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UPPER ATMOSPHERE CHEMICAL RELEASE STUDY

By J. Pressman, A. Sharma, J. Padur, H.K. Brown, and C. Rosen
GCA Corporation, GCA Technology Division

INTRODUCTION
A. Purpose of Contract

The objective of this program of research has been to conduct a
series of laboratory and theoretical studies in the general area of
chemical release experiments in the upper atmosphere. These studies
had for their purpose the design of a program of chemical release experi-
ments for obtaining scientific data on the upper atmosphere of the earth.
It was considered further that a chemical release program before moving
into field operation should be based on as accurate as possible labor-
atory data and a full theoretical analysis insuring a solid foundation.
Before the chemical release occurs in the upper atmosphere the funda-
mental microscopic numbers such as reaction rates, quantum efficiency,
emission spectrum, etc. will have been carefully measured.

Further, in chemical release experiments there is a necessary
chain of argument and mathematics from the observations to the final
result. In general an appropriate system of equations including the
kinetics of the reactions and diffusion must be solved in some degree
of complexity allowing for initial conditions. If the modelling is
unrealistic or the mathematics intractable, the reduction of data to
meaningful results may be poor or even impossible. Consequently, this
theoretical aspect has been carefully investigated for one experimental
concept. There are additional theoretical aspects that are essential
to the field performance of a chemical release program. In certain
types of releases there are thermochemical considerations that are vital
to a specific experiment. The theoretical analysis of these and other
problems important to the total design of specific experiments has
been performed in relative degrees for suggested experiments.

The chemical release program has input into several broad areas
of geophysical research. The first general area is that of the physics
of the atmosphere of the earth and other planets. The measurements from
this program will help to elucidate such problems as nighttime density,
upper atmosphere diffusion, the atomic oxygen transition region, wind
structure, etc. Such data is important to the physics of the earth's
atmosphere and consequently to the physics of the atmosphere of the
other planets.

Cometary physics is another area to which atmospheric chemical
release physics may contribute. Chemiluminescence is considered one of
the important processes occurring in comets. Release experiments design-




ed during this program will contribute to knowledge of pertinent reaction
rates, dynamics and optical phenomena.

While the program began as a theoretical and laboratory program,
it was conceived as open-ended in terms of being a preparation for ex-
tension into a field program. To this end the exploratory laboratory
chemiluminescent program has been carried on with existing GCA labora-
tory equipment. Also, new concepts have been explored which present
broad opportunities. For instance, there have been investigated such
new techniques as ozonospheric chemiluminescence, differential chemi-
luminescent spectra, etc. The purpose of this phase of the research
has been to extend the potential and scope of chemical releases. Conse-
quently the performance of selected rocket experiments has been recom-
mended to NASA.

B. Outline of Program

This program has been divided into five basic parts. 1In the
first phase a review has been made of the state-of-the-art of chemical
releases. In the second part a series of innovative concepts for rocket
chemical releases have been arrived at. . Further they have been examin-
ed at reasonable depth to insure their feasibility.

In the third part, one of the concepts, in_this case a chemical
release experiment aimed at explicating the 63008 night sky oxygen
emission is examined in great depth. This includes the scientific
evaluation of the operative mechanisms causing the glow, a mathemati-
cal evaluation of the associated set of non-linear differential equationms,
and the prototype engineering design.

The fourth phase and the one that has received the most emphasis
in this study has been an extensive and systematic laboratory study of
chemiluminescent compounds. This study has measured the reaction of
many compounds with three reactive atmospheric species, atomic oxygen,
atomic nitrogen and ozone. The spectra and intensity have been obtained
at both high pressure and low pressure. Many interesting phenomena
have been found. In particular there have been discovered:

(1) A compound TEB which gives far higher luminescent yields
with atomic oxygen on a molar or weight basis. Comparison with TMA
gives a weight equivalent of 1/20 for the same luminosity.

(2) A compound has been found, diethyl zinc which gives much
higher luminescence with atomic nitrogen than compounds previously re-~
ported. At the same time its luminosity with atomic oxygen is very weak.
Consequently this compound is the best compound found to date for
titrating atomic nitrogen.




(3) 1t has been established that many compounds previously re-
ported in the literature to luminescence with ozone do not do so. Further
measurements have indicated that trimethyl aluminum is the most active
chemiluminescent agent with ozone.

There is a fifth phase in which conclusions and recommendations
are made.

Much of the work has been described in a series of five Technical
Reports which together with this Final Report comprise the bulk of the
work performed on this contract.

C. Reports

In addition to the Quarterly Reports and the Final Report, a series
of GCA Technical Reports listed below have been written and are being
published on this contract. In parenthesis, next to each title, is
given the scientific journmal for which the paper has either been accepted
or to which it is being transmitted.

(1) "A Spectroscopic Study of the Chemiluminescent Reaction of

Germane with Atomic Oxygen'" (Io be published in Journal of Chemical Physics).

€(2) '"A Study of the Chemiluminescent Reactions of some Organo-
metallics with Atomic Oxygen'" (To be published in J. Phys. Chem.)

(3) "A Study of the Chemiluminescent Reactions of CS, and COS
and HZS with Atomic Oxygen" (Published in Journal of Chemical %hysics.)

(4) '"The Chemiluminescent Reactions of Ozone" (To be submitted
to Am. J. of Chem.)

(5) '"Chemical Release Study of the Upper Atmosphere" (To be
submitted to Ann. de Geophysique.)

D. Review of Chemical Release Studies of Upper Atmosphere

This phase of the work is reported on completely in Technical Report
No. 5, "Chemical Release Study of the Upper Atmosphere," and to avoid
repetition only a brief listing of its contents will be given here. It
should be mentioned that the purpose of this review is to present the
state-of-the~art of the use of chemical release experiments for obtaining
information on the state-of-the-upper atmosphere. A listing of the Table
of Contents is given below:

. Introduction

. Summary of previous release experiments

. Theory of the interaction and dynamics of released chemical
t atmosphere

. Winds and turbulence

. Electronic and ionic properties of upper atmosphere

. Chemical properties of upper atmosphere

with ambie

oo, g wpo -




7.
8.
9.

Physical properties of upper atmosphere
Elucidation of upper atmospheric processes
Summary and conclusions




2. OUTLINE OF PROJECTED ROCKET SERIES AND PRIORITIES

In this section an extensive series of GCA-suggested rocket experiments
is identified and analyzed as to feasibility. Further there are selected out
of these and set up in a priority, five of the analyzed experiments. First be-
low we list in order the priority experiments concisely. This is followed by
a list of the suggested experiments and an analysis of these experiments.

A. List of Priority Experiments

The list of priority experiments given below is annotated only briefly.
The motivation for the TEB experiment's primacy has been given in the
introduction.

(1) Release of tri-ethyl boron (TEB). See Introduction

(2) Release of molecular oxygen to test hypothesis of 63008 mechanism.
See original proposal to which this report is an addendum for full discussion

(3) Simultaneous measurement of ratio of two minor constituents, e.g.,
0 and O3, through differential chemiluminescent spectra. This technique pro-
vides the ratio of two active atmospheric constituents without the need of
knowing the dynamics of expansion.

(4) NO (or other compounds) measurements of atomic oxygen and simulta-
neous ground measurement of 5577A. A check on theories of 5577X emission.,

(5) Release of atomic hydrogen into region of hydroxyl emission. A
check on theory of the natural hydroxyl emission by perturbing the concentra-
tion of atomic hydrogen. See paragraph B below.

B. Suggested Rocket Experiments

In this phase a series of rocket chemical release experiments is sug-
gested for probing at some of the as yet unsatisfactorily understood phases
of atmospheric physics. The analysis of these experiments because of their
large number is only carried out in sufficient detail to establish their
reasonable validity with the exception of one experiment which has been ana-
lyzed in full in the original GCA proposal. The listing of experiments is
given in the Table of Contents.

The stated purpose of the selected experiments is to improve our scien-
tific understanding of the upper atmosphere. Consequently, not only upper
atmospheric characteristics such as temperature and composition were suitable
for rocket experimentation but also atmospheric processes. In particular,
experiments have been designed for the purpose of elucidating the mechanisms
for the emission of various airglow lines and bands. An effort has been made




to eschew types of experiments already performed unless a reasonable degree
of improvement is expected.

The proposed experiments are divided into three types. They include ex-
periments designed to test atmospheric mechanisms, experiments to test a
variety of improved titration techniques, and those experiments designed to
improve temperature measurements of the upper atmosphere. These experiments
are discussed below.

Experiments to test atmospheric mechanisms. - This group of experiments
is designed to provide some check on the causative mechanisms of various air-
glow emissions. They include the 6300& atomic oxygen line, the 55778 atomic
oxygen line and the hydroxyl emission.

Release of molecular oxygen between 250 and 300 km to test the 63002

mechanism. - This experiment was selected for detailed analysis in the orig-

inal proposal. Consequently, here only a description of the concept will be
given. For an evaluation of the concept see Section 3.

The purpose of this chemical release experiment is to further elucidate
the mechanisms of the 63008 atomic oxygen emission of the night airglow. As
yet neither the basic mechanism or mechanisms nor the altitude distribution
of the emission is well established. A brief review is given below.

The nocturnal intensity of the red line is between 50 R and 100 R. The
daytime intensity is considerably higher, being of the order of 50 kilo-
Rayleighs. Earlier calculations of the 63008 airglow were based upon rela-
tively simple schemes of reactions involving ion removal and were dependent
upon the adopted values of the reaction rate constants. As yet, significant
doubts exist as to the specific mechanisms. These are undoubtedly ion-atom
interchanges leading to ionized molecules, probably either 0; or NOot. This
is followed by dissociative recombination with an excited atom of oxygen.

Rocket experiments have not conclusively defined the region of emission;
however, it is generally considered to be rather broad with maximum in the Fq
region. Consequently, it is proposed that a twofold experiment be performed
in which substantial amounts of oxygen and nitrogen are deposited in the Fq
region (250 to 300 km). At 300 km Oy and N, constitute approximately 0.1
percent and 0.8 percent of the total gas number, while at 250 km they consti-
tute 0.3 percent and 15 percent respectively. Consequently, a release of 103
moles will substantially increase the oxygen and nitrogen concentration over
hundred to thousands of cubic kilometers and may change the 63008 emission.
One thousand moles occupy 30 to 35 liters for liquid oxygen and nitrogen
and allowing for efficiency of evaporation some 60 liters will be required.
No significant change in electron density should occur because of the rapid
movement of electrons.

Chemical release experiment to investigate the mechanism of the hydroxyl
emission. - The OH vibration-rotation bands of the airglow extending from




50008 to 2.3y are the dominant feature of the airglow. A total emission rate
of 5000 kR makes this extensive system the brightest night airglow emission.

Since the first measurements of the hydroxyl emission there have been
considerable numbers of observations made of the hydroxyl airglow. There
have been many studies of the rotational and vibrational structure of the
hydroxyl emission in the field and in the laboratory. The equivalence of the
ambient gas temperature and the rotational temperature is reasonably well
established.

There remain major inconsistencies in the atomic hydrogen-ozone hypothesis.
The total emission is accounted for on the basis of this hypothesis operating
in a night-time model hydrogen-ozone atmosphere. However, the calculated max-
imum of emission is lower than that observed. The only way to account for
this fact is to assume deactivation is operative. However, such deactivation
would then lower the total rate of emission.

Consequently, any experiments which would significantly elucidate the
mechanisms of emission of the hydroxyl emission would add to our knowledge of
the upper atmosphere. It is with this viewpoint that the release of atomic
hydrogen at an altitude of about 80 km seems worthwhile.

The basic concept is to release from a rocket at appropriate altitudes
(circa 80 km) sufficient atomic hydrogen to increase significantly the ambient
concentration of this species. This should perturb the emission mechanism of
those systems linked with atomic hydrogen. Although the major emission in-
volved is the hydroxyl emission several other emissions such as the sodium-D
and hydrogen alpha have also been casually linked to atomic hydrogen. Con-
sequently, these emissions will be monitored also by ground-based photometers
both birefringent and interferometric. The catalytic activity of atomic
hydrogen constitutes an asset.

The engineering considerations constitute a key factor in this proposed
experiment since the basic problem is to manufacture and deliver approximately
1/10 of a mole to an altitude of 80 km within a volume of a few cubic kilo-
meters. Unfortunately, while atomic hydrogen has been produced by many tech-
niques, there have been no optimization studies of the kind necessary for this
program. Techniques for generating atomic hydrogen are basically of the gas-
eous discharge, arc, furnace, and chemical technique and their output has been
evaluated.

There are two techniques, the hydrogen arc and the furnace technique,
which are presently under examination as possible techniques. They are dis-
cussed a little more fully below.

(1) Hydrogen Arc. The energy of dissociation of hydrogen is about 100
kilocalories per mole or approximately 400,000 joules. Consequently, with
our 1.10 mole requirement the minimum energy needed is 40,000 joules. Since
we desire to dissociate the hydrogen within about one second in order to en-
sure its localization within one cubic kilometer, the minimum requirement is




for 40 kilowatts. Consequently, 'beefing up'" the hydrogen torch by about a
factor of 3 or utilizing 3 such devices in concert seems reasonably possible
with a power source delivering 100 kilowatts for one second. It is noted that
the total apparatus - power supply, arc, electrodes, etc., constitute a 'one
shot" device. A major factor is the energy storage. While batteries are
capable of storing 10 watt hours per pound or 36,000 joules, their peak capa-
bility for time as short as a second goes down considerably. A reasonable
estimate is 2000 joules for 2.3 pounds of batteries. Consequently, the energy
storage weight would range from 100 to 150 pounds. This would constitute the
major bulk of the apparatus.

(2) Thermal Technique of Generation. The technique to be used here
circumvents the energy storage requirements of the in situ generation. Basic-
ally, the system is one in which, through an umbilical cord, power is piped
into our furnace system, thus avoiding the above calculated weight of the
power supply. There are two possible types of systems. In one the hydrogen
is incorporated directly in the furnace. This system has the disadvantage
that it has to retain a pressure of several atmospheres and operate at 3000°C,
The alternate system consists of two parts, of which the first is a hydrogen
reservoir in which the hydrogen is preheated to approximately 1500 to 2000°C.
The second unit is the hot furnace at 3000°C. These units are carried aloft
and at a prescribed time a diaphragm is broken and the hydrogen is flushed
through the 3000°C furnace. The interior of the furnace will be fabricated
of a combination of tungsten and refractory ceramic. Good heat transfer will
have to be assured through the use of a pebble bed, network of wires, or other
heat transfer mechanisms within the furnace.

Formation of atomic hydrogen under equilibrium conditions. - From equi-
librium thermodynamic considerations one can calculate the percentage dissocia
tion of hydrogen gas as a function of temperature and pressure. Figure 1
shows the results of such calculations for hydrogen at pressures ranging be-
tween 103 atm to 10° and temperatures ranging between 1000 to 6000°K.

Again using equilibrium considerations one can calculate the heat content
of a given distribution of the various hydrogen species. Figure 2 displays
the values for the heat content of two grams of hydrogen as a function of
temperature and pressure. If we combine Figures 1 and 2, we can derive Fig-
ure 3 which gives the heat content of a container holding one mole of hydrogen
atoms.

The volume of these various equilibrium distributions of hydrogen can be
obtained with the aid of the ideal gas law. Figure 4 shows the volumes of
containers that will be required in order to hold one mole of hydrogen atoms
at various temperatures and pressures. This shows that in order to contain
0.1 of a mole of hydrogen atoms in a 10-liter gontainer, we would have to
heat it to 3300°K if it were pressurized at 10° atm. Considering the very
large values of the diffusion coefficient of hydrogen at high temperatures,
these considerations lead to the conclusion that we will be faced with a
rather severe materials problem if we were to attempt to produce the hydrogen
by this method. ‘
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These calculations also point out that the ma jor energy dissipation
mechanism in this system is the dissociation of molecular hydrogen. In line
with this it appears from these calculations that an appreciable amount of
energy can not be stored in these systems by preheating them before launch.

Considering the various factors involved in producing an equilibrium
mixture containing 0.1 mole of atomic hydrogen (volume of system, weight of
systems, weights of energy source, materials problems), it is felt that this
is not the optimum method of producing the required atomic hydrogen.

However, it is evident from these graphs that, if the kinetics were
favorable, the most efficient method of producing atomic hydrogen would be
via some steady state process that can operate at a low pressure,

A plasma gun, to be described later, is such a device. If the gases from
such a plasma device could be made to exit at 3000°K at a pressure of 0.1 atm,
it would require only about 16 kW to produce the 0.1 mole. These values are
well within the present state of the art.

Description of plasma gun. - This section outlines the hardware require-
ments which are needed to impart 40 kW of power for one second to 2 grams of
hydrogen. The design philosophy is based upon the assembling of existing com-
ponents each of which has been tested and proven. These components consist
of a plasma generator silver zinc battery package, supply of pressurized molec-
ular hydrogen and a high-frequency oscillator. The hydrogen, under a slight
positive pressure, passes through the plasma generator arc, and is exposed to
the enormous electric fields within the arc. The hydrogen emerges as a disso-
ciated ionized gas at a high temperature. The arc can be started by means of
a standard welding oscillator, that provides a high-frequency discharge across
the anode-cathode gap, which creates momentarily a low resistance current path.
The arc, once started by the oscillator, is sustained by a bank of silver zinc
batteries which are packaged to produce the current at the required arc oper-
ating voltage.

The system requirements are as follows:

Emerging gas: Atomic hydrogen
Quantity (min.): 0.2 grams
Operating time (min.): 1.0 second
Input power (min.): 40 kW

Flow rate (min.): 0.2 gram/sec

Experiments to test theory of 55778 atomic oxygen emission. - The purpose
of this group of experiments is to test in one fashion or another, by chemical
release, significant theories of emission of the 55773 atomic oxygen lines.
The three suggested experiments are: (1) to actively change the concentration
of atomic oxygen by dilution and measure the change in the 55778 emission,

(2) to simultaneously measure the atomic oxygen concentration and the 5577
emission for correlation, and (3) to shield the 5577A emitting region with an
overlying gaseous patch absorbing Lyman-alpha checking the theory that noc-
turnal Lyman-alpha is inducing the green line.

13




Dilution of atomic oxygen region with helium. - The purpose of this ex-
periment is to check the order of the reaction which emits the atomic oxygen
green line. The concept here is to change in a prescribed volume, the con-
centration of atomic oxygen by diluting this volume with an inert gas. This
change in concentration will alter the rate of emission. For example, sup-
pose the mechanism is the Chapman mechanism

o+o+o—>0‘2+o*

0 >0 + hy

This implies that the emission is proportional to the third order of the
atomic oxygen concentration. Consequently, a reduction of the concentration
by one-half means a diminution of one-eighth, whereas, if the emission is
first order, the diminution will be one-half. 1In Table 1 is calculated for

a thousand moles of helium for varying degrees of dilution (100, 10 and 1
percent) at two different ambient concentrations of 10 3 and 1012/cm3 the
diminution to be expected for the fact that the perturbed region may only be

a portion of the total region. For instance, at ng = 1013 and n. = 10 percent
for a third-order reaction the intensity is 73 percent if the total emitting
region is diluted.

In practice the time during which dilution would occur would be reasonably
long. If we set h the gaussian half-width then

h2 = ri + 4Dt

where r, is the halfwidth at t = 0. For D = 105 cm? sec~! t must be of the
order of tens of minutes before the dilution falls by a factor of e, Con-
sequently, there is a reasonable period for examining the time behavior of
the diminution of intensity. If gaussian distribution for the diluent is
assumed and the order of the reaction producing the 5577A emission is n then
I4, the emission per cm? at a distance d from the center of the release is
given by (to within a constant of proportionality)

B f r EE)}}fl r dr
Id = 2 5/\ {f[o](r) na[l - - exp<; hz -J:§=T=§§

[r2 + 4Dt
o

)"
o JT3/2 n
a

wlo™w

]1/2

where h
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N = total number of diluent molecules

n

a ambient concentration

f[o](r) = fractional concentration of atomic oxygen

D

coefficient of diffusion

With r_ determined from the mass of the release, and D and n, from the height,
the preceding formula integrated over the field of view provides a reasonable
approximation to the expected intensity for the correct value of the exponent
n. If the Chapman mechanism is correct a value of n = 3 should give the

closest fit to the data. '

Nitric oxide (or other compounds) measurements of atomic oxygen and
simultaneous ground measurements of 5577A. - The experiment suggested here
provides for a direct correlation between the vertical distribution of atomic
oxygen and the 55778 atomic oxygen emission. The vertical distribution of
atomic oxygen will be measured by a chemical release technique utilizing NO,
TMA, or some alternate compound. The integrated emission of 55778 will be
measured by ground-based photometers. Measurements will be made on a series
of days so as to ensure obtaining a reasonably wide range of intensity of
55778. Then comparisons will be made with parameters derived-from the mea-
sured vertical distribution. Such parameters will be used as:

(a) The integrated vertical distribution

fw [0] az

(b) The integrated power distribution

f (0] da n = 2,3,4 +--

Presumably, if the Chapman mechanism is correct n = 3 will give the best
correlation.

(¢) Truncated distributions - Here the concept is that at certain alti-
tudes there are additional mechanisms (such as deactivation) which render the
atomic oxygen in situ nonproductive. Our parameter then would be of the form

%
f (01" 4z
5
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where as an example z; = 90, z, = 110 km

2
It is considered that a series of at least five flights yielding five
points on the various correlation charts for each of the abstracted parameters
would be required to give any meaningful pattern. Additionally, rocket flights
which measure the flux of 55778 as a function altitude would provide the op-
portunity for better correlation. In effect they perform a space correlation
where the five flights proposed above in essence perform a time correlation.

A plasma generator which can satisfy the system requirements is commer-
cially available. 1Its specifications are as follows:

Operating gases:
Operating power:

Operating voltage:
Weight:

Mass flow rate (max.):
Volume:

Cost:

Availability:

Cooling water required:
Efficiency:

Operating time:

argon, nitrogen or hydrogen
40 kW (maximum operating power
for sustained operation)
100V de (H,)
less than 3 pounds
0.5 gram/sec (HZ)
less than 0.1 £t3
51750
immediate

. k%
3 gallons per min
50 to 80 percent (with water
cooling)
2 seconds (max)

**Cooling required to prevent cathode-anode erosion for
sustained operation.

The plasma generator can operate at power levels exceeding 40 kW for
only several seconds with subsequent erosion of the electrodes. Also, since
water cooling decreases the plasma gun efficiency or actual energy imparted
to the emerging gas, it is planned to operate the plasma gun without water
cooling at 60 kW. Use of 60 kW would allow sufficient energy to be imparted
to the atomic hydrogen in order to ensure dissociation.

A battery package which can produce 600 A dc at 100 volts dc for 2 sec-
onds can be assembled from existing battery cells. The specifications of
such a package are as follows:

silver zinc

100V dc nominal
Output current: 600 amp dc nominal
Operating time: 2 seconds

Number of cells: 100

Battery type:
Output voltage:

Package volume: 1.2 ft3
Package weight: 170 pounds
Availability: 3 months
Package cost: $8,700
Temperature range: 60 to 100°F
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A large savings in battery size, weight and cost can be effected if the
operating temperature of the battery package were maintained from 90°F to
120°F. Self-powered heaters immersed in the package and energized about one

hour before the pulse is required can be used. The weight and volume reduc-
tion are 14 and 13 percent.

Shielding of 55778 emitting region with overlying chemical patch to
absorb Lyman-Alpha. - The purpose of this experiment is to test the hypoth-
esis that the 55778 nocturnal emission is induced by Lyman-alpha. The con-
cept is to create by rocket release an overlying absorbing layer which would
diminish the flux of Lyman-alpha into the active region producing the 55778
emission. The compound used must have several distinct properties.

(a) It must have as large an absorbing cross section for Lyman-alpha
as possible.

(b) It must not chemiluminesce or only minimally.
{(c) It must not be consumed chemically or only minimally.
(d) It must have low molecular weight.

A search of the literature for gases having large cross sections at
Lyman-alpha is given in Table 2. Unfortunately, the measurements are sporadic
and have been centered on the hydrocarbons. The higher values are about 1000
to 2000 cm~l. However, it is pointed out that these values are random and may
represent nowhere near the maximum possible value of the absorption cross sec-
tion. For example, N% has a value of 10,000 cm-1 for Lyman-alpha.

Of the compounds listed water vapor or propane is probably best on a
weight basis. They do not have the maximum cross section; however, they are
satisfactory on the three other counts. They have a reasonably low molecular
weight. They do not chemiluminesce nor are they consumed rapidly by atomic
oxygen. Consequently, the calculation below will be made on the basis of the
use of propane.

However, it is noted that a necessary aspect of this proposed rocket ex-
periment would be a preliminary program of laboratory measurements to opti-
mize the selected compound and hence minimize the payload to be carried.

Assumin% the use of 200 pounds of progane or roughly 2 to 3 x 103 moles
with a k(em~1) of 103orc =3t 7 x 10-1 /molecule, a cloud one optical
thickness deep (2 to 7 x 1016 particles/cm?) will cover a circular area of

2 to 4 km diameter, At an altitude of 100 km this diluent cloud subtends an
angle of 1° 22'. With presently available photometers such a spot size is
experimentally susceptible. It should be noted that material with cross sec-
tions an order-of-magnitude greater per unit of weight seems within reach of
laboratory determination. For such substances the diluent cloud would have

a diameter of 5 to 32 km and would subtend an angle at 100 km of 3° 3' and
would make the job of observation considerably easier.
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GASES WITH LARGE LYMAN-ALPHA CROSS SECTIONS

TABLE 2

Compound Absorption Coefficient Molecular Weight
), em~1
BZO 387 18
Propylene (CHZCH CHB) 1000 42
Propane (CH CHZCH3) 1000 44
Toluene (CSHSCHB) 1500 92
Benzene (6636) 1100 78
04H20H Methyl,Ethyl 1960 67
} n-propyl and n-butyl
C3H7OH alcohols 1560 60
Ethylene 700 28
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The experiment then would consist of making measurements of the glow from
a selected region of the sky which would be the target region. After suitable
calibration of this region the rocket would release the Lyman-alpha absorbing
compound above the observation area at an altitude sufficiently high so that
there is no dilution or chemical interaction with the 55778 emitting region -
an altitude of 120 km seems reasonable. If Lyman-alpha is the causative fac-
tor then a substantial diminution of 5577A should occur in the shielded region.

Improvement in atmospheric titration experiments. - The purpose of this
phase of the program is to suggest possible concepts and compounds which will
improve upon existing atmospheric titration experiments. These experiments
include the simultaneous measurement of two reactive species, the measurement
of previously unmeasured species, the use of more efficient compounds for

measuring atomic oxygen and the extension of chemiluminescent techniques to
lower portion of the atmosphere.

Simultaneous measurement of two minor constituents (e.g., O and O
through differential chemiluminescent spectra. - The aeronomy of the oxygen
allotropes constitute one of the major problems of upper atmospheric physics.
While a considerable advance has been made in recent years in the absolute
measurement of the various oxygen allotropes and their ratios as yet many as-
pects of the oxygen problem remain in an unsatisfactory condition. The ozone
concentration has been measured many times to altitudes of 30 km but only on
one or two occasions has it been measured up to 60 km. The concentration of
atomic oxygen has been measured with increasing accuracy from 90 km up. In
particular the ratio of atomic oxygen to molecular oxygen has been measured
mass-spectrometrically recently.

However, as yet here have been no simultaneous measurements of atomic
oxygen and ozone above 30 km or at all. Such simultaneous measurement would
be of value in determining the photochemistry of oxygen. At present the ver-
tical distributions of atomic oxygen and ozone have not been cross correlated
experimentally. Simultaneous measurements at one or more points can serve
this function. In particular, a measurement at the crossover points at ap-
proximately 50 to 70 km would be of value. Such a measurement would not only
have direct implications for the photochemistry of oxygen but contribute to
our understanding of airglow phenomena and the mixing processes of the
atmosphere.

The approach to the experimental design is to use a compound which chem-
iluminesces with both atomic oxygen and ozone and which yields a different
spectrum for each reaction. Consequently, measurements with filters in dif-
ferent portions of the glow should yield knowledge of the relative concentra-
tions of atomic oxygen and ozone. This technique has the remarkable advantage
that it is independent of the hydrodynamic mixing since the ratio of atomic
oxygen to ozone remains the same.

It is remarked that not only must there be a differential spectrum of

chemiluminescence between atomic oxygen and ozone but the rates of reaction
must be appropriate so that the released compound not be consumed by only
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one species. A basic problem here is that studies of chemiluminescent ozone
reactions in general have not been prosecuted in significant depth. There is
lacking in general reaction rates, chemiluminescent rates, spectra and mecha-
nisms. Consequently, it is proposed that appropriate compounds be determined
in the experimental phase of this program. There is good reason to believe
that suitable compounds can be found because of the literally hundreds of com-
pounds which chemiluminesce with both atomic oxygen and ozone. In order to
render the experimental design more precise, calculations were made for nitric
oxide as an exemplar originally, because the overall chemiluminescence data
for nitric oxide reactions with atomic oxygen and ozone are reasonably well
established and a differential spectrum exists. It was one of the purposes

of the experimental phase of select the optimal compound.

However, extensive studies made for many compounds (Section 4) have re-
vealed that nitric oxide remains, to the best of our present knowledge, the
optimal compound for this purpose.

In Table 3 is given the relative intensities for various wavelength re-
gion for the chemiluminescent reaction of NO with atomic oxygen and ozone.
On the basis of this tabulation and also the spectrum of the NO + O reaction
given in Figure 5, a preliminary selection of two wavelength regions, Region
I - 4950 to 57008 and Region II - 7200 to 77502, has been made. From these
data a tabulation of percentage of total emission has been made in Table 4.

The chemiluminescent rate for NO + O is given as k = 6.4 x 10-17 cm3
molecule-l sec-l in the equation

E =k [No] [o]
For ozone according to Fontijm, et al., the rate of emission is given by
[vo]lo,]

Eo3 =TT

where [M] is the third body and I, = 120 exp(-4180/RT). The ratio of emission
due to the reaction with atomic oxygen to that with ozone is

E
0 _k [o] M for T = 300°K and [0] 1011/cm3 s
E I [0,

03

3

] 109/cm

[o3

[M] 104/cm3

at approximately 90 km

t=1| o
Qo
1

wn

L]

o

w
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TABLE 3

INTENSITY DISTRIBUTION OF NO2 FLUORESCENCE AND CHEMILUMINESCENT

SPECTRA IN THE RANGE 5000 TO 80008

Relative Intensities (quanta sec-l) Observed in Verious Wavelength Ranges, 2

4950-5700 6150-6700 6700~7200 7200-7750

NO+ O emission (air afterglow) 0.37 1.00 0.83 0.62
NO, fluorescence (4358% excitation) 0.36 1.00 0.82 0.46
No, fluorescence (54618 excitation) == 1.00 1.01 0.53
NO + O3 emission 0.00 1.00 2,38 3.40

TABLE 4

PERCENTAGE (f) OF TOTAL SPECTRUM CONTAINED IN SPECIFIED
WAVELENGTH REGIONS

Reaction "Region I (4950-57008) Region II (7200-77508)
NO 4 O 10 20
NO ~- 03 0 10
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Consequently, it can be seen that there is an altitude and a range of alti-
tudes from which the total emission is apportioned reasonably to the inter-
action with both atmospheric species. There is calculated below the intensity
in two wavelength regions Iy and I;; due to the atomic oxygen and ozone reac-
tions. I is the intensity in the wavelength region 4950 to 57008 and It in
the region 7200 to 77508. ‘The subscript O or O, indicates that the intensity
is due to the species O or O3. The symbol £ suitably subscripted describes
the percentage of chemiluminescence due to reaction with O or O in Region I
or II (see Table 4).

1f IO/M is set equal to kg then there may be written

I = kl £, [No][o]

0
Ip = kl fII [Nol{0] + ky £y [No][o3]
0 (0]
3
Then
I k) £ [o]
.—I_=R O
Irg k) £11 [o] + f11. K5 [037
0 0
3
and

£
oL R
[0] k, f R I,

It is noted that the ratio of [O]/[O3] is independent of the concentra-
tion of NO, consequently the degree of mixing or dynamics is irrelevant so
long as the signal is strong enough to be measured. Further, only the rela-
tive strength of the bandpass signals, R, need be measured. Consequently, it
is easier to measure the relative concentration than the absolute concentra-
tion. It is noted that the rate of consumption of the active species is so
small that it is practically unperturbed.

By use of computation techniques already developed for the measurement
of atomic oxygen with NO there may be computed the concentration of atomic
oxygen and also NO using a prescribed diffusion model.

By using the equation for I;; the absolute concentration of 05 may also
be calculated. The ratio of the absolute values so obtained for [0] and [03]
may then be checked against the relative values obtained directly. Consequently
an internal check for consistency may be obtained.
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Simultaneous measurement of ozone through chemiluminescent release and
through spectrophotometric measurements in the Hertzberg region as cross
checks. - The purpose of this experiment is to provide a check and cross cor-
relation between spectrophotometric measurements in the Hertzberg region as
already performed in a rocket experiment and chemiluminescent measurements of
ozone. The rocket experiment of NASA Goddard has measured the vertical dis-
tribution of ozone in a broad region. The use of TMA as an ozone titrant is
presently being checked out by GCA. 1Its luminosity is high. However, its
rate of chemical consumption must be measured.

The program then envisions a rocket flight in which spectrophotometric
measurements of ozone will be made on the upward leg and a chemiluminescent
trail of TMA will be laid on the downward leg.

Use of NO, to titrate ozone. - The basic concept here is that for atmos-
pheric altitudes in which there is an appropriate mixture of atomic oxygen
and ozone it may be possible to measure the ozone more effectively through
the use of nitrogen dioxide (NOZ) because of the rapidity with which atomic

oxygen is consumed.

The primary interaction of NO, with the ambient ozone is through the
following reactions:

NO2 + 0 - NO +'O2 + 46 kcal )

with a rate coefficient of

-12 _1/2

k = 1.5 x 10 T 3 -1

exp (-500/T) ecm™ sec

also

NO2 + 03 - NO3 + O2 + 26 kcal (2)

-13 T1/2

k =5x 10 exp (-3600/T)

and considering atomic oxygen

O+ NO, +M—> NO, + M + 50 kcal 3

2 3

k =5 x 10.31 cm6 sec-1

It may be concluded from Table 5 that the consumption of NO, by reaction
2 is negligible in comparison with 1 and 3 and hence can be neglected. Fur-
ther, the effect of 3 is also negligible.

Using the table of composition given below (Table 6) there is calculated
the relative efficiency of the ghemiluminescence of nitric oxide (NO) with
atomic oxygen (PO) and ozone (POB) respectively.
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TABLE 5

RELATIVE RATE COEFFICIENTS OF THE ABOVE PROCESSES AT DIFFERENT ALTITUDES
IS APPROXIMATIELY GIVEN BY:

Z k1 k2 k3

20 2.2 x 10712 1.2 x 10724 9.2 x 10713
40 3.9 x 10712 1.9 x 10°%4 4.2 x 10714
60 3.9 x 10712 1.9 x 1072 3.6 x 10
80 1.2 x 10712 6.0 x 1072 2.2 x 10716
100 2.1 x 10712 1.0 x 1072 3.9 x 10718
120 1.3 x 10711 6.5 x 10”24 1.6 x 10717
140 3.4 x 1071 1.6 x 10”23 3.2 x 10720

TABLE 6

z 2 () n(0) n(0,)
20 1.85 x 108 9.8 x 10° 8.1 x 102
40 8.32 x 100 4.2 x 10*° 6.6 x 1014
60 7.26 x 1007 1.6 x 10t 4.7 x 1030
80 4062 x 10M 1.4 x 1042 1.4 x 10°
100 7.80 x 1012 2.1 x 10t2 2.3 x 10°
120 3.10 x 10! 5.0 x 1010 -

140 6.40 x 10'° 8.1 x 10° —




Our conclusions then are that for the normal atmosphere:
(1) Probability of excitation by 03 is less than chemical consumption
(2) Above 40 km the excitation by O is predominant over consumption
(3) Above 60 km the excitation by O is predominant over that due to 03.

At 80 km Table 7 indicates that the glow in the normal atmosphere due to
NO chemiluminescence with atomic oxygen is some four orders greater than that
due to ozone. A releaseof nitrogen dioxide (NO2) at 80 km is capable of mopping
up the atomic oxygen substantially in a fraction of a second. We calculate

R, = kl [NOZ][O]

R, = rate of consumption of atomic oxygen, where if we assume the release NO»
is at ambient concentration then the rate of consumption of atomic oxygen is

12 12

R, = 12 x 1077 x 4.4 x 10 14

x 1.4 x 1012 2 5 x 10

or the atomic oxygen is used up in 10-2 seconds. Of course, this is an ex-
ponential decay and

2

[0] = [o]o exp(- 107 t)

These numbers indicate that the consumption of atomic oxygen is a compara-
tively rapid process and consequently that even where atomic oxygen is in
far greater abundance than ozone the latter can be probed chemiluminescently.
This is true because in the process of consuming NOy, atomic oxygen is de-

pleted rapidly, and NO is created for chemiluminescence with the undiminished
ozone.

Use of improved agents such as trimethyl antimony and tri-ethyl boron to
titrate atomic oxygen. - Tri-ethyl boron has been selected as the initial sub-
stance. The motivation for this has already been given. Experimental details
are given in the next section (Section 3).

Use of di-ethyl zinc to titrate atomic nitrogen. - Initial laboratory ex-
periments have been performed indicating that di-ethyl zinc glows substantially
more intensely with atomic nitrogen than with atomic oxygen. This is presently
being checked out at lowered pressures (see Section 3).

Use of trimethyl aluminum to titrate ozone in the lower atmosphere. -
Present measurements have indicated that TMA gives substantially larger chem-
iluminescence with ozone than nitric oxide (NO) or other compounds. Its use
in titrating ozone in the lower atmosphere is indicated pending the determina-
tion of its rate of consumption by molecular oxygen.
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TABLE 7

A P * *
04 1,03 PO P0
20 2.6 x 107> 3.8 x 107% 5.3 x 1077 6.3 x 107
40 5.3 x 1073 1.7 x 107" 2.3 x 1077 2.7 x 1070
60 2.9 x 107 9.8 x 107 6.7 x 1070 1.0 x 107
80 6.4 x 1077 2.4 x 1077 5.3 x 107 9.0 x 107
100 3.8 x 10”° 7.3 x 10711 3.2x10°0  1.3x10
120 --- -—- 3.3x10°%  3.2x107
140 ~-- - 4.8 x10°% 5.2 x 1077
PO Probability of chemical consumption of NO without chemilumines-
3 cence by ozone
Pg Probability of production of excited NO2 which can produce
3 chemiluminescence
P0 Probability of chemical consumption of NO by atomic oxygen
without producing chemiluminescence
Pg Probability of production of excited NO2 by atomic oxygen which
can produce chemiluminescence
The calculated rates are obtained from:
L N . = . pk oo %
PO ko n(03), Po ko n(03), PO kO n(0) n(M); PO ko n(0)

3 3 3
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Measurement of temperature in upper atmosphere. - The use of improved
compounds over TMA such as tri-ethyl boron with higher oscillator strength
and calibration in laboratory is suggested.

The spectra of the chemiluminescence produced during the reaction of TEB
with atomic oxygen causes BO, bands; the presence of some BO bands is also
suspected. There is a strong possibility of the presence of BO molecules as
an intermediate during the reaction of atomic oxygen and tri-ethyl boron.
Therefore, the observation of BO bands in the spectra of fluorescence excited
by solar radiation during twilight release of tri-ethyl boron can reveal the
temperature of the emitting regions. It may, however, be noted that the Ve
for BO molecules is (1.7803 cm‘l), three times as large as that of AlO mole-
cules (0.64118 cm'l), which indicates that BO bands may be more suitable for
the measurement of temperature. Hence, the spectra of the luminescence pro-
duced during the twilight release of tri-ethyl boron should be studied.
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3. ANALYSIS IN DEPTH OF ROCKET EXPERIMENT RELEASING OXYGEN

A. Introduction

This section analyzes in depth a_rocket chemical release experiment to
investigate the mechanism of the 6300% air-glow emission of atomic oxygen. It
is suggested that a payload of approximately one hundred pounds of oxygen be
released during the night between 250 and 300 kilometers and that the ensuing
glow be observed by suitable rocket and ground photometers. The present most
favorably held theory is that the 6300 glow is due to charge transfer between
Ot and 0y followed by recombination of 05 and an electron followed by dissocia-
tion and excitation of atomic oxygen and the emission of the 63008 emission.

The key fact that makes this experiment feasible is that in the altitude
concerned molecular oxygen has become a minor constituent (at 300 km the con-
centration of Oy is 0.1 percent of the total concentration) and consequently
its concentration can be increased by several orders of magnitude. This pro-
posed rocket increase of molecular oxygen should accelerate the excitation
mechanism causing an increased emission observable by ground or rocket
photometers.

The mechanism of the 63008 emission has been a fundamental problem of
atmospheric physics for the last 36 years, since the first recording of this
radiation by Slipher [1].* Even at present the causative mechanism is not
understood despite the fact that there have been literally hundreds of papers,
observational and theoretical, devoted to this problem.

The proposed simple rocket experiment offers a unique opportunity to test
almost unequivocally the presumed mechanism and should add substantially to our
knowledge of upper atmospheric physics. It is an experiment simply conceived
which can afford an almost direct yes or no answer and is well within the GCA
capability.

B. Short History of the 63008 Emission Line Research

As pointed out above the history of research into the 63008 night airglow
line dates back to 1929 and as yet there is no clear understanding of the basic
mechanism. It has been determined experimentally through rocket photometer
measurements that the altitude of emission of 6300X is relatively high in the
upper atmosphere, > 160 km [2,3,4]. Also, correlation studies of the 55773
emission indicate no relationship with this emission. Further the intensity
of the 6300A emission correlates well with the plasma frequency of the F-
region [5-9].

*
Numbers in [ ] throughout the text represent reference numbers.
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The general consensus considers that the emission comes primarily from
the F-region maximum between 250 to 300 km and that it is due to the dissocia-
tive recombination of molecular oxygen following charge transfer. The mechan-
ism postulated is

o++02—>o‘;+o )

+
0, +e- 0¥ + 0% (possibly 2 0%) ®)

0* > 0 + hy (63008)

An alternative reaction is as noted:

wot sty + e n ¢s) +0 (to)

C. Theoretical Discussion of Possible Mechanisms

The mechanism for the night emission of 63008 from the upper atmosphere
is not well understood because the rates and cross sections of the various
mechanisms postulated are poorly measured quantities. Additionally the rocket
experiments to date have not been successful in characterizing the altitude
distribution of this emission. It must be stated that even in those cases
where the altitude distribution is well characterized such as the 55778 green
line or the 58902 sodium line the mechanisms still remain unresolved.

There seems little doubt, however, that the emission is tied into ionic
mechanisms and that the active region is relatively high up in the atmosphere
(above the 55778 region at 100 km) and at least above 160 km. In particular,
the recent rocket measurement by Gulledge and Packer [9] indicates a maximum
at about 240 to 260 km.

The question as to whether the pertinent mechanism is

+ +

0" + 0,0, +0 %)
Oy +e =0+ 0¥ p) or 7
of +n, 50" +0 (8)
NoT + e N+ o (1D) )
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remains a puzzling one. The complications arise from the fact that the charge-
transfer reactions (4) and (8) lie within to the best of present knowledge an
order of magnitude or so. Also the concentrations as given below indicate
larger concentrations for molecular nitrogen than molecular oxygen. While it
is not possible to be certain it would seem that charge transfer to molecular
nitrogen would be faster than to molecular oxygen. In general, mass spectro-
metric measurements of ions indicate that the NOt concentration is greater than
that of 02 up to at least 250 km. The indication although not conclusive is
that at 300 km the concentrations of the two ions would be approximately the
same.

At the next step, that of dissociative recombination combined with exci-
tation, again the coefficients are not established within an order of magnitude.
However, here we see that inEquation (9) for NOt the excited 0(!D) is spin for-
bidden as pointed out by Dalgarno. This fact in itself would suggest that it
is the 02 which is the important molecular ion. Consequently, it is the re-
lease of 02 which should rate higher priority over that of nitrogen.

In the next subsectjon will be presented some approximate estimates of
the perturbation of GBOOX.by the release of molecular oxygen. This is fol-
lowed by a more quantitative section in which the differential equations of the
system are treated.

D. Approximate Calculations

There is calculated below in this subsection two types of approximations.
One calculation solves the differential equations directly (with no diffusion)
using initial values constant over all space but with an oxygen concentration
which is equivalent to the total particle concentration. This is graphed in
Figure 6.

The second type of calculation represented in Table 8 is a direct numeri-
cal approach calculating rates for the pertinent reactions. In this calcula-
tion allowance is made for the diffusion of molecular oxygen but not for other
species. '

In paragraph E still more realistic models are examined.

A representative model of the ionosphere and upper atmosphere is given in
Table 8.

Ionic composition of the ionosphere has been obtained from the percentage
composition obtained from rocket observations and after assuming

n(e) = n (0;) + N(N0+) + n(0+)

33



('D) em™3 sec”!

RATE OF EXCITATION OF O

6300

1000

100

0ICDY3 - 840F

| I N O |

IllIIILJ 1 L1 1 11

1 111 1

%)
t(seconds)

Figure 6. Rate of excitation, o*(Ip) = a [e] [O;___l as a function of time.
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TABLE 8

Altitude

Y n(Nz) n(02) n(N) n(0) n(M)
100 1x10" 1x10% 2.1 x10° 3.4x102 1.4 x 10!3
150 5x100° 8x10®° 1x10°  1.6x10° 6.6 x 101°
200 1.6 x 10° 2.5 x 100 2.4 x 105 1 x 10° 2.8 x 10°
250 4x10%  2.5x10° 7.5x107 2.8 x10° 3.9 x 105
300 4x10 4.1 x10° 3x 10’ 1 x 10° 1.7 = 10°
+

Altg“de n(e) n(0,) n(Noh) nohH
100 6x10° 2x10% 5.8x 103
150 8x10° 3x10° 4x103 1 x 103
200 5.5x10% 2x103 3x10° 5 x 10
250  3x10° 2x10° 1.2 x 10% 2.9 x 10°
300 4 x 10° 4 x 10

5

I
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The reactions controlling the ion equilibrium at night are:

Best Estimates

4 O+ + Oz-a o+ O; k = 5x 10—11cm3/sec
5 0+ + Nz-a NO+ + N k = 1x 10-12 cm3/sec
6 O; + Nz-a Nd+ + NO k = 3x 10-17 or 5 x 10-14 cm3/sec
7 of + | -12 3
2+ N—->NO +0 k = 5x 10 cm” /sec
8 - d+ + NO = 5x 10 2 cm3/sec
9 0; +e—>0+ O+ k = 1x 10-7 cm3/sec, a
10 NO+ + e+ N+ 0+ k = 1x 10 cm3/sec, a

+
The variation of the rate of dissociative recombination of O2 in the
ionosphere is given by v = n(Og) n(e) x 10-7

100 km 2 x 102 x 6 x 103 x 1077 = 12 x 1072 = 0.12/cm” sec
150 km 8 x 105 x 3 x 103 x 1077 = 24 x 107} = 2.4/em> sec
200 km 5.5 x 10° x 2 x 107/ = 11.0 = 11.0/cm> sec

3 -7

250 km 3 x 10° x 2 x 10° x 10 60 = 60/cm> sec

300 km 4 x 10° x 2 x 10° x 1077

80 cm/2 sec

The above calculation shows that the assumed concentration of d+ ions and
electrons is reasonable to give the observed altitude variation of the 16300
line.

Perturbation of the 63002 through the increased concentration of 0o
uniformly through space.— Introduction of 0 mainly accelerates the conversion
of OF ions into OF ion and consequently the recombination. If we assume that
the concentration of Op molecules after introduction is equal to the total
particle concentration then for the charge transfer reaction

+ +
0 +0,-0,+0
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the following table is constructed:

Rate/cm3/sec
Unperturbed After Introducing O
+ + + +. 2
Altitude n(0) n(02) k n(0 ) n(OZ) n(02) = n(M);n(0 )n(M) k
200 6.25 x 10' 5 x 10% 2 x 103 7 x 103
250 3.62 x 101 2.9 x 105 2.1 x 103 5.6 x 103
300 8.20 4 x 10° 3.4 x 107

After one sec of introduction of 09 above 200 km, there will occur
changes in O; concentration. These changes considering the above table may
continue for about 10 sec at 200 km and about 100 sec at 250 and 300 km. The
conversion of 0% to 07 is followed by the dissociative recombination of 0;
with electrons.

The time variation of A6300 line is now analyzed.

Above 200 km we can assume

n(0") = n(e)
The ionization decays as
0+ + 02 Eio; +0
0‘2L+e9>o+o ,
and setting
n(0+) = ne) = x n(OZ) = y n(02) = a
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we have

+
dn(0) . -k n(0+) n(0

dt 2)

+
dn(0,)
_&_2_ - 23{2). _— n(o;') ae) + kn(0") 0(0,)

g—’tsa-koxoa;%%--a'y'x+k'l'X'X[ka"QY]

Since atmospheric ionic processes only create minor changes the concen-
tration of Oy will not change substantially; therefore, the concentration of
0o molecule is treated as constant.

Assuming at 1 =0 x=x_ Yy =Yy

%
" %
1]

]
K
5
o
rt

and

Substituting in second equation, we have

dy . -kat _
it kaxoe ayx

= ka e-ka'r -yQ e-ka'r

=x e kat [k -a-y- Q]
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T
dy ~kat
jyka-y(x xofe dt
o

0

y 1 T
[- é log(ka - ya)]o - . xo x ._1_ [e-na'r]

ka o

x
o]

y-k&a{l- (1-{;&) egem[(-hf)-ll}

The time rate of variation of the 16300 line is given by

xoa
- Yo\ Ta
q=R6300=ayx=kaxoeka'r"1-(1-ﬁ- eka{exp(-ka-r)-l}]

A plot of this equation is given in Figure 6. Similar calculation for the NZ
system may be made.

Calculations allowing for the diffusion of released molecular oxygen.—
There is calculated in the table below the effect of the release of 103 moles
of oxygen at 300 km. The symbols are self-evident except for r, =~h2 + 4Dt
which represents the Gaussian halfwidth which varies with time gue to diffu-
sion and q which is the flux of 63008 photons. ¢q is calculated on the basis
of a probability of de-excitation of 10-2.

It is noted from the table that the time scale of buildup is of the order
of hundreds of seconds. Further the generation of 05 increases by a thousand-
fold and the generation of O(lD) by several hundredfold.

The steady state concentration of 0*(1p) is obtained by setting

do*
at. = 97k OF
equal to zero. Here

1
0*(p) = &
D
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If we take the value of q at about 100 seconds

2.1 x 10°  and K, = 1077,

]

q

then at steady state

*1 . 5 - 3
O (D) = 2.1 x 10 and R6300 = 2.1 x 10

or the rate of decay equals the rate of excitation. The buildup time is 1/k
or approximately 100 seconds. Since the generation q operates at the level of
approximately 103/cm3/sec for several hundred seconds this level of decay
should be attained. This is roughly 100 times the normal flux per cm3.

Of course, here interpenetration has been assumed, the calculations are
for the centerpoint, no depletion of electrons are assumed and consequently
this number is on the high side. Rather than further analyze this model we
will proceed to the next stage which assumes a more accurate mathematical model.

E. More Accurate Calculations from Full Differential Equations

In the earlier portions of this section rather crude estimates have been
made of the perturbation to be obtained through the release of molecular oxy-
gen (nitrogen). It is our purpose in this section of the Final Report to pre-
sent a more accurate evaluation of the perturbation. To this end the full-~
scale differential equations are solved in a reasonable order of approximation
as described below. It should be stated that as part of the projected program
an even higher order of approximation will be utilized. A direct numerical
evaluation may be performed rather than the iterative scheme described herein.

The analysis performed was of a progressive nature attempting to evaluate
the various segments of the problem since a full-scale analytical solution was
intractable. Consequently, as described below some of the results obtained
were for the purpose of seeing how fast the inverted Gaussian concentration
fills in, others to obtain a measure of the effectiveness of the background
0*(1D), while others attempt to measure the strength of the generative term
producing 0*(1D).

It is cautioned that the results calculated are specifically for 300 km
and a release of 1000 moles of molecular oxygen. This calculation, while not
parameterized over altitude or for molecular nitrogen, presents the basic in-
formation as to the feasibility of the proposed rocket experiment.

Summary of problems analyzed.— The principal scope of this section is a
mathematical study of two proposed physical modelsto account for the production




of excited oxygen 63008 (red line) airglow due to the nighttime rocket chemi-
cal release of molecular oxygen between 250 to 300 kilometers. The specific
mathematical details are relegated to Appendix A. Only the setting up of the
problem and some of the results are given here so as not to break the conti-
nuity of the argument.

The injected molecular oxygen particles are assumed to have an initial
Gaussian distribution with the initial concentration configuration [OZ(P’+0)]
defined by the exponential rule:

2 N
[0,@,+0)] = [0,(0)] Ll - exp(} i§'>]

where [0,(0)] signifies the concentration of the molecular oxygen particles
at the origin, r = 0, at the instant t = +0, and where h is a suitable Gaus-
sian halfwidth.

The monitor point P:(x,v,z) is defined by the spherical radial distance
coordinate r, r =~Nx2 + y2 + z2 .

The ambient atmospheric region, between 250 and 300 kilometers, in which
the molecular oxygen is released (after being dispersed from a point-source
canister sent aloft by a high-altitude rocket) contains species of particles
in a steady-state configuration.

In the process of attaining the initial Gaussian configuration

[0,(,40)] = [0,(O][1 - exp(-r’/n’)],

the molecular oxygen particles (contained inside the point-source canister
prior to their release) are considered to have either one of two dispersion
routes: (1) the molecular oxygen particles have a "snowplow" action (of
sorts) on the steady state ambient particles, or (2) the molecular oxygen
particles simply interpenetrate the ambient particles without disturbing
their steady-state configuration at the time t = +0.

That is to say, in Ehe "snowplow" model it is assumed that the concentra-
tion fields [e(P,t)], [0,(P,t)], [ot(p,t)], and [0*(P,t)], of the electrons,
molecular oxygen ions, atomic oxygen ions, and excited oxygen atoms, respec-
tively, at the time t > O after release at time t = +0, have initial inverted
Gaussian configurations:

]

[e@,+0)] = [e(®)] [1 - exp(- 2/h2)], [e@)] = [e(®,t)]

r—w ?

[05(2,+0)] = [03(=)] [1 - exp(- £*/n")], [05()] = [0;(®,0)]__,_
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[0 (2, +0)]

[07@)] [1 - exp(- x°/%)], [0¥()] = [0¥(e,e)]_

—o0 ?

and

[0*(R,40)]

—o0 ?

e+ [0%()] [1 - exp(- £°/b%)], [0%()] = [0*(p,t)]_

where € is an off-on factor, € = 0, 1, depending on whether or not it is as-
sumed that excited oxygen atoms are present in the nighttime atmosphere at
the time t < 0.

The concentrations [e(»)], £Q+Qw)], and [0%(~)] designate the steady
state values of the [e([,t)], [0;(P,t)], [ot(P,t)], and [0*(P,t)] concentra-
tion fields; that is to say, the concentrations of e, 07, ot, and 0% prior to
the release at t = +0 and for very long times, t, after release at t = 0.

In the "snowplow" model it is assumed that there is a negligible amount
of molecular oxygen, Oy, in the ambient region prior to the release at t = 40.
The same assumption applies to the excited oxygen atoms O* if the on-off fac-
tor € is defined as zero, € = 0, in the specification of [0*(P,+0)]. For a
basis of comparison both cases, ¢ =0 and € = 1, are studied in this report.

In the "interpenetrability™ model, it is assumed that initially the [e],
[OZ], [0t], and [0*] concentration iields are constant throughout all space
with the assigned values [e(»)], [020”)], [ot(»)], and [0*(»)], respectively,
at the instant t = +). Further, it is assumed that the initial Gaussian re-
lease configuration of 02 particles is superimposed on the steady state value
[02(=)] at the instant t = 40.

The distinction between the two physical models, the "snowplow™ and the
"interpenetrability" models, described above are based on initial configura-
tion assumptions.

Further assumptions are incorporated in the investigation of these models,
relative to the equations of continuity, as will be pointed out subsequently.

The production of 63008 airglow in the nighttime can be accounted for,
from a physico-chemical reaction standpoint, by a consideration of the follow-
ing set of reaction equations:

K
02+o+ - o";+o , (10)
K
Oy te - 0*+0, (11)
ks
0* " hw+o0. (12)
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In reaction (10) there is an ion-atom exchange, the injected molecular
oxygen particle attaining a positive charge through the oxygen ion-atom
exchange.

In reaction (11) the electron is lost through dissociative recombination
with the production of excited atomic oxygen 0%,

In reaction (12) the excited oxygen atom 0* loses energy through the
production of photons which appear as the 63008 airglow, red line excitation.¥

These physico-chemical processes, occurring at the point P:(x,y,z) in
space and at the instant t > 0, evidently give rise to sources and sinks of
the individual species of particles, at P:(x,y,z) and t, and account for non-
homogeneous additions to the equations of continuity associated with the
several transient concentration fields established by the injected molecular
oxygen particles.

In the “snowplow" model the system of equations of continuity, which de-
fine the space-time variations of the concentration fields at the point
P: (x,y,z) in (P): o< x<0 , =0 y<® =0z o, at the time t > 0,
is assumed to be defined by the following array:

33}_ [02] - DV [02] - k1[°2] [o*] ,

2
_aét. [ot] = p i—f (0] - k, [o,] [0*1,
z
> 2

= [o;] 255 [0'2*] +,[0,] CR kz[o'z*] [e] ,
Z

2
??E [e] = D -2—2—5 fel - k2[0;] [e]

% (0] =D Z[0*] + kz[O;] [e] - k3[0*] ’

*
Reference is made to Physics of the Aurora and Airglow by J. W. Chamberlain,
Academic Press, New York City, 1961, pp.521-532.
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where

) 2
V() %5%[55%()]+§—5(> :

z

In the "interpenetrability™ model the system, required to define the ex-
cited oxygen field [0*(P,t)], is reduced to the pair

;?t-[o*}- +k[0][e]-k[0],
9 [0t} =D ? [o]+k[01[o] k,[0)] [e]
3t Y24 32 - 2

wherein

[0,] = 0,(0) (.1.11)3 exp(- -_‘;;) +10,(=] ,
1

le] = [e(=)], [0¥] = [o"'(a)], 1{ =hZ + 4Dt .

In order to construct a formal solution of the "snowplow“ boundary value
problem in the concentration field functions [0,], [0ot], [02], [e], and [0%*],
an iterative scheme is 1ntroduce? in which the concentration functions are
approximated by the functions [0 1, [ot(1)], [0;(1)] [e(1)] and 0*(i)] at
the i-th approximation, with i 0 corresponding to the initial configurations.

Vital to this scheme is the feasibility of solving the partial differen-
tial equation of the form

‘ 2
ou o
Se ~ D N 2 U+u
z
with
U = U@,t), u = u(p,t), U]t=0 = U®,+0) = Fl(P)
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and the equation

N 2
with
\ '= V(P,t), v = v(P,t), V]t=0 = V(P,+0) = F3(P)

This need is met by the use of Green's functions, (Gl(z,z’;t,T) and
G3(P,P/;t,1), and the integral formulas:

« t o
U= fFl(z’)Gl(z,z’;t,o)dz’ + fd'l' fu(z’,T)Gl(z,z’;t,'r)dz'
- o «®

+0 t +% , _
A -‘[[r FS(P’)G3(P,P’;t,o)dV(P’) -I-f drmv(P’,‘r)Gs(P,P’;t,'r)dV(P’) .
- o -00

In this report the Green's function technique is used to obtain first
approximation representations of the several concentration fields associated
with the “snowplow" model and a formal solution is presented by the second
approximation representations. This study is carried out for both € = 0 and
e =1.

The simplicity of the “interpenetrability" modei system of equations
makes it possible to obtain exact formulas for the 05 and 0* concentration
u

field functions (without recourse to iterative procedures).

The concentration field of the excited oxygen atoms, 0*, is analyzed for
its time variation at the center point, r = 0, and for its integrated particle
count, S O*](t,h), along a line-of-sight coincident with the axis of symmetry,
the z axEs, from ¢ =0, 2 =0 to ¢ =0, z = h where § =x2 + y2, r2 = £2 + 22,
Numerical values for [0%*(o,t)] and S o* (t,h) are obtained for both models when
the parameters involved are assigned typical values carresponding to the 250 to
300 kilometer region in the Earth's atmosphere.

Results of perturbation analysis.— In this section there are presented
some of the results of the mathematical analysis with the mathematical details
relegated as noted before to the Appendix A.
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Snowplow analysis.— 1In Table 9 and Figure 7are given the results of a
center-point calculation and in Table 10 and Figure 8 the integrated density
over a Gaussian halfwidth for a quasi-snowplow-type analysis performed under
the first order of the iterative scheme. Here all the constituents are swept
out. There is also assumed a zero background value of 0* (or e = u). Further,
the first-order iterate of O* works on the zero order of O;. Consequently,
the generating effect of the released 0j is not felt. Therefore, the change
in 0* calculated is due to the generation of 0% by the background concentra-
tions of O+, 0y, O; and the diffusion of all species.

It is further noted that uncharged species diffuse isotropically in all
three dimensions while the charged species move only along the magnetic field
lines. In summary this calculation gives us information on the effect of snow-
plowing by an inert substance which does not increase 0;. The second interac-
tion outlined in Appendix A in effect turns on the generative term by allowing
for the increase in O; through charge transfer of Ot with 0. But this effect—
the basic one — has not been calculated in this approximation.

The calculation reported above is significant in that it gives us a time
constant for the regeneration of 0% when flushed out of a region at 300 km and
allowing for its regeneration through the postulated charge transfer and recom-
bination processes of the natural ambient. This time constant is of the order
of 100 seconds.

Interpenetrability model calculation.— The next calculation presented in
Figure 9 is for a different type of model described bx the phrase interpenetra-
bility model and allows for increased generation of O; through the released oxy-
gen. The basic assumption here is that while the oxygen distribution is de-
scribed by a Gaussian curve, still the pertinent minor constituents such as the
electrons and ions are mixed through so that their initial distribution is con-
stant through all space. Further, the integrated line density for one Gaussian
halfwidth has been calculated since fundamentally the photometers measure the
integrated radiation. In this calculation because of mathematical intracta-
bility the diffusion of 0*(1D) has been omitted. This is not a serious omis-
sion because the integrated line density in effect cancels out the diffusion.
Basically, the photometer does not care where the excited atomic oxygen is
located along its line-of-sight. Since the diffusion is three-dimensional the
integration along the line-of-sight only makes up in part for the diffusion of
0* and the calculated values are an upper limit. However, the increase in 0%
due to the increased molecular oxygen concentration beyond Gaussian halfwidth
has not been allowed for since attention has been riveted in the region close
into the center. This will increase the integrated line density and compen-
sate to some extent for the losses due to diffusion.

Although even at this phase the approximation is still a gross one as
pointed out above, nevertheless, it includes the major aspects of the perturba-
tion. An important question is that relevant to the initial conditions ex-
pressed by the interpenetrability assumption vis-a-vis the snowplow-type of
model. It is difficult a priori to establish the degree of mixing in the
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TABLE 9

CENTER-POINT CONCENTRATION COMPUTED BY USE OF FIRST
APPROXIMATION FORMULAS

. n(e) n(0") n(03) n(0p) n(0%)

(sec) <2art1c1e> <partic1e> p_rticle) (particle) <gartiéc1e>
: cm

0.1 2.80 x 10°  2.30 x 10° 0 1.96 x 10° 0

0.2 5.52 x 107 5.49 x10° 3.0x10' 1.92x10® o

0.6 1,09 x 10% 1,08 x 10* 3.0 x 100 1.84x10° o0

0.8 2.05 x 10* 2,04 x 10* 5.0x 10 1,71 x 10® 1.4 x 107}

1 2.55 x10% 2.53x10% 1.4x102  1.66 x10° 5.2 x 1072

2 4.63x10° 4,59 x 10° 3.8 x10° 1,38 x10° 8.98 x 107}

4 7.9 x10% 7.86 x 10° 1.2 x10° 1,03 x10° 4.22 x 10°

§  1.25x10° 1.22 x 10° 3.0 x 10> 6.05 x 10’ 1,67 x 10"
10 1.42x10° 1.37 x10° 5.0 x 103 5,38 x 10’ 2.47 x 10!
20  1.95 x 10° 1.85 x 10° 1.0 x 10° 2,70 x 10’  7.14 x 10*
4  2.46 x 10°  2.26 x 10° 1,8 x 10°  1.18 x 10’  1.64 x 10°
80  2.85 x 10° 2.53x10° 3.2 x 10  4.66 x 10° 3,04 x 102
100 2.96 x 10°  2.58 x 10° 3.8 x 10%  3.41 x 10® 3,52 x 10?
200 3.25 x 105 2.62 x 10° 6.3 x 10*  1.25 x 10° 4,71 x 102
300 3.37 x10°  2.56 x 10° 8.1 x 10  6.81 x 10°  5.04 x 10°
400  3.45 x 10° 2,48 x 10° 9.7 x 10* 4,36 x 10°  5.10 x 10°
500 3.50 x 10° 2,39 x 10° 1,11 x 10° 3.06 x 10° 5,16 x 10°
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TABLE 9 (continued)

+ + *

n(e) n{(0) n(Oz) n(oz) n{0 )
t partic1e> particle) (garticle (particle\ (partic1e>

(sec) 3 3 3 3 3

cm cm - cm cm cm

600 3.53 x 10°  2.30 x 10° 1.23 x 10°  2.27 = 10° 5,17 x 10°
700 3.55 x 10°  2.21 x 10° 1.34 x 10° 1.74 x 10° 5,17 x 10
300 3,57 x 10°  2.12 x 10°  1.45 x 10° 1.43 x 10° 5,17 x 10
900 3.59 x 10°  2.04 x 10°  1.45 x 10° 1.11 x 10°  5.17 x 10°
1000 3.60 x 10°  1.95 x 10°  1.65 x 10°  9.10 x 10%  5.17 x 10°
1200 3.61 x 10°  1.79 x 10° 1.82 x 10°  6.24 x 10°  5.17 x 10
1400 3.62 x 10°  1.65 x 10° 1.97 x 10°  4.38 x 10 5,17 x 10
1600 3.63 x 10° 1.50 x 10° 2.13 x 10°  3.07 x 10  5.17 x 10°
1800 3.62 x 10°  1.37 x 10°  2.25 x 10°  2.12 x 10*  5.17 x 10°
2000 3.62 x 10°  1.24 x 10°  2.38 x 10°  1.41 x 10 5.17 x 10°

e el
e eSS
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Figure 7. Center-point values of concentration fields of
several species for Snowplow model.
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TABLE 10

CONTRIBUTIONS TO VALUE OF INTEGRATED LINE DENSITY FUNCTION

(1) * e ) i £f>]
S[o*](t,h) WHEN [0 (P,40)] = ¢ 0 (=) [1 exp(’ 2

Initial Distribution Generation Term Sum of Both
t Contribution Contribution Contributions
(sec) s (e,n) s (e ,n) 51 (e.m
(0] (! fo]
Particles/cm Particles/cm Particles/~m
.0000 1.262 x 10° .0000 1.262 x 10°
.01 1.269 x 10° 6.770 x 10° 1.269 x 10°
.05 1.293 x 10° 3.385 x 107 1.29 x 10°
.10 1.324 x 10° 6.770 x 10° 1.325 x 10°
.2806 1.432 x 10° 1.900 x 10° 1.43 x 10°
.5 1.555 x 10° 3.385 x 10° 1.558 x 10°
.873 1.792 x 10° 8.800 x 10° 1.801 x 10°
1.973 2.196 x 105 2.29 x 10° 2.219 x 10°
2.742 2.437 x 10° 3.70 x 10° 2.476 x 10°
3.565 2.644 x 10° 5.53 x 10° 2,700 x 10°
8 6 8
5.281 2,956 x 10 8.123 x 10 3.038 x 10
7.972 3.249 x 10° 1.883 x 10’ 3.437 x 10°
11.819 3.393 x 10° 3.282 x 10’ 3.727 x 10°
14 3.423 x 10° 3.099 x 10’ 3.733 x 10°

15 3.424 x 10° 3.644 x 10 3.788 x 10°
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TABLE 10 (continued)

Initial Distribution

Generation Term Sum of Both
Contribution Contribution Contributions
t ) (1) (1)
(sec) S 4. (t,h) s (t,h) §¥" 4 (t,h)
[0} (0]
Particles/cm Particles/cm Particles/cm
8 7 8
16 3.426 x 10 4.045 x 10 3.831 x 10
18 3,400 x 10° 4.851 x 107 3.885 x 10°
22 3.325 x 10° 6.467 x 10’ 3.972 x 10°
27.203 3.190 x 10° 8.53 x 10/ 4.043 x 10°
57.972 2.263 x 10° 1.904 x 10° 4.167 x 10°
8 8 8
73.357 1.891 x 10 2.309 x 10 4.180 x 10
111.819 1.148 x 10° 3.041 x 10° 4.189 x 10°
227.203 2.586 x 10’ 3.932 x 10° 4.190 x 10°
300 1.005 x 10’ 4,168 x 10° 4.268 x 108
400 2.743 x 10° 4.242 x 10° 4.269 x 108
500 7.487 x 10° 4.262 x 10° 4.269 x 10°
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Figure 9. Integrated line density S[O*](t,h) of 0% for

Inter-penetrability model.




initial release. Certainly because of hydrodynamic Taylor-type instabilities,
jetting and entrainment will occur ensuring some degree of mixing. Further,
because of the relatively large mean free path in the ambient of the order of

a kilometer once the released oxygen (nitrogen) spreads out to the order of
several kilometers, the mean free path in the contaminant begins to approach
that in the ambient and some degree of interpenetrability occurs. Consequently,
the interpenetrability model constitutes a reasonable picutre of what may ac-
tually transpire.

Summary of calculations.— The initial calculations in this section which
allowed for no diffusion (Figure 6) gave proportional increases in flux (R6300)
per cm3 over background by approximately a factor of 100. The numerical cal-
culation in Table 9 gave increases similarly of a factor of 1000, again for the
center point but allowing for diffusion of molecular oxygen.

The more realistic calculations integrating over a Gaussian halfwidth
and allowing for diffusion of all species but O(1D) give a factor of increase
over background by a factor of twenty. It was pointed out that this calcula-
tion does not allow for the diffusion of O(ID). However, this omission is
balanced to some extent by the inte§ration over the Gaussian halfwidth and
also the increased generation of O(!D) outside the Gaussian halfwidth.

Consequently, while the above has not been an exact solution of the prob-

lem the indications are good for the possibility of increasing severalfold the
intensity of the emission of 63008 over a region of some 40 km.
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4. TLABORATORY STUDIES

A. Introduction

It is noted that a significant portion of the laboratory studies is in-
corporated in four technical reports (see Section 1, Paragraph C). These,
together with this section, describes the GCA laboratory studies in a com-
plimentary fashion. The chemical release studies of the upper atmosphere
have been pursued for obtaining information regarding wind, diffusion, tem-
perature, ionic processes and chemical composition of the upper atmosphere.
In order to obtain information about wind, diffusion and chemical composition
of the upper atmosphere a chemical is released in the upper atmosphere, which
during its reaction with atmospheric constituents produces a chemiluminous
glow. A selection of a suitable compound for the chemical release study has
been handicapped due to the lack of a general survey of the gas phase chemi-
luminescent reactions of several compounds with atmospheric constituents. We
have therefore undertaken and completed a general survey of the chemiluminous
gas phase reactions of different types of compounds (saturated, unsaturated
and halogenated hydrocarbons; sulfur, boron and germanium compounds and some
organometallic compounds) with chemically reactive atmospheric constituents,
namely atomic nitrogen, atomic oxygen and ozone. The chemiluminous reactions
of the above atmospheric constituents have been separately studied [10-16],
by previous workers. For example the gas phase chemiluminescent reactions of
atomic oxygen have been investigated in this laboratory and have been reported
by Pressman [10] and Jonathan, et al. [11,12]. The chemiluminous reactions of
atomic nitrogen have been surveyed by Kiess, et al. [13], and Jennings,
et al. [14]. The information regarding the kinetics of atomic oxygen and
nitrogen reactions has been collected by Barnes, et al. [15]. Bernanose [16]
has summarized the chemiluminous reactions of ozone with several compounds.
On the basis of information available in the literature, one can not estimate
the relative intensity of the chemiluminescent reactions of different com-
pounds with one atmospheric constituent or the intensity of the chemiluminous
reactions of the same compound with different atmospheric constituents. Some
indication of the relative intensity of chemiluminescence observed in differ-
ent reactions can be obtained from the present observations.

Table 11 presents the salient features of the present study of the gas
phase chemiluminous reactions of several compounds with atomic oxygen, atomic
nitrogen and ozone at a pressure of about 1 mm and room temperature. It is
generally found that organometallic compounds produce strong chemiluminescence
during their reactions with upper atmospheric constituents. However, the com-
pounds showing strong chemiluminescence with each of the studied constituent
of the upper atmosphere are listed in Table 12.

The intercomparison of the chemiluminous efficiencies of some compounds

during their reactions with atomic oxygen at low pressure under simulating
upper atmospheric conditions have also been undertaken.
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COMPOUNDS SHOWING STRONG CHEMILUMINESCENCE

TABLE 12

Atomic Oxygen

Atomic Nitrogen

Ozone

Nitric Oxide
Acetylene

Carbon Disulfide
Triethyl Boron
Trimethyl Antimony
Trimethyl Aluminum

Hexene and Hexyne
Trichloroethylene
Diethyl Zinc
Trimethyl Antimony
Triethyl Boron
Trimethyl Aluminum

Nitric Oxide
Trimethyl Aluminum
Triethyl Boron

B. Experimental

The present study of the gas phase chemiluminous reactions has been
carried out in two steps: (1) preliminary observations in a medium pressure
fast flow system and (2) the study of the chemiluminous reactions of some
selected compounds under simulated upper atmospheric conditions.

The preliminary observations were carried out in a medium pressure flow
tube apparatus which can handle a pressure up to 1 mm Hg., and is shown in
block diagram form in Figure 10. The initial investigation included the de-
termination of the optimum conditions for obtaining maximum intensity of the
chemiluminescence and the observation of the spectrum of the chemiluminescence.
The spectrometer used for the observation of the spectrum was a Perkin-Elmer
(Model 99) monochromator equipped with a 600 lines/mm grating and an EMI 9558Q
photomultiplier tube. This was a single beam, double-pass instrument and
covers the wide spectral range by interchanging the grating and the detectors.
We have also designed a housing for the photomultiplier so that it can be
cooled down to liquid nitrogen temperature.

Since the sensitivity of the spectral recording system drops considerably
at shorter wavelength, the spectra of some chemiluminescent reactions were
photographed with a Hilger small quartz spectrograph. The dispersion and the
resolution of the above spectroscopic equipments were not sufficient for def-
inite identification of some spectra and therefore a 1.5 m Jarrel-Ash grating
spectrograph with a grating blazed at 3000A and reciprocal dispersion of about
11A/mm was also used.

To obtain definite information regarding the true relative intensity of
the ditferent spectral features recorded by the spectrometer, the spectral
response of the recording system employed was calibrated with a standard
light source (GE quartz iodine tungsten filament lamp, Model 6.6A/T4Q/1CL-200W).
The absolute irradiance of the lamp was obtained from Stair, et al. (171.
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In order to obtain information regarding the chemiluminous reactions for
the upper atmospheric chemical release studies, the chemiluminous reactions
of some compounds were studied at low pressures, which were of the order of
tens of microns. The reaction cell simulating the upper atmospheric condi-
tion was a 50 liter, 3-necked pyrex flask (Figure 11). The gases were let
into the cell through the two side arms of the flask. The center neck is
connected to an oil booster pump backed by a Welsh mechanical pump which work-
ing together are capable of keeping the cell pressure at 10u of Hg when the
flow rates of gases were up to 70 standard cc/minute. The overall intensity
was measured with RCA 1P28 photomultiplier, which was placed in front of a
small aperture sealed with a quartz window. The pressure within the cell was
measured with a calibrated McLeod gauge. The photoelectric current was meas-
ured by an Electrometer Model VIE 1 (of the Victoreen Instrument Co.). Fig-
ure 12 shows the complete apparatus in schematic form.

Using the above (with minor modifications) we could have atomic oxygen
in the presence of molecular oxygen by passing a microwave discharge through
molecular oxygen only. The atomic oxygen with very little molecular oxygen
could be produced by microwave discharge through a 99:1 mixture of argon and
oxygen. Finally, the atomic oxygen in the absence of molecular oxygen could
be produced by dissociating nitrogen by microwave discharge and then titrating
the nitrogen atoms with nitric oxide.

A technique, as that described by Cook, et al., [18] was used for the
preparation and handling of ozone. This technique utilizes the sorption pro-
cess for the separation of ozone from oxygen. The ozone production and
handling system is shown in Figure 13. The oxygen from the cylinder is passed
through a silent electric discharge at atmospheric pressure and then through a
U-tube containing silica gel at the dry ice-acetone temperature of about -80°cC.
When enough ozone is adsorbed by the silica gel the oxygen flow and discharge
is stopped and finally the ozone is desorbed by replacing the dry ice-acetone
trap by the ethylene glycol trap maintained at -30°C. The details of the
handling procedure are given by Sharma and Padur [19].

Since the organometallic compounds studied by us are highly pyrophoric,
an arrangement shown in Figure 14 was used for transferring the organometallic
liquid from its container to the reaction system under the inert atmosphere of
nitrogen. The details of the necessary precautions are described by Sharma
and Padur [20].

C. Results of Survey Experiments

The results of our extensive survey of the gas phase chemiluminous re-
actions of atomic oxygen, atomic nitrogen and ozone are described in this
section. The present study of the chemiluminous reaction was conducted at
a pressure of about 1 mm Hg and room temperature. The present results are
only applicable under the above conditions. The spectral features observed
in the spectra of chemiluminescence produced during the reaction of several
reactants with the above atmospheric constituents are summarized in Table 11.
We shall now describe the results of our study for each reactant separately.
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Atomic oxygen. - The relative intensities and spectral features of the
chemiluminescent reactions involving oxygen atoms are given in Table 13. A
capillary flow meter with a U-tube manometer was used for monitoring the flow
rate of the reactant gases. Column two of the above table indicates the flow-
meter reading. The overall intensity of the chemiluminescence produced during
the reaction was obtained from the gain factor of the amplifier required for
the recording of the spectrum. The numbers in the subsequent column indicates
the relative intensity of the different spectral features in the spectrum.

The wavelengths in the last column indicate the lower and upper wavelength
limits of the continua observed in each spectrum together with the wavelength
of the maximum intensity. It has been found that nitric oxide, carbon disul-
fide, acetylene, triethyl boron, trimethyl antimony and trimethyl aluminum
produce strong chemiluminescence during their reactions with atomic oxygen.

Hydrocarbons. - The chemiluminous reactions of atomic oxygen with several
hydrocarbons have been studied [10-12] in this laboratory. 1In agreement with
previous observations we have found that the unsaturated hydrocarbons produce
strong chemiluminescence during their reactions with atomic oxygen. The main
features of the spectrum of the chemiluminescence produced during the reactions
of unsaturated hydrocarbons are the OH (2% — 2T[) band system at 30648, the C
Swan band system in the red _and green region, the CH bands at 43008 2A -_211y,
39008 (22 ﬂ-ZH) and 31438 (22 - “II). The swan bands arise from the - 3H
transitions and are degraded towards the violet. Figure 15 shows the spectra
of chemiluminescence produced during the reactions of acetylene and ethylene
with atomic oxygen. The OH band is observed in the spectra of chemilumines-
cence produced by almost all hydrocarbons with atomic oxygen. C, bands are
not observed in the spectrum of the chemiluminescence produced during the re-
actions of ethyl alcohol, benzene and nitromethane, etc. No visible chemi-
luminescence was observed during the reaction of atomic oxygen and carbon
tetrachloride. From Table 13, it can be concluded that acetylene is the most
efficient hydrocarbon in producing chemiluminescence during the reaction with
atomic oxygen. Moreover, the other organic compounds like halogen substituted

hydrocarbons, ethyl alcohol, benzene and nitromethane do not show marked chemi-
luminous efficiency.

Sulfur compounds. - The chemiluminous reactions of carbon disulfide,
carbonyl sulfide and hydrogen sulfide were studied. Among these compounds,
carbon disulfide showed comparatively stronger chemiluminescence. It was
found that all the above three substances show a similar continuous spectrum
(Figure 16). It was further observed that the spectrum of the chemilumines-
cence produced during the reactions of above sulfur compounds with atomic
oxygen is similar to that of sulfur dioxide afterglow (Figure 16). On the
basis of the above observation and other kinetic information, Sharma,
et _al. [21], have concluded that the reaction responsible for the production
of chemiluminescence during the above reaction is:

S0 +0 - SO2 + hv (13)
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Figure 15.
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This is analogous to the recombination of NO and CO with atomic oxygen, which
have been already studied [11] in this laboratory. The details of the above
study are given by Sharma, et al. [21].

Nitrogen compounds. - The chemiluminous reactions of nitric oxide,
nitrosyl chloride and nitromethane were studied. All of the nit ogen com-
pounds show similar spectra, with a continuum starting from 4100§ and extend-
ing into the infrared region. The similarity of the spectra indicates that
the following reaction is responsible for the production of chemiluminescence:

NO+0+M—»N0;+M (14)

*
NO2 - NO2 + hv

Among the above studied compounds, nitric oxide is the substance which pro-
duces the strongest chemiluminescence during its reaction with atomic oxygen.

Boron compounds. - The boron compounds investigated during the present
study are: boron trichloride, diborane, triethyl boron and trimethyl boron.
The spectrum of the chemiluminescence produced during the reactions of boron
trichloride, triethyl boron and trimethyl boron mainly consists of BO, bands
in the region between 4000A and 5000%. Some indication of the presence of
the BO @ system (AZH - XZZ) is also obtained. However the intemsity of the
BO bands as compared to the BOj bands is low. On the other hand the spectrum
of the chemiluminescence produced during the reaction of diborane consists of
BO, bands as well as BO bands of the & system (AZH - XZZ) and B system (BZE -
X2%Z). Here the relative intensity of the BO is larger than that of the BO,
bands. Triethyl boron shows the strongest chemiluminescence during its re-
action with atomic oxygen as compared with the other boron compounds. The
corrected recorded spectrum of the chemiluminescent reaction between boron
trichloride and atomic oxygen is shown in Figure 17. The details of the
chemiluminescent reaction of triethyl and trimethyl boron with atomic oxygen
are given by Sharma and Padur [20].

Germanium compounds. - The chemiluminous reactions of germanium tetra-
hydride or germane and germanium tetrachloride with atomic oxygen were in-
vestigated. It was found that the reaction between germane and atomic oxygen
produced chemiluminescence, whereas no chemiluminescence was observed when
germanium tetrachloride was mixed with atomic oxygen. This observation is
similar to our previous observation with hydrocarbons. We have reported
earlier that analogous to germanium tetrachloride, carbon tetrachloride also
does not produce any chemiluminescence during its reaction with atomic oxygen.
However, the chemiluminescence of carbon hydride with atomic oxygen is well
known. This is understandable because both carbon and germanium belong to
the same period of elements in the periodic table.
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The spectrum of the chemiluminescence produced during the reaction of
germane with atomic oxygen consists of GeO bands. The corrected and recorded
spectrum is shown in Figure 18. A number of new bands belonging to the D-X
system of GeO have been observed. Moreover, an indication of the existence

of a new band system on the longer wavelength side of the D-X system has been
obtained. The details are described by Sharma and Padur [22].

Organometallic compounds. - The gas phase chemiluminous reactions of tri-
methyl aluminum, triethyl boron, trimethyl boron, trimethyl antimony and di-
ethyl zinc with atomic oxygen were investigated. It was found that trimethyl
aluminum is not the only organometallic compound to produce strong chemilumi-
nescence with atomic oxygen. Stronger chemiluminescence is observed during
the reaction of triethyl and trimethyl boron, and trimethyl antimony with
atomic oxygen (Figure 19). The corrected spectra of the chemiluminescent re-
actions of the studied organometallic compounds are shown in Figures 20 to 23.
The details of the study of the reactions of the above organometallics with
atomic oxygen are given by Sharma and Padur [20].

Hydrazene. - The chemiluminous reaction of hydrazene with atomic oxygen
was studied. The intensity of the above reaction was not very large. The
spectrum of the chemiluminescence produced during its reaction with atomic
oxygen consists essentially of OH, NH and NH; bands.

Atomic nitrogen. - Table 14 shows the relative intensity and spectral
features of the ‘chemiluminous reactions of several compounds with atomic
nitrogen. The red and violet systems of CN are present in the spectrum of
almost all the chemiluminous reactions of atomic nitrogen and carbon contain-
ing compounds. The presence of the CH band is also indicated. Kiess,
et al. [13] have extensively studied the reactions of several hydrocarbons
with atomic nitrogen. Figure 24 shows the corrected spectra of the chemilu-
minescence produced during the reaction of atomic nitrogen and the hydrocar-
bons. The chemiluminous reactions of atomic nitrogen were also studied with
some organometallic compounds. Strongest chemiluminescence was observed dur-
ing the reaction of diethyl zinc and trimethyl aluminum followed by the reac-
tion of trimethyl antimony. Among other hydrocarbons, trichloroethylene pro-
duced strongest chemiluminescence during its reaction with atomic nitrogen.

Pannetier, et al. [23] have observed the presence of NS bands in the
spectrum of chemiluminescence produced during the reaction of H,S and atomic
nitrogen at several mm Hg of pressure. However, we did not fing strong chem-
iluminescence during the above reaction at submillimeter pressure. The spec-
trum of the chemiluminescence produced during the reaction of boron trichlo-
ride and atomic nitrogen is shown in Figure 25, and mainly consists of BO
bands.

Ozone. - Bernanose, et al. [16] have collected a list of compounds which
are supposed to produce chemiluminescence during their reaction with ozone.
In this number of previously reported chemiluminous reactions of ozone, the
conditions under which the chemiluminescence is observed are not clearly
specified.
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A number of compounds (see Table 11) were investigated for the possible
gas phase (at submillimeter pressure and room temperature) chemiluminous re-
actions of ozone. Only a few of them produced visible chemiluminescence.
The results of the visual observation of the chemiluminescence produced during
the gas phase reaction of several compounds with ozone are summarized in
| Table 15. The second column of the above table indicates the total pressure
in the reaction tube, which was predominantly due to argon and ozone. The
partial pressure of ozone given in column three was that measured in the ab-

| sorption cell at its maximum flow rate. However, the pressure of ozone in
the reaction tube was somewhat lower than the given. The characteristics of
the chemiluminous reactions of ozone are summarized in Table 16, which shows
that trimethyl aluminum produces the strongest chemiluminescence during its
reaction with ozone.

It was found that the spectra of the chemiluminescence produced during
the reaction of trimethyl aluminum and triethyl boron with ozone were similar
to the spectra of the chemiluminous reaction of respective compounds with
atomic oxygen. The characteristics of these spectra have been discussed
previously.

The details of the chemiluminous reactions of ozone have been discussed
by Sharma and Padur [19]. They have concluded that the similarity in the
spectra of the chemiluminous reactions of ozone and atomic oxygen can not be
explained by the thermal decomposition of ozone. However, a large concentra-
tion of atomic oxygen may be produced as an intermediate product during the
reaction of the above reactant and ozone, which then can subsequently react
with the organometallic compound and produce the similar chemiluminescence.
Benson [24] has indicated that the thermal decomposition of ozone is extremely
sensitive to the presence of metals, metallic oxide, organic matter, peroxides
and oxides of nitrogen.

The effect of molecular oxygen on the chemiluminous reaction of trimethyl
aluminum was studied by replacing argon with molecular oxygen. It was found
that the intensity of chemiluminescence produced during the presence of molec-
ular oxygen (the concentration of molecular oxygen was of the same order of
magnitude as that of ozone) was about 10 percent less than that during its
absence. The above observation indicates that the effect of oxygen on the
chemiluminous reaction of trimethyl aluminum is not drastic.

D. Low Pressure Study

In order to apply the results of our present studies to chemical release
studies of the upper atmosphere, the chemiluminescent reactions of a few com-
pounds were studied at low pressure under simulating upper atmospheric con-
ditions. Low pressure studies of the chemiluminescent reactions are further-
more important because the complex chemical reactions are in some cases found
to be pressure dependent. Therefore the extrapolation of the observations of
the chemiluminescent reactions from a pressure of about 1 mm Hg. to the upper
atmospheric conditions may not be correct. Since some informating regarding
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TABLE 15

A SURVEY OF THE GAS PHASE CHEMILUMINOUS REACTIONS OF OZONE

Total Pressure
in Reaction

Partial Pressure
of Ozone in

Reactants Absorption Cell Remarks
Vessel
(microns) (max. )
{(microns)
Acetylene 280 to 700 160 No visible glow
Allene 280 to 1000 230 No visible glow
Benzene 340 to 700 83 No visible glow
Boron Trichloride 280 to 700 175 No visible glow
Carbon Disulfide 320 to 460 200 No visible glow
Carbon Tetrachloride 260 to 340 175 No visible glow
Caronyl Chloride 360 to 480 230 No visible glow
Carbonyl Sulfide 280 to 1000 230 No visible glow
Diborane 310 to 340 175 Faint white glow
Diethyl Zinc 280 to 330 140 Faint white glow-con-
tinuum and OH bands
Ethyl Alcohol 320 to 1800 115 No visible glow
Ethylene 280 to 310 125 Faint white glow - OH
bands
Germanium 170 to 360 230 No visible glow
Tetrahydride
Hexene 360 to 700 230 Faint white glow
Hexyne 280 to 570 200 No visible glow
Hydrazine 180 to 320 200 Faint glow
Hydrogen Sulfide 340 to 440 200 No visible glow
Methyl Acetylene 280 to 880 160 No visible glow
Nitric Oxide 280 to 620 140 Faint red glow - con-
tinuum and NOZ bands
Nitromethane 320 to 550 230 No visible glow
Nitrosyl Chloride 280 to 700 230 No visible glow
Sulfur Dioxide 340 to 550 200 No visible glow
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TABLE 15 (continued)

A SURVEY OF THE GAS PHASE CHEMILUMINOUS REACTIONS OF OZONE

Total Pressure
in Reaction

Partial Pressure
of Ozone in

Reactants Absorption Cell Remarks
Vessel
(microns) (max. )
(microns)
Trichloroethylene 240 to 340 230 No visible glow
Triethyl Boron 280 to 310 110 Greenish glow - BO,
bands
Trimethyl Aluminum 260 to 310 125 Whitish glow - con-
tinuum and OH bands
Trimethyl Antimony 260 to 310 200 No visible glow
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TABLE 16

CHEMILUMINOUS REACTIONS OF OZONE

Flow
Reactant Meter Intensity Spectral Feature
Reading
Nitric Oxide 20 cm <1 Continuum, probably N02 bands
Ethylene 28 cm 1 OH band
Trimethyl Aluminum 4 cm 20 Continuum
Triethyl Boron 4 cm 1 BO2 bands

Diethyl Zinc 6 cm <1 OH band and continuum




the mechanism of the chemiluminescent reactions of the sulfur compounds is
available, we have studied the variation of the intensity of chemilumines-
cence (produced during the reaction of COS and HyS with atomic oxygen) with
the variation of their flow rates at 30u and 100y pressures. Under similar
conditions the intensity variation of the chemiluminescent reactions of NO
and CoHy was also recorded. One set of observations taken at 100u and about
6 seconds resident time is shown in Figure 26. It was found that the relative
intensity of chemiluminescence produced in the low pressure system depends on
the pressure, flow rate, and the resident time of the gases in the reactor.
The observed variation of intensity of chemiluminescence with the flow rate
of reactants can be understood if the reaction mechanism is known. However,
the reaction mechanisms of the above studied chemiluminescent reactions are
still not known. It may be noted that Harteck, et al. [25] have also re-
ported a similar variation of the intensity of chemiluminescence with the
flow rate of COS during the low pressure study of its reaction with atomic
oxygen.

The chemiluminescent reactions between some organometallic compounds
with atomic oxygen were also observed at 100u and 30p pressure. Keeping the
oxygen and argon flow constant, the intensity variation of the chemilumines-
cent glow with the flow rate of trimethyl aluminum was observed. It was
found that the intensity of the glow at first, rose very rapidly and then at-
tained a maximum, after which a further increase in the flow rate of trimethyl
aluminum slowly quenched the chemiluminescence. After an observation of a few
minutes it was found that the inlet tubes were coated with a white metallic
oxide and the subsequent observations showed decreasing maximum intensity of
chemiluminescence. This is probably due to the catalytic recombination of
atomic oxygen at the surface coated with metallic oxide. Due to rapid con-
tamination of the low pressure system quantitative information about the chem-
iluminous efficiencies of different compounds could not be obtained. However,
it was found that the chemiluminescent glow produced during the reaction of
organometallic compounds with atomic oxygen can be observed to a pressure
even as low as 30 microns. Some indication regarding the relative chemilumi-
nous efficiency of the reaction of organometallic compounds can be obtained
from Figure 19,
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Figure 26. Intensity vs flow rate variation at low pressure.
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5. RECOMMENDATIONS

In this section on the basis of work performed under this contract a
series of recommendations for further work are made. These in general re-
present elaborations of the initial survey and also the movement into the
field of rocket program representing the fruition of the conceptual studies
on innovative atmospheric experiments. The theoretical efforts recommended
are of a supportive nature.

Consequently, the following is recommended:
(1) Laboratory studies

(a) A further survey of the chemiluminous reactions and the
inter-comparisons of the intensity of chemiluminous reactions between atmos-
pheric constituents, atomic oxygen, ozone, and atomic nitrogen and such
specific organo-metallic compounds as trimethyl bismuth, trimethyl phos-
phorous, dimethyl mercury and diethyl cadmium or similar compounds as avail-
able. ,

(b) Measurements on relative intensities reaction mechanisims,
chemical consumption rates of compounds found suitable for chemical release
as determined by our previous study. These compounds include (1) trimethyl
antimony, (2) triethyl boron, (3) trimethyl aluminum, (4) diethyl zinc or
similar compounds as available.

(c) An examination of the method of the measurement of tempera-
ture from the study of fluorescence excited in the suitable intermediate
formed during the release of above suitable compound. The fluorescence
efficiency and the effect of ambient conditions on the observed temperatures
will be considered.

(d) Experiments directed toward the measurement by differential
spectrophotometry of the ratios of active atmospheric species such as the
ratio of atomic oxygen to ozone through their chemiluminescence with nitric
oxide and the ratio of atomic oxygen to atomic nitrogen through this chemi-
luminescence with diethyl zinc.

(e) As back-up to the elucidation of the 63008 atmospheric emis-
sion by release of oxygen into the atmosphere, measurements of the deacti-
vation of 0 ('D) by molecular gxygen. Also the charge exchange cross-
sections of 0 with O2 and N2 should be measured.

(2) Theoretical studies

(a) Necessary calculations of Franck-Condon factors and transi-
tion probabilities should be made so as to ensure quantitative interpreta-
tion of intensity measurements.

(b) There should be analyzed for the selected compounds the
governing set of differential equations which determine its optical behavior
under atmospheric release.

(c) Theoretical studies should be continued on the analytical
techniques necessary for the differential spectrophotometric measurement
of ratios of atmospheric active species. ’
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(3) Outline of projected priority rocket experiments

There are suggested here a list of five rocket experiments which
it is considered will contribute to our understanding of upper atmospheric
physics.

The list of priority experiments given below is only annotated
briefly. They have been documented in the main body.

(a) Release of triethyl boron (TEB), a stronger source of lumi-
nescence with atomic oxygen.

(b) Release of molecular oxygen to test hypothesis of 63008
mechani sm.

(¢) Simultaneous measurement of ratio of two minor constituent,
e.g., 0 and 0, through differential chemilumenescent spectra. This techni-
que can give Us the ratio of two active constituents without the need of
knowing the dynamics of expansion.

(d) NO (or other compounds) measurements of atomic oxygen and
simul taneous ground measurement of 5577%. A check on theories of 5577
emission.

(e) Release of atomic hydrogen into region of hydroxyl emission.
A check on theory of the natural hydroxyl emission by preturbing the con-
centration of atomic hydrogen.
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APPENDIX A
/
RESUME OF THE MATHEIATICAL DEVELOPMENT SPECIFIED IN THE

"SNOW-PLOW" AND "INTERPENETRABILITY" MODELS FOR THE
63002 PERTURBATION ROCKET EXPERIMENT

Preliminary Remarks

The following account is a brief resumé of the mathematical proced-
ures followed in obtaining integral and explicit representations of the
concentration field functions encountered in the "snowplow" and "inter-

penetrability" models.

The reader is referred to the discussion in the main body of this
report for an explanation of the physico-chemical setting and motivation
for the "snowplow" and "interpenetrability" models. Further, the reader
is referred to the GCA internal report, "A Mathematical Study of the
Mechanism of 63008 Adrglow due to Rocket Chemical Release of Molecular
Oxygen between 250 - 300 km," by H. K. Brown and J. Pressman, for an
account of the application of the formulas (derived in the resolution
procedure) to nighttime releases in the Earth's upper atmosphere in
order to obtain numerical values of the transient concentration fields
associated with the red-line (63003) airglow (of the excited oxygen

atWS)o

Finally, in the account presented below, the outline of the pres-
entation, the order in which the various topics are discussed, follows
that of the cited GCA report. In this manner the reader can grasp
readily the scope of the mathematical procedure used at any particular
stage and if (full) detail is desired, he can easily refer back to the

particular portion of the cited report.
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With these preliminary remarks and words of explanation in mind,
the reader can allow for (the omission of) the mathematical developments
associated with the sequence of topics presented in the Jollowing

sections.
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A-1. THE "SNOWPLOW" MODEL WITH ¢=0; [0*(P, 40)] = 0

A-1.1 Specification of "Snowplow" Model with €=0 and Outline of
Iterative Procedure to Resolve System of Boundary Value Problems

A,1.1.1 Reactions and equations of continuity. Corresponding to

the set of reaction equations

k

+ 1+, ,
0z +0 9 02-+ 0
k
0;+e % o*+o0 ,

k
o* Prw+o

is the following complete set of continuity equations:

g_t-[oz] = VD, 90,1 - k[0,][0"] ’
?Tt[o"'] = Ve D, Vo] - k, [0,] [o*] ’
%;[o’;] = Vo D, %7'[0;'] + kl[oz][o"'] - kz[O';] [e] ,
Sle] = 7. D, Tle] - k,[0t1Le] ,
g.t_[o*] = V. D, F[0*] + k,[0F][e] - ky[0%] ’

in the concentration functions [02] = [OZ(P,t)], [d+] = [O+(P,t)],
[07] = [05(2,©)], [e] = [e(2,t)], and [0%] = [0*(2,t)], where P: (x,y,2)

is a point in the infinite space R(P):-» < x < B, @« JYy<L< O, 0 gz
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It is assumed thet particles with electric charge, that 1is, [d+],
[d;], and [e], are transported by diffusion in vertical lines (following
the magnetic lines of the Earth) while the particles without electric
charge, that is, [02] and [0%*], are transported by diffusion along
spherically symmetric radial lines issuing from the origin x=0, y=0, and
z=0.

It is assumed that the diffusion coefficients DI’DZ’ cen, D5 are

all equal to the constant D.

Under these circumstances the complete set of continuity equations

listed above is replaced by the following:

$10,] = D VI0,] - ky[0,1(0"] :

\ 2

&y - na%[o*] - k,[0,1[0"] :
4

2 e
&ohy - n-a-i-z-to‘zl + & [0,][0] - k,[0F1Le]

2
&fe] = D 'a-i-z-[e] - &, [0%]e] :
g—t[o*] = D VP[0 + ky[05][e] - Kk [0%] .

The Laplacian operator Vz( ) in these equations has the axial sym-

metric form, in the coordinates £ -'sz + yz and z, displayed below:

3.(, 2 2
200 = 35 %0) 5O
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vhen [02] = [02(1’at)] and [0*] = [0*(P,t)] are considered as functions

of ¢ and z.

Under those circumstances where the functions [02] = [02(1’,':)] and

[0*] = [0*(P,t)] are considered to be spherically point symmetric in

r =Jx +y + z2 =J §2 + zz, then the spherically point symmetric form

of the Laplacian operator Vz( ) can be used:
20y = 53750

A.l.1.2 Conservation of electric charge; [e] = [O',:.-'l + [0+J- At

the point P: (x,y,z) in R(P)i~* < x < ®, o< y< ®, < z <, at all
times t > 0, it is required that concentration field functions [0;] -
[0;(1’,1:)], [e] = [e(P,t)], and [0+] - [0+(P,t)] satisfy the conservation

of electric charge law:
+ +
[0}1 = [el- [0
in particular at the boundary of R(P) it is required that

[05)] = [e@] - [0"=] .

A.1.1.3 Specification of initial configuration of concentration
fields. The charged particles [O+] » [O;], and [e] are assumed to have
an inverted Gaussian distribution in all space at the instant t = 40

when the molecular oxygen particles are released into free space with

a Gaussian configuration:
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(0,40 = [0,(0)] ex;(:—;— :
(0 @,10)] = [0*@)][1 - exs(- :;-)] :
(o e 0)] = [5ee[1 - exe(- :—;)] :
e = et -e(-5)]

wherein

rz-x2+y2+zz-§2+zz » 3 -x2+y .

The constant h is some appropriate Gaussian halfwidth.

The symbols [O+(°°)] ’ [O;(w)], and [e(»)] designate the corre-
sponding steady state values of the concentration fields [o"'], [0;'],
and [e] at the boundary of the space region R(P)i=® < x < ®, a0 < y < ®,

and e® < z < o,

The symbol [O2 (0)] designates the center-point value of the con~

centration field [02(1’,:)] at the instant t = 40,

The concentration field [O*] = [0%(P,t)] is assumed to be null at

the time t = 40:
[o*(p,+0)] = 0 .

| These assumptions regarding the initial configurations of the con~

centration fields [0"'], [0;], and [e] specify that the instantaneous
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release of the molecular oxygen particles has had a "snowplow” effect in

the ambient atmosphere in the 250 to 300 kilometer region.

Under the action of diffusion and the chemical reaction the initial
Gaussian configuration of the molecular oxygen concentration field [02]
is changed into a transient axial gsymmetric field which evanesces in

time.

The excited oxygen atoms, 0%, are generated by the d;, e reaction

and are destroyed by the airglow mechanism.

In time the transient fields, induced by the injected molecular

oxygen, die out leaving the steady state ambient concentration fields.

Asdols4 tline of iterative procedure to solve system of
boundary value problems. It is proposed to find appropriate representa-

tions of the concentration field functions [02], [d+], [d;], {e], and

[0*] by a suitably convergent iterative procedure.*

Consider the following preliminary remarks:

Let a sequence of functions:

[02(0)] ' [ogl)] > [0§2)] 2 [0§3)] 3 *°° s [0'?)] ’ [02(1-'.1)] » e ?

(0", 10" 1,162 P1, 16, ..., (0¥, vy,

+(0)7 ot (1)q ot(2) (3 +(1)y rtEH)], eee
10y 1,105 M1, 105?17, 1651, ..., 0] W), o] V]

*
See Hildebrand, F. B., Advanced Calculus for Engineers, Prentice-
Hall, New York, 1949, pp.218-224,
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97,1, 1P, @, ..o L1eW, e, L.

[0*(0)], [0*(1)], [0%(2)],[0*3)], ... , [o*(1)],[o*(i+D)],

be introduced corresponding, respectively, to the concentration field

functions

[0, (2,831, (0¥ (2,£)1,[0;(2,6)], [e ®,t)], and [0*(®,t)] .

Let it be assumed that the initial configurations correspond to

the zero-order approximation of the concentration field functions:

[0, ()] exp< )
[o" (°f)] exp< ':'2-

).
(o} coon exp( :;>—] ,

[0 = [o,(e,4+0)]

[07®71 = 0", 400

[0}®71 = [0}, 4+0)]

(e = @] =

i
r~—s
)
”~~
8
N’
| -
—
H
i
/éi‘\
=‘lﬂ
NN
o~
-

[0*®] = [0%(p,+0)]

]
(=]
-

Corresponding to the 3™* Ry terative functions [0(1)] [0 (1)]

[0 (1)] [e(i)] and [0*(1)], for i=1,2,3, ... , are the equations of

continuity displayed below:

g?[oéi)] = D Vz[Oéi)] - k1[0§1°1)][0+(1-1)]

ng[0 (1)] = D _[0 (1)] k [0(1'1)][ (1'1)]
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2
%E{d;(i)] = D g-f [d;(i)] - k1[0§1-1)1[0+(1.1)]
z

- ky[0 @D 1y

3

3.

2
D ?;z'[e W7 < 1, [oF Dy U1y :

SH*W] = » V[0*W] + 1, [0FE [ D) i [0* D))

It is evident that the integrating factor exp(k3t) can be used to

rewrite the last equation in [0*(1)] in the form:

S (exp (i) [0*W1) = DV (expliiye) [0*DI])

+ky exp ey [0f Ve 1)y

A.1l.1.5 The boundary value problems asgociated with the i-th
approximation 1=1,2,3, .es . It is seen that if the function U = U(P,t)

is used to represent any one of the charged particle concentration field
functions [d+(1)] = [d+(i)(P,t)], [d;(i)] = [0;(1)(P,t)], and [e(i)] =
[e(i)(r,t)], i=1,2,3, eee , and if the funcfion V = v(P,t) is used to
represent either of the neutral particle concentration field functions
[0f1= (0P @,00] and ey [0* W] = [0*D@,0)] explicye),
1=1,23, ... , then the array of 1-th iterative equations of contin-
uity can be represented by the following pair of nonhomogeneous partial

differential equations in U = U(P,t) and V = V(P,t):
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2
Ll(U) = g?U-D%—z'U = y , us=u(pt) »
z

and

L3(V) = %‘:-V-DVZV = v , v =v(P,t) .

At the instant t = +0 the function U = U(P,t) has the representation

2 N
U(P’-I-O) = U(&)[ - exp(- %)] . rz - xz + y2 + 22 = 52 + zZ
‘ h

while the function V = V(P,t) has the representation

2
V(,40) = € V(0) expl = ¥=) ,
°""< ,,2>
vhere e = 1 for ve,0) = [0@,01, 1=1,2,3, wo,
and ¢ = 0 for V(B,t) = exp(kat)[o*(i)(P,t)], 1 =1,2,3, oo

The functions u = u(P,t) and v = v(P,t) are made up of linear com~

binations of products of the i-th iterative functions i = 1,2,3, «¢s .

A.1.1.6 The Green's fupctions cedure for obtain representa-

tions of the ﬁ h approximation functions., The Green's functions

G, = G (z,2!;t,7) and Gy = GS(P,Y';t,-:), defined below, can be used to
set down Green's function integral formula representations of the func-

tions U = U(P,t) and V = V(P,t), reapectively.

106




In particular, the function U = U(P,t) which satisfies the boundary

value problem in U = U(P,t):

LI(U) = u, U(@,t) »U(,40) vwhent 40 ,

U(P,t) - U(=) vhen P: (x,y,z) —»

is defined by the following integral formula:

4o
u(e,t) = f U (x,y,z'), +0) G, (z,27;t,0) dz’

t oo
+ f d-rf' u(® (x,y,z!) 7) Gl(z,z’;t,'t) dz?
o

’

Further, the function V = V(P,t) which satisfies the boundary value

problem in V = V(P,t):

L,(V) = v, V(B,t) > V(P,40) when t — +0
V(P,t) - 0 when P; (x,y,z) -

is defined by the following integral formula:

v(p,t) = f 4“1"2 v (z,r’), +0) G§1)(r,r';t:,0) dr/
[+ ]

t ©
+ f dt f lntr'z v(P (r,r’),T) Gél)(r,r';t,-r) dr? |,
o o

otherwise,
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vee) = [ ar? ve 0 o @rtie,0 a

0

f dt f dz! f 2n grdE? v(P (¢7,z7),1) G(z)(p’plo ,T)

=00

The Green's functions Gl(z,z' st,7) and G3(P,P';t,'r) are defined
as follows:

. z +z'
Gl(Z’z"tsT) = zm exp( 4D (t - T)>C°3h< ZD(t‘T) ’

Gz(gsg'ita'r) =

41(D(t~1') "“( tm(t-r)) <2D(t-r)) ?

1 i 1A - - LA
G,(x,r’;t,t) = exp( = )sinh ~ )
3 ’ ixpr! ,;SZE:;S 4D (t-1) 2D(t-7)
with

Ggl)(r,r';t,r) = G3(r,r';t,1) ’ r2 = x2 + yz + z2 = ;2 + z2

P @prie,1) = 6y (a2e,T) Gyl8,805E,)

A.1.1.7 Specification of first approximation system of boundary
value problems in IOZ(UL [O+

(1)1. [gil)l. and [0¥(1)], According to
the iterative scheme outlined above, the concentration field functions

[0(1)] [0 (1)] [0 (1)] [e(l)] and [0 (1)] are first order approxi-

mations to the corresponding concentration field functions [02] [02],
[e], and [O *1.
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The first order functions [O( )] [0(1)(2 t)], [0 (1)] =
0" D e,001, 1eM = (e M2,01, 2na [0*D] = (¥ B @,1)] are de-

fined by the following array of initial value problems:

-

o) = o1 -0 123—( LiofM1 ) -k, 10;”100" %)

with
2
1 = [0,] exp(-:-:z-) = [0,(p,40] :
2 .
+(0)y _ ot ) = ot
0" ®1= o0 <~)1[1~ - ]= o, 40)] ,
ool - 57)
and
2
1, o = 10,4001 = [0,(0)] “"('f?) ;
L (0" P = ot @ - D—-[O RS BTN (3005 [0 T
with
T 2
&, [0 100" @) = k1[02(0)][0+(°°)]l_exp<-i7)-
2 .
2r_
- 2]
and

oy = 0P @01 = [°+“f°’]l.1'

ol- )]

[o*
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with

r = §2+z

so that

RSORECUESON

2
16D = §eD1-p S5 ®) - g @i

Z

with
- 2 2
©, _ . zZ_
= (m) le - -
Ot ol ) - )]
= [e(P,+0]
2
or (97 = [0t (e [1- - & -lz—>]
[2 ] [2( )i exp( h2>ex'P( hz
= [0(2,+0)]
and
[e M1, 0 = [ 2,40)] = [e(2,40)]
and

+ ky[0F @) @y
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or else

1y (O] = $elen 0" M) - 0 3<? & (emace)

[o*“’n] = I, explet)[0F 1P

with
r 2
+0)y _ ot = 10" (0 - - ]
[0;91 = [05(e,40)] = [0, ¢ )][1 exp( hz) ] ,
2
0) T
91 = [eCe,40)] = .,,)[1- -5 ,
. e(2,40)] = [e(=)] exp( hz)]
and

(erp Gegd)[0*M1) o = 0" P e10)] = 0 .

These initial value problems in [Ogl)], [d+(1)], [e(l)], and
[O*(l)] are resolved by Green's function techniques in the discussion

to follow.

A.1.2 Resolution of the Boundary Value Problem in |0§1)| and
Properties of logl)go,z,tll.

A.1.2.1 Green's function integral formula for [Qé1)1 = Vlgr,tz

+ V2§r,tz. Reference is made to the partial differential equation
d () . ploo (.29 oD (0)4,+(0)

whgre

2
1, (08010071 = k10,3007 ()] [exv(- i;) - ex(- ;—) ]
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with the initial condition
2
(L) - -
[0, mpo = [0,(,40)] = [0,(0)] exp( :7)

The spherically point symmetric Green's function G3(r,r';t,1),

. . 1 - r + r'
Gs(r,r',t,'r) 4ret “[;t?(_l:‘:) exp< ) sinh ( ZD(t‘-T) ?

can be used to define a function [Ogl)(P,t)] = Vl(r,t) + Vz(r,t)

which resolves the initial value problem in [Oél)] = [Ogl)(P,t)]

A.1.2.2 Explicit formulas for [0(1)(P,t[|, gr,t}, 1’; x,t), and

y(z)fr,tl. It can be demonstrated that the concentration field function

[0(1)(P,t)] can be represented by the explicit formula displayed below:
2

o e,01 - [oz(on( -‘;—1- )3 xp[( T )2 ]

- 1,0, (0)][0" (=)] &= J" {[e’-'f(f{) - “‘(ﬁ)]
"oz [ <QL> ert <%>]} .

In deriving this formula for [051)(P,t)] the following reduced in~

tegral Green's function formulas were obtained:
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v (1‘ t) = [o (O)Jf‘mr' )q><- S )G (r,x?;t,0)dx’ ,

- [0,(0] (——) ux( 1z) ;
vza)(r,:) = -k [o (o)][o (=)] f dt’ f 4nr? exp(- = )(:3(:,:' st,t”)dr’,

-kl[oz(o)][o"'(eo)] f lT‘-'->3 exp(-- ;‘f’i’) de? ’
o 1 1

t
&, [0"(=)] f Ve ar
[o]

-y [0, 10" 7 (L5 Y exe() - (5-)]

k; [0, ©)1[0" (=)] f d! fm'z exp(-zféz- s tesrie,enacr,
A

el

oo (48) 2 o) - )]

A.1.2.3 The function |O§1)§0,z,t}|. For points along the vertical

zaxisonehas£=~}x2+y2=0 andr='J§2+zz=zforz>Oand

r =""Z’for z<0 .,

Vz(z) (c,t)
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The concentration field function [Oél)(P,t)] for points on the ver-
tical z axis, £ = 0, can be designated as [Oél)(o,z,t)] and is defined

by the rational formula displayed below:

[0 (0>]< >exp< =)
k [0, @)1[0" (@ >J<‘f"h ){(eﬁo {1 )

M Dt )

[0V ©,2,6)]

At the origin £ =0, z = 0, it is seen that the center~point value

(
of the concentration field function [Oél)], designated by [O£1>(O,O,t)],
is defined by the expression in the right-hand side of the above equa-

tion for [Oél)(o,z,t)] when z = 0. Since erf(0) = 0 it is seen that

the indeterminate form % appears in this specification of [Oél)(0,0,t)]

with z = 0.

A.1.,2.4 The center-point value function |0 )Q0,0,tQI By refer-~

ence to 1'Hospital's rule it is seen that

2 2
wyel) | BRCE)2EC)
z

z-0 z= 0
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and

e:f(%)- erf(%) 22

__1_)
I,

Accordingly, at the origin £ = 0, z = 0, r = 0, the concentration
field function [0§1)(P,t)] has the center-point value [051)(0,0,t)] de~-

fined by the following formula:

[0 0,0,60)] = [0 (0)]( ) (k 5 )[o (omo()]( —-+1

where

I, = th + 4Dt and T, = th + CDt .

1 2

A.1.3 Resolution of the Boundarv Value Problem in rd+(1)1 and

Properties of |0+(1)§0,z,t2|.

A.1.3.1 Green's function integral formula for [O (l)l P t) +

QZQP,tl. Reference is made to the partial differential equation

Loty . D—-[o 07 -k 100t @y

where

K, [0116" @) = k[0, @) 100% =] exp(~§- )[e’rP(- f;-)
el ) enl- )
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with the initial condition

(0" M3 . = [0"@)] [1 - “P(" 5‘) ex"(' hLz ) ]

The one-dimensional Cartesian Green's function Gl(z,z';t,r),

» - —-L— -
GI(Z’Z’:tsT) ZW) & QD((:-T) )cosh<2Dz(z-T) ’

can be used to define a function [0+(1)(P,t)] in the form

0t @,e)] = U, (B,e) + U, (2,¢)

which resolves the initial value problem in [0 (1)(P t)].

As1,3.2 Explicit formula for |0+(1)§g,t2| in terms of the in~
tegral of the error function, lerfc (x). The concentration field function

[o +H(1) (P,t)], can be represented in the following form:

0t e,e)) = [0 (*)][1 -—e’l( L) ""( L):l

- 2Vx Kk [0, ©0)300* (oo)] xp< >{[< :—-L) ferfc
- ierf«(ﬁ ] - ;2- e)rp<- i-z-i( ITZ) ierfc(%) - ierfc(

o
-
N

5

—

)

=

116




wherein

= Ju? + 4ot T, = JnZ + 8pe

ierfe(x) = J/‘ erfc(x’) dx! = L exp(-xz) ~ xerfe (x) ’

Jx
X
and
2 2
erfc(x) = = exp(=1") d» = 1 ~ erf(x) R
P
x
Acl.3.3 The functiorn [0 (1 )( 0,z,t)] snd the center=-point value
function O+(1) 0,0,t For points on the vertical z axis, £ = 0, the

concentration field function [O+(1)(P,t)] is designated by [O+(1)(O,z,t)]

and is defined by the following formula:

0"V ,z,6)1 = [°+(°°)3[1 - _1;_1 W(" i;)]
1
-2 Jx( %—i )[oz 010" (=)] { [( ;'1') ie’“(‘%l)' ‘“"é‘)]
-%K;&)ierfc‘%—;-) fe fc\L_zz']} .

At the origin £ =0, z = 0, r = 0 the center-point value of the
concentration field function [0 (1)(P,t)] is designated as [d+(1)(0,0,t)]

and has the value specified by the following formula:

10" 0,0 )] = [0" =1 - "‘) ( ) [0, (0)1[0 (“)](—'--— -1)
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This representation of [0+(1) (p,t)] at the origin § =0, z =0, r = 0,
follows from the specification of the function ierfe(x) at x = 0:

jerfe(x) = ferfc(x’) dx/ = j:' exp(-xz) ~ xerfc(x) ,

b8
X

with ierfc(0) -':/-}- , since erfc(0) =1 - erf(0) = L.
n

A.l.4 Resolution of the Boundary Value Problem in le(l)l and
Properties of Ie(]') ©0,z,t)]1.

A.l.4.1 Explicit formula for Ie(l) (P,t)] in terms of ierfc(x).

Reference is made to the partial differential equation

2
3@ = 0 &My - 1,1 @1003 )

Z

where

. 2 2
k,[e@ 100} @7 - k2[e<~>][o‘2‘<~>1|L1 - zexp<- i—;) exp<- ;;)

_2;_2_ 2z2
+ exp| - 5 | eXP\~ T3
h h
with the initial condition

e, = [e(«)][a. - m(- i—i—) exp(- i—i—)] .

The resolution of this initial value problem in [e(l) (P,t)] patterns
after the scheme used for obtaining a representation of the function

[0+(1) (P,t)] with the addition of a single time-space Green's function
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integral to account for the constant term in the nonhomogeneous (forcing
function) term in the partial differential equation in [e(l)] =

e, 0)1.

A.l.4.2 The function {e(l)go,z,tli and the center=point vslue

function 1e<1)go,o.t1|. For points along the vertical z axis, £ = 0,

the concentration field function [e(l)(P,t)] is designated by the

symbol [e(l)(O,z,t)] and is defined by the formula below:

M ©,z,0] = [e(w)][ 1- -‘;: exp(- fr;)] - kyt[e(=)]{05(=)]
1
2
+4 J':( 5;‘:—:;—- )[e(oo)][o;(oo)] { [( ?) iem(%l—)
- 1erfc<§>] - %’ !:( ;'2') 1etfc< %) - jerfc % :l} .

At the origin € =0, z =0, r = 0 the center-point value [e(l)(0,0,t)]
of the concentration field function [e(l)(P,t)] is defined by the simple

formula displayed below:

[«0,0,01 = [e@(1- *T‘—) - kyt[e()1[0} ()]
1

2
k. h 4T T
+ ( 2 )[e(«»)][o’;(w)] ( w-2-3) .
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This representation of [e(l)(l’,t)] at the origin z =0, ¢ =0,

r = 0, depends on the specification of the function ierfe (x) at x = 0:

ierfc(x)]x-o - [JJ_‘ exp(-xz) - xerfc(x)]xgo = :}_l' .
7 7

A.1l,5 Resolution of the Boupdary Value Problem in TO*(I)] and
Properties of |0*(1)§0,z,t“.

%*
A.1.,5.1 Green's function integral formula for egggkstl [o (I)QP,tN.

Reference is made to the partial differential equation

*(1)
é‘%’t—'l - '3-2' %(rz % [o*(l)]) - k(0¥ + k,[0F @10

where

@] = [ee,40)] = [e(=)] [l-exP<'i‘;2i>]

and

(0) = + = +°° 2
[0;91 = (of(e,50)] [oz<_)1[1-exp<-i-2- ]

with the initial condition

[0*(1)]-»0 as t—+0 forall rin0<r<=

where

rz -§2+zz N 52 -x2+y2 .

By use of the spherically point symmetric Green's function

G3(r,r';t,-r)

. o 1 r2 4yt rr’
e e~ By )“““<2D<t-f> '
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the concentration function [0*(1) (P,t)] can be defined by the integral

formula

t ®
e ey) W @,0] = [ar [ur? arr k, ew o) [e1I05)]

2
2 N
[1 - exp(- :—é—)} . G3(r,r’;t,1') R

A-1.5.2 Representation of 10#(1) (r,t)] as an indefinite time

integral. The repeated integral formula for [0*(1) (r,t)] can be rep-

resented by the single integral formula:

xp (~k,t7) 2
k,[e(=)][0 (w)]fm exp(- z%;;')

lo, - 20, +@,1 dt’

[0*M) ¢, )]

2N

4Dt'
3 2 2 2 27
h h h
() el () ]+ &) g ()]
t 3
- kyle@IE@)] [ expliyen] 1 - 2(%1')
[¢]
2 3
2 2 h
e L SLOMCY

2
exp( (T - h )) ] dt?
4Dt"1‘2

tmcl/

k,[e (=)][0% )] f exp (-icyt!)

Ja
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so that

t
- 3 2 .
[o*(l)(r,t)] = kz[e(m)][o;(oo)]fexp(-lc3tl) l} -2 %{'p) e@(‘-::;'z-)
A 1

) )]

wherein

Ti = n¥+4pe 2 = n® 480t

NN

Acl.5.3 Reduction of the time integrals vl(r t) and \ltz(r,t):

¥y(rst) = f exp(-k t) (-r> xp< 'r'z de?
¥, (x,t) =f exp(-k t?) (—-) exp( >dt' ,

o

In this time integral formula for [0*(1)(r,t)] let the auxiliary functions

\lrl(r,t) and \Fz(r,t) be introduced by the definitions

¥, (,t) = exp(-k t?) (-1-)3 xp( ) de?

and
t
3 2
h 2r
‘yz(r,t) f exp ( k3t ) -TTZ ) exp< T'Z ) dt
o 2

in order to represent the concentration field function [0*(1)(1-,1:)] by

the linear form:
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[0*W@,t)] = k,[e)][0,(=)] {f;(l - exp(-k3t)) - 2y, (r,t) + v,_(r,t)}-

The reduction of the integrals for ¥, (r,t) and ¥, (r,t) is complicated
1 2

by the presence of the exponential decay term exp(-k3t') .

Nevertheless, the auxiliary functions WI and Wz can be represented

in terms of exponential and error functions.

A.1.5.4 Explicit formulas for Wl(r,tl and W2<r,t2. It is ccnven-

ient to introduce the parameter Q¢ by the substitution

k

= b [/ 3
@ =3

D

in the following specification of the auxiliary function Wl(r,t):

2 = ) s { o) o+ -l 2]
ol 3 el )~ 29

By analogous procedures it can be demonstrated that the auxiliary

function vz(r,t) has the following specification;

o T () ) { o) [ ) -

) o) [ £ ) 2 2 )]}
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wherein

=
]

h2 44Dt and T h? + 8pt

A.1.5,5 Explicit form ulas for WIQO,O,Q and yZSO,O,tE and the
center=-point value function IO*(]')Q0,0,QI» In order to specify the
center-point value [O*(l) (0,0,t)] of the concentration field function
[0*(1) (P,t)], at the origin z =0, ¢ = 0, it is required to specify the

values of Wl(O,z,t) and vz(o,z,t) when z - 0.

Note that when z = 0 the function llrl(O,z,t) assumes the form%
gsince erf(-x) = ~erf(x). Accordingly, in the formulas for Wl(O,z,t)
and \|r2(0,z,t) it is required to apply l'Hospital's rule in order to

assign a value to ¥, (0,z,t) and ¥,(0,z,t) when z — O0:
1 2

3 i T
V0,2,8)], o = {1‘2.<%5.> exp(az) {ZBQ. Lerf(a) - erf( -Fl- )]

[ T
2 1
L erf(@) + erE( P )]

2.2

i T4\
211 2 1 1
+-——- = a -a - S - Sm—e—

'J;t“h sk Tl b h2 -

2 .2
T,Q
+ 1_lexp(-(:!) T exp(- hz )-} R
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= 2+ —-—) exp(a ) {<JT[ exp(-a ) - a erfc(a))

_ 2 2
b Fen(- ) - Lol L))}

so that

i

¥,00,0,8)

Ta
)t e o)}

furthermore

¥,0,2,0] _ o = 4J2<4D) xp<1 2){’-" [erf(J_2> erf(h 2) }
‘Txg[‘e"<J2 >+”<th ]

2[R ) 2
e (55) nlt [ﬁm(%az)-f:erﬁﬁii
2 E () - (3]}

so that

2 T«
= h_ 1.2 & ) _h_ 2
‘4‘2(0,0,11) = Jx 4D) zxp(z o ) {ierfc(J_z ) - Tz :lerfc(J. )}
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By direct substitution into the center=-point formula

[0*M)(0,0,6)] = k,le(=)][05(=)] {“—13<1 ~ exp(~k,t) = 2, (0,0,¢)

* v2<o,0.c>}

it is implied the concentration field function [O*(l) (?,t)] has the

center~point value [0*(1) (0,0,t)] defined by the integral of the error

function formula displayed below: |
*(1) k2 +
[0 (0,0,t)] = k ) [e(“)][oz(m)] {1 - exp(-kat)
3

. T, -
-4 J—ﬂaz exp (az) l'ierfc @) - 1%— ierfc( %)]
1

+~fxa ex1>< )[1erfc 72 ) - 17;-2' ilexrf j,i: >:|} s

[R
o = B 53- y Ty - vhl +40e , T, - JhZ + 80t .

2

wherein

A.1.5.6 The line integral density function Sfézy](tsl.h)

Ah

defined by E f [O*(l) (0,z,t)]dze Let an integrated line density

particle count per unit cross sectional area, defined by the symbol
3« (t, ), be made along the z axis, £ =0, from§ =0, z =0 (r =0)

to § =0, z = M, in the concentration field [0*(1) (®,t)].
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That is to say, consider the function 8(1*] (t,\h) defined by the

integral formula:

Ah
sGh e ) = If [0*W(p,t)las = f [0*D(,e)1, 4 @z ;
o

specifically consider the function S(l*] (t,2\h) defined by

I, [e (=)1[0} (=)] f d f exp (-kyt/ [1' 2(7)
“P<’ ;72 (2) xP( )J e

t
kyle@II05)] [ emp(iyer) avs {m - 2(-‘;;{
(o]

fw( T,z}w()f o2 o }

Acle5.6.1 Canonical form of the function ngg,](t,lhz as a func~

k
tion of @ =% ; —DA and t. The formula for S(][%*] (t,Ah) can be

s‘fl) (t,2h)

m

expressed in the following canonical form:
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Ah
S {otg (€ 20) = f [o*()[0,z,t)1dz

- (%)[e(“)][d;(“)] {x (1 - exp <-k3c>)

wherein

The factor (k2/k3)[e6w)][d;(w)], which appears in this explicit
formula for Sfél](t,lh), has the value [0%(1) ()] = [0%(~)] . That this

is so is evident by an inspection of the equation of comtinuity in [o*1,

.g.g[o*] = sz[o*] + 1(2[0-;] [e] - k3[0*] H

*(1)] ,

and the reiterative equation of continuity for (o

%E{o*(l)] = D JE‘%;‘(%Z %; [0*(1)] ) + 1k, [0F g, 0y . ks[o*(1)] .

r
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- 2 -
L.2 THE "SNOWPLOW" MODEL WITH e=1: [O*(P,':‘O)] = [O*(‘”)]! le exp(- %)]
= h

A.2.1 Resolution of the Boundary Value Problem in IO*(P,t)] and
- 2
[0*(1) (p,t)] when e=l with [0*(P,+0)] = [0%*(x)] Ll - ex*p(- S ﬂ It

h2

is now proposed to solve the partial differential equation in [0*] =

[0*@,t)]

’g'gff'*] = DVP[0*] - k3[0*] + k2[0;] [e]

wvhen the functions [0*], [0;], and [e] initially have the inverted Gaus=-

sian forms:

2 2
0%, = [0*)] [1 - exe(- ;—2)] 031, = [o*z'coon[x -e,q,@ ;r?)]

and

2 .
r_
[e], o [e( )1[1 - exn- )] .

Under steady state conditions at the boundary of the region

R(P)i-2 < x <™, =< y<® ~0<z <™, it is required that
* k2 +
[07](=)] = { = Jlo,(=)][e(=)].
k3 2
As a first approximation [O*(P,t)] to the concentration function

[0*(P,t)] consider the partial differential equation in [0*(1)] =

[o*(1) (p,t)]:
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oM = pP[*D)] - k107D + 1, (071, lel,

? (1) = o" o0 |-1 - exﬂ - n— i
[0 ]l =0 [ ( )] 2 ) °

A.2.1,1 Green's function integral formula for e:_:2$k3t2|0*(1)[ =

I1 + 12 . The Green's function

rz + r:’2

1 ’
G, (x,x/;t,1) = e""(" —— sinh )
A 4npr? NAD(E~T) I )

can be used to define the following representation of the concentration

fleld function [0*(1)(P,t)]:

exp(k3t)[0*<1)(P,t:)] = flmrfz {exp(k3t)[0*(1)]}t=o Ga(r.,r’;t,O)dr/
o

t ©
2 +
! /
+fd'r flmr dr/ k, exp(k3'r)[02]t=0[e]t=0
o o

G3(r,r’;t,1) .

The definite integral identity

(-]

2
f x exp(-a’x’) sinh bx dx = *-/-;’l b exp<4_%>
a a

o

can be used to reduce the space integral in the above Green's integral

formula for [O*(1)(p,t)] .
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Tor note that exp (Icat)[o*(l)] = I + I, where

o
]

1 -—/ lurr/Z {ezqn(kBt)[O*(l)]}tao Gs(r,r’;t,o) dr/
o

e 0 e ) ol el

7
sinh -rz-g;) dx/

and

t o
2 +
= /7 / e
I, = fdtflm: dr kz exp(ka‘r) [02]t=0[e]t=063(r’r $EsT) .
o o

A.2,1.2 Representation of [0*() (p,t)] _as an indefinite time

integral. It is concluded that the concextration fieid function

[0*(1) (P,t)] is defined by the following integral formula with
2 .
[0*M e, 40)] = [o*(u)][l - exp(- i )]:
h

) 2
[0*W@,0)] = [o*@][l - (—‘;—1- )3exp(- if)] exp (~k,t)
st [ emesgr - £y Yo - )
o 1
1) el B )}
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wherein

T{z = h?+4Dt’/ and 'réz =h% + 8Dt/  and

k (05 ()][e(=)] = kylo*()] .

Ae2.1.3 The integrated line density function Sél)gt,lhl =

Ah
J[\ [0*(1)(P,t)]§=0 dz. Let an integrated line density particle
N o W

1
count per unit cross-sectional area, defined by the symbol Sé )(t,lh)a

be made along the z axis, £=0, z=0 (r=0) to £=0, z=\h, in the concen-

tration field [O*(l)(P,t)] with P: (x,y,z) , §2 = x2 + yz, rz = §2 + z2.

That is to say, consider the function S(l)(t,lh) defined by the
o

line~integral formula:

2h
Sou)(t,lh)s f [0*W (p,t)] a5 = f [0*(1)(P,:)]§=0 dz .
L o

A.2.1.3.1 Canonical form of the function Sél)gt,lhz as a function
of as= %ﬂJ&SID and t and Gl(u). The formula for Sél)(t,lh) can be

expressed in the form:

s e, 00) = WMI0*)] exp iyt

3
A [0%] %5 exp (cge’) er %)
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3
+ K, [0F =) [e()] fexp(-k e) aerfon - X B
T

eﬁ@% \ 2 J'z T’z foZM)}

With the introduction of the parameter @ defined by the substitution

=

2

N

)

a 2J D

this formula for Sgl)(t,lh) can be rewritten as

Sél)(t,lh) = h[0%*(=)] exp(-k3t)l_" '%&(1%; )2 er‘(% ))

k
+ é{a(m)][o‘;(wn »(1 - exp (-kyt) )

2 k .
2 2 Tl efﬂ - Z% u!
O exp (@ )h/\ er
h2 Y1

)
du ,
Jul

Ti - -l\
2 1 z)/‘ €XP\~ D
expl = O
2 2 u
h .

133




A.2.1.3.2 Alternste canonical formula for Sél)(t,kh) in terms of

a,t ,H)‘(az + k3t) , and F)(-L a2 + katl. An alternate formula for

2

Scfl) (t, M) is displayed below:

h
Sél)(t,lh) = f[o*(l)(o,z,t)] dz
(o]

2
sy f o o)

- «/—:raz exp (az) H)‘(a2 + k3t)

+J--"—-a2 exp%az) F}‘<-§-a2+k3t)} s

INE)
wherein X
F}\(x) = t/; Ul(u) du
2a
and
X
}Lx(x) = f crl(u) du
a2
with
o () = e_:sp.uL-.t.llerfG_a_) ,
Ju
with
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1.2 1.2 2 - 2
When k3t>2a then x 2cz +k3c >a with Fl(x) Fk(a)+

Hl(x), so that for times

2

2 k3 4Dk3 8D

one can define Sﬁl)(t,lh) by the rule:

. \2

&b

+{l:tf-2.°‘2 e""e- az) Fx(az) -Vx o exp@®)
2 Vo 2 (12
Hx(a +k3t) +"fﬁa exp<2°‘)

m(ke® vige) |-

A.2.2 Resolution of the Boundary Value Problem in [0*(2)(P.t

the Second roximation to [0*(P.t when €= or e=1l.

A.2.2.1 Explicit representation of the equation of continuity in

IO*(Z)QP,tzl. The second approximation [0*(2)(P,t)] to the concen-

tration field function [0*(P,t)] is required to satisfy the equation of

continuity
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& (@) - P.i._a@_i_(rz L10*®1) - & [0*(2)] + 1 [0t e D)

where the concentration field functions [e(l) ] = [e(l) (P,t)] and
[0 (1)] [O (1)(P,t)] are the first approximations to the concentration

field functions [e(P,t)] and [OZ(P,t)], respectively.

It has been demonstrated that [e( )(P t)] and [0 (1)(2 t)] have

the following specific forms:

[e®] = (ePep,e)7 = [e(w)]l_l ( ) xp( i—) exp(

)te( (0% )] exp( 5—)

N
I-‘NN

- kyt[e@)][05(=)] + z»fw(
{ [( :—]‘> ierfc(i—l-) - ierfc(i‘)] - '}: exp( L X( 2) ierfc/‘J—22>
- ierfc ———)}

;M) = 0} ® e, 091 = 1877 - (0" D]

where

(0" M1 = "M e,001 = [0 (w)][l R 5-) exp< )]
- zf-( l-}:-;i)[oz(o)][o*'(«o)] exp( 5—) { l_( 1) ferfe —>
- ierfc(%] - %‘ ex-p(- i—i—X( _:_2_) ierfc {'.%:-) - ierfc(i%z-ﬂ} .
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A.2.2.2 The substitutions ﬂng,tQ, lj’-ﬁj' and 7j « Let the auxil-

iary functions ﬂj(P,t) be introduced by the substitutions

2@,t) = 1, 0,@,t) = -‘T!- xp( L)exp< )
B,@t) = €, 0,,) - xp( £ )K L) tors c(_ . 1erf0<h ]
o (2,t) = exp(- —5;) K —2*) fe fe<‘£2—) - ierfc Jzz/] .

Further let the set of constants k be introduced (in the specifi-

(1)])

cation of [e

=[e@®], 2, =-[e()], X == k[e@I[05=)] ,

k h2
- z»f«( —Zb")[e =)1[0; )] ,
=Jn( o Jle®)1[05)] ,

and let the set of constants “j be introduced (in the specification of

(0" 1)
= [0")] , ' - -[07)] , uy=0

-- zJ':t( L )[o oIt@]

s +~fn( %5 )[o O CH ORI
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In terms of Q, = Qj(P,t), kj, and uj it is seen that:

i
=5 =5
1), - t +(1)
[et] = lj ﬂj and (O l= “j QJ .
=t el

Furthermore, by the introduction of the constants 7j by the rule

Ty = Aty
it is seen that
=5
i1 = W1 - 0" P1=) 7 060
31
with
j1=5 32 5

k, [0} (1)][e(1)]

|
]
>

Q. (@, t)Q (P,t) .
8 j2 1 3z

This means that the equation of continuity in [O*(Z)] = [0*(2)(P,t)]

can be expressed in the explicit form

H e [0*D1) = X i— |2 &fema 0207

2
}J }E j J exp(k t) Q (P t)Q (P t) »
1 -2
1 2
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The concentration field function [0*(2)] = [0%*(2) (P,t)] has the

initial form [O*(z)(P,-i-O) which can be taken to be an inverted Gaussian

with an off-on factor €:

} 2
0*(2) (2,40) = e[0*(~>J[1 - up(- i'z')]

with € =0 or e=1 .

Ai2,2.3 Green's function integral formula for 3t1|0*(2)§g,t2|.
Since the functions Qj (P,t) are defined in terms of P: (E,z) it 1s re-

quired to use the Green's function ng)(P,P’;t,-r),

G3(2)(P:P,;tif) = Gl(zaz’3ta7) G2(§s§’3t:1’) ’

- 1 . d
Gl(zsz,;taf) = Z'J‘KBE;T) -zmt%l'— cosh (-ZD—Z(.:TTT)

2 T
G, (5,8%5t,7) = o= D(M) “P< 4D (t-1) <2D(t-r) )’

in addition to the spherical=point symmetric Green's function 63(1) (®,p/;t,0)

2
(1) : _ 1 r + ! rr’
G "(P,p/;t,0) = G, (r,r/;t,0) = ——— )
3 ’ 3 ’ lmrr&/?)t \

in the following Green's function integral formula for [0*(2)] = [0*(2)(P,t)]:

exp (k,t)[0%(2) @,t)] = f e 2 {exp(k3t)e[0*(°°)][1 - exv(- :*2'?' ]}c=o

°
t ™
Gy (r,r’;t,O)dr'tf dr ( 2 )q ®/,x)
o e

63 @2t v e
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That is to say,

[0*@)@,t)] = e[0*(=)] exp(-k t)[l - <—> exp( )]

°5 j =5

+k, exp(-k t) Z Z sz exp(ksr) dt
o

nl j2=1

f dz’f 2% £/dE/Q, (B/,t) 0, (B/,1)*C, (z,2/3t,T)
3 P 1
-0l o

G2(§,§’;t,1) .

Ae2.2.4 Concluding remarks about the reduction of the integral
formula for exg(kBtQIO*(z)gg,tll. A casual inspection of complexity of
the integrand of the time-space integral in this integral formula for
the concentration field function [0%(2)(P,t)], the second approximation
of the field function,[o*(P,t)], reveals the enormity of the analytic

task in attempting to obtain an explicit closed-form representation of

[0*(2) 2, t)].

The authors (particularly the first (H.K.Brown)) have not given
consideration at the present time to putting this presentation of the
problem (to find numerical values of 0%(2)(P,t) in some suitable lattice

in space~time) on a large=scale computer.

Values of [0*(1)(P,t)] (as well as S(%g*](t,h)) are presented in

the computational section of this report.
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In an effort to push the investigation, at the present time, to a
ctage where the approximation to the concentration field [0*(P,t)] reflects
the influence of the transient molecular oxygen field (that is, values of
[02] are introduced into the specification of [O*(P,t)]), the problem is

approached anew, as described in the next section of this resumé.

141




%*
A.3 THE "INTERPENETRABILITY" MODEL FOR [0" (P,t)] with [07(P, +0)] = [0% )]

*
It is now proposed to investigate the concentratioa field, [0 (®,v)],
of the excited oxygen atoms, under assumed conditions that permit the boun~

*
dary value problem ia [0 (P,t)] to be resolved explicitly without recourse

to iterative procedures.

To this end, let it be assumed that the ambient region between 250 km
and 300 km is sparse enough that the ambient particles are not initially
disturbed when the molecular oxygen particles are introduced (at the time

t = +0) with an initial Gaussian distributioa.

That is to say, the "snow-plow" assumption is replaced by an "inter-
penetrability" assumption: the injected molecular oxygen particles estab-
lish transient fields which are superimposed on the steady-state ambient

concentration fields.

In order to keep the mathematical analysis in a manageable state it

*
has been assumed that the O particles are not transported by diffusion.

A.3.1 Specification of the Boundary Value Problems in [OZ(P,t)J and

[o*gp,t)].

A.3.1.1 The reaction equations and the equations of continuity., Cor-

responding to the reaction equations

k
2 *
o; +te—0 +0,

* k3
0O —hy +0,
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are the equations of continuity

[0 _ * +
=5 < - k3[0 ] +k2[02] [e]

o/

and

AMo;] 52
5 = 0 S 161 +1[0] 10 - 1 (631 o)

% *
for the concentration field functions [0 | = [0 (P,t)] and [O;] = [Ouzl-(P,t)].-

It is assumed that the concentration field functions [e] = [e(P,t)] and

+
0] = [0+(P,t)] have constant values for all times t and space positions

2 x2+y2+zz.

P: (x,y,z) in the region Q: 0 Sttt 0 § r _5_ L T

A.3,1.2 Specification of [e [0+ and [OZL in the equations of

continuity. That is to say it is assumed that
[e] = [e(2,£)] = [e()]
and
[0%] = (0" (e, )] = [0¥(=)]
| 2 2

/
for all t and P: (x,y,z) inya: 0<t<t,0<r<r,, r2=x2+y + 22,

It is assumed that the concentration field function {02] = [02 (P,t)]

is defined by the spherically point symmetric Gaussian form
(h 3 r2

fo,1 = [o,(p,t)] = [0, ()] 5;) exn(- T—2>+ (o, (=)]
1
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for all t and P:(x,y,2z), r2 = x2 + y2 + 22, in 622 : 0<t

IIA

t, 0<=-<r

wherein h is some Gaugsian halfewidth and T1 is defined by the guadratic

form

=T1(c)-~/h2+4nt , 0<t<t

T

wvhere D is a Fickian diffusion constant,

A.3.1.3 Explicit specifications of the boundary value problems in

+ * *
LQQ] = [OZ(P,t)] and [0°] = [0 (P,t)]. The concentration field function

[0;] = [d;(P,t)] is defined as the solution of the boundary value problem

in [0} (2,t)]:

L, ([o = [o ] - D .2 [o 1 +k, [e(x)] [o 1 -1k CHOY [o ()]

3 2
- k1[02(o)] [o+(°°)] (—%) exp(- ;—2>= o,
1

with
+ + +
[051peg = [03(B,6)] g = [0p()], P (O
and

+
[02]r=rm

= [OZ(P,C)]rSr = [0;'(°°)] , tin (2

* *
The concentration field function [0 ] = [0 (P,t)] is defined as the

*
solution of the boundary value problem in [o (p,t)]):
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1,([0"]) = 53; [0"] + ky(07] - k,le)] [0}] =0,

e
with [o;] = [0,(P,t)] defined by the boundary value problem in [0, (B, 3]
and with

(0] eg = [0* @021, = (5] , » 12 (/)

and

[o*]r=r = [0*(P,t)}r=r = [a*(oo)] , tin “/8

A.3.2 Resolution of the Boundary Value Problem in [O;SPZCQ]

A.3.2,1 The substitution U(P,t) = exp(kz’,t) [O;SP,t)]. Let the function

U = U(P,t) be introduced by the substitution

U = UER,t) = expQcjt) [0;] = exp(k,le(=)]e) [0)(2,¢)]

/

wherein the constant k2

is defined by

ké = lcz[e(ﬂ)] .

For t = 0 the function U = U(P,t) has the representation required of

the substitution U = exp(k;t) [O;]:

U(p,+0j = U(P,t) ]t-*O = {exp(kgt) [O;] . = [O;(w)] .
>
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A.3.2.2 Green's function integral formula for U(P,t) = Ul(P,t)+U2(P,t).

The Green's function G, (z,z7;t,T),

1 z z’
G, (z,2/:t,T) = ~————=———— exp ( ) cosh (
for z, 2/, t, T infg: Ogts__tm, 0<r<r, 1:21='x""+y2+z2 = §2+zz,

§2 = x2 + y2, can be used to write down a functional form for the function

U = U(P,t) which satisfies the boundary value problem in U(P,t).

A,3.2.3 Representation of [Oz(o,z,:)] in terms of the exponential
(-]
-u =1 2 _,2, 2
integral function El(-x) = e~ u _ du. For points P:(x,y,z), r = £74z",

-X

§2 = x2 + y2, along the vertical z-axis, & = 0, the function [0;(P,t)] takes

on the following value [0;(0,2,1:)]:

[0;(o,z,t)] = exp(-két) U(o,z,t)
| 3
= [OZ(“)] + q, 1%_1. exp (- -:-;-) Véa) (o,t) exp(-kgt)
1
3
q h
= [O (®)] + 5= 4D'1‘ exp( 2> ( 4D> exp(-k t) o
2
T %,
: [E 80 - g(- h—;— 52)] :
2 k/
where Bz = blT _ﬁ@. .
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A.3.2.4 The inteprated line density function S[ +1 (o,A\h,t) =
\h
fLngo,z,t)[ dz. Along the vertical z axis, £ = 0, the integrated line
o
particle count function S[o ](o \h,t) for the concentration field [0 (e,t)],

is defined by the line integra;. of [O (0,z,t)] from &€ =0, z =0 to £ = 0,

z = Ah:

Ah
S[c+](o,)xh,t) = f[o:'{o,z,t)]dz
2 N L

so that

2 {0,(0)] ’
S[O-;](o,lh,t) = (lh[O;(w)]) 1+ JED?. kz IO ) exp(-B ) exp(-ké‘z) erf(}—?—)

’ [’ﬁ"ﬁz’ - El(' g Bz)]}

* *
A.3.3 Properties of the Function [0 ] = [0 (P,t)].

*
A.3.3.1 Resolution of the boundary value problem in [0 (P,t)].

*
Attention is now directed towards the concentration field function [0 ] =

[O*(P,t)] which is the solution of the boundar:} value problem in [0*(P,t)]:
Lz([O*]) = % [0°] + k3[0*] - kz[e(w)] [o;] =0
with
[o*]t=0 = [0*(“)] ’ P:(xtYsz) in(//? »

[o"‘}r=r = [0"®)], ¢t mce .
134
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The integrating factor exp(kac) can be used to rewrite the equation

* *
of continuity in [0 ], Ll([o 1) = 0, in the form

5% (exp(k3t) [O*]) = kzle(“’)] [0;-] exp(k3t) .

By integration of both sides with recpect to t and by use of the initial
% *
condition [0 ]t==0 = [0 (w)] it is evident that this partial differential

equation has the reduced form
t
% *, . . ;
exp(kyt) [07(P,t)] = [0 (3] + kyle()] J[‘ exp(k,t/) [05(P,t/)] ae’
o

*
so that the concentration field fuaction [0 (P,t)] can be represented by

the simple formula

t . .
(0" (7,631 = (0" ()] exp(eiey) + kyle(] [ empleteg(e-)] (0520 ]ae
0

The function [0;(P,t)], which asppears in the integrand of this integral

*
formula for [0 (P,t)], is defined by the formula
+ oy v
[0,(p,t)] = exp(-kyt) U(B,t)

where

t
3 exp(k/t/) §2
u(p,t) = [0+(°°)] exp(k’t) + q ho exp<-5—> f 2 exp(- —> dt’ .
2 2 o Tl TZ T/Z T{Z

1 o 1
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*
A.3.3.2 Representation of [0 (0,2z,t)] as an indefinite time integral

with an exponential intesral kernel. For points P: (x,v,z), r2 = §2 + zz,

§2 = x2<+ yz, along the vertical z axis, £ = 0, [0;(P,t)] takes on tae form:

nd ’ [o (0)] , zz>
[0 (0,z,t)] = [0 (=] { ..T [0 o) exp(-B ) exp(-k; t) e - —T-Z- .

[r 08 - - 2)]}

*
so that along £ = 0 the concentration function [O (P,t)] is defined by the

integral formula:

[O (0,z,t)] = LO (=) ] exp(-k t) + k’[O (w)]-{ [exp(-k t) - li}

5 [0,(0}] 2 3 )
+ k’[O (=) ] hB TE'?;TT exp (-B )L/‘exp(-két’) exp[-k3(t-t’)]
o

2
2 T'
exp(; z_ )., L [E (-62) - E (l —_ B ] at’ .

172/ o7 1 n?
1 1

) Ah

*
A,3.3.3 Revresentation of S[o*}ig,lh,t) = J/‘ [0 (0,z,t)] dz as a

o
time integral of the exponential integral function. In the concentration

*
field [0 (P,t)], for points P: (x,y,2), rz = §2 + z2, §2 = x2 + y2, along

the vertical z-axis, £ = 0, the integrated line particle count (per unit
cross-sectional area), designated by the symbol S[o*](o,lh,t), from € =

z=0¢to & =0, z=D>x, is defined by the line integral formula
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Ah
S[o*](o,kh,t) =‘/‘ [0*(o,z,t)] dz

o

{0 ()] (-k,t) {1 ! (1 (+k,t)] [o;(m)]
= o exp(~ - — - exp ——
3 ks 377 10" ()]

N kd [°+(°°)] [0, [
2 .2 a2y 12 2 VIR
+ —55- B° exp(-87) —~] @] 6/' expl- (k)-k,)t ]

h 2 T{Z 2
erf(—->. [e (-B)-E(————B ]dt’}.

7 1 1 2

/L h

* *
It is to be noted that the equation of continuity in [0 ] = [0 (P,t)],

LZ([O*]) = 0 (see Section A,3.1.3)
d (. ¥ * -+
5¢ (071 = - k,007] +k,[0,] [e],

requires that, for times t = t_ and for points r > r_,

k 134
[0* =] = 2 [05(=)] le()] = 2 (0] .
3

W

In other words, the boundary conditions in the region : 0ttt

* *
0<r<r,, imposed on the concentration field function [0 ] = [0 (P,t)],

require that

+
lié (0, (=)]
k3 [0% ()]

l.
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Thie equilibrium condition can be used to cast the formula for

S[O*] {o,M,t) into the somewhat simpler form:

fu 2. [0,(0)]
S(o* ](o Ah,t) = [o® (=)] 41 + == 7 3 B exp(-f°) m exp (-k, t) o

t 2
..f ac/ exp[-(ké-k:’)t/] erf(%) [El(-ﬁz) - E (-— —— B ]}
o 1

vherein

2 hzk’

B =_

4p °’

T, =vh2 +4pt ,

k{,[o;(w)] = kz[e(“‘)] [o;'(w)] = k1[02(°°)] [oF(=)] = k3[o*(w)] .

151



