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Then loudly cried the bold Sir Bedivere,
'Ah! my Lord Arthur, whither shall I go?
Where shall I hide my forehead and my eyes
For now I see the true old times are dead,
When every morning brought a noble chance,
And every chance brought out a noble knight.
Such times have been not since the light that led
The holy Elders with the gift of myrrh.
But now the whole ROUND TABLE is dissolved
And I, the last, go forth companionless,
And the days darken round me, and the year s,
Among new men, strange faces, other minds.'

Alfred, Lord Tennyson
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THE RECOMBINATION OF ATOMIC OXYGEN

INTRODUCTION

Perhaps the most important nonphotolytic chemical reactions

which occur in the upper atmosphere are those of the oxygen-ozone

system

0 + 02 + M

0 + 0
3

0 + 0 + M

0 ( 1 A ) + 0
2 g 3

03 + M

0 + 0
2 2

02+ M

> 0 + 02 + 0
2

(1-1)

(1-2)

(1-3)

(1-4)

where M represents a third body. It is these processes which influ-

ence the protective ozone layer in the stratosphere, and therefore

make the rate constants for these reactions of great importance in

chemical aeronomy. Recently, there has been much interest in these

reactions and their role in smog production (40). These reaction

rates are not known with much certainty and have been the object of

much research in the past two decades.

Atomic Oxygen Recombination Measurements

There have been a number of methods used to investigate atomic

oxygen recombination of which three will be discussed, one of which

was used in the experiment which is the subject of this report. Most
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atomic recombination measurements done prior to 1959 (2, 38, 27,

28) made use of metal probes which, when inserted into the system,

measured by various schemes the energy lost by atoms recombining

on the probe. These devices have several disadvantages (22): 1) They

are slow in response, since the probe must be allowed to reach

thermal equilibrium. 2) The accuracy is limited by the temperature

measurement, and the fact that small variations in surface contamina-

tion of the probe can strongly affect the recombination rate. 3) The

presence of the probe in the system can be a disturbing influence to

the recombination being studied. One further disadvantage is that the

probe cannot distinguish between recombining species.

A scheme which suffers few of these disadvantages employs

nitrogen compounds and their reactions with atomic oxygen. One of

the most sensitive methods for following 0-atom recombination makes

use of the air afterglow and NO titration (22). This procedure is

based upon the fact that if a little nitric oxide is injected into a stream

of 0-atoms, the intensity, I, of the greenish-yellow air afterglow

which is known to come from the reaction

0 + NO2 + hv ,

has been shown (21) to be proportional to the product [0] [NO] 1 and

1The square brackets enclosing atomic or molecular symbols signify
concentrations.



is independent of the nature and amount of other gases present. This

chemiluminescent reaction consumes NO and produces NO2, but the

[NO] is maintained constant by the fast and concomitant .termolecular

reaction

0 + NO +M NO
2

+ M,

and the extremely fast reaction

0 + NO2 -*NO + 02 ,

which, in turn, destroys any NO2 produced. Thus, if the light inten-

sity is measured as a function of distance down a flow tube from the

place where the NO is injected, and if the flow velocity, v, is known,

then

d[0] v d[0] c dI
n.,

dt dx dx

3

Much work has been done using this and variations of this technique

(23, 32, 24, 36) which gives good results in spite of the following dis-

advantages: 1) The measured intensity of the afterglow may be

seriously affected by axial and radial diffusion, viscous pressure drop

(22), and the poor mixing of the injected NO unless special precautions

are taken to minimize these effects. 2) Back diffusion is minimized

by large flow velocities, but at the expense of increased uncertainty

in the measurement of v, which is difficult to measure with much

accuracy in any case. 3) To be able to determine the order of these
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reactions, it is necessary to observe the rate of loss of oxygen atoms

over several decay constants, and with fast flow systems this isn't

possible. 4) Although there is some evidence to the contrary (21),

the addition of nitrogenous impurities into the system to be studied

has the possibility of altering the reaction rate under investigation.

Although these difficulties may be minimized, they cannot be over-

come totally.

The method for observing 0-atoms which is used in the experi-

ment to be discussed in this thesis and which suffers from the least

experimental difficulties is Electron Paramagnetic Resonance 2, a

technique which may be used for any species which has a magnetic

or electric dipole moment. In using EPR to study recombination, one

may proceed as in the foregoing method and observe the loss of free

atoms down a flow tube, or measure directly a quantity which is pro-
d[o]portional to by isolating the source of atoms from the detectordt

at a designated time and observing the consequent decrease of concen-

tration. If the former is used, then this technique suffers from the

same problems as titration, ascertaining the flow velocity and

measurement of the recombination over several decay constants. If

the second method is employed, the chief experimental problems are

the fabrication of a rapid valve which isolates the detector from the

2Hereafter designated as EPR.
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atom source, the suppression of wall recombination, and the

determination of the pressure at the detector, which is also a

problem in all fast flow systems.

The two most common methods for measuring atomic oxygen

concentrations in use at the present time are probably the air after-

glow technique with its several variations and EPR. Westenberg

and de Haas (44) have compared the results using both methods and

find them to be in agreement to about 5%.
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RECOMBINATION MECHANISMS

In order to decide which of the possible oxygen reactions are

likely under the experimental conditions of the laboratory, we will

consider the possible combinations of the three components most

likely making up an atomic oxygen source; 0, 02, and 03, in the

ground or excited states. The reactions may be further divided into

four groups: I) two body wall recombinations, 2) three body wall

recombinations, 3) volume recombinations, and 4) higher order

complexes. These reactions are listed in Table I.

Two Body Wall Recombination

Under this heading are classed reactions of the following types:

0 + 0- S 02 ,

0 + 02-S 03
'

0 + 03- S 202 ,

etc., where the symbol On° S signifies an On molecule adsorbed on the

wall. The rate equation for these reactions is written as

d[o]
dt - K

1
[0] [o]

2
[o][o

2
]- [0][03]

which may be simplified as

d[0]
dt - [0] {K 0 + K2[02] + K3[03] + } .
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Table I

Possible Mechanisms for Atomic Oxygen Recombination

Name Mechanism

Two Body Wall

Three Body Wall

Volume

Higher Order Complexes

O + S 02

O + 0 -5 --,- 0
3

O + 03-S 2 02

etc.

O +0 +S 02 +S

O +02 + S 03 +S

O +0 -02 + h v

O + 0 +M 02 + M

O + 0
2

03 + h v

O + 02 + M 03 +M

O + 03--> 202

0*
2

+03 2 02 +0

where M is any of the
constituents 0, 02, 03.

02 +02 04

02 0* --> 0*
2 2 4

etc.



Now experimental evidence (27, 28, 14) demonstrates that oxygen

atoms recombining on surfaces follow first order kinetics which

implies that the quantity in braces is a constant. The Mechanism

proposed by Greaves and Linnett (14) for 0-atoms describes the

recombination as taking place between an atom loosely bound to the

surface and one from the volume, followed by the rapid replacement

of the atom on the surface. The combination of 0-atoms with an On

molecule is probably similar, so that after the walls become saturated

with molecules, the adsorbed gas remains nearly constant over a

large span of pressures. Thus we write one equation representing

this effect of walls as

where

d[0]
dt

k = {K 1[0] +K2[02] +K3[03] + 1.

Three Body Wall Recombination

In most cases of recombination the constituents approach each

other under the influence of a mutual attraction with some relative

kinetic energy. The total energy of such a system is positive, so

that recombination can take place only if the system loses part of the

kinetic energy and drops into a bound state during the time interval

that the system is within the range of the potential. It is possible for

the wall to act as a third body to remove this energy. At room
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temperature the duration of the interaction is of the order of a

vibration period, approximately 10-13 seconds. Since the average

speed of a molecule at room temperature is of the order of 10 4 cm/

sec, only those two-body interactions which occur within 10-9 cm of

the wall can also collide with the wall during the interaction time,

In order to determine the degree to which walls play a role in three-

body recombination, the ratio of three-body volume interactions to

wall collisions will be estimated.

The number of three-body wall collisions which occur within

an interaction time T may be expressed as

winivTA

where n' represents the concentration of two-body complexes, v, the

average speed of a molecule, and A, the surface area of the enclosure.

Concomitantly, the number of termolecular volume interactions is

given by the product

n'TZ V

where V designates the volume enclosed by the area A, Z = crn V, the

collision frequency, with the quantities o- and n defined respectively

as the collision cross section of a molecule with a two-body complex

and the molecular concentration. cr will be of the order of the geo-

metrical 0 02 cross section. Thus the desired ratio is given by
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V4 o- n
A
V p

cm torr A

which shows that at one torr for enclosures of a reasonable size, the

wall is ineffective as a third body compared to the volume

recombination.

Volume Recombination

The recombination processes which occur in the volume of the

reaction vessel may be categorized as two-body radiative, three-body

volume, and neutral rearrangement recombinations. In the two-body

process the system must radiate according to the Frank-Condon

principle during the time of association from the region of the classi-

cal. turning point to a vibrational level in some state of lower energy

whose turning point is nearly directly below. Thus the number of

recombinations that take place is determined not only by the collision

time, but also by the radiative lifetime of the state along whose

potential the two bodies associate. For states whose lifetimes are

of the order of 10-8 sec, the previous consideration predicts approxi-

mately 105 collisions before recombination may take place by this

means. However, not all states within which the collisions take

place are radiatively coupled to lower states so that the number of

encounters necessary for recombination may hc much higher.
-1The product (TZ) gives the fractional number of two-body
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encounters that are also three-body collisions which at one torr

pressure is 106 to one, so that at approximately ten torr, the three-

body and radiative processes takes place at an equal rate. However,

the number of radiative recombinations depends upon the lifetime of

the electronic state along whose potential the two constituents approach.

There are two three-body recombination reactions which are also

radiatively possible. These are

0+0-002 +hv, 0+0+M->02 +M;

0+02-.03 +hv, 0+0
2

+M-003 +M.

The first pair involves two oxygen atoms in the ground state

which in order to recombine radiatively, must approach each other

along either an excited state potential curve or that of the molecular

ground state. All the molecular excited states formed from two
30( P) atoms are metastable with respect to radiation to the molecular

ground state so that the lifetimes of those states are far in excess of

10-8 seconds. This result leads to a negligible probability for

radiative recombination compared to the three-body process. The

probability that radiative recombination will take place from some

vibrational level in the molecular ground state is also insignificant

since the transition probability for removal of energy by a vibrational

transition is much smaller than that for electronic transitions (18,

p. 401). For homonuclear molecules this transition probability
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virtually vanishes (18, p. 80).

The second pair of reactions shown above represents the

recombination of 0 and 02 to form 03. Since the potential curves

and lifetimes of the excited states of ozone aren't well known, one

cannot use the lifetime arguments that were made for the honogeneous

combination to completely rule out the radiative recombination of 0

and 02. However, the data from thermal decomposition studies of

ozone (4, 46) are adequately explained without using the radiative

process. This mechanism will be omitted from any model used to

describe oxygen recombination in this experiment and to interpret

the data,

In recent years it has been determined (23, 3) that if the

excited metastable 1,6, and 1 z states of molecular oxygen are

present, the reaction

0*
2

+ 0
3

0
2

+ 0
2

+ 0

where 02 is either of the metastable states, is a production mecha-

nism for atomic oxygen and must be considered in any recombination

model. Along with these neutral rearrangement reactions with

deexcitation, there is the rearrangement process

0 + 03 02 +02

which completes the list of possible recombination processes except

for higher order type phenomena.
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Higher Order Complexes

There is little experimental evidence for the existence of corn-

plexes except that Bader and Ogryzlo (3) explain emission spectra

from a mixture of 02(1Ag) and 0
2

(
1 Eg) as resulting from radiative

dissociation of 04(1 Ag, 1 ) complexes. These mechanisms will be

neglected in any model discussed for atomic oxygen recombination.

From the discussion above, it seems likely that the probable

reactions are two-body wall, three-body volume, and neutral

rearrangement. These are listed in Table II.

Table II

Probable Reactions for Atomic Oxygen Recombination

Name Reaction

Wall 0 + O. S --.
O2

(2-1)

Volume 0 +0+M-.0
2

+M (2-2)

0 +O2 + M -. 03 +M (2-3)

O + 03-> 02 + 02 (2-4)

0*2 +0
3

-,-0+02+02 (2-5)

where M is any third body and
0*

2
refers to 02 in either the

1
A

1or the E state.
g g



14

ELECTRON PARAMAGNETIC RESONANCE THEORY

In this section only those features of EPR which aid in the

understanding of the spectrum of atomic oxygen, the measurement of

concentrations of 0-atoms, and the determination of the concentration

of 0 (1A ) relative to that of oxygen atoms will be discussed.2 g

Electron Paramagnetic Resonance Theory of Atomic Oxygen

There are three naturally occurring isotopes of oxygen; 016,

018 both have a nuclear spin of zero, and 017 has a nuclear spin of

5/2. An energy level diagram of 016, the principal isotope, is

shown in column a) of Figure 1. The ground state of atomic oxygen

is 3P2, which lies 158.5 cm-1 below 3P1 and 226.5 cm-1 below 3P0.

In addition to the 3P states, the andand 1S states lie 15,867.7 cm-1

and 33,792.4 cm-1, respectively, above the ground state.

The effect of a magnetic field upon the 3P energy levels of the

oxygen atom has been calculated by Abragam and Van Vleck (1) to

second order in H, the magnetic field; this calculation gives an

accuracy to one part in 106 since terms of third order in H vanish

for a 3P term in L S coupling (35). Column b) of Figure 1 shows the

multiplet splitting of the 3P states due to the spin-orbit interaction

while column c) indicates the linear Zeeman effect, which splits each

multiplet into 2J + 1 equally spaced energy levels. In the last column,

d), is shown the result of the quadratic Zeeman effect upon the levels



2

15

Figure 1. Energy level diagram for atomic oxygen in which El and e2
are given by p.(i/(68.0 h2c2) and p.(i/158.5 h2c2) cm-lgauss-2.
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of column c). The six EPR lines of atomic oxygen arise from

magnetic dipole transitions between 3P magnetic sublevels according

to the selection rules

AM = ± 1 , AJ = 0 .

The quadratic Zeeman effect (1) predicts the resonant magnetic fields

Ha through Hf as

hv gipH + Ha
2

=
1131-1b C1Hb2

by = g2pHc + C2Hc2 = g2pHf - C2Hf

2
= g

2
pH

d
+ C

3
Hd

2
= g

2
pe H -

e

where g1 = 1.500986 ± 0.000002 and g2 = 1.500921 ± 0.000002 (32),

p is the Bohr magneton, and C1, C2, C3 are constants which depend

upon the spacing between the 3P multiplets. The predicted magnetic

fields at which each of the lines occur is shown in Figure 2 with each

line labeled as shown in Figure 1. Transitions between the magnetic

sublevels of the 1D state are possible, however the population of

these levels is so small at reasonable temperatures compared to 3P

states that observation of them is prohibited.

In order to observe an EPR line of a magnetic dipole transition,

one detects the change in the Q of a microwave cavity containing, for

example, a sample of a paramagnetic gas when the gas absorbs

energy from the microwave magnetic field perpendicular to the static
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Figure 2. (a) EPR spectrum of atomic oxygen, and (b) intensity dis-
tribution of the atomic oxygen spectrum.



18

field H. The quantity which relates the absorption of energy of the

gas in the cavity to the properties of the sample is just the magnetic

moment per unit volume, M. If a sample is placed in a magnetic

field g, then M is related to H by the magnetic susceptability, x by

= x

If H = Ho k + H1 [cos(wt) i + sin(wt) j], i.e., a steady field Ho in the

z direction and a time dependent field in the plane perpendicular to Ho,

and if X is taken to be the complex quantity

X= X' ix "

the power absorbed per unit volume per cycle is given (34, p. 29) by

P = 2H1 wX" .

Since the cavity Q is inversely proportional to the power lost per

cycle, the quantity which is measured by the EPR spectrometer is

P, which depends upon x'', the imaginary part of the complex mag-

netic susceptibility.

Van Vleck and Weisskopf (42) have derived an expression for

pressure broadened microwave transitions JM, J'M'

X" =
N exp (-E

JM /kT)()JM, J'M' Z kT

where

r )JM, J'M'

N is the concentration of absorbing atoms,

1 f' ( w w
0

(3-5)
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w is the angular frequency of the microwaves,

EJM is the energy of the JM state

(11, r ) JM, 2

12 g2,,2 2 (J - M)(J M + 1) is the

absolute square of the component of the transition
matrix element in the direction of the r.f. field with
f+ the filling factor depending upon the geometry of
the cavity and the sample distribution in it.

Z is the partition function,

k is the Boltzman constant,

T is the absolute temperature, and

f' ( w wo) is the Lorentzian line shape function.

The Lorentzian line shape function describes a pressure broadened

line which occurs at wo and is given by (44)

f'( w w
0

which is normalized so that

-1 t

1 + t
2

(co -

o
co

(3-6)

The quantity t2, called the "spin-spin" relaxation time, is the recip-

rocal of the half-width at half-height of the Lorentzian shape function.

Since EPR experiments are in fact performed with a constant w

and a variable H, the line shape function must be changed to f(H - He)

by introducing a quantity geff (26). The term Ho is related to wo, the

frequency corresponding to the center of the line, by Ho z..fico 0/gP

In order to make the transformation, one expands w in a Taylor



20

Series about the resonance wo and keeps only the first two terms as

an approximation to the field dependence of g at the resonance. This

expansion is then compared to the resonance condition i w = gpH as

aw dH
"rldw gpdH and w= w

o a H
+

P1 a w . w- (13 o)so that geff aH p (H - Ho)

where

Thus, we may write

(w - w
o) g p

f(H - H0)
eff

f(F1 Ho) -
t2

geff /P1
2

1 t
2

geff
p

2
(H Ho)

2

-h

which then satisfies the normalization condition

:f (H - Ho) dH = 1 .

co

(3-7)

(3-8)

(3-9 )

The quantity geff is just the Lande g factor for simple atomic transi-

tions. For those transitions which split in a more complicated

fashion or as a higher order function of H, the g factor in the vicinity

of the transition of Ho may be approximated by geff and the resonance

condition is then just by geffpH; the splitting of the states of 02 is

an example of this.

While the quadratic Zeeman effect is responsible for the

observation of the six-line spectrum of atomic oxygen under conditions
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of high resolution, these lines are not resolved for the conditions of

this experiment. Thus, the expression for X" must be summed over

all unresolved

X
11

transitions

) 1

Z
JM

exp(-Ejm/kT) I r)Jm, 2 f(H-H0)

(3-10)

g at (3kT

where geff has been replaced by gat and is taken out of the sum as

being approximately equal for both J values. The shape factor f(H-Ho)

is also assumed to be independent of the summation which is approxi-

mately correct since 80% of the absorption (26) arises from nearly

coincident transitions.

Electron Paramagnetic Resonance of Atomic Oxygen

Krongelb and Strandberg (26) have related the concentration of

atomic oxygen to the integrated intensity of the EPR spectrum as

co

exp (-Ejm /kT)1 2
JM, J'M'i

(3-11)

which is independent of the shape function f(H-Ho) because of

Equation (3-9) and may be evaluated further. Since only the 3 P1 and

3 P2 terms contribute to the absorption, we have from (44),

g = 1.5 ,

Z = 5 + 3 exp(-158.5 hc/kT) + exp(-226.5 hc/kT) = 6. 738 ,
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exp(-Ej.m/kT)(j - M)(J + M + 1) = 21.87

JM

where E
2M

is taken as zero. Thus we have for the six line composite

spectrum of atomic oxygen

2

f
T

p

co

NO = 0.206 ( x"
0

dH
h.v

(3-12)

which depends only upon known or measurable quantities, with the

exception of f+, the filling factor.

Electron Paramagnetic Resonance of Molecular Oxygen

An energy level diagram of molecular oxygen is shown in

Figure 3 which shows the ground state as X 3E-
. At approximately

one ev above the ground level is the a 1 and at 1.6 ev is the b lE
g g

state. These last two states are metastable; the lE would have to
g

violate AS = 0 to radiate to the ground state and 1 would have to
g

violate not only AS = 0, but also A A = 0, ± 1 (18, p. 278). Both the
3E-

and the 1Ag may be observed by EPR since each has a magnetic

moment. It is the spectrum of 0 (3E) state which we shall deal with
2 g

first.

The spectrum of 0 (3E) has a very complicated structure as
2 g

is shown in Figures 4, 5, 6, which was taken in the presence of a

microwave discharge and therefore also shows the atomic oxygen and

0 1
2( spectrum as indicated. The complexity of the molecular
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10-

9 I-

8

7

2

0
1.0 1.5

r
2.0 2.5

Figure 3. Energy level diagram of 02 (18, p. 446).

(3P) +(1D)

(3P)+(3P)
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Figure 4. EPR spectrum of molecular oxygen. Part I.
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7.0kG

Figure 5. EPR spectrum of molecular oxygen. Part II.
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Figure 6. EPR spectrum of molecular oxygen. Part III.
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oxygen spectrum arises from the coupling of the electronic and

rotational angular momenta (41). The molecular absorption can be

calculated using the data from Tinkham and Strandberg (41) and

Equation (3-11) applied to molecular oxygen (26, 44). Thus, since

each absorption is from a single line, Equation (3-11) becomes

1 exp (-E53.x1' dH -N wok
geffpkT) Z

ikT)1(111,)jm,
2

(3-13)

which may be evaluated for the K = 5, J = 4 -3- 6, and M = 1 2 transi-

tion which Krongelb and Strandberg (26) used. Upon evaluating the

following quantities

(P. )r JM,
2 2 2 (f )1,

I

, 2
g (3 L4 <JM ISx } ,

8w
eff p a H H =Ho

g = 2

3 kT
2= 2 Bh

B = 43, 100 MHz, the rotational temperature (43, 100 MHz
is equivalent to k 2.1° K),

and from Tinkham and Strandberg (41, p. 958)

4 j <JMISxIJ'M' > 12 exp(-Ejm/kT) = . 37 ,

geff = 1.313 ,

we have



or finally

hpf+\)of°x" dH x0.52102 2 kT

,..1.92( 2 k_i_V; " dH02
oh pfrr

GD
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(3-14)

The work of Tinkham and Strandberg (41) and Krongelb and

Strandberg (26) permits absolute concentration measurements, since

the ratio of Equation (3-12) to Equation (3-14) yields

NO = NO (0.107)
2 Yx" dH

0
-cc 2

dH

(3-15)

and since NO is known from the pressure, one may calculate NO.
2

It will be of interest to estimate the ratio of the concentration

of 02( 1
A g) to that of atomic oxygen. The EPR spectrum of 02(1.6.g)

state was first observed by Falick, Mahan and Myers (9) in oxygen

passed through a microwave discharge in which they measured the

ratio of the concentration of 0
2

(
1 P g) to 0(3P) to be approximately

0.5. To make this determination, one must evaluate Equation (3-13)

for 02(10 ). The spectrum that was observed results from the AM =

1 transition for the J = 2 total angular momentum state which inter-

acts with the J = 3 state to split the transitions into a nearly sym-

metric quartet (9). More recently, Miller (30) has observed dot only

the J = 2, but also the J = 3 spectra.
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If we assume that the 02(16,g) molecule is describable by Hun& s

case a), i.e., the orbital angular momentum of the electrons couples

strongly to the internuclear axis and only weakly with the rotational

angular momentum, then we may write the energy of the interaction

of the magnetic field with the magnetic moment associated with the

angular momentum as

E

wher e

j3HMJ + higher order terms

A2
gT J(J +1)

A is the component of the orbital angular momentum of the electrons

along the internuclear axis and J is the total angular momentum. For

the A = J = 2, PM = +1, and PJ = 0 transition, the matrix element

(26, 10) becomes

1<JMJI p.rIJMJ +l > 1 2 = (J M)(J + M + 1).

The partition function is similar to that of 02(3zg) except that the

rotational constant is 43, 401 MHz (30) which gives Z1 = 210. For

the M = 0 to M = +1 transition, E
JM = 0 and

Thus

where

2exp(-Ejm/kT) '<JO >I =
2 2 +
gJf

wow 3 2 2f+

_00 X10
dH = NIA geffpkT 210 gr00
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= 2/3 ,

and the ratio of N(lA ) to N(3P) is given by

X
dH

N(IA) 234
1
A

N(
3P) y dH

We are now able to calculate the ratio of the concentrations of

02(
1

g) to O(3P) by evaluating the two integrals, which may be done

by numerically measuring the area under the EPR absorption line

for each. Alternatively, because the task of numerical integration

is tedious, and since we will be satisfied with an approximate con-

centration ratio, we will evaluate the integrals in a different manner.

Each integral is proportional to the maximum signal height of

its EPR spectrum. The constant of proportionality in each case

depends not only upon instrumental parameters, but also upon the

line shape function which reflects the physical properties of the

species whose spectrum is being observed. By taking the line shape

functions approximately equal and using the same instrumental

parameters, the ratio of the integrals is approximately the ratio of

the maximum signal heights. Thus a measurement of the signal

height of 0(3P) to be 400 times that of 0 ( 1
A

g
) yields an 0

2
(

1
Ag)

molecular concentration which is nearly half as large as that of
3O( P) atoms.
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CONCENTRATION MEASUREMENTS

We shall now discuss the details of using EPR techniques to

make both relative and absolute concentration measurements of

gases. The simplest of the methods is the relative assessment.

Relative Concentration Measurements

In this work nearly all quantitative results will be determined

from relative measurements of the concentrations of atomic oxygen.

If one looks at Equation (3-12) which has been evaluated for the

composite six-line spectrum, one sees that the only unknown

quantity is f +, the cavity filling factor. If we evaluate xll dx for

two different 0-atom concentrations, then the ratio of these concen-

trations is given by

NO1 al
NO2 (y

x" dH)
1

x " dH)
2

In order to make this evaluation, one must examinegx" dH.

The integral is not the output signal of the EPR spectrometer, but

some quantity related to it. The spectrometer makes use of field

modulation and phase sensitive detection which produces an output

proportional to the first derivative of X" with respect to the mag-

netic field. It is necessary then to know how this signal is related

to X".
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If one defines for a single line the nth moment of the absorption

curve as
"M" 51c4 Hn X" (H) dH = (n +

+ 1 a x dH
n a

-00

then the zeroth moment is just

-00

cc, 0o a X"M"
0

u" (H) dH = HH dH
-CO

which is proportional to the concentration of any particular absorbing

species. Similarly, the nth moment of the output signal, S(H), of the

EPR spectrometer may be defined as

_-M u - (n + 1) ly
H

n + 1 S(H) dH .
-co

Halbach (16) has shown that the zeroth moments of the absorption

curve and the spectrometer signal as defined above are related as

M 0 n Hi MO ,

which implies that calculations from the EPR signal do indeed give

the correct result if composite lines are sufficiently modulation

broadened to be a single approximate Lorentzian line and if the modu-

lation field is taken into account. Thus, relative concentration

measurements may be made by evaluating the integrals in Equation

(4-1), a very tedious task. Do we even have to do this? The

integrals in Equation (4-1) are finite, so that, intuitively, one should

be able to write
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" dH h

where h is a signal height. That this is the case has been shown

experimentally (26, 44, 43), so that relative concentration measure-

ments may be made from the heights of the two signals, providing

parameters such as microwave power are maintained constant; these

heights may be taken at the maximum of the derivative signal.

The experiment to be described here will use time-dependent

signals, in which the concentration of atomic oxygen will be observed

from an indicial time until the concentration has dropped effectively

to zero. In this case the relative concentration at a time t is given by

N (t)0 - h(t)
N 0 (t = 0) h(t = 0)

Absolute Concentration Measurements

From the preceding discussion it seems clear how one can

(4-2)

measure absolute concentrations. Equation (3-15) relates No to N0
2

and the ratio of two integrals which may be evaluated by numerical

integration. However, the implication there is that all instrumental

parameters can be held constant. Generally speaking, this will not

be true, and for completeness it will be indicated how the parameters

enter into the absolute measurement of the atomic oxygen concentra-

tion using 02 as a calibration. Westenberg and de Haas (44) give



where

wher e
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X at MQat(02) (Pca.)
Mat P

f \iat02w
(4-3)X02 I0al

W at

Xat = the mole fraction of the atomic species,

X0 = the mole fraction of molecular oxygen,
2

Pcal = the calibration pressure,

P = the experimental pressure,

W0 = the power level for calibration,
2

W at = the power level for the experiment,

M0 = the modulation amplitude for calibration,
2

Mat = the modulation amplitude for the experiment,

Iat = the integrated intensity for atomic transitions,

10 = the integrated intensity for the calibration line, and
2

p = [4 1S 2x 1 JM,

3 kTZ - , and02 2Bh

B = 43,100 MHz.

Q at geff Zo
2

0.206 g2 p

exp(-Ejm/kT),

If the atoms are mixed with 02' then P=Pcal' Xat =Nat /P, and

X 0 = N0 /P which is equivalent to Equation (3-15) taken at the same
2

modulation amplitude and power levels. Equation (4-3) doesn't
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include the possibility of different amplifier gains used for the two

runs. If the gains are different, the right-hand side of Equation (4-3)

must be multiplied by the quantity SLat )
Having laid the foundation for making concentration measure-

merits using EPR techniques, we turn to atomic oxygen recombination.
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MODEL FOR OXYGEN RECOMBINATION

The model which is chosen to describe the recombination of

oxygen depends upon the relative concentrations of the atomic and

molecular species present.

The Production of Oxygen Atoms by Microwave Discharge

One of the most efficient ways to produce atomic oxygen is by

the use of a microwave discharge. In the discharge electrons excite,

ionize, and dissociate the gas so that large concentrations of ions,

atoms and, excited atoms and molecules are present.

Wall recombination is a major mechanism by which oxygen

atoms combine in any sort of enclosure. The rate of this reaction

is first order in [0] and is sufficiently large to make measurements

of other concomitant reactions difficult unless some means is

employed to reduce the recombination efficiency of the wall. There

appears to be an approximate relationship between the recombination

efficiency and the acidity of the surface (22); the more acidic the

surface the less the probability of combination. Thus, the treatment

of the surfaces with HF, HNO
3' or H

3
PO4 reduces the surface

activity (22, 45).

The wall recombination efficiency -y is defined as the ratio of

the number of wall recombinations per second per unit area to the
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total number of collisions with the wall per second per unit area.

From the kinetic theory of gases we have that the number of atoms

striking any surface per unit time per unit area is given by 1/4 n7E

where c is the average thermal speed of the atoms and n is the con-

centration of the atoms. Thus the number of recombinations per unit

area per unit time, N', may be expressed as

N' = 1/4 y n (5-1)

For wall recombination one may write the following rate equation

do
dt = -kw n , (5-2)

which says that the time rate of loss of atomic concentration, n,

caused by collisions with the wall is proportional to n. Thus, from

Equation (5-1) and Equation (5-2) we can express the number of

recombinations per unit time at the wall as

1/4 Y n c Area = k n Volume,
w

so that for a right circular cylindrical cavity of radius, r, and height

h =13r, where p is a scaling factor, we have

2 kw r

1 + p (5-3)

There are two heterogeneous volume reactions which consume

atomic oxygen, both first order in [0]. The first, Reaction (2-3)

from Table II, which also depends upon [02] and [ M], is a production

mechanism for ozone. The third body, M, is most likely to be 02 in
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the conditions of this experiment, since, except in the discharge

region, nearly all the gas is 02. The rate constant at 300° K for

this reaction has been measured by Kaufman (24) to be 6.5 x 10-34

cc /molecule 2 sec. The other heterogeneous reaction, Reaction (2-4)

in Table II, consumes 0-atoms and 0
3

molecules, and, together with

the previous reaction, predicts [03] will reach its steady state value.

The rate constant for this reaction was measured by Benson and

Axworthy (5) to be 4.2 x 10-15 cc/molecule sec.

There is a homogeneous three-body volume recombination

reaction which removes oxygen atoms. This is Reaction (2-2) in

Table II with an experimentally determined (39) rate constant of

4.5 x 10-33 cc 2 /molecule 2 sec, which is an order of magnitude

greater than that for Reaction (2-3). However, since [0] = 10-2[0
2]

initially and since Reaction (2-2) is a second order reaction, the

heterogeneous reaction dominates. Therefore, the second order

reaction will be neglected in the model we construct.

In discharged oxygen there is much evidence (9, 33, 13, 3) for

the existence of 02 in the ala metastable state in concentrations from
g

0. 2 (9) to 0.5 (33) times [0] and the existence of 0
2

in the b 1 + meta-

stable state (33, 13, 3). The presence of these excited species leads

to the possibility that they react with 03 (23, 3) to produce atomic

oxygen according to Reaction (2-5) of Table II. While Kaufman and

1 +Kelso (23) feel that the concentration of 0
2( g) is too small to be an
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important factor in 0-atom production, the reaction of 02(10
g
) is a

mechanism which must be taken into account, otherwise its neglect

leads to a rate constant for the Reaction (2-3) which is too small.

The 02(
1 Zig) state, as has been indicated, is metastable, having

an extremely long radiative life, approximately 60 min. (12). Attempts,

which were successful in quenching the 02( 1 Eg) state by adding water

vapor, failed with 0
2

(
1

g). However, small amounts of ethylene

injected downstream after oxygen atoms were removed by reacting

them with NO were successful in quenching this long-lived species (9 ) .

Thus, one must use the following reactions if one is to explain

atomic recombination data taken using a discharge in oxygen.

O + 0. S -> 02

O +02 + 02 -> 03 +02

0 +0>0--> 0 + 0
3 2 2

02(1A
g

) + 03 --> 0 + 02 + 02

The Production of Oxygen Atoms by Pyrolysis of Ozone

(5-4)

(5-5)

(5-6)

(5-7)

The difficulty caused by the necessity of including the 02(1lig)

reaction in any model using discharged oxygen, namely that one

cannot solve the rate equation, makes the production of 0-atoms by
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pyrolysis of ozone very attractive in spite of the danger 3 involved.

If a stream of ozone is passed through an oven at a temperature

800° C to 1200° C nearly all the ozone is dissociated (23) into 0 and Oz

by the reaction

0
3

0 + 02

having a rate constant at 900° C of 3.5 x 10-13 cc/molecule sec.

The object of using pyrolysis of ozone as a source of oxygen

atoms was to eliminate any 0
2

(
1

g) reactions. To see if this obtained,

ozone was passed through an oven at approximately 1200° C and the

products allowed to diffuse into the cavity of the EPR spectrometer

which was able to observe the four line spectrum of 02(1,6.g) when the

atoms were produced by a discharge. At the highest possible sensi-

tivity of the instrument, no 02(16.g) spectrum was observed in the

products of the pyrolyzed 03. Therefore, experimentally, the reaction

represented by Equation (5-7) could be eliminated from the recombina-

tion model.

3
Concentrated ozone has a history of detonation. Benson and Axworthy
(4) report eight explosions in ozone at high pressures and the experi-
ment reported here was terminated by such a detonation at approxi-
mately 100 torr.
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REACTION KINETICS

Having selected a model based upon the pyrolysis of ozone as a

source of oxygen atoms, the Law of Mass Action, which states that

the rate of a chemical reaction is proportional to the concentration of

the reactants, leads to the differential equations which express the

kinetics of this model. Let the following be defined:

1) n1E- [0]

2) n2E [02]

3) n2z- [03]

The Differential Equations for the Reactions

The reactions given by Equations (5-4), (5-5), and (5-6) lead

to the differential equations

dt

dnl
-kw

n
1

- k
1

n
1

n2 - k
2

n
1

n
3

,
2

dn.z
- k n n2 - k n ndt 1 1 2 2 1 3

(6-1)

(6-2)

a set of two coupled equations in which essentially only n1 and n3 are

time dependent since we shall assume that n1 and n3 are very much

smaller than n2, i. e., the total pressure is made up entirely by 02.

Solution Using Steady-state Approximation

The solution to these coupled equations depends upon additional
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assumptions about the conditions of the reaction. If n3 reaches

steady-state, n.3ss, in a time which is short compared to the mean
dn3

life of the oxygen atoms, then setting
dt - 0 in Equation (6-2) leads

to two solutions, either 1) n1 is zero or 2)

2n3ss n2 kl /k2

a quantity which increases with the square of the pressure. The

Equations (6-1) and (6-2) may be rewritten in terms of n3ss as

dt

cln.1

-n1 kw + 2 k
1 2

n2 +k2(n3 - n3ss)

dn
3

dt n1 k2(n3ss n3)

(6-3)

(6 -4)

(6-5)

Equation (6-5) shows that if the initial value of 03, n30, is not equal

to n3ss, then the reaction will proceed in the direction to establish

that equilibrium. Equation (6-4) predicts that the rate at which 0-

atoms are used up depends not only upon the square of the pressure,

but also the discrepancy between n3 and its equilibrium value.

If one assumes that n3ss is reached very rapidly compared to

the decay of n1, then Equation (6-1) becomes

which has the solution

dn.
1

dt - -kw n1 - 2 k n22 n1 , (6-6)

n
1

= n
1

exp(-at) , (6-7)



where n10 is the 0-atom concentration at t = 0, and

kw +2k
1

n2
2
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(6-8)

Thus, the assumption that n3 reaches its steady state value implies

that n1 decays exponentially in time for a fixed pressure, and that

a plot of a as a function of (pressure) 2 will yield a y-intercept that

is k and a slope that is 2 k
11k

2 T2 where k is the Boltzman constant

and T is the absolute temperature.

Failure of the Steady-state Approximation

Many data were taken as described in the next chapter, using a

microwave discharge as a source of atoms and with pressure as a

parameter. These data were plotted on semi-log graph paper in the

form nl/n10 as a function of time. The data were very erratic and

Figure 7 shows a sample of some of the semi-log plots. The obvious

characteristic of these plots is that the decays aren't always exponen-

tial. If one examines Equation (6-4), a possible reason becomes

appar ent.
dn

3The condition that dt 0 was also satisfied by n1 = 0, which

dictates the possibility that if n30 were far enough from n3ss so that

enough of the atomic oxygen was used up before reaching n3ss, then

n3 approaches an equilibrium value different from n3ss; call it n3.

n3 can have any value, but if n30 > n3ss, then Equation (6-4) shows
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an initial decay which is faster than that for the pure exponential, but

the decay becomes constant when n1 reaches zero at a value whose

slope is greater than a. If n30 > n3ss, but n3 reaches n3ss slowly,

then the same holds, except that the final slope will be equal to a.

The same argument shows what can happen if n30 < n3ss. The curve

falls off initially slower than a, but becomes constant when n
3

reaches

n3., i.e., when all the 0-atoms are gone. If n30 < n3ss, but reaches

n3ss slowly, then the final slope will be a. With all these possibili-

ties, the question becomes whether the effects are large enough to

account for data similar to those shown in Figure 7?

To see what Equations (6-1) and (6-2) would predict concerning

the relationship between 0 and 03, decay curves were generated by

the use of a digital computer for various pressures and initial 0-atom

and ozone concentrations. Omitting wall effects, and using approxi-

mate rate constants, these equations may be written as

where

d(111- -2 C +P = - p2 Pdt

d (InP)
Qdt

2 . 0.6 p 2
CEk

1
n

2
-

2tort sec

a =k2

Q E n1

(6-9)

(6-10)



P E n
3ss - n =3

a
C - n3

and n1 and n3 are expressed in units of 14
10 /cc. Representative

46

curves generated in this manner are shown in Figures 8, 9, 10, 11

and 12 which indicate that only under special conditions does 03

reach steady state very rapidly, if at all. The effect of the walls is

to remove 0-atoms even faster and make attainment of the ozone

steady state less likely.

There is the possibility that the data shown in Figure 7, since

they were taken in discharged oxygen, could be explained by the

0
2

(
1

g) reaction with ozone. This reaction, while it can alter the

steady state ozone concentration predicted above, cannot cause n

to be realized more rapidly. Thus, one must find a way to solve

Equations (6-1) and (6-2) without requiring use of the ozone steady-

state approximation.

3ss

Simultaneous Solution of the Differential Equations

In order to determine a from the two differential equations

(6-1) and (6-2) without making the steady state approximation, and

since n3 cannot conveniently be measured as a function of time, n3

must be eliminated from the equations.

The solution is accomplished by solving Equation (6-2) for n3

n3 = n30 + n1 - n10 + CYS nl dT
0

(6-11)
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and substituting this equation for n3 into Equation (6-1) and solving

for n1

Ln(ni /ni 0) - d[ Ln(ni /n10)] /dt It.0 t = -k2 n10S 1
1 d T

0 10
n1

- a k
2

n.
10 (t T ) dT

0 n10

which may be written in the form

where

and

52

(6-12)

F(t) A H(t) - B G(t) (6-13)

nl
F (t) 1 dT ,

On10

G (t) E- (t T) dT
0 n

1

10

H(t) Ln - [ Ln(n /nn

n1
d

10 dt

A E (k
2

n10)-1

2B E a = kw + 2 kl n2 .

t,
t=0

A FORTRAN program was written to fit, in the least squares sense,

Equation (6-13) to the data for the constants A and B. The details of

the fitting equations and the computer programming are listed in

Appendices I and II.
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THE EXPERIMENTAL APPARATUS

The relative 0-atom concentration for various pressures was

measured as a function of time using a Varian Model V-4501 Spec-

trometer which consisted of a console, a 100 KHz Field Modulation

and Control Unit, a Low-High Power Microwave Bridge, a Six Inch

Magnet with a 25 mm gap and Rose shimmed pole faces, and a

Magnet Power Supply employing field regulation. A block diagram of

the spectrometer system is shown in Figure 13.

Since atomic oxygen EPR exhibits no power saturation, high

power could be used, except that if the 100 mwatt maximum klystron

output wasn't attenuated at least 15 db, an apparent cyclotron reso-

nance of electrons at g = 2 appeared in the cavity, which was com-

pletely detuned. In the high power configuration the klystron is

locked to the resonant frequency of the cavity by the automatic fre-

quency control and one is insured of observing the pure absorption

mode, which gives a signal proportional to X".

The Cavity

The cavity employed in this experiment was constructed in this

laboratory, and is similar to that of Evenson (8). It allows con-

tinuous monitoring of the decay of 0-atoms upon closing the valve to

the cavity. The cavity is a right circular cylinder, approximately
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22 mm 0. D., 25 mm long, and one mm wall thickness. It is coated

on the inside with a fused 35% metaphosphoric acid-sodium meta-

phosphate mixture to reduce wall recombinations (35), This internal

coating was accomplished by placing ten to twelve crystals of the meta-

phosphoric acid mixture in the cavity before silvering, heating with a

hot air gun while the cavity was evacuated until the crystals melted.

The liquid was then allowed to run around the inside as the cavity

was tilted until the surface was entirely covered; the excess was

allowed to run out the entrance stem and into a specially ground glass

tube which kept the liquid from recrystallizing on the ground glass

surface of the cavity valve. After a satisfactory coating had been

placed on the inside, the cavity was silvered on the outside.

Evenson (8) used Brashear's process to coat his cavity with

silver to a thickness of eight p.m using 11 applications. The silvering

of this cavity was accomplished by placing two thin coats of silver by

Brashear' s method and then electroplating until approximately 60 p.m

was deposited, as determined by calculation. This thickness repre-

sents nearly 100 skindepths at 10 GHz, but a fraction of a skindepth at

100 KHz, the magnetic field modulation frequency.

The cavity will resonate in three modes within the range of the

Varian reflex klystron, the TMoio' TM
011'

and TE
111

modes. The

mode used is the TM010, since its magnetic field pattern is perpen-

dicular to the axis of the cylinder, independent of the length of the
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cylinder, and has the largest average magnetic intensity over the

volume of the cavity. The Q is of the order of 5000 without the

internal coating, but somewhat less with the coating applied. Because

the coating is hygroscopic and any water combines with the meta-

phosphoric acid to form orthophosphoric acid, the cavity Q will

deteriorate with time if any water vapor gets into the cavity.

Microwaves are coupled into the cavity through a six mm hole

in the silver on the sidewall midway between the ends of the cavity.

The cavity is clamped to a mount which positions it so that it is

coupled to a section of wave guide and a flange. The cavity and

mount are illustrated in Figure 14. The mount is machined from

plexiglass, fitted with a coupling iris, and silvered on the inside

similar to that on the cavity. Fitted coaxially to the cavity when it

is in the mount, and plane with it, are two Nylon coil forms. Each of

these coils contains 200 turns of #40 AWG enameled magnet wire.

They constitute a Helmholtz pair which gives a fairly uniform modu-

lation field over the volume of the cavity.

The cavity is closed off from the source of oxygen atoms by a

ground glass valve actuated by air pressure. The valve mechanism

itself is just a 12 mm glass plate ground flat and smooth with cerium

oxide grinding compound and mated against a similarly ground seat

at the entrance to the cavity. To insure a tight seal, concentrated

orthophosphoric acid, which remains effective for several weeks, is
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spread over the ground surfaces. The opening and closing of the

valve is accomplished by a 30 cm rod attached to a stainless steel

plate which closes one end of a brass bellows (see Figure 14). Thus,

the bellows forms one end of an arm connected to the gas handling

system, which is at low pressure during the experiment. The outside

of the bellows is enclosed in an air-tight chamber which can be either

opened to atmospheric pressure, or connected to a. vacuum line. To

open the valve, one merely pumps out the exterior chamber and the

bellows takes on its unstressed shape. To close the valve, air is

admitted rapidly, compressing the bellows. The length of travel is

controlled by an adjustable stop, while the pressure of the valve makes

on the seat is determined by a spring shock absorber in the connecting

rod. The change in internal pressure of the system caused by the

change in volume upon closing the valve was measured to be of the

order of 0.2 mtorr, a negligible amount over the pressure range of

the experiment.

Gas Handling System

A schematic diagram of the gas handling system is shown in

Figure 15. For the part of the experiment using discharged oxygen,

research grade gas was used. The gas from the tank was passed over

quartz wool heated to 1200° C in an oven to crack hydrocarbons, then

through an activated alumina trap to sorb hydrogen, and into a liquid



Needle
Valve

ischarge
Cavity

Liquid
Nitrogen

Cold
T ra

59

Liquid
Nitrogen

C old
T ra

2450 MHz
Diathermy

Cavity
Valve

Actuator

Oven
Or

Discharge
Cavity

Power
Supply

Quartz Cavity

AL203
Trap

Cavity MKS
Valve Baratron

Heated
Quartz
Wool

100 KHz
Modu-
lation

Supply

Liquid
itrogen
Cold
Trap

Ion
Pump

Pure
Oxygen
Supply

Tank

Liquid
itrog en
Cold
Trap

1:
IRPressure

egulator

25 Liter
Smoothi

Tank

Ion
Pump

Power
Supply

Standard
Oxygen
Supply
Tank

Ion
Pump
Power
Supply

--Stopcock
or Valve Fore-

Pump

Figure 15. Gas handling system.



60

nitrogen trap where the 02 was liquified. It was from this reservoir

of liquid oxygen that all the gas was obtained for the experiment with

discharged oxygen.

For the production of ozone, standard tank oxygen of purity

99.5% was used. This gas was passed through a liquid nitrogen trap,

through an activated alumina trap to remove hydrogen and hydrocar-

bons, through another liquid nitrogen trap, and into a quartz tube in

which a microwave discharge, the generation of which will be

described in the next section, was maintained at a pressure less

than 200 torr. The discharge products flowed directly into a liquid

nitrogen trap in which any ozone, if its partial pressure was greater

than 35 mtorr, condensed as a dark blue liquid. This procedure was

found to produce about three ml of liquid in two hours.

After water is removed from the oxygen by a liquid nitrogen

trap, the predominant impurity that remains is probably nitrogen.

At the temperature of liquid nitrogen and the ozone collection pres-

sure, the partial pressure of each of the probable impurities, with

the exception of nitric oxide, is less than its vapor pressure. Thus,

the process of the liquification doesn't retain these impurities except

possibly NO since it is very efficiently produced in a discharge con-

taining nitrogen and oxygen. If one assumes that all the oxygen

impurity is nitrogen, and if in the discharge all the nitrogen is con-

verted to NO, then the partial pressure of NO is of the order of its
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vapor pressure at the temperature of liquid nitrogen, and some con-

densation is possible. The presence of NO even in small quantities

will produce the familiar air glow spectrum from the reaction

NO + NO2 + hv.

A faint air glow was visible from the discharge, indicating the

possible presence of small amounts of NO. Because it takes only a

minute quantity of nitric oxide to produce the air glow, it is believed

that NO is not present in amounts sufficient to condense in the cold

trap with the ozone. This surmise is borne out by the fact that during

the pyrolysis experiment there was no evidence of an air glow down-

stream from the oven.

Pressures were measured by an MKS Type 77 Baratron over

the pressure range from .224 to 1.10 torr with the stainless steel

three torr head located approximately 125 cm from the cavity. The

reference side of the head was maintained at a pressure in the micro-

torr region with a small ion pump.

The Source of Oxygen Atoms

In the experiment using discharged oxygen, the source of atoms

was a 2,450 MHz discharge maintained at a location 15 to 25 cm from

the cavity entrance, and powered by a cylindrical coaxial cavity (11)

connected to a Burdick medical diathermy microwave generator. The

generator was capable of delivering a continuously variable power of
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from zero to 100 watts, and, together with the cavity, produced an

electric field high enough to maintain a discharge at pressures from

below 100 mtorr to nearly atmospheric pressure.

When ozone was pyrolyzed as a source of oxygen atoms, an

oven was placed in the same region as the cavity exciter described

above. The oven was constructed of two half-cylindrical heating

elements 1.75 in. I. D. by 10 cm length. The ends were closed by

split asbestos plates having 15 mm holes to pass the quartz flow tube.

After the oven was assembled around the flow tube, the heating ele-

ments were wrapped with several layers of asbestos tape and then

with several layers of fiberglas tape.

The power for the oven was supplied by a 1000 watt variable

autotransformer and adjusted until an optical pyrometer showed the

temperature inside the oven to be approximately 1200° C. Nearly all

the ozone was dissociated, as was indicated by little accumulation in

a liquid nitrogen trap downstream from the cavity entrance.
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EXPERIMENTAL PROCEDURE AND DATA REDUCTION

From the discussion of the experimental apparatus, we now

turn to a description of the data taking and its reduction.

Experimental Procedure

When data were taken using discharged oxygen, both a static

and a flow system were used. Initially, a flow system was used

because it provided a better signal-to-noise ratio, since fewer atoms

recombined before reaching the cavity. After it was discovered that

the data were not reproducible, and that 02 in the lA state was

present in sufficient quantities so that 0-atoms were produced by

reaction with ozone, a nonflowing system was tried in which the

atoms merely diffused from the discharge region into the cavity. It

was hoped that the ozone concentration would reach steady state and

that the 02(1.6.g) concentration could be reduced to negligible amounts

thereby. The EPR signal of 02(1,6,g), however, was only slightly

diminished, which is consistent with observations made in deexcita-

tion experiments (3). Thus, the use of pyrolysis of ozone was

indicated.

After the preparation of a quantity of liquid ozone by the proce-

dure described previously, a large amount of liquid oxygen was made

for later evaporation and use as a carrier gas for the ozone. The
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liquid oxygen was pumped for five or ten minutes to remove non-

condensed impurities and then as the ozone was warmed slightly by

partially removing its cold trap, the oxygen was bled in through a

metering valve until a desired pressure was reached. At this point,

the oven being at full temperature, the spectrometer tuned to the

maximum of the 0-atom EPR signal, and the signal height large

enough to insure that a long decay could be followed, the valve was

closed. The recorder then monitored the decay of the oxygen atoms

in the coated cavity as a function of time.

Two separate runs were made on different days, both runs

starting at a squared pressure, (p
2), of 0.1 torr 2. The value of (p 2)

was increased in increments of 0.1 torr 2 up to a point that reasonable

measurement from such data was doubtful. This maximum (p ) was

approximately 1, 2 torr2. After making the run upward in (p 2
), the

system was flushed with 02 at a higher pressure and the same pro-

cedure repeated but with decreasing pressure. By the time of

arrival at 0.1 torr 2, the liquid was depleted enough to prevent

another run.

A third run was started after a liquid ozone preparation which

required nearly four hours. This run was similar to the previous

two except that the initial (p2) was 0.05 torr2, increased by 0.1 torr2

up to approximately 1.2 torr2, and back down. At this point it was

decided to cease data taking as trouble with leaks in the valve to the
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cavity had developed. In order to dispose of the ozone, the oven was

left on and the pressure increased to 100 torr by allowing the trap to

warm slightly. It was thought that this was a perfectly safe procedure,

since Benson and Axworthy (4) had no trouble at pressures below

atmospheric at room temperature! However, at this point the ozone

detonated, destroying the trap and several meters of glass tubing

nearby, which ended the data acquisition. The results of these three

runs yielded, for the indicated range of pressures, 138 separate

decay curves which appeared to be usable.

Digitization of the Data

In order to get the data from decay curves on a piece of chart

paper into a form that a computer could use, they were converted to

digital form by the CALMA 302 digitizer at the OSU Computer Center.

The digitizer was set to record horizontal, x, and vertical, y,

coordinates every 0.01 inches.

Each curve was traced at least twice, in groups of approxi-

mately 18 curves. A check on the consistency of the scaling parame-

ters between groups was made by tracing, again at least twice, a

minimum of one curve from each of the groups. Three curves at

the same pressure, picked for average signal-to-noise and decay

time, were digitized ten times each in order to see with what preci-

sion one can determine the rate constants from these data.
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Computer Program and Subroutines

In order to use the mathematical results of Appendix I

together with the digitized data and extract the quantity a from them,

the following must be done:

1) determine relative signal heights as a function of time,

2) make provisions for smoothing these data,

3) calculate the initial slopes,

4) calculate the natural logarithm of the relative signal heights

as a function of time,

5) calculate the quantities Hi(t),

6) F. (t),

)7)G. (t ,

8) and solve the determinants for A and B.

A FORTRAN program together with several subroutines was written

to take the raw digitized data and calculate the relative signal heights

and their natural logarithm, compute from the horizontal sensitivity

the time coordinates, and provide the options of smoothing, choice

of interval between data points, plotting smoothed data on raw data,

choice of beginning and ending of data used in computations, and

choice of the use of up to seven data points to calculate the initial

slope. Subroutines were written to smooth the data, calculate the

initial slope, compute the integrals called F(t) and G(t), convert data
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from digitized form to a table of relative height vs time, calculate

the average deviation for the quantities A and B, and provide the com-

puter reparte for the conversational input.

The subroutine named DIGITCON takes the output of the digitizer

unpack program and converts it to the table of y vs x values. The

unpack program for the digitizer converts the data stored on the

magnetic tape at the digitizer consisting of one record of identification

and one record of data, and stores it in a BUFFER where the data are

placed on one record consisting of four character words of alternating

x and y values. The first two words of the data are 1) the number of

records associated with each curve (usually one header and one data

record), and 2) the number of words making up the data. The digitizer

records both x and y values whenever either has moved the 0.01 inch

from the last recording so that often coordinates are repeated. Thus,

this subroutine reads the header, reads the data, rejects data pairs

in which x has not incremented by one, and stores in the computer's

memory the table of y vs x.

Subroutine TALK performs most of the functions of telling the

operator when the program is ready for certain data such as the hori-

zontal sensitivity and where to go to get more data.

Subroutine SMOOTH takes the table of y vs x values and at the

operator's option, smooths the data as many times as desired. The

smoothing routine is a nine point running, weighted average (37) which
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calculates the smoothed value for y from the four points both pre-

ceding and following the smoothed point.

The subroutine named 'SLOPE calculates the slope at the first

point from a set of data supplied to it using the formulae given by

Milne (31, pp. 96-98), giving the user the choice of from three to

seven points from which to compute the slope.

Subroutine INTEG is the subprogram which does the numerical

integration required to calculate F(t) and G(t) using Simpson's rule,

which is exact to polynomials of fourth order.

The final value of the fitted quantities A and B is assumed to be

the best value, since it was calculated using the most data. If the data

are representative of the chosen model, then every value of A or B

should be the same except for random errors regardless of how many

data points are used to compute them. The program DATAFIT com-

putes A and B starting with the first three points and increases by two

points until it reaches the last point. Subroutine AVERAGE calculates

the average of the absolute value of the difference of each of the inter-

mediate A and B values from the final, or "best" value. This gives a

rough estimate of the goodness of fit.

The program DATAFIT was designed to be operated from a

teletype under the OS-3 operating system employed by the OSU Com-

puter Center; it cannot be run any other way without extensive modifi-

cation. This program makes use of a built-in conversational ability
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to both guide the user through the calculations and allow him use of

many data treatment options such as smoothing, alternation of data

points, and plotting4 of smoothed data on raw data points.

Copies of the program and the subroutines are listed in

Appendix III.

Data Handling

After the digitization and unpacking of the tape containing the

data, the first data were tested to see the effects of smoothing on

computation of the initial slope, the effect of using every other data

point and smoothing on the initial slope calculations, and whether

hand calculations of the initial slope gave more precise results for A

and B. The results of these tests were that calculations of initial

slopes from different traces of the same curve using unsmoothed data

gave large variations in the initial slope. The calculations compared

poorly with manual calculations of the initial slope. Smoothing the

data one time gave a more uniform result for the initial slope calcu-

lations and were comparable to those done by hand. Further smooth-

ing showed no appreciable improvement, so that all further calcula-

tions were done with once smoothed data. The initial slope was cal-

culated using a seven point formula (31).

4 The plotting subroutines were kindly supplied by D. Standley (39).
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Instead of using all the data for each decay curve, every other

point was used up to a maximum of 75 points, or until the relative

height dropped to 0.1, which is approximately two decay constants.

Tests showed that this procedure gave the same results within

experimental uncertainty as using all the data over the same number

of decay constants and used less computer time. The output of this

computation scheme is a table of the data and the constants A and B,

a sample of which is shown in Tables III and IV. A plot of these data

is shown in Figure 16.
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TABLE III

Sample of the Computer Output, Part I

253 CURVE 51 3 TRACE 1 1.00 S EC/ CM3 P= 4472 TO RR

THERE ARE 241 NONZERO DATA POINTS

THERE ARE 60 NONZERO DATA POINTS

SLID 0.78142243 HO= 1.000 SEC/CM

T
(SEC)

LNC R)

0 1.00000 0
0 5080 .98250 0.01765

101 60 9498 6 00 5144
1 5240 909 52 009483
20320 .87327 - 0.13551551
2 5400 .8369 5 -0.17799

.30480 80413 - 0.21799
35560 77552 2 5422

40640 74580 - 0.29330
4 5720 .71825 - 0.33094
50800 69009 - 0.37094
55880 662 64 - 0.41152
609 60 63823 (). 44906
66040 6139 6 - 0.48782
71120 SOO 54 C). 52 672

.76200 567 53 5664 6
81280 54481 -0. 60733
86360 52323 -00 64774
.91440 50225 0 68366
9 6520 .48234 - 0.72911

1.01 coo 46470 -0. 76637
1906680 144723 - 0.80468
1.1 1 760 4302 6 -0.84337
1.1 maw .41368 0.882 66
1.21920 39 69 5 09239 5
1.27000 .3819 5 ...0.9 6247
1.32080 3 6823 0.99906
1.371 60 3 551 1 - 1.03533
1.42240 .34338 -1.0 6393
1.47320 33171 - 1.10349
1 52400 32024 1. 138 69
1. 57480 .3098 5 1 171 67
1 62560 299 55 120 549
1.67640 .29000 1 23787
1 72720 .28000 - 1.27297
1.77800 .27000 - 1.30933
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TABLE IV

Sample of the Computer Output, Part II

T
C SEC)

1.82880
1.87960
1.93040
1.98120

.26000
2 5000
24000
23000

LA1Cli)

- 1.34707
- 1.38629

1 42712
- 1.46968

2.03200 22000 1 51413
2.08280 .209 55 1 56281
2.13360 1998 5 - 1.61020
2.18440 .19069 -1. 65709
2.23 520 18141 - 1.70701
2.28 600 . 17253 - 1.75717
2.33680 1 6439 - 1.80549
2.38760 1 5710 1.8 5088
2.43840 1 50 54 - 1.89352
2.48920 14439 - 1.93521
2. 54000 139 55 - 1.96936
2. 59080 .13500 2.00248
2. 641 60 1304 5 - 2.03 673
2. 69240 .12470 - 2.08187
2.74320 .11916 - 2.12732
2. 79400 .11383 - 2.17304
2.84480 .10833 - 2.22254
2.89 5E0 10329 - 2.27026
2.94640 .10000 - 2.30259
2.99720 09500 2.3 5388

AAVE a - 0.14192

GAVE :12 742 1 7

DEV az 03778

DEV = .01774
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Figure 16. Atomic oxygen decay at . 447 2 torr.
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RESULTS AND DISCUSSION

The output from the computer lists the quantities A and B which

will be discussed in this chapter. From the quantity called A defined

as (k
2

n10) -1, the rate constant k
2

cannot be calculated from this

experiment, so for the moment, we will consider the quantity B.

Determination of k and k
1 w

2In Appendix I, B is defined as a = kw + 2 k
1

n' the same as in

Equation (5-8). n2 is defined as the concentration of 02 molecules,

which may be expressed as
P2

n2 kT

from the ideal gas law. The assumption has been made throughout

this work that nl, n3 << n2 so that one may approximate the total

pressure in the system as p2. That n1 is small compared to n2 was

determined by evaluating Equation (4-3) for 0 and 02 approximating

the integrated intensities by the signal heights. While the concen-

tration of 03 is less certain, the use of 02 as a carrier gas reduces

the initial fraction of the total pressure which is ozone, and Kaufman

and Kelso (23) found that their oven at temperatures in excess of

800° G dissociated nearly all the ozone. Therefore, it is believed

that n3 is also small compared to n2, and we may write



P
n2 := kT

where P is the total pressure. In terms of P, a becomes

2 k1 P2
a = k +

2 2k T

75

(7-1)

which, when plotted vs P2, leads to a linear plot with y-intercept k
2 k1

and slope The results, after being edited, are given in

Figure 17.

Each curve of raw data was plotted on a semilogarithmic plot

to look for irregularities, such as might have been introduced by a

leak in the valve. The consequence of a permanent leak is that the

decaying signal never can go all the way to zero. Since relative signal

heights then are measured from a false zero, the effect is to cause

the semilogarithmic plot to fall off faster than an exponential, if one

assumes that the time decays are approximately exponential. To see

this, let us define h as the true height at time t and ho as the true

initial height. Let 5 be the difference between the true zero and the

apparent zero. Then, if h' is the apparent height,

h' h +5 h (1 + 6 /h)
h ' ho +5 ho (1 + 5 /11 0)

If we assume that h/ho exp( a t), then, approximately,

ht exp(- a t) + 5 /h0
h' 1 + 6/h

0 0

A plot of ln(h' /11'0) as a function of time is shown in Figure 18, which
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Figure 18. Plot of Ln(h/h ) as a function of time.
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shows the effect of errors in determining the correct baseline. For

the case of a leak, 5 is negative and the curve falls off faster than

exponential.

A number of curves determined in this experiment showed the

behavior described above, and the results of the calculation of a were

erratic. The question arises whether such a curve signifies the

occurrence of a leak, or whether the initial ozone concentration began

far below its steady state value and was building up during the decay.

The program will try to find an a, regardless of which case obtains.

If the latter case obtains, the value of a should be correct; in the

former, however, a may be computed to be anything. In order to

remove the possible consequences of leaks, all curves which fell off

similar to that shown in Figure 17 were rejected. The remainder of

the curves appeared to be very nearly exponential except near the

beginning. A few decays that appeared satisfactory yielded values

for a which were far from the group of points in Figure 17. These

were also rejected.

From the data plotted in Figure 17, a least squares fit for the

best straight line was made, which yields a value of kw = .41 and

1.30 for the slope. For the temperature of 300° K, the result of the

calculation for k
1

is

k
1

= (5.43 ± .27) x 10-34 cm6 molecule-2 sec-1
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where the uncertainty is the standard error of the slope.

From the value of k the wall recombination efficiency y for

fused metaphosphoric acid may be calculated making use of Equation

(5-3). For a cylindrical cavity having an inner radius of 10 mm and

an internal length of 23.4 mm, neglecting the thickness of the coating,

and the volume and the surface of the inlet stem (the volume of the

stem is of the order of 0.01 times the volume of the cavity), one finds

p = 2.34. Thus, the recombination efficiency of the fused HPO3 -

NaPO3 mixture is 9 1 x 1 0 6.

Determination of the Quantity k2

The results of the fitting scheme also give the quantity A

defined as (k2 n10) -1
so that k2 could be calculated if the initial

oxygen atom concentration for each decay were known. There are

two reasons why this was not done. In the first place, the quantity

A by physical necessity must be positive, yet the program often gave

negative values for this quantity which suggests that either the pro-

gram is in error, or that the fitting scheme is inaccurate for the

value A. The program was checked by using it on data generated

from Equations (6-9) and (6-10) and the initial conditions for these

calculations. The results of these tests were that the fitting program

returned the value assumed for the generation of the data very



precisely. The probable cause of the variable results for the

parameter A is that the quantity of which A is the coefficient is the

least accurately determined of the three functions F(t), G(t), and

H(t). Now,

H(t) = Ln(ni 0) - i(Ln(ni /1110)) t-=0
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is a measure of the departure of the decay from pure exponential

behavior, which is small, and depends very strongly upon the

measurement of the initial slope. An error in the initial slope can

easily change the sign of H(t) and lead to the lack of uniformity in

the value of A.

There is yet another difficulty in determining k2; one must also

measure n10, the initial oxygen atom concentration. In principle,

this may be readily done from the results of Equation (4-3), which

relates concentration and susceptibility,

n1
n2

X dH
_co

dH

where n2 is proportional to the total pressure P. The difficulty lies

in measuring
f0

oxy since the spectrum of atomic oxygen involves

six lines which cannot be resolved sufficiently. Lorentzian lines

have the unfortunate characteristic that so much of the area under

the curve lies in the tails, that to cut off the integration too soon
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causes serious errors in the integral (20). If the lines were well

resolved, then one could compensate theoretically for the area

remaining beyond the points where the integration is terminated. If

one sufficiently modulation-broadens the spectrum so that it appears

as one line, then the question arises whether it is truly Lorentzian

so that Equation (3-8) is yet valid.

Since k
2 is not determinable from this experiment, it will be

estimated from k
1

and the ratio k
2

/k
I

determined by Benson and

Axworthy (4), and which they give as 1.12 x 10-3 exp(- 6600 /kT)

1/mole for M = 02 which, at 300° K, gives for kz:

k
2

= 6.12 x 10-15 cc/molecule sec,

which compares to the value of 4.19 x 10-15 cc/molecule sec from a

more recent determination by Benson and Axworthy (5).

Discussion

In order to compare the result of the measurement of Ic1 from

this experiment, the values of other workers are tabulated in Table V

for both discharged oxygen and atomic oxygen produced by dissociation

of both ozone and 02.

The results for k
1

using discharged oxygen listed in Table V

show an average of 4.4 x 10-34 cc2 molecule-2 sec-1, which is nearly

20% lower than the average of 5.7 x 10-34 cc2 molecule-2 sec-1 for



Table V

Summary of Atomic Oxygen Rate Constants k
1

Method for
atom production

k1

0-34cc2rnolec-2sec-1)
Pressure

(torr)
Experimental

method Source

Microwave discharge 2.8 0.1 3 isothermal calorimeter (7)
6.9 0.8 - 3.4 E PR, flow (15)
6.1 (17)
5.5 0. 2 1. 6 NO titration (21)
1.9 (22)
3. 0 < 2 NO titration (25)

Pyrolysis of ozone 3.6 10 100 thermal decomposition
of ozone (5)

4.8 17 170 shock pyrolysis of ozone (19)
6. 5 0.6 - 5.5 NO titration (24)
8 . 8 1 - 8 NO titration (32)
3.8 11 52 thermal decomposition

of ozone (46)
5. 4 0.2 1.1 EPR, static this

work

Photoclissociation. of 02 6.4 12 20 chemilumi-nescence (40)
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k
1

obtained using pyrolysis of ozone. The use of the discharge for

producing oxygen atoms is known (23) to cause irregularities in the

interpretation of recombination data, a fact which is supported by

this experiment, and leads to a value of k
1

which is too low. While

the conclusion that data acquired from discharged oxygen were not

reproducible doesn't demonstrate the presence of metastable species

of molecular oxygen, it does reinforce the conclusions of Kaufman and

Kelso (23) that the reaction of 02(1,6,g) state with ozone leads to a k

which is too low, and that all results obtained with discharged oxygen

are unreliable and should be discarded.

In order to determine the accuracy of the experimental determi-

nation of k1, one must estimate the uncertainties in the slope of the a

vs (p 2) plot of Figure 16, the absolute temperature, and the pressure.

The fractional uncertainties in the slope, temperature and pressure

are approximately ± .015, ± .017, and ± .01 respectively, and these

errors propagate in the computation of k1 to give a 5% error in the

determination of that quantity.

The value of 5.43 x 10-34 cc 2 molecule-2 sec-1 obtained in this

experiment for the rate constant k1 agrees well with nearly all the

values of other workers measured from non-discharge sources of

oxygen atoms. These are listed in Table V. The determinations from

shock tube studies, photodissociation, and the NO titration of Kaufman

and Kelso (23) agree within 20%, while the ozone thermal decomposition
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studies and the NO titration experiment of Mulcahy and Williams (32)

give results for k
1

which differ from these by more than 30%. The

experimental determination of k
1

by Mulcahy and Williams may be

too high by as much as a factor of two.

The advantages of this experiment are twofold. In the first

place the question of ozone concentration is eliminated, and secondly,

the reaction may be studied over several decay constants. The result

of the study made upon the ozone kinetics is that the equilibrium value

is realized only under special conditions if at all; the ozone concen-

tration, if it starts below equilibrium, approaches some steady state

value less than equilibrium, and then usually slowly. Because this

behavior is masked somewhat by the first-order wall reaction, one

cannot be sure of first-order kinetics unless the reaction is followed

over several time constants, an accomplishment not possible in flow

experiments with tubes of reasonable lengths and flow speeds fast

enough to make back diffusion negligible. Thus the data from flow

experiments reflect the behavior of the initial time decay and may be

interpreted as having a beginning slope of

k
w

+k
1 2

n2 ,

only if the initial ozone concentration is zero.

Kaufman and Kelso (23) measure a value of 6.5 x 10-34 cc 2

molecule -2 sec-1 for k
1, assuming the ozone concentration is negligible,
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since their 0-atom partial pressures were always of the order of one

mtorr. The sensitivity of their ozone detector was approximately 0.1

mtorr which is nearly 10% of the equilibrium concentration of ozone at

one torr total pressure. This much difference from zero initial ozone

concentration would lead to a value of 5.9 x 10-34 cc 2 molecule-2 sec-1

for kl. Thus, it is suggested that the value of measured by Kaufman

and Kelso is an upper limit.

The value of 8.8 x 10-34 cc 2 molecule-2 sec-1 measured by

Mulcahy and Williams (32) is extremely high and is probably due to

the fact that they assumed that the ozone concentration was zero when

the flow speed was adjusted for a minimum in their pseudo-first-order

rate constant, while in fact it probably was at a steady state value

determined by the initial ozone concentration. If the flow were such

as to permit incomplete dissociation of the ozone and establish a con-

centration larger than equilibrium, any reduction of ozone from the

oven would be compensated for at the expense of the concentration of

atomic oxygen, but equilibrium would tend to be maintained, and hence,

a constant pseudo-first-order rate constant. If, however, the initial

ozone concentration were less than equilibrium, then the reduction of

flow speed would establish a new steady state value different from zero

and consistent with the oxygen atom concentration. Thus, the value of

k
I determined by these researchers could be as much as half as large

as reported.
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The result of a photodissociation, CO chemiluminescent

determination by Stuhl and Niki (40) in which the ozone reaction with

atomic oxygen is neglected entirely is 6.4 x 10-34 cc 2 molecule-2

sec-1. The neglect is justified somewhat, since at least half the gas

concentration in the reaction vessel is CO.

The reconsideration (5) of their previously published work by

Benson and Axworthy (4) on the thermal decomposition of ozone yields

for k
1

the value of 8.2 x 10-33 exp(890/kT) cc2 molecule -2 sec -1,

which becomes 3.6 x 10 -34 cc2 molecule-2 sec-1 at 300° K.

Zaslowski et al. (46) measure in an experiment similar to that of

Benson and Axworthy k -15 1,2 x 10-29 exp(24,300/kT) cc molecule-1

sec-1 for M = 03. To calculate k 02 one must use the efficiency ratio
0 0

k 12/k-13 which Benson and Axworthy report as .44. This leads to

k_1 at 300° K of 2.6 x 10-26 cc molecule -1 1sec , The rate constant

k
1

may be calculated from the equilibrium constant K = k1 /k =

3.27 x 10-8 cc molecule -1 (6), which results in a value of 3.8 x 10-34

cc 2 molecule-2 sec-1 for k1. A shock tube study for the thermal

decomposition of ozone in nitrogen yields (19) kN2 = 9.6 x 10 -10

exp( -23, 150 /RT) cc molecule-1 sec-1 when the data of Benson and

Axworthy are included. The relative efficiency of 02 and N2 (4) is

5 The reaction rate constant k
-1 denotes the reverse reaction associ-

ated with k1.
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1.07 which leads to k
1

°2 26= 1.4 x 10 cc molecule-1 sec-1. When

k -1 is multiplied by K, the equilibrium constant,

4.6 x 10-34 cc2 molecule-2 sec-1.

the result is k =
1

It is seen from the experimental results listed above that the

results of the thermal decomposition of ozone studies lead to values

of ki which are quite low: 3.6, 3.8, and 4.6 x 10 -34 cc 2 molecule-2

sec-1. All these values were calculated from the inverse reaction

rate constants and the equilibrium constant K. The heat of formation

PHo for ozone at 0° K is known to ± 0.4 kcal/mole, which results in

an uncertainty of a factor of two in the equilibrium constant K (25, 5).

Thus, the results of this experiment are in agreement within the

experimental uncertainty with not only the thermal decomposition of

ozone experiments, but also the other methods listed in Table V using

pyrolysis of ozone, Indeed, some of the results of discharged oxygen

experiments are also compatible, which Kaufman and Kelso (23) feel

may be caused by hydrogenous impurities compensating for the 0-atom

production by metastable 02 reacting with ozone.

The conclusions of this experiment, then, are that the effect of

the nonequilibrium of ozone causes much variation in the computations

of the rate constant k1, that discharged oxygen cannot be used as a

source of 0-atoms unless one finds a way to include the metastable

02 reaction, and that the measurement of the rate constant k
1

= 5.43

x 10-34 cc2 molecule-2 sec-1 is probably the best result to date, since
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the need for the knowledge of the ozone concentration has been

eliminated from its determination.
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APPENDIX I

THE SOLUTION OF THE DIFFERENTIAL EQUATIONS

The reactions given by Equations (5-4), (5-5), and (5-6) lead by

the Law of Mass Action to the coupled differential equations

dn
1 n -k n n2-k n ndt wl 1 1 1 3'

do
2

dt - k
1

n1 n2 - k
2

n1 n3 . (I-2)

These equations cannot in general be solved in closed form for either

or n3' but a solution may be obtained numerically.n1

If Equation (I-2) is subtracted from Equation (I-1), and the

results integrated, a solution for n3 in terms of n1 can be obtained as

n3 = n30 + n1 - n10 + aec n
1

dT
0

(1-3)

where a = k + 2 k
1

n2
2 This expression for n

3
may then be substi-

tuted into Equation (I-1) to give after some rearrangement

dLn. -n1
2

dt kw - k1 n2 - k n30 - k2(n1 -n10)

- a k 2S n1 dT.
0

If Equation (I-4) is evaluated at t = 0, then

(1 -4)



dLn n
1

dt t = 0

2= -kw - k n - k n
2 2 30

which when substituted into Equation (I-4) results in

dLn nl dLn nl
_

dt dt

95

-
t = 0 k (111

n10) - ak
2

n
1

dT. (I-5)
0

Equation (I-5) may be expressed in terms of n1 relative to n10. If we

define r to be n1 in
10, then we have

dLn r dLn r
dt dt k

2
n10 - ak1 n10S r dT,

t = 0 0

which may be formally integrated to yield,

Ln r dLn r
dt t - k

2
n

10
sc (r - 1) dT

t = 0 0

t t'
a k n10 g r dTdT'

0 0

(I-6)

The last term of Equation (I-6) can be reduced to a single

integral upon performing a partial integration. Consider the double

integral of the function f(t),
t

f(t") dt"
0 0

For the purpose of partial integration, let

u =s f(t") dt"
0

du = au at'
at;

v = t' , and dv = .



Thus,

0 0
) f(t") dt"S'dt" dt ' =

t

0

t
(s f(t") dt"

'Co

as
ti o

which upon evaluating the first term on the right yields

f(ti,) dt" dt' = t J f(t") dt"
0 0 0

t t,
t, f(t") dt" )

96

dt',

Upon evaluating the second term on the right using the Leibniz rule

for differentiating integrals with variable limits, Equation (I-7)

becomes
t,

f(t") dt" dt' = t J f(t") dt" - f(t' ) dt'
0 0 0 0

Finally, upon changing the dummy variables of integration, Equation

(1-7) is expressed as
t ti

f(t") dt" dt' = J (t - t') f(t' ) dt'
0 0 0

Thus, Equation (I-6) may be written as

dLn rLn r - dt

(1-8)

t _k
2

n
10

(r- 1) dT- n (t-T)r dT
=0 0 0

(I-9)
a formal solution for n

1
relative to n10.
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APPENDIX II

THE DETERMINATION OF THE RATE CONSTANTS

Equation (I-8) may be written in the form

F(t) = - A H(t) - B G(t) (11-1)

F(t) =S (r - 1) dT ,

0

G(t) Ey T) r dT
0

H(t) = Ln r dLn r
dt

A- 1/k2
n1 0 and

BE a = k + 2k nz .
1 2

t,

t = 0

Since the purpose of this experiment is to measure the rate constants

kw and k
1

which are contained only in the coefficient B, and since

F(t), G(t), and H(t) are determinable from the experimental data, one

may find those values of A and B which minimize the square error, e

between the right and left sides of Equation (II-1). If we define e as

follows
N

tF.(t) + A H.(t) + B G.( )} 2 (11-2)

i =1

then the values of A and B which minimize e are just those which

satisfy a 6 = 0 and = 0. Thus, we have thataA 8B



a e = 2
aA N

N

i =1

(t) + A H. (t) + B MI Hi (t) = 0

N

as N
F.

3. 3. 3.

(t) + A H. (t) + B G. (t)1 G. (t) 0 . (11-4)
-1

i=1

These two equations may be expressed as

and

A

N

:=1

N

H.
2 (t) + B >J H.

3.

(t) G. (t) +

i=1

N N

N

i =1

F. (t) Hilt) = 0 (II-5)

A H. (t) G. (t) + B G.
2 (t) + L F. (t) G. (t) = 0 ,

1 1 I. 3.

i=1 i=1 i=1

(11-6)

a system of two independent linear equations in two unknowns which

may be solved for A and B. The solutions are expressed by Cramer's

rule

A -

B =

N N

/F. (t) H. (t)
I. 3.

/G. (t) H.
I.
(t)

i=1 i=1

(t)
Gilt)

1=1 i

G.2 (t)

D

/K2 (t) /F.
I.
(t) Hilt)

i=1 i=1

H.
3.

(t) G.
3.

(t) /F.
3.

(t) G.
3.

(t)

i=1 i=1
D



wher e

D

N N

/H. (t) /G. (t) H. (t)

i=1 i=1

H. (t) G. (t) G,
2(t)

i=1 1=1
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The computer programming listed in the remaining appendix carries

out the above scheme for the determination of A and B.
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APPENDIX III

COMPUTER PROGRAM AND SUBROUTINES
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PRO GRAM DATA n T
DIMENSION T( 1000)*YC 1000), PHI C 1000), FIC 1000),B( 1000,2)
DIMENSION Y1 C 1000)
REAL KKK* J2s MI N

1 ND=1
CCCCC OPTION OF DATA FROM A FILE OR DIGITIZER
800 CALL. TALKC 0. MC* 1 )

I PC KK. EQ 2HN0 ) GO TO 803
CALL TALK C KKK, Os 2)
CALL UN EQUIP C 40)
CALL EQUIP( 40, KKK)
REWIND 40
DO 20 1=1, 3000
READ( 40, 10)TC I)PYCI )

10 FORMAT( 2C E20.12, IX) )
I PC E0 FC 40 ) ) 03 TO 700
I F(YCI).LE.0.)(30 TO 700

20 NN=I
700 PRINT 701.11N
701 FORMAT( 1H0, ' THERE ARE', I 4s ' NONZ ERO DATA POINTS /)

GO TO 11
CCCCC DI GI TIZ ER PART 0 F OPTION.
803 GO TOC909,910)ND
909 CALL TALMO. KLMs 3)

CALL TALK( O., %/1, 9 )
CALL TALK C 0. s NPLO T 14)
CALL TALKC 0..91C1 a 5)
CALL TALKC J2e Os 10)
CALL TALKC 0. NST, 4)
CALL TALKC 0. J4.. 12)
I FCK1 EQ3HY ES) I SL=0
I FCI(1 EQ 3HY ES) GO TO 21
CALL TALK( Oa K2, 1 5)
CALL, TALK( O., Os 13)
I SL=TTYINC3HN )

21 NI N=T TY I NC 4HHO W 4HMANY s 411 DAT* 4HA PO 4H I NTS: 4H?
MI N=TTY I NC 4HMI N 4HVAL UP 411 E 0 Fs 4H Y= )

911 CALL TALKC O. s J3s 11 )
I FC J3. EQ. 0 )00 TO 32
WRI TEC 45. 2000) J2oNSTs J4. I SLa NIN

2000 FORMAT( 1HIs 10HDATA FROM ,A8s //s 13H INTERVAL IS s I 2.//
19H SMOOTHED, I2, al TIMES, //s 1H Its 1 SH POINT INITIAL

9ISLOP E,s/l 1H 13s 12H DATA PO INTS./// )
I FCNIN EQ.0) GO TO 32

910 CALL. DI GI TCONC TsY, NNoNDs J 1 J2, J3)
NuNIN
I FOND. EQ0 ) GO TO 32

CCCCC ENTER HORIZONTAL S ENSI TI VI TY.
11 HO=TTYINC 4HHORI, 4HZONTs 4HAL Ss 4HTI VIP 4HTYC S

14H EC/C, 4HM) = )



1 02

I F(HOLT0.)ND=1
I ECHO LT.O. )130 TO 911
HM=H0*02 54
HM2=HM*HM
HM6=HM2**3

CCCCC
CCCCC ENTER STARTING TIME.
CCCCC

TO=TTYINC 4HINI Ts 4HIAL 4HTIM Es 3H = )
DO 29 I =1:NN
I FCCT(I)*HMT0)LT0.)G0 TO 29
LtoII/2*2
I FCL V)23s 24

24 I VAL=I +1
GO TO 28

23 I VAL=I
GO TO 28

29 CONTINUE
28 DENOM=Y( I VAL)
CCCCC CALCULATE DATA POINTS I F INTERVAL IS GREATER THAN ONE.

DO 30 /1=I VAL, WI/ NST
LL=C I I VAL+NST)/NST
TELL )=C T( I )T( I VAL) )*HM
YCLL)=Y( I )/DENOM
Y1 CLL)=YCLL)
I FCY(LL).LTMIN) GO TO 31

30 CONTINUE
31 WRITE( 45,811)LL,MIN

I FEN. GT. LL MI=LL
811 FORMAT( THERE ARE 'a 4. NONZERO DATA POINTS GREATER'

1 THAN "s F6. / )
CCCCC INITIATE PLOT OPTION.

I F(NPLO T. n1.2HNO ) G0 TO 603
CALL PLO TA( Yla LL )
CALL PLO TB( LL )
CALL PLO TPTSCY 1 s LL)

603 CALL. SMOO THC Ys LL. Ts J4)
I FC NPLO T. Ell 2HNO ) GO TO 602
CALL PLO TC UR VC LL )

602 CALL LN EQUIP( L )
CALI. EQ UI P CL FI L E )

CCCCC BEGIN THE CALCULATIONS
CCCCC CALCULATE LNCY)

DO 40 I=1*LL
I FC I GT.N ) GO TO 41
FI(I)=Y(I)1.
PHI C I )=ALOG(Y( I ) )

40 CONTINUE
41 DELTAT=TC 2)- T( 1 )
CCCCC CALCULATE OR ENTER THE INITIAL SLOPE.
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I FC K 1 EQ 2HNO ) GO TO 71
SLI=TTYINC 4HINI Ts 4HIAL s 4HSLOP, 4HE = )
GO TO 80

71 CALL I SLOP EX PHI s Ts SLI s I SL, K2)
PRINT 90s SLI s HO

80 WRI TEC 4 5,90)SLIHO
90 FORMAT( 1X. 4HSL I sms Fl 3. 8, 2X, 3HHO 3, 7H SEC/CM, // )

WRITEC45,1000)CCT(I)sY(I)sPHICI)),I=1,N)
1000 FORMAT( 1X, 3C F8. 5, 2X) )

L=N.N/2*2
I FCL) 51s 60

60 N =N -1
WRI TEC 4 5, 70 )51

70 FO RMAT ( 1 X, 4HN s II, A NEW VALUE', // )
51 NSKIP=0

H=SHH=SGGI =SFGI =SF/CH=SGIH=0.
DO 50 K=3,Ns 2

CCCCC CALC LLATE INT EGRALS
CALL INT EGC Ks Ts FI, FX, 1)
CALL INT EGC Ks TsY, GI, 2)
H=PHI CK)...SLI*TCK)
I FCABSC H ) 1 E-3)H=0
HH=H4tH
GGI =GI*GI
FG1 =GI*FX
FXH= FX*H
GI H=GI *H
SHH SHH+MH
SGGI=SGGI+GGI
SFOI=SFGI+FGI
S FXH = S FXH+ PXH
SGIM=SGIH+GIH
DET=SHH*SGGI.SGIH*SGIR
CH ECK=HM 6* 1 E -4
I F(ABSC DET)LT. CHECK) GO TO 33

CCCCC CALCLLATE DETERMINANTS
ADET=SFOI*SGIHSFX1i*SGGI
BD ET= S GI H* S SHH*S FGI
1=0{.... 1 )/ 2NSKIP
BC Ls 1 )=ADET/DET
BC Lo 2) =BDET/DET
GO TO 50

33 WRI TEC4 5s 102)
102 FORMAT( DET = 0 )

NSKIP=INSKI P+ 1
50 CONTINUE

DO 57 I =1,2
CALL AVERAGECBC 1 s I ), Ls AVE, DEV, EI(L, I ), 2)
tiftI T 4 5, 7 5) A V Es D EV

75 FORMATC 1X, BRAVE =s F10. 5.4X. SEIDEV mis F10. 5, / )
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57 CON TIN UE
I FC J1 EQ. 2HNO.AND.ND.N E. 0) GO TO 911
NDgeND+1
GO TO 910

32 CALL TALK( O., MNMs 7)
I FC MNM EQ. 3HY ES) GO TO 1

CALL TALK( O., MO, 8 )
I FC MAIN EQ 3HY ES) GO TO 800
END
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SUBROUTINE TALK( KW, K, I )
REAL KK
GO TOC1,2,3,4, 5, 6.97,8,9310,11,12,13,14,1 5)1

1 PRINT 101
101 FORMAT( 1HOs 'ARE YO UR INPUT DATA DIRECTLY FROM A '

1 °FILE? °)
READ 102,K

102 FORMAT( A4)
It EVEN

2 PRINT 201
201 FORMATC1H0, 'WHAT IS THE NAME 0 F THE FILE? )

R FAD 202, KK
202 FORMAT C A8 )

R ET URN
3 PRINT 301
301 FORMAT( 1H0, T I S ASSUMED THAT THE DATA ARE FROM

1 'THE DI GI TI Z ER / IS THIS OK ?')
R MD 302s K

302 FORMATC A4)
I ECK. EQ 3HY ES )R ETURN
PRINT 303

303 FORMAT( 1HO, ' TH ERE ARE NO 0 TH ER CHOICES YET, SO
1 'YOU BETTER START OVER! )

GO TO 1

4 PRINT 401
401 FORMAT( 1HOs HOW LARGE AN INTERVAL DO YOU WANT TO

"R EAD? " )
K=TTY ( 3HI =)
RETURN

5 PRINT 531
501 FORMATC1HOs'WOULD YOU LIKE TO ENTER THE INITIAL

1 'SLOP E2 *)
READ 502,K

502 FORMAT C A4)
RETURN

6 PRINT 601
601 FORMAT( 1H0, ' WO tLD YO U LIKE TO TRY ANOTHER SLOP E? )

READ 602s K
602 FORMAT( A4)

RETURN
7 PRINT 701
701 FORMAT(1HOs 'WO ULD YOU LIKE TO PROCESS SOME MORE '

1 'DATA? )
READ 702,K

702 FORMAT C A4)
R ET URN

8 PRINT 801
801 FORMAT( 1HOs WO tLD YOU LIKE TO TRY SMOOTHING ?')

READ 802,K
802 FORMAT( A4)



RETtRN
9 PRINT 901
901 FORMAT( 1HOs 'WO ULD YOU LIKE CONTINUOUS DATA

1 'PROCESSING? )
READ 902,K

902 FORMATCA4)
R ET URN

10 PRINT 1001
1001 FORMATC1H0, 'WHAT IS THE NAME OF YOLK DATA FILE?')

READ 1002, KK
1002 FORMAT(A8)

R ET URN
11 PRINT 1101
1101 FORMATC1HOr 'WHICH RECORD DO YOU WANT TO READ? ' )

K=TTYINC3HN =)
RETURN

12 PRINT 1201
1201 FORMAT( 1H0, HOW MANY TIMES DO YOU WANT TO SMOOTH?

K22TTYINC3HN =)
R ET URN

13 PRINT 1301
1301 FORMS:VT(1HO, 'HOW MANY POINT DERI VATI VE WO ULD YOU

1 'LIKE TO USE? ',/)
RETIE*,

14 PRINT 1401
1401 FORMATC 1HO, "WOULD YOU LIKE A PLOT OF SMOOTHED

1 'DATA ON RAW DATA POINTS? 9)
READ 1402a K

1402 FORMAT C A4)
R ET URN

15 PRINT 1 501
1 an FORMAT( 1H0, 'AT WHICH DATA POINT DO YOU WANT TO

1 'START CALCULATING THE INITIAL SLOPE? )
K=TTYINC 3HN =)
RETURN
END

1 06

II)
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SUBROUTINE DI GI TCONC ToYsJJ,NFILE,NNNANNsN)
CCC. THIS SUBROUTINE TAKES DATA FROM A BUFFER AND CONVERTS
CCC IT TO BCD DATA.

DIMENSION HEADC10),KC3000). TC 1)* YC 1 )
REAL NN
I RNFILE.NE.1)00 TO 30
CALL. LH EQUIP( 41)
CALL EQU/PC 41aNN)

30 I RN Fl L EN l AND.NNN e EQ. 3HY ES) GO TO 117
REWIND 41
I FCN. B;10 ) GO TO 108
I RN. EQ1 ) GO TO 117
J=N-1
DO 13 I=1,,J
CALL SEER 41)

13 CONTINUE
117 BUFFER INC 41, 1) CHEADC 1)..HEADC 10) )
100 GO TO(100,101,102,)UNIITSTR 41)
101 PRINT 10 61,HEAD

WRI T EC 4 5,10 6)H EAD
106 FORMAT( 1H 1 s 10A8,/)
10 61 FORMAT( 1H0, !OAS, / )
200 BUFFER INC 41, 1) CKC 1) s KC 3000) )
109 GO TO(109, 110s 111)WITSTFC 41)
110 NPT=IIC 2)

CALL S EFFC 41 )
XP=-1
NSKIP=0
DO 11 5 J=4. NPT, 2
I =CJ-.2 )/2-NSFCIP
TCI)=1.*KCJ-.1)
YC I )221 .*KCJ)
IFCYCI ).L.E.0.) GO TO 14
NSKIP=NSKIP+1
XP=TC I )
J.J=I

115 CONTINUE
14 WRI T EC 4 5, 700)JJ
700 FORMAT( 1H0. " THERE ARE °I 4a 8 NONZERO DATA POINTS 's /)

GO TO 103
102 PRINT 113
113 FORMAT( 1H0s " EO F IN HEADING! 8)

GO TO 200
111 PRINT 118
118 FORMAT( 1H0, ED F IN THE DATA!')

PRINT 119
119 FORMAT( 1140, THE LAST DATA HAVE BEEN PROCESSED.')
108 N FI L E=0
103 RETURN

END
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SUBROUTINE I SLOP E( PHI To SLI Vs 10
DIMENSION PHI C1), T( 1)
D=T(11+1 )

11 GO TO (20, 30* 40, 50, 60, 70 80. 90 )N
20 PRINT 13
13 FORMAT( ' THIS IS AN IMPOSSIBLE CHOICE, TRY AGAIN! ' / )

N=TTYINI(3HN =)
GO TO 11

30 PRINT 100
100 FORMAT( ' THIS IS NOT A VERY ACCURATE CHOICE, TRY AGAIN!

1 "../)

N=TTYIN( 3HN =)
GO TO 11

40 SLI=(3.*PHI (K)+4.*PHI (K+1)PHI(K+2) )/ (2.*D)
RETURN

50 SLI=(11 44PHICK)+18.*PHI(K+1)9*PHICK4.2)+2*PHI
1(11+3) )/C 6.*D)

R ET URN

SLI=(2 5.*PHI(K)+48.*PHICK+1)3641PHICK+2)+1 6.*P
1HI (1.1+3 )3*PHI (K+4) 12.*D)
R ET URN

70 SLI=(137.*PHI (10+300,4ePHI (K+1).300.*PHI ( K+2) +20
10**PHICK+3)-75.*PHICK+4)+12.*PHICK+ SW( 60.*D)
R ET URN

80 SLI=C 147.*PHI (10+360.*PHI (K+1 )-4 5) *PHI ( K+2) +40
20.*PHI (K+3)
1-225.*PHICK+4)+72.*PHI (K+ 10.*PHI (K+ 6) )/ (604cD)
11 ET UV

90 PRINT 12
12 FORMAT( YOU HAVE EXC EEDED THE 111413ER 0 F CHOICES, 'I

1 ' THEREFORE YOU ARE A DOLT!- -TRY AGAIN!', /)
V=TTYIN(3HN =)
GO TO 11
END
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SUBROUTINE SMO3TH(Y,K,T,4)
DIMENSION YC 1 )..Q( 1 500), TC 1)
F(N1. EQ0)RETUR)1

DEL=T( 3)-TC 2 )
D3 20 t.1=1101

DO 10 I= 5,1f
10 (4( )=C.21.*Y( I4)+14.4tYCI....3)+39.*Y( 54*Y( I1 )

1+ 59.*YC )+ 54.*YCI+1)+39.*Y( I+2)+14.*YC I+3)-.21.41(
2 +4))/231.
Q(1)=Y(1)
QC 2 )=(Y(1 )+4.*Y( 2)+Y( 3) )/ 6.

"3 )=("3**Y( I )4-12**Y( 2)+17.*Y( 3)+12.*Y(4)..3.*Y( 5))/3
QC 4)=C..2.*YC 1 )+3.*YC 2)+ 6.*Y( 3)+7.4cYC 4)+6.*YC 5)+3.

141Y( 6)..2.*Y( 7) )/21,

Q(K3)=(.-2.*YCK.. 6)+3.*YCK 6.*Y(*...4)+7.*Y(K..3)+
1 6**YCK..2)+3.*Y(K...1)-.2**Y(K))/21.
(1012)=(.3.1tY(K..4)+12.*Y(Li'3)+17.*Y(11...2)+12*YCK
1 -1) -3. *YCK) 5
0(1{-1)=CYCK-.2)+4.*Y(K1)+YCK))/
GICK)=Y(K)
D3 20 I=.1011

20 YCI)=QCI)
R ET URN

ND



SUBROUTINE AVERAGE( FoNsAVEAAVEDEV,
CCCCC.TO FIND THE AVERAGE AND THE A VERAG
CCCCC.THE AVERAGE, SET K=1
CCCCC.TO FIND THE AVERAGE DEVIATION FROM
CCCCC.S ET K=2 AND THE VALUE IN VAL.

DIMENSION F(1)
SLM=DEV=0.0
DO 10 I=loN

10 SLM=SUM+F( I )
RN =N
A VE*S LM/RN
I FCK. EQ. 2)AVVAL
DO 20 I=1,N
AD EV=ABS( A VE-. F( I ) )

20 D EV= D EV+AD EV
A VED EV= D EV/ RN
R ET URN
END

110

VAL, K
E DEVIATION FROM

SOME VALUE,
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S UBRO UT INE INT ESC Its T, Fs FR. IN )
DIMENSION TC 1), FC )
D=CIC 2)T(1))/3.
GO IOC 50,s 60 )IN

50 FR=0.
DO 10 14=3, Ks

10 ntr--FR+C FCM-2) +4.* FCM-1)+FCM))*D
R ET URN

60 FR=0.
DO 30 L=3slis

30 FR=FR+C (T(K)--TCL..2))*F(L2)+4.4tC TCK) )* FCL. 1 )
1+C TCK).TCL))*FCL))*D

R ET URN
END
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SUBROUTINE PLOTACYY* L )
C**** YY IS THE ORDINATE TO BE PLO TT ED
C**** L IS THE N LI4B ER OF POINTS TO BE PLOTTED

DIMENSION YY( 1 )ABCD( 6). IABCC 3),COMMENT( 10)
I N T EG ER P EN LP P EN DO WN
EQUI UAL ENC E (ABCD( 5) I ABC ) C TTMitis I ABC( 2) )
P ENUP=3
P ENDO WN=2
XOR G=2. $YOR G=14.
DO 1 I =1. 6
ABCDC I )=8H
ABCD( 1 ) =8H. .HO GAN
CALL DAT EC ABC DC 4) )
CALL T I MEC TTMM)
I Z=411 0
LUN=TTYIN( 4HPLO Ts 4H LON, 3H = )
R ETURN

C**** INITIALIZE PLO TT ER AND LABEL IT
ENTRY PLO TB
CALL PLO TINT( XORG, YORG )
CALL PLOTSYMB( O. .12. 21, ABC)), O. 44)
WRITE( 61s 100)

100 FORMAT(' ENT ER PLOT LAB EL UP TO 80 CHARS
READ( 60101)COMMENT

101 FORMAT( 10A6 )
C**** REMOVE MI STAKES I F ANY

CALL CANC EL( COMMENT)
C**** PLOT LABEL.

CALL PLO TSYMB( 2. . 5s 14" COMM ENT* 0. JO 80)
C**** DRAW AND LAB EL Y AX I S

CALL PLOT(0..0.,PENUP)
CALL PLO TSYMBC -28s 0. , 07, I Zs0.04)
CALL PLOT(0..0.PENUP)
Y=0
DO 2 I=1" 4
Y=Y 2
CALL PLOTSYMER 0 s Y., 0 5. 11,90. 2 )
CALL PLOT(0./.0.,PENUP)
CONTINUE
CALL PLOT( 0. ENUP)
YJ=0
DO 3 =1) 5
Y = I
CALL PLO TSYKB(0. Ys .10:13,90. -..2)
YJ=YJ 1
ENCODE( 102LABEL)YJ

102 FORMAT( F4.2)
CALL PLOTSYMB( 35s .07, LABEL, 0. 4)
CALL PLOT(OsYsPINUP)

C**** SMALL TICKS
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I FC I ED 5) GO TO 3
DO 3 II=1,4
Y=Y2
CALL PLOTSYMBC0*Ys 0 5. 13190. 2)
CALL PLOTC03Y/PENUP)

3 CONTINUE
C**** BORDERS

CALL PLOTC 00, 5...P ENUP )
CALL PLO TC 7. - 5...P ENDO WN )
CALL PLOTC s OsP ENDO GIN)

C**** XAXIS
CALL PLOTCOs0**PENLP)
X=0.
DO 4 I =1,4
X=X+ 2
CALL PLOTSYMBCX, 0. s 0 5, 13, O. a 2)
CALL PLOTOCP0.,PENUP)

4 CONTINUE
CALL. PLOTCOs(),PRIUP)
DO 5 I=1, 7
X=I
CALL PLO TSYMBC 10, 13., O. s 2)
J=10*I
ENCODE( 3. 103*LABEL )J

103 FORMATC I 3)
CALL PLOTSYMB(X 03, 1. 07,LABEL, 0. s 3)
CALL PLOTC X. 0 P ENUP)

C**** SMALL TICKS
I FC I EQ 7) GO TO 5
DO 5 I1 =1:4
X=X+ 2
CALL PLO TSYMBC O.: 0 5, 13s
CALL. PLOTCX*0..PENUP)

5 CONTINUE
C**** GO BACK TO ORI GIN

CALL PLOTCOPOoPENLP)
RETURN
ENTRY PLO TPTS

C**** PLOT THE POINTS
K=L
I FCC. GT. 70)K=70
X=0.
DO 10 I =1,K
X=X+. 1
CALL PLOTSYMBC 2.4sYY( I ) J. 0 5, 4. O. 1

10 CONTINUE
CALL PLOT(0...2.*WC1),PENUP)
R ET URN

C**** PLOT THE CURVE
ENTRY PLO TC UR V
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Xr4L
I FCC, GT 70 M=70
CALL. PLOT( .1.2.*YYt 1)..PENIP)
X=0.
DO 20 I=lsit
X=X+. I
CALL PLOT( 2.*YYC I ) s P ENDO WINT

20 CONTINUE
C**** END 0 F PLOT ****

CALL PLOT( 3)
R ET URN
END


