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ABSTRACT

A THEORETICAL AND EXPERIMENTAL INVESTIGATION CF THE
CHEMICAL KINETICS OF AN OXYGEN MICROWAVE DISCHARGE

By
Mary Lynn Brake

In this dissertation, the degree of dissociation and
recombination of oxygen atoms produced in a microwave
discharge in oxygen is examined by comparing theoretical
models of the kinetic mechanisms to chemical titration
data. A literature search is used to gain understanding of
the chemical and relaxation kinetic mechanisms necessary
for the formulation of the theoretical models.

A comparison of the theoretical models to experimental
results shows that a one dimensional, temperature dependent
model of the neutral species of the system can predict the
oxygen atom concentration profile as measured by nitrogen
dioxide titration. The model also indicates that the
temperature of the gas is approximately 1000K and that an
overall gas temperature and velocity increase 1is due to
heating by the microwave discharge and not due to the

enthalpy change of the species in the system.
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CHAPTER I

INTRODUCTION

1.1 Plasma Chemist

All matter exists in one of four states; solids,
liquids, gases, or plasmas. The first three states are the
most familiar but plasmas are believed to be the most
abundant, with as much as 99% of the universe existing in

the plasma state.l'2

A plasma is defined as any gaseous
system containing a sufficient number of electrons and ions
such that 1long range electromagnetic (Coulomb) forces
dominate the behavior of the gas. Note that a normal gas
acts as an insulator whereas a plasma acts as a conductor.l

A transfer from one state to another can be
accomplished through a transfer of energy. Energy added to
a solid causes it to melt and become a liquid. Heat added
to a 1liquid results in vaporization and the formation of
gases. As even more energy is pumped into a gas, molecules
dissociate and neutral species ionize, creating ions and
electrons. These free electrons continue to transfer
energy to the rest of the gas through elastic and inelastic
collisions.

In recent years, the uses of plasmas in chemistry have

3-6

gained much attention. There are many advantages






associated with using plasmas for producing chemical
species. One of the biggest advantages is that the high
temperatures of plasmas are associated with producing high

yields of pure and ultra-pure substances3

which may be
impossible to produce at low temperatures. This ability to
produce non-equilibrium species concentrations at low
overall gas temperatures reduces the requirements for heat

loss control and durable reactor materiais.4

Through
optimization, plasma chemistry can not only improve product
quality but can reduce 1labor and handling and reduce

utilization of hazardous or costly chemicals.5

Perhaps
one of the most important contributions of plasmas 1in

chemistry is the ability to "generate the precursors to the

desired products, rather than to produce these products
directly".4

There are many applications of plasma chemistry 1in
industry, science and medicine. 1In particular, due to the
reactive nature of oxygen, oxygen plasmas have a wealth of
applications. Oxygen plasmas are used to improve the bond
strength of industrial materials. Oxygen plasmas can
isolate trace constituents in complex organic structures,
so that chemical analysis can be used to identify the trace
substances. Oxygen plasmas prepare specimens for

microscopy in the process of surface etching, thin film

deposition and "ashing". Oxygen plasmas are also used in



the fabrication of semiconductor devices by removing
photoresist, depositing organic. and 1inorganic dieletric
films, and by etching surfaces. (See Reference 5 for
details.)

Oxygen plasmas can be initiated in many ways; glow
discharges, plasma jets, shock tubes, and radio frequency
discharges to name a few. Microwave discharges are
particularly suitable for plasma chemistry applications
because they do not use electrodes which can become
contaminated and because microwave power supplies have
become both plentiful and inexpensive.7

Microwave discharges are characterized as gases which
are partially ionized by absorption of radiation in the
microwave region of the electro-magnetic spectrum.
Generally, as a gas flows through a "resonant cavity" which
contains the microwave radiation, it absorbs electrical
energy. The electrons in the gas gain kinetic energy from
interactions with the electric field and then transfer some
of this energy through elastic and inelastic collisioné to
the neutral and ionic species of the gas. This energy
transfer manifests itself in dissociation and ionization
and in populating electronic, vibrational and rotational
states as well as causing a thermal energy increase of the
gas as a whole. When the gas leaves the reactor cavity,

the electrons recombine with the ions and the gas relaxes






to an equilibrium state different from the pre-discharge
state. This new state may be characterized by a different
temperature, a different velocity or by a different mixture
of atoms and molecules. (See Figure l.l for a schematic of
plasma processes in a microwave discharge.)

A potentially useful application of microwave

8 The free

discharges is "free radical propulsion".
radical propulsion concept wuses the fact that the gas
exiting a microwave discharge is at a different state than
the initial gas. Originally it was thought that spacecraft
propulsion could be obtained from the thermal energy
released when dissociated diatomics recombine
exothermically.8 It 1is the purpose of this dissertation
to examine the effects of microwave fields on oxygen and to
investigate the chemical kinetic mechanisms involved in the
transfer of electrical to thermal energy. Such
understanding will permit assessment of the‘use of oxygen
plasmas or plasmas of similar gases for various

applications 1including spacecraft propulsion. It will be
shown that the thermal energy increase anticipated for
spacecraft propulsion is due solely to neutral gas heating

and not due to the chemical energy released in

recombination.



Microwave Energy

Electrons Absorb Electrical Energy.

Electrons Transfer Energy to Neutral
Gas Via Inelastic and Elastic Collisions.

Electron Energy Transfer Results in
Ionization, Dissociation, Excitation
and Heating.
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Figure 1.1. A schematic showing the energy processes in a
microwave discharge.



1.2 Previous Models and Experiments

Oxygen plasmas have been examined 1in a variety of
experiments and models. Bell and Kwong9 examined two and
three body recombination in a radio frequency discharge

10 and Francisll have also

(13.56 MHz). Mearns and Morris
examined three body recombination of oxygen - atoms with
oxygen molecules in a microwave discharge (2.54 GHz).
These three studies did not however examine the role of
electronically excited states of oxygen atoms and

12

molecules. Bonnet examined oxygen kinetic mechanisms

for an electron beam controlled discharge in oxygen that
did include excited species of oxygen molecules. Kocian13
studied some of the same mechanisms as Bonnet but for a
positive column discharge. Wayne14 compiled an extensive
literature review of oxygen kinetic mechanisms in
discharges, however he has not examined these mechanisms in

a model nor has he compared predictions of a model to

experimental results.

5,9 12

Both Bell and Bonnet have used their model in
computer simulations to make theoretical predictions about
species concentrations as a function of time, atomic
conversion (into molecules), power, pressure and electric
field strength. Both include the effect of the electric

field, where the electrical energy is absorbed wholly by



the electrons. Neither group however makes the distinction
between the plasma inside the reactor cavity and the gas
system outside the reactor cavity. Bell compares his model
with the results of Mearns and Morrislo, but the data taken
by Mearns and Morris was measured outside the reactor
cavity (where presumably the electric field is not the same
as in the reactor cavity and is possibly nearly zero). The
amount of molecular conversion was linearly extrapolated
back to the exit of the discharge but not into the
discharge. To correctly make comparisons with experimental
data taken outside the discharge and to make conclusions
about the kinetic mechanisms, only that part of the

discharge should be modeled.

1.3 Objectives of Present Research

The objective of this dissertation is to examine the
change in oxygen as it travels through a reactor cavity
containing a microwave field. This can only be
accomplished by understanding the chemical kinetics of
oxygen and how they affect the temperature and velocity of
the gas. The specific objectives 1listed below are
presented in the chronological order in which they were

performed.






1. Identify the important chemical kinetic mechanisms of
an oxygen discharge from the 1long 1list of possible
reactions.

2. Determine the importance of electronically excited
states to the chemical kinetics.

3. Determine the effect of temperature on the kinetic
mechanisms.

4, Compare model predictions of the oxygen atom
concentration of the gas after it has interacted with
the microwave field with titration data. Examine the
effects of temperature and velocity on the model.

5. Examine the overall changes in the oxygen gas due to

interactions with the the microwave field.

The first objective is accomplished in Chapter 1II. A
simple computer model 1is formulated that examines the
importance of the many chemical reactions by determining
which reactions dominate the chemical species derivatives
as a function of time. The importance of electronically
excited states is assessed at this time.

In Chapter III, a literature search of the temperature
dependence of the rate coefficients of the important
reactions found in Chapter 1II 1is discussed. Also, the
forward rate coefficient for each important reaction is

suggested. A summary of the important reactions and their



recommended rate coefficients is given in Appendix A.

The * formulation of a model which includes the
conservation of energy and momentum as well as the
continuity equation for each species 1is formulated 1in
Chapter 1IV. In Chapter VI the model 1is compared to
experimental results of Chapter V, as well as other models.
Velocity, temperature and Oz(lA ) formation predictions are
made based upon the results of the model. Conclusions
based upon. the observations of this work are given in
Chapter VII.

Electron and ion species collision processes are also
very important 1in electric;l discharges. (See Appendix E
for a listing of some of the important charged species
reactions in oxygen.) However, many experimental
parameters such as the electron density, the electron
temperature and the electron distribution function are
needed to properly model these kinetic processes. These
parameters are very difficult to measure in microwave
discharges. BAppendix C discusses emission spectroscopy
techniques for determining electron density, electron
temperature and gas temperature in argon and oxygen
microwave discharges. In other works such as that of

15 and Bonnetlz, electron and ion collision induced

Dettmer
processes are discussed for oxygen in DC positive column

and e-beam discharges.




CHAPTER II

SIMPLE MODELING

2.1 simple Model Formulation

The first step in modeling the chemical kinetics of
any system is to compile a list of the relevent mechanisms,
(see Table 2.1). Generally, the neutral kinetic mechanisms
important to this dissertation have been studied in
ultra-violet flash' photolysis of ozone and molecular
oxygen, shock tube studies and electrical discharges. The
vast majority of kinetic reactions were studied at one
temperature only. The simple model discussed in this
chapter examines the relative importance of the probable
kinetic mechanisms of an oxygen gas system in chemical
noneguilibrium, at the thermal equilibrium temperature of
300 K. Chapter III gives a comprehensive literature review
of the temperature dependence of the most important
mechanisms found in this chapter.

This model is based upon the mechanisms given by

14 16

Wayne and upon a similar model for an oxygen laser.

Atmospheric studiesl?23

have also provided possible
kinetic mechanisms of systems comprised of oxygen. Most of

the reactions are well documented and the different rate

10



6¢
8€‘LE
0€°6¢

0€°6¢
LE

9¢
43
Gt
kA%
123

£t
[43
(43
1€
0€°6¢

L1

8¢
LT
9¢
14
ve

“Jod

stsk1030yd ysers 0TX(e 0F%° 1)

*joyd yser3/o31eYdSTP MﬁoﬁxAm.oﬂm.qV Z € z
stsd1030yd ysers *Nﬂoﬁxﬁm.oﬁo.qV ﬂﬂoﬁxm.q £ Ccl- 0+ 0C+« O+ Awdv o L
sysAToloud useTy ¥, OTX(8°0%C'1)  OTXL'Y re- 0+ oo+ @po 9

931BYOSTP 9ABMOIDTW %Noﬂxo.o oﬁoﬁxw.w 8°¢C- 0+ A<~vwo + No + Aaﬂvo ‘S
sTsd10o30yd mﬁoﬁqu.oHN.Nv
stsfTo3oyd mﬁoﬁxﬁm.oﬁm.qv
*dads-wa/sTsi1030yd 01X(8°1F9°€)

*Dads-wa/sTsATo3zoyd *Mﬁcﬁxﬂc.Oﬁq.Nv z 7

"oads-wa/-joyd ysery ¢01x(07€F0°€) 01X0"Y Gy 040« %0+ (Qq)o *v
*dads-we/sTsd1030yd 01X(9°0%S° 1)
+0adssqe/syshroroud  IOTX(Z'0FI'7)
sys&1030yd 01X (1°079°1)

sTsd1o3oyd ysery *qﬂoﬁon.ﬁao.Nv z ¢
sysd1o3oyd ysery ¢01*0"zF0"y) 0TX0"1 0'6€1- 0z « "0 + (a0 ¢
moT31933e 3uimo X/ Xg* *1L- 4 [4 3 .

T 3 TMoT3 %N«moﬁ L'c Nmo~ €1 1°1L A<Mv O+ 0« 0+0 ¢
stsd1o30yd mo_xAﬂ.H«m.mv
£Ldoosoa3dads sseuw OIX(E°0FS 1)
uotrlrsodwodap Tewaayl 01 01IX€° ¢

stsA1o3joyd ysery issel *moﬁxﬁoooﬁo.ov z €

uor3jezyuorojoyd (OTX0° 7 o 0TX8"¢ L €6~ 0T« 0+0 I

Tinba e — —_—

POY3ISsW 3JJUSTOTFIS0D) 23¥Y A (862)H uoT3loeay

*UOT3IBTI0SST(Q No Ul si9ujaed UOTSFTIO) TeAINSBN I10J SIUDFOTIIL0) 23rY

1°C ®Tqel



12

A9
£S

A9

1S
1y
0S
6"
8y

Ly
9%
LE

SY
vy
£y
(44
ve

1y
tt

LE
1y
Gt
8¢t
oy

€1

"3

*suap/aqni NOoys
*sSqe aqn3j doys

@3aieyosTp 31

MOTJ 93aeydsTp
931BYOSTP 3ABMOIDTU
93a1eyosyp 3Ja
sTsL1ojoyd
sTsATo3oyd

98aBYOSTpP 2ABMOIDTW
931BYOSTP 9ABMOIDTW
981BYOSTP 9ABMOADTUW

sTsA1030yd
@3aeyostp/uor-o3oyd
931eYyOSTp 9ABMOIDTW
931BYyOSTP 2ABMOIDTW
uorleziuof-ojoyd

981BYOSTP 2ABMOIDTW
*dads-wa/-joyd yseyj]

931eYOSTpP D2ABMOIDTU
MOTJ/o3aeYDSTP
s1sA7o3j0yd an
sTsA1ojoyd yset]

0TX(€°04+9° 1)

2lorx(s 0%0° 1)

*o1
Xa-

ﬁmoﬁ 8L

OTX(1°0FC"1)

01%X(9°0F0°1)

O1X(T°0FY° 1)

OTIX(L°0FE"T)

¥ 0TX(G"0F€" 1)

\O \© \O O O

*,0TX(€°0¥2° 1)
ooﬁxN.ﬂ
b
oo~ VAR
¥ 0TX(0"1¥2°2)
OTX(E°0FS 1)
OTX(E TI¥L°7)
0TX(S 0FL° 1)
0IX(€°0F1°2)

[ N2 =2 =2 =)

¥ 01XZ" Y
mﬁoﬂxAmﬂoﬁm.ﬁv
01X0°9
01X0°6
01%0°6
01%XL°7
01%9°9

*

I~ 00 IS IS IS

,x.
«N—o_ 81

POYIaK

JUDTOTJJ20) a3ey

x.
mwo~ 1

x.
o~o~ G'h

x.
cﬁoﬁ Gy

x.
mo~ A4

8¢ ¢

x.
mwoﬁ v'8

x.
mNO# v°'8

x.
mmoﬂ '8

nbo__
1T 3

1°611-

9°¢Ct-

9°¢C-

S L-

L8 ¢+

L Le-

TANA N

L Le-

(M862)H

0+ No «0+0+0 -4l

0+ No «~ 0 + A<~Vmo i

4

NoN « 0 + A<ﬁvuo ‘€1

% + aumo « zuNoN 21

0+ %z« %+ A<vao I

0+ %z « %0+ Awﬁvmo 01

oz « % +2)% -6
|8

l

NoN « "0 + Awﬁvuo ‘8

uoT3oeay

panuyjuod [°7 3qel



LT
L9

LYy
L9°Le

99
S9
79

€9
9729

19
65°8S

9T
6¢

9231eYOSTpP 9ABMOIDTU
9381eYOSTpP 9ABMOIDTU

28aeyosTp oe
931BYOSTP 9ABMOIDTW
931BYOSTP DABMOIDTU

@anssaid/Tewiayl
uor3rsodwodap Tewiay?

sTsA1o3joyd ysery
931BYOSTP 9ABMOIDTW
981BYOSTpP D9ABMOIDTW
uor3ysodwodap Tewiayl
sTsA1o3joyd ysery

1932W0I93193uF/2qn] Oooys
*sqe/aqnl yooys
*sqe/aqny yooys
*sqe/aqn3 }ooys
“suap/aqnj yooys

*._01%XZ°C

% 01%0°C
_01X(Z°0+6°0)
¥, 01%0°1

‘61 Se aues

T

*qnoﬁon.ouN.ﬁv
_0T%X9°1
m-oﬁxﬂm.N«o.ov
01%z°¢

¢y el
*, [01%6°C

*, 01X(1°0%0°27)

Nwoﬁxﬁm.cﬁq.wv
§01%L°C
01Xg" 1

Toxat
01x(EloFs D)

0TX1°§

Slorxe-z
o1x(§1Fe-9)
01X(8°0%9°1)
0TX(1°TF€°5)

71
*qa
71

POUIBN

JUSTOTJJ00) °3BY

e z A
L LE 0 rfen @D ce2

; 4 %5 =
972z~ 0 rfem (VPO cTT

i 4 T b
161 @p% g% 1z
6701~ i ffen (O "0Z

9°96- Co% :
0 T1En 4] 61
§(01X0°2 csz-  fo+rfo<forlo+o s
01%0°2 s sz- +focl+%+0 1
(OIXUT 6T %+%<«%+0+0 -91
T1nbs SISO Lty
A (I862)H uot3oERy

panuTIu0d [°7 ITqEL



14

*Ie9) UT ST H PUB MgEZ 1B SPuUOIaS pue wd ‘safow JO SITun 8yl 9ABY SIJUSTOTJJP00 @3el IV :AILON

3
uorlernwrs a193ndwod UT pPasn SaNTBA x
L1 ,_0TXE"8 i« (2)% "9z
L1 %, 01%9°2 Ay « A<~vmo ‘ST
L1 ¢ _OTXL™9 g« Aoﬁvo "ve
L POUISN JUSTOTJFJ20) o1y MMﬂmww Cis6)H S EEEE

paNUTIUOd [°Z BTqEL



15

coefficients experimentally measured for each reaction
agree well with one another (see Table 2.1). All of the
reactions listed in Table 2.1 were included in the computer
model and the asterisks denote the forward rate constant
chosen for this model.

The first few electronically excited states of oxygen
atoms and molecules are indicated in Table 2.2. As
suggested by Wayne, the products of an electrical discharge
of oxygen may contain an appreciable number of
electronically excited states of oxygen. This model
includes reactions that involve the first excited state of
atomic oxygen O(lD) which is 1.96 eV above the ground
state, and the first two excited states of molecular oxygen
0,(*s ) and 0,( z ) which are 0.98 eV and 1.64 eV above the
ground state, respectively. States higher than 2.0 eV are
very short 1lived and are assumed to have very small
concentrations compared with the first excited states.

In modeling any system, a few initial assumptions must
be made. In this model, the velocity of the flowing system
remained constant and the pressure was allowed to vary.
Also it 1is assumed that the electric field outside of the
discharge was zero and that the electron and ion densities
outside of the discharge were negligible. Also the
temperature of the gas was set equal to 300 K, and the

initial gas was assumed to be a homogeneous mixture of O,
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Table 2.2. Excited states of 0, and O

STATE ENERGY (eV) Mean Radiative Lifetime (sec)
S
. i 0.0
0.98
N 9 3
1t 1.64 12.0
y Zf ; :
', 4.3 0.03
357 6.1 4.2x1078
u
3p 0.0
Ip 1.96 148.0
s, 2.22 0.80
285 9.13 6.0x107%
3 9

=N 9.51 1.8x10°



17

o 03 5 O(ID), OZ(lA ) and 02(12 ). Also, for reactions

2 v
that involve a third body M, it was assumed that this third
body could be in the ground or excited states.

The rate of change of the concentrations with time is
equal to the sum of all the populating effects minus the
sum of all of the depopulating effects. The populating and
depopulating effects 1includec were chemical kinetics (two
and three body), wall effects and spontaneous emission.

The reaction paths of the model are given in Table 2.1
aleng with the forward rate found in the literature. The

chemical reactions may be written

k
fr
Za N '—‘ZB N
et < R R SR S I (:2:1)
k
br
where Ni is the molar concentration of species i, oLy
and Bri are stoichiometric coefficients and kg, and
kbr are the forward and backward rate coefficients

respectively. To preserve detailed balancing, the backward
rate coefficients are computed from the forward rate
coefficients and the equilibrium constants by using the

expression






K = k /k (2.2)

The equilibrium constants were calculated from values found
in the JANAF (Joint Army Navy Air Force)68 thermodynamic
tables. 1If the perfect gas 1law 1is assumed, then the

equilibrium constant is a function of temperature alone.

1n X =1/RTZ\, B + 1/R Z\, s (2.3)
i g iooriod

eq i ri: 3 i

where Hi and Si are the heats of formation and entropies
of species i as found in the JANAF tables and vri = Bri
opie Thus once the equilibrium constant is determined for
a range of temperatures, the backward rate coefficient may
be found. (See Appendix B)

The rate constants for wall recombination effects were
calculated from the reported probability coefficients
denoted by Y , where Y 1is the ratio of the frequency of
collisions of atoms with the surface leading to
recombination to the total frequency of collisions (see

Table 2.1). The rate of wall recombination in a cylinder

of radius r is equal to

K = V8kT/im v /2r (2.4)

wall
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the particle flux at the surface, multiplied by the surface
to volume ratio multiplied by the recombination probability
Y . The mass of the particle hitting the wall is m, k is
Boltzmann's constant and T is the translational
temperature, which is 300 K for this model. A radius of
8.9 mm was used for these calculations.

The chemical rate equations form a nonlinear set of

coupled differential equations of the form

e . D (2.5)
T T

dt i

where‘Ai is the populating reaction rate for species n and
Bi is the depopulating reaction rate for species n. These
differential equations have been numerically solved using
an integrating routine called EPISODE written by A. Ce
Hindemarsh and G. D. Byrne (obtained from the Argonne
National Code Center).80 The relative concentrations of
different species and the pressure were varied and time
histories of the concentrations and their derivatives have
been studied.

Each reaction has a varying degree of importance
depending upon the intial relative concentrations, the
pressure and the amount of time evolved since reaction

initiation. As will be shown, all of these factors can
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affect species lifetime.

2.2 Simple Model Results

The ultimate purpose of this study is to determine the
degree of recombination and dissociation of oxygen in a
flowtube. The oxygen atom halflife is an important factor
in determining where recombination occurs. Therefore, the
input conditions were varied to determine the importance of
individual species and reactions on oxygen atom halflife.
(The *"halflife" is the amount of time taken to decrease the
oxygen atom population by one half its original value.) 1In
addition to the concentrations as a function of time, the
total reaction rate (the forward rate coefficient
multiplied by the reactants minus the backward rate
coefficient times the products) for each reaction was
studied as a function of time also. These total reaction
rates provided insight into the specific mechanisms which
affected the time evolution.

Generally the most important reactions were found to
be reactions 1, 2, 11, 14, 15, 16, 17, 19, and 22 for the
input cases of mostly dissociated oxygen atoms with trace
amounts of ozone and excited states. (These conditions
best approximate experimental conditions.) The reactions

that Play the major role will be different for different
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input conditions. Figure 2.1 shows a typical time history

for 100% dissociation at 10 torr.
2.2.1 Effect of Molecular Oxygen

The effect of oxygen molecules on the oxygen atom
halflife was studied by varying the 0/02 ratio and keeping
the initial pressure constant (10 torr) and all other
concentrations equal to zero (Figure 2.2). The larger
0/02 ratio shortens the halflife of oxygen atoms. This is
due in part to the fact that at lower ratios (keeping the
pressure constant) there are fewer oxygen atoms, so the
probability of two atoms coming together and recombining is
small . This can be observed in the fact that the total
reaction rate of reaction 15 (0 + O + O = 0, +0) is much
larger for large O/O2 ratios than for for smaller ratios.
Total reaction rates for reactions 16 and 17 (also three
body reactions) are roughly the same for all ratios of
0/02 B The same is true for the wall recombination
reaction rate. Also, near the beginning of the run (time
less than 107%) reaction 7 (0,('r) + 05 = 20,+ 0) and
especially reaction 11 (0,(}8) + 0, = 20, + 0) run
backward populating 02(1A )i 02(12 ) and 0y . In
Particular, 02(lA ) is produced to about the same degree

regardless of input ratio, so it is at a much higher
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-6 -4 -2 0 2

LOG TIME (secs)

Time history of species concentrations.
Initial conditions were 100% dissociation at
an initial pressure of 10 torr where 10% of
thi initial O atom concentration was in the
O(~D) state.
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Figure 2.2 The effect of 0/0, ratio on the halflife of
atomic oxygen.
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concentration compared with oxygen atoms, at lower o/o2

ratios than at higher ratios, (as high as 10% of initial O
atom concentration for 0/02 = 0.1). The presence of
Oz(lA ) was found to slightly increase the halflife of
atoms. As time progresses (time greater than 0.01 seconds)
reaction 11 runs in the forward direction to a significant
degree and helps to populate the O atoms state. Thus at
low 0/02 ratios the larger relative fraction of 02(1A )

would have a greater effect on O atom lifetime.
2.2.2 Effect of Excited Atomic Oxygen

The effect of O(ID) on the production and retention of
O atoms was found to be negligible after the first few
microseconds. The collisional halflife of O(lD) is found
to be microseconds where typically, depending upon the
pressure, the 0(3P) ground state halflife 1is in the
millisecond range. Two pressure cases (1 and 10 torr) were
examined where the initial condition was 100% dissociation
(i.e. all other species started out at zero concentration,
so as not to mask the effect of o(lo)). The initial amount
of O(ID) (varied from 10%-50% of the initial oxygen atom
concentration) was found to perturb the time history in the
first few microseconds only. After these few microseconds,

the time history was insensitive to initial O(lD)
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concentration. The 0(1D) depletion mechanism is dominated
by reactions 4 and 6 (two body collisional deactivation)
and reactions 15 and 16 (three body recombination). These
reactions all have large forward rate coefficients. These
collisional reactions are all much faster than radiative
decay. For the remaining studies the O(lD) concentration

was initialized to zero.
2.2.3 Effect of Excited Molecular Oxygen

The effect of excited states of molecular oxygen was
examined by varying their concentrations separately. A
study at a pressure of 10 torr was examined where 60% of
the gas has been dissociated into atoms. The 02(12 )
concentration was varied from 0-20% (of the remaining 40%
molecular gas), leaving the initial 02(1A ), 03 and O(ID)
set equal to zero. (The remainder of the gas was O2
ground state.) It was discovered that the halflife of the
oxygen atoms did not vary at all with increased 02(12 )
input. Like 0(10), 02(lz ) is quenched in microseconds.

The ratio of oz(lA ) to total 02 was varied from
0-100% at 1, 5 and 10 torr and 60% dissociation, (see

1

Figure 2.3). The O A ) was found to have a weak effect

2 (
on oxygen atom lifetime. Generally 02(1A ) is longer lived

than oxygen atoms. The Oz(lA ) helps to create oxygen
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127
125 P =1ltorr
123
121
ne
17 + T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
19
P=5torr LS
17
15+ T T T T u
0.0 0.2 0.4 0.6 0.8 1.0
7
P=10torr
5
3+ T i T T N
0.0 0.2 0.4 0.6 [eX:] 1.0

0p(A) / 05 ('A) + Op

The oxygen atom halflife as a function of the

input ratio of 02( A) to total molecular
oxygen.
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atoms by reaction 11 (Oz(lA ) + O3 = 202 + 0). Ozone is
produced as long as there is three body recombination by O
+ O2 + M (reaction 17). However 02(1A ) 1is gradually
quenched by collisions with oxygen atoms and molecules
(reaction 12-14) and with the wall, so it does not have a
large effect on O atom lifetime. '

The overall effect of excited states was studied by
comparing this model to one that contained only réactions
1, 15, 16, 17, 18 and 19 (i.e. all reactions involving
excited states in either products or reactants were
removed.) When 100% dissociation 1is assumed (and zero
initial excited state population) as much as a few percent
of the initial oxygen atom concentration 1is turned into
Oz(lA ). (Negligible amounts of O(lD) and 02(1 ¥) are also
formed.) Generally, reactions 2 and 14 (recycling of O and
Oz(lA )) are not important compared with three body
recombination at the beginning of the run. 1In conclusion,
the excited states (specifically 02(1A )) do not affect the
halflife of the oxygen atoms (when they are present in such
small amounts) but they do affect the O atom concentration
time history for times greater than the halflife, (see
Figure 2.4). This is when reactions 2 and 14 become as
important as three body and wall recombination. Since O
atoms are abundant at the beginning of the run, small

1

amounts of 02( A ) are produced by reaction 2. Also,
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-41

-|o-

..|2 -

-14-

-6 -4 -2 0 2
LOG TIME (secs)

A comparison of two time histories at a
pressure of 1 torr and 100% dissociation. 1)
This model included both excited and ground
state kinetics. 2) This model includes only
ground state kinetics.
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02(l A) 1is more slowly gquenched than O atoms recombine,
therefore, reaction 11 will repopulate the O atom
concentration near the end of the computer run (a few

seconds) when the O atoms are otherwise consumed.
2 .24 ‘Effect of Ozone

The effect of ozone on oxygen atom lifetime was
s & wdied by add.ing ozone to a system consisting of only O
& Tt oms and varying the ratio of 03/0 (from 0-1) while
KK & e=ping the pressure constant at 10 torr. As can be seen
b~ Figure 2.5, the atomic lifetime is reducedé by addition
(= = ozone. This effect is dominated mainly by reactions 1
arnda 2 (0 + 03 = products). It is interesting to note that
X &= action 2 produces 02(1 A) (as much as 10% of the original
9= s ). Even though 02(l A) can enhance oxygen atom lifetime
T h is effect cannot overcome reactions 1 and 2. Reaction 2
has suha large equilibrium constant and hence such a

Smm a1l backrate that it never runs in reverse.
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0.0"

-0.81

-1.6 A1

pP=ltorr

-2.4-

P=5torr

LOG HALFLIFE (secs)

-3.21

P=10 torr

-4.04

0.0 0.2 0.4 0.6 0.8 1.0

03/0

= i gure 2.5 The effect of 03/0 on oxygen atom halflife.
(A1l other initial”concentrations were zero.)
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2.2.5 Effect of Pressure

As expected, higher pressures cause oxygen atoms to
recombine into molecules more rapidly. However the effect
tends to level off near pressures of 1 torr and below (see
Figure 2.6). The pressure study was used to examine the
effects of radiative de-excitation and wall effects
relative to collisional recombination and de-excitation.
Since O(lD) is quenched fairly rapidly and since 02(12 ) is
not procduced to any great degree, there was very little
radiative de-excitation in spite of their short radiative
halflives. It was found that the radiative de-excitation

of O (lA ) (to ground) was at least three orders of

2
magnitude smailer than 2 body quenching (reaction 14) or
wall quenching (reaction 22) for all pressures.

Wall recombination was found to be very important for
low pressures (below 1.0 torr), about equal to three body
recombination for intermediate pressures (10 torr), and not
very important for high pressures (above 1100 torr).
Quenching of 02(lA ) was about as important as 2 body

quenching for low pressures and decreased in ir >ortance at

higher pressures.
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-1.0 -0.5 0.0 0.5 1.0 1.5
LOG PRESSURE (torr)

Effect of pressure on oxygen atom halflife.
1) The input ratio of 0:0, was 1:10 with all
other input concentrationslequal to zero. 2)
The input ratio of 0:02:02( A) was 30:24:16.
3) 100% dissociation.
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2.3 Summary and Conclusions

A kinetic model of an oxygen gas downstream of an
electrical discharge and relevant rate-coefficient
information found in the literature were presented. Rate
coefficients recommenced for this model are listed in Table
2.1. A computer simulation was used to examine the
relative importance of various kinetic mechanisms involved
in oxygen atom recombination. Calculations indicate that
three body and wall recombination are important to O atom
lifetime, but recombination is sensitive to other
parameters as well. Low pressures, small O/O2 ratios and
Oz(lA ) were found to prolong the 1lifetime of O atoms.
Ozone and high pressures were found to decrease O atom
lifetime. Other higher excited states (02(12 ) and O(lD))
were found to have a negligible effect on O atom

recombination.






CHAPTER III

OXYGEN KINETICS

3.1 Introduction to Literature Search

It was determined in Chapter II that two and three
body reactions, as well as wall recombination, are
important in determining the overall rate of oxygen atom

recombination. Also it was determined that the only

lA ). The first

electronic state of atomic oxygen, O(lD), and 02(12 ), the

important electronic excited species is O, (

second electronic state of molecular oxygen, were found to
deactivate very quickly without significantly affecting the
predictions of the kinetic simulation. Thus, the species
included in the model of Chapter 5 are O, 02, O3 and -
0,(*a ).

In simple models of electrical discharges of oxygen
(e.g Bell and Kwong9 and Mearns and Morrislo) the kinetic
rates are assumed to be constant and are evaluated at a
temperature of 300 K. In general, these discharges are at
much higher temperatures than 300 K anéd the temperature
increases as the gas absorbs electromagnetic energy through
inelastic and elastic collisions with electrons. Thus, it

is important to know the temperature dependence of the

34
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dominating mechanisms. The following review gives a
summary of investigations that have determined kinetic rate
constants either experimentally or theoretically for the
important reactions involving oxygen under conditions of a

typical experiment.

3.2 Two Body Reaction of Ozone and Oxygen

Many experimental studies have examined the
temperature dependent rate constant of O3 + O2 = 202
using flash photolysis or thermal decomposition of ozone.
All experiments were performed near room temperature

19

(200-400 X); however, in reviews by both Hampson and

Baulchzz, they recommena rate constants for use over a
range of 200 K to 1000 XK. As can be seen from Table 3.1,
all of the rates are very close to being within
experimental error of one another. The rate of Arnold and
Comes61 has been chosen as the recommended rate.

The product states of oxygen have not been well
established. From an experimental study of thermal

62 note that

decomposition of ozone, Benson and Axworthy
reaction 1 (of Table 3.1) is exothermic by 93.2 kcal and
the activation energy is 6.0 kcal. Therefore, there are
89.2 kcal of excess energy available to the products. 1If

spin selection rules are obeyed in the collision of 0(1P)
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and a singlet ozone, then one of the product oxygen
molecules must be in a triplet state. This implies that
there 1is at most one electronically excited molecule
(either ©0,(la ) at 22.5 kecal or 0,(*I ) at 37.5 kcal).
Consequently , Benson concluded that it is possible for one
of the products to be in an electronically excited state
with energy 1left over for vibrat;onal and rotational
excitation.

Jones and Davidson69

have thermally decomposéd ozone
and observed vibrationally excited 02 molecules from
absorption spectra. They asssume Ehe mechanism to be 0 +
O3 = oz(excited) + O2 . (These were vibrationally excited
ground state (electronic) molecules with vibration quantum
number of wv=10-16 with an average maximum intensity at
v=13.) Jones and Davidson did not observe the vibrational
spectra when all of the ozone was depleted (indicating that
three body recombination is not responsible for producing
the vibrationally excited states). Jones and Davidson did
not discuss the possibility of electronically excited O2
as a potential product.

Bader and Ogryzlo70

looked at the production of
02(1A ) and 02(12 ) by examining the emission spectrum of a
2.45 GHz discharge. The absence of particular vibrational
bands indicates that they have very little vibrationally

excited oxygen. They also concluded that emission due to
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02(12 ) is due to dimolecular complexes of 02(1A ) rather

than production by 0 + 03 , although they don't completely

rule out electrically excited products of O + 03. Their

concentration of 02(1A ) emission was low and they did not
. _ 1 3

consider O + O3 = 0, ( A) + 02( )

24 measured the rate of

Clark, Jones and Wayne
reaction 1 under conditions where Oz(lA ) regeneration is
unimportant and found that this matches other experiments
that did have the possibility of Oz(lA ) regeneration.
This, along with the results of guantum yield measurements,

prompted Clark et al. to conclude that both oxygen

molecules produced are in the electronic ground state.

3.3 Singlet Delta and Ozone

Findley and Snelling45

Becker43, in a microwave discharge, obtained the same

, in flash photolysis of 03, and

temperature dependent rate constant (within experimental
error) for 02(1A ) + O3= 202 + O over a temperature range
of 280-360 K. Clark, Jones and Wayne24, have also measured
this rate constant using a radio frequency discharge. They
report'a positive activation energy, even though they
report that their rate increased with temperature. (Their
reaction rate fits their data only if a negative activation

energy is assumed.) If a sign error is assumed, their rate
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constant still does not compare well with the other two
reported rates. The rate of Findley or Becker is

recommended.

3.4 Collisional Deactivation of Singlet Delta

Findley and Snelling45

have examined the collisional
deactivation = of 02(1A ) using uv photolysis of
benzene-oxygen  mixtures. They obtain a temperature
dependent rate for collisional deactivation by 0, (as well
as other collisional partners). The effect of O or 04 as
collisional partners is not considered, since they assume
that neither oxygen atoms nor ozone are produced in their
system. Clark and Wayneso, in a radio frequency discharge,
determined an upper 1limit for the rate constant for
collisional deactivation by O atoms at 297 K. They found
that N atoms are more efficient than O atoms and that the N
atom deactivation rate is not strongly temperature
dependent. Since there is a lack of information on the
temperature dependence of the O atom deactivation rate

constant, the TO’78

dependence found by Findley and
Smelling for O2 is recommended. Since reaction 3 has a
much larger rate constant than reactions 4 or 5 it |is
assumed that deactivation of 02(1A) by O is small in

comparison with reaction 3.
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67

Heidner and Gardner included the possibility of

deactivation of 02(1A ) by collision with the wall in ;heir

lA ) and iodine. Their value

studies of the kinetics of 02(
for a probability of deactivation is 2x10'5 as noted in

Table 3.1.

3.5 Oxygen Atom Recombination

Recombination rates of oxygen atoms have generally
been deduced from dissociation rates in shock tube studies
at very high temperatures. The rate of recombination 1is

found through relation (2.2) i.e. Keq is equal to kf

divided by kb, and the products and reactants are assumed

to be in vibrational and rotational equilibrium. To check

18

the wvalidity of this assumption, Johnston made " a

comparison of calculated recombination rates to measured
recombination rates and concluded that Keq=kf/kb is
satisfied.

In the recombination of oxygen atoms, there exists the
possibility of producing electronically excited states of

1 concluded that neither O atoms

molecular oxygen. Clyne
nor H atoms recombine into electronically excited states
with "allowed" transitions to the ground state of O2 and
112. In a review of singlet molecular oxygen, R. Wayne72

commented that recombination does not significantly
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1 1

contribute to 02( A ) (recall however that 02( A ) is
difficult to detect).

In a shock tube study of Xe-O2 mixfures by Rink and
co-workersS4, rate determinations were made by comparing
calculated density profiles with those obtained
experimentally. Even though the rates were measured over a
range of 3000 K-6000 K, they were unable to determine an
exact temperature dependence of the recombination rate.
They determined the 1limits on the exponent of the
temperature dependence to be between -1/2 and -2, so they

arbitrarily chose 1.0, (See Table 3.1)

>3 used a uv light absorption

Camac and Vaughan
technique to measure the O2 dissociation rate in an 02-'Ar
mixture by fitting data to the theoretical form of

n-1/2 (-D/RT)
C(D/RT) e (3.1)
where C, D and n are the parameters to be fit. For a
temperature range of 3300 to 7500 K, with 02 as the third

012 + 20%) cc/mole-sec? , D

body, they found that C=6.0x1
= 5.116 eV and n=1.5 + 0.2. For 02-0 collisions, the best
fit to the dissociation rate formula gives n=2.5 and

c=1.8x10%%

(with as much as 50% uncertainty). This was
found by neglecting 02- 0, collisions. These values for
C, D and n put an upper limit on the oz-o collision rate of

about 2k(Ar-02).) In addition, they found significant
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coupling among the vibrational relaxation and dissociation
processes above 8000 K where the relaxation rates for these
reactions are comparable. This coupling could cause at
least a factor of 2 decrease from the expected dissociation
rate at the higher - temperatures where vibrational
equilibrium is not achieved.

73

Matthews in another shock tube study (3000-5000 K),

fits his data to the form
10 1/2 3 (-59380/T)
k = 5.2x10 T (59380/T) e (3.2)
b
Matthews calculates the recombination rate to be
1.03x10%2p"1/2
Wrays6 has also determined the rate of dissociation

14, (- 59380/T) with

in a shock tube stqdy to be kb=2.9x10
20% uncertainty for M = Ar. He was able to determine the
relative rates for Ar, O2 and O as the third body: k(Ar) =
1/9 k(Oz) = 1/25 k(0) for T<7700 K. Wray also found that
the time constant for dissociation was 60 times the time
constant for vibrational relaxation at 5000 K but was only
1.4 times greater at 18000 K.

The recommended rate constants given in a review by

Johnston18

for the temperature range of 1000-8000 K are
listed in Table 3.1. Below 1000 K, the experimental data

lies below the extrapolated curve of data taken at higher
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temperatures. (This may be due to the fact that data taken
at room temperature is heavily corrected for the "ozone
mechanism" of 0 + 0= 202). Johnson does not recommend
a rate for M=0, but he does recommend k(oz) = 10.8 k(Ar).
Several recombination rates are plotted as a function
of temperature in Figure 3.1. Although some of the rates
were calculated and not measured directly and the
temperature dependence is not well known, they are within
an order of magnitude of one another for the temperature

56 and Mattbews73

range of 1000-2000 K. The rates of Wray
are particularly close in this region. A discussion of the

most probable rate is made in Chapter VI.

3.6 Ozone Formation

The formation of ozone from recombination of an oxygen
atom and an oxygen molecule has been investigated by the
thermal decomposition of ozone in a variety of experiments.

63 have measured the rate of decomposition

Zaslowsky et al.
of ozone over a temperature range of 115-130 K assuming M =
O3 for 1large concentrations of ozone. (See Table 3.1.)
They determined an equilibrium constant and obtain a
forward rate coefficient.

Benson and Axworthy62 in a similar experiment

measured the decomposition of ozone using M = 04 and found
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Figure 3.1 Recombination rate constant as a function of
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relative efficiencies for M = Oy toM=0, and M = N, of
1.0:0.44:0.41. They also determined an equilibrium
constant and a forward rate constant that 1is in good

63 In a more recent paperzs,

agreement with Zaslowsky.
they corrected their value of kf(oz) to be
2.96x10l3e(447/T) to allow for new thermodynamic values.

53 measured

In a shock tube study, Jones and Davidson
the decomposition of ozone in Ar and N, at higher
temperatures than the previous experiments (680-860 K).
Based wupon results of their experiment, they concur that
Benson's relative efficiency 02:N2 of 1:0.41 is correct.

The formation of ozone was also studied by Clyne et

a1.74

by decomposition of O2 in Ar by means of a radio
frequency discharge between 180 and 373 K. They have
incorporated the data of Jones and Davidson and calculated
a forward rate of 3.3x102e(1157/T) valid from 180 X to 1000
K.

In the flash photolysis of ozone, Arnold and Comes61
obtained dissociation rates for collisions with Ar, 0, and
N,. (See Table 3.1.)

In literature reviews of the dissociation rate, Baulch

et al.22 and Johnstonlarecommend rates for a range of
200-1000 K.
All reported rate coefficients have similar

temperature behavior, and the rate becomes constant at
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temperatures greater than 1000 K (Figure 3.2). Johnston
indicates that there is as much as 50% uncertainty in the

measured rate constants.

3.7 Wall Recombination

The recombination of oxygen atoms on the walls of a

glass tube has been examined in several studie564-66'75.

Linnett and Marsden66

produced oxygen atoms in AC and DC
discharges. They found that the recombination coefficient
Y varied very slightly with wall temperature. From 293 K
to 673 K Y varied from 1x10™% to 4x107% with Yy =
1.2x10”4 ( + 50%) at room temperature. They concluded
that wall recombination is a first order process and that a
small addition of water vapor did not affect the wall
recombination coefficient.

65

In a later study, Greaves and Linnett produced O

atoms in a microwave discharge and found that Y varied
strongly with temperature; Y ranged from 1.6x10-4 to

1.4x10°2

for a temperature range of 293 to 873 K with the
largest increase occurring for temperatures greater than
500 K. They tried unsuccessfully to fit the temperature

data to an Arrhenius form of Y = Yoe(-E/kT).

They conclude
that wall recombination is a first order process and

speculate that the silica wall either absorbs an atom or
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else releases an atom from a previously absorbed water
molecule.

Williams and Mulcahy64 measured Y by producing O
atoms in a microwave discharge and determining the O atom
concentration through titration with NO,. They found Y =

5 for quartz at room temperature. This is 2-3

4-8x10"
times smaller than previous measurements. They determined
Y by measuring an overall rate of recbmbination and then
subtracting the rate of three body recombination of O with

65,66 measured surface

O,y . (The other two studies
recombination at the wall only and not overall
recombination. This difference 1in measurement technique
could explain the difference in Y's.)

In a recent paper, Black and Slanger75 concluded that
between 18-36% of the atoms recombined produced O2 in the
first electronically excited state. They also find that

the fraction of atoms recombined 1is consistent with a

sur f ace recombination coefficient Y of 10"4 for pyrex.






CHAPTER 1V

MODEL FORMULATION

4.1 Model Assumptions

The goal of this chapter is to formulate a model that
will predict the degree of dissociation and recombination
of O, as a function of position in a flowtube after the
gas has exited a discharge. This model is formulated to
compare with results of a microwave discharge

experiment,76

therefore certain assumptions pertinent to
that experiment are made. Experimental measurements were
made downstream of the microwave cavity, so this model
examines the gas after it has exited the discharge. In
this region it is assumed that there are no electromagnetic
forces and that neutral chemical kinetics dominate. Ion
kinetics which could dominate in the reactor cavity are
neglected. It is also assumed that the axial dependence of
the properties measured are much more important than the
radial dependence, so a one dimensional model is used. The
gas 1is assumed to be contained in a constant area quartz
tube under conditions where all wall effects such as
friction and shear stress are negligible. Atom

recombination on the wall however is significant and is

included. The density, temperature, and velocity are

52
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allowed to vary as a function of distance from the
discharge. Conservation of mass, momentum, and energy and
chemical kinetic mechanisms are used to establish
differential equations necessary to solve for species

concentrations, temperature, and velocity.

4.2 Conservation Equations

The conservation equations of a flowing, chemically

3, 77-79  1f it is asssumed

reacting system are well known.
that all chemical species have the same average velocity v
(because diffusion 1is small), and the same translational

temperature T, the conservation of mass, momentum, and

energy can be written as follows:

a(pv )
3p i
e b mme—ee = 0 (4.1)
ot oX
i
a(pv ) pa(v v ) 9T
i i3 op ij (4.2)
------ 4+ cememee =T = =2ee 4 e——ee + F
3t ox 9x ox i
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2
2 3(ov (H+1l/2v )) alt v )
3(pe + 1/2pv ) 5} ik k
+ = + F v (4.3)
ot 9x 3x j
g 3

where p is the density, x is the distance from the exit of
the discharge, P is the pressure, T is the shear stress, F
is an external force, e is the internal energy, and H is
the enthalpy. With the assumptions mentioned above and the
steady state nature of the flow tube, the equations reduce

to the following.

d(ev)
————— = 0 Conservation of Mass (4.4)
dx
2
d(ov ) dp
______ = - - Conservation of Momentum(4.5)
dx dx

.............. = 0 Conservation of Energy (4.6)

Each equation can be manipulated into a form that can be

used in the computer model.
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4.2.1 Conservation of Mass

For conservation of mass, we have

----- = i ——————— (4-7)

n, is the concentration of each species in the gas, and M
is the molecular weight of each species. The continuity
equation for each species including the chemical generation

term gives

vdn G - n dv
-——-i = i i-- (4.8)
dx dax

For example, for the reaction O + O + M = o2 + M, GO =
2

kf[ozllM] - kb[ozl[M] where kf is the forward rate constant
and'k

is the backward rate constant, and G = -2 G..
b 02 0

4.2.2 Conservation of Momentum

For conservation of momentum, we have
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2
d(ev ) dv d(pv) (4.9)
------ = (pv)== +  V===--
dx dx dx
d(pv)
where - —==-- = 0 from the continuity equation,
dx
dv ap
PVmm = = == (4.10)
dx dx

Now since P = 2: n R'T where R' is the universal gas
i i
constant we have,

dv d(n R'T)
PV=— = = i (4.11)
dx i ——e———-
dx
dv dn daT
ov--=—R'TZ i -Z~nR'--
dx i =--- i i dx (4.12)
dx

4.1.3 Conservation of Energy

For conservation of energy, we have

3
d(pvH + 1/2 v )
............. =0 (4.6)
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but from the definition of H, H = Zniﬂi
i

3
a( Z.n Hv + 1/2p0v )
1 i i

ii =0 (4.13)
dax
d(}: n H v) 2
i ii + 1/2 d(pv)v (4.14)
dx dx
but d(ZnHv) H d(n v) n v dH
i 11 = i i + Z i i
---------- i_--‘------ 1 - (4-15)
ax dx dx
dH dH
from the definition of C = i, i can be written
pi T T
dar dx
dH dE
i = i dar = C aT
as —— —_—— -- pi -- (4.16)
dx aT dx dx
d(n v)
and since i =G from the continuity equation,
------ i
dx

d(ZnHv) ZHG ZDCVdT

i ii = i ii + i 1 pi -- (4.17)
------------ dx

The second term in equation (4.6) can be written as
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2 2 2
1 d(pv)v v d(Pv) pv dv
- - —— = - eeeee— + -
2 dx 2 dx dx
d(pv)
Since ----- = 0 from the continuity equation
dx
2
1 d(pv)v 2 dv
- e en oo = pv -
2 dx dx

Now the energy equation becomes

ch V?E‘+Z.HG +0v2 éz
i ii

i i pi dx dx

aT 1 dv
i i pi dx i iiv dx

4.3 Differential Equations

(4.18)

(4.19)

(4.20)

(4.21)

For this particular model, four chemical species were

included; 0, 02, and 03 and Oz(lA ).

The three

conservation equations become six ordinary differential

equations.
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d[o] dv
V ==== = G = [0] -- (4.22)
dx 0 dx
a(o ] dv
v 2 = G =-1[01] -- (4.23)
----- 0 2 dx
dx 2
d[o ] dv
v 3 = G - [0] -- (4.24)
----- 0 : 3 dx :
ax 3
1
d[o ( a)l 1 dv
v 2 = G 1 - [0 ( A)])] =-- (4.25)
---------- . O ( A) 2 dx
dx 2
1
dv d[o] da[o ] d[o ] d[o ( 4 )]
V == = <« R'T (===- + 2 + 3 + 2 )
dx dX  ===e= emmee | cmmmeee e
dx dx dx
1 ar
- ([0 + 0]+ [0] 4+ [0 (A)])IR'-- (4.206)
2 3 2 dx
aT 1
0 = =-- ([0]lC + [0 ]C + [0 ]C + [0 ( b)]cC 1
ax PO 2 poO 3 poO 2 pO ( A)
2 3 2
1 dv
+ - (BEG+H G +H G +H 1 G 1 ) + v—-= (4.27)
v 0O O O 0O O O (A) O ( B) dx
2 2 3 3 2 2

Note the <coupling of the four species and the
temperature and velocity derivatives. This system of

differential equations is solved using Hindemarsh's routine

80

LSODI given 1initial conditions (i.e conditions at the
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exit of the discharge). The 1initial conditions for
comparison with the experiment were determined as follows;
the initial velocity is determined from the measured flow
velocity and the degree of dissociation. The initial
temperature must be independently selected, since it was
not measured. Note that the concentration derivatives were
fifteen orders of magnitude or more smaller than the
temperature and velocity derivatives. Therefore, under
conditions typical of this experiment, it was necessary to
use double precision on the Cyber 750. The initial species
concentrations are determined from the titration

measurements of oxygen atom concentration.



CHAPTER V

EXPERIMENTAL APPARATUS

5.1 Reactor Flow System

The microwave plasma flow system is shown 1in Figure
5.1 and discussed 1in detail in Reference 76. The plasma
was contained in a 1.79 cm I.D. quartz tube coaxial with a
cylindrical microwave cavity. The gas control system
consisted of a high purity oxygen source (99.993%), a back
pressure regulator, a back pressure monitor, a flowmeter,
and a bellows metering valve. A constant back pressure of
1400 torr was maintained up to the metering valve.
Downstream of the metering valve, oxygen entered the
microwave cavity through a quartz containment tube which
was coupled to a 58 CFM vacuum pump through a 5.1 c¢cm 1I.D.
pyrex suction 1line. Plasma pressure was monitored by a
McLeod gauge located at the quartz to pyrex transition
section. Discharges with molecular flowrates of 0.4 to 4.0
ml/sec and pressures of 8-16 torr were investigated. The
flowmeter was calibrated for oxygen flow at atmospheric
pressure, hence the densities given for these flowrates are

the densities at atmospheric pressure.

61
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5.2 Plasma Cavity and Microwave System

A 2.44 GHz magnetron oscillator capable of delivering
1000 watts of continuous power was used as a microwave
power source. The power was delivered through a water
attenuator which allowed the power to be continuously
varied from 200 to 800 watts. The magnetron was protected
from reflected power by a circulator and a matched load.

The microwaves entered the reactor cavity through a
directional coupler so that incident and reflected power
could be monitored simultaneously. The power absorbed by
the plasma was taken to be the incident power minus the
reflected power. (Typically the refiected power was less
than 5% of the incident power.) It was assumed that there
was no drop in power between the power meters and the
coaxial probe.

Power was coupled to the <cylindrical water cooled
cavity by an adjustable coaxial probe. The cavity had an
I.D. of 17.8 cm and the length could be varied from 6-16
cm with a sliding short. A more detailed description has
been given previously7’81. The cavity operates on a number
of different modes depending upon cavity 1length, gas
pressure and probe position. The cavity length and probe
position were varied until maximum incident power and

minimum reflected power were obtained. The optimal
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conditions were found to be a cavity length of 9.3 cm and a

probe depth of 7.6 cm from the cavity wall.

5.3 Nitrogen Dioxide Titration System

The nitrogen dioxide flow system consisted of a NO2
suppiy cylinder, a 1liguid vapor separator maintained at
constant temperature and pressure, a mercury manometer, a
fine metering valve and a 6 mm outer diameter glass tube.
This glass tube was positioned down the center of the
discharge £flow tube and had 43 centimeters travel towards
or away from the plasma. The tip of the glass titration
tube was rounded off, sealed, and eight pinholes were
drilled 3 mm from the tube end (see Figure 5.2). These
holes formed a ring in a single cross sectional plane so
that the N02 met the oxvgen in a cross flow pattern. This
"ﬁaximized reagent mixing" and "provided titration analysis
at any cross sectional plane downstream of the oxygen

plasma discharge".76

It was possible to determine the
atom concentration at any point downstream of the
discharge, 1including the exit plane of the reactor cavity.

9 or Mearnslo) the number of

In other systems (e.g. Bell
oxygen atoms produced at the exit plane was determined by
extrapolating data taken at one or two fixed spots
downstream of the exit plane. Thus, this variable probe

method of introducing NO2 into the system was a big
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improvement over previous methods.

5.4 Titration Technique

The oxygen atom titration process is based upon the

following reactions:

0O + NO NO + O (5.1)

2 2

82

with a forward rate coefficient at 300 K of

3.3x1012 cc/mole-sec and

O+ NO = NO + hv (5.2)

83 at 300 K of

with a forward rate coefficient
1.5x107 cc/mole~sec. In reaction 5.1, free oxygen atoms
exiting the plasma are scavenged by NO2 (see Figure 5.2)
to produce nitric oxide and oxygen molecules. This
reaction is very fast compared to reaction 5.2. If the
initial free oxygen atom production exceeds the rate at
which NO2 is being introduced, then reaction 5.2 follows,
producing green 1light which fills the whole flow system
outside of the discharge. When the NO, is introduced at a
rate equal to or exceeding the free oxygen atom production
rate, the green glow downstream of the port is extinguished

and the upstream green glow is highly localized. "When

titrating in a darkened room, increasing the NO, flowrate
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causes the glow to progress upstream, approaching the point
of N02 introduction. This glow becomes sharper and more
distinct until it appears to be a truncated cylinder" (see
Figure 5.2).76 At this point, the NO2 flowrate exactly
equals the oxygen atom flowrate and reaction 5.2 does not
occuf. Thus, by knowing the NO2 flowrate, the oxygen atom
flowrate can be inferred. The movable titration probe
provides 0 atom determination at any <cross section
downstream of the discharge. (The accuracy of titration is
discussed in Appendix C.)

The NO2 was fed through a fine metering valve with
the NO, source maintained in a constant temperature bath
(300 K) in a liquid-vapor equilibrium. The back pressure
of No2 was therefore 800 torr. Only vapor entered the
titration line because the downstream pressure was never
more than 16 torr which 1is well below the vapor-liquid
point at 300 K and the liquid-vapor equilibrium vessel was
10 meters away from the titration experiment. No liquid
was ever observed at the titration tip or at any point in
the titration 1line. Due to the corrosive nature of N02,
the titration endpoint flowrate was determined by directing
the same gas flowrate into a known volume and monitoring
the change in pressure as a function of time. This
provided a molar flowrate which was one to one with the

oxygen atom production rate.
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The mass flowrate of NOZ' measured as a pressure

increase (P ) in a known volume (V ) can be related to
NO2 NO2

the oxygen atom flowrate through the following relation:

[

P \'
NO NO

---------- = flowrate NO = flowrate O (5.3)
kT 2

[}
where TNO2 is the temperature of NO, (300 K) and Poo. =

2
dp/dt. The oxygen atom concentration can also be
determined from PNoz by

[0 = o (5.4)
NO
2
where N = VNOZ/ kTN02VA if v (the linear velocity) is

known. (A is the cross sectional area of the flowtube.)
The percent of 0, molecules converted to O atoms at any
particular cross section can be calculated as one half the
flowrate of O atoms divided by the initial 02 flowrate.
(This ratio is denoted as percent conversion throughout the

text. Figures 5.3-5.5 show typical data.)
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CHAPTER VI

RESULTS OF MODEL

6.1 Comparison of Model to Experimental Results

The effects of pressure, flowrate and power on oxygen
atom production were investigated for the experimental
parameters 8 to 16 torr, 0.4-4.0 ml/sec and 200-600 watts

of absorbed power. Mearns and Morris10

have suggested
that it would be interesting to determine the oxygen atom
concentration at the exit of _the discharge. This was
tried, but the addition of titrant at distances less than 2
cm caused a change in the plasma emission spectrum. As the
atom concentration increases the NO, injection rate must
also increase which implies that the closer to the cavity
titration is performed, the larger the upstream penetration
of NOZ‘ Therefore, the oxygen atom flowrate could not be
determined in the exit plane without adversly affecting the
plasma. It could however be determined a short distance
away from the exit plane.

Titration data were measured from the exit of the
discharge and not from the end of the plasma. The plasma

tended to "blow out" of the cavity for pressures below 14

torr. (For example if the gas is composed of 100% O atoms,

72



73

PN02 has a maximum value of 6.0 torr/sec for a flowrate of
1.39 ml/sec. As can be seen by Figure 5.3, extrapolation
of the data curves back to 1 cm indicates that bNOZ is
greater than this maximum for pressures less than 14 torr.)
Consequently, the raw data required adjustment when
compared to a theoretical model. The distance of titration
from the plasma was determined by subtracting the distance
the plasma extended from the resonant cavity. Thus, it
appears that there was 100% dissociation for the pressures
where extrapolation reaches this maximum value. The
highest conversion actually measured was 70% at 12 torr and
a flowrate of 0.4 ml/sec and 500 watts power absorbed.

Since the gas temperature of the experiment 1is not
known, and the temperature as a function of distance in the
model is known, the model results are converted into a
bnoz (pressure increase of O atoms to a known fixed
volume), so that a direct comparison of the model results
can be made to the unaltered experimental data.

Figure 6.1 illustrates the fact that 3 body
recombination of O atoms (reactions 6 and 7 of Table 3.1)
and wall recombination of O atoms (reaction 10) are the
important mechanisms. This case is typical of all of the
experimental cases. As mentioned in the previous section,

the reaction rate constant as a function of temperature is

not always well known, especially for reactions 6, 7, and
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Figure 6.1 The model based net rates as a function of
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10. Since reactions 6, 7 and 10 are so important, the
effect of changing their rate constants to reflect
uncertainties in their value was studied.

Typically within 3 c¢cm downstream of the plasma,
sur face recombination rates dominate the kinetic
mechanisms. Since wall recombination is a first order
mechanism, the log-log plot of O atom concentration (in the
form of bNOZ) as a function of distance greater than 2 or 3
cm, yvields a straight line, the slope of which is dominated
by the recombination probability coefficient Y . As can be
seen by Figure 6.2, a recombinatiqp coefficient Yy of
5x10~% best fits the data at both 12 and 8 torr. This is
slightly higher than that found by Linnett and Greavesss,
but the temperature of tube wall of the experiment may have
been higher than 297 K. (See Appendix D).

A study was made of the effect of the khree body
recombination rate of reaction 6 and 7. The results
(Figures 6.3-6.5) show the predicted mass flowrate of NO2

56 73 ks4 and Camac53.

using the rates of Wray~ ., Matthews’'~, Rin
(A wall recombination coefficient of 5.0x10"4 was used.)
At 8 torr (T=1200), Matthews and Wray's rates give the
same predicted ﬁ's. This is due to the fact that the two
rates are very close at 1200 K. For 12 torr where the
temperature is assumed to be 1500 K, Wray's rate gives a

better fit to the data. Figure 6.3 shows the results for
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recombination coefficients. A recombination
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approximate the data of the two cases of 8 and
12 torr.
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the 8 torr and 1500 K case. It is obvious that this
temperature is too high since the temperature affects where
the curve falls, and not the shape of the curve. The rate
coefficient predicted by Wray provides a curve which more
closely matches that of the data.

The difference between the curve predicted using
Matthews rate and the experimental data gets larger for
increasing distance. Wray's rate is taken as the rate
which best approximates this experiment.

Since there is some question in the literature as to
the relative effectiveness of O and O2 as thiré body
partners in recombination, this effect was also studied by
assessing the sensitivity of the model to variations in
rate coefficients. The sensitivity of the model to the
ratio of kf (M=02) to kf (M=0) of 1) 1:3 (as suggested by
Wray) and 2) 3:1 as suggested in this paper is illustrated
in Figures 6.6-6.7 for different temperatures. A ratio of
3:1 was found to fit the data better than a ratio of 1:3.

Once the reaction kinetics and the most probable rate
constants were determined, the only input variable not
known was the gas temperature at the discharge exit.
Several cases, each at a different temperature, had to be
examined for each set of initial conditions (see Figures
6.6-6.7). Thus, the temperature was fit to the data in

this manner. Using a wall recombination probability of Y =
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leo-4 and Wray's rate for three body recombination with a
factor of 1:3 for kf(M=02)/kf(M=O) several cases were
investigated. (See Figures 6.8-6.17.) For the cases where
the flowrate was 1.39 ml/sec, the theoretical curve fits
the titration data well. For lower and higher flowrates at
pressures of 12 and 16 torr, the predicted results did not
match as well.

The effect of temperature was investigated by varying
the input temperature of the model (i.e. the temperature

at the exit of the discharge) and examining P0 at a fixed
position of 1.8 cm downstream of the plasma, essuming 100%
dissociation of the molecular gas at the exit of the
discharge. As 1illustrated by Figure 6.18 the number of O
atoms remaining at that fixed distance increases with
temperature. In other words, the lifetime of the O atoms
increases with temperature. Also plotted in Figure 6.18,
are titration measurements as a function of absorbed power.
Figure 6.18 shows that there is a one-to-one correspondence
between absorbed power within the resonant cavity and the
exit temperature of the gas, i.e. doubling the absorbed
power from 300 W to 600 W results in a doubling of exit
temperature from 1000 K to 2000 K. Thus, the exit
temperature of the gas 1is 1linearly proportional to the

amount of power absorbed by the plasma.

The oxygen atom concentration at a fixed location of
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1.8 cm from the end of the plasma was measured as a
function of flowrate. ;As illustrated by Figure 6.19 a
comparison of the model's predictions of 0 atom
concentration as a function of flowrate for constant exit
temperature do not match the experimental data. This
implies that gases with different initial flowrates but
with the same amount of absorbed power exit the reactor
cavity with different temperatures. The "resident time"
(amounts of time the incoming gas spends in the resonant
cavity) 1is correspondingly larger for slower flowrates and
shorter for faster flow rates. Naturally, it would be
expected that a gas that 1is completely dissociated and
moving with a slower flowrate would have a higher
temperature than a similar gas moving with a faster
flowrate for the condition where a constant amount of power
is absorbed. It 1is possible to estimate the exit
temperature of the experimental data at various flowrates
for fixed pressure and fixed absorbed power by noting the
points of intersection of the predicted curves with the
experimental curve. These points are predicted by the
model for a particular exit temperature and oxygen atom
flowrate at a specific distance downstream of the
discharge. Note that these points are uniquely determined
by the temperature for a specific initial gas flowrate.

When the exit temperatures are plotted as a function of the
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inverse of the flowrate , a straight line is obtained, (see
Figure 6.20). Hence, the temperature times the flowrate
gives the same constant value for a gas of constant
pressure and constant absorbed powver. Since the
composition of the gas at the exit seems to be nearly 100%
O atoms, this implies that the rate of energy absorbtion of
the plasma is a constant.

It is possible to estimate the amount of absorbed
energy of the plasma. Assume a typical case of 10 torr
with a volumetric flowrate of 1.4 ml/sec where the gas
heats up to an average temperature of 2000 K and then
dissociates to near 100% oxygen atoms. The amount of
energy necessary to heat the gas to 2000 K can be found
from the relation mC AT, where m 1is the mass flowrate

P
(grams/sec), C is the specific heat (approximately 9

p

cal/gram-K for O2 at 1800 K) and AT 1is the change in
temperature (2000 - 300) K. For this example, the heating
of O2 amounts to 3.6 Watts. If 500 Watts are absorbed by
the plasma, the heating accounts for 0.7% of the incoming
energy.

The amount of energy wused in dissociation can be
calculated by taking the mass flowrate in moles/sec and
multiplying by the amount of energy needed to dissociate

each mole. This is approximately 136 kcal/mole for oxygen,

therefore it takes 32 Watts to totally dissociate oxygen at
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2000 K. This accounts for 6% of the incoming energy.
Another source of energy absorption 1is ionization.

Using 12.2 eV for the ionization potential of 02, it takes

66 Watts to 100% ionize the gas. 1In actuality the ratio of

ions to neutrals is ZLO"4

for microwave plasmas (see
Appendix D), so only 6.6x10"°>  Watts are used in
ionization.

Fournier et al.85

lists many energy loss mechanisms
in oxygen plasmas, due to inelastic processes such as
dissociative attachment, electronic, vibrational and
rotational excitation and three body attachment. These
processes only take a very small fraction of the input
energy.

Thus a plasma which absorbs 500 Watts uses 3.5 Watts
to heat the gas, 32 wWatts to dissociate the gas and a few
Watts to ionize and excite the gas. Obviously, the
majority of the' energy 1is not used by the plasma. This
energy is lost through conduction, convection and radiation
heat transfer to the quartz containment tube and the
surrounding air. The gquartz tube had to be cooled with
forced air, otherwise the tube started to melt. (The
melting point of quartz is approximately 2000 X.)

In a recent study by Morin et al.84, the energy 1loss

due to heat transfer in a microwave discharge similar to

this experiment, but using hydrogen rather than oxygen, has
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been investigated. In this calorimetric experiment at
Michigan State University, the amount of energy transfered
to the cooling water and cooling air of the system was
measured. They found that 25-35% of the input power could
be accounted for in heat lost from the walls of the reactor
and containment tube and heat lost from the cooling air
regardless of the amount of incident power. They also
found that an increase 1in gas flowrate results 4in a
decrease in the amount of heat loss. However, in a second
experiment 84 performed at National Aeronautrics and Space
Administration-Lewis Lab, 66% of the input power was
transfered to the air coolant. It is unclear where the
remainder of the input energy of both experiments is lost.
If it were coupled to the plasma as thermal energy, it
would result in much higher temperatures than the 400-2000
K range measured by NASA-Lewis and the 1000-2000 K range
predicted here.

As will be shown in Section 6.3, the kinetic energy of
the post discharge gas is due solely to thermal heating of
the gas by the microwaves and not due to the chemical
energy released in recombination. If electrical to thermal
energy conversion 1is the goal of a microwave plasma,
something must be déne to account for the input energy so
that coupling a larger fraction of the input energy into

the plasma can be achieved. 1In addition, smaller amounts
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of input energy would be needed to heat the gas to present
temperatures if the heat transfer losses could be reduced.
In summary, the computer model simulates experimental
titration data quite well, particularly at the flowrate of
1.39 ml/sec. In addition, by judiciously selecting model
parameters, matching the model predictions with the
experimental results provides estimates of the plasma gas
temperature, a parameter proven difficult to measure. It
was found that the predicted gas temperature was linearly
dependent on the power and that the temperature is
inversely proportional to the flowrate. A wall
recombination probability of 5x10'4, and the three body
recombination rate given by Wray were found to fit the data
of this experiment best. It was also found that the
majority of the input energy 1is 1lost, but what 1little
energy is absorbed goes into heating and dissociating the

gas.

6.2 Comparison with Other Experiments

The computer model presented here is the only model to
date which can directly predict titration data as a
function of distance. As mentioned in the Introduction,

10

Be115’9 and Mearns have developed computer simulations

to model their experiments, but they do not make a
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distinction between the gas outside of the reactor cavity
where titration was performed and the gas inside the cavity
where the electrical energy is absorbed. Their models do
not predict their titration results, but only the trends of
their results as a function of pressure, power and amount
of conversion.

It is difficult to make a direct comparison between
the model presented in this study and the experimental
investigations of others because of the wide range of
experimental conditions and apparatus (see Table 6.1).
Typically, titration measurements were made at designed
locations and not as a continuous function of distance.
These titration measurements were reported as conversion
ratios and were not given in their original form. However,
several assumptions made in the model given in this study
were found to be in agreement with other experiments.

Another major difference between this experiment and
others 1is that the power density of this experiment was
much larger than the power density of other experiments
(see Table 6.1). The volume of the oxygen plasma of this
experiment was approximately 23 cc assuming that the plasma
uniformly filled the quartz tube. It would be expected
that a higher power density would lead to higher neutral
gas temperatures. Therefore, the neutral gas density of a

plasma at 10 torr and 300 K, for example, would be the same
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Table 6.1 Summary of Oxygen Discharge Experiments

1. P. Francis (1l1)
- 2.54 GHz microwave discharge
- 1 to 10 torr (pressure)
- 6.0 - 125.0 ml/sec (flowrate)
- 8 mm I.D. containment tube
- 15 Watts (power input)
- 2% maximum conversion (6 torr, 10 ml/sec)

2. J. Battey (87) .
- 13.56 MHz radio frequency discharge
- 1 to 3 torr (pressure)
- 1.67-15.0.ml1/sec (flowrate)
- 20.3 cm I.D. and 33 cm length
(reactor geometry)
- 0 to 200 watts (power input)
- 0.0093 W/cc (power density)
- 7.5% maximum conversion (0.5 torr, 200 W)

3. A. Bell and K. Kwong (9)
- 13.56 MHz radio frequency discharge
- 2 to 4 torr (pressure)
- 0.3-1.3 ml/sec (flowrate)
- 8 cm by 2.5 cm pillbox (reactor geometry)
- 0.59 W/cc (power density)
- 49% maximum conversion (2 torr, 74 W)

4. A. Mearns and A. Morris (10)
- 2.54 GHz microwave discharge
- 0 to 10 torr (pressure)
- two cylindrical cavities of volume
l) 2.1 cc and 2) 2.67 cc
- 2.97 Watts/cc (power density)
- 14 % maximum conversion (2 torr, 200 W)

5. This experiment

4 GHz microwave discharge

to 16 torr (pressure)

- 0.2 to 4.0 ml/sec (flowrate)

- 1.7 cm I.D. and 92 cm length
(containment tube)

- 200 to 700 Watts (power input)

- 10 to 33 W/cc (power density)

- 80% maximum conversion (12 torr, 500 W)

2.
8
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as a plasma at 1 torr and 300 K. Thus, it is difficult to
make comparisons between experiments of similar pressures
but different power densities and temperatures.

McCarthy86

found that a 2.54 GHz discharge produces
"free radicals" such as O atoms that are relatively long
lived after leaving the discharge. He found that when the
gas exited the discharge and entered a magnetic field or an
electric field, it was not deflected, implying that the gas
outside of the discharge was 1in fact neutral. So the
assumption that the electrons have spontaneously recombined
;ith the ionic species upon exiting the discharge, (leaving
only neutral radicals and molecules) 1is supported by
McCarthy.

Mearns and Morris10

modeled the kinetics of an oxygen
microwave discharge. They assumed that the important
mechanisms in their discharge were O + O2 + 0, = 04 +
O, and O + wall = 1/2 0, + wall. Since they measured low

O atom concentrations, they assume that O + O + M = O + M

2
is negligible. They wused an exponential extrapolation
(based upon the forward rates of the above two reactions)
of the NO2 titration data to predict the amount of
conversion at the exit of the discharge. There was no
attempt to match their data to predictions made from their

model, but instead they made generalizations based upon

their calculated "conversions". They also calculated
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"discharge residence times" based upon the flowrate of O2
and O in the discharge and a temperature of 300 K.

Mearns and Morris conclude that the amount of 0,
converted to O atoms will increase with 1) a longer
residence time, 2) a decrease in pressure or 3) an increase
in absorbed power. However, from our present work we
conclude that the conditions of this experiment yield
maximum. conversion. Hence, for a longer residence time, a
decrease in pressure and an increase in absorbed power will
increase the lifetime of O atoms downstream of the
discharge, but not necessarily the amount of conversion.
However, in the 1limit of low fractional conversion, the
conclusions of Mearns and Morris hold. Increased residence
time for the present experiment gave higher discharge
temperatures.

Bell and Kwong9

examined the dissociation of oxygen in
a 13.56 MHz radio frequency discharge. They use N02

titration to determine the concentration of O atoms. Like
Mearns and Motrislo, they also convert their data into
percent conversion, but they do so by assuming that the
flowrate of the atomic oxygen measured at the titration end
point was identical to that at the exit of the discharge.
(Their titration port was 5 cm downstream of the discharge
cavity.) Bell and Kwong9 measured the gas temperature

using catalytic probes and found that the gas temperatures
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increased with an increase in power, but not 1linearly as
found in this study. They also found that the gas
temperature increased as the flowrate was increased which
is in direct opposition to our conclusions in the previous
section. To explain this phenomenon, they assume that for
low flowrates, the amount of dissociation is increased and
since the thermal conductivity of atomic oxygen is greater
than that of molecular oxygen, the heat loss by conduction
would be enhanced by the presence of a large fraction of
atoms. Thus, a gas with a low flowrate would have more
cooling per unit mass than a gas at a high flowrate.

Bell and Kwong measured the gas temperature with a
glass probe and they assumed that very little recombination
occurs oﬁ the glass surface, which may or may not be a
valid assumption. If recombination does occur tq a large
extent on glass surfaces, then the temperature measured on
the probe surface would not only be due to the bulk gas
temperature, but also due to the energy released during
recombination, recombination being highly exothermic (120
kcal/mole). 1In addition, as the gas cools, the rate of
recombination increases since 1its rate 1is temperature
dependent. The net result is an increase in molecular gas
formation surrounding the glass probe, and an overall
decrease in thermal conductivity, (competing with the heat

removal process suggested by Bell and Kwong). Better
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temperature measurements need to be made to resolve this
difference.

Bell and Kwong model the amount of conversion by
examining the probable kinetics of the discharge itself.
They assume that the gas is dissociated due to <collisions
with electrons. This process then competes with three body
recombination of O atoms with other O atoms and O2
molecules. Knowing the absorbed power, diffusion length,
and electric field strength, they calculate the electron
density. The electron density 1s included 1in the
continuity equation for O atoms along with the rates of
several chemical reactions and the amount of conversion for
an assumed temperature of 297 K. The continuity equation
is then solved for the amount of conversion as a function
of power, pressure and flowrate. They do not make
allowances for changes 1in temperature. Their model does
not quantitatively predict their results, but it does
predict qualitative effects that match those same effects
found in their experiment. Like Mearns and Morrislo , they
found that an increase in power and a decrease in pressure
or flowrate will increase the amount of molecular to atomic
conversion.

Battey87 produced atomic oxygen in a 13.56 MHz

discharge, and deduced properties of the oxygen plasma by

measuring the stripping rate of photoresist from silicon
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wafers contained within the oxygen plasma. He measured the
effect of temperature by placing a silicon wafer on a large
aluminum block in the discharge cavity and then monitored
the temperature of the block. He also placed thermometers
on the wall of reactor. He found that the temperature of
the block and | walls did not change during plasma
operations, nor did it change as a function of atomic
flowrate. This agrees, 1in part, with the predictions of
the model in this study. As seen in Figure 6.21, the
temperature of the gas rises only slightly when the gas
exits the discharge but remains constant as the gas flows
down the tube.

Battey3’

also measured the flowrate of NO2 necessary
to titrate atomic oxygen as a function of the flowrate of
initial molecular oxygen in a range of 1.67 ml/sec to 15
ml/sec. He found that the O atom concentration was
independent of the O2 flowrate. i.e. the flowrate of
atomic oxygen changes by the same factor as the flowrate of
the total oxygen. This is supported by the results of this
study at 1low flowrates. 1In Figure 6.19 at a flowrate of
0.45 ml/sec, PNO = 0.52 torr/sec and at a flowrate of 0.9

2
ml/sec, PNO = 1.02 torr/sec. Battey indicates, that at

2
first glance, it would be expected that at higher
flowrates, the O atom concentration would drop off due to

reduced discharge residence times. He notes however, that



102

2000
-
PRESSURE | 8 torr
FLOWRATE | 1.39 ml/sec
300—/’— ———————————————————————— _lsoo
3 <
8 200 4 10002
€ uwJ
£
[0 g
= )
—
- <
5 &
S &
= =
W w
> -
100 500
INITIAL ——+300
52 4=——INITIAL TEMPERATURE
VELOCITY
0
O T T LS L L 1
0 2 4 6 8 10 12

DISTANCE (cm

Figure 6.21 Velocity (solid line) and temperature (dashed
line) predictions as a function of distance
from the exit of the discharge.
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lower flowrates (longer residence times) alllow for an
increase in surface recombination between the exit of the
discharge and the titration point. In this study 100%
dissociation was 1implied by the titration data for all
flowrates. Experimental data and modeling predictions
indicate that there was a smaller fraction of O atoms
remaining by the time the gas reached a specific titration
point for the slower flowrates. This effect manifests
itself due to the relative increase in sur face
recombination as well as three body recombination effects

taking place during the extended travel time.

11 87

Francis comes to the same conclusion as Battey.
He produced O atoms in a 2.54 GHz discharge and used e.p.r.
techniques to observe the decay of the oxygen atoms. He
states that when the 1inverse of the discharge residence
time is much smaller than the rate of recombination, then
the surface recombination rate constant determines thg
steady-state atom concentration and the atom concentration
will be independent of flow velocity. In Figure 6.19 the
surface recombination rate was much larger than the inverse
of the residence time for low flowrates, and was somewhat
larger than the inverse of the residence time for higher
flows. This is why the curve is linear at lower flowrates.

So in fact, it is the ratio of surface recombination to

residence time that determines if the amount of O atoms
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produced is dependent or independent of the flow velocity.

The assumption that radial and axial diffusion could
be neglected was made in several experiments. Based upon a
previous analysis, Bell and Kwong assume that the diffusion
rate 1is slow enough in the direction of flow that it
can be neglected.' Mearns and Morris also neglect radial
and axial diffusion, but they state that this is not
necessarily a valid assumption, but that the available data
on diffusion 1is not sufficiently accurate to include it.
Francis states that the diffusion coefficient is inversely
proportional to the density of the gas, so that the error
in neglecting radial diffusion will increase with
decreasing pressure and flow velocity. He calculates the
diffusion coefficient for conditions similar to that in
this experiment and finds that it is very small (to the
point where it can be neglected) for pressures of 6 torr
and above. Francis also calculates the viscous pressure
drop by assuming Poiseuille flow. He finds that this can
be neglected 1in the region of his experiment, which again
was in the same region as that of this experiment.

In general, there is the concensus between the above
experiments and the experiment modeled in this study, that
increased flowrate, and increased absorbed power and a
decrease 1in pressure will increase the observed O atom

concentration at a fixed point downstream of the discharge.
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There is some question as to the effect of the plasma
parameters on temperature and more accurate measurements of
temperature will have to be made before any conclusions can

be drawn.

6.3 Temperature and Velocity Predictions

In the previous sections it was shown that a
theoretical model could accurately predict oxygen atom
concentrations as a function of distance from a microwave
discharge, as well as match the pressure and flowrate
trends of other experiments. The model was not gquite as
capable of predicting temperature trends of other
experiments but it is very difficult to accurately measure
temperature.

Neither this experiment, nor the experiments discussed
in previous sections QUantitatively measured other species
known to be present in the discharge, nor did they measure
velocity either at the exit of the discharge or after total
recombination had occurred. This section discusses the
model predictions for some of these parameters which have
not been measured.

Velocity and temperature are important parameters in
assessing the feasability of using a microwave discharge as
a source for many potential applications such as momentum

transfer which could be used for a rocket thruster. Figure
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6.21 shows the typical temperature and velocity profiles.
The difference between the final equilibrium temperature
and the exit temperature 1is not large, but the overall
temperature increase of the gas from 300 K before it enters
the discharge to the final equilibrium (post discharge)
temperature is large. This overall temperature increase
appears to be due primarily to the absorption of energy in
the microwave discharge and not due to the energy released
in recombination downstream of the discharge.

The flow velocity on the other hand reaches a maximum
at the exit of the discharge where the temperature is large
and the average mass per particle 1is half that of the
undissociated gas. As the dissociated gas recombines, the
gas velocity decreases and reachés a value larger than that
of the initial velocity but smaller than the velocity of
the dissociated gas. It might have been anticipated that
the velocity should continue to increase as the gas
recombines because of the extra thermal energy released in
the three body recombination, but this extra energy
indicated by a slight temperature increase 1is not 1large
enough to overcome the deceleration of the gas due to the
decrease in the number of particles per unit volume and the
increased mass per particle. (This assumes of course that
the pressure remains constant throughout the flowtube. The

model results show that the pressure actually increases
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slightly (by 0.01 torr).)

The degree to which the temperature increases and the
velocity decreases as a function of pressure outside of the
discharge is illustrated in Figure 6.22. An increase 1in
pressure causes an increase in the final temperature and a
decrease in the final velocity. However, Figure 6.23 shows
that at a constant pressufe, an increase 1in exit
temperature causes an increase in final velocity. So, for
example, to maximize the final velocity requires a
trade-off between minimizing the pressure and maximizing

the exit temperature.

6.4 Singlet Delta Formation

The model predicts that O2 and O are the only species
of 1importance, by several orders of magnitude (see Figure
6.24). However, if Oz(lA ) is produced by recombination of
O atoms with the wall, as suggested by Black and Slanger75,
02(1A ) concentration could also be significant. The solid
lines of Figures 6.25 and 6.26 represent the concentration
of O2 and OZ(lA ) when all the O atoms that recombine at
the wall do so into the electronic ground state of O2 for
a temperature of 2000 K. The dashed 1lines show the
concentration of O2 and 02(1A ) when 30% of the O atoms
recombined at the wall populate the Oz(lA ) state. For a

temperature of 1000 K, a maximum of 4% (at 8 torr) and 2%
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(at 12 torr) of the total O2 population was in the 02(1A )
state. For a temperature of 2000 K, a maximum of 15% (at 8
torr) and 10% (at 12 torr) occurred very near the exit of
the discharge (less than 2 cm). Thus, the concentration of
Oz(lA ) could be 1large at low pressures and large
temperatures, if O atoms recombine into electronically

excited states at the wall.



CHAPTER VII

CONCLUSIONS

7.1 Conclusions

A one dimensional comprehensive model which predicts
species concentrations, temperature and velocity profiles
by solving the conservation of mass, momentum and energy
equations can accurately predict the results of
NO2 titration of oxygen atoms produced in a microwave
discharge as a function of distance. The assumptions used
in the model based upon experimental evidence in this and
other experiments includes negligible viscous pressure drop
and negligible radial and axial diffusion, such that the
gas remains in an homogeneous mixture throughout each cross
sectional area.

The important neutral chemical kinetic mechanisms for
oxygen which has interacted with a microwave discharge, as
well as the probable rate coefficients of these reactions
have been determined from computer modeling and
comprehensive 1literature reviews. The most important
mechanisms were found to be three body recombination and

wall recombination. The oxygen atom lifetime was found to

depend upon pressure and degree of dissociation as well as

114






115

lA ) and ozone. The presence of Oz(lA )

the presence of 02(
and O(lD) was found to have a negligible effect on the
oxygen atom lifetime.

By matching the predictions of the computer model for
oxygen atom concentrations as a function of distance to
chemical titration results, it was found that the exit
temperature was between 1000K and 2000K. It was also found
that an increase in flowrate, temperature and power and a
decrease in pressure would increase the amount of O atoms
observed at a fixed point downstream of the discharge. The
model ;lso predicts that the final equilibrium state of the
gas has a higher temperature and velocity than the initial
equilibrium state. There is a very slight post dischérge
temperature increase due to the stored chemical energy
released when the oxygeh atoms recombine into molecules,
but the majority of the temperature increase occurs in the
discharage due to neutral gas heating. The velocity is
largest at the exit plane of the discharge where the mass
per particle 1is small and the temperatufe is large. The
velocity decreases as the atoms recombine, resulting in a
velocity smalier than at the exit plane but larger than the
initial velocity.

A microwave plasma could be wused for space-craft
propulsion, but not for the reasons given in the intial

"Free Radical Propulsion" concept. Neutral gas heating is
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the main mechanism which increases the energy of the gas,
not energy stored 1in the chemical bonds as originally
proposed. "Electro-thermal Propulsion" has been suggested
as a more appropriate label. Ongoing studies at National
Aeronautics and Space Administration - Lewis Research
Center in Cleveland and Michigan State University are
examining the efficiency of this device and the amount of
thrust a microwave discharge is likely to produce.

The comprehensive model developed in this thesis can
be used in any application of an oxygen microwave
discharge. The model is general enough that the many input
parameters such as pressure, temperature and species
concentrations can be varied until a desired output is
obtained which maximizes the performance for a particular
application. For example, a maximization of the overall
momentum increase will determine the feasability of using
an oxygen microwave discharge for spacecraft propulsion or
maximization of the Oz(lA ) concentration will determine if
threshold can be achieved in an 02(lA ) - Iodine laser.
The overall layout of the model is general enough that the
chemical kinetics of the model can be modified so that the
results of any gas exiting a discharge can be examined.
For example, inclusion of nitrogen kinetics can be made to
examine the processes of atmospheric plasmas.

Computer modeling can examine specific parameters and
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processes which are difficult if not impéssible to measure
experimentally. Input conditions can be varied and a
variety of experiments can be simulated efficiently and
inexpensively, and then only a few specific experiments
need to be made to check the performance of the model. In
conclusion, theoretical modeling of plasmas can lead to a
better understanding of the often elusive internal

mechanisms of the plasma.

7.2 Recommendations for Future Work

The next step in the computer modeling of the chemical
kinetics of an oxygen plasma is to include ion-electron
reactions to the neutral kinetics model. (See Appendix E
for a 1list of possible reactions.) Thé important kinetic
mechanisms in the plasma itself can then be examined.
However, information regarding the electron temperature and
electron density becomes necessary. If argon and hydrogen
are added to the oxygen plasma in trace amounts, it may be
possible to measure the electron density and electron
temperature using spectroscopic techniques (see Appendix
D).

Another interesting modeling study is to examine other
simple molecules such as nitrogen and hydrogen in similar

neutral kinetic models and experiments. The similarities
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between oxygen plasmas and other diatomic plasmas can then
be assessed.

An ambitious project in the computer modeling of the
neutral chemical kinetics of an oxygen plasma is to include
two dimensional (r,z) variation in density and temperature,
as well as radial and axial diffusion terms. Heat
conduction and convection terms can then be included in the
conservation of energy and momentum. More accurate
assessments of the energy loss mechanisms can then be made.
The major drawback to this recommendation 1is that the
computer runs will become very expensive. The integrating
routines EPISODE and LSODI involve matrix inversions and
each added differential equation makes each step of the
integrator more complex. Therefore, some simplifications
may have to be made to a two dimensional model.

There are several experimental studies which can be
made to <check some of the predictions of the computer
model. The placement of a thermocouple downstream of the
discharge, past the point of total recombination, will
yield the thermal equilibrium temperature of the gas. The
magnitude of this temperature will indicate the degree of
heat transfer outside of the discharge. Addition of argon
to the oxygen plasma and measurement of the argon
electronic temperature may lead to information regarding

the neutral gas and electron temperatures, particularly if
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an independent measurement of the electron temperature can
be made, for example with electrical probes.

Another interesting experiment would be to use a well
filtered microwave source and examine the oxygen atom
concentration of plasmas generated in a specific
electromagnetic mode. The predicted electromagnetic modes
were not observed in this experiment due to the fact that
the microwave oven 1is not a filtered source. With a
filtered source, it may also be possible to sustain the
discharge at much higher pressures. Titration measurements
at pressures higher than 20 torr and lower than 1 torr can
be compared to predictions of the computer model. The

range of validity of the model can then be determined.
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APPENDIX B

EQUILIBRIUM CONSTANT DETERMINATION

In the computer modeling of any system containing
chemical kinetics, both the forward rate constant and the
backward rate constant must be known. For example, in the
reaction A1 + A2 = Bl + By, the rate constants must be
known to determine the time derivatives

dA
1
-- = [B ][B Jk - [A][A ]k (B1)
dt 1 2 b 1 2 f
Usually one of the rate constants can be found in the
literature, or measured experimentally. The other rate
constant can be determined from the equilibrium constant

through the following expression

1 2 (B2)

The equilibrium constant can be determined by using the

relation88
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1 1
1n K = -- E: v H + - V S (B3)
pPr RT i ri i R i ri i
\) .
. _ ri
where Kpr is related to Keq by Kpr' (RT) Keq' Hi and Si

are the temperature dependent heats of formation and

entropies, is the difference in the stoichiometric

V_ .
ri

coefficients (8ri - ), R is the universal gas constant

a_.
. rl

and T 1is the temperature. Once a list of Keq vs T is

generated, the functional form of Ke can be determined by

q
fitting an assumed functional form to the generated Ke 's.

g
-C/T

The Arhhenius form of ATBe is most often used. . The

constants A, B and C are the parameters to be fit. A

88

kinetics program NEST from the Aerospace Corporation

uses three temperatures to generate three Keq's to
determine A, B and C in a 3x3 matrix. However, small
errors in equation (B3) can lead to large errors in A, B
and C due to the exponential nature of the Arhhenius form,
so it 1is more accurate to fit many points rather than
three. Appendix A 1lists the equilibrium constants for
several reactions using a 40 point fit. The value of
1n(Keq) was calculated every 100 K starting at iOO K and
ending at 4000 K. The enthalpies and entropies are listed
every 100 K in the JANAF tables.68. |

The Ke can be determined for reactions involving

q

electronically excited species by first computing Keq for
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the reaction involving only ground state species and then
using (B2) and assuming a Maxwellian distribution to
determine the correction factor. For example, for the
. 1 _
reaction 02( A) + 03 = 202 +0
2
[0 ] (O]
: 2
K - oo e oo o e e oo e
eq 1 (B4)
fo (A )][O]
2 3
Multiplying and dividing by O2 gives
2
[0 ] [O] [0 ]
2 2
K =S eemmeme————— X =——————— (B5)
eq [0 ][0 ] 1
2 3 [0 (A)]
2
but noting that the first product is just Keq for 0, +

(o) =

3 202+ 0
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K = K (ground) =-=-ee—ee-- (B6)
eq eq 1l
[02( A )]

Assuming a Maxwellian distribution where

O (A) g (B7)
2 excited -E/KT

where E 1is the -energy of the excited state and g is the

degeneracy factor. Thus the equilibrium constant 1is now

_ E/KT . _ B_D/kT
Keq- Keq(gtound)e or 1in other words Keq' AT e

where D = E - C, where A, B and C are the values found for

the ground state equilibrium constant.
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ACCURACY OF NITROGEN DIOXIDE TECHNIQUE

The use of NO, titration for determination of oxygen
atom concentration 1is a widely used technique. However,
there is some question as to the accuracy of this method.
This titration technique requires that

O+ NO =NO + 0O (Cl)
2 2

is much faster than the reaction which produces the

characteristic "green glow"
O + NO = NO + hv (Cc2)

and much faster than any other mechanisms which could
deplete the O atom concentration at the point of titration.
Ideally, when the oxygen atom concentration exactly equals
the nitrogen dioxide concentration, reaction (Cl)
completely depletes the O atom concentration, very gquickly
removing any atoms which might react with the much slower
reaction (C2). Thus the "green glow" 1is extinguished at

this point. However, if other reaction mechanisms such as
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NO+ O+ 0 =NO +0 (C3)
2 2 2
O+0+M=0 + M (C4)
2
0=1/2 0 (wall) (C5)
2

deplete the O atom concentration at a comparable rate to
that of reaction (Cl) at the point of titration, the one to
one correspondence between the N02 flowrate needed to
extinguish the glow and the actual O atom flowrate cannot
be made.

The depletion of oxygen atoms at any particular point
downstream of the electrical discharge in the presence of
N02 can be found by simultaneoulsy solving the following

four differential equations:

d[o]
~——- = -k [O][NO ] - k [NO][O] - k [NO}[O][O ]
dt 1 2 2 3 2
-k [o][0o])[M] - k [O] (C6)
4 5
d[NO ]
2 = -k [O]J[NO ] + k [NO][O] + k [NO]J[O][O ] (C7)
______ 1 2 2 3 2
dt
d[NO]
----- = k [O][NO ] - k [NO][O] - k [NO][O][O ] (C8)
dt 1 2 2 3 2
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N
]

k [0)[O][M] + 1/2 k [O] (C9)
----- 4 5

In the above equations the ki's represent the forward
reaction rates and M of reaction (C4) 1is assumed to be
either O or O0,. It is also assumed that the back rates are
very small and can be neglected. Note that d[O]/dt =
d[Nozl/dt if ail terms in the right hand sides of equations
(C6) and (C7) are very small compared with kl[ol[NOZ].

The set of differential equations was solved using a

gas temperature of 300 K aﬁd the following rates, also

evaluated at 300 K:

Reaction k (mole, cc, sec) Reference
f
13
1 1.95x10 exp(-533/T) 82
7
2 1.5x10 (300 K) 83
15
3 1.44x10 exp(971/T) 82
17 -0.5
4a M=0 2.25x10 T Chapter 6
17 -0.5
4b M=0 6.25x10 T "
2 -0.5
5 1.0T "

Reaction (C2) was neglected and Y , the wall recombination

coefficient for reaction (C5) was 5x10“4. If titration is
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valid at 300 X, it will also be valid at higher
temperatures (as long as wall recombination is not large at
the titration point), because reaction (Cl) increases with
temperature and reaction (C3) and (C4) decrease with
temperature. (The wall effects were checked for T=1000 K
and it was found that the wall reaction was always two
orders of magnitude smaller than reaction (Cl) regardless
of where titration occurred.) |

As can be seen by figures Cl and C2, reaction (Cl1)
dominates the kinetic mechanisms at the titration endpoint
especially for lower pressures and small amounts of atoms
(indicated by a ratio of 02/ O). The time for depletion of
O atoms to 1% of its original value is in the millisecond
range. However, it takes longer for the O atoms to become
depleted by reactioﬁ (Cl) when attempting to titrate large
numbers of oxygen atoms. Thus, based on Kkinetic
considerations alone, the titration technique should be
most accurate near the exit of the discharge when the 0,/0
ratio is small and 1less accurate downstream of the
discharge where the 02/0 ratio is large.

The accuracy of NO2 titration with respect to

flowrate 1is difficult to ascertain. Clyne74

points out
that titration will overestimate the O atom concentration
when the NO2 flowrate is high because the time scale of the

reactions at the titration endpoint and the time scale of
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the system will become equal. Clyne also comments that
NO2 titration will not be accurate when the concentration
is low because, as seen 1in Figures Cl and C2, other
mechanisms become important.

89 on the other hand, conclude that

Mearns and Morris
fast flowrates of initial 02 give more accurate titration
measurements than slow flowrates. If the NO2 flowrate |is
known to within a fixed uncertainty, larger flowrates will
have a small fractional error. However, for the experiment
described in this paper, the flowrate of NO2 was not
measured with a flowmeter but by observing the increase in
pressure, with respect to time, of the Noz. The pressure
increase was monitored with a Heise gauge and a stop watch.
For very high titrant flowrates, such as those needed near
the exit of the discharge where the O atom concentration
was highest, the pressure increase was so rapid, it was
difficult to measure the instantaneous pressure. Thus, the
accuracy of measuring O atoms based upon flowrate
considerations appears to improve downstream where slower
flowrates of NO, are used, but not so far downstream that
the O atom concentration is too small.

In conclusion, the accuracy of NO2 titration is
dictated by 1) the O atom concentration, 2) the pressure
and, 3) both NO2 and initial 02 flowrates. 1If the oxygen

atom concentration 1is 1low, or the pressure high, kinetic
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mechanisms other than reaction (Cl) can be important and
there will no longer be a one-to-one correspondence between
the N02 concentration needed to extinguish the glow and the
oxygen atom concentration. This effect can also be present
for small 1initial molecular oxygen flowrates. If the
initial molecular flowrate is high however, the time scale
of the flowing system approaches the time scale of the
kinetics at the titration endpoint. Thus, it 1is best to
titrate at pressures 1lower than 16 torr for "medium"
initial 0, flowrates. Also, it is best not to titrate too
closely to the exit of the discharge where very fast NO2

flowrates are needed, nor too far from the discharge where
;he oxygen atom concentrations are small. The experiment
described here was performed with these considerations in

mind.
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APPENDIX D

SPECTROSCOPIC MEASUREMENTS

D.l1 Introduction

To correctly model the kinetic processes of a
microwave 1initiated plasma, several parameters such as
electron density, electron temperature, gas temperature and
species concentrations must be Kknown. There are many
diagnostic techniques commonly used to determine these
important parameters but in general they are difficult to
perform and the technique can perturb the plasma. Emission
spectroscopy 1is a valuable and effective diagnostic tool
because it does not distort the electric or magnetic fields
of the plasma and many useful plasma parameters can be
determined from the same experimental configuration.
Emission spectroscopy has been used for many years and
there are many excellent references describing both the
applications and 1limitations of the method, as well as
suggesting experimental configt.u:ations.l'90'96

In this appendix, three experiments are described
which use emission spectroscopy to identify species and to

determine three important plasma parameters; the average

134
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electron density, the electron temperature, and the average

wall temperature.

D.2 Species Identification

Emission spectra of oxygen and argon plasmas were
observed for the experiments described in the next three
sections. In oxygen, the only lines observed at pressures
of 2 torr and above were atomic neutral lines as well as

two hydrogen lines H (48618) and Ha (65638). The most

B
prominent lines are listed in Table Dl. At pressures below
2 torr, a molecular spectrum was observed. This molecular
spectrum was identified as the electronic
transition 42 - 4n of 02+. Many rotational branches of
several vibrational bands were observed. Due to the
complexity of electronic molecular spectra, only a few
rotational lines were identified. (See Section D.5)
Emission spectra of several argon plasmas were also
collected. As in the case of oxygen, the only lines
observed were neutral atomic transitions, (see Table Dl) as

well as Ha’ H_ and an oxygen atom triplet.

B
At no time were any atomic ions observed in either the

argon or oxygen plasmas. As will be explained in the next

section, the electron density was between 1013 and 1014

016

electrons/cc, compared to neutral densities of 1 to
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Table D.1 List of Observed Neutral Lines in O2 and Ar Plasmas

Oxygen Atom Lines: 4368 R 6046 R
5022 & 6157 %
5329 R 6455 R
5437 R 7157 &
5577 R 7254 R

Argon Atom Lines: 4164 8 7948 R
4200 R} 8006 R
6965 R 8015 R
7067 R 8104 R
7272 R 8115 %
7383 & 8264 %
7504 R 8408 %
7515 R 8425 R
7636 & 8521 R

7724 R
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0l8 -3 and

1 . Therefore, the ion density 1is between 10

10”4

times smaller than the neutral density, and it would
be expected that the ion emission would be very low for

this case.

D.3 Stark Broadening

D.3.1 Introduction

By definition, a plasma contains both free electrons
and 1ions even though the majority of a weakly ionized gas
is composed of neutral species. The 1ions and electrons
Create localized electric fields around the neutral
species. There is a coupling between the energy of these
localized electric fields and the energy of the atoms and
molecules, depending upon the orbital angular momentum of
the atom or molecule, which causes a splitting of each line
emitted by the radiating atom or molecule. This splitting
of each 1line by an electric field is called the Stark

97 98.) The spacing of

effect. (See Schiff or Merzbacher
each component of each emitted 1line depends upon the
magnitude of the applied electric field. In a plasma
however, the ions are at different distances from each atom
Oor molecule, so the applied electric field seen by each
atom and molecule will vary. An observed emitted line from

@ plasma will appear broader than normal due to the fact
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that the 1line is composed of many lines, each of which is
split by different amounts due to the Stark -effect.
Therefore Stark broadening is a statistical effect which
depends upon the number of ions and electrons.

The dependence of the width of a Stark broadened 1line
on electron density can be thought of in this simple way.
If ry is the radius of a sphere containing one ion and n;
is the number of ions per unit volume, E is the electric

field strength and Brg is the full width at half height of

the Stark broadened line, then

1 (ion)
n T ecev e oo as o e -
e 3 (D1)
(4/3nmr )
o
Therefore
1/3
3
I = =——————- (D2)
(4™n )
e

>
From cCoulombs law, where E is the electric field strength
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R _
E & ceee- (D3)
2
r
o
So
4Tn
> e 2/3
E [ed ( -———— ) (04)
3
From guantum mechanics (see Schiff97 or
>
MertzbachergB)Ax « E, therefore
2/3
AN « n (DS)

e

The theory of Stark broadening 1is very complicated.
In depth discussions of the theory of Stark broadening can
be found in References 90, 91, 93 and 94. A comprehensive
literature review of Stark broadening experiments 1in
several elements can be found in reference 99. Due to the
simple nature of hydrogen, Stark broadening theory is most
accurate for the hydrogen emissions lines. The second line
of the Balmer series, denoted HB , is particularly useful
as an indicator of electron density because it 1is very

sensitive to Stark broadening, which is helpful for low
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electron densities, and because it occurs 1in the wvisible
region of the spectrum at 48612.

91

Griem suggests that the electron density can be

written as

3/2
N = C(N ,T ) AX (D6)
e e e S

where AXS is the full width at half height (fwhh) of the
Stark broadened component of the emitted line and C is a
coefficient which 1is weakly dependent upon the electron
density (Ne) ancd the electron temperature (Te). The values
for C to be wused for the Hg line are tabulated by

91

Griem and summarized in Table D.2.

TABLE D.2 Values for C(Ne,Te) for Hg
Telectron C c
: _+nld _,al5
Kelvin Ne-lo Ne—lO
5000 3.84x10ij 3.68x10i2
10000 3.80x1014 3.58x1014
20000 3.72x1014 3.55x1014
40000 3.76x10 3.53x10
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D.3.2 Experimental Apparatus

D.3.2.1 Reactor Flow System

The microwave plasma flow system is shown in Figure Dl
and 1is very sim:.ar to the flow system in Chapter 5. The
plasma was contained in a 6 mm O.D. (4 mm 1I.D.) quartz
tube situated coaxially with a <cylindrical microwave
cavity. The gas control system consisted of high purity
argon and hydrogen sources, flowmeters, a back pressure
monitor and several needle and bellows valves. A constant
back pressure of 1400 torr was mainta;ned up to a metering
valve. Downstream from the metering valve, the gases
entered the containment tube via 6 mm copper and plastic
tubing and were exhausted to a 58 CFM vacuum pump via 6 mm
plastic tubing and 50 mm pyrex tubing. The plasma pressure
was controlled by a bellows valve 1located after the
containment tube and the pressure was monitored with a
Heise gauge. Discharges with volumetric flowrates of 0 and
5 ml/sec with pressures ranging from 50 to 1000 torr were

investigated.
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D.3.2.2 Microwave System

A 2.45 GHz filtered, variable power supply capable of
delivering 130 watts of continuous power was used as a
microwave power source. The magnetron was protected from
reflected power by an isolator. The microwaves entered a

surface wave launchert00/101

through a directional
coupler, so that incident and reflected power could be
monitored simultaneously. The power absorbed by the plasma
wag assumed to be incident power minus reflected power
times 70% to account for losses in the coaxial cable
connecting the output of the directional coupler to the

102 The isolator and the sﬁall coaxial

microwave cavity.
cable connecting the probe (a loop) to the large coaxial
cable were air cooled. The inside of the cavity was also
air cooled through a screen viewihg port.

The plasma was contained in a quartz tube coaxial with
the 2.54 cm O.D. cylindrical copper surface wave launcher.
The cavity and quartz tube were situated vertically so that
the 1length of the plasma was centered along the length of
the entrance slit to the spectrometer. The position of the
probe, the 1length of the cavity and the position of the
center conductor were varied until minimum reflected power

occurred and until the plasma looked similar to those used

in references 100 and 102.
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D.3.2.3 Optical System

The light emitted from the plasma was gathered with
two 3.7 cm diameter lenses with focal lengths of 25 cm.
The first lens was placed 25 cm from fhe discharge and the
" second lens was placed 25 cm from the entrance slit to the
spectrometer leaving 50 cm betwegn the lenses. At the exit
slit of a grating spectrometer (f9, 1 meter, Czerny Turner)
was a high quantum efficiency photomultiplier tube (PMT).
The output of the PMT was illustrated on a digital
pico-ammeter and a strip chart recorder. The spectrometer,
lenses and microwave cavity were aligned using a He-Ne

laser situated at the exit slit of the spectrometer.
D.3.3 Results

Small amounts of hydrogen were added to the argon 1in
an attempt to improve the signal to noise ratio of the Hg
line. Due to limitations in the size of the flowtubes, the
hydrogen could not be made any smaller than 2% of the
incoming argon. At 38 torr and 5% hydrogen, the plasma
length was shortened to 20% of the original length, without
any hydrogen. Also, the plasma was not sustained at as
high a pressure with the hydrogen as without the hydrogen

(100 torr vs well over an atmosphere). (See Figure D2.)



Figure D2. The top photo shows an argon plasma at 38 torr
with 5% hydrogen added and the second photo
shows a pure argon plasma at 38 torr.



146

Since this small amount of hydrogen affected the plasma,
the density measurements were made without additional
hydrogen. There was enough residual hydrogen in the argon
bottle and the flow system, such that the HB could be
observed. .
The full width at half height (fwhh) of HB was
measured for several pressures at a flowrate of 5 ml/sec
and at zero flowrate. The gas temperature was assumed to
be 1000 K and the Doppler profile was calculated. The
Doppler contribution was assumed to be the only Gaussian
contribution to the 1line and was "deconvoluted" from the

measured line width using tables of Voigt profiles103

(see
Table D.3) The Doppler profile only accounted for a few
percent of ﬁhe fwhh. The remaining Lorentzian half width
was assumed to be due to Stark broadening and instrument
broadening. The instrument broadening was calculated by
measuring the width of Ar4200 Z which has negligible
Doppler and Stark broadening. The insturment broadening
was found to be 0.222 + 0.02R. The instrument broadening
contribution was "subtracted" from the Lorentzian profile
to get the Stark broadened fwhh. The electron density was
then calculated using equation D6 and Table D2 assuming Te

= 10000; see Figure D3 for a sample line and Figure D4 for
electron density results. The uncertainty in Te accounts

for an error of less than 1%.
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Figure D3 The line shape of Hp (4861?\).
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Table D.3 The Half
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Wwidth of Voigt ProfileslOl!

Lorentzian

Observed

0.993
0.972
0.941
0.904
0.886
0.863
0.794
0.742
0.672
0.655
0.637
0.618
0.597
0.575
0.552
0.527
0.500
0.472
0.442
0.410
0.375
0.338
0.299
0.257
0.212
0.164
0.113

A black and white photograph of the plasma

for each density
was placed next to
picture would be

was measured using

Doppler

Observed

0.083
0.162
0.235
0.301
0.327
0.359
0.441
0.494
0.559
0.574
0.589
0.605
0.622
0.639
0.656
0.675
0.694
0.715
0.736
0.758
0.789
0.804
0.829
0.855
0.882
0.910
0.939

was taken

measurement. (See Figure D5.)

the plasma so that the scale

A ruler

of each

known. The projected area of the plasma

an electronic "digitizer".

The

average



Figure D5
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radius of the plasma was found by assuming that the
projected area of the plasma could be represented by a
rectangle of area 2rL where r is the average radius and L
is the length of the plasma, which was also measured. The
volume of the plasma was assumed to be <cylindrical and
approximately equél to nr2L. The power density was
estimated by assuming that the plasma extended into the
cavity by the same amount it extended outside the

cavity.102

The input power was measured with power meters.
It was assumed that there was a 30% drop in power between
the power meters and the cavity, based upon measurements
made by J. Rogersloz. Typical results are shown in Figure
D6.

The density measurements match previous data quite
well (see Figure D4). Rogers'100 data were taken from
measurements of the wavelength of a standing wave produced
by two surface wave launchers in series. His measurements
were made with zero flowrate and his containment tube was
horizontal. The measurements reported here were made with
one surface wave launcher and the containment tube was in a
vertical position. 1In spite of these differences, the data
agree extremely well. Note that there is an increase in
electron density with pressure and that flowrate did not

affect the electron density.

A comparison of measured power density versus pressure
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for this work and Reference 100, shows similar trends, (see
Figure D6) . However, Rogers power densities were
consistently between one and one and one half orders of
magnitude larger than the power density of this experiment.
There could be two causes for this. The first 1is that
there 1is an uncertainty in determination of the extension
of the plasma into the reactor cavity. Therefore, the
assumption that the plasma extended 1into the cavity an
equal amount that it extended outside the cavity, may
underestimate the power density. The other reason is that
the heat transfer losses of this and Rogers' experiment
were different due to the fact that this experiment was
vertical where natural convection is important and Rogers'
experiment was horizontal. Reference 100 (p. 57) shows
that vertical plasmas have 1lower power densities than

horizontal plasmas.

D.3.4 Error Discussion

There were several sources of errors in this
experiment.
l. The signal to noise was very 1low with the worst
ratio being 5:1.
2. At higher pressures, the signal was weak, so the

most sensitive scale of the PMT had to be used. The
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Figure D6 The power density as a function of pressure.
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signal tended to be very jagged and it was difficult
to determine the fwhh.

3. The resolution of the spectrometer was low, due to

the fact that the slits had to be opened to increase

the signal. In the worst <case, the instrument
function accounted for 60% of the Lorentzian 1line
function.

4. The -electron temperature Qas only approximately
known. This uncertainty will affect the Stark
broadening formula by at most one percent.

5. The gas temperature was only approximately known, so
the Doppler contribution was also only approximately
known. At these electron densities it could account
for a few percent error.

6. The plasma was not necessarily stable from one
measurement to the next. The power supply
occasionally varied, causing the plasma to lengthen
or contract. The plasma would occasionally flicker

resulting in a slightly different plasma position.

There are also errors in the power density due to the
way both the power and plasma volume were measured.
1. The boundary of the plasma was not always sharp and
clearly defined. Therefore it was difficult to
measure the projected area.

2. The assumption that the projected area of the plasma
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is rectangular and the volume of the plasma 1is
cylindrical may”not be accurate.

3. The plasma volume contained in the cavity was not
known.

4. The assumption that the input power is 70% of the
power measured by the power meters may not be as
accurate for this experiment as it was for Rogers'

experiment.

With these errors in mind, there are several

recommendations for improving this experiment.

D.3.5 Recommendations for Electron Density Measurements

The most obvious recommendation is to enhance the HB

signal, although as mentioned this has proven to be very

difficult. It may be possible to enhance the H8 signal

without adversely affecting the plasma by adding small
amounts of hydrogen to a nitrogen plasma. However, it
takes more power to sustain a plasma in a diatomic gas, so
a more powerful power supply will have to be used.

If the signal of the HB could be enhanced, a

Fabry-Perot etalon could be used, and the resolution could

be improve and Kreye107 have shown

Speer er

that a Fabry-Perot etalon system improves the resolution of
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emitted plasma lines. In particular, Speer showed that
grating spectrometers tend to overestimate the linewidth
leading to overestimated electron densities. Thus it is
important to improve the resolution to make sure that the
electron density is not overestimated.

Ideally the plasma should be initiated using two
.surface wave launchers, as in Rogers' experiment. Then the
electromagnetic and the spectroscopic methods of electron
density determination could be compared. Also, experiments
performed with vertical and horizontal plasmas could help
answer the questions of heat transfer and its effect on
power density. If an accurate method for determining
electron and gas temperature could be found, the electron
density could be known with even greater precision and

fundamental questions about plasmas might be answered.

D.4 Electron Temperature

D.4.1. Introduction

A plasma is in thermodynamic equilibrium if there
exists detailed balancing for every (collisional

interaction proce5592

and if the collisions take place
with "sufficient rapidity that the distribution (of
populataion densities) responds instantaneously to any

. b 93 : .
change in plasma conditions." When any gas is in
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equilibrium, "the populations of different energy states

corresponding to internal degrees of freedom are given by

Maxwell-Boltzmann distributions".95

g -E /kT
i i
n = n --e (D7)
i o Z
where n, is the density of state i (atoms/cc), 95 is the

statistical weight of the state i, T is the temperature, Kk

is Boltzmann's constant, Z is the partition function

-E /KT
i
2 =2 ge | (D8)

and Ei is the energy of the state i

E = hc/x (DY)
i i

where h is Planck's constant, c is the speed of 1light and

Xi is the wavelength of the transition i - j. When self -

absorption is negligible, the integrated radiance of an

atomic line is given by95
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ij 4 iij A 2
ij sec-cm -steradians

where Aij is the Einstein coefficient for spontaneous

emission and L 1is the path length. Plugging (D7) into

(010)2® yields

g A -E /kT
-20 i ij i Watts
N = 1.582x10 —==-- nLe @ ———cemmmm————— (D11)
ij Z A o 2
ij cm -steradians
The temperature corresponding to the equilibrium

distribution of the electronically excited states of an
atom can be determined by measuring the relative
populations of two or more electronic states from a neutral

. atom. Taking the natural logarithm of (Dl1l) gives

1n --—2-22 = 1p ————— R — (D12)

If In(NXA/gA) is plotted against E/k, then the negative
inverse of the slope will be the temperature and the
constant 1n(Lhcno/4WZ) will be the y intercept.

There are two disadvantages to measuring the
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95 The first is that this

temperature with this method.
method 1is «critically dependent upon the accuracy of the
line intensity measurements, particularly if the energy
spacing between the lines is small (E(l) - E(2) < 0.4 eV)
as it usually is for lines used in this method. The second
is that this method 1is very sensitive to errors in the
transition probabilities. These unfortunately are 1large
because, for example in argon, they are only known to

within at most 25%.104

D.4.2 Experiment

The experimental apparatus used to measure the
temperature representing the distribution of the atomic
electronic states was like that of Chapter V with a few
exceptions. The gas employed for the temperature
measurements was argon and not oxygen and the power supply
was the filtered 100 Watt source described in Secion D.2.
The optical apparatus was identical to Section D.2.2.3.
The photomultiplier tube (PMT) was calibrated with a 45
Watt quartz halogen tungsten filament lamp which had been

calibrated aginst a National Bureau of Standard's source.
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D.4.3. Results

The accuracy of the temperature determination from
line intensities was checked by measuring the ratio of
intensities of two lines which originated from the same

upper state. The ratio of two line intensities is.given by

N(1) g(1)A(L)r(2) (E(1) - E(2))
In ====" .= An . (D13)
N(2) g(2)A(2)x (1) KT
When E(1) = E(2), then the ratio of the two lines will be a
constant
N (1) g(L)Aa (1) (2)
—mmm = S (D14)
N(2) g(2)A(2)x (1)

Two pairs of 1lines (see Table D4) were measured to
determine if the ratio of areas was equal to a constant.
See Figure D7 for an example of an emission 1line. The
values « re corrected for the non-linearity of the spectral
response of the PMT. For the 7272 R - 6965 X pair, the
measured area ratio was 0.26 and the calculated value was
0.29 representing a 10% difference and for the 7383 R -7067
X pair, the measured area ratio was 2.14 and the calculated

value was 2.11, representing a 1.4% difference. Under
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6965.2
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6964 .8
-6964.4
-6964.2

-696

Figure D7 An example of an argon emission line.
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Table D.4 Emission Lines Used to Check Experimental Method

o
-1 -1 8
(A) Ej(em 7)) g; Aij(cm )x10
7272.93 107496 3 0.02
6965.43 - 107496 3 0.067
7383.98 107290 5 0.087
7067.22 107290 5; 0.0395

certain .circumstances, it is necessary to approximate the
intensity ratio by the ratio of the line heights (see
Section D.5.3). This approximation was also checked and
the first pair had a height ratio of 0.27 representing a 5%
difference from the calculated value and the second pair
had a height ratio of 2.04, representing a 4% difference
from the calculated value. The area and height
measurements could be reproduced to within 10% of previous
measurements. Thus, within the limits of the experiment,
the line intensity technique was valid.

It is very difficult to find emission lines which have
large energy spacings, which occur in the same region of
the spectrum and have similar intensities such that they
can be viewed on the same PMT amplification scale. Five

lines were found to be suitable for an argon plasma at 6
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torr. The wavelengths are given in Table DS.lO4

Figure D8 shows 5 sets of data taken at 6 torr. Each
straight line represents data taken at specific
spectrometer slit height and width settings as well as
specific PMT settings. The average temperature of 7380 X +
840 X was found by averaging the temperatures of the five
sets of measurements.

If the electronic states are in equilibrium with the
free electron gas, then the electronic temperature is the
same as the electron temperature. If on the other hand,
the electronic states are in equilibrium with the ground
state, then the -electronic temperature is the gas
temperature. The equilibrium of the electronic state
depends upon the collisional processes. The electronic

states are in equilibrium with the electron gas if the

collisional excitation, represented by

Ar + e -—= Ar* + e (D15)

where Ar* is the electronically excited state, 1is the

dominating mechanism. The electronic states are 1in

equilibrium with the gas (ground state) if the deactivation

process

Ar + Ar* --- Ar + Ar (D16)
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Table D.5 Lines used in Temperature Determination

o
Wavelength (A)

7724.21
7723.76
7635.11
7514.65

7503.87

Ei(cm

107496
106087
106238
107054

108723

9i

3 0.127
4 0.057
5 0.274
1 0.430

1 0.472

A.4(sec-l)x10
ij

+

&

(i o

1%

8

0.032
0.014
0.069
0.108

0.118



Figure D8

In (NA/gA)

15

165

Tove = 7380 £840 K
-‘ Power Absorbed = 68 w
Pressure = 6 torr

Flowrate = 0.2 ml/sec

78I19K

8649K |

[/

6948 K
| 6885 K

/

6606 K

™~

1.510 1.520 1.530 1540 1550 1.560
ENERGY (x105) (Kelvin)

’:!‘emper:?\ture determination from ratios of line
intensities.



166

is the dominating process. Further kinetic studies of
argon need to be made to determine under what conditions
the electronic temperature represents the electron
temperature.

In a similar experiment where the quartz tube was

situated vertically, Rogers'100

(p. 99) found that the
electron temperature was between 5000 and 7000 K for tubes
of 1.2cm and 2.5 cm regardless of pressure. Note that the
temperature measured here for a tube of 1.2 cm diameter |is
close to this measured range. Rogers' also found that for
smaller tubes (1.5 mm and 4.0 mm) the electron temperature
may increase with pressure, although his data is
inconclusive.

Moison et al.l08 on the other hand, measured an
excitation temperature of 3500 X for plasmas contained in 1
to 2 mm quartz tubes at atmospheric pressure and 70 Watts
gbsorbed power. He used six lines between 4251 % and 4345
A to determine the electronic temperature. (These lines
were too weak to detect with enough accuracy to be used in
this experiment.) Moison claims that his plasma was not in
thermodynamic equilibrium because his temperatures were
much lower than the 7000 K required for equilibrium at an
electron density of 3x1014cm'3 (which he measures using
Stark broadening) according to the Saha equation.

109

Bloyet et al. measures the electronic excitation
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temperature in a 1 mm gquartz tube at an input power of 50
Watts while varying pressure (1-2 torr) and flowrate (0 and
0.5 ml/sec). They find that there does not appear to be
any correlation between pressure or flowrate and electron
temperature and electron density. They report electron
temperatures between 5500 K and 6500 K and electron

densities between 5.3 and 8.5 x 1014cm_3.

D.4.4. Recommendations for Electronic Temperatures

An analysis of the rates of the important collisional
processes must be made to determine which reaction
mechanisms dominate, and whether the assumption that the
electronic temperature 1is the temperature of the electron
gas is valid. Examination of the collisional rates as a
function of pressure should lead to predictions of the
electronic temperatures dependence on pressure. For
example, the question, "do the electron collisional
processes dominate at all pressures, or is there a mixture
of de-excitation as well as excitation processes occurring
at high pressures?" needs to be answered.

The transition rates and energies of all of the
observed spectral lines of the argon plasma of this
experiment need to be examined to determine which lines are

most suitable for determining the electronic temperatures.
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The lines need to be far apart in energy spacing and their
area ratio must be sensitive to electron temperature
especially at high temperatures so that small errors in the
area measurements do not lead to large electron temperature
errors.

If suitable lines are found, experiments need to be
performed at various pressures. Measurements of plasmas in
different size tubes need to be performed to compare with

+100

Rogers data. The effect of absorbed power and gas

flowrate should also be examined.

D.5 Rotational Temperature of Oxygen

D.5.1. 1Introduction

In a plasma, there are many types of equilibrium
distributions. Translational eqguilibrium is attained after
only a few molecular collisions, and rotational equilibrium
is attained soon afterwards, but vibrational and electronic
relaxation may take much longer.1 The rotational
temperature may be a close approximation to the thermal
temperature whereas the vibrational temperature and
especially electronic temperature (see Section D.4) may be
"indicative" of excitation mechanisms.

The intensity of an emitted rotational line of level

J' of the 1lowest vibrational state is proportional togs’

96, 110
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-BJ"' (J'+1) hc/kT
N « (J'+J") e (D17)
J

where J" is the lower rotational state, B is the rotational
constant (cm—l),h is Planck's constant, ¢ is the speed of
light, k is Boltzmann's constant and T is the rotational

temperature. Taking the natural logarithm of (D17) gives

J BJ'(J'+1)hc
In —====—- « - mm—eemm———— (D18)
J'+J"+1 kT

If a plot is made of 1n(N/J"+J"+1) versus =-BJ'(J'+1l)hc/k,
the slope will be the inverse of the rotational

temperature.
D.5.2. Experiment

Emission spectra of oxygen were observed 1in the
experiment described in Chapter v. The image of the plasma
was produced at the slits of the spectrometer using one 16

cm focal length 1ens76

placed 32 cm from the plasma and 32
cm from the entrance slit of the spectrometer. At
pressures above 2 torr, emissison 1lines due to neutral
atomic oxygen and neutral atomic hydrogen were observed.

At pressures below 2 torr, the plasma turned from a dull




170

violet color to a very bright white. When a spectral scan
of the visible region was made at pressures below 2 torr,
it was discovered that the white light was due to molecular
emission spectra. The molecular spectrum was identified by

111-121

comparison of spectra measured by others and was

found to be the first negative band of oxygen denoted

+ .4 4
0, ("t = m).

D.5.3. Results

Since the first negative band of oxygen is an
electronic transition, there 1is coupling which occurs
between the electronic and rotational angular momentum,
which results in many branches (Figure D9) associated with
each vibrational transition of the electronic transition.
Each vibrational branch contains many rotational lines.
Unfortunately, the vibrational bands tend to be very close
to one another, (see Table D6), so that in a range of 150
g, there 1is the possibility of observing several
vibrational transitions associated with this one electronic
transition, any of which contains 27 to 48 P, Q or R
branches, with several rotational lines contained in each

branch, 111

Needless to say, the spectrum of the first
negative band of oxygen is very complicated. (See Figure

D10)

113
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Figure D9 Structure of the rotatxonalllgevels for the
first negative band of oxygen.
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Table D.6 Band Heads of the First Negative System of 02+ 121

o
Wavelength (A) Intensity v'-v"
7150 2.~ 35
6856.3 0f="2
6770 1, =3
6684 s 2 -4
6419.2 10 0: =L
6351.1 10 L =2
6291.9 6 23
6232.7 3 3 -4
6117.2 3 4.= 5
6026.4 10 0-0
5973.5 10 o Nt I
5925:7 9 2 -2
5883.5 8 3= 3
5847.4 2 4 - 4
5814.4 1 5 = 5
5631.9 10 1 =0
5597.6 10 2.1
5566.7 6 3 =2
5540.8 2 4 -3
5520.9 2 5 -4
5295.7 9 24 %=370,
5274.7 10 i X
5259.2 6 =2
5251.2 10 5.3
5241.0 8 6 =
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Figure D10 An example of 02+ first negative band
spectra.
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Three of the strongest vibrational bands ((0,0), (0,1)
and (1,0)) were analyzed with an approximated resolution of
0.5 g. Since the Q4 branch occurred at the beginning of
each vibrational band and was reasonably strong in
intensity, it was the easiest to identify. In each of the
three vibrational cases, only the first seven lines of the
Q4 branch were identified, because the lines of the other
branches were superimposed on the higher rotational lines
of Q4.

Due to the complexity of the spectrum, it was
impossible to distinguish the area of any one line from the
next. Therefore, only the height of each rotational line
was measured. The relative heights approximate the
relative areas for this apparatus, as discussed in Section
Disidie 3% The first seven 1lines of the Q4 branch in three
vibrational bands have been plotted in Figure DI11. The
data points do form a straight line as predicted and result
in an average temperature of 320 K.

The rotational temperature may or may not represent

the average gas temperature. Oldenberglz3

discusses the
criteria for the rotational temperature to represent the
gas temperature. He indicates that when the rotational
temperature does not match the gas temperature, a straight
line 1is not obtained when the logarithm of the intensities

is plotted against the energy, and the rotational
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Figure D11 The inverse of the slope of the natural

logarithm of the intensity versus the energy

of the upper state is the rotational
temperature.
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temperature tends to result in an overestimation of the gas
temperature. Since a fairly straight line is obtained,
this rotational temperature is probably the gas temperature
of 02+, although not necessarily that of the O atoms or the
gas as a whole.

In Chapter II, it was found from computer modeling of
the neutral kinetics that wall recombination 1is the
dominant mechanism at 2 torr and below, whereas two and
three body recombination are the dominant mechanisms at
higher pressures. Thus the 02+ is probably due to
recombination of O and 07 at the wall. The computer model
predicted temperatures of 1000 K to 2000 X for the overall
gas temperature. But since the plasma containment tube was
cooled with a fairly strong air flow around the outside of
the tube, the tube wall is considerably cooler than the
contents of the interior of the plasma. If 02+ is formed
at the wall, the rotational temperature would be expected
to represent the wall temperature which would be much lower
than 1000 K. For this experiment, a rotational temperature
of 320 K is consistent with an expected wall temperature.

Bozoky and Schmid112 observed rotational spectra in a
similar experiment of a high frequency radio discharge.
The authors concluded that the rotational temperature was

low because they were not able to discern the rotational

development of the vibrational band heads, 1i.e. their
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resolution was not good enough to separate the rotational

lines.

D.5.4. Recommendations for Rotational Temperatures

An important recommendation for this experiment is the
vary and record the flowrate of the air that cools the
quartz plasma containment tube. The wall of the tube heats
up dramatically for low and no flowrates because glowing
hot spots and melting have been observed. If the
rotational temperature of the 02+ represents the wall
temperature, then it would be expected that the rotational

temperature would rise as the cooling flowrate is reduced.

D.6 Conclusions

Emission spectroscopy measurements of argon and oxygen
plasmas give results consistent with electromagnetic
measurements and with chemical modeling results. The
electron temperature of an argon plasma at © torr was found
to be 7380 K. The electron density of an argon plasma was
measured from Stark broadening and was found to be in the
range of 10-13 to 10_14 electrons/cc which match surface
wave measurements for a pressure range of 50 to 1000 torr.

Rotational temperature measurements of 02+ indicate the
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temperature of a <cooled containment tube wall to be

slightly above room temperature at 320 K.
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APPENDIX E

RATE COEFFICIENTS FOR CHARGED COLLISIONAL

PARTNERS IN OXYGEN DISSOCIATION

Reaction _ Rate Coefficient Ref.
(cc,sec,mole)
1. o('p) +e-0+e 9x10%4 17
2. 0, +e>0," + 2e o (E) 124
3. 0, + e~ 0O +0 6x10 17
4. O+ e >0 + 2e o (E) 127
5. 0,+e>0" +0+ 2 o (E) 126
6. 0, + e~ of + 07 +2e o (E) 125
7. O+ e>0 +hv 7.8x10° 17
8. 0, +e~0,7 +h 1.2x10° 17
9. 0, +e >0, +hy 6.0x10° 17
10. 0, +e>0,('8) +e 2.9x10%4 12
11. 0, +e > 20 +e 1.4x10%4 12
12. 0, +e>0,(70) +e 6.6x10%3 12
13. 0,7 + 0,('8) ~ 20, + e 1.2x10%4 135,17
14. 0 + Oz(lA) - 02' + 0 6.0x10%3 17
15. 0"+ 0,(*8) o0, + e 1.8x10%% 135,17
16. 0" +0,> 0+0," 2.4x1073 128
1.2x10 17
17. 0,7 +0 > 0,+0 3§{g}§ 129,131
6x10 17

0 (E) indicates cross sectional data as a function of energy
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Reaction

18. 0  + 0y > 0;” +0
19. o2 + o3 > O2 + O3
20. o + 0~ 02+ + hv
21. O + 02+ O3 + hv
22. 07 + 0, + 0, » 0~ + 0,

23. 0. +0-+0. +0

24. 0" +0+M=>0," + M
25. 0 +0->0,+e

26. 0, + e > O +0
27.O+02->O+e+02
28. 0o + O2 > O3 + e

29. 0, + 0, > 20, + e
30. 0, +0,+e>0, +0,
31. o2 + e + 0 ~> o2 + 0
32. O + O2 > O3 + e

33. O3 + e >0 + O2

34. O + 05> 20, +e
35. O3 + 0 ~» 202 + e
36. oz+ + e » 20

37. ot + e+ M>0+ M

+
38. O2 + e+ M-~ O2 + M

Rate Coefficient
(cc,sec,mole)

3.2x10%4

2.4x10%4

6.0x10°

6.0x10°

o (E)
4.0x10l7

6x1012

3.6x10%7
15
13
14

1.8x10
8.4x10
1.2x10

6.0x107

1.4x101°

2.0x1014

1.6x1014

5.1x1018

3.6x10%6

o (E)

3.0x10°

5.4x101°2

3.2x10%%

6.0x1012

1.3x10%7

3.6x10%t

3.6x1021

Ref.

134,17
134,17
137
133

129,131

17
17
133
134
17
17
17

134,135,17

17
17
17

130
17

17
17
17
15
137
137
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Reaction Rate Coefficient Ref.
(cc,sec,mole)
39. ot +e>0+hy 2.1x10%2 17
40. 0,  + e >0, + hv 2.4x10%2 17
+ - 16
41. 0,7 + 0,7 >0, + 20 6.0x10 137
+ 1 15
42. 0,7 +0,7 > 0, + 0,(*n) 6.0x10 137
43. ot + 07+ 20 o(E) 1 132
1.6x10 17
4. 0,f+07 0,40 5.8x10%8 17
45. 0,7 + 0" >0, +0 2.5x10%7 17
4. 0" +0 + M0, 4+ M 7.3x10%2 137
47: IO+ 02" Y 7.3x10%2 137
- +
48. 0,7 +0 +M>O0,+M 7.3x10%2 137
49. 0,7 + 02+ + M > 20, +M 7.3x10%2 137
- + 17
50. 0,7 +0," » 20, 1.2x10 137
51. 0,7+ 0" 0,40 1.2x10%7 137
= 17
52. 0," +0," ~ 0, +0, 1.2x10 137
- + 17
53. 0,7 + 0,7~ 05 + 20 1.2x10 137
54. 0,7 + 00"+ 0, o (E) 136
55% Oz(lA) + e + 02 + e G.Oxl(}lz 17
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