was possible. The signal was then sent to a dual channel digital
scaler (Ortec 9315). The dual digital scaler was gated by a timer
gate module, which received pulses from the chopper and put out a
gate signal to the scaler. The gate width was arranged so that 40 %
of the chopper cycle corresponded to the chopper opensand the rest
to partially or fully closed, The net chemiluminescence signal was
the difference between the two scaler channels. Data averaging was
done by accumulating counts for ten minutes and repeating this ten
times, Bach data point, therefore, is reported with a standard devia-
tion based on ten separate determinations,

B, THE CHEMICAL REACTANTS

Four different NO reactant gas mixtures were used in these experi-~
ments, 1 % NO in He, 10 % NO in He, 100 % NO, and 24 % NO in Ar, The
first two gas mixtures were supplied by the Matheson Company as
was the pure NO, Ca?e was taken by Matheson to insure that the mlxture

had the concentration specified and was free from decomposition product
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impurities. The tanks used were passivated with the appropriate
mixture for one month and the gas replaced with a fresh supply before
being used, A verification by mass spectrometer indicated that the
mixtures were correct and were not changing as a function of time,
The 24 % NO in Ar mixture was prepared in our laboratory in a similar
fashion and was also tested in the mass spectrometer.

The ozone reagent was prepared by a home made ozonizer., Mirst,
technical grade oxygen was passed through a low pressure regulator,
a Rotometer flowmeter and into a'SOOOGA simple quartz tube
oven that contained copper turnings which oxidize the hydrocarbons
present in the gas., The gas passed through an ascarite column to re-

move the CO, produced and through a silica gel tube cooled to dry ice

2
temperatures to remove water and NOZ‘ The purified oxygen then entered
the ozonizer,
The ozonizer consisted of twb concentric tubes which created an

annulus one centimeter wide through which the gas flowed, A sheet
of Al foll was pressed to the outside of the outer tube and to the
inside of the inner tube to preate the two electrodes, 10-13 thousand
volts AC were supplied by a neon sign transformer until some breakdown
discharge began occuring, The best ozone yield ocurred at a discharge
current of 24 milliamperes,

The ozone-oxygen mixture was passed through a four armed silica
gel trap at dry ice temperature where the ozone was preferentially
bound to the silica gel., Before the trap was used the silica gel was

heated and pumped to remove adsorbed water and after saturation by

ozone it was pumped again to remove the remaining oxygen within the
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the trap.

For the effusive ozone experiments the ozone was connected direct-
1y to the nozzle tube, The supersonic ozZone experiments used helium
as a carrier gas which was introduced at one end of the cooled trap. As
the carrier gas flowed through the trap, mixtures between 0.6 % O3 and

1.2 % 0., in He at a total pressure of 1000 torr were made., In both experi-

3
ments the O3 passed through a single beam ultraviolet spectrophotometer
set at 300 nmm in oxrder to measﬁre the 03 concentration in the beanm,

All transfer lines were made of pyrex or quartz and the connections
between the tubes were made of stainless steel Cajon fittings to pre-
vent as much’O3 decomposition as possible, ©Special care was taken

to insure that the glass tubes and vessels used were not cleaned with
organic solvents or dichromate solutions which can leave an ozone
destroying residue on the glass surface, Even with all these precau~

tions it took four hours of gas flow through the lines before 03‘was

detected flowing through the nozzle the first time,

¢, TIME-OF-FLIGHT

1. EXPERIMENTAL

Fach of the supersonic beams used needed to be velocity analyzed
to determine how much energy was present in the molecular reactlion,
This was done in a separate vacuum chamber that had a quadrupole
mass spectrometer (Extranuclear Corp.). The time-of-flight apparatus
consisted of a differential pumping chamber and the flight chamber
which contained a 17,8 inch diameter time of flight wheel with a 0.84
mm wide slot on one'end and the mass spectrometer detector -19 cm

away, The wheel was driven at 200 Hz when slowly moving specles were
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studied or at 300 Hz for faster moving ones, A separate gating signal
was obtalned from a small aperture on the time-of-flight wheel that
passed in the path of a small light ~emitting diode and detector.

The arrival of the gate pulse signalled the beginning of a timing
sequence on é multichannel scaler, Signal counts were accumulated

for four microsecond intervals then stored in sequential channels of
the multichannel scaler., The total spectra were accumulated until
visual examination of the data on a storage oscilloscope showed negli-
gible scatter, which generally took one minute. For the supersonic

NO experiment TOF spectra were taken for each mixture at room tempera-
ture and at the extreme high and low temperatures used, For the
effusive NO experiment TOF spectra were taken at six different O3 in
He gas mixtures. An example of the TOF spectrum obtained for 100 %

NO at room temperature is shown in figure 3, The effusive distribu-
tion is calculated from kinetic theory and is shown for comparison.

2, TIME-OF-FLIGHT TO RELATIVE FLUX DISTRIBUTION

Computer program KELVIN was used for an initial deconvoltion of
the data to eliminate experimental bias - and program FLUX was used to
convert the number density distribution vs. channel number to a flux
probability distribution vs, velocity (Valentini 1976). Figure 4
shows the flux distributions normalized to unity for the gas mixtures
used in the supersonic NO study. The velocity scale was converted
to energy. One can see that the energy range spamnned by the gas
mixtures and temperatures is comprehensive,

In order to trénsform the TOF data which at this stage describe the

individual beams to data which will describe the entire collision system,
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1t is necessary to use the center of mass coordinate system., The
individual beam velocities are partitioned between the center-of-mass
velocity which remains unchanged during the collision and the relative
velocity between the  particles which is available to the two reactants,

This converslon was done by program RELAT, The total flux probability

is given by
P(v) = F1<vi) FZ(VZ) Vool (6)
., 2, 2 4
where Vrel-(v1 v, ~2v1vzcose) (7)
2
= L
co11™ Z M Vg (8)

" and where Fl(vl) and Fz(vz) are the flux distributions for beam 1 and 2
respectively, Vrel is the vector sum of the two beam velocities and 8
corresponds to the angle between the two velocity vectors.,

It was not necessary to consider collisions at angles other than 90
degrees becausejalthough the molecular beams were quite wide, the
photomultiplier detecting the chemiluminescence was focused on a small
collision volume of about one cublc centimeter,

All possible combinations of the two beam velocities were made,
and a relative velocity and a total flux probability were calculated
for each combination. In a predetermined relative velocity interval,
the flux values are summed then normalized to the highest value, A
collision energy was also calculated and the histogram type summingand
normalization were repeated so that the flux data were avallable for
both equal velocity and equal energy spacings.

The output of the program RELAT is shown in figure 5 for the super-

sonic NO study. Again the same trendsare seen in the total collision
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flux probability as are seen in the individual beam flux probability
The distributions are widened due to the large width of the effusive
O3 beam, In the effusive NO study the NO beam contributed even more
velocity spread; however,since the supersonic O3 beams are much narrow-
er, the resulting collision energy spread was almost the same, As one
expects, the distribution is shifted to higher energies and is widened

with increasing gas temperatures,

D, EXPERIMENTAL PROCEDURES

1. _SUPERSONIC NO STUDY

A 1 % NO in He mixture was prepared as stated previously . The
pressure was continuously monitored during the experiment with a
Wallace- Tiernan pressure gauge. The gas passed through a stainless
steel tube that was held in place by a copper block which could
be heated or cooled. Liquid nitrogen was suppllied into the vacuum
chamber through a large diameter tube that was in contact with~the
copper block, The bottom of the copper block was threaded eight timés
with high resistance heater wire in a ceramic insulator, which was
connected to a vacuum feedthrough so that the heater current could be
continuously controlled, The combination of liquid nitrogen, liquid
nitrogen plus heat,and heat alone made it possible to have a continu-
ously variable temperature-controlled nozzle source, The temperature
of the nozzle was monitored with an iron-constantan thermocouple con-
nected through a vacuuﬁ feedihrough that was iater calibrated with the
identical feedthrough configuration.

The ozone beam was fed into the chemiluminescence machine directly
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above the collision center through a quartz tube at room temperature .
The NO beam was slowly heated and stabilized at various intervals from
room temperature to 400 K, The chemiluminescence at each temperature
step was accumulated for 10 minutes and repeated 10 times for a total
count time of 100 minutes, The temperature was then lowered by adding
1iquid nitrogen to the copper block, was stabilized at various tempe-
rature intervals and the chemiluminescence accumulated as before. The
lowest practical temperature was 160 K,since below this the NO condensed,
The temperature was then increased by adding more heat to the copper
block until room temperature was reached, This gave two separate
chemiluminescence determinations; one with an increasing temperature
gradient and one with a decreasing gradient., These agreed with each
other excellently. (See figures 7 and 8.) This entire procedure was
repeated for each of the four seeding mixtures used,

2, SUPERSONIC BEAM FLUX DETERMINATION

In order to obtain the concentration normalized intensity, the

0, concentration in the beam was measured by UV absorption as stated

3
previcusly. The NO concent;ation needed to be normalized for the dif-
ferent number of molecules emerging as the temperature of the super-
sonic beam was changed. Thils was done by observing the pressure reading
in the ion gauge above the source chamber,which gave a respoﬁse directly
proportional to the beam flux. This was verified by a beam flux deter-
mination. An lon gauge with a small entrance orifice was placed
directly in the path of the supersonic beam, A steady state concentra-
tion develops within the gauge, signifying a condition where the flux

into the gauge equals the flux out. The pressure reading of the gauge
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gives the number density of the gas and the velocity distribution is
known to be thermal therfore)one can easily calculate the flux of
molecules leaving the ion gauge. The velocity of the supersonic beam-
is known from time-of-flight; therefore it is possible to also calculate
the number density in the supersonic beam. The temperature dependence
study of the 100 % NO supersonic beam flux showed that a direct corre-
lation exists with the reading on the ion gauge I, which sits on top

of the source chamber,

3,) WAVELENGTH DEPENDENCE STUDY

Both 400K and 300K with the 1 % NO in He and 10 % NO in He were
used for the wavelength dependence study since these exhibited the
most chemiluminescence, Narrow band pass interference filters from
Bausch and Lomb were used for 450, 500, 550, 600, and 650 nm, These
filters had a full width at half max band pass of 2 nm, In order to
eliminate undesired windows present in the interference filters,

a Corning 3-70 long pass cut off filter was used at 550, 600, and

650 nm, A Corning 3-73 cut off filter was used for 500 nm, Corning
interference filters 2-78 and 7-85 were used for 700 nm and 800 nm
respectively, These filters did not contain any undesirable windows,
The use of a monochrometer was not éttempted,since the chemiluminescence
intensity was quite 1ow,and dispersion losses through a monochrometer
would have made the experiment impossible, The chemiluminescence

was collected in the same way as outlined in the supersonic NO study,

4,) EFFUSIVE NO STUDY

The molecular beam configuration was reversed, The NO was intro-
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duced from above and was now the effusive molecular beam, NO pressures
low enough to ensure an effusive expansion were used, l.e, 0.01- 0,12
torr with a 0.055 inch nozzle diameter. The pressure wés monitored
before passing into the nozzle tube by a Pace Industries Transducer
Model CD25 with a 5 torr maximum pressure head., The nozzle tube was
stainless steel with a thick coating of electroplated copper on the
outside, The copper coated tube was held in a solid copper clamp which
had ceramic coated resistance wire threaded through it. The upper
portion of the clamp was attached to a liquid nitrogen dewar through

a large diameter closed feed tube, The chemilumineséence was collected
as before at 400 K, The temperature was rapidly lowered to 136 K with

liquid nitrogen.and again the chemiluminescence was accumulated. The

)
time to change the temperature from 400K to 136 K was minimized so that
the concentration in the supersonic beam would not change much. Since
the process by which O3 was mixed with the helium was a physical desorp-

tion of the 0, from silica gel, its concentration steadily decreas-

3
ed with time. It became necessary to investigate the effect of these
different concentrations on the chemiluminescence since they resulted

in a change of the collision energy.
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IIT RESULTS

A, SUPERSONIC NO STUDY

A calibration curve was set up for each gas mixture showing the
relationghip between +the NO beam temperature and the mean collision
energy which was determined from the maximum in the flux probability
distributions shown in figure 5. This calibration is shown in figure
6. The linear appearance of the three lowest energy mixtures shows
that good supersonic beams were created and that the seeded gas was
carried along well by the carrier gas. The decrease one sees at the
highest temperature of the 1 % NO in He shows that some slippage be-
tween the reactant and carrier gas occured, This could have been pre-
vented by using a higher pressure behind the nozzle, In any case this
is just a point of interest and does not affect the experimental resultis
in any way.

A mean collision energy was identified for each temperature where
chemiluminescence data were obtained, The results of the experiment
for 1 % NO in He and 10 % NO in He are shown in figure 7. The count
rate was sufficiently high that one standard deviation error bars would
be contained within the data points as drawn., The experimental results
for the 100 % NO and the 24 % NO in Ar are shown in figure 8, Here
the error bars are one standard deviation of ten separate count accu-~
ﬁulaﬁions. Thg ordinate is presented as a concentration normalized
chemiluminescence, One can see that all the chemiluminescence data
lie guite close to gach other, Under identical expansion conditions
these curves would trace each other perfectly. In reality one sees

effects such as different energy distribution widths and different
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flux intensity on the beam axls which can cause the data to diverge
from each other, This clearly shows that it i1s not meaningful to
discuss the results in terms of an absolute chemiluminescence yield.

The data were fit to

it

o(E) E - 1} n E>E (9)

OC)[ig
o)

=0 E<k

Values for EO and n were chosen,and the theoretical cross section
equation was convoluted with the total collision flux probability
distribution to generate a calculated chemilumlnescence signal. An
experimental chemiluminescence intensity was available for each of the
mixtures and temperatures for which a time-of-flight study was done,
Both the calculated and experimental signals were normalized to unity
with the highest temperature of each gas mixture., It was not possible
to obtaln a consistent fit by normalizing all the gas mixtures together,
This is really not surprising due to expansion caused factors such as
different reactant intensities on the beam axis, It had been consider-
ed that a sultable fit had been found when the calculated and experi-
mental signal agreed reasonably well for the 10 % NO in He, 100 % NO
and 24 % NO in Ar, The 1 % NO in He was not fit because the time-of-
flight analysis showed that at the highest temperature significant beam
slippage was occuring. This slippage disturbed ﬁhe linear trend in
collision energy and most certainly in the velocity width as well.

Good fits were obta;ned by a wide variety of parameters; the best fit

is given by
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o(E) =

E

oty

It is shown in figure 9. A comparison with the data for 10 % NO in He
in figure 7 shows that the deconvoluted cross section over the energy
range 4-5.5 kcal was steeper by a factor of two. This is an expected
result due to the extreme energy dependence,

It is more Jjustifiable to discuss a threshhold energy by using
a line of centers model where the reaction occurs in all collisions
whenever the potential energy at the distance of closest approach
reaches a critical value EO. It is genexrally given as

[1 - E ] E>E (11)
oo "o o
E

]

o(E)

= 0 E §§Eo

The true chemiluminescence signal is an integral over all wavelengths,
but the photomultiplier only senses about 4+ of the entire emission
curve, When more energy is added to the system the entlre emission
curve is shifted toward the blue, hence the astronomical increases in
signal, An excitation function for the reaction cross section as ob-
tained from a molecular beam scattering experiment will differ from

an excitation function for the chemiluminescence cross section. For
this same reason it was necessary to raise the line-of-centers cross
section to some large exponential factor before an adequate fit could

be done, The best fit obtained was

() =, {1 - _3_2}54 (12)
' B
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The deconvoluted line-of-centers excitation function is shown in figure
9. This equation did fit the lower energy data somewhat better than
the previous fit,.

B,) WAVELENGTH DEPENDENCE STUDY RESULTS

The wavelength dependence study was done with 1 % NO in He and
10 % NO in He at both 300 K and 400 K., The chemiluminescence intensity
was normalized for the NO in the beam then plotted in figure 10 .
All four experiments show a similar trend and turn downward near 800 nm,
The room temperature emission of the NO + O3 reaction has a threshold
at 600 nm and peaks at 1200 nm (Clough and Thrush 1967). The emission
curve for NO + 0 has a threshold at 400 nm and peaks at 600 nm (Ibaraki
et al, 1972). The difference in these two curves can be explained
exactly by the available energies from the exothermicitiesg 47.7 kcal/

mole for NO + 0, and 72 kcal/mole for NO + O, The added available

3
energy resulted in a blue shift for the emission. In the experiment
presented here the added 7 kcal/mole collision enexrgy should move the
emission peak to about 950 nm, The peak acually occurs between 700

and 800 nm and does appear to move toward lower wavelengths for increased
collision energies, Perhaps this indicates that a mechanism other than

a simple energy blue shift is ocurring, possibly introduced by the
supersonic beam, The result of the effusive NO experiment that
rotational states,especially the low J states of NO,have a strong

effect on the total cross section point in this direction (Anderson et
al, 1980). In a supersonic beam these low J states would be preferen-

tially populated, Figure 10b with the data plotted as a function of

mean collision energy shows that each wavelength parallels the other,
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and upon comparison with figure 7 it is clear that they also parallel
the unresolved (wavelength) chemiluminescence intensity as well,

C. EFFUSIVE NO STUDY RESULTS

A crucial aspect to this study was the verification that the NO
beam was truly effusive,  From kinetic theory it is possible to cal-
culate the pressure regime under which effusive conditions should
exlst for a specific nozzle size and gas temperature., Experimentally
this was checked by doing a pressure dependence study of the chemilu-
minescence intensity, If effusive conditions prevall then the result
will be a straight line,since the beam flux is directly proportional
to the pressure behind the nozzle as stated in equation 5. Both
figures 11a and 1lb show a marked curvature indicating that a flux
enhancement on the beam axis is occuring. In order to eliminate this
supersonic effect it was necessary to use pressures about a factor of
ten more conservative than the calculated limit.

Figure 12 show the final result where effusive conditions occur,
The chemiluminescence data are shown for 400 K and 136 K, Since the
lower temperature beam has a higher beam flux from the increased gas
density, it was necessary to normalize the curves to each other, The
gas pressure in the line was measured at room temperature, The deli-
very tube was wide enough to permit assuming that this pressure persists
throughout the heated and cooled region of the tube up to the nozzle
tip. One desires the same NO beam flux at both temperatures; therefore,

using equation 5 one gets the following ratiq;

£ =1

P (13)
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which becomes P(400 K) = 1.71 P(136 X) . This was used to lower the
NO pressure at 136 X so that it would correspond to the same beanm
flux as the 400 K curve,

Ideally the 0, concentration in the supersonic beam should not

3
change while the experiment is in progress. In practice the 03 was
physically desorbing from the silica gel‘trapsso that its concentration
was slowly decreasing with time, This was easy to account for in the
supersonic NO experiment where the O3 was an effusive beam by just
correcting for the concentration change. In this study the changing

O3 concentration is changing the seeding ratio; of the O3 in He, there-
by also changing the energy of the O3 beam. This is especially true

since the O, is seeded in a very light gas. The desorption rate off

3
the silica gel is also much faster for the seeded beam because of the
greater flux due to the helium gas. The NO + O3 reaction is strongly
dependent on collision energy;therefore,this must be considered rather
carefully. Figure 13 shows a separate experiment where the NO beam was
kept at either 400K or 136K and fhe seeding ratio of the O3 was varied,
As one can see over the range of gas mixtures used in this experiment,
the chemiluminescence varied by as much as 40 %, The dashed lines
as drawn were used to energy normalize the data in figure 12. The
data for the effusive NO experiment are summarized in table I,

An energy normalization of this sort could have been done using
the chemiluminescence vs collision energy results of figures 7 and 8
however,it is not clear that the same chemlcal behavior operates for

both studies (supersonic and effusive NO), In order to verify that

the same mechanism was indeed operative,one needs to compare the results
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TABLE I

DATA AND ANALYSIS SUMMARY: EFFUSIVE NO STUDY

TEMP, K PRESSURE TORR CHEMILUMINESCENCE/T033
NO (136K IS 05 IN 1000] DATA ENERGY {NOY
FLUX NORMAL- TORR Helarbitrary | NORMALIZED |NORMA-
IZED TO 400K)| units LIZED
400 .030 8.8-9.4 1123,2=+7,2 | 116,0==6,7 | 3867
136 9016(0027) 8.8"’9a0 2595:556 2295il"’=9 833
oy .0l47 8,0-8,4 1190,9+10.8| 178,0%10.1 | 3787
136 .023(.039) 8,7-9.2 | 37.4=4.,5| 33.,1*+4,0 | 846
400 046 10,3-10.4 [185,4=+=8,5| 187.3=%=8,5 | 4065
136 ,026(,045) 9,3-10.7 | 33.0=%3.9| 33.0%*3.9 | 733
400 ,076 7.3-7.,6 |348,3=7.2|297.4*+6,1 | 3908
136 L041(.071) 7.,7-8.0 76.,276,2 | 60,0+4,9 857
400 104 9,9-10.9 | 397.8%13.9 | 404, 2+14,1 | 3885
136 L061(,104) 8,9-9,2 |105.9%+6.2| 94.7%=5.5| 910
Lok .123 7.6-8.0 |550.478,9| 478.5+7.7 | 3886
135 ,075(,128) 7,6-8,1 |172.9%=6,7| 136.2+5,3 *
400 .055 8,1-8,5 [1252,1=9,8| 224,1+8,7 | 4072
400 .058 7.0 285,3==4,2 | 234,004 | 4034
Loo 061 7.4-7.7 |305.6%13.1 | 259.8211.1 | 4263
136 .osog.mz 10,4-10,7 | 74.5==8,7 | 80.5+9.4 789
136 6014’9 -084 8.7"‘9 2 7386i8l3 65 1i7-3 771"'
136 .048(,082 7.5-7.6 86,0=8,9| 65.9+6,8 | 805
136 046(,079) | 9.6-9.8 | 65.8=3,1| 63.8+3,0 | 810
136 .040(.069) |10,5-10,6 | 52.8%=5,1| 56,4=%+5,5 | 817

* Supersonic effects, point was neglected,
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of both studies in the center-of-mass coordinate system, A time-of-
flight study of the supersonic beam was done, & beam velocity and energy
flux distribution for 0y

relative collision energy for the NO + 03 system was determined from

was calculated with program FLUX,and a

program RELAT, Once collision energies were ldentified for the effusive
O3 systemsit was possible to compare energy dependence results with
the supersonic NO study. The chemiluminescence at 136 X for the two
O3 pressure extremes shown in figure 13b was identical with that deter-
mined from the 1 % NO in He and 10 % NO in He shown in figure 7., This
seems to indicate that the same chemiluminescence mechanism is operatlive
for both the supersonic and low temperature effusive NO studies. The
results from the high temperature experiment do not agree as well,
This is an expected result which will be discussed near the end of this
chapter, |

The time of flight analysis shows that the mean collision energy
it

for the NO(400K) + 0, is 5.7 kcal/mole,and for the NO(136K) + O

3 3
is 5.2 keal/mole, Since this 1s a purely translational energy effect
caused by the hot and cold NOyit is valid to use the supersonic
NO data to determine its contribution to the difference observed in
the two systems, From the 1 % NO in He experiment it is clear that
the higher temperature chemiluminescenee data in the effusive NO study
must be divided by two to remove the higher collision energy effect

introduced by the 400K NO,
From figure 12 it is possible to determine a chemiluminescence

enhancement from the ratio of the signal at 400K to 136K, It is easier

to use an NO concentration normalized value to discuss these ratios.
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The final column in table I gives these for all the data, Note that
the data are arranged in 400K - 136K pairs for experiments done
sequentially and are listed separately for some individual deter-
minations, All the data regardless of how they were collected show
similar concentration normalized values. The average of the 400 X
data is 3974 == 146 and the average of the 136 K data is 817 == 49,
The last data point for 136 K was disregarded because supersonic effects
were beginning to appear., The ratio of the chemilumlnescence intensity
at 400 K to 136 K is 4.86, When one accounts for the enhanced 400 X
signal due to NO translation, the ratio becomes 2,43 %+ 0,17,

So far this ratio haskbeen corrected for differences in NO beam

flux, NO and O3 concentrations, collision energy due to O, seeding

3
difficulties, and for collision energy &ue to the two NO temperatures,
The two NO temperatures also affect the internal energy levels of the
NO molecule, It is well established that an enhancement in chemilumi-
nescence is observed when the v = 1 vibrational level of NO is pumped
by a CO laser, i,e. O(v=1)=5,7 g(v=0), (Stephenson and Freund 1976).
The fractional increase in v=1 one would obtain by the temperature
change is calculated by using Nl/No=exp—<£/kT, where @ =1904 cmui.
The ratio Nl/NO=1,06 x 1072 for 400 K NO and 1.54 x 10™7 for NO at 136 K.
There is insufficient population in v=1 to change the chemiluminsescence
enhancement ratio,

One can next consider that the chemiluminescence enhancement ratio
may be caused by the electronic spin-orbit state which will be enhanced
at 400 K. A large chénge in the relative populations of the 21!3/2 and

2::3/2states is accessible with the 400K and 136 K NO beams,since the
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splitting between the two states is only 121 cmwl. The fraction of
NO in the 21t3/2 state can be calculated from
f = exp(- hv/kT) / (1+ exp(-hv/kT) and is shown in figure 14,
The expected chemiluminescence enhancement ratio can be calculated

from

52 %32 " 5472%2 | ook

(14)
X, ,, G + X ,,0
{ 3/273/2  "1/2 1/2]1’_—; 136 K

where X is the mole fraction obtained from figure 14, If one assumes

the chemiluminescence cross section reported by Redpath et al, (1978),
i.e, 0’1/2:: n63/2 where 0<n<0,25, one obtains a range 1,86>R >1.32
for the chemiluminescence enhancement ratio, If one is more drastic
and assumes that 01/2 =<33/2 , the ratio equals one., Clearly the
ratio of 2,43+0,17 obtained in the effusive NO study cannot be
accounted for by the electronic state enhancement alone, Rotational
effects remain by exclusion,

A closer examination of figure 6 reported by Redpath et al,
(1978), shows that for the NO in He mixture the signal intensity
ratio for 573 K / 281 K at 5 kcal/mole is 2.5, for the NO in H, at
5 kcal/mole is 5 and at 8 kcal/mole it is 4.3. Applying equation 14
using the change in'the electronic population states at 573K(f2= 0.35)
and 281K( £5=0.41) one calculates that the ratio should be 1,17 if only
the upper state contributes to the chemiluminescence and 1.09 if the
lower state is 0.25,times as effective as the upper one., It seems that

the data presented by Redpath are inconsistent with the conclusion

that primarily electronic excitation is responsible for the observed
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enhancement and that O (2 y /2)= n G(z g /2) . Deconvolution
of the data will change the experimental ratios somewhat, but even
with quite wide energy distributions shown in thelr figure 4, it seems
unlikely that the experimental ratio could be brought into agreement
with the calculated one. The experimental data agres with those
presented in this study and in both cases rotational effects must be
contributing to the observed enhancements.

It is interesting to compare the experimental ratlos of NO in He

vs NO in H, shown by Redpath et al. The beams seeded 1in H2 are more

2
effective in promoting the enhancement. One would expect more relaxa-
tion to be taking place in the NO in H2 caseysince v-v energy transfer
could occur. This does not- help to resolve the electronic vs low J
rotational contribution to the enhancement because more relaxation
would diminish the effect of both similtaneously.

A similarlexamination of the results in figure 4 presented by
van den Ende and Stolte (1980) can be done for 100 K and 300 K. The
enhancement ratios calculated by equation 14 are 2.4 fo: 5’1/2 =0
and 1.4 for 6‘1/2 = 0,27 63/2. The experimental ratios are 1,36,
1.48 and 1,66 for the 14,3, 17.5 and 19,3 kcal/mole translational
energy curves, These fall within the 1limits set by (31/2 %
Oa27:ir0.03<33/2, but the trend of decreasing slopes with translational
energy indicates that at translational energies below 14 kcal/mole
this would no longer be true., It is likely that the NO + O3 reaction
becomes less energy'specific with high collision energiesyso that it
is difficult to extrapolate high energy data to predict behavior. near

the reaction threshold.,
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The experiments of Anderson et al, (1980), done with magnetic
state selection of the spin orbit state, is not consistent with the
result that the 2513 4

The results indicate that the 2 Ri/Z state is five times as reactive

/2 state is more reactive than the 2 x /2 state,

as the 21r3/2 state, the exact reverse. Another consistent explana-
tion is that rotational states are responsible for the enhanced chemi-
Juminescence., Thelr data were fit to O = Erotn where 1.8<n<2,5,

The role of the rotational states cam be examined by calcu-
lating the rotational energy distribution from the statistical mecha-
nical relation N, /N =(2J+)exp(-1.7%n" (34 )/kT) and the rotational
energy as a function of J state from E(J)=4.9x10-3J(J+1)kéal/mole.
It is easy for us to characterize the NO beamysince the expansion
used is an effusive one as oprosed to the supersonic ones used by both
Redpath et al.and van den Ende and Stolte. The mean rotational energles
calculated for 400 K and 136 X are. 0.8 and 0,27 kcal/mole, If one
assumes the simple model where the reactive cross section increases
with J, it is useful to set up 2 ratio and estimate a value for n,

E tn at 400 K

R = - (15)
Erot at 136 K

The observed chemiluminescence ratio of 2.43 yields n=0.84, A similar

analysis‘done by Anderson et al.on the data of Redpath et al, indicates
a value of 1.5<n<2,5,

Other indications in our experiment point in favor of the rota-
tional energy explanation. The low temperature energy dependence
study shown in figure 13 for the effusive NO study agreed quite well

with the energy dependencies shown in figure™7 for the supersonic NO
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study. The high temperature data of figure 13 showed a much greater
increase in chemiluminescence than would be indicated by Jjust a
translational energy effect, A difference in these two cases could
be expected because the low temperature NO beam would be expected to
resemble the supersonic NO beam in its internal state distribution more
than would the hot NO beam. It is also possible that a rotational
effect is responsible for the blue shift of the emission peak with
respect to its threshhold which can be seen in figure 10 ( discussed
in the wavelength dependence study results).

It must be mentioned that implicit in this whole diécussion has
been the assumption that the different modes of energy are separable,
Although in general this is not the case, it 1s a reasonable approxi-

mation for a first estimate,
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IV CONCLUSION

The chemiluminescent NO + 0, reaction was studied to determine the

3

effect of the various forms of energy on the chemiluminescence cross
section., The filrst experiment, done with a supersonic NO beam and an

effusive 0, beam, showed a steeply varying excitation function in th

3

energy range between 3 and 9 kcal/mole. A wavelength dependence study

showed a Blue shift with collision energy. The final experiment,done

with a supersonic 0, and effusive NO beam was designed to preserve the

3
internal energy states of the NO, It showed a similar energy depen-
dence for 136 X NO but not for 400 K NO, An enhancement of the chemi-
luminescence intensity was observed when normalized data for NO(L&OOK)'*O3

and NO(136K)+O3 were compared,It was shown that this enhancement was

not consistent with the premise thap it was due entirely to the upper

state, NO 2;z3/2, enhancement at higher temperatures, It was shown
that the results were consistent with the idea that rotational states
contribute to the enhancement, The results of Redpath et al. (1978)
were examined and the data were fdund to agree with those presented
here, even though the conclusions reached by the authors was different.
If only rotation was the source of the enhancement, the chemi-
luminescence reaction cross section increased with incressing J for
low J. It is still possible that the electronic state 2113/2

is responsible for some of the enhancement observed,
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V. FIGURE CAPTIONS

Side view of the chemiluminescence machine,
Overhead view of the chemiluminescence machine.

Flight times from time-of-flight determination for the
supersonic 100 % NO beam. A calculation of the effusive
flight time is given for comparison. The flight path

length is 19 cm.

Flux probability distributions obtained at three temp-
eratures for each gas mixture used in the supersonic NO
study., The effusive O3 is actually "quasi-effusive® since

time-of-flight analysis showed it to have Mach number =3,

Flux probability distributions obtained for the entire

collision system, calculated from program RELAT,

Mean collision energy has been determined for each mixture
at which a time-of-flight study has been done. This was
identified with a NO beam temperature to‘permit,the cali-

bration of the chemiluminescence data te follow,

Results for the higher energy regime chemiluminescence
for the supersonic NO study. The chemiluminescence inten-

sity has been normalized for the NO and O concentrations,

3
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however the absclute value of the ordinate is in arbitrary

units i.e, counts/100 minutes,

Results for the lower energy regime, The intensity of

chemiluminescence is on the same scale as figure 7.

Deconvoluted excitation function detemmined from the super-

sonic NO study.

Wavelength dependence studies, These show a consistent
energy behavior and a peak in the wavelength region

750 - 800 nm,

Pressure dependence study for the effusive NO study, The
curvature seen here indicates that supersonic effects are

present at these pressures,

Final results of the effusive NO study. No curvature is
evident at 400 X, The 136 K data shows some curvature

at the highest pressure point. This point was eliminated
from the subsequent analysis. The raw data line for 136 X
has been obtained at the pressure values listed. A flux
normalized line has been included to allow direct compari-

son with the 400 K data,

Figure 13. An energy dependence study for the effusive NO study, done




at both NO= 136 K and 400 K.

Figure 14, Fraction of the population that is in the upper spin orbit
state, NO(2 33/2). The arrows show the two temperature

extremes used in the effusive NO study.
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MODELING OF GLOBAL N02 DISTRIBUTION

I. INTRODUCTION

The role of the nitrogen oxlides in maintaining a global ozone
balance in the stratosphere has been studied with increasing under-
standing in recent years. Ozone is continually being produced by
photolysis of molecular oxygen which produces the oxygen atoms at
high altitudes, These atoms recombine with molecular oxygen at alti-
tudes where three body collisions can occur to produce ozone, The
balance of ozone concentration is maintained by simultaneous ozone
destrﬁction mechanisms catalyzed by the nitrogen oxides, hydrogen
oxlides, chlorine oxides and oxygen atoms, These mechanisms are
written out in detail in Table 1,

The highly reactive ozone destroying species shown in Table 1
are generally produced in-situ in the atmosphere by photolysis or
by chemical reactlon involving stable precursors such as Néo, HZO’

CCl,, CC1,F, and CCl.F,, which are carried upwards in trace quanti-

L 3 272’

ties from the eaxrth's surface. Once formed, these trace radical
species partition themselves through a series of complicated chemical
reactions into families such as the nitrogen oxides or NOx (vo,

NO,, Noy NZOS), the hydrogen oxides of HO_ (HO, HOO, Hzoz)g

and the chlorine oxides or Cl. (ca, €10, 0C10, C100), Reactive
species which can be thought to represent combinations of the above

families axre also formed, i.e, ClONOz, HOONO,setc., as well as

2

species which terminate the reactive chain mechanisms such as HCI,

HF, and HZO' These chain terminators generally dissolve in water or



or stick to the surface of particles and after stratospheric-tropos-
pheric mixing are eventually returned to the earth's surface with
rain.In a natural atmosphere all these chemical specles have a role
in preserving a steady state ozone balance. The purpose of the calcu-
latlon described here is to determine this role for the nitrogen oxides
on a global scale, |

The most direct method for doing this is to examine the ozone
production and loss pathways., The rate of ozone production represen-
ted by mechanism 1 in Table 1 is equal to 2j[02] where j is the
photolysis rate constant for the rate detexmining step, This rate

will be referred to as P(0O The rate of ozone destruction by pure

3)’
oxygen species , which will be referred to é L(Ox)’ is given by the
rate determining step of mechanism 2 in Table 1 which is Zk[O][OBI.
In the same fashién the rate of ozone destruction by the nitrogen
oxides is given by ZR[O}[NOz] from the rate determining step of mecha-
nism 4 in Table 1. This rate will be denoted by L(NOX). The actual
value of the rate constants used are listed in the list of reactions
used in the model calculation, See table 4 on page 87,

From the above considerations it is clear that if one wants to
calculate the global distribution of of ozone destruction due to the
nitrogen oxlides, L(NOX), one needs values for the concentrationé of
NO2 and O at each volume element as well as the temperature, since
k6 has an activation energy and is therefore a temperature dependent
gquantity, Rather than being a completely theoretical study, this

calculation is based very heavily on observed global distributions
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TABLE T

MECHANISMS OF OZONE PRODUCTION AND CATALYTIC DESTRUCTION

OZONE PRODUCTION MECHANISMS: Net reaction 3 0, —b 2 0y
2+hv(x\=242m11)—-—§20 RDS
| (1)

2x (0+0, +N = 05+ )

P(OB) 0

OZONE DESTRUCTION MECHANISMS: Net reaction O, * O —b 2 O

3 2
(o, ) Oy * hv (uv,vis ) — 0, ¥ 0 } (2)
03 +0 —» 20, RDS
L(HO,)  HO + 05 — HO, * O, RDS } -
HO, * 0 —& HO + 0, |
L(NO,)  NO * 05 —» NO, + 0, “
NO, * 0 — NO + 0, RDS
L(Clx) cL + o‘,3 —p C10 + 0, (5)
€10 + 0 —p C1 + 0, RDS

RDS = rate determining step of the reaction mechanism.
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of stratospheric NO, (Noxon et al.1979; Noxon 1979), ozone concentra-
tions and temperature (Diitsch 1978). By using observed values one
avoids the complication of calculating concentration flux due to
horizontal and vertical transport, since such behévior is implicit

in a direct measurement,

The method of instantaneous rates which was used here has been
previously described in detail (Johnston and Whitten 1973, 1975; and
Johnston 1975). Instantaneous rates calculations use concentrations
of chemical species and photon flux in one atmospheric volume element
frozen at one instant in time. One then calculates the rate of the
various chemical reactions that must be taking place. This procedure
would give the most accurate answers for such rates if the concen-
trations of all chemical species were known or measured very accu -
rately. If such measurements are nor available, one can calculate
them provided that a photochemical steady state exists in each volume
element, that is ,the chemistry being calculated must take place
guickly when compared with vertical and horlzontal transport rates,
The approach used here exploits the fact that all chemical species
needed to consider the problem of ozone destruction by NOx are
directly measured, or as in the case of oxygen atoms, are calculat-
able from a directly measured species, Here the photochemical life-
time of O atoms 1s so short that its concentration is determined
entirely by the local ozone concentratioﬁ. More will be said about
the implications of'instantaneous rates in the results and discussion

section,
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IT, EXPERIMENTALLY OBSERVED QUANTITIES

This calculation relied rather heavily on experimentally observed
concentrations of atmospheric specles so some effort was made to see
that these included the newest avallable data, This section will
describe the input data and will discuss the data transformations
that were done,

A, TEMPERATURE AND OZONE DATA

In order to adequately represent all the available data in this
calculation, Dutsch's ozone and temperature profiles were updated
with his recent analysis of avallable measurements (Dutsch 1978).
The temperature and ozone partial pressure profiles as a function of
total atmospheric pressure reported by Dutsch were the result of
careful analysis of many previous independent measurements. The most
consistent and complete coverage was given by measurements from the
Nimbus IV satellite using backscateered ultraviolet radiation and
from the ground using the Umkehr method. These data combined with
all other consistent data from chemical sondes provided the basis
for the interpolation Dutsch used to cover the globe, ’The data grid
consisted of every ten degrees latitude, twelve longitudes or months
of the yaar, and nineteen equal vertical levels defined by the baro-
netric eguation i.e. the logarithm of the total atmospheric pressure,
The data for ozone partial pressure and temperature were averaged
over every three months to reduce the longlitudinal grid from twelve
to four. This gave average values for each season of the year, for

example, March, April and May were combined for the spring value etc,



It was necessary to convert the vertical grxid form the barometric
to a scale with one kilometer steps between one and fifty kilometers,
This was easily done at each of the nineteen vertical levels starting
at the 250 millibar level, by using the barometric equation which

related the logarithm of the pressure change to an altitude change

as stated,
P Mg (Z2,-Z,)
-1n 2 2R (6)
P1 RT
where P1 and Pé are the atmospheric pressures at the altitudes 21
and Z,, M is the atmospheric molecular weight, T is the atmospheric

2!

temperature and R and g are the gas constant and gravitational accele~
ration. In order to represent the atmospheric temperature gradient
Dutsch's temperature data at each of the nineteen levels was used,
In between the levels a linear interpolation was done. The barometric
eguation implies an isothermal atmosphere over the reglon it is used,
This condition does not hold for the atmosphere as a whole, however
since the temperature change between each of the nineteen levels used
was relatively small, the isotherﬁal approximation and linear interpo-
lations are valid, Atmospheric reglons below 250 millibars were
covered by Dutsch's earlier data compilation (Dﬁtsch.1969; Johnston
and Whitten 1973), Once the altitude grid was established it was
a simple matter to convert the ozone partial pressures to concentra-
tions,

An example of the result of the data transformations is shown in

the contour plots of temperature and ozone concentration versus

68




ALTITUDE, km

50

H
®)

N Ol
O O
)

ARRVRRRERNARRR

"&

FIGURE 1

TEMPERATURE,
— T zwrngl T
— 260 7
= 3
= 250 ﬁ

)

o

TTPINTH

oo oo bl

[
N

\R\(l ARRRAUIRRR
- NS
@
j/
@]
11

N

f

%J,

0
-0 -60 -30 0

Fall

30 60 9090 -60  -30
Spring Summer

LATITUDE

@)

O
@)

69



ALTITUDE, km

FIGURE 2

OZONE CONCENTRATION, 10'2 MOLECULES cm

50

i
..
pE—
coacd
o
et
.
.
p—

TTTTTTTT

o

e

[NENERINn!

£
@)
ﬁ

\II
o

W
@)

1

n
@)

TTTTTTTT]

.
.
-
-
o
S

|

bl

|

|l‘ IRRRRERR

‘Hnlnt

|

\Y)

[

\\
X/K(m

——d
—
=

| -

R

e
g
pr—
e

0]
-90
Fall

-60 -30

9080 -60
Spring Summer

LATITUDE

-30

Winter

~3
(@)



ALTITUDE, km

FIGURE 3

OXYGEN ATOM CONCENTRATION, MOLECULES cm3
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FIGURE 4
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altitude and latitude in figures 1 and 2, The ozone contour plot
differs slightly from a similar one used previouly‘ (Johnston and
Whitten 1973), primarily because the new ozone concentrations are
higher in the poles at mid elevation and lower in the equator at high
elevations, The new temperature contours however, remain almost
identical to the previously used ones, Thus the transformed and inter-—
polated data areconsistent and the transformation approach used is
verified,
B.) PHOTON FLUX

The ozone concentrations obtained as discussed in the previous
section were used to calculate in each volume element an oxygen atom
concentration which results primarily from ozone photolysis at lower
altitudgs and from both ozone and oxygen photolysis higher in the
stratosphere, The result of the calculation is shown in figure 3,

In order to calculate such photolysis reactions it is necessary
to calculate the photon flux at each wavelength in each atmosphéric
volume element, The incident sunlight at the top of the atmosphere
was taken to be a plane wave which impinges on a sphere, The radia-
tion density as it propagated through the atmosphere was calculated
by including the absorption of 02 and O3 above each volume element
as well as single and multiple scattering. When all these effects

are considered, Beer‘*s law in the atmosphere becomes,

(A 7,2,8)=T(A)oxp{- (0, (A 1)¢, ()40, (A1), (2) 19, (A, T)H(=)) 7(8)
| (7)
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where
J(A)=sunlight intensity at outer 1limits of the atmosphere, (Acker-

man 1971).
0,,0,,% 0, 5

0h= Rayleigh scattering cross section,

and 0, absorption cross sections (Ackerman 1971).

Ci'CZ= Column of 02 and O above‘z:

3

i

M= Column of air above z,

i

z= Altitude level of volume element,

F(8)= 1/cos®, 8=75°.

F(@)=Chapman function for @>75 »

© = Zenith angle,

The total atmospheric path length will increase as the zenith
angle increases, This results in a secant functional dependence on
the amount of absorption one observes as a‘function of time of day,
When the zenith angle 1s getting large and the pathlength becomes
quite long, the Chapman function more accurately describes the function-
al behavior +than a pure zenith angle secant which 1s becoming
infinite,

The multiple order scattering was done according to a simplified
method (Isaksen et al. 1976) which assumes that one half of the scat-
tered beam proceeds in the direction of the beam and that the other
half goes in the opposite direction., It compares very well with more
accurate and expensive methods used to solve the equation of radiative
transfer. A consideration of multiple ccattering is important since

it is a wavelength dependent quantity that increases rapidly with
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decreasing wavelength until it reaches a region in the stratophere
vwhere O2 and O3 strongiy absorb the incoming radiarion., Scattering,
therefore, has its maximum effect of photon fluxes between 330-400 nm
depending on the optical depth. The largest increase in fluxes will
be found in the upper stratophere at large zenith angles and long
path lengths where it may exceed 50 %.

The effect of the earth's albedo or surface reflection is most
pronounced in the troposphere and is not a major factor in the NO2
calculation, The treatment of the different wavelength regions
that was done in this calculation is summarized in Table 2, A
discussion of the method is given in the appendix of Johnston and
‘Podolske (1978), except that the method of concentric rings was not
used.,

C. NO, CONCENTRATIONS

2
The data reported by Noxon is the first truly global-scale

measurement of stratopheric NO, (Noxon et al, 1979; Noxon 1979).

Ground based NO,, measurements were made at noon to obtain a background

2
and at various times before and after sunset to sample different
thicknesses of the atmosphere, The atmospheric path length changes

by as much as 50 times from noon to twilight,with the most drastic
change occuring in the last half hour before sunset. From this Noxon
extracted the overhead column concentration of NO2 and obtained some
estimate for its center of mass in altitude, The method hinges on

the fact that Raylelgh scattering will scatter sunlight into the ground

based spectrometer. Tropospheric pollution containing N02 does not

interfere significantly because the pathlength is small.



TABLE 2

SUMMARY OF SOLAR INTENSITY SOURCES AND ATMOSPHERIC PROPAGATION TREATMENTS USED IN THE CALCULATION

REGION I II IIT IV
A region (mm) | 178-205 205-280 280-400 100-750
variable
according 1 1 5
A'bin size to Hudson
(am) and Mahle,
(1972).
Solar in- Brueckner
tensities, et al, (1976)J | — Ackerman (1971) ------------ >
Absorption
losses 02 & O3 O2 & O3 none none
‘ 5 orders of Rayleigh
Scattering &~~-- Rayleigh scattering and surface
losses scattering ———w—- > reflection., Isaksen et al,
(1976).

94,



The vertical column was measured at various locations at’
various times of year across the globe, although the equator and
poles were rather scantily represented, A summary of the data is
shown for the northern hemisphere-fall, southern hemisphere-spring
in figure 5 and for the northern hemisphere-summer southern hemisphere-
winter case in figure 6, The circles came from the latitude depen-
dence studies, the squares from the day to day study, the triangles
from the year to year study and the dlamonds from the stratospheric
temperature dependence study which are all separately shown and dis-
cussed by Noxon (1979)o For the few measurements available in the
southern hemisphere, Noxon noticed a rough hemispherical symmetry
between 40°N and 40°S for the same season., All the data points were
reflected to the other hemisphere with a six month seasonal phase
shift so that for example, the spring NH - fall SH case also describes
the fall NH - spring SH case,

Several other measurements of atmospheric NO2 were made using
balloons which can travel within the atmosphere and cobtain vertical

NO, concentration profiles. Concentration profiles as a function of

2
altitude at variocus global locations were reported by Ackerman et al.
(1974), Drummond and Jarnot (1979), Fontanella et al. (1974), Evans
et al, (1976), Goldman et al.(1978), Harries et al.as quoted by
Sundaraman (1976), Kerr et al. (1978), Murcray et al. (1974), and
Ogawa (1979). Typlically the experimental range was 20 - 35 km
although the Goldmaq and Drummohd profiles were measured to 40 km

and the Drummond profile was extrapolated to 50 km by the authors.

77



NO, Column in Units of 10" Molecules cm™2

NITROGEN DIOXIDE VERTICAL COLUMN

Latitude

10 T T T T T 1 T T T 1 I
O+ Seasons: spring - fall h
8- D }
2L -
HNO 5 (Murcray et al. 1975)
6 B
4
3
2
e ® ;
0 IS W W AU DUNNRY N NN U N R ]
-90 -60 -30 O _30 60 90

¢ TUNOTA

84



o

NITROGEN DIOXIDE VERTICAL COLUMN

N b O N WO
1

i

|

NOo Column in Units of 10" Molecules cm™2

i i i | i | | i { {

Seasons winter - summer

HNOBk(Murcray et al, 1975)

v; | ° oH
¢ ]

Latitude

S0

9 HUNDTA

64



SUMMAR

Y OF NO, BALLOON MEASUREMENTS CONVERTED TO COLUMNS

TABLE IIT.

2
Item in Lat. | o sve | Range of OBS | .o CNOz CN02’ i Reference
Fizs. 5, 6 N km 0BS 15-50 km
AA 46 | 5774 20-36 PM | 2.0 to 3.2 ACKERMAN et al. (1975)
15-20 PM | 0.4 to 0.8 | 2.4 to 4.1 | FONTENELLA et al. (1974)
B 40 | 5/78 20-35 PM | 4.8 5.9 OGAWA (1979)
C 32 9/73 18-28 PM | 2.3 4,4 -MURCRAY et al. (1975)
D 44 | 9/74 24-35 NOON | 4.7 8.4 HARRIES et al. (1976)
E 59 7174 15-35 Nooﬁ 5.4 7 EVANS et al. (1977)
F 52. | 8/76 15-35 PM | 6.3 6.6 EVANS et al. (1978)
| 8/76 15-35 PM | 5.6 5.9
8/76 15-31 PM | 5.0 6.1
G 32§ 2/77 20-42 PM | 4.6 4.9 GCOLDMAN et al. (1978)
H 44 | 6/75 20-50 AM | 2.8 6.0 DRUMMOND and JARNOT (1979)

08
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In order to compare these independent balloon measurements with
Noxon's columns, all the . balloon profiles were extrapolated to cover
the altitude range between 15 and 50 km, Morning and mid-day measure-
ments were normalized so that everyprofile corresponded to evening
conditions, Since most of the concentration lies in the altitude
region where the NO2 was measured, the extrapolation to regions beyond
was a refinement without great consequences., The profile concentra-
tions were then summed over the altitudes to gi&e and overhead column,
The resulting columns are listed in Table 3, BEach entry is identified
by a letter which is plotted in the appropriate figure 5 or 6, The
line drawn in figures 5 and 6 is the interpolation between all the
available data points and was used as the source 6f the NO2 columns
used in this calcglation.

| As well as obtaining the column or vertical profile, some of
these experimenters obtained some indication of the concentration of
NO2 Just after sunrise and just before sunset. One would expect the
Noz to rapidly photolyze and stabilize at some low value immediately
after sunrise and then to bulld up slowly during the day as the more
slowly photolyzed species such as N205, HNO3' ClONOz, and HOON'O2

break apart, Noxon reported this diurnal PM/AM ratio as equal to two,
Kerr and McElroy (1978) studied the PM/AM ratio as a function of
altitude during the four separate profile measurements. Their PM/AM
ratio was about two above 20 km and decreased to about 1.5 at altitudes
below 20 km, Ridley et al, (1978) also studied the altitude dependence

of the PM/AM ratio and obtained essentially the same results, The



PM/AM ratio has been used in this calculation to check on the proper

behaviour and consistency of the computer model results,

82
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III, CALCULATIONS WITH THE 1-D MODEL

A, INTRODUCTION

Noxon's measurements cover the latitude grid quite will and also
cover the longitudinal or seasonal grid adequately, however they do
not cover the altitude grid at all since the data are presented in
terms of the total overhead column of NO2 and not its vertical profile,
In order to extract the vertical profile a one-dimensional vertical
transport photochemical model was used. This model solves the time
dependent chemical rate equations and the one dimensional transport
numerically,

One can express the vertical flux of a chemical species as a sum
of molecular diffusion with diffusion coefficient D and turbulent

diffusion parameterized by Kz, the vertical eddy diffusion coefficient,

- oE 3 Es ) xR EST) (6

Here n 1s the number density of a component chemical species, H is
the scale height of the component and Ha is the scale height of air.
The scale height is defined as an increment in height where a compo-
nent's pressure is reduced to a value 1/e of its initial value, In
general, the contribution of the molecular diffusion term to the flux
is 100 -1000 times less than the turbulent diffusion term all through-
out the stratosphere. The temperature change with height is usually
a constant over a small altitude range,

The continuity equation for the time evolution of a chemical

species in a atmosphere where chemistry is occuring is given by,

on . . oF | (9)
5 P=L"°'"n - v
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This equation is more often expressed in terms of the mixing ratio

or mole fraction, ¥ ,

2 - ]
?.EE ;E_L°E_3_szauz+l§§z N oM (10)
2% N 23 N oz 0z

P and L are the chemical production and loss terms and N is the total
number density of air at altitude z., Note that the constant concentra-
tilon in the loss term is treated explicitly in oxrder to make the nume-
rical integration of the equation easier., It is this equation that

is solved for each chemical species in the numericai model,

Chemical kinetics differential equations are notoriously difficult
to solve because the rate of change of a species operates on vastly
different time scales dependihg on the rate constants and concentra-
tions of reactants and products., An example for the rate of ozone

change from only the mechanisms in Table 1 follows;

%IEQBL ko] o]~ 3os]- rp[o3]]0]- r3[z0fos] - 5[] 05]- Lo,

(11)

The rate determining step in each reaction mechanism occurs on a much

slower time scale than the other reactions so that any solution of

the previous differential equation that is done on a time scale commen-

surate with the rate détermining steps in the sum may gloss over the

effects contributed by the faster reactions. On the other hand, if |

the time steps are chosen to be suitable for the fast-varying species

the problem cannot be run to completion or steady state in & reasonable
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amount of computer time,

One solution for handiing such problems, called stiff problems,
Involves the use of a modified Newton's method using chords developed by
Gear (1971) (Hindmarsch 1972), The Gear method uses variable time steps
determined by a predictor-corrector iteration and a backwards dif-
ferentiation formula, A system of kinetic differntial equations is
generally only locally stiff, that is, only certain species are stiff
for short periods of time in the calculation. For species and times
when stiffness is not evident, most routines which use the Gear method
switch into modified Adams methods, Such a combination of techniques
make it possible to begin a simulation of a chemical system with
initial values far from equilibrium and end up with an internally
consistent steady state solution within a reasonable amount of computer
time., It also makes it possible to continually introduce perturbations,
such as is done in diurnal calculations where the sun's inclination
angle varies and the sun sets every 12 hours,and still come to steady
state rather quickly.

B, CALCULATIONS

The time dependent 1-D transport and photochemical model used
was obtained from the Atmopheric Kinetics group at Lawrence Livermore
Laboratory (Chang 1974; Chang et al. 1974). It was modified to
include a total of twenty chemical speciess 03, 0, OH, HO,, HZOZ’ HZO’

CH,, €O, C1, €10, ClONO

N,0, NO, NO,, NO,, N0, p» CF,CLy, CFCly, HCL,
and HNOB. The quickly reacting species O(iD), N, and H were calculated

by steady state approximations, These approximations were tested
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and found to be verified in regions of the stratosphere of interest

in this calculation, Chemical reactions that occur among these twenty
three species are listed in Table 4, The vertical transport was han-
dled using the eddy diffusion coefficlents of Stewart and Hoffert
(1975). TFor a one-dimensional treatment such as this one to be valid,
latitudinal and longitudinal transport components must be fast compared
to the vertical transport. In a gross(approximation, the mid-latitudes
meet this criterion better than do the equator and poles, therfore

the results from a 1-D model can be best compared with experimental
data from the mid-latitudes,

The photochemical model was started with initial conditions for
the concentration profiles that were typical for the unperturbed
stratosphere, A natural background of 2 ppbv of total chlorine is
prescribed, One approach to change the value of the NO2 column was
to multiply the NOZ concentrations in the vertical profile by a
¢onstante It was found, however, that after the photochemical model
was allowed to come to steady state, the change in the total column
was not very great since chemistry transformed most of the excess NO2
to HNOBQ More satisfactory results were obtained by modifying the
boundary values to a sufficliently high value so that after the model
achieved steady state the overhead column gave the desired value,
These values were made to span the range which Noxon saw in one
particular season, In this way it was possible to construct vertical
profile distributlons that correspond to the various columns measured

by Noxon throughout the globe, This was done separately for the three



TABLE 4

REACTION RATES
Rate constants from HAMPSON & GARVIN (1977) except as noted

0CP) + 0o + M => 0% + N

54

1.07%10 ~ "exp(510/T)

87

5

=11
1.9%10  exp(=2300/T)

0z + 0("P) => 2 O

0% + NO => NOo + 0o 2.1*10_128xp(—1450/T)
0(°p) + NO» => NO + 0o 9.1%107 '

NoO + o('p) = No + 05 5.5%107

NoO + o('p) -> 2 N0 5.5%107

i T NSUVUPS TSI EV: INNOU S N N o

N + 0o => NO + 0(°p) 5.5%107 Cexp(=3220/T)
N + NO => No + 0(’p) 8.2*10'11exP(—41o/T)
N + NOp -> 2 NO 6.0%10" 2
HoO + O(1p) -> 2 OH 2.5%107 0 |

-10

CHy + O(jD) -> 0H + 2 HOp + CO 1.3%10

OH + 0z > Op + HO»

-12
1.5%10° “exp(-1000/T)

+ HNO= -~> Ho0 + N03

OH

+ HoOp => HOp + Ho0

1.0*10“11exP(w75o/T)

-11

1
i
{
|
i
|
3 -10 |
0("P) + OH > H + Oo 1.0%¥10 exp(-ZSO/T) !
- |

HOo + Oz => OH + 0o 1.4%10 4exp(—59O/T) EA
|
, , =10 ' {
O(BP) + HOp => OH + 0o 1.0%¥10 exp(—ZBO/T) !
- I
H+ O0s + M => HOp + M 2.08%10™ 2exp(290/1) ;
_ |
H+ Oz => OH + 0o 1.42%10 1Oexp(-—478/T) i
-1 |

HO» + HOo -> HoOp + 0o 3.,9%10 4exp(1245/T) §B
-11 i
OH + HOp => Ho0 + Op 5.0%10 !
‘ - i
OH + NOo + M => HNOxz + M 4.0%10 12*M/(1.12*1o18+M)§
-1 !
OH g.o%10” 4 ;
|
!
i
|
i

NO

+ NO3 => NOp + NO

1.87*10




TABLE 4
contd.

1
N2+O(D)+M-—>N20+M

3.5*10“37

N+ NOp => No0 + 0 (°P)

-11
2.0%10 exp(-800/T)

0(°P) + NO + M => NOp + M

32

1.55%10 " “exp(584 /1)

-12
3.3%10  “exp(254/T)

NO + HO», => OH * NOp A
Ho + 0('p) -> oH + & 2.7%107" 0 j
OH + OH -> Ho0 + 0(’p) 1.0%107 exp(-550/1) i
N + 03 -=> NO + Op 5.5*1O~126xp(=65O/T) i
NOo + 0z => NOz + 0o 1.23*10“13exp(«2470/m>j
gHyt OH -> Hp0 + €0 + 2 HOp 2.36%10” “oxp(-1710/T)
OH + OH + M => Ho0p + M 1g2510-32exp(9OO/T) |
0Cp) + HoOp => OH + HO» 2.75*10—129xp(—2125/T)§
Cl + 0z => 0o + C10 2.7*10“11exp(~257/m) E
O(BP) + €10 => C1 + 0o 7.7*10'11exp<—13o/w) j
C10 + NO -> C1 + NOp 2,20%107 " g
Cl + CHq => CO + HC1 + 2 HO, 7.3*10'12exp(-126o/T) é
Cl + Hp => HC1 + H 4.9%107" ' exp(=2340/1) §
Cl + HOp => HC1 + Op 3,040 |
HC1 + OH -> €1 + Hp0 3e0*10—129xp(~425/T)

HC1 + o<39) -> C1 + OH 1.14*10—11exp(~3370/T)§
C1ONOp + 0(°P) => NOs + C10  4.5%¥10" “exp(-840/T) f
croc1, + 0('D) => C1 + 010 2.0%107 " ° §
CFClz + o('p) -> 2 ¢c1 + c10  2.0%10 0 i
NOo + NOz + M -> No0g + M §C
NoOs -> NOo + NOx ic
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TABLE 4
contd.

14

NOo, + NOz => NO + NOp + Op  2.5%10  "exp(-1127/T

)

NOz + 0 => NOp + 0p 1.0%107"

NOz + NO% -> 2 NOp + O» 8.5*10—136xp(-245O/T)

1347, 53%10”

33,

M

CO +O0H > €O, + H 1.4%10°

-11
C1 + HNO% -> HCL + NO= 1.0%107 exp(=2170/T

)

-23 -3,
010 + NOp + M —> CLONO + M 3.3%10 2 %p 5934

-.6
/(148.7¥10 ~*7T *M

5

NYSUNS ST NUI TS SUPPLEG R ST S PO —

PHOTOLYSIS REACTIONS

5

0o + hv => 2 0("P) E IHC1 + hv => C1 + H

0% + hv => O(BP) + Op

C1ONO5 + hv -> C10 + NO»

1
Oz + hv -> 0 D)

-
O
DO

CFoCly + hv => 2 Cl

3

SRS SN S SV

NO5 + hv => NO + 0(”P)

1ICFClx + hv => 3 C1

UV RO QU SRS W

N-O + hv -> No + O(BP) NoOg + hv => 2 NOo + 0(

5

P)

NO + hv => N + O(5P)

NOs + hv > NOo» + 0(°P)
N

HNOz + hv -> OH + NOp | Oz + hv => NO + Op

4

T

|
Ho0p + hv => 2 OH }

Alternate rate constant sources:

HOWARD (1978)

cox (1978)

CONNEL and JOHNSTON (1979)
CHAN et. al. (1977)

HUDSON and MAHLE (1977)
GRAHAM and JOHNSTON (1978)

HE Q>

89



90

regions: the poles, the midlatitudes, and the tropics,

For the mid-latitude case the model was brought to steady state
using a constant sun at half intensity for a thirty year total integra-
tion period. Four different sets of boundary values for NO and NO2
were used to span Noxon's observed column values. This was followed
by three days of diurnal calculations with a maximum +time step of 200
seconds, The photolysis rates varied continuously according to the
computed radiation flux which depends on the solar angle that was
varying throughout the day, The result was four sets of stratos-

pheric NO, vertical distributions as a function of time of day, whose

2

concentration was consistent with the local concentration of ozone

and other chemical species, The NO2 overhead columns values calculated
by the model from the derived profiles roughly bracketed the range
found by Noxon at mid-latitudes. It was found that the concentration

of NO, at any given altitude was proportional to the total strato-

2

spheric NO, column so linear interpolation factors could be derived,

2

This made it possible to calculate the NO2 profile for any NO, column

2
starting from a given PM vertical profile. Such calculations were
done for each time of day to glve a complete set of interpolated
diurnal profiles based on a model calculation,

For the troplcal and polar regions a thirty year run of the
model would not lead to a meaningful steady state, because a 1-D

model cannot adequately simulate atmospheric transport for such a

long time in those reglons. The problem was approached by calculation

with a half intensity sun until a qpasi-steady state was established,
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which generally took about seven days. The calculation was started
with observed values for slowly varying speclies such as ozone, air
density, temperature, water vapor and nitric acid for the appropriate
global region. Various boundary values of NO2 spanning Noxon's
observed ones in the tropics and the poles were again introduced,

A quasi-steady state was established among the fast atmospheric

species, i.e, 0, HO, HOO, H,0,, NO, NO,, NO Cl, €10 and C1ONO

272 3; N205¢
This was followed by three days of diurnal calculations as in the

2'

mid-latutude case, Again it was possible to derive the linear inter-
polation factors that allowed the calculation of a profile correspond-
ing to any desired N02 column,

The polar case was handled just like the midlatitude case when
the earth's orientation was that of spring or fall equinox. This is
reasonable sincg the maximum in the solar intensity on the earth occurs
on the equator and decreases toward both poles as geometry dictates,
The whole globe was assumed to be in daylight for 12 hours and in
darkness for 12 hours, When the earth is at solstice, one pole
receives illumination continually whereas the other pole is in
complete darkness., The maximum solar intensity in thls case is at 230
latitude, due to the earth's insolation. In order to adequately model
this case it was nesessary to calculate the number of hours each
latitude band was in daylight, It was also necessary to determine
the solar intensity in each of these latitude bands ,

Although on a global scale the surface area of the polar regions

is quite small, it is possible that this region may have profound
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effects on the global NOze The continuous source of light during the
polar summer may continue to photolyze species such as HNO3 which

can then bulld up the concentration of NO, to quite high values,

2
Once the solar intensity and the duration of the day were calculated,
the model calculations were done in the same way as the equinox case.,

C. CHECKS OF THE MODEL RESULTS

To check for the internal chemical consistency of such an approach
to generate NO2 profiles, the computed ozone concentration at the
end of the diurnal calculation was compared with the input profiles
from Dutsch's data, Not much change was observed, NOX is in rapid
photochemical equiiibrium above about 35 km and the partioning between
NO and NO2 depends on the ozone concentration, Therefore the stabili-
ty of the ozone concentration serves as a rough check verifying
that no gross errors exist and that the chemistry used in the model
is consistent with the in-situ chemistry.

One can further verify the high altitude behavior of the chemistry
involving NO2 by examining a study of the solar proton event of 1972
(S0lomon and Crutzen 1980). The study confirmed that the chemistry
of the mid and upper strtosphere is sufficiently well understood to
adequately describe the ozone losses observed after a massive in-situ
injection of NOX. Since the same chemistry 1s used to generate the
vertical profiles, this result adds confidence to the model results,

Another separate verification of the model approach can be

obtained by studying the sensitivity of the profile to various concen-

trations of HNOB' The concentration of HNO3 is believed to reflect
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long term global transmort, and since HND3 is slowly photolyzed to NOx R
the NO, profiles may show a transport effect also (Wofsy - 1978).

A nitrie acid concentration is reported by both Lazrus and Gandrud.
(1974), who used a filter collection technique, and by Murcraey et al,
(1975), who reported columns above 18 km based on infrared emission,

Murcray found columns of HNO., that varied from 0,9 - 5.4 x 10 15moleé/cm2

3
in the latitude interval between ZOON and ZOOS. Lazrus and Gandrud
report tropical mixing ratios at 18 km between 0.2 and 0,75 ppbm.

The nitric acid study in the model was simulated by choosing two
nitric acid profiles that bracketed the experimental observations
which was followed by a model calculation to quasi-steady state as is
appropriate for tropical regions. The results listed below for 5:30 M
show that the two extreme input cases for nitric acid result in a
difference of about 5 % on the total column rate of the NO, + 0
reaction. In the lower stratosphere i.e, at 18 km where HNO3 acts
as the main chemical resevoir for NOX, the effect on the NO2 + 0
reaction is small. Overall it appears that the uncertainty in the

shape of the HNO, profile does not introduce much uncertainty into

3

the instantaneous rates calculation,

Case 1 Case 2

Column of HNO3 X 1015 molecules cm“2 1.2 5.6
HNO3 at 18 km, ppbm 0.36 2,2
Colunn rate of NO, + O—3 NO, + 0. x 10%% em<s™t 3.8 4,0

2 2 2
The results of the synthesized NO2 profiles around the globe are

summarized in the contour plot in figure 4 on page72, NO2 is averaged



over the daytime only since at night much of the free NO2 becomes

bouna as N,O

2°5°
by Noxons the high'Noz columns at both poles and at mid-latitudes

From the contour ploi one can see the behavior observed

at 30° , the low tropical values, the winter cliff above 50 N and the
trough in spring. The maximum in the NO2 concentration occurs at

about 30 km, This value is slightly higher than that observed by

most balloon measurements where it occurs at 24 - 27 km, The model
profile however, tracks Drummond s profile quite closely, especially
between 30 ~ 45 km and does reasonably well near the altitude of
maximum concentration, See figure 7. Cuxrve A is the NO2 profile
observed by Drummond and Jarnot (1979) which has an integrated verti”
cal column of 2,8 x 10 15 molec/cmz, B and C are profiles generated

by the model with integrated columns of 2.4 and 1.0 x 10 15 molec/cm2
respectively, Noxon's altitude of maximum concentration varies

between 20 and 28 km. The major discrepancy between the model cal -
culation of NO2 and the observation of Noxon and others is the varia-
bility of the observed altitude of maximum Noz not reproduced by the
model, Since the maximum occurs in the lower stratosphere where the
concentration of O atoms is small, it will not affect the results of the
instantaneous rates calculation for NO2 +0 —» NO * 02, This discre-
pancy may be evidence for either a horizontal transport mechanism which
is introducing NO2 or a chemical resevolr species that produces NO2
upon reaction or photolysis. It is also possible that the greater

uncertainty that Noxon places on his determination of the altitude

of maximum concentration may explain the discrepancy. The altitude



Altitude, km

45

40

Of
o

30

25

20

FIGURE 7

OBSERVED AND CALCULATED I‘i’()2 PROFILES ONE HOUR AFTER SUNRISE

95

N P10 [T T 7T [T T TTTT

SO SEASON; SUMMER 1
s \\ .'b“" o e
| < s"oB LOCATIONs 447N |
rw =
= P
Lo chood L dénl 1 il

o’ 2 5 108 2 5 107 2 5

“Nitrogen Dioxide Concentration, Molecules cm”

3



of maximum concentration is a derived rather than a directly observed

quantity.
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IV, INSTANTANEOUS RATES CALCULATIONS

A, RESULTS

Instantaneous rates calculations were done as a function of
height (50 one km altitudes), longitude or time of day ( 24 fifteen
degree intervals), and latitude ( 10 ten degree intervals) for the two
spring-fall equinox cases and the two winter and summer solstice

-cases., Only one plot each of the equinox and solstice cases is
provided in the contour plots, since the differences between the two
hemispheres was small. The contour plots for the reaction rates are
presented as 24 hour average rates whereas the plots for the concentra-
tion of chemical specles are presented as 12 hour daytime averages
for the equinox case and averages over the sunlit portion of the day
for the solstice case,

In each grid point concentrations of O3 and NO2 were input as
primary data, The concentrations of NO2 and 0 as well as the solar
intensity were calculated or extrapolated as stated previously. The
instantaneous rates calculations were done for ozone production from
0, photolysis, P(03> = Zj[oé}, ozone destruction by oxygen species,
L(Ox) = ZREO][OB],and ozone destruction by nitrogen species, L(NOX) =
2Kk [oHNozl Another ozone destruction mechanism NO, + 05 —» NO + 20,
was also investigated.

The 24 hour zonal average of ozone production is shown in figure
8. It shows a broad maximum in the upper stratosphere and a large
value over the polar summer, The rate of ozone destruction by oxygen

species is shown in figure 9 and the ratio of the two rates '

L(Ox)/P(OB) is shown in figure 10, From the ratio one can see that
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at about 40 km the loss due to Ox is about 25 % of the tofal rate of
ozone production, This percentage rapldly decreases at lower altitudes
ti11l it reaches a region below the ozone maximum where oxone is pro-
duced 1000 times faster than it is destroyed by Oxa The heavy lines
in figure 10 outline a reglon where Ox reactions destroy ozone at a
rate comparable to (L/P = 0.5) to a rate much faster than (L/P = 5,0)
the rate that ozone is produced by solar radiation. This high ozone
destruction occurs in a region where the photochemical production of
ozone 1s very slow, Ozone production from O2 occurs only from solar
radiation at wavelengths less than 242 nm, which is strongly filtered
by oxygen and ozone , whereas the ozone destruction is brought about
by oxygen atoms generated by ozone and NO2 photolysis, which is driven
by visible as well as ultraviolet radiation., Thus, ozone, brought to
a reglon by transport, undergoes slow photochemical destruction where
the rate of ozone formation from O2 photolysis is essentially zero,

The 24 hour zonal average rate of ozone destruction by N‘Ox is
shown in figurell . The maximum rate of ozone destruction by NOX
occurs at midlatitudes between 30 and 40 km, Ozone is rapidly
destroyed by the NO, *+ 0 reaction at a rate of 106 molecules/second
in a band 15 km wide stretching from pole to pole at the equinox,
During the solstice this band is 20 km wide over the summer pole
and rapldly falls to zZero as one approaches the winter pole,

The ratio of ozone destruction by No_ to its production by
photolysis L(NOX)/P(OX), is shown in figure 12, The heavy lines in

this figure enclose the region where ozone destruction by NOx exceeds
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50 % of the local production to where it is less than five times the

local production rate by O, photolysis, This implies that NO X is

2
destroying ozone which is brought to that region from a net ozone
production region by atmospheric transport., In the solstice case
the ozone destruction by NOx lies in a band 10 km wide from the
summer pole to 600N. In the equinox case the zone of maximum ozone
destruction by NOX occurs in two large areas over the mid-latitudes,

The extent of loss of ozone from a less important NOX cycle

was also investigated,

NO + o3 —> NO, +0, (12)

No, *+ 05 — NO5 + 0, (13)

NO5 +hv — NO + 0, (or NO, * 0) (14)
net: 2 O3 —3p 3 O2

The rate of ozone destruction may be expressed as Zk[NOZ}[OBXQ,
where Q is the ratio for the two branching paths for NO3 photolysis.
Using the quantum yields determined by Graham and Johnston (1978),

the contribution to the global ozone desruction by this cycle is

only 0.03 % of the ozone production. The contribution is even less

if one uses the more recent quantum yleld determination by Magnotta
and Johnston (1980). This is mainly due to the slow rate for the

NOZ + O3 reaction, especially since the altitudes of maximum concen-
trations of N’O2 and ozone coincide, At lower altitiudes such as between
1 - 10 km the global integrated rate of this reaction is sufficiently
high to be important in the troposphere where the lifetimes of NO

2
and ozone are longer, At these altitudes this reaction is sufficient-
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ly effective to be on the order of a few percent of the magnitude of
the rate of ozone production by methane smog reactions (Chameides and
Walker 1976),

Some more ozone can be lost through a minor pathway in the oxygen
family, L(Ox), when the reagtion O3 + O(iD) —» 2 0, operates, The
concentration of O(lD) in the stratosphere is low enough so that this
reactlon is not a factor in the ozone balance,

Another perturbation on the instantaneous rates calculation is
an ozone source term from methane smog oxidation ( Fishman et al,
1979). This effect is negligible in the 30 - 40 km altitude region
where the NO2 + 0 reaction predominates. The methane smog oxidation
reaction sequence is an important local source of ozone below 20 km,
so it would need to be considered if one were studying an ozone balance

in the tropsphere,
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B. EFFECTS OF TRANSPORT ON THE INSTANTANEQUS RATES

The ratio of the measured local ozone concentration and the local
ozone production rate gives an indication of the photochemical replace-
ment time for ozone, Figure 13, plotted as a daytime average, shows
that above 30 km the photochemical lifetime is on the order of one
week, and between 25 - 30 km it increases to about one month, Since
it increases dramatically to one or more ysars in the lower strato-
sphere and troposphere, it is necessary to see how the photochemical
lifetime compares to the residence time of a parcel of alr in a parti-
cular grid point of the calculation (Brewer and Wilson 1968), In
the general case in reglons where transport is slower than photochem-
istry one can make conclusions about the ozone balance and infer from
the results of an instantaneous rates calculation where on the globe
transport is taking place., In general this is true above where the
photochemical replacement time is between 1 - 4 months, Most of the
ozone production and destruction by OX and NOx occurs above this
region., If one is in a grid point where the photochemical lifetime
is greater than about four months then vertical and horizontal trans-
port will be the major source of ozone inputs and deficits assuming
no other chemical source for ozone (Fishman et al, 1979).

For the specific reaction considered here, i,e, NO, + O —» NO + O

2

the requirements are not so stringent. NO2 is a directly measured

2

quantity and the oxygen atom has a very short photochemical lifetime,
It is continuously being produced by ozone which is directly measured.

The method of instantaneous rates can be directly applied in this case,
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It is necessary to examine each chemical system separately before
instantaneous rates can be applied, For example, if the oxygen atonm
had another major chemical source term besides ozone that was not
measured , the previous arguments about photochemical stady state
would need to be satisfied,

Vigorous stratospheric poleward transport due to the general cir-
culation of the atmosphere results in a large maximum at the winter
pole which lasts until about April (Gebhart et al, 1970). This is
true even though photolysis is not producing or destroying any
local ozone, One can see from table 6 that the instantaneous rates
calculation preserves this feature which was introduced through
Dutsch's data, A slight asymmetry in the hemispheres with the
northern hemisphere having more ozone was also preserved,

As was mentioned before, horizontal transport may have a profound

effect on the global distribution of NO In the winter especially

2'
Q
at high altitudes, i.e. above 60 N, the N02 virtually disappears.,

This may be due to slow conversion to HNO3 during the winter months

when the lifetime of HNO. can become quite long ( on the order of 107

3

seconds). The slow conversion could not be reversed until spring
when the photolysis rate for HN'O3 increased, Possible mechanisms for
this conversion with a timescale of a few months are (Wofsy 1978):

1) NO2 + OH +M - HNO, + M if photolysis of HNO3 is ineffective

3
in the long wavelength tail (A > 315 nm),

+ H.O 2 HNO...
5 " e B0,

3) A changed temperature coefficient for N205°

2) The slow reaction of NZO
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It 1s possible that poleward transport of NO2 is occuring, but
this effect is difficult to sort out due to the short photochemical
lifetime of N’O2 and the uncertainty of mechanisms for the galn and

loss of NOZB One can approach this problem by observing global distri-

butions of other NO, reservoir species such as HNOBa Murcray et all's

2

(1975) integrated HNO, column data for April 1974 is shown in figure

3
5 and data for January 1974 is shown in figure 6 by the solid points.
The units Murcray used for his HNO3 columns were converted using STP
conversions from the US Standard Atmosphere, 1976. One can see that
the behavior of NOZ 3
lack of data near both poles makes it difficult to make any quantitative

and HNO, is similar where data exists, however the

conclusions about HNO3 as a transport reservoir, If one expects HNO, to

3
mimic NO2 closely due to a similar response to solar flux only, perhaps
Noxon's NO2 columns would have shown a sharper dip in the eqpator if
more data were available, The range.of N02 columns considered in the
sensitivity study is sufficient to include this uncertainty, Again it is
clear that the data for chemical specles must be obtained near the
equator because its large spherical area contributes significantly

to the global averages and near the poles for species that can act as

chemical reservoirs to enable one to make more definitive conclusions

about chemical transport.
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TABLE 5

SUMMARY OF INSTANTANEOUS RATES CALCULATIONS

Al Prod. Loss of 0, ' Ratio L/P "}
B&n«; Lat, 03 Ox NOx o o Both
km 2 3[02] 2 k[O][OB] 2 k[O]{NOZ] b4 b3
-80 14 2 28 0.13 | 1.95 2.08
-70 33 3 20 0.09 0.61 | 0.70
-60 51 5 21 0.11 | 0.40 | 0.51
-50 67 9 26 0.6 | 0.39 | 0.53
40 81 13 49 0.16 | 0.60 | 0.76
-30 94 14 64 0.15 | 0.68 | 0.83
-20 106 16 W 0.15 | 0.44 | 0.59
10 112 17 36 0.15 | 0.32 | 0.47
0 119 16 35 0.13 | 0.29 | 0.42
10 117 16 37 0.13 | 0.31 | 0.44
20 110 14 45 0.13 | 0.41 | 0.54
30 100 13 53 0.13 | 0.53 | 0.66
40 83 12 b4 0.15 | 0.53 | 0.68
50 67 9 39 0.13 | 0.58 | 0.71
60 48 5 32 0.11 | 0.66 | 0.77
70 28 3 26 0.11 0.93 1.04
80 9 2 20 0.19 | 2.18 | 2.37
4550 140.2 2.6 | 9.2 0.23 0.07 | 0.30
40-45 171.2 42.4 45.2 0.25 0.26 | 0.51
35-40 155.4 19.0 89.2 0.12 0.57 | 0.69
30-35 104.0 7.2 57.4 0.07 0.55 | 0.62
25-30 | 43.4 2.6 15.4 0.06 0.35 | 0.41
20-25 8.8 0.52 1.8 0.06 0.30 | 0.36
15-20 0.9 0.04 0.12 0.04 0.13 | 0.17
15-45 &84 72 209 '0.15 0.63 | 0.58
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V.. CONCLUSIONS

The 24 hour average rates for the spring-fall case were summed
over 15 - 45 km to give average column rates. These are summarized
in the first section of table 5, For each latitude, the average
column rates of P(OB), L(0,), L(NOX) as well as the ratios L(Ox)/P(OB),
L(0,)/P(0,) and (1(0,) + L(Nox)f.\/P(OB) are shown.

Near both poles one sees that both production and loss rate are
about one tenth the equatorial value., The loss of ozone due to NOx
is enhanced somewhat by the large solar zenith angle, since the photo-

lysis of NO, is not as effective near the poles as it is near the

2
equator. The atmosphere is optically thin in the NO2 absorption
wavelengths, therefore the enhancement would be small, ’Gne would
expect a similar effect for oxygen atom production due io the photo-
lysis of ozone in the visible, Again since the atmosphere is opti-
cally thin in this region, the enhancement of oxygen atoms would be
small, In any case those enhancements would be overpowered by the
decreased concentration of oxygen atoms one finds at the poles. The
polar L(Nox) rates are about half the equatorial ones, If one looks
at the ratio of both loss mechanisms to production one sees that the
ozone is destroyed about twlce as fast as it is formed., Again this
is evidence of horizontal and vertical transport, In the mid-lati-
tudes where the concentration of NO2 is highest, the ratio of loss
to production by 0, 1s 15 % and by NOX is 40 - 70 %. The equator

has the same rate for O, , but for o the ratio is about 30 %,

One can clearly see the effects of global asymmetry of O. and

3
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NO2 concentrations by comparing the northern and southern hemispheres
in table 6. The northern hemisphere which has more ozone also has
more ozone production. The loss of ozone by OX appears to be almost
uniform in both hemispheres but may have slightly less loss in the
northern hemisphere where the increased 03 may shield the lower alti-

tudes from O3 photolysis, The loss of O, by NOX follows Noxon's

3
columns, The total loss by NOX in the northern hemisphere is slightly
higher than in the southern hemisphere, but the peak loss rate is
highest in the southern hemisphere,

The ratio L(Nox)/P(OB) has been superimposed on the contour map
of ozone mixing ratio to produce figure 14. BRegion B defines the area
where NOX destroys ozone at least 50 % as fast as it is formed,
Region A defines the maximum mixing ratios for ozone and region C
shows the point where the oxygen photolysis is maximum. Region B lies
across the region of maximum mixing ratio for ozone in the summer NH-
winter SH season and it forms two large areas on each side of the
ozone maximum mixing ratio for the spring NH- fall SH season, It is
possible to gain some insight from the photochemical source reglon
in the tropical middle stratosphere to the photochemically inert lower
polar stratosphere by observing on the spring-fall map a region from
point A to a point 18 km above the north pole. As one follows along
this line from the equator to about 4OON3the rate of ozone production
from O2 photolysis is much faster than destruetion by NOX or Ox'

When the line crosses into region B, which is the region where a large

ozone destruction by NOx is occuring, the absolute rate of ozone forma-
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TABLE 5
The loss and production rates are averaged over 24 hours, The units
are 10°7 seconds™ . The total daytime NO, (TD NOZ) is summed over

32

the sunlit hemisphere. The units are 107 molecules. All are

summed over 15 - 45 km,

Season P(OB) TD NO, L(NOX) L/P

spring L84 146 209 0.43

summer L4hg 119 222 0.50

fall 480 135 187 ‘ 0.39

winter 527 134 228 0.43
TABLE 7

Sensitivity test where the NO2 columns of figures 5 and 6 were scaled

by 2/3 and 4/3. When the season is summer in the northern hemisphere

-1 and L(OX) =95 x 1029 secni. When the season

_1'and

P(0,) = 449 x 1029 sec

3)
is fall in the northern hemisphere P(OB) = 480 x 1029 sec

L(0,) = 77 x 1077 sec™l,

NH season REL. NO,| TD NO, L(NOX) L/P
summer 2/3 81.5 145 0.32
summer 1 119 222 - 0,50
summex /3 155 297 0.66
fall 2/3 100 127 0.26
fall 1 135 187 0.39
fall 4/3 195 295 Q.61
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tion and destruction by OX is low,

The 24 hour average rates from the lnstantaneous rates calcula-
tion were summed over the latitudes and over various altitude bands,
Table 5 presents the results over five km altitude bands and over
the entire altitude range between 15-45 km, The role of L(NOX)
in balanecing ozone between 45-50 km is quite small; it accounts for
7 % of the total production in the altitude band., L(Ox) destroys a
about 23 % in the same region. Between 40 - 45 km NOX and OX are
equally important in destroying ozone, each accounting for 25 %,

In the altitude region between 30 and 40 km NOX destroys about 57 %
of the ozone produced whereas 0x only destroys 10 %#. In the lower
stratosphere between 25 and 30 km, ozone destruction for both mecha-
nisms becomes less important, L(Ox) is 6 % of P(OB) and L(NOX) is

35 %, Below 25 km both mechanisms become extremely slow and care
nust be taken to correctly account for the transport before a balance
can be discussed, Over the entire range 15 - 45 km the Ox reactions
destroy 15 # of the photochemically produced ozone and NOx reactions
destroy 43 %.

A sensitivity test was carried out ih which the sunset N02
columns of figures 5 and 6 were scaled by factors of 2/3 and 4/3
which were chosen to be more conservative than the - 20 % Noxon
estimated for the accuracy of the NO, columns. This error factor,
f 33 % , also incorporates most of the balloon soundings. The
results are summarized in Table 7, The global average over the

complete altitude iange 15 - 45 km for L(NOX) was 29 % for the lower



116

limit NO2 and 63 % for the upper limit. Thus the global rate of
ozone destruction by NOx is reported as 45 15 %. The global rate

of ozone destruction by Ox is 15 % of the production rate,

The three quantities 13(03), L(Ox), and L(NOX) are independent
and were derived from different sets of atmospheric measurements,
If measurements of species that enter other catalytic cycles such
as those of HOx and Clx families were available, instantaneous rates
calculations could be made for them also,  The total global ozone
balance based on experimental observations could then be a check to
verify the completeness and accuracy of stratospheric photochemical
mechanisms, This would be possible for reactions directly involving f
ozone as well as other reactions because of the highly coupled nature |
of the stratospheric photochemical reactions, It is clear that the
key to the puzzle is a reliable set of in-situ measurements for the
unstable intermediates, the radicals, and for the stable species,

the photochemlcal sinks,
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VI, POSTSCRIFT

A correction has been tended by Noxon which raises some of the
NO, columns by a factor of 1.6 and the rest by a factor of 1.25 (Noxon
1980), This will also tend to raise the concentratiéns of NO2 used
in the instantaneous rates calculation. The overall trends observed
in the calculation will not be changed, but all the values need to
reflect the fact that the mean global level of daytime NO2 has risen
by 25 %, This factor falls within the range chosen for our sensitivity
study, z 33 %, therefore an examination of table 7 should show the
effects that these new NO, columns have on the calculated instantaneous

rates for the loss of ozone due to NOxe

Noxon, J.F,, J. Geophys, Res, 85, 4560 (1980)



Figure 1.

Pigure 2,

Figure 3.

Figure 4,

Figure 5,
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VII. FIGURE CAPTIONS,

Temperature in the troposphere and stratosphere. The south
pole is - 90O and the north pole is 90o in all the contour
plots, The first panel is the equinox average of Dutsch's
(1978) values for March, April and May; the second panel

is the solstice average for December, January and February.

Ozone concentration in units of 1012 molecules cmnB. Data

is from Ditsch (1978).

Atomic oxygen concentration, 12 hour, daytime average,

calculated as described in the text.

Daytime average of nitrogen dioxide concentration in units

of 107 molecules cm“3.

Observed FM vertical columns of stratospheric nitrogen,
dioxide, fall-spring: O NOXON (1979), Figure 1; O NOXON,
Figure 2; A NOXON, Figure 33 A ACKERMAN et al, (1974); B
OGAWA (1979); € MURCRAY et al, (1974); D HARRIES et al,
(1976), The line is an interpolation used as the primary
data for this study. Sensitivity studies were made with NOZ
columns 2/3 and 4/3 of this line, Included for comparison,
@ HNO célumns from MURCRAY et al, (1975) for April 1975,

3
same unlts as Noz.



Figure 6,

Flgure 7.

Figure 8,

Flgure 9.

Figure 10,

Figure 11,
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Observed PM vertical columns of stratospheric nitogen
dloxide, winter-summers O NOXON (1979), Figure 13 & NOXON,
Figure 3; O NOXON, Figure 6; E EVANS et al, (1977); F EVANS
et al, (1978); G GOLDMAN et al, (1978); H DRUMMOND and JARNOT
(1979). The line is as described in the previous figure,

The HNO, columns are for January 1974.

3
Nitrogen dioxide profile between 20 and 50 km as observed

by DRUMMOND and JARNOT (1979), line A; the integrated verti-
cal column is 2.8 x 10 15 molecules cm'zg 4@°N, June 1975,
one hour after sunrise, Lines B and C represent model NO2

15

profiles respectively from 2.4 and 1.0 x 10 molecules cm""2

between 20 and 50 km, one hour after sunrise,

Rate of ozone production from O, photolysis, P(OB) =2 j[OZ],
3 =1

24 hour average, in units of molecules cm - & —,

Rate of ozone destruction by the Chapman reactions, L(Ox)=

2 k[oﬂbB], 24 hour average, in units of molecules — s’ie

The ratio of the rate of ozone destruction by Ox to the rate

of ozone formation by 0, photolysis. L(0_)/P(0.)= 2k[o]lo ]
: R 5| CS
2

The rate of ozone destruction by No_, L(No )= 2k[o]io,] ,

in units of molecules cm"3 s-ie
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Figure 12, Ratlo of ozone destruction by Noxnﬁo production by photolysis

of oxygen, L(NOX) Zk[QﬁNOél.
B(0,)  23(0;]

Megure 13, Ozone photochemical replacement time, xratio of ozone concen-

tration to ozone production rate, P(OB)'

Figure 14, The ratio L(NOX) / P(OS)’ Figure 12, superimposed on ozone
mixing ratios,. Reglion A is characterized by a maximum O3
ratio, regioankby fast ozone desruction by NOX and reglon C

by the maximum zate of O3 production from oxygen photolysis,
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