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Abstract

The electric glow discharge in oxygen was experimen—

.
V

1 
tally studied and mathematically modeled for the parameter

space of one to ten torr of pressure and for current densi-

ties up to 35 milliamperes per square centimeter. Experi-

mentally it was observed that the oxygen discharge existed

in one of two forms: a high-electric-field form or a low-

electric-field form. The high field form was present at

high currents and low pressures , the low field form at low

currents and high pressures. The high field form exhibited

stable characteristics while the low field form was observed

to be nonstable , exhibiting periodic or aperiodic oscilla-

a tory behavior. The periodic oscillations existed only at

certain frequencies or modes , and the discharge impedance

was a function of the frequency. The optical output of the

oscillatory form of the discharge was highly modulated with

short duty cycle pulses. -The oscillations exhibited a small

amount of normal dispersion. The point of transition between

forms and the electrical impedance of the forms was unaf-

fected by the addition of an inert gas, argon , to the dis-

charge. Adding an electron-detaching gas, carbon monoxide,

increased the low field impedance until the difference be-

tween the forms essentially ceased to -exist. Mass spectra

measurements indicated that the atomic oxygen density in-

creased significantly when the discharge transitioned from

. V

Xviii
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the low to high field forms. Solutions of the Boltzmann

S transport equation indicated that the electron energy dis-

tribution function exhibited a characteristic intermediate

between Maxwellian and Druyvesteyn . Chemistry model results
+showed the dominant positive ion to be 02 and the dominant

negative ion to be 0 . The transition from the stable to

unstable forms was determined to be related to two criteria:

the dominance of the derivative of the attachment coeffi-

cient with respect to E/N over that of the ionization coeffi-

cient and the equivalence of the negative ion and electron

number densities. The former was satisfied for all values

of E/N below 67 TD. The later condition was determined to

be a function of pressure and accurately predicted the point

of transition. The metastable 02(a1M was important in the

discharge for two reasons. Two step ionization was required

in addition to direct ionization to match the experimental

electron density measurements. Also, the inclusion of the

metastable molecule as the primary electron detacher was ré—

quired to match the transition points determined by experi-

ment with those determined from the model.

I
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DISCHARGE PROCESSES IN THE OXYGEN PLASMA

I. Introduction

This chapter begins with a statement of the objectives

of the study and then describes the general approach that was

used to achieve the objectives. Next, in order to provide a

background for the reader, the general characteristics and

criteria of a p ’.asma are presented; and it is shown that the

parameter space covered by the study met the listed criteria.

The chapter then focuses on the particular type of plasma

that was studied - the electrical glow discharge positive

column . Finally the chapter discusses the oxygen positive

column : its characteristics, its unique properties , and the

theories that have been developed to explain them.

Obierives

~~~ The objectives of this study were to investigate the

plasma existing in the positive column of an oxygen glow dis-

charge and to determine the physical and chemical processes

involved.

Recently there has been a renewed interest in the oxy-

gen plasma , an interest generated by the development of the

laser. Oxygen has been postulated and used as both the las—

ing medium and the pumping medium in electrical and electri-

cal—chemical lasers J.BaL—~l~~ -46~~- P~ef- 2:415—4.,~4-,.- ~ 9~~ -3~ 1— 1~~.
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~~~~~~~~~~ _ _ _



- W V W  _
V - -

_~~~~ 4.e2.2-4 3—2245, Ref 5:834-8384 . Also , there has been a con—

3 tinuing interest in eff icient  production of ozone (.Re.f..-6:1-M .

Effective utilizations of oxygen electric discharges require

a knowledge of the oxygen plasma, a plasma which differs from

other plasmas in many of its characteristics. For example ,

electrical glow discharges in oxygen have been observed to

exist in two di f ferent forms : a low electrical impedance

form which exhibits an oscilla tory behavior and a high elec-

trical impedance form which is relatively stable. The transi-

tion between the two forms occurs as a function of current

density and gas pressure .~~~rhe characteristics of the two

forms and the transition p~~~bme~on have been studied for

many years, and several different theories have been devel-

C oped - theories which have not been entirely consistent with

each other. Therefore it was a purpose of this study to

determine a consistent explanation of the characteristics of
V 

the oxygen discharge.

Specifically the study was designed to determine:

1. A consistent set of measurements of the physical proper-

ties of the two forms of the oxygen discharge.

2. Measurements of the effects on the discharge of adding

inert and electron-detaching gases.

3. The energy distribution function of the electrons.

4. The relative densities of the various charged and neutral

species present in the discharge and the dominant chemi-

cal and physical processes associated with their produc-

5 tions and losses.

2 —
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5. A resolution of the role that the metastable molecule

02 (a1A) plays in the ionization and electron-detachment

processes.

6. An explanation of the two forms of the oxygen discharge

and the criteria for transitioning between them.

The study of the oxygen discharge was approached from

two different aspects: an experimental investigation and a

mathematical modeling. During the experimental phase the

observable characteristics of the oxygen positive column were

investigated for a gas pressure range of one to ten torr and

a current density range of .35 to 35 milliamperes per square

centimeter. Experimentally determined were the impedance

characteristics , gas temperatures , electric field shapes and

C 
dispersion characteristics of the low field oscillations,

electron densities, neutral mass spectra, and the effects of

adding other selected gases. The modeling phase consisted

of a determination of the electron energy distributions and

electron—impact pumping rates for reduced field strengths

(E/N) from one to one hundred Townsends* and a determination

of the steady state charged and neutral species densities

over the same reduced field range for initial molecular den-

sities from 3.2 x io16 to 5.6 x io17 molecules per cubic cen-

timeter. The results of the experimental phase were used to

validate the mathematical models; the results of computations

using the mathematical models were then used to develop the

( *8/N is the Electric Field divided by the density of
the neutral species. One Townsend equals h r17 volt—cm2.

3 
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theory of the oxygen plasma .

3
Background

General Characteristics of a Plasma. (Re f 7 :2-8 , Ref

8:1—8 , Ref 9 : 1—2 , Ref 10 : 2 0 5 — 2 4 6 , Ref 11:217—25 1).  The term

plasma was first utilized by Irving Langmuir in 1928 to des-

cribe the inner region of an electrical discharge. Since

then the definition has been troadened to describe a state of

matter in which a significant number of the atoms and/or mole-

cules are electrically charged or ionized. Characteristically

in a plasma the charged particles arrange themselves in such

a manner as to effectively shield externally and internally

generated electrostatic fields within a distance of a Debye

length , Ad , and to achieve local charge neutrality over re-

( gions greater than a Debye length. For an electron density

N at temperature Te, the Debye length is given by:

c,.~~~
. (i~ )

* 
(1)

For a confined plasma the satisfaction of the above criteria

requires that the physical dimensions of the confining system

be large compared to the Debye length and that there be a

sufficient number of electrons within a Debye sphere* to pro-

duce shielding. For a cylindrical geometry of radious R0 the

plasma criteria are:

( V *Sphere with radius ?~4.

4
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7 Xci < Ro (2)

Ne <<1.9x1O’ .e~ 
(3)

For the parameter space of this study the electron tempera-

ture varied between 2 x l0~ and 4 x 10
40K; the tube radius

was .95 cm, and the electron density varied from 10~ to

cm 3. This resulted in a maximum Debye length of .05 cm.

Thus , the criteria of equations 2 and 3 were satisfied.

The observable characteristics of a plasma are strong

functions of the species that constitute the plasma. Colli-

sions between species play a particularly important role in

ionized gases. For a weakly ionized gas (such as used in

C this study) the dominant collisions are those between charged

and neutral species and those between d i f fe ren t  neutral spe-

cies; the collisions between charged species can often be

neglected . The properties of the species and their collision

processes play important roles in the plasma characteristics.

Since molecular gases have many more inelastic electron-impact

cross sections than atomic gases, plasmas in the molecular

gases have very different characteristics from those in the

atomic gases. Electronegative gases form stable negative

ions upon electron impact; electropositive gases do not. For

plasmas in electropositive gases the only charged species

that must be considered are the positive ions and the elec—

trons ; for plasmas in electron egative gases the negative ions

~~ • • ( must also be considered. The characteristics of plasmas with

— -V  

V 

V ~~~~ 
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three charged species may be expected to d i f f e r  from thos e

3 with only two charged species. Because of these factors oxy—

- ‘ gen is a very interesting gas to study : it is a molecular

gas; it forms stable negative ions; its electron collision

cross sections have been generally well defined; and it is

easily obtained in a highly purified state.

The majority of the universe exists in the plasma state.

This includes the stars, which are almost completely ionize d

because of their high temperatures; this type of plasma is

an example of an equilibrium plasma in which the ionization

is thermally produced and the temperatures of the neutral and

charged species are in equilibrium. The equilibrium plasma

is relatively uncommon in laboratory experiments. The usual

laboratory techniques involve some nonequilibrium process by

which the ionization is maintained by raising some of the

charged species to a higher temperature than the neutrals.

The most common example of this is the gas discharge in which

an electrical potential, applied across a gap, provides the

selected excitation of the charged species. If the majority

of the ioniz ation is by dire ct electron impact rather than by V

thermal channels , the discharge is a glow discharge. The

positive column of a glow discharge is a region in which the

physical and chemical process es are gener ally uniform or of

a bounded periodic nature. The positive column interfaces

on the catho de end of the discha rge wi th the Faraday dark

space and on the anode end with the anode glow. Because the

6
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processes are well ordered* in the positive column , it pro-

vides a convenient medium for the investigation of the plasma

characteristics.

The electrical current through the positive column is

maintained primarily by the highly mobile electrons. Suffi—

cient ions are created to maintain space charge neutrality..

In the uniform column the electric field is constant and of

relatively low value compared to other regions of the dis-

charge. However, the electri c field is suffi cient to raise

the electron temperature to as high as 40,000°K, while the -

heavy particles remain within several hundred degrees of room

temperature. -

The characteristics of the positive column vary with

the constituents of the gas , its pressure and temperature,

the curren t densi ty , and the boundary conditions. For exam-

ple, the light emitted and electric field are dependent on

the diameter of the confining tube. Smaller diameters in-

crease diffusion losses , and therefore a higher f ield is re-

quir ed to sustain the dischar ge. This resul ts in a more

luminous column. The distance between the electrodes essen- 
V

tially determines the length of the co lumn — as the tube

length is increas ed , there is an equivalent increase in the

length of the positive column ; the other regions of the

*Well ordered in the sense that the electric field and
charged particle densities are relatively constant in the
axial dimension. Refer to Figure 1 for a graphical presenta—

( tion of these parameters in the glow discharge.
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Figure 1. Glow Discharge (From Ref 11:218)
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discharge remain constant. As the pressure of the discharge

is increase d, the effects of collision processes become more

important and eventually dominate over the diffusion losses.

Gas heating leads to radial density gradients and higher re-

duced electric fields, E/N , in the center of the column than

at the boundary . This is evidenced by the apparent radial

cons tric tion of the column as the pressure or curren t is in-

creased. The electric field in molecular gas discharges is

higher than in atomic gas discharges by an order of magnitude.

This is caused by the greater number of inelastic loss pro-

cesses of the molecul ar gas which dissi pate the electron

energy into nonionizing channels.

The posi tive column can be either uniform or oscill a-

V 

V 

tory in it s properties. Oscilla tions appear as alternate

dark and bri ght regions which may be either stationary or may

move along the column. Often their motion is so rapid as to

result in the appearance of a uniform column.

General Characteris tics of the Positive Column in Oxy-
- 

- ~~~~~~~~~~~ The electrical and optical characteristics of the oxy-

gen posi tive column are uni que ; they occu py an interme diate

place between the normal electroposi tive discharg es , such as

nitrogen or the rare gases , and the strongly electronega tive

discharges exemplified by iodine (Ref 12:519). This fact has

caused the oxygen discharge to be studied by many investiga-

tors through the years. However, only recently have the ex-

perimental and theoretical techniques been available to fully

U define and explain the discharge characteristics.
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In 1927, Guntherschulz e observ ed that the oxy gen posi-

3 tive column existed in two forms: one with a high voltage

gradient and a grey ish green optical output and another which

had a low voltage gradient and was violet in color. The exis—

tence of one or the other form was noted to be a function of

the pressure and current (Ref 13:763). In 1951, Seeliger and

Wichman defined the High field form as the H form and the low

field form as the T form *. Their impression of the color

difference was that the optical emissions from the H form

were blue with a light violet core ; whereas in the T form , a

grey blue light was emitted (Ref 14:235-244) .

Other investigators further defined the electrical and

optical characteristics of the column . It was noted that the

H form existed at higher currents and lower pressures than

the T form. If the pressure was held cons tant, an increase

in current would cause the column to transition from the T

to H forms. Holding current constant and increasing pressure

would cause it to switch from the H to T forms. Pekarek pub-

lished a paper in which the exis tence regions for the two

forms were defined (Ref 15:750). Figure 2 depicts these re-

gions. The occurances of the T and H forms were not neces— V

sarily exclusive; they have both been observed in the column

at the same time. When both forms were present , they were

axially separated with the H portion always situated on the

*}I and T had their origins in the German words for High
and Low: Hoch and Tief.
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anode si de of the column and the T portion on the cathode V

3 side. As these parameters were swept through the transition

region from the H form to the T form , it was observed that

the T form appeared at the cathode face of the positive col-

umn and progressed to the anode. Conversely when the para-

meters were swe pt from their T form to H form value s, the H

form started at the anode and progressed to the cathode.

Also, the transition between the forms exhibited a hysteresis

effec t. At any position in the posi tive column , if either

the discharge current or gas pressure was swept, the transi-

tion between the form s was depende nt on the direc tion of the

sweep (Ref 16:305—317, Ref 17:3.1.5.1). This hysteresis ef-

fect is shown in Figure 3.

• Of the two forms it is the T form which is considered

to differ from other molecular gases; the voltage gradient

in this form is anomalously low when compared with other

molecular gases (Ref 17:3.1.5.1). Practically all of the in-

ves tigators have noted tha t the T form is osc illatory , with

the oscillations traveling from the cathode to the anode.

These oscilla tion s have been noted as either being perio dic

or aperiodic depending on the discharge parameters (Ref 18:

11-13). The H form has generally been noted as homo geneous

with a gradient typical of other molecular gases ; this has

led to it being described as the normal form of the oxygen

discharge. Sabadil, however , has noted that under certain

conditions the H form can also be oscillatory with low am-

( plitude moving or stationary strata (Ref 16:13—18).
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Species in the Oxygen Positive Column. The concentra—

3 tion of atomic oxygen and ozone have been observed to be

functions of the form of the discharge. Ozone has been

claimed only to exist in the T form and not in the H form

(Ref 14:235-244, Ref 19:1). On the other hand the concentra-

tion of atomic oxygen has been determined to be much greater

in the H form than in the T form. This was initially deter-

mined by analysis of the optical output of the column ; the

molecular band structure dominated in the T form and the ato-

mic line structure in the H form (Ref 14:235—244, Ref 15:749).

Theoretical estimates of up to 8% dissociation have been made

(Ref 12:520). The major source of atomic oxygen has been

postulated to be from electron impact excitation of the

ground state oxygen molecule to the repulsive vibrational

levels of the 
~~~~~~ZUV. electronic state:

e+o2~ X 32~~v~ 2) —> e+O2 ( B~~~,v�11)-~ e+2o

The excitation to the dissociative vibrational levels is

caused by the of f se t  between the potential energy curves of

these two electronic states and the fact that it is a sudden

collision , and consequently the Franck—Condon principle ap-

plies (Ref 20:510—511, Ref 21:11). Figure 4 is the term dia—

gram for oxygen and is included to illustrate the potential

energy offsets. Depending on the pressure, atomic oxygen was

postulated to be lost by di f fus ion to the walls, where recom-

bination takes place, or by collisional processes. The col—

(

V. 

lisional processes were favored due to the low recombination

f  
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rate at the wall* and the resulting f la t  radial profile (Re f

22:3.1.5.9 , Ref 23:235—251).

Because of the electronegative nature of oxygen , the

oxygen plasma is a three component plasma consisting of three

types of charge carriers : electrons, positive ions , and nega-

tive ions. In the glow discharge the predominant positive

ion was reported to be 02
+ (Ref 24:820, Ref 12:520, Ref 19:

8-9) .  At PR0 = .18, P = .04 torr and j = 60 uA/cm2, Thompson

reported a molecular ion to atomic ion ratio of 70 to 1 (Re f V
12:519). At a pressure of 2 .5  torr , the ratio of 0~ to 0+ de-

pended on the discharge form; in the H form , 0~ overwhelm-

ingly dominated; and in the T form, the ratio was approxi-

mately 2 to 1 (Ref 19:8—9) . The predominant negative ion

was determined to be 0 (Re f 25:1068 , Ref 2 6 : 2 9 9 — 3 0 8 , Ref 24:

820). For the .04 torr observation referenced previously,

Thompson reported a ratio of 10 to 1 for the 0 to 02~ 
ion

(Ref 12:519). The main production mechanism for the 0 ion

was postulated to be the dissociative attachment process:

e + 02~~~ 0 + 0 (Ref 24:820, Ref 23:235—251). In a three

component plasma with a large concentration of negative ions,

ambipolar diffusion was considered to be a weak process; and

the radial electric field was reported to be very low. A

weak ambipolar diffusion process reduces the radial loss to

the walls of the negative ions and requires that the dominant

loss be collisional (Ref 24:818, Ref 22:3.1.5.9 , Ref 23:

_ _ _ _

( . *Estimated at l0~~ for pyrex (Ref 23:234—251) .
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235-251). The associative detachment process 0 + 0 °2 + e

was suggested as the manor loss mechanism for the atomic ne—
V 

gative ion (Ref 12:522, Ref 27:53—66 , Ref 24:821, Ref 22:3.

1.5.9). The molecular negative ion 02- was claimed to be

primarily formed by the charge exchange process with 0 :  0 +

°2~~ °2 + 0 (Re f 12 : 5 2 2 ) .  Under certain conditions in the

discharge, the negative ion concentration has been determined

to dominate the electron concentration by up to 20 to 1 (Re f

24:818).

There are two low—ly ing metastable states of molecular

oxygen : the 02 (a1A) and 02 (ba-I ) states. The role that

these states play in the characteristics of the oxygen p lasma

has been unresolved . There are investigators who postulated

V that ionization from these metastable levels must play an im-

portant and necessary role in the oxygen discharge in order

to match experimentally observed ionization rates (Ref 17:

3.1.5.1, Ref 19:2). Other investigators discounted stepwize

ionization as insignificant when compared to direct processes,

since the energy difference between the ground and metastable

states are small compared to the ionization energy (Re f 12:

520, Ref 27:53—66).

Oscillatory Behavior in the Oxygen Discharge. The os-

cillations in the T form of the oxygen discharge have been

claimed to di f f e r  from those found in N2, H2, or noble gas

V 
discharges. The oxygen oscillations are very highly modulated

and have been observed to exist in the T portion of the col-

umn when both forms are present (Ref 15:750-751, Ref 16:

_ _ _

_ _ _ _ _ _ _ _
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305—317, Ref 26:299—308). The oscillations in other gases
4L~ are typically less modulated and appear in the total column.

- 
— The oxygen oscillations were observed to be forward waves

V 

moving from cathode to anode (Ref 16:305-317) with a velocity

approximately that of the negative ion drift (Ref 23:235-251).

This velocity was on the order io~ to io 6 cm/sec, and the

frequency was between 10 KHz and 1 MHz (Ref 18:11, Ref 29:

85, Ref 15:751). The oscillations have been reported as dis—

persionless, i.e., the velocity was independent of frequency

(Ref 16:305—317).

The oscillation frequency in the T form was found to

vary with the parameters of the discharge (Ref 28:409-420).

As the current, the length of the column, the pressure, the

V 
anode diameter, or the tube diameter was increased , the fre-

quency decreased (Ref 16:305-317, Ref 28:409—420). The am-

plitude of the oscillations was observed to be inversely re-

lated to the frequency (Ref 28:409-420).

The oscillations in the T form are not always periodic;

for certain conditions of current and pressure, they have

been found to be aperiodic or noiselike. The aperiodic T

form has been observed to have a slightly lower gradient than

the periodic one (Ref 18:12). It was possible to use exter—

nal modulation of the column to synchronize the column to

one of its periodic modes of oscillation (Ref 26:299-308).

The oscillations in the H form were noted to be similar

to those found in N2, H2, and noble gas discharges (Ref 23:

5 235—251). The H form oscillations have been observed to move

18
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in the forward direction, backward direction , or to remain

stationary (Ref 16:305-317). Sabadil’s observations were on

• discharges with pressures in the .1 to .35 torr range. Other

investigators , whose investigations were normally in higher

pressure discharges, failed to determine any oscillations in

the H form . 
-

Theories Regarding the Two Forms of the Oxygen Dis-

charge. The characteristics of the H form of the oxygen dis-

charge were observed to be very similar to other molecular

gases; therefore , it was generally acknowledged that this is

the normal form of the discharge , and it generally exhibits

two—component-plasma characteristics. It is the T form that

was listed as abnormal , and several theories have been devel—

oped to explain the characteristics of this form and the rea-

son it exists in on ly a portion of the pressure—current para-

meter space.

In a 1966 article Sabadil noted that the T form oscil-

lations showed no dispersion and that the velocity of the os-

cillations was independent of the discharge current and tube

diameter and that there was no indication of damping by ion—

neutral collisions. This led him to postulate that the os—

cillations were ionic sound waves resulting from an ioniza-

tion-recombinatiort instability . Based on previously pub-

lished data on the recombination rates and ion densities, he

was able to calculate a positive ion-negative ion recombina-

tion time constant which agreed with his T oscillation period

( -  within an order of magnitude (Ref 16:305-317). In a follow-on

19
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paper in 1968 , Sabadil noted that the coefficient for the re-

combination process between the negative and positive ions

in oxygen was inversely related to the gas temperature

(Kr “a Tg 5/2). Experiments with various oxygen discharges

at temperatures between -170°C and +3000C indicated very

slight changes in the oscillation period over the temperature

range . This led Sabadil to abandon the ionization—recombin-

ation theory for the oscillations (Ref 26:299—308).

In a 1968 paper Sabadil noted the similarity between

the Funn-Effect instabilities that occur in gallium arsenide

semiconductors and the oscillations in the T form of the oxy—

gen discharge. In the semiconductor, differential negative

mobility* arises due to the transfer of electrons from a high

( mobility central valley in the conduction band to satellite

valleys which are at a higher energy but where the mobility

is lower. For the oxygen discharge the atomic negative ion

0 was suggested as the low mobility charge carrier and the

• - 
electron as the high mobility carrier. To exhibit this ef-

V.
,

fect the production of low mobility carriers must depenä on

some process which has an energy threshold. For GaAs this

threshold is the energy difference between the central and

— satellite valleys of the conduction band ; for oxygen this

threshold is the minimum energy associated with the dissocia-

tive attachment process - approximately 4.4 ev. For both the

semiconductor and the oxygen discharge , under certain

~~~ a function of the electric field
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conditions the charge carrier distribution becomes unstable ;

and there are established high and low field domains which

propagate from cathode to anode . The Sabadi l paper proposed

a qualitative model of transitioning from the low field to

the high field domain but failed to describe a mechanism for

the converse (Ref 26:299-308).

In a 1974 report NIghan and Wiegand developed a theore-

tical model of the causes and conditions for instabilities

in molecular discharges, particularly discharges in which

negative ion processes play a significant role. Their analy-

sis indicated that the oscillations in the T form of the 02

discharge were a manifestation of an ionization instability

caused by the dissociative attachment process. The occur—

f•. rence of this instability was stated to be a function of the

electron temperature dependence of the attachment coefficient,

the electron temperature dependence of the ionization coe f fi-

cent, and the relative magnitude of the negative ions and

electrons. Specifically, a necessary condition for the in-

stability to occur is that the following inequality be true:

> (4)STe

where Ka is the attachment coefficient for the process:

e + 02 —
~~~ 0 + 0, Ki is the direct ionization coefficient;

and Te is the electron temperature. The dominance of the at—

tachment temperature dependence over that of ionization al—

fl lows for an inverse relationship between disturbances in

21

L___ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



V -
~~~~ ~~~~ 

V - -

electron temperature and electron density,  thereby providing

I a positive feedback path in the electron kinetics. A suffi—

cient condition for the oscillations to occur is that the ne—

gative ion concentration must be significant  compared to the

electron concentration. This requires that detachment pro—

cesses play a minor role. The transition from the T form to

the H form was postulated to occur when the detaching species

concentration increases to the point where the detachment

process dominates the negative ion balance equations. For

the pure oxygen discharge the dominant detaching species was

suggested to be either the neutral atom 0 or the metastable

neutral molecule 02 (a 1&.  The buildup of another stable

negative ion 03— by the process: 0 + 02 + M —, 0 3 + M

was considered as the method of delaying the transition from

the T to H forms. These two trends tend to explain the cur-

rent and pressure dependence of the transition between the

forms of the oxygen discharge (Ref 30:1-40).

I
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1 II.  GENERAL EXPERIMENTAL SETUP

The general setup described in this chapter was uti-

lized throughout the experimental phase of this study . With

one exception , only minor changes were made in progressing

from one experiment to another. The one exception was the

discharge tube; a different design was utilized for the

mass spectra experiments. The general setup was designed

to provide the necessities of the experiments: controllable

pressure, gas flow, gas mixture , D.C. electrical power with V

variable potential and current, and cooling for the discharge

tube. The following sections describe the discharge tube

design and the systems employed in the general experimental

(V setup.

Discharge Tube (Figure 5)

The discharge tube was constructed entirely of quartz.

This material was chosen over glass due to its high soften-

ing temperature and low electrical dissipation factor at

microwave frequencies; the latter characteristic was required

for the electron density measurements. With the exception

of the anode region, the tube was jacketed for cooling pur—

poses. The inside diameter of the inside tube was 19mm with

the exception of the cathode region. In this region the

diameter was increased to 25mm to accommodate the large cath-

ode. The length between the column edges of the anode and

5 cathode was 5~ 5mm. Ground taper joints were installed every

23
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Figure 5. Discharge Tube
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100mm along the column to allow probes to be inserted into

the tube. During the majority of the experimentation , elec-

tric field probes were inserted into the taper joints. These

probes consisted of .25mm diameter platinum wire encapsulated

in glass, except for 2mm at the end near the center of the

tube. For the plasma temperature experiment , a thermocouple

was inserted through one of the taper joints.

The electrodes, anode and cathode, were constructed

of oxygen—free copper to minimize water vapors. The lead

pins were constructed of Kovar. An epoxy substrate was used

to mechanically support and to seal the pins at the points

where they passed through the glass. During the break-in

period for the tube, these substrate joints had to be ther-

mally cycled several times before they formed good mechani—

cal and vacuum seals. The electrodes were broken—in by a

gradual increase in discharge current to slowly create an

even oxidation of the surfaces. Too fast a break—in caused

localized heavy oxidation which resulted in surface flaking

and surface unevenness. In order to avoid flaking at high

currents,the cathode design had to be as massive as the tube

design would allow. An 80mm long by- 20mm diameter hollow

cylinder was experimentally determined to be sufficien-t for

currents to lOOma . The anode size was relatively insensi-

tive to discharge current. Therefore a smaller design, 40mm

long by 16mm diameter hollow cylinder, was used for this

electrode.

C
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Gas System (Fi gure 6)

Throughout the experimentation the primary gas used

- . was oxygen. Other gases — helium, argon, or carbon monox-

ide - were used to initiate the discharge and as additives

to the oxygen. Power supply limitations precluded discharge

initiation in pure oxygen. All the gases used were ultra

high purity and were dispensed from size A bottles.

The portion of the gas system upstream of the dis-

charge tube was constructed of stainless steel components,

with the exception of a short section of tygon tubing con-

necting the mixing chamber to the tube itself. The portion

of the system between the pressure regulators and the flow

controlling needle valves was maintained at a small positive

pressure relative to ambient to minimize the effect of small

leaks should they occur. High and low range flowmeters in

the oxygen and additive gas lines allowed mixing to one part

in five hundred and measurement of the gas flow. The flow

and mixtures were controlled by needle valves in each line.

Mixing occurred in a chamber filled with small diameter

glass beads.

Downstream of the discharge tube, coarse and fine

needle—valves were used to precisely control system pressure.

A large capacity , 17.7 CFM Duo-Seal #1397, mechanical vacuum

pump was used to maintain system vacuum. A 6.5 Cu.Ft. glass-

lined water tank was used as a ballast for the system to

smooth pump pulses.

System pressure was measured near the anode end of
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the discharge tube by a Baratron capacitance manometer sy—

S stem. Both absolute and relative 100 torr heads were uti-

lized during different phases of the experimentation .

The overall gas system was capable of operating at a

minimum pressure of one micron with no flow. During opera-

tions with a discharge the pressure was adjusted to between

one and ten torr in the tube. A positive flow was main-

tained throughout all experiments to minimize the buildup

of contaminants in the discharge volume that could have re-

sulted from small leaks or from out—gassing . Flows ranged

between 10 and 500 SCCM.

Electrical System (Figure 7)

The electrical power for the discharge was provided

C 
by a Speliman Model HPSPN500SRX power supply. This supply

was capable of providing a regulated voltage between zero

and five kilovolts D.C.  or a regulated current between zero

and five hundred m.a. The current-regulating circuit of the

Speliman was not capable of responding to the rapid change

of impedance of the oxygen discharge during transition be-

tween the high and low field forms. Therefore, a custom-

built, fast—reaction, current—regulator was placed in ser-

ies between the Speilman power supply and the discharge ;

and the Speilman power supply was operated in the constant

voltage mode. The current regulator was capable of being

controlled manually, by a motor driven sweep, or by an elec—

tronic signal of arbitrary waveform. Pulses were used

S
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during one experiment to synchronize the oscillations. The

5 uti l izat ion of a good cur rent regulator was key to removing

the external circuit effects from the discharge characteris—
V 

tics. The custom regulator used in this study outperformed
V 

any commercially available at the time.

The current through the discharge tube and the poten-

tial across the tube were monitored on digital voltmeters

and recorded on a Hewlett Packard 7004A x-y recorder. The

electric field was determined from the potential difference

between probes inserted in two ports of the discharge tube .

Two systems for measuring the electric field were utilized

during various phases of the experimentation . A laboratory-

constructed differential  amplifier system with an input im-

C 
pedance in excess of 1010 ohms was used for D.C.  and low fre-

quency measurements. For high frequency measurements of the

osci l lator y electr ic f ields,  frequency compensated Tektronix

probes with input impedances of l 0~ ohms were used in con-

junction with a Tektronix 1A7A differential amplifier. The

outputs of these systems were variously connected to a digi-

tal voltmeter , a Hewlett-Packard 7004B x-y recorder , a Tek-

tronix 555 oscilloscope , and/or a Hewlett-Packard 8556A

spectrum analyzer.

Cooling System (Figure 8)

It was observed early in the experimentation that the

oxygen discharge ran very hot; a significant portion of the

input energy was converted to heat. In order to insure
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experimental repeatability and to protect the discharge tube,

3 a cooling system was utilized to maintain the discharge tube

wall temperature near that of tap water. Carbon tetrachlor—

ide was utilized as the coolant due to its low dissipation

factor at microwave frequencies ; this was important for the

electron density experiment. 
V

The coolant was pumped through the tube at a pressure

of approximately five to ten psi. After passing through the

tube, the heat was removed from the carbon—tetrachioride in

a water—cooled heat exchanger. The system was so efficient

that the outside wall of the outer jacket never exceeded a

temperature of 18°C, as measured by a platinum resistance

probe taped to the tube.

(
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III. Impedance Characteristics

This chapter is the first in which experimental results

are presented. It covers the measurements of the electrical

impedance of the oxygen discharges both with and withot~t ad-

ditive gases. Electrical i7mpedance experiments are rela—

tively easy to perf orm , and they tell a lot about the over-

all characteristics of a particular plasma . However, it is

very difficult to determine from these results the explana—

tions of the characteristics. In this chapter both quanti-

tative and qualitative results are presented . Some of these

are explained in future chapters after further experimenta-

tion or modeling .

( The chapter starts with a brief explanation of the

factors that determine the impedance of a discharge. This

is followed by a description of the experimental techniques

used. Then the experimental results are presented. Speci-

fically , the discharge potential and electric field values

are depicted as functions of current and pressure for pure

oxygen , oxygen plus argon , and oxygen plus carbon monoxide.

Also , mappings of the high and low field forms of the dis-

charge and the effects of inert and detaching additive gases

are presented .

Theory

When an electric f ie ld  is applied to a plasma, the -

‘I 0 charged narticles are accelerated in a direction parallel

-u

_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~ -

_______________ - V7VV~~~~V~~~~~~~
V
~~~~~~~J 

V. V. 
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or anti—parallel to the field. The charged particle current

density,j , can be determined from :

= 

9(~~~~~~~ 
N;~?j 

— 
~~~~a

-
~~~e) (5)

where q is the electronic charge, N; and t’te are the ion

and electron number densities; and V~ and Ve are the ion

and electron drift velocities. Due to its high mobility the

electron is the major contributor to the current flow in a

discharge. The electron drift velocity can be calculated

from:

e tYle\)ew

This relationship combines the effect of the accelerating

force , the electric field (fl), and the effects of the decel-

erating force, the frequency of electron—neutral collisions

(\
~ew )— 

Combining the above equations and disregarding the

ion current leads to the following relationship for the

plasma impedance:

~~~_ ( 
~~Je 

-

~ h1~~ \Ieii

The discharge current versus voltage relationship can be

V J determined from the above equation by integrating the cur-

rent density throughout the cross section of the discharge

and the electric field along the length of the discharge.
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In equation 7 the electron number density and effec—

- V tive collision frequency are complex functions of the elec-

tric field , gas temperature, gas pressure , collisional cross

sections of the constituent species, and the discharge tube

geometry. Although the theoretical determination of the

impedance is complicated , the measurement of the discharge

impedance is normally an elementary experiment. However,

in the case of oxygen , the measurement of the impedance in

the transition regions is complicated by the requirement for

a very good current regulator. Previous low-field-form in—

vestigations without good current regulation are subject to

the suspicion of the discharge acting as a circuit element

in an oscillatory circuit rather than jus t exhibiting posi-

tive column oscillations.

Experimental Setup/Technique

The general experimental setup described in Chapter II

was utilized during the determination of the discharge impe-

dance characteristics. X-Y recorders were used for record-

ing the tube potential and electric field as functions of

the discharge current. The discharge curren t was slowly

swept f rom both low to high current and from high to low ,

thus allowing the hysteresis effects to be displayed. The

electric field was measured by probes inserted through ports

3 and 4.

The gases were flowed through the tube at rates calcu—

lated to main tain a constan t residence time regardless of
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pressure. Temperature effects  were not taken into account.

$ The flow was adjusted according to the following relation:

‘~ ‘

. F = P- G.78 (8)

where F is the gas flow in standard cc per m m .  The velo-

city of the gas in the tube Vg was:

v - ~~ (9)9 —

where Fa is the actual gas flow in cc per sec and is deter-

mined by:

Fa 4.32 ~ 
—2 

(~~F) (10)

The residue time of the gas in the tube,T.es , was:

reg
9

where L is the length of the discharge. For T = 300°K ,

L = 50.5 cm, R 0= .95 cm: Vg = 31.02 cm/sec, T’res = 1.63

sec.

Experimental Results

Pressure Effects and Hysteresis. Figures 9, 10, and

11 depict the tube potential and electric field variations

as functions of the tube current. These figures depict

typical curves for the param:ters specified. Experimental
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repeatibility was good between runs, especially in regard

S to the potential and electric field values. The greatest

variation occurred in the current values at which the dis—

charge transitioned between forms. Generally this variation

was less than 10% for the high current transition . The low

current transition variation was greater. However, it is

postulated that this variation was due to the reduced stabi-

lity of the current regulator at low currents and the high

negative impedance of the discharge. Often, at or near the

point of the low current transition , the regulator would be-

gin to oscillate ; and the discharge would extinguish . It

was impossible to map this transition at pressures in excess

of 6 torr.

Figure 9 depicts the potential variation as a function

of current at various pressures. The high current transi-

tion between the high and low field forms was a very strong

function of both current and pressure; the low current tran—

sition was a strong function of current only . The transi—

tion between the fo~-ms was very rapid at any one axial posi-

tion in the tube. The two forms often existed in the tube

at the same time. When this occurred the high field form

existed on the anode side of the positive column and the

low field fo rm on the cathode side. Discontinuities in the

tube often provided the interface between the two forms when

they coincided in the column. This simultaneous existence

of the two forms is illustrated by the stair—stepped nature

( )  of the transitions in figure 9. As different axial sections
r-
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- V..’, 

I ~ 
~~ - 

-V — 

V-V



- - - — V - V - V V. - - 
- ~~V V

V 
~~~~~~~ W —-

PRESSURE (TORR)
1 7- 5 3

-79

_ _ _ _ _ _ _  

6O~~
1

I i  F-

/ 1  z
/ I

/ I a:
/ I
/ I U

1 wV /
V 

HIGH CURRENTL~~—’~ 
1
1( TRANSIT ION \ ]

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ CD
30ct

\
- \ I- 

U
V~)

V 200 
V

LOW CURRENT -10
TRANSITION

7-
I 0

4 3 2 1 0
DISCHARGE TUBE POTENTIAL 0(V)

U
Figure 9. Pressure Effects on Discharge Impedance
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of the tube transitioned , the potential trace stepped to a

-~~~~~ new value. Often the electric field probes acted as the

spatial discontinuities for the interfaces between the forms .

In the high field form the discharge was stable; there

were no perceivable oscillations or random behavior. In the

low field form, however , there were large amplitude oscilla-

tions and/or noiselike behavior . This was observed from

oscilloscope and spectrum analyzer traces of the tube cur—

rent. In the low field form there was considerable jumping

among different potential values as the current was swept.

This is shown only on the 7 torr trace of Figure 9 but ap-

peared on all the raw data. The difference between the low

field potentials was small and was related to the frequency

(- 
of oscillation. As the oscillation frequency jumped between

different stable and/or astable modes, the potential would

jump.

Figure 10 depicts the hysteresis nature of the transi-

tion. The discharge tended to stay in the form in which it

existed. The high current transition always exhibited a

predictable hysteresis phenomenon. The low current transi---

tion did not; the limitations of the experiment equipment V

precluded a predictable mapping of this transition.

Figure 11 is a typical electric field variation for

the discharge. The transitions of the electric field tracked

those of the tube potential. Due to the fact the electric

field measurements encompassed only a small section of the

( -) axial length of the tube, the stair-stepping during
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transition was much less evident. Usually only two steps

were included in the spatial span between the two electric

field probes.

Existence Regions. Figure 12 is a plot of the exis-

tence regions for the high and low field forms as functions

of the discharge current and pressure. The transition points

were taken from the electric field—vs—current traces. Dur-

ing a high current-to—low current sweep, transition was con-

sidered to have taken place when the first portion of the

region between the two probes transitioned. For the low—to--

high sweep the final transition was used for the transition

point. Points from several different experimental runs were

plotted, and a least squares power curve fit was made. The

resulting boundary curves for the high current transitions

showed good correlation (r~ = .96 to .98)-with the data; the

low current transitions were poorly correlated. The experi-

mental results of Pekarek are shown for comparison * (Ref 15:

750).

Flow Effects .  An experiment was conducted to deter-

mine the effects of gas flow rate on the characteristics of

the discharge. Flow rate was varied over approximately an

order of magnitude. It was observed that the impedances in

the low and high f ield forms of the discharge did not vary

significantly as functions of the flow rate. However, the

*A direct comparison is difficult to make. Pekarek ’s
experiments were conducted with a nonf lowing gas in an un—

() cooled discharge tube.

U. -V -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-: -

-- p  V 

V__ T- V~~~ V.~~~~~~~ V 

V - 

—. --



~~~~~~ W - V -  -V 
-

7 100

V. 90-
I 0

80-

~~70 HIGH FIELD FORM 
/~~~~~~~~

F—
z60
w -

a: --

a: 0

050 
V

( z
0
E4o 0

~~~~~~~30 o

I LOW FIELD FORM
0,

‘-‘-I /

10 0 0

_ _  

~~~~~~~~~~~HIGH
_

FIELD FORM 
V

(

V PRESSURE (TORR)
Figure 12. Existence Regions

43

- -
~~~~~~~

-
~~~~~~~~~~

- 
~~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 
‘- . : - ~~~T- ~~~~~~~

_
, - - V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V .  

~~~~~~ ~~~~~~~~~ 
—



- ~~— 
- V V.

point of transition between the forms did change. Figure 13

S depicts the low—to-high and high-to-low transition points

as functions of the flow rate. As shown on the figure the

transitions occurred at lower currents, and the hysteresis

became more pronounced as the flow was increased .

Effects of Additives. Other gases were mixed with the

oxygen to determine the effect  on the discharge characteris-

tics. Carbon monoxide and argon were chosen as the additive

gases — carbon monoxide because it is a strong detacher of

the electron from the 0 ion (Ref. 31:597-599) and argon be-

cause it is inert and should have only minor effects on the

characteristics. During the experimentation the oxygen flow

was set at a high rate*, and the mix percentage was con—

trolled by adjustment of the additive gas flow rate. The

partial pressure of the oxygen was maintained constant while

the total pressure was allowed to vary with the additive.

The mixture percentages specified in figures 14 through 17

refer to volume and were calculated by dividing the additive

flow rate by the oxygen flow rate.

V Figure 14 depicts the effect of the addition of argon V

on the impedance characteristics of the discharge. As shown

in the figure the effect was minor. The impedances of the

high and low field forms remained basically unchanged. The

transition point between the two forms was slightly effected,

*400..500 sccm , depending on the vacuum system ’s abi- -

lity to maintain the desired pressure.
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as depicted in figure 15.

The effect of carbon monoxide on the discharge was

much more pronounced , as depicted in figure 16. As carbon

monoxide was added , the DC impedance of the low field form

increased to the point where the difference between the two

forms essentially ceased to exist. The transition between 
V

the two forms generally decreased to lower currents, and

the hysteresis became less pronounced as the additive was - 
V -

~~

increased. Figure 17 depicts the carbon monoxide effect on

the transt tion point. For both the 4 and 8 torr experimen-

tal run s there was no mixture that completely eliminated the

transition; however, as illustrated by the 18.6% run in

figure 16, the difference in impedance across the transition

was minor.

C 
V
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I IV. Discharge Heating and Gas Temperature

The number density of the neutral particles N is one

of the key parameters of a partially ionized gas. This para-

meter , used in conjunction with the electric field, was re-

quired for comparison of the experimental results of this

study with the modeling results and with other experiments.

The number density was calculated by using the perfect gas

law *:

(12)

The determination of the pressure , P, was easy ; the determin—

ation of the temperature , T, was very difficult.

This chapter addresses the determination of the gas

temperature. In the first portion of the chapter a relation-

ship for the radial and axial gas temperature is determined

using the assumption that all the input enErgy is deposited

in gas heating. Next the setup used to experimentally deter-

mine the gas temperature is presented. This is followed by

the experimental results. Finally, these results are used

to develop a relationship between gas temperature, input

electrical power, and gas pressure. Once determined , this

relationship was used in reducing all of the experimental

data. As an example, the relationship between E/N and

() *Valid for the pressures used in this study.
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current is presented for various pressures.

I
Theoretical Determination of Gas Temperature

The following a~ialysis is based on the assumptions

that all of the ele’~trical energy input ends up in gas heat-

ing and that the heating is uniform in the axial and radial

directions. The first assumption is obviously not true;.

some of the energy goes into excitations which decay into

optical channels* or into long-lived metastable levels which

flow out of the tube before decaying. The second assumption

for the radial direction is good for the low field form

where all of the experimental measurements were made. Thomp-

son has shown that the energy pumping species, the electrons,

have a generally constant density profile when the negative

( ion to electron concentration ratio is high, as is true of

V the low field form of the discharge (Ref 20:514). Due to

oscillations the axial heating is definitely not uniform at

any one point of time. Time averaging , however , should al-

low this assumption to be reasonably good.

The theoretical determination of the gas temperature

is based on balancing the rates of energy gain and losses.
V 

Consider the incremental volume between the two concentric

cylinders of f igure 18. -

*This is a very small amount as evidenced by the
limited optical output from the discharge.

(—s
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Figure 18. Geometry for Temperature Determination

The energy rate balance equation is*:

u__ 9 (~~-Ct~) -i-- (uFO - UFI )
- 

Rate of energy Net radial Net flow (13)

gain in the volume conduction loss loss

The energy gain from the electric field is:-

(I 
~78ET-r .dr 14Lt~ R2- (cal sec~~ ) 

C )
0

The radial conduction of energy into or out of a cylindrical

surf ace with height dz is:

Lk~= K SVT cJA = 2~ fl~ Kr~~z~~~ (15)

Where K is the thermal conduction coefficient for the gas.

Using the first two terms of a Taylor series expansion to

relate the temperature at r + dr to the temperature at r,

the net rate of radial conduction loss is:
I’ -

V *Axial conduction was assumed to be small compared to
flow.

IV --
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U~ — U~ = — 2 -ir.k.dr.cIz.-~~..(r.~~~~) (16)

The axial flow of energy into or out of the concentric cir-

cular areas is:

= 4. N—k~T 1Y. r.~ r.V~ (17) 
V

where k is Boltzmann ’s constant. The net rate of axial flow

loss is:

UFO Ur; ~~~~~~~~~~~~~~~~~~~~~~ (18)

(
where the first two terms of a Taylor series expansion were

used to relate the temperature at z + dz to the temperature

at z. Equation 12 was used to determine the value of N; and

equations 8, 9 and 10 were used to determine the value of Vg.

After substituting these equations into equation 18 and corn-

— bining it with equations 14 and 16 into equation 13:

.530-E l = 3.88 c 
(r.~~ )+ Z O- P-~~~ (19)

where the value of 6.18 x l0~~ cal/(sec) (cm2) (°c/cm) was

used for K (Ref 32:E-2). In solving equation 19 for T, it

was assumed that the radial and axial functional relation-

t ships of temperature are separable.
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T&,z~ = TCr ~~z (20)

T(r) represents the radial profile at any position z; T(z)

is the axial temperature at r o. Substituting equation

20 into equation 19:

= — 3.~sx~ödt ]~~). 
+(

r.
~
T
~~)+2.~ 

(Q~p.T~r).~T0~~ (21)

The solution for the radial profile is a parabolic function :

T(r~ = 
~~~~~~~~~~~~~~~ 

~~~~ ~
) (22)

f where Tw is the wall temperature and it was assumed to be

constant. The solution for the axial dependence is an ex-

ponential:

T0(z) = T~÷ ~~~~~~~~~~~~~~~~~~~~~~~~~ (23)

where it was assumed that the gas entered the tube at z = o

with temperature T0(z) = Tw. For any significant axial po-

sition along the positive column, the exponential term in

equation 23 is negligible and can be neglected.* Therefore,

the centerline temperature can be calculated by:

*Experiments were run with an order of magnitude
change in flow rate. No appreciable effects on the center—
line temperature were noted.

I

C 
- 
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2
1 (z) — T~4 3.O8X 

tO E-I (24)

The average temperature can be calculated by combining equa-

tions 22 and 24 and integrating over the radius of the tube.

<T> =T, + 2.O5x~O~• E ~I (25)

Experimental Determination of Gas Temperature

Experimental Setup. The general experimental setup

described in Chapter II was utilized with one addition : a

small thermocouple was inserted into port number two in such

a position that it could be used to measure centerline tern—

( perature . An additional identical thermocouple was inunersed

in ice water and was utilized as a reference. The potential

differenôe between the two junctions was read out from a

digital voltmeter and was used to determine the gas temper-

ature.

Experimental Results. Runs were made at pressures be-

tween two and nine torr. Only readings in the low field

form were possible. When the discharge transitioned to the

high field form, the probe would begin to glow, and the tern-

perature reading would rapidly increase to a value above the

theoretical maximum. This incandescence was possibly caused

V by the recombination of atomic oxygen at the probe surface.

~~

.- The raw data at any one pressure was insufficient to
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allow temperature prediction for the total range of power

inputs experienced at that pressure. It was important that

all of the data, for all pressures, be utilized to allow

analytic interpolation and reasonable extrapolation to cover

the full parameter space. The data was reduced to a rela-

tionship of centerline temperature rise* as functions of

power input per molecule and system pressure. The wall tem-

perature was measured throughout the experiment and averaged

2900K with very little variation. The centerline tempera-

ture rise was calculated from:

~ATc = T thermocouple — 290°K 
- (26)

The power input per molecule was calculated from:

E-I 
_ _

- - PM - (27)

where equation 12 was used to calculate the average gas den— -

sity, <N>.

<N”  
— 9.~~~xio

’8•P 
28

<T) 
( )

The experimental relationship between temperature rise, L~~T

to reduced power input is depicted in figure 19.

Analytic Relationship for Gas Temperature. The shapes

*Centerline temperature rise was the difference be-
tween the measured centerline temperature and the measured 

4
( ~ wall temperature.
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- - of the curves in figure 19 indicated that an analytic ex-

press ion for centerline temperature rise could be developed

from independent functions of reduced power input and pres-

sure.

L~T~~ c (PM~-~~ (P~ (29)

The reduced power input function, Pm, was fit to a power

curve and the pressure function, P, to a quadratic. The

following relation was determined to fit all of the data

with good correlation (r~ = .99):

I oi~~3
~ Tc~~~3.231~2I.I.P-Lo5.P2).(PM) V

( Equations 25, 27, and 28 were used for the determination of

Pm. Equation 30 is transcendental and was solved by itera-

tive computations.

Figure 20 depicts the results calculated for 9, 6 and

3 torr using the above expression. Also, the theoretical

maximum temperature and the experimental data are plotted.

It is to be noted that the calculated curves show ini tially

a negative second derivative, due possibly to an increase in

the amount of energy going into nonheating channels as the

power input is increased . As the power input is increased

further , however, the second derivative becomes positive.

This is possibly caused by the rapidly decreasing gas den-

sity as the temperature rises.
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4 Reduced Electric Field Variation

— I The analytical expression for the temperature rise in

the discharge, equation 30, was used in equation 28 to cal-

culate the gas density , (N), as a function of input power

and pressure. This calculation was used to determine the

reduced electric field , (E/N), as functions of pressure and

current . Figure 21 depicts these relationships for three

pressures: 8 , 6 and 4 torr. The current sweep was from

high-to-low.

(V
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I V. Low Field Oscillations

The unique characteristics of its low field form sets

the oxygen plasma apart from the plasmas of other gases.

This chapter reports the results of experiments that inves-

tigated the oscillations that existed in the low field form.

The results of these measurements were not used in valida-

ting the models, since the models were limited to only the

high field form of the discharge. These experiments were

run to provide a better insight into the oxygen plasma.

Two aspects of the low field os~ i11ations were inves—

tigated. First the dispersion* was determined for various 4

pressures and discharge electrical currents. Secondly , the

nonsteady electric field was measured as a function of the

same parameters.

Dispersion of the Oscillations

Experimental Setup and Procedure. In order to deter-

mine the characteristics of the low f ield oscillations, the

experimental setup depicted in figure 22 was used in con- 
- 

V

junction with the general experimental setup described in

Chapter II. A function generator operating in a pulse mode

was utilized to pulse the current regulator at the frequency

of interest. The low field oscillations were locked into a

*Functional relationship between the wave number , k,
and the oscillation fr equency ,~~~.
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single frequency stable mode by this method. The output of

the function generator was also connected to a frequency

counter for a backup determination of the oscillation fre—

V quencies. -

A photornultiplier tube was mounted inside a casing

with a narrow input slit. The optical output from the dis-

charge was focused on the slit. A Gaertner micrometer tra-

verse was used to move and accurately measure the position

of the photomultiplier along the length of the discharge.

The output of the photomultiplier was used in conjunction

with the variable time delay feature of the oscilloscope to

accurately determine the time between oscillation pulses.

This was the primary method of determining the oscillation

frequencies. The wavelengths of the oscillations were deter—

mined by synchronizing the oscilloscope to the function

generator and using the traverse to determine the distance

between pulse peaks.

Experiment Results. The output from the photomulti-

plier showed that the oscilla tions consisted of very short

pulses of li ght with a relatively long dark period L~etween

pulses. This large intensity ratio indicated a high level

of modulation . Figure 23 depicts a typical photomultiplier

output signal.

Figures 24 and 25 are the dispersion characteristics

for pressures of 4 and 8 torr respectively . The observed

oscillation frequencies ranged from 20KHz to 90KHz. This

C falls within the 2 to 100KHz range reported by other

V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V-VV

~~~~~~~~~~~~~~~~~~~~

V.

~~~~~~~~~~~~~~~~~

6

V --

7 7.—-V — 
I — 

‘V ~~ 

— —



V V -w 
~~~~

- ~~~~~~~~~ V. V~ V. - - —  ~~ V V V  V. — V

I

I.

~~31~~sec~~ V

C-
Figure 23. Typ ical Photomultiplier Output

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~ 

66

. 
•

~~~~~~~

. -
V

- - - ~5~~~~~ V.~~~~ j •  ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~ V V . 147 ~~~ V~~ • -V -V

I 
4 

1~ 
—

- 
~~~ ~‘:~~

- -- 
- - -

~~—~~~ :- V~ -
~ -r - -, -.- -- -  - ... --

~ - 
- ~~~~~~~~~~ ~~~~ ~~ 

- - - 
- . -

- VV !- — : - — - 
— 

- - 

V 

V 
__

~
_ 

- 
:1 :‘

~ __ ~
. ‘_



- -. — V V V —

£ 600

500

2O ma

400 
- l2 ma

U

LLI
U)
—-V

C

£ 300 /

.
REF. 15

200

100 4 TORR 
- 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~ V

k (c rri1)

Figure 24. Dispersion Characteristics for 4 Torr

- 67

— - 
- - :~ - -. - ~V V 7 -  - - - - -

7 V V V V •~~~~~~ V 

~
_
,- ,

V
y-- - -. - - 

~
- 

V-



1 600 

40m:~~~~~~~~~~~~~

500 - -

6Oma

/

7.

-

io:
,,
,, 

0~ 12 16 

~ TORR 

2~ 

V

C k (cni1)

Figure 25. Dispersion Characteristics for 8 Torr

- 

_______ ___________ 

68
- 

- ~~~~~~~~~~~~ 
V ~ 

~~
y V V~~~~~~~~~~~~ ___  —— -—— -

,LV.

V V

__
VV

~~
7 

V V - - 

- ~$
-.. - 

V . 
—

- 
— ~t~~~~~~-js- ~ — — — 

V
~k ? I~ — V LVmV - —



—w W —

investigators (Ref 15:751, Ref 18:11, Ref 29:85, Ref 16:305—

317). For comparison the results of Pekarek ’s experiments

at 2 torr in a 0.9 cm radius tube (Ref 15:749-753) and Saba-

dil’s experiments at .65 to 3.2 torr in a 2.5 cm radius tube

(Ref 16:305-317) are shown in figure 24. As indicated by

the positive-value intercepts of the dispersion curves with

the c~ axis, the oscillations observed during this study

usually exhibited a small amount of normal dispersion .* The

phase velocities varied between 2.6 x l0~ cm/sec and 3.5 x

iO~ cm/sec and the group velocities between 2.5 x ~~~ cm/sec

and 3.1 x 1O~ cm/sec. Sabadil’s results indicated the Os-

cillations to be dispersionless with a velocity of 2.4 x 10~

cm/sec for observations between .65 and 3.2 torr (Ref 16:

305-317). Pekarek ’s observed velocities varied between 2.7

and 3.6 x 10 cm/sec. Since the smount of dispersion deter-

mined by this study was so small and exhibited some scatter ,

the experimental evidence is considered to he indicative but

not conclusive in contradicting Sabadil’s nondispersion ob-

servations.

As stated in Chapter II I, it was observed that the

voltage across the tube in the low field form would jump

back and forth between several different values and that

these values were related to the oscillation frequency.

Figures 26 and 27 depict the variation in tube voltage with
V changes in the oscillation frequency . It is to be noted

*The phase velocity decreased with increasing fre-
quency.
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that it was possible to lock the oscillations only into cer-

V 
tam stable modes, as indicated by the data points. Frequen-

cies of oscillation between these stable modes were impossi—

ble to achieve. Therefore , the lines are drawn on the fig-

ures only to indicate the trend of the data.

Electric Field Shape

Experiment Theory. The objective of the experiment

was to measure the electric field variations in the low

field form of the discharge. To do so a method was required

to transform the observable measurements of potential differ-

ence into a determination of the electric field. At any

axial point, z, in the discharge the potential referenced

to one of the electrodes can be represented by a Fourier

( series expansion :

V(z,±)~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ (31) 

V

b~z~ SN [w.w.t 
.
~icw

.
~})

The electric field , E, evaluated at an arbitrary point z = o

is:

E (7~t) = ~V(z~t) (32 )

C 
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7. a 
E(z~)=~~~~~~ +~~~[(~~

M
~~KN.bW ) .c os~~~.w .t}±

V 

~~~~~~~~~~~~~~~~~ 
(33)

Assume that:

f c l z I < Ik~.a~.4 (34)

I~~1 < J~~~~~~~~~~~
. b w

J 
(35)

V 

This assumption is valid if the oscillation electric field
V 

pulse does not change with position . In the region of mea-

surement in the discharge the optical pulse shape did not

change significantly as a function of position , which is con—

V 
sistent with the assumption . The electric field evaluated

at an arbitrary point z = o is therefore:

- 

E(z ~~~
±) ~ a0 ~~~~(_KW .bN .cQs w.

~~.t} + 
(36)

~cN •aw~ st t~
One method of determining the electric field is to use

two axially separated probes located in the plasma and mea—

- () 
suring the potential difference . This method has serious

V 
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disadvantages if the probes are separated by distances

• I greater than the wavelength of any of the significant har-

inonics. For the range of wavelengths observed in this ex—

- 
periment, the distance between the probes would have had to

have been less than .3mm to faithfully reproduce just the

fundamental frequency.

The method that was utilized involved a time deriva-

tive of the signal from a single probe referenced to an elec—

trode of the discharge. Taking a time derivative of equa-

tion 31 at an arbitrary point, z = o , yields:

~~~~~~~ ~~~~~~ .aN-s Iw{~-w .t}+ N~~b~~COS [W W 4}) (3 7)

If the medium is dispersionless, or very nearly so:

(38)

where V~ is the phase velocity of the 
oscillations. There-

fore:

-
~~ K~•aN • SIN IN.(L)4}) (39 )

The optical dispersion experiments reported previously in

this chapter showed that the oscillations were just slightly 
V
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_
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dispersive .* The maximum variation in phase velocity at any

3 one pressure and current was less than 23% over a frequency

variation of 4.1 to 1.

L 
In measuring the potential in the discharge, the char-

acteristics of the interaction of the probe with the plasma

had to be considered . Any object immersed in a plasma will

develop a sheath around it. This sheath can be considered

to present a parallel resistance and capacitance coupling

between the probe and the plasma. A rigorous analysis of

the coupling for a cylindrical probe is very complex and is

beyond the scope of this study . However, a simplified ana-

lysis can be used to determine if this coupling is important

in determining the overall measurements. Consider the elec-

trical circuit of figure 28.

PIasma~~~~~~~~~~~~~~~~ 

Input
iO%

~fI~~ Amplifier

Figure 28. Equivalent Circuit of Plasma Sheath 
- -

Rs and Cs are the sheath resistance and capacitance

*Refer to figures 24 and 25.
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respectively . For a probe operating at the floating poten-
,lI
•1’ tial, where no current is being drawn from the plasma, the

plasma dynamic resistance can be approximated by (Ref 9:142-

143) :

- 
dVp 

- _ _ _  
4—

— 

di z~o~ ~ 
( 4 0 ) .

where A = area of the probe = 1.6 x 10 2 cm2

mean velocity of the ions

<v)1= ( ~~~~ )~ 
= 4.8 x io~ cm/sec for molecularoxygen ions at 300°K

Ne = 1010 electrons for low field formcm 3

Te = 2 x i04 0K for low field form

(. R s = 6 x l O 6 ohms

The capacitance can be approximated by (Ref 9:128-129 , Ref

33:21)

~ A ’ E0 (41)
As

where s = sheath thickness ~~ ~~ io 2 cm

Cs = 1.4 x io-13 farad

The combination of Rs and Cs had a time constant equivalent

to approximately 2 x iO~ hertz. Even at this frequency and

higher, their values had little effect on the overall mea-

surements due to the high impedance of the probe.

Experimental Setup F::ure 29 illustrates the setup
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utilized to measure the time dependent electric field in the

$ low field form of the discharge. To determine the steady

(d.c.) portion of the field, the differential voltage be-

tween two probes was passed through a low pass filter and

displayed on a digital voltmeter. The varying (a.c.) portion

of the field was determined by differentiating the potential

of one of the probes referenced to ground. A simple resis-

tor and capacitor differentiator was constructed and cali-

brated for the purpose. The output of the differentiator

was connected to the vertical axis of a Tektronix 555 oscil-

loscope; the horizontal trace was synchronized to the oscil-

lation frequency. The deflection plates of the oscilloscope

were connected through a Tektronix coupler to a HP70043 x-y

recorder to provide a permanent record. -

Experimental Results. Figures 30 and 31 depict elec-

tric field shapes at the four different port locations for

two different discharge currents. The d.c. values of the

field, determined from the potential differences between two

probes, were added to the a.c. shapes determined at the spe-

cified probe. Therefore, the a.c. values were measured at

a single port, and the d.c. values were averaged over the

region between two ports (10cm). This resulted in an inac-

curacy which is evidenced by the electric field trace pass-

ing below the zero line on some of the traces. E/N values

corresponding to the electric field values are listed ~.n

parenthesis on ~ach of the traces. The reduced electric

0 
field was determined utilizing equation 30.
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3 VI. Electron Density

The number of free electrons in a plasma determines

many of the characteristics of that plasma. For example -

since the electrons are the prin cipal electric curren t car-

riers , their density is a key par ameter in determinin g the

impedance of a discharge.* Also , the rela tive densi ty of

electrons to negative ions is one fac tor in determining the

stability of a discharge.** Therefore, to describe a dis-

charge it is necessary to have a knowledge of the electron

density. The objective of the experiments described in this

section was to determine the number densi ty of electron s in

an oxygen discharge by utilizing a microwave cavity. The

( results of these experiments were compared to values calcu-

lated from current continui ty equations and were used then

to validate the computer modeling.

The chapter starts with a description of the theory

associated with the utilization of a microwave cavity for

electron density measurements. Next, the experimental setup

and procedures are described. This section is followed by

the calcula tions of the factors used to determine the elec-

tron densi ty values from the chan ges in the cavity resonan t

frequency and quality factor.

*Refer to equation 7.

**This aspect is discussed further in Chapter X.

I 

•
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • • . _ _ _

_ _ _ _ _ _ _ _ _ _ _  - ~ ~~~- ~~~~~~~~~~~~~~~ 

I ~~~~~~ -



.‘ - .  - -

.4 Finally , the experimental results are presented along with
• 

• electron density values calculated from simple current con-

tinui ty relationships.

Experiment Theory

A conventional method of determining plasma electron

densities and collision frequencies consists of measurin~
the changes of resonant frequency and quality factor* of a

microwave cavity caused by the introduction of the plasma

(Ref 35:196). The basic measurable characteristics of a

cavity (resonant frequency , wo, and quality factor, Q) are

not only functions of the physical dimensions but also of

the properties of the medium contained within it. If the

changes in these measurables are sufficiently small when a
( plasma is introduced into the cavity, perturbation theory

can be used and the following relations utilized** (Ref 36:

441):

L~) _ _ _  

5 , q~ .~~ 2
.dV

0 0 5~ 
E~’E2 eJV

*The quality factor is a measure of the losses of a
cavity. It can be defined as a ratio of the energy stored

• in the cavity to the energy loss per cycle (Ref 34:146).

**Slater did not include the relative permittivity in
the normalization integral. Due to the particular geometry
of this experiment, it must be added to account for the
highly dielectric quartz tubes and carbon tetrachioride
coolant.
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~~~~~~~~~~~~~~
where:

(.A )0 = resonant frequency of the cavity without the plasma

(Ai p resonant frequency of the cavity with the plasmat~C J =
Qo = quality of the cavity without the plasma

Qp = quality of the cavity with the plasma
A 1 1 \  I
L~~~~~~~~~~~~

)  
~~~~~~~~~~~~~~~~~~~~~~~

V = cavity volume including the plasma interaction region

V’= plasma interaction portion of the cavity volume

= complex plasma admittance

Er relative permittivity of dielectrics in the bore

E = electric field

The validity of the perturbation theory is based on

the electron density being low enough to permit interaction

of the electromagnetic field with the plasma electrons (Ref

35:196) :

t~
j / _ _ _ _ _ _ _ _ _ (44)

where Me and q are the mass and charge on the electron re-

spectively . As the electron density, Ne, approaches the

value on the right hand side of the inequality 44 the plasma

begins to shield its interior from the externally applied(
83
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electric field; and the theory becomes invalid. Addition-

f ally, the pressure should be sufficiently low that (Ref 35:

196):

(45)

A high value of collision frequency, ‘V en , could result in

the lowering of the cavity , Q, to the point where higher or-

der cavity modes may be excited.

Based on the assumption of a Lorentz gas inodel*, the

complex admittance can be expressed as (Ref 8:194):

— t\le 9
2 \)eN 

— • 
Ne~~9 CA.) P

— 

~ me~~~~~ -~ *i~) 
(46)

( • 

Substituting equation 46 into 42 and 43:

_ _ _  — — 
g~. ~~ _ _ _ _ _ _ _ _ _ _ _

2 o o~me”(\)e~+(&)p1)

- _ _ _ _ _ _ _ _ _ _ _ _  cv ’Ne E~dV
9 — 

E m€~~(V~~~
-F A..~

2)  5 € P .E~dV (48)

*A Lorentz gas is a plasma in which the electron and
ion number densities are less than the neutrals; only the
electrons participate in the phenomena of interest; electron—

t neutral collisions are the only collisions of concern ; and
the neutrals are assumed to have infinite mass (Ref 8:191).C’
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Solving these equations for electron density and collision

S frequency :

~~N~ E~~V = ~ ~ W • E. (Aj O• f l~e .[
~

+ (A (
~

)
1.WP r]

V (49)

\‘e~.i~~ 
(50)

The difficulty in solving equation 49 lies in evaluating the

integrals. Some knowledge of the spatial variations of the

electric f ield and of the electron number densities is re-

( quired. These integrals are evaluated in a following sec-

tion of this chapter.

Experimental Setup

Figure 32 depicts the setup utilized to determine the

change in cavity resonance and the quality factor as func-

tions of discharge pressure and current (Ref 37:2—3, Ref 38:

1— 6). The output from a microwave sweep frequency oscilla-

tor was fed through a splitter and directional coupler to a

toroidal cavity. The latter was mounted concentric to the

discharge tube between probe ports numbers three and four.

A portion of the microwave oscillator output was taken from

the splitter and fed into an absorption wavemeter. A detec-

( tor was then util ized to measure the strength of the signal ;

85
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its output was connected to one input of a differential am—

‘I plifier. The reflected energy from the cavity was passed

through the directional coupler to another &‘tector; its out-

put was connected to the other channel of the differential

amplifier. The output of the differential amplifier con-

trolled the vertical axis of one beam (A) of a dual beam os-

cilloscope (1); the horizontal axis was driven by the sweep

signal output from the microwave sweep oscillator. There-

fore, the beam “A” trace depicted the cavity response versus

frequency of the cavity resonan-~~. The narrow resonance of

the tunable wavemeter provided a mark on the trace wh~~ h

permitted the accurate c1 -terrnina~ ion of the re~ o-~ int f~u-

quency and Q of the cavity .

The setup described in the previous paragraph was suf-

ficient for determining the characteristics of the non-

oscillatory high field form of the discharge. However, the

varying electron densities of the low field form caused the

“A” trace to jitter excessively , thus negating the capabi-

lity of measuring anything but the average values. To mea-

sure the characteristics of the discharge at any desired

phase point of an oscillation , the experimental setup was

modified to highlight the portion of the “A” trace that cor-

responds to that phase point. A small diameter quartz rod,

acting as a li ght pipe, was passed through the cavity to the

discharge tube, thus connecting the optical signal of the

plasma at the center of the cavity to a photomultiplier tube.

The output of the tube was used to control the vertical axis
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of oscilloscope 2 and the “B” trace of oscilloscope 1. The

horizc’~tal axis of oscilloscope 2 was driven by its internal

sweep which was synchronized through an adjustable delay to

a capacitive pick-up looped around the discharge tube. The

horizontal axis of the “B” trace of oscilloscope 1 was dri-

ven by one of the sweep oscillators in the scope; this Os-

cillator was synchrQnized to the gate output of oscilloscope

2, thus assuring that the output of the photomultiplier was

centered on the trace. The other sweep of oscilloscope 1

was operated in a delayed mode and was used to intensify

both the “A” and “B” traces. Therefore, using the delay

control of oscilloscope 1, a particular phase point could be

selected on the “B” trace; and the corresponding resonance

curve on the “A” trace would be intensified. For all runs

in the low field form , the electron density measurements

were made at the peak and minimum points of the optical out-

put. Figure 33 depicts a typical oscilloscope 1 trace ac-

quired during a low field measurement.

Determination of Cavity/Plasma Coupling

The early microwave cavities utilized for measuring

plasma parameters were of cylindrical design. This type of

resonator , although easy to analyze , was restricted to rela-

tively long thin discharge tubes for which the tube diameter

was smaller than either the length or diameter o~ the cavity.

The results of such measurements represented the values

averaged over an axial length of the discharge which was

- 88
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several times the diameter of the discharge tube; thus, the
-I

cylindrical cavity was incapable of providing the spatial

resolution necessary to investigate oscillatory plasznas.

Toroidal resonators, however , do not exhibit such a

restriction*. Due to the small region of interaction be-

tween the cavity and the plasma, the length of the measured

plasma region can be less than the diameter of the discharge

tube. This factor made the toroidal cavity the device of

choice for measuring the parameters of an oscillatory column.

The disadvantage associated with the toroidal cavity was the

difficulty of analysis (Ref 39:3979, Ref 40:48—49).

The analysis of the toroidal cavity leads to the eval-

uation of the integrals:

C ( 2
(51)

5w~
. E2 ~~iv (52)

The analysis of integral 51 was not trivial but was straight-

forward. Its value was determined by the geometry of the

cavity and discharge tube; the accuracy of t ’~e calculation

depended on the method of evaluation and the assumptions

*phe toroidal resonator used in this study was not the
conventional toroidal resonator but a special design origi-
nated by N.y. Sicha to give good spatial resolution (Ref 41:
256). Figure 35 illustrates the cross section of the reso-( nator.
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that went into that method. The analysis of integral 52

would have been impossible if assumptions had not been made

concerning the spatial distribution of the electron density.

In order to evaluate this integral and treat it as a linear

function of the electron density , the electron spatial den-

sity was assumed to vary between two different profiles.

For the two—component—plasma the electron density was assumed

to have a Bessel profile in the radial direction and a uni-

form profile in the axial direction (Ref 11:241):

t4eo J j
~ 
2.~Fr

For the three-component-plasma the radial and axial profiles

C were both assumed to be uniform. The radial uniformity was

shown to be good for oxygen plasinas in which the negative

ion to electron densities ratio was greater than ten (Ref

24:819—820). The axial uniformity assumption was reasonable

for the minimum of the oscill ation; however , it greatly re-

duced the accuracy of the measurement of the electron den-

sity at the peak of the oscillations. For example — using

the electrical field trace of figures 30 and 31 and ports

numbers three and four and the measured phase velocity of

figure 25, the axial extent of the oscillation minimum was

29mm ; and the peak was l.3mm*. Therefore, the measurement

at the oscillation peak must be considered as an averaged

*As compared to a cavity gap of 1.6mm.
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value; all other values should be actual.

The calculation of the integrals 51 and 52 was based

on the assumption that the electric field pattern set up by

the pole tips of the resonator was quasi—stationary . With

this assumption the resonator was treated as a capacitor

formed by the pole tips in parallel with a coaxial line (Ref

40:49). This method of analyzing the toroidal cavity and

its interaction with the plasma was realistic as long as the

gap width was small compared to the discharge tube diameter.

For a gap width that was 7% of the tube diameter, Sicha

showed excellent agreement between theory and experiment

(Ref 39:3984—3989). For the cavity utilized in this study

the gap width was also 7% of the tube diameter.

In computing the normalizing integral 51 the method

of Sicha was employed (Ref 40:50-56). The resonator space

was divided into four sections : the slot between the pole

tips forming the capacitor , the stray field space (caused

by the capacitor) inside the cavity, the coaxial line approx-

imation of the cavity itself , and the bore where the dis-

charge tube and plasma were introduced.
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Integral 51 -was determined by summing the integrals

for each of these spaces*:

(Er.E
2

* cN 4 rc * E~~dV1
( 

Vp 
- 

C. 
(54)

between pole tips stray field

ç Er~~E~~V
VB 

•

cavity bore

where En and Ei were the relative permittivities and elec-

tric fields of the defined regions. The evaluation of the

*The general solution for the toroidal cavity also in-
cluded a term associated with interaction of the cavity and
stray fields :

~~~~~~~~~~~~~~~~~~~~~~~
Because of the axial symmetry of the cavity utilized in this

C study, this term was very small and was neglected .
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first three integrals on the right hand side of equation 54

was done analytically; the last integral was evaluated by

numerical methods. This was required due to the complicated

nature of the dielectrics in the interaction region (see

figure 34). The electric field between the pole tips was

assumed to be uniform:

(55)

where U is the voltage between the pole tips.

The relative energy integral* was determined to be:

~Er~ E~~dV M.~~.(R1 R~) (56)

where the integration was performed over the volume between

f the pole tips, Vp. For the specific geometry utilized in

the experiment and with U and Crp assumed to be unity:

Erp E~.dV I+.4 volt2.cm (57)

‘Vp

The stray electric field in the cavity, set up by the

pole tips, was assumed to be semicircular :

~~~~~~~ 
(58)

where x is the radius from the center of the gap. The

*Relative energy, since the perntittivity of free space
was not included.

)L~~~.
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relative energy integral of this field was determined to be:

a 
çE~ E~~

V= 2U~ [~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (5”

where the integration was performed over the cavity volume,

Vc. With the assumption of Er~ 
equal to unity~

10.13 volt2.cifl (60)

The electric field in the cavity was determined by ap-

plying a coaxial line approximation :

E I (J . S t ~ iK ’. (
~~

z)
~} (61)

- -:
~ 

~ L~J{~~~.S {k.(’~
_
~~} 

-

The relative energy integral of this field was determined

to be:

~c~E:~
,V -= 

~~~
.u

2.
[(h1 ~~~~~~~~~~~~ 

(62)

where:

_ _ _  (63)

The resonant wavelength, A0~ for 
the cavity used in the ex-

periment was 14.03 cm. Using this value, equation 62 was

evaluated to be:

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _
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\ ~~~~~~ L1 15  volt .cm (64)
)vc•

The final integral of equation 54 was calculated by

utilizin g a relaxation technique to numerically solve Lap-

lace ’s equation*. The outputs of the computer program were

the potential and electric fields in the interaction volume.

The square of the electric field multiplied by its associated

relative permittivity was numerically integrated over the

total bore volume, VB, to provide the solution of the final

integral of equation 54:

( S~~~
EHdV 25.~~3 volt2.cm (65)

The calculation was performed also for a bore volume without

the dielectrics. The resulting integral was evaluated to

be 8.482 volt2cm. Therefore, the bore region with dielec-

trics contained considerable more energy than the one with

an Er 1. This demonstrated the necessity of including the

dielectrics in computing the bore region contribution to

equation 54.

The solution of integral 65 did not include the con-

tribution of the small quartz rod used as a li ght pipe to

the photo-multiplier tube. This contribution was considered

C *$ee Appendix A for a description of the computer pro-
gram.
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to be negligible since this rod occupied less than .13% of

I the cavity volume.

Figure 35 depicts the log of the square of the elec-

tric field for a bore region without the quartz tubes and

the carbon tetrachloride . Figure 36 depicts the same with

the inclusion of the dielectrics. Figure 37 is a cut of the

mid-plane of figure 36. As depicted in figures 35 and 36,

the dielectrics had a very pronounced and stepped effect on

increasing the electric field in the bore of the cavity.

In the plasma volume of the discharge tube, the highest coup-

ling occurred at the circumference in the region of the cav-

ity gap. The electric field did not fall off very rapidly

in the radial , r, direction - indicating a weak dependence

( of microwave coupling on the electron density radial profile.

The field did fall off rapidly in the axial, z, direction —

indicating a good spatial resolution.

The final tabulation of the integrals on the right

hand side of equation 54 resulted in a value of 51.34 volt2

cm for the normalizing integral, 51.

The computation of the integral 52 was accomplished

in a manner simil ar to the computation of the f inal integral

of equation 54. The only difference was that the relative

energy was integrated only over the bore region inside the

inner discharge tube, V~ The integration was based on the

following relation:

ç W~~E
2
~dV = W e.;( F(r~~E

2
(rM ciV (66)
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where the density profile, F(r), was assumed to be either a

3 Bessel (equation 53) or uniform profile. The results of the

computation were linear solutions ~~~~
‘ the integral for the

two profiles:

Neo~~~Jo{2~~j  L(~z V o . ~t ( w ~0 (67)

V’ volt .cm

for the Bessel profile.

Ne~ E
2
&z)dV ~~I.7I7 t~Ieo voit

2.cm (68)

‘V I

for the uniform profile.

Figure 38 depicts the axial response of the toroidal

C 
cavity for the uniform electron density profile ; the norma-

lized contribution to the interaction integral is plotted

as a function of position along the axis of the discharge

tube.

The cavity computations were experimentally checked

by inserting dielectric rods along the axis of the cavity .

Four different dielectric rods were used, two of quartz and

two of pyrex. Table I lists the results of the experiments.

In each case the relative dielectric constant used for the

calculated resonant frequency shift was the published aver-

age value for that type of material (Ref 32:E—48). No at-

tempt was made to independently determine the dielectric

constant for the calibrating rods. The results indicated

C an average agreement of 13.3% between the measured and
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calculated resonant frequency shifts. Also, the larger the

3 diameter of the calibr ation rod, the better the agreement

was. The experimental determination of cavity performance

was merely used to validate the model; the results of the

experiments were not used to modify the calculated factors .

Table I. Cavity Performance

Radius M Ac
Material (cm) €r Measured Calculated % Difference

Quartz .150 3.93 1.90 1.56 —17.9

Pyrex .250 4.74 6.50 5.64 —13.2

Quartz .313 3.93 8.10 7.01 —13.5

Pyrex .365 4.74 13.40 12.34 — 7.9

(5

Experimental Results

Figures 39 through 44 depict the measured centerline

electron densities as functions of the discharge current for

pressures between 2 and 7 torr. For the high field form of

the discharge, the Bessel profile coupling factor (equation

67) was used in reducing the data. For the low field form

both the Bessel and the uniform profile coupling factors

(equations 67 and 68) were used.

Electron densities were calculated for all of the runs

using the electron drift velocity , tube current, electric

field and pressure. The results of these calculations are

( depicted as dashed lines in figures 39 through 44. The
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calculations were performed using the following equation:

I
INeo = Ro (69)

c~.~~i’le
(
~ eV D( E) .z.lr.r.dr

For the Bessel profile:

Ne(r) ~
‘1eo Jo j ~~~~~~ (70)

and for the uniform profil e:

- Ne(~) Nea (71)

Using the Boltzmann code results of Chapter VIII (figures

51 and 56), the drift velocity was assumed to vary as:

C
VD =A (-~

-
~ 

(72)

where the coefficients A and B were determined by regression
analysis over the applicable ElM ranges.

Table II. Drift Velocity Coefficients -

Discharge Form E/N Ran~~ A B

Low 6 20TD 9.38 X 0.551

High 40— 6OTD 5.32 x 10~ 0.754
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E/N is assumed to be a function of electric field, pressure ,

temperature rise and radius - in accordance with the follow-

ing equation:

E £ -12 1 . 2-1
-
~~~~ —~~~I.O35XI0 [29O +~T-t~T.(-~~) j (73)

where the number density was calculated using the ideal gas

law and a parabolic approximation for temperature as a func-

tion of radius (equation 22).

For the high field form of the discharge there was

good agreement between the experimental and calculated elec—

tron densities at low pressures and low discharge currents.

At higher currents and pressures the two results tended to

diverge. This was probably due to the extrapolation required

to determine the discharge gas temperature. As presented

in Chapter IV, the gas temperature was experimentally mea—

sured only for low values of power input; high power temper-

atures were extrapolations . Since the electron density was

calculated from the drift velocity which was ElM dependent,

the accuracy of the calculated values was dependent on an

accurate knowledge of the gas temperature to determine the

neutral species number density.

For the low field form of the discharge, experimental

and calculated values are depicted for both Bessel and uni-

form electron density profiles. These results provide upper

and lower limits for the electron density . Thompson has

demonstrated that for discharges in which the negative ion

6 ill
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densities were greater than the electron densities, the elec—

3 tron density profile tended to be uniform. Since the low

field form of the oxygen discharge has been shown to be rich

in negative ions, the actual electron densities probably

were very close to the uniform profile results. These re-

sults showed very good correlation between experimental and

calculated values.

For each of the low field profiles, two experimentally

determined electron density curves are depicted — one for

the maximum of the oscillation and one for the minimum. The

minimum of the oscillations corresponded to the higher of

the electron density curves. This was consistent with cur-

rent continuity considerations since the drift-velocity ,

number-density product for both the maximum and minimum

points must be equal. Since the electric field* of the min-

imum point was lower than that of the maximum, the minimum

point electron density was required to be higher.

The electron number density of the maximum of the os-

cillation in the low field form was underestimated . This

was due to the fact that the electric field pulse of the dis-

charge oscillation was so short that there was spatial aver-

aging due to the cavity gap and temporal averaging due to the

measuring electronics. The number density of the minimum of

the oscillation should have been accurate since it was mea-

sured over a rather flat minimum of the electric field Os-

cillation.

f *And thus the drift velocity .
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VII. Mass Spectra

The initial objective of the mass spectral experiments

was to determine the relative densities of the neutral , pos-

itively ionized and negatively ionized species as functions

of pressure and current. Of particular interest was the.

negative ion spectra, since the negative ions play such an

important role in the low field form of the oxygen plasma.

Due to equipment problems , only the neutral spectra were

measured. The results of these neutral species ’ measure-

ments were useful in the validation of the discharge model-

ing.

In the first section of this chapter the experimental

• 
( setup is described. This is followed by a description of

the calibration of the mass spectrometer. Finally, the ex-

perimental results are presented.

Experimental Setup

With the exception of the discharge tube, the general

experimental setup described in Chapter II was utilized.

Figure 45 depicts the discharge tube used in the mass spec-

tra experiments . The length and cross section measurements

of the tube were identical to those of the tube used in the

previous experiments. However , the mass spectra tube was

constructed without electric-field probe-ports and utilized

pyrex glass instead of quartz. These differences were dic—

C tated by the critical construction and mounting requirements

- 113
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imposed by the necessity of attaching the tube to the mass
I,-

spectrometer. A sampling port was mounted in the side of

the tube at a location that corresponded to half the dis-

tance between electric field ports three and four of the

previous tube. A stainless steel sampling tube was inserted

through this port; this tube extended to the edge of the

discharge. Through this tube samples of the discharge plasma

were drawn into the mass spectrometer.

Figure 46 illustrates the electrical setup for the

experiment. The sampling tube was referenced to ground po-

tential, and the discharge tube anode and cathode were al-

lowed to “float.” In order to utilize grounded current and

voltage indicators , a laboratory designed and constructed

isolator was used. This unit employed high voltage optical

isolators to protect the indicators from damage.

The mass spectrometer utilized was an Extranuclear

EMBA II. This system used a 22-centimeter quadrupole to

provide a M/S~M discrimination better than 1500. Sensitivity

of the system was enhanced by the modulation of the sample

beam by a tuning-fork-chopper prior to its entrance into the

ionizer and subsequently using a Princeton Applied Research

HR-8 Lock-In Amplifier for synchronous detection of the sig-

nal from the electron multiplier. This scheme allowed the

effect of the background gases in the spectrometer to be

minimized. The output of the mass spectrometer was recorded

on a Hewlett Packard Model 7004 x-y plotter.
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System Calibration

In order to be able to measure the atomic oxygen con—

centration of the plasma, it was necessary to operate the

ionizer at a potential which would not cause a significant

dissociative ionization of the molecular oxygen but would

still provide a strong ionization of atomic oxygen. To de-

termine this ionizer potential the mass spectrometer was

tuned to atomic oxygen, and its output was recorded as the

ionizer potential was varied. Runs were accomplished with

both the discharge on and of f. The results of these runs

are depicted in figure 47. An ionizer potential of 21 volts

was chosen for the remaining runs.

Setting the ionizer at 21 volts did not result in 21

- • ev ionizing electrons; the work function of the filament had

to be accounted for. In order to determine this offset the

mass spectrometer was tuned to molecular oxygen; and with

the discharge off, the system output was recorded as a func-

tion of the ionizer potential. Specifically of interest was

the behavior in the potential interval near the threshold

of ionization. A linear extrapolation of the slope of the

ionization curve intercepted the ionizer potential axis at

18.4 volts*. However, this had to correspond to the ioniza-

tion potential of 12.1 ev for molecular oxygen. Therefore,

the offset potential for the system was determined to be

6.3 volts.

*See the inset of figure 28.
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Experimental Results

Figure 49 depicts mass spectral scans for different

discharge tube currents at a pressure of 5 torr. Of inter-

est was the sudden increase in the atomic oxygen output as

the discharge transitioned from the low to high field forms

between 40 arid 50 ma. Also, there was a lack of measurable

neutral ozone in the discharge. The signals at 18(H20),

28(N2), and 44 (C02) represented background gases of atmos-

pheric origin. Although there were undoubtedly small leaks

in the discharge tube portion of the experiment, the back-

ground in the spectra was the result primaril y of a very

small leak in the back chambers of the mass spectrometer.

This was determined by observing the discharge tube gas flow

( and pressure effects on the background. The background

peaks were a function of discharge tube pressure and not of

the rate of gas flow into the discharge tube.

Figure 50 depicts the variations of molecular and

atomic oxygen with discharge current. The experimental runs

were made at a pressure of 5 torr. It was noted that when

tuned to molecular oxygen, the mass spectrometer exhibited

a long—term drift phenomenon ; the signal output decreased

as a function of time. This drift effect was not noticed

when observing other species and was therefore assumed to

be caused by an oxidation of the detector electrodes. The

molecular oxygen curve of figure 50 was corrected for this

effect by assuming a linear drift and requiring the low cur-

rent start and end points to coincide.
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VIII. Electron Energy Distribution

In order to develop a mathematical model of the oxy-
L .

gen plasma, it was necessary to know the transport proper-

ties of the electrons and the reaction rates between the

electrons and the other species. The reaction rates deter-

mine the generation of many of the species that contribute

to the properties of the plasma , for example: the excited

species , the ions, and the electrons themselves. In this

study the Boltzmann equation was used for the numerical cal—

culation of the electron energy distribution function , and

from it the electron transport properties and reaction rates

were calculated .

The chapter starts with a brief explanation of the

theory associated with the use of the Boltzmann equation.

Next, selected results of the calculations are validated by

comparison to experiments reported in the literature. Fin-

ally, all of the results used in other portions of this

study are presented .

Theory

The fundamental kinetic description of a plasma is

provided by expressions for the velocity distributions of

each constituent specie. Because of the relatively high

pressure , low fields and approximately equal masses , the

distribution functions for the ions, atoms and molecules
C, 

were assumed in this study to be Maxwellian with a
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characteristic temperature equal to that of the gas*. The

-~~ electron velocity distribution was not Maxwellian and was

not in thermodynamic equilibrium with the other species.

The electron velocity distribution was determined by a numer-

ical solution of the Boltzmann transport equation .

Solutions of the Boltzniann equation provided descrip-

tions of how the electrons were distributed in phase space**

and in time. The inputs to the Boltzmann equation were the

externally applied forces and the characteristics of the

background gas which affected the collision-induced changes

to the distribution function ; the output of the equation re-

vealed how the electrons were distributed in velocity and

position. The Boltzmann equation is a very general mathema-

tical relation; however, it was difficult to solve without

involking simplifying assumptions. In the absence of a mag-

netic field the Boltzmann equation for the electrons can be

written as (Ref 42:34):

+ 
~~e Vcfe ~~~~~ 

Vvfe) (
~~~~~~ oII,sio~~ 

(74)

= distribution function of electrons such that

flefdvxdvydvzdxdydz denotes the average number of elec-

trons in the volume between x and x + dx , y and y + dy,

*Assumed to be 300°K.

**phase space is a six-dimensional space in which each
particle is represented by both position and velocity coor-

0 dinates.
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r z and z + dz and with velocity components between vx

and VX + dv~ , Vy and v~ + dv~ ; and v~ and v~ + dvz

and fdVxdVqdVzdXdydZ = 1.

Xe = x ,y, z = position coordinates in six—dimensional
phase space.

= Vx~~vys Vz = velocity coordinates in six-dimensional
phase space.

‘S7x = Del operator with respect of position .

= Del operator with respect to velocity .

I = applied electric field.

Since the plasma studied was weakly ionized , only the colli-

sions between electrons and neutral particles were consi-

dered. The collision term of equation 74 can then be writ-

ten as (Ref 8:122)
°~~~

(~~~)Contsions 555~5 (fe4w - ce4w ). ~~~ St~ {~~ (75)

- dX .c~~
) .d3V~

where 
~~~{~

= electron velocity distribution functthns

before and after a collision .

neutral species velocity distribution func-

tions before and after a collision.

9 = relative speed between the electron and

neutral particle.

S (~.)= differential scattering cross section.
X= scattering angle.

(Sb
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~~~~= azimuth angle.

$ c~
3V,1= velocity differ’~ntial volume for the neutral

particles.

Equations 74 and 75, when combined , form the general

form of the Boltzmann equation . No closed form solution to

the general equation was known ; therefore , an approximate

solution was obtained. An external electric field causes

the electrons to acquire a drift velocity opposite to the

direction of the field. This directed velocity component

has the effect of causing the electron velocity distribution

function to be anisotropic. For low values of electric

field strength the drift velocity is small compared to the

random velocity of the electrons. Therefore, the electric

field effects were treated as a perturbation , and the elec-

tron velocity distribution was expressed as the sum of the

first two terms of a spherical harmonic expansion (Ref 7:

274):

ç ..ç
(o) 

~~ 

(76)

where fe~°~ is the isotropic distribution function and

is the directed distribution function.

Equations 74 , 75 and 76 were combined into a computer

program titled EED for solution of the Boltzmann equation*.

*program EED was developed by William Bailey and Wil—
ha m  Long for use by the personnel of the Plasma Physics
Laboratory of the Aerospace Research Laboratories.
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The program, as listed in Appendix C, was used in this study

to calculate the isotropic and directed electron velocity

distribution fun ctions , the electron transport parameters ,

and the electron—other species energy dependent reaction

rates. The required inputs to the program were the reduced

electric field (E/N) and the various electron collision 
-

cross sections (Appendix B). Both elastic collision cross

sections, in which the internal energies and identities of

the target particles remained unchanged , and inelastic col-

lision cross sections , in which the state and/or identity

of the target particles were changed , were provided to the

program . For the inelastic collisions the electron energy

after the collision was decreased by an amount equal to the

( threshold energy for the collision . For ionizing collisions

the secondary electrons were considered to be created with

zero energy .

The computer program EED calculated the electron energy

distribution components, 
~~~~ 

and 
~~~~~~ 

and utilized them

to calculate the electron transport parameters from the fol-

lowing moments (Ref 43:2):

•0

(
KU~> = L (ue~~~e~~

1
~e~ 

(77)

where is the mean electron energy.

v~ = i c~- (
Zsj~ . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(78)

(_ -
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where Ved is the drift velocity of the electrons.

_i. ~1~

De I o ( ~~~. S f ~~
) .JLt

~ 
(79)

where De is the diffusion coefficient for the electrons and

Qm is the momentum transfer cross section .

— .P!. ._ ~~~_- (80)— 
VecJ t4

where- Ut -CHAR is the characteristic energy of the electrons.

The program used the calculated electron energy distribution

functions td calculate the electron—heavy particle reaction

rates for each of the cross sections input to the program.

( These calculations were performed by the relation (Ref 9:42):

- ~3. (
~

)
~ çf~1~). Qi~~~

(Ue) U~~ c~L (81)

where R12 is the reaction rate for the process:

e+S2

is the cross section for the above process and was

assumed to be isotropic.

Comparison with Experiment

The Boltzmann code , EED, was run for input reduced

electric fields , E/N , ranging from 1 Td to 100 Td. To vali—

date the low energy end of the results, the calculated drift

~~~~

. I
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velocities were compared with the results of drift tube mea-

I surements. Figure 51 depicts the results of this compari-

son. Experimental data from Brown and Nelson were used for

the comparison (Ref 44:91; Ref 45:4081). Figure 51 indicates

the close correlation between the calculated and experimen-

tal values.

To validate the high energy portion of the results, a

~omparison was made between the calculated molecular ioniza-

tion rates and the experimental rates of Corbirt (Ref 46:81).

In order to make a direct comparison the code parameters of

E/N and ionization rate were converted to the parameters re-

ported by Corbin , 1
~~/E 

and - This conversion was

made using the following relations:

( 
- t*- R T20 3.o3xio~ (82E E

= 
( ~~~~~~~~~~~~~~~ — 33x~d’.-~L (83’F~0 \ V€4 i / N R ~T20 

- 

Veci

where P20 = pressure reduced to 20°C (torr)

R = Universal Gas Constant

0(1 = Townsends first ionization coefficient (cm~~)

T20 = 2930K

Ri = ionization rate (cm 3 sec~~ )

The comparison included the drift velocities calculated by

C EED at the high energy inputs. Again , as ~n the case of the
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low energy results, the comparison indicated a close corre—

lation between the EED results and experiments, as depicted

in figure 52.

The electron energy distribution , 
~e~°~ ’ 

at an E/N of

70 Td was compared to the experimental result of Rundle for

an E/P of 25.6 v/cm torr* (Ref 47:147). Rundle ’s experiment

indicated an exponential dropoff in the distribution of

-.O608E~
”62; an analytic fit to the distribution of the pre-

sent study resulted in a dropoff of -.0745E~
”75. Both ex-

periment and theory , therefore , indicated the distribution

was neither Maxwellian (E1) nor Druyvesteyn (E2) but occu- 
-

pied a position inbetween. The comparison is shown in fig-

ure 53.

( Results

Figures 54 and 55 depict the isotropic , 
~~~~~~~~~ 

and

directed, f,~(tL~)Ju~. energy distribution functions for various

values of reduced electric field , E/N** . Since the Boltz-

mann equation was solved by EED for the steady state condi-

tior*, the depicted distribution functions apply only to the

high field form of the discharge.

Figure 56 is a plot of the electron drift velocity as

a function of the reduced electric field. Figure 57 presents

*At 2730K an E/P of 25.6 v/cm torr equals an E/N of
72.4 Td.

**Thege plots are a function of energy and not of velo-
city; also , a factor of the square root of the energy,
has been divided out of the distributions. —

I _ _ _  _________ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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~1 3 Figures 58 through 62 depict examples of various ex-

citation , ionization, and attachment rates*. The examples’

chosen for presentation are those which were utilized later

in the calculations of the plasma chemistry **.

Figure 63 is an estimate of the dissociation rate of

molecular oxygen. It was determined by summing the rates

associated with the pumping of the 6.0 and 8.4 electronic

excitation levels. The cross sections associated with these

excitations are reasonably well known; however, the physical

transitions they correspond to are still in doubt. There is

general agreement that the 8.4 ev cross section leads to the

electronic level of molecular oxygen; however, the

Franck Condon principal indicates that this transition leads

to a dissociative electronic-vibrational level which results

in a breakup of the molecule. Both the 4.5 and 6.0 ev cross

sections have been suggested to be associated with the exci-

tation of the c’2~ electronic level. Of these two, the

6.0 ev cross section was postulated to lead to a dissocia-

tive level (Ref 48). Normally the c’Zu. excitation would

be represented by a single cross section. However , to Se—

parate the results of the collisions into those which would

*Refer to Appendix B for a further explanation of the
cross sections that lead to these rates.

**Refer to Chapter IX and Appendix E for a description
of the chemistry calculations.
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3 result in excited molecules and those that would result in
dissociation , the sin gle cross section was broken into two.
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* IX. Plasma Chemistry

In a molecular gas plasma various physical and chemi-

cal processes occur and generate a large number of other spe-

cies. Positive and negative ions are created; free electrons

are generated; molecular bonds are broken down , creating ato—

mic species and other molecules; species associate to form

clusters ; and species are raised in energy to various exci-

tation levels. In order to understand the phenomena occur—-

rir-~ in the oxygen discharge , it is important to be able to

de~ermine the concentrations of the various species and their

excitation levels as functions of the applied electric field;

the gas pressures, temperature , and flow; and the physical

geometry .. This chapter presents the results of a chemistry -

code, titled Chemco, which was used to calculate the species

concentrations and selected excitation levels of the oxygen

plasma under electrical discharge conditions corresponding

to the high field experiments.

Chemco incorporated reaction rates between the various

species , the transport parameters of the various species,

and the effects of the discharge tube geometry. The inputs

to Chemco included the initial oxygen molecular density en-

-tering the tube , N; the reduced electric field, E/N ; the B/N

dependent reaction rates; and the gas flow. The effects of

temperature and pressure were taken into account by specify-

ing N. - The non--E/N-dependent reaction rates were taken from

-Ø 
Sb
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the open literature. The E/N-dependent rates were taken

from the results of the Boltzmann Code, EED, computations *.

Since EED and Chemco were not coupled , any single Chemco run

was valid for only the chosen value of E/N. This limited

the application of the results to the steady , or high field

form , of the oxygen discharge .

Output from Chemco were various charged , neutral, and

excited species densities and the effects of each of the in-

cluded processes as functions of E/N and N. These outputs

were used to provide additional insights into the oxygen

plasma and to draw conclusions regarding the causes of the

observed phenomena .

The chapter starts out with a description of the che-

C 
mistry code-Chemco. This is followed by the results of a

large number of calculations using the code. Some conslu—

sions are presented with the results; however, the major con-

clusions are presented in Chapter X along with the conclu-

sions from other chapters.

Chemco Description

General Approach. The basic equations of Chemco were

the differential rate equations of each of the included spe-

cies. These equations were simultaneously integrated as

functions of time rather than being directly solved for

their steady state solutions. This method was chosen be-

cause the coupled nonlinear algebraic equations that resulted

*See Chapter VIII.
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from a steady state analysis were very difficult to solve

for the number of species and degree of coupling between

equations. For each run the calculations continued for a

time equivalent to the residence time of the gas in the dis-

charge tube. It was found , however , that the species concen-

trations for the conditions of interest reached equilibrium

in a very short period of time.

Chemco is a one—dimensional code; the only dimension

considered is time or the equivalent distance along the axis

of the tube. The radial distributions of the species are

not specifically calculated; however, assumed—radial-profile

effects are taken account of in calculating the diffusion

losses. Throughout the Chemco runs, total mass and charge

are calculated and checked to assure conservation .

Chemco, as used, incorporated a total of 69 chemical

and physical reactions between the various species. These

reactions were considered to be the dominant ones over the

-- pressure and electron density ranges of this study. Initial

selection was made from a list of 130 potential reactions*.

Nonutilized reactions were rejected because they either in—

volved a species not carried in the code, had a low reaction

rate in an absolute sense , had a low reaction rate relative

to another channel with the same net reaction , or were deter—

mined by early Chemco runs to be insignificant.

In addition to chemical and physical reactions , Chemco

0 *See Appendix D.
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includes the effects of ambipolar radial diffusion of all

the charged species; radial diffusion of the neutral species

with the exception of ozone , 03; gas flow effects for all

species ; and axial dr i f t  eff ects for all charged species.

The general differential rate equation that is itera-

tively solved in Cheinco for each of the species is:

~ Gains due to collisions - Losses
.—~~~~~~~ = due to collisions - Diffusion (84)

Losses - Flow Lo53es — Drift
Losses

Species Included in Chemco. The inclusion of all pos-

sible neutral, charged and excited species present in an oxy-

gen plasma is not practical. The number of species that can

(Sb 

be tracked is limited by the size of the computer , the com-

puter time available, and the current state of knowledge of

the species reaction rates. Therefore , only the ten domi-

nant neutral species and important ions present in the plasma

are tracked in Chemco: 0, 02, O2(a’t~), 03, e, 0 ,  0 2, 0 3,

0~~, and 0+2.

It is well known that the oxygen molecule readily

fo rms negative ions by attachment processes. The negative

molecular ions included in Chemco are 0~ and 0;. The nega-

tive atomic ion, 0 , is most readily formed by dissociative

attachment; it is included in Chemco. The only positive

molecular ion included is O~ . The observation of ionized

ozone , 0~ , has not been reported in the literature and was

therefore expected to be unimportant in the ion balance;

- 
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thus , it is not included in Chemco. The positive atomic ion,

0~~, is generated by direct ionization of the atom and by

dissociative ionization of the molecule; it is included.
-

~ Neutral atomic oxygen is predominantly produced by electron

impact dissociation and dissociative attachment in the dis—

charge ; it is included in the model. Neutral ozone, 03, is

produced by several chemical reactions and has been observed

to occur in the discharge; it is included in the code . The

only electronically excited state included is the metastable

0~~(a ’L~~) ;  it is produced primarily by electron collision

with ground state 02 . Finally , the code includes the pri-

mary constituents: molecular oxygen and electrons.

Species Gain and Loss Processes. The gain and loss

processes incorporated in Chemco for each of the included

C species are listed in Tables III through XXII. The letter

M in the tables refers to an unspecified specie in a three—

body collisional process. For reference and utilization in

future studies a complete listing of all the included and

nonincluded rates and their source references is presented

in Appendix D.
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Table III .  Atomic Oxygen (0) Gains

. 3
Process Number/Symbol Process

8 0 + 0 ~~ —* 20

9 0 + 0 ~~ —+ 0 + 0 2

13 0 + 0 3
.
~~ 0 + 0 3

18 e + 0 3— ~ 0 + 0 ~

19 e + 0 ~~~—~- 20

22 e + 0 + + M ~~.+ 0 + M

23 ~~~~~~~~~~~~~~~~ 
~~~~~~~~

°2

24 0~~ + 0 ~~ —I- 0 + 0 3

29 0~~ + 0 ~~~—~’~ 2 0 + 0 2

39 0~~ + 0 2 —3- 0 + 0 k

51 e + 0 — ~’- 0 + 2 e

( 52 e + 0 2 — +  2 0 + e

33 e + 0 2 —~’ 0 + 0 ~
54 e + 0 3 —~- 0 + 0 2 + e

55 03 + 0 2 —~ 0 +  202

88 e + 0 2 —* 0 + 0 ~~ + 2 e

93 2 e + 0 ~~ —~ O + e

114 c r + o 2 — ~- 0 + 0 2

119 0~~ + 0 3 — ~
. 0 + 2 0 2

124 O~~ + 0 — ~ 0 +
* + +136 02 + 0  —~ 0 + 0 2

138 e + 0 ~~ -4’. 2 0 + e
* —139 e + 0 2 — ~ 0 + 0

C
151

- ‘ ~~~~~~~~~ .~~~ ~ -~~~-I~ ~~ -
.
~~~~~~W~~- _- ~~~~~~~~~~~~~~~~~~~~~ -

~~~~~~~ 
-.

4 -

Sb- 

Sb—



Sb 

~~~~~~~~ ~~~~~
Sb _~Sb_•Sb Sb Sb ~ SbSb Sb Sb SbSb~~

_ 
-

r -

I Table III.  Atomic Oxygen (0 ) Gains (Continued)

Process Number/Symbol Process

140 e + 0 ~~ —~ 0 + 0 ~~+2e

LD~~ Diffusion Losses of 0

LDO
+ Diffusion Losses of 0+ -

LMO Drift Losses of 0

Sb -
_ i

C 
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3 Table IV. Atomic Oxygen (0 ) Losses

Process Number/Symbol Process

1 0 + e — ~ 0+ + 2 e

3 0 + 0 — 3 -

0 + e — *  0

7 - 0 + 0 2 + e — 3 -  0 + 0 2

16 0 + 0 ~~~—~- 03 + e

26 0 + 0 ~~ —~ 0 + 0 ~
28 2 0 + 0 2 — ~ 20 2

30 0 + 0 ~~~+ M — ~’~ 0~~ + M

31 2 0 + M - ~- 0 2 - I - M

32 O + 2 0 2 —~ 03 + 02

C 33 20 + 02 03 + 0

34 0 + 0 3~~~ 20 2
5 0 + 0 3 —~ 02 + °2

104 0 + 0 3~~~ 02 + 0 2

123 0 + 0 3 — ~ 20 2 + e

127 0 + 0 ~~ + e — ~ 0 + 0 ~
132 2 O + 0 ~~ —~- 02 + 0 ~
134 2 0 + 0 ~~ — ’ - 03 + 0

LDO Diffusion Losses

Lvo Flow Losses

C-

I 
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Table V. Molecular Oxygen (0 2) Gains

Process Number/Symbol Process

3 0 + 0 — ~ 02 + e

6 e + 0 3 —4- 
~~~~~~

9 0 + 0 ~~~—~. 02 + 0  -

11 Sb0 + 0 ~~~~+ 0 ~~~~~ 02 + 0

23 ~~~~~~~~~~~ 02 + 0

26 0~~ + O — ~ 02 + 0

28 02 + 2 0 — ~’ 20 2
29 02 + 0 ~~~~ 02 + 2 0

31 2 0 + M — ~~02 + M

34 0 + 0 3~~~~ 20 2

( 35 0 + 0 3~~~ 02 + 0
~

36 02 + 0 2 —3.- 20 2 + e

38 0~~ + M + e - ~- 02 + M

43 O~~ + O ~~~—3.- 20 2
45 O + 0 3

_
~’ 02 + 0

~

54 e + 0 3 —~’ 02 + 0 + e

55 02 + 0 3~~~ 20 2 + 0

71 °2~~ ~~ —
~~ 

20 2
82 202 —~ 02 + 0 2

94 0~~+2e —3.~ 02 + e

100 c4 -_ir .- 02
104 0 + 0 3

_
~ 02 + 0 ~

105 e + 0 ~~ —~- 02 + e

_ _ _ _—  Sb
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Table V. Molecular Oxygen (0 2) Gains (Continued)

Process Number/Symbol Process

107 02 + 0 — 3 ’  02 + 0

4 108 0~ + 03 
-
~~~~ 

02 + 03
118 0~ + 0~ —

~~~ 
20 2 + e -

119 0~~ + 0 3 — ~’ 202 + 0

123 
- 

0~ + 0 —
~~~ 

20 2 + e

132 2 0 + 0 ~~ —3.’ 02 + 
~2

LD4 Diffusion Losses of

LDO~ Diffusion Losses of 0~

LDO Diffusion Losses of 02 (a’~

LVO~ Flow Losses of 02(a’t~ )

C LM4 Drif t Losses of

L — Drift Losses of 0~MO2
I’vo Flow Losses of 0

+LMO+ Drif t  Losses of 0

“VO3 Flow Losses of 03
LDO Diffusion Losses of 0

-t
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Table XI. Molecular Oxygen (02) Losses

Process Number/Symbol Process

2 02 + e— 3 -  0~~+2e

4 02 + 0 —
~~

- 03 + e 
-

15 02 + 0 + M — *  03 + M

21 02 + O + e — ~- 02 + 0

32 20 2 + 0 - 3 . .  02 + 0 3
33 0 2 + 2 0 -3. 0 3 + 0

39 02 + 0 ~~~ ’~ 0~~~+ O

41 20 2 + e — * -  02 + 0 2
52 02 + e — 3 ”  2 0 + e

( 53 02 + e - ~’-- 0 + 0

88 02 + e — 3 . - -  0 + 0 ~~ + 2 e

112 02 + e - 3 . -  0 + e

114 02 + 0 . i ’ -  0 + 0

* — *
137 02 + 0 2 + e— 3 . -  02 + 02
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I Table VII. Ozone (0 3) Gains

Process Number/Symbol Process

4 0 + °2 ~ 03 + e

12 0 + 0 ~~ + M - 3 ’ 03 + M  
-

16 02 +0-3.- 03 + e

24 0~~+ O ~~ —3- 03 + 0

32 0 + 2 0 2 —3.’ 03 + 0 2
33 20 + 02 * 03 + 0

117 0 +  0~ —
~~~~ 03 + e

134 2 0 + 0~~ —~- 03 + 0

LDO~ Diffusion Losses of 03

LMO~ 
Drift Losses of 0~

a 
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Table VIII.  Ozone (0 3) Losses

Process Number/Symbol Process

6 0 3 + e —~~~ 0 +

13 0 3 + 0 — *  0~~~+ 0  -

18 03 + e - 3 . -  0~~ + 0

34 O 3 + 0 — 3 ~ 20 2

45 0 3 + 0 ~~~—3.- 0~~ + 0 2

- 
54 - 03 + e — 3 -  02 - F 0 + e

55 03 + 0 2~~ 3. 2 02 + 0

104 03 + 0  _3’ 0~~+ 02
- 119 03 + 0~ —

~~~~ 
20 2 + 0

( r’v03 
Flow Losses

-~~~~~ Sb

I t
Sb - -
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Table IX. Electron (e) Gains

Process Number/Symbol Process

1 e + 0 — ~ 2e + O +

2 e + 0 2 — ~ 2 e+4 
-

3 0 + 0 — 1 . -  e + 0 2
4 0 + O 2~~

-, e + 0 3

16 0~~ + 0 — ~-- e + 0 3
36 0~~+ O 2 —4P. e + 2 0 2
51 e + 0 — *  2 e + 0

88 e + 0 2 — ~. 2 e + 0 + 0 ~
117 0 + 0 ~~ —iip. e + 0 3
118 02 + 0 2~~~

Sb e + 2 0 2
123 O~~ + 0 — ~’ e + 2 0 2

* +126 
- e + 0 2 —3- 2 e + 0 2

140 e + 0 ~~ —3’ 2e - f 0 + 0 ~
- LMO 

Sb Drift Losses of 0

LMO~ Drif t  Losses of 0~
LMOj Drift Losses of Oj

r-
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r Table X. Electron (e) Losses

Process Number/Symbol Process

5 e + 0 — ~- 0

6 e + 0 3 —3.. 0 + 0 2
7 e + 0 + 0 2 —3.- 0 + 0 2

18 e + 0 3 —3-- 0 2 + 0

19 e + 0 ~~~—~ ’ 20

21 e + 0 + 0 2 -3.. 0~~~+ 0

22 e + 0 + + M _3.. 0 + M

38 e + 4 + M _ ~u. 02 + M

41 e + 2 0 2 —3.- 02 + 0 2
53 e + 0 2 —3.-- 0 + 0

_

( 93 2 e + 0 4 —3’.-

94 2 e + 0 ~~~—4P. e + 0 2 
*127 e + 0 + 0 2 —3-- 0 

~~~~
*130 e + 0 + 0 2 —,.- 02 + 0

5- 137 e + 0 2 + 0 ~~~— t - 0~~ + 0 ~
*139 e + 0 2 — ~- 0 + 0

*141 e + 0 2 + 0 2 - +  02 + 0 2
142 e + 0 ~~ + 0 ~~~—~- 0~~ + 0 ~ 4

LDe Diffusion Losses

LMO+ Drift  Losses of 0+ 3

LMO~ Dri ft Losses of 0~
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I Table XI . Atomic Negative Ion ( 0 )  Gains

Process Number/Symbol Process

5 e + 0 - 9 -  0

6 e + 0 3 — ~ 0 + 0 2

7 e + 0 + 0 2 — ~ 0 + 0 2

26 0~~ + O — ~
. O + 0 ~

53 e + 0 2 — -  0 + 0

127 e + 0 + 0 ~~ -’ 0 + 0 ~
139 e + 0 ~~ -~’- 0 + 0

( S b

I
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Table XII. Atomic Negative Ion (0) Losses

~~ _ - & -

Process Number/Symbol Process

3 O + 0 — ~u- 02 + e

4 0 + 0 2 — ~- 0 3 -i- e -

8 0 + 0 ~~ —3.’~ 20

9 0 + 0 ~~ —’~.- 0 + 0 ~
11 0 + 0 ~~ + 0 — ~’- 02 + 0

12 0 + 4 ÷ M - ~- 03 + M

13 0 + 0 3 —b- 03 + 0

15 0 + 0 2 + M - ~- 03 + M

51 0 + e — ’ -  0 + 2 e

C 114 0 + 0 ~~~—~’ 02 + 0

117 0 + 0 2 — ~’ 03 + e

124 0 + 0 ~~~—3- 0~~ + 0

Diffusion Losses

LMO Drift  Losses 
Sb

Flow Losses

C)
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Table XIII. Molecular Negative Ion (
~ 2) Gains

Process Number/Symbol Process

18 e + 0 3 — ~p 0~~ + 0

21 e + 0 + 0 2 — ~ 02 + 0

35 0 + 0 3 —3- 02 + 0 2
41 e + 2 0 2 —3.- 02 + 02

114 0 + 0 2 —3’. 02 + 0

124 0 + 0 ~~ -3.- 0~~ + 0

130 e + 0 + 0 ~~~.-~r. 0~~ + 0

137 e + 0 2 + O ~~ -’- 0~~+ 0~

141 e + 0 2 + 0 ~~~—~- 0~~ + 0 2 -

142 e + 20 —3.--

4
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Table XIV. Molecular Negative Ion (02) Losses

Process Number/Symbol Process

16 0~~ + 0 — s ’ 03 + e

23 0~~ + O ~~~—~’- 02 + 0

26 0~~ + 0 — ~- 0 + 0 ~
29 0~~ + 0 ~~~—~- 02 + 20

36 02 + 0 2 -
~~~~ 20 2 + e

43 0~~ + 0 ~~ —3.. 20~
45 0 + 0 3 —3.’ 03 + 0 2

*118 02 + 0 2 —5.- 202 + e

LDO~ Diffusion Losses

LMO~ Dri f t  Losses

~~~~ Flow Losses

Table XV. Ozone Negative Ion (0)~~ Gains

Process Number/Symbol Process

13 0 + 0 3 - ~lP 03 + 0

15 0 + 0 2 + M - 3 ’ 03 + M

45 02 + 0 3~~*

i s
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Sb 
Sb Sb ~~~~Sb Sb

I Table XVI . Ozone Negative Ion (0~ ) Losses

Process Number/Symbol Process

24 03 + 0~~~~~ 03 + 0

35 03 + 0 — b ’ -  0~~ + 0 2
123 0 + 0 — ~- 20 2 + e

LDo~ Dif fusion Losses

LMO Dri f t  Losses

Flow Losses

(ii

Table XVII . Atomic Positive Ion (0 +) Gains

Process Number/Symbol Process

1 e + O — 3 -  0+ + 2 e

88 e + 0 2 — ”  0~~ + 0 + 2 e

140 e + 0~~ —* 0~~+ 0 + 2 e

C’
- 
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Table XVIII. Atomic Positive Ion (0+) Losses

Process Number/Symbol Process

8 0~~ + 0 — ~” 20

11 0~~ + 0 + 0 — s ’  02 + 0 ’

22 0+ + e + M . ~sI. 0 + M

23 0 + 0 2 3’ 02 + 0

24 0~~ + 0 ~~ —#- 0~~~-j- 0

30 0~~ + 0 + M — ~- 0~~ + M

39 O~~ + 0 2 —3- 02 + 0

93 0~~ + 2 e -~- 0 + e

136 0~~ + O ~~~—~’ 0~~~+ 0

C LDO
+ Diffusion Losses

LMO
+ Dri ft Losses

IIVO+ Flow Losses

Table XIX . Molecular Positive Ion (0)~~ Gains

Process Number/Symbol Process

2 e + 0 2 —’- 4+2e

30 Q~~+ O + M 3 .  0~~ + M

39 0~~+ 02
-3.. 02 + 0

126 e + 0 ~~~—~- 0~~ + 2 e

5 136 0~~ + 0 ~~~-~’ 0~~ + 0
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Table XX . Molecular Positive Ion (0)~~ Losses

Process Number/Symbol Process

9 0~~ + 0 — ~ 0 + 0 2

12 0~~~+ 0 + M — s ~ 03 + M

19 ~~~~~~~~~~ 20

29 4 + 0 ~~~-3.. 02 + 20

38 0~~ + e + M - 3 -  02 + M

43 14 + 0 ~~~—3. 20 2

94 02 + 2 e —* 02 + e

LDO~ Diffusion Losses

LMO~ Drift Losses

ç Lv4 Flow Losses

Table XXI . Molecular Metastable (0~ (a ’1~ )) Gains

Process Number/Symbol Process

104 0 + 03 —
~~

- 02 + 02
*112 e + 0 2 —’- 02 + e
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S Table XXII. Molecular Metastable (0~~(a’t~)) Losses

Process Number/Symbol Process

71 0~~ + O 2~~~’ 202

82 20~~~—s.- 0~~~+ 0 2
100 0~~ —3.- 02

105 0~~+e— 3. ’ 02 + e

*107 02 ~~~~~~ 02 + 0

108 0~~+ 0 3
Sb
~3- 02 + 03

117 0~~ + 0 — 3 . -  03 + e

118 0 + 0 ~~ —9- 202 + e

119 ~~~~~~~~~~~ 20 2 + 0

124 0 + 0 - , .  O~~+ 0

126 O 2 + e ~~~ 02 + 2 e
*130 02 + 0 + e 

~
-
~~~

- 02 + 0
*134 - 02 +20~~~ 03 + 0

136 + 0~ —b- 0~ + 0 
Sb 

-138 02 + e —3.’ 2 0 + e

*139 0 2 + e — 3 . -  0 + 0

140 0~~+ e - 3~- 0~
’ + 0 + 2 e

4 
141 0~~+ 0 2 + e — s.- 0~~+ 0 2

142 20~~ + e — 3 . -  0~~+ 0~

LDO~ Diffusion Losses

Flow Losses

C
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H Diffusion Losses of the Charged Species. In a plasma

$ in which there is a multiplicity of charged species of dif—

fering mobilities and dif fusion coeff icients, there is an

initial tendency for these species to diffuse out of the

plasma at differing rates. The charge separation that re-

sults sets up an electric field which retards the diffusion

of the faster diffusing species and enhances the diffusion

of the slower species. The resulting coupling, which tends

to cause all species to diffuse at some intermediate rate,

is termed ambipolar diffusion. Classical ambipolar diffu-

sion theory treats only two species: electrons and a single

specie of positive ions. For the oxygen plasma a multipli-

city of species must be considered, including electrons and

Sb both negative and positive ions: e, 0 , 0~~, 0 , 0+, and 0~ .

A three—species solution to the coupled ambipolar diffusion

equations, as derived by Thompson , is used for the chemistry

code * (Ref 24:818-819). In order to utilize Thompson ’s so-

lution, the five ionic species carried in Chemco were re—

duced to two by combining all of the negative ions into an

averaged negative ion and all of the positive ions into an

averaged positive ion **.

*For this study Thompson ’s derivation was accepted as
presented in the reference. Attempts at an independent de-
rivation were unsuccessful.

**As will be shown later the mobilities of the differ-
ent ions are suff ic ient ly close together to allow this ap—
proximation to be reasonable.
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For any species, S, the radial diffusion equation is

(Re f 8:187) :

= DS-VN S + (85)

where 1 is the flux density ,

D5 is the diffusion coefficient;

N~~ iS the number density;

,M~~is the mobility ;

E is the space charge electric field.

Charge neutrality within the plasma requires that:

~~~N
_ -~- Ne. (86)

( while at the boundary :

F = (87)

5-
. Combining 85, 86, and 87 so as to eliminate the electric

field term :

ç =‘— DAS~ ~~
-i
~t 5 (88)

where DAS are the ambipolar diffusion coef f icients, defined

as: 

D - 
( I + ~~#2.~~~~). (‘~ ~~

-)
- 

D~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(8 9)
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Sb 
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Sb 

Sb

I

DA — D÷-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(90)

- r 1~~~~~~2~~ -~~ 1
= . ~~.

_
___
—  i (91)

1 1±
I ,Ue

- 
o(. and are defined:

(92)
Me

C
and: = 

Ee (93)

~
E.

5-
’- where: Ee is the electron characteristic energy in ev.

E~ 
is the ion temperature in ev*.

For a T~ 
of 3000K: E = ~ 3.8S~~tO 2

~ v

and: )f= 25.8 ~~~~~~~
, 

(94)

The total positive ion density consists of the sum of the 
0+

*A1l ions are assumed to be at the same temperature.
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and densities:

I
N4~ N0+ ÷ N ç~

Similarly, the total negative ion density is described as:

ft = Ne-f N0~ ~~ (96)

Since ion mobility is the dominant factor in determin-

ing the diffusion rate, it is the factor that is averaged by

weighting the mobilities of the constituents of N+ and N :

= 1~~~No~ +~L~0 rJ0t (97)
N1-

I
Ji.. - ,Mo Wo.. +jUoa ~1O +fL~~~ J¼J01- (98)

N.

For each of the basic species the mobility is (Ref 49:6):

7~O T  (99
Z73

Where )L0~ is the reduced mobility , T and P are the tempera—

ture and pressure of the background gas in 0K and Torr re-

spectively. In terms of the number density of the background

gas, equation 99 becomes :

2.~9(  ~
d9 

-1M03 (100)

C
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where N is the background gas density in CM 3. For oxygen

H ions in their own background gas (Ref 50:477—487):

= 3.20 ~~2 Volt ’ SEC 1

,LLoo; = 2.16 CM2 Vo1t~~ SEC
1

)_Loo~ = 2.24 ~~2 Volt~~ SEC
1

= 2.55 ~~2 volt ’ SEC 1

The mobility of the 0+ ions is not listed. For this study

it was assumed to have the same value as the 0~ ions~’. Com-

bining the reduced mobility values with equations 97, 98,

and 99:

( ,,u 2.C’7xIo (3z.~~~÷2 z4.N ) (101)

- 

2.~ txlo ’9
4(32 .  ~o -~-2. ic~

. 
~~~

+ ~~~~~~~ (102)

The electron mobility ,)Je , was determined by the Bol tzmann

equation code (EED) and was read into Chemco as a function

of E/N.

The averaged diffusion coefficient is related to the

*Thjs was a reasonable assumption since reduced mobi—
lity is inversely proportional to the mass of the ion and
its collision cross section with the background gas, both of
which should be approximately the same for the o and 0+ ions.

(1)
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averaged mobility by the Einstein relation (Ref 8:186):a
D5 = (103)

c
For ion temperatures of 300°K:

2.5~~X I o 2
-,A-L± (104)

The dif fusion loss rate for the averaged charged spe-

cies is a function of the ambipolar diffusion coef ficients

calculated in the previous paragraphs and of the radial den-

sity profiles of the species. For the averaged ionic spe-

cies the radial density profiles were assumed to be zero or—

c der Bessel functions. The assumption matches closely the

experimental results reported by Thompson (Ref 20:514).

~~~~ .L{ 2.4~5 t~} (105)

- -. where N~~ is the centerline density. The diffusion loss,LDS,

at the wall, per unit length, was calculated from:

L~+ 
~~ScD

.
~~~~~~

).r.
~~

o.dz (106)

C

~

-1* 
54. ..



- ~~~~~~~~~~~~~~~~~~~~~~~~ . - - - -~~ --- . -..~~~~~. . -

-

~~ evaluated at r Ro:

-

. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (107)

L~~= 2 .DA~.RO~ [_24~~
40t . J {2A~J (108)

7.B’F Dp~ Noi (109)

The mean, averaged ion density,<N>+, is related to the cen-
terline density, N0± 1 by:

p 

ThR~ 
(110)

= O.434 N0±~ (111)

The loss rates for the ionic species were assumed to be re--

lated to that of the averaged ions by:

~~~ 
L~ (112)
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The averaged loss rate from the volume is:

1~
ir• R~ 

(113)

Combining equations 100, 109, 111, 112 and 113:

5 49X 1
20 

DA+.’ <“>~- (114)

= 
~~~~~ 2O 

DA~ <N>0 1- (115)

< L1~>.. DA - ‘ <N)0- (116)

<LI)>O; 
~~~~ ~~ <N)O- (117)

= 
43

~~~

,

~~ 20 

‘DA • KN>~. 
(118)

The electron radial density profile varies from generally

Bessel for small values of o& to uniform with a rapid drop—

off near the wall for large values of o( (Ref 24:819-820).

This functional relationship in the vicinity of the walls

cannot be approximated analytically . Therefore , the electron
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diffusion losses are determined by assuming a zero net cur—

rent flow to the wall.

- <L~>4~ <L~
’>~ (LD>-  <LD) - KLD>0 (119)

Diffusion Losses of the Neutral Species. The net flux

of the neutral species to the wall is (Ref 51:19):

r Rws W 5 - ~~C)S (120)
$ A.. .( i_

2.

where Rws is the deactivation or recombination coefficient

and 4c>5 is the mean speed of the species.

- _ _ _  (121)

The average loss per unit volume is related to the net flux

by:

<Lb)S (122)

For 0~~(a’A ) at 3000K* :

R~~~ 2X lo~~sEc ’

*Refer to process number 73 in Appendix D for source
reference .
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• 
<C>0,1. = 4. ~ (~%. to4 

~~

Therefore: = O.4~~~9 NI01. (123)

For 0 at 3000K:

—4 -I
1~Wo 10 ~~ *

<~~>0 C3’~flO
4 

~~~

Therefore: 
<Lo)0 3.32• I ’Jo (124)

C
Flow and Drift Losses. Since the gas was flowing

through the tube during the experiment, there was a loss of

all the species due to the flow . Also, the ionic species

drifted in the electric field to one of the electrodes where

they were neutralized . At any incremental volume in the po-

sitive column the actual gain or loss of a specie due to

flow or drift is the net between the number of that specie

entering the volume and the number leaving. This value is

impossible to calculate without knowing the axial variation

of the species densities and the electric field. For a

*Refer to process number 75 in Appendix D for source

0 reference.
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perfectly uniform positive column the losses would be zero

except at the anode and cathode boundaries of the column.

For this study the overall flow and drift losses for the

discharge are calculated and are assumed to be distributed

throughout the volume of the positive column. This assump-

tion represents an upper limit on these losses in the column.

Assuming a gas temperature of 300°K, the experimental

flow rate was kept constant at 31 cm/sec. This equates to

a flow loss rate , per unit volume, of:

LFS = - (125)

For a column length of 50 cm:

LFS =- 0.~~2. N5 (126)

The loss of each of the species is returned to the plasma

as molecular oxygen in order to conserve mass. This corre-

sponds to a replacement of the species flowing out of the

downstream end of the column by gas flowing in at the up-

stream end.

The drift velocity of a specie 5, VDS, is related to

the electric field by:

\/
~ ,Ai5 ~ (127)

(\
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The mobility of a specie S,,t~~ , is related to its re—

duced mobil ity, , by:

= 
2.~ 9xIo ’9

~,~ (128)

Combining equations 127 and 128:

Vbs = 2.~ 9 )( 10
9
y.i.,5 . -

~~~~~ (129)

Using the reduced mobilities listed in Reference 50,

= a 19 
(130)

C = S.8X Id9.-~ (lu)

VDOT = ~.O2~~~O
”. 

~ (132)

• Vioi ~~~~~~~~~ (133)

The drift loss rate per unit volume of the ionic species is:

I . ~~~~~~ tsj (134)
L $

C’ 
LMS ~~~~~~~ 

t\J5 (135)
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Actually, in Chemco the drift and flow losses are corn—

bined for the ionic species. Due to experimental geometry

in which the cathode was at the downstream end of the column,

the net loss to the positive ions is the sum of the flow and

drift losses; the net loss of the negative ions is the dif-

ference between the flow and drift losses.

Results of Calculations

Electron Density. Chernco was run for initial molecu—

lar densities between 3.2 x io16 and 5.6 x 1017 oxygen mole-

cules per cubic centimeter and for reduced field values,

(E/N), between 14 and 100 Townsends. The electron densities

determined by these calculations are depicted in Figures 64

and 65. It should be emphasized that any particular code

( calculation was performed at a fixed value of ElM and is

therefore applicable only to the stable form of the discharge,

the high field form. The rapid decrease of electron density

with E/N, as illustrated in figure 64, would appear to be

the transition of the discharge from a stable to a nonself—

sustaining form. This corresponds to the experimentally ob-

served transition between the high field and low field forms

of the discharge.

Figures 64 and 65 represent calculations in which two—

step ionization through the 0~~(a1~ ) level was included. In

order to determine the magnitude of the effect of the two—

p step ionization on the electron density, a comparison calcu—

lation was made in which the population of the 0~~(a~~ )

H ~•~. 1 _____ 
____________ 
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Figure 64. Electron Density
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level was set at zero. This calculation was made for an

initial molecular density of 1 x 1017 oxygen molecules per

cubic centimeter. The results of this calculation are de-
• - picted along with the two—step ionization results in figure 

-

66. Over the range of the experimental results (40 to 60

TD), it was found that two-step ionization is an importan.t

process in determining the electron density . At higher

— values of ElM, the two—step process becomes less important

due to a decrease in the 0~~(a
1A ) and due to the lower ioni-

zation threshold of the metastable becoming less important.

Figures 67 and 68 compare the results of Chemco with

experiments and with electron current continuity calcula-

tions. The experimental results were obtained from the mi—

( 
crowave cavity experiments reported in Chapter VI. The cur-

rent continuity calculations were determined from equation

69. The chemistry code values were calculated using an E/N

taken from experiments. In determining the experimental E/N,

the electric field was measured directly ; the number density

was calculated by determining the average of the radial tern-

perature profile (equation 22) and using the results in
p equation 28:

189.7xio P J D (136)
\ / (2 ~

4Tc 4 z9o)

(~)
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where ~~ is the temperature difference between the tube

wall and the center of the discharge, in degrees centigrade*.

The results of Chemco were interpolated or extrapolated us-

ing the average N and E/N to determine an average electron

density . This average density was then multiplied by 1.64

to obtain the centerline electron density ; 1.64 is the peak

to average ratio for a Bessel profile.

The comparison of the results of Chemco to other cal—

culations and to ~xperiment is limi ted by two factors. A

primary limitation is the comparison of a one dimensional

time or axial variation code to a two-dimensional time or

axial variation and radial variation experiment** . The code

calculations were for values of E/M which do not vary in

ç position or time. The stable-field experimental data did

not change as a function of time, but it is expected that

the quantities are functions of radial position. The second

limit ation is the linkin g of the results of the code and ex-

periinent through the reduced field, E/N. The experimental

evaluation of this critical parameter required the accurate

determination of the temperature of the gas in the discharge

plasma. As discussed in Chapter XV, this measurement was

difficult; and for the comparison regime , the values used

were extrapolations of measurements made at lower values of

*Equation 24 with
~~T~ 

= TO TW.

**The plasma parameters were assumed to be symmetric
around the tube axis.
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. - input power. Despite these approximations the results of

the Chemco calculations compare well with the results from

electron current continuity calculations and with the micro—

wave experimental data.

Ion Densities. Figures 69, 70, and 71 depict the cal-

culated charged species densities as functions of reduced

electric field for three different values of initial molecu-

lar oxygen density . For the experimental parameter space

of this study , the dominant positive ion was calculated to

be O~ . This result agrees with the experimental observa-

tions of T’~~ son and Keren (Ref 12:52, Ref 19:8—9, Ref 24:

820). The dominant negative ion is 0 , as previously mea-

sured by Thompson , Lunt, and Sabadil (Ref 24:820, Ref 25:

1068, Ref 26:299-308). However as the value of E/M is low-

ered toward the point of transition between the stable and

unstable forms, the negative molecular ions, 02 and 0~ , be--

come significant , especially as the neutral number density

is increased. In fact, at a molecular density of 3.16 x

1017 molecules per cubic centimeter , the negative molecular

densities are approximately the same as the atomic ion at

the transition point.

p Neutral Densities. Figures 72, 73 , and 74 depict the

calculated neutral species densities as functions of E/M at

three different ini tial molecular densities. Of note is the
* 1 .relatively low E/M at which the 02(a ~ , )  density reaches a

maximum. At E/Ns above this value the density of 0(a~-A,)

0 
decreases , reducing the importance of two-step ionization
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at high E/N values. The 03 density was calculated to be

- 
- • several orders of magnitude lower than that of the other

neutral species. This is consistent with the mass spectro-

meter experiments during which 03 was not observed within

the two orders of magnitude range of the neutral spectra

plots* -

The change of atomic oxygen density with discharge

tube current is compared with experiment in figure 7 •  An

absolute calibration of the atomic oxygen density was not

made during the mass spectrometry experiments. However, a

calibration using the results of Cheinco indicated a maximum

dissociation of 20% for the 5 torr experimental run .

Principal Electron Processes. Figures 76 through 81

depict the principal electron gain and loss processes at

three different initial molecular oxygen densities. The

rates are normalized to either the total gain or total loss

rate to show relative importance. The principal gains for

the electrons are from detachment processes from the atomic

and molecular negative ions. The major detaching specie is

the 0~~(a~-L~,) excited molecule. Atomic oxygen plays a minor

role as a detacher** . The principal loss mechanisms for the

electrons are dissociative attachment from the 0~~(a~~~) and

*Reference Chapter VII.

**Chemco runs in which the O~~(a 1-
~~ ) population is setat zero results in the same high to low transition phenome-

non. However, in those cases , the detaching specie is only
atomic oxygen ; and the transition occurs at a much higher
value of E/N, as depicted in figure 84.
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ground states of the molecule.

As the point of transition is approached by the lower-

ing of the reduced field , the relative effect of direct mole—

• cular ionization from the 0~~(a~-t~) and ground states becomes

numerically insignificant to the other processes. The at—

tachxnent/detachment processes numerically dominate the elec—

p tron losses and gains. However, these processes merely

transfer electrons back and forth from bound to unbound

states; and any true losses to other processes are balanced

by ionization. Therefore , although numerically insignif i-

cant near transition , the ionization process is key to the

maintenance of the stable discharge. As the ionization pro—

cess rapidly decreases near the point of transition , the

electrons stored in the attachment/detachment processes be-

come depleted through other loss processes; and the discharge

becomes nonself-sustaining . Due to the presence of negative

ions, the d i f fusion process is insignificant with respect

to the attachment processes in the range of initial molecu-

lar densities considered in Chemco. However, the diffus ion

loss is comparable to the recombination and flow losses.
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X. Discussion and Conclusions

Chapters III through VII of this study reported on the

results of the experimental observations of the oxygen dis-

charge. Chapters VIII and IX presented a computer model of

the di~ charge and compared that model with the experiments. S.

In this chapter the results of these previous chapters are

used to explain the phenomena associated with the oxygen

plasma. Specifically , the discussion focuses on the high

field form of the discharge and the transition from the high

field form to the low field form. Quantitative data are

used to draw conclusions regarding these topics . Some qua-

litative discussion and conclusions are also presented re--

C garding the low field form and the transition from the low

field form to the high field form.

It is believed that the results developed in this study

are much more comprehensive than those previously developed

for the oxygen plasma. However, there still remains a sig-

nificant amount of work that must be accomplished to fully

understand the phenomena. In addition to oxygen, it is be-

lieved that the experimental and modeling approaches pre-

sented in thi s study are also useful in the investigation

of other electro-negative plasmas.

Discussion

High Field Farm. Throughout the region of the exper-

imental investi gation the high field form , though stable,
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is nevertheless a plasma in which the negative ions play im-

S portant roles. As the point of transition between stable

and unstable forms is approached, the attachment-detachment

processes dominate the electron gains and losses, leading

to a situation in which attachment is approximately balanced

by detachment (Ref 30:11).

N€ Ka N_
’ 

~(J (137)

where Ka is the attachment processes, Kd is the detachment

processes. The dominant* attachment and detachment processes

for values of E/N between 60 Td and the transition points

and for initial molecular densities between 3.16 x iolG and

C 3.17 x 1017cm 3 are listed in table XXIII**. Equation 137

was satisfied very closely throughout the ElM range of this

investigation for the processes of table XXIII.

Although not the primary source of electrons, ioniza-

tion is important for replenishing the electrons lost by

processes other than attachment. For a stable discharge ,

ionization balances these other losses.

K~~R~Ne k,.’N+ W~ + ~~ N~~~~
4 

~~~~~~~~~~~~ 
(138)

*Within two orders of magnitude.

**Refer to figures 76 through 81 for a graphical des-
cription of the dominan t processes. Equation 137 is true only
when the attachers and detachers are the same species: in

( — this case 0~ (a1~ ) dominates close to the point of transition.
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where Ki is the ionization coefficient, Kr is the recombina-

tion coefficient, Kdf is the diffusion loss coefficient,

and Ky is the drift loss coefficient. The dominant* ioniza-

tion and nonattachment loss processes are listed in table

XXIV.

Table XXIII. Dominant Attachment and Detachment Processes

Typical
Process Func. Rates

Attachment Number* Dep. (30 to 60 TD)

e + 02 —~~ 0 + 0 53 E/N 1.7 x 10—li
3.2 x 10 11 to

0 + 0  139 E/N 3 .1x10 11
to

4.2 x i0 h1

e + 202 ~~ 02 + 02 41 None 1.9 x l0 30

e + 0~ + 02 —
~~ 

02 + 02 141 None 1.9 x 10—30

Detachment

e + 0 — ~ e + 0 2 3 None l.9 x l0~~°

0~ + 0~ —
~~ 03 + e 117 None 3 x 10—10

02 + 0 — P .  03 + e 16 None 3.3 x iO~~
0

02 + 0 2~~~ 202-f e 118 None 2 x 1 0

*processes listed in descending order of importance at
N = 1 x 1017cnr3.

*Within two orders of magnitude.
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Table XXIV. Dominant Ionization and Loss Processes

Typical
Process Func. Rates

Ionization Number* ~~~~~ (30 to 60 TD)
* +e + °2 ~~~ 0 2 + 2e 126 E/N 1.4 x l0~~-~ to7.5 x i0~~-3 -

e + 0 2 -~’ ~4+ 2e 2 E/N 1.6Xl0 15 t0
2.7 x 10 13

e + 0 — ~
. 0~~+2e 1 E/N 7.8X10 ’8 t0

6.8 x

N + Electrode -~~ N + e Drift E/M -

Non—Attachment Losses

e + 0~ —~~ 20 19 None 2.1 x 10~~

C e + 0~~+ M — ’~ 02 +N  38 None 1x 1 0 26

e + N+ + Wall —~~
- N Diffusion Ne/N

e + N÷ + Electrode —~~ N Drift E/N -

*processes listed in descending order of importance at
N = 1 x 1017cm 3 .

Using the processes of table XXIV , equation 138 was satis-

fied within ± 16% over the range of E/M values from 60 Td
to the points of transition -and for initial molecular densi-
ties between 3.16 x iol6 and 3.16 x 1017cm 3.

High Field-to-Low Field Transition

C 
An electronegative molecular plasma can become

1*
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unstable when two conditions are satisfied (Ref 30:23-26,

Ref 52:1030—1031). The first condition requires that:

~ Lt\ !~~Ka~t~a (139)

This is a necessary condition and requires that the attach-

ment coefficient be an increasing function of E/N and of a

magnitude comparable to the ionization coefficient. This

relationship leads to a net loss of electrons during a posi-

tive fluctuation in E/N*. In order to maintain current con-

tinuity in such a plasma , the discharge must adjust itself

to a higher E/M which further decreases the electron density .

It is this feedback mechanism that leads to instability and

runaway . Figure 82 depicts the ratio of the two quantities

in equation 139 as a function of E/N and for the two limit-

ing conditions where all of the ionization is from the p

0(a~~ ) level or from the ground level. The data was taken

from the Boltzmann Code results of Chapter VIII. Even with

• a highly populated 0~~(a
’A) level, the necessary condition

for instability is only satisfied for E/N values below

67.4 TD.

The second condition , a sufficient condition , requires

that the negative ion concentration be significant compared

*From an experimental viewpoint in order for the elec-
tric field to change as a function of the changing na ture
of the plasma , the discharge must be connected to a constant

C current source.
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to that of the electrons. This is required so that negative

5 ion and electron processes can couple during a disturbance

in plasma properties. Specifically, this requires for in—

stability that:

N~~ � ~~~~ 
(140)

where it is assumed that in an electronegative multi-compo-

nent plasma, a sumnv’~tion can be performed over all the nega-

tive ion species:

N -I-- N0 + (141)

Figure 83 depicts the ratio of these parameters as functions

of E/M and initial molecular density. The data was taken

from the chemistry code results of Chapter IX. Using the

equality of the electrons and negative ions as the suffi-

cient condition for transition from stability to instability ,

the E/M values at the transition point are plotted on fig-

ure 84 as a function of initial molecular density. Also

plotted on this f igure are the data points taken from the

experiments. There is considerable scatter in the experi-

mental values, due to difficulty in determining the actual

gas density . Even so, the data indicates that the calcu-

lated transition points are in reasonable agreement with ex-

periments.

( Pressure Effects. Since the more critical condition

21].

- - - - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~— — ‘
~~~
‘— ——- ---



• ~~~ V ~~~ 
- - •  -

I ~r
— 

N (cm3)
3 .16x 10 16

2 /
7 

17
10 

~/ 
10 _...

4
‘

4-, —‘
4-,-.544-,

—54--,
-.4- , -‘4--

, 3.16x10
‘4- 

— ——
, ‘4-4-1 , -

10

I
/

I ~
/ 

/

UNSTABLE
z

—1 -1

10
W I T H  O2 (aL~) 
W I T H O U T 02~aL~)

—2
10

—3 . % ~~ I —  - I I10 20 40 60 80 100
E/N (Td )

— 

Figure 83. Electron-to-Negative Ion Ratio

212
Il 

_ _ _  
_ _  

-

L ~~~~~~~~~~~~~ ~~~~~~~~ 

-

~~~~~~~
- 

~~~~~~~~~~~~~~~~ 

-



- 
~~~~

4- V — -

- - S

60 /

,
/

‘ WITHOU T O~~~(~~~~~~~~~~ )

,

4-
S. —

0~~ 
— - ‘-

s

50

40- - 

NO e

I:: ~~~~
‘ REDUCED e DRIFT

0 EXPERIMENT

10

16 
— 

11
10 10 10

U N (crri3 )

Figure 84. High-to-Low Transition Comparison

— 

~~~~~~~~~~~~ -

. 

- 
~ .

—

, ‘ -- ,- , 

- - 

- 

- -

- .- 4- --. tL_~ - .

Pr 

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ~~~~~~ V 
-

for the transition between the stable high field forms to

- 

- 

) the unstable low form of the discharge is the equivalence

of the electron and negative ion densities, it is appropriate

to study this relationship as a function of initial molecu-

lar density (pressure). As depicted in figure 84, the tran-

sition value of E/N is a decreasing function of the initial

molecular density . This implies that the pressure effect

is caused by processes which increase the electron density

or decrease the negative ion densities as the initial mole-

cular density is increased. Normally, this results from

three—body collisional processes; however, there are no do-

minant three—body processes in Chernco which could cause the

effect. There are, however , two noncollisional processes

L 
which can account for the pressure effects on the transition

values - the diffusion and drift losses of the electrons.

In order to determine the effects of electron diffu-

- - sion and drif t losses, consider an expansion of equation

138:

Ki W o~t’~e~ ~~ N~~402~ K~~~N~ ~~~~~~~~ l42

where NeNo2 S subst ituted for N+ and Kr takes on a new

value , ~Kr. Equation 142 can be- simplified to:

N e ~~~ — ____  - J~ -~ ( 143)
Kr ~r~~~O2 Kr Wo~

C
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The only pressure sensitive terms in equation 143 are the

S diffusion and drif t terms. As the pressure increases, these

terms decrease; and the transition point values of E/N de—

crease. In order to determine the magnitude of the effect

of these terms on the transition point, Chemco was modified

to neglect the electron diffusion* and to compensate for the

pressure effects of the electron drift**. The results of

these modifications are illustrated in figure 84. As shown,

the electron diffusion only has a minor effect on the tran-

sition point pressure dependence ; the major effect is due

to the drift loss. In fact, the particular compensation

term t ’~at was used overcorrected the functional dependence

and x ~su1ted in a change in the slope of the curve. No at-

tempt was made to determine a better compensation term since

the objective was only to determine the pressure dependent

processes in Chemco.
*

Effect of 0, (a j ~). For many years one of the unknown

aspects of the oxygen discharge has been the role 0~~(a¼)

plays in determining the characteristics of the discharge.

Although no direct measurement was made of the density of

0~~(a~& during the experimental phase of this investigation ***,

*Actually all of the charged particle diffusion terms
were neglected. The negative ion diffusion losses are so
low as to have negligible effect on the electron to negative
ion ratio.

**compensation term: ~ = N Vs
* 

3.16 x 1017
***The 02(a’A) densities that were predicted by the cal-

• culations were approximately equal to those reported by
other experimenters for similar discharge conditions (Ref 53).
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a comparison between th~ experimentally observed character—

istics of the discharge and the results of the model of the

discharge which includes 0 (a1A) indicates that

plays a prominent role in the discharge. It affects the

characteristics of the stable high field form in two differ-

ent ways: first, two-step ionization is required* to achieve

the electron densities observed during the experiments ; and

second, the detaching effect of 0~~(a
1A) is required to match

the high-to-low ElM transition values seen in the experi-

ments .

Low Field Form. The unstable low field form of the

discharge was studied experimentally in this investigation

but was not modeled. A considerable expansion of the che—

mistry code would have been required to allow a time varying

value of E/N and a fixed electrical current. The results

of the high field model can be used , however , to draw infer-

ences as to the processes involved in the Low field form.

At the point of transition between forms , it was shown that

the attachment and detachment processes are very strong, and

indeed dominated the gain and loss of the electrons. The

logarithmic derivative of the attachment coefficient with

respect to the reduced electric field is greater than that

of the ionization coefficient. It is reasonable to assume,

therefore , that as E/N is further decreased and the discharge

becomes unstable, the instability can be characterized as

( *In addition to direct ionization.
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an ionization-attachment—detachment instability (Ref 54).

) In such an instability,  as a local variation in E/N

takes place , the strong attachment rate* causes a local de-

crease in electron density . In order to maintain a constant

discharge current, the value of E/N must decrease. This pro-

cess continues until either the ionization rate dominates

or until there is a sufficient buildup in detaching species

to recover the electrons through the detachment process.

The study of the stable discharge showed that the latter

process occurs at a lower value of E/N than the former.

Once the detachers are produced , they have a rather long

life**; and during the time they are removing free electrons

from the negative ions, the reduced f ield returns to a low

( value. Once the electrons are detached and/or the detachers

have decayed or have chemically combined , the process starts

over again.

Low—to-High Field Transition . The transition from the

unstable low field form to the stable high field form is

postulated to occur when the detacher specie density has in-

creased to the point where the electron density is contin-

uously greater than the negative ion density . The fact that

the low-to-high and high-to-low transitions exhibit hyster-

isis phenomena indicates that different  physical processes

could be involved in triggering the transitions. For the

*Compared to ionization.

( **Especially the 0~~(a~~ ).
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low-to-high transition , a preliminary study (Ref 55) of the

changes to the electron energy distribution function that

occurs with dissociation indicates a shif ting of energy into

the high energy “tail” of the distribution . This was stu-

died by inserting cross sections for atomic oxygen into the

Boltzmann Equation Code and running the code for various 
-

percentages of dissociation. A study of the forward rates

that were developed from the code runs indicated that disso-

ciation could change the electron energy distribution func-

tion sufficiently to be initially self—enhancing. This pro-

cess, therefore , could provide a positive feedback for the

generation of atomic oxygen. Atomic oxygen is a good de—

tacher but is not considered to be the prime detacher near

the point of transition ; 0~~(a
lL~) is. At the transition val-

ues of ElM the effect of the changing electron energy dis-

tribution function on the generation of 02(a
1t) is small.

Conclusions

The following are the conclusions from the experimen-

tal and computational portions of the study. For the most

part, this summary is qualitative only. Since the quantita-

tive results are generally dependent on many variables, the

reader should refer to the appropriate portion of the study

report for the numerical results.

A summary of the major conclusions is presented first.

This is followed by a more detailed listing of the results

derived from the experimental and modeling phases of the
C)
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study . All significant observations are listed. Some of

these have been previou~~y reported by other investigators

and are listed here as corroboration . Other results are

original with this study and are identified by asterisks.

Summary of Major Conclusiocis. The primary emphasis

of this study was the development and experimental verifica-

tion of a model of the stable , high-field form of the oxygen 5.

discharge. This model was then used to determine the char-

acteristics of the stable discharge and the criteria for

transition to the unstable, low-field form of the discharge.

The chemistry of the stable high—field form of the

oxygen discharge is dominated by attachment and detachment

processes. Electrons are continuously attached to and de—

L 
tached from the negative ions. The principle negative ion

is 0 ;  however , the molecular negative ions 0~ and 03 become

significant as the pressure is increased. Both the metasta—

ble molecule, 02(a3-
~ ), and the atom, 0, act as electron de- 

p

tachers. The former, however, was determined to be the pre—

dominant detacher. Although the negative ion densities are

high in the stable discharge, their combined density is

smaller than that of the electrons. With the exception of

very high values of E/N , the positive molecular ion, 0~ ,

dominates the atomic ion , ot -

Although attachment/detachment processes dominate the

electron chemistry, they tend to only transfer the electrons

from bound to free states; any permanent electron losses

C must be balanced by ionization. In the stable discharge,
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the ion ization processes are sufficiently strong to dominate

recombination and other nonattachment losses. Two—step ion-

ization from the ground level, 02(X3Z), through the metasta—

ble level, 02(a~~ ), of the molecule is an important source

of electrons in the stable discharge.

The transition from the stable to the unstable form

of the discharge occurs when the reduced electric field

value , E/N , is lowered to the point where the logarithmic

derivative of attachment with respect to E/N is greater than

that of ionization and the combined negative ion densities

equals that of the electrons. Pressure sensitive processes

which directly or indirectly affect the electron density

also affect the point of transition between the stable and

f unstable forms. The eiectron diffusion and drift losses

cause a decrease in the value of the transition E/M as the

pressure is increased . Also, the addition to the discharge

of another detaching specie, CO, decreases the value of E/N

at which the transition occurs.

Detailed Conclusions from the Expex~iments. The oxygen

discharge was observed to exist in two forms , the high field

form and the low field form. The transition between the

forms is a function of pressure and current. The high field

form generally exists at high currents and low pressures.

The low field form was observed at low currents and high

pressures. There is also evidence of a high field form that

exists at very low currents and is not a function of
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. 
pressure*.

The transition between forms exhibits a hysteresis

effect. The discharge tends to persist in its form as the

current is swept from high-to-low or low—to-high values.

Near the point of transition between forms , both forms

tend to simultaneously exist in the positive column with the

high field form on the anode side of the interface between

forms and the low field form on the cathode side. The inter-

face between forms usually occurs at a discontinuity in the

discharge tube geometry, such as an electric field probe.

The impedances of the high and low field forms do not

change as a function of gas flow velocity*. The transition

point between forms does change however; as the flow velo—

city is increased, the transitions occur at lower currents;

and hysterisis becomes more pronounced*.

The additive of an inert gas, argon , does not change

the impedances of the high and low field fortns*. The point

of transition between forms is only s1ight~y a f fected by the

addition of argon; the transition current increases as argon

is added*.

The addition of an electron detaching gas , carbon

monoxide, (CO), to the discharge has marked effects on the

discharge characteristics*. The addition of CO increases

the low field impedance to the point where the difference

between forms essentially ceases to exist; the impedance of

C *Orj i a1 ob e atio
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the high field form is not affe- ~ed*. As CO is added the

• transition point between forms &~creases to lower currents,

and the hysteresis effects become less pronounced*.

The high field form of the discharge was observed to

be stable, with no perceivable oscillations or noiselike be- 
-

havior.

The low field form of the discharge was observed to

be nonstable , exhibiting either periodic or aperiodic , noise-

like oscillatory behavior. The periodic oscillations exist

only for certain frequencies or modes*. The discharge impe-

dance is a function of the oscillation frequency*. The op-

tical output from the periodic low field form is highly mo-

dulated. The photomultiplier output indicates very short

pulses of light with relatively long dark periods between

pulses. Electron density measurements indicate that the

electron density is at a maximum during the dark period and

at a minimum during the light pulses*. The oscillation fre-

quency ranges from 20KHz to 90KHz. The oscillations exhibit

a small amount of normal dispersion with phase velocities

between 2.6 x l0~ and 3.5 x iO~ cm/sec and group velocities

between 2.5 x l0~ and 3.1 x lO~ cm/sec.

The temperature of the discharge is represented by an

analytic function of pressure and power input to the dis-

charge*.

*Origjnal observation.
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Mass spectra data indicates that atomic oxygen concen—

- 
- tration increases suddenly and signi ficantly as the discharge

transitions from the low-to-high f ield forms of the dis-
I.

charge*. In both forms there is a lack of measurable ozone.

Detailed Conclusions from the Modeling. The isotropic

portion of the electron energy distribution exhibits a roll-

off characteristic intermediate between that of Maxwellian

and Druyvesteyn distributions.

- For the range of E/N ’s that correspond to the experi-

ments, the dominant positive ion was calculated to be 0~ .

At high values of E/N the 0+ density becomes dominant*.

The dominant negative ion was calculated to be 0 .  As

the E/N is lowered toward the point of transition from the

( high-to-low forms of the discharge, the number densities of

the o and 0 ions become significant - especially at the

higher values of initial molecular density (pressure)* .

The calculated atomic oxygen density indicates a high

level of dissociation , especially at high values of E/N*.

The ozone density was calculated to be several orders

of magnitude lower than the other neutral species carried

in Chemco*.

The metastable O(a l1~) density was calculated to reach

a maximum at relatively low values of E/N and then decrease

as the E/N is increased*.

Over the range of 40-60 TD, it was determined that

*Original observation .
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*

two-step ionization through the 0~~(a¼) state is an impor-

tant contributor in matching calculated to experimental

electron densities*. At higher values of E/N the two-step

process becomes less important due to a decrease in the -

0(a1~) density and due to the lower ionization threshold

of the metastable becoming less important*.

The principal electron gain processes are electron de-

tachment from the negative ions*. Both 0~~(a~A) and 0 act

as the detachers with the predominate process involving the

metastable molecule detaching the electron from the negative

atomic ion *.

The principal electron losses are by attachment pro-

cesses, both from the ground state and the metastable mole—

p cules. 
-

Since the attachment/detachment processes only trans-

fer electrons back and forth from bound to free states, any

permanent losses are balanced by ionization. As the ioniza-

tion decreases with decreasing E/N, these other loss pro-

cesses eventually lead to a nonseif—sustaining discharge

(transition from high-to-low field forms).

One of the conditions for instability — the dominance

of the derivative of the attachment coefficient with respect

to E/N over that of the ionization coefficient — is satis—

fied for values of E/N below 67.4 TD*.

The other condition for instability — the equivalence

() *Original observation .
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of the negative ion and electron number densities — predicts

reasonably well the experimentally determined transitions

from the high-to-low field forms*. Calculations were made

using both 0~~(a~-i~) and 0 as the dominant detacher. The

0~~(a~~ ) calculations provide the better match to experiments*.

The pressure effect of the transition between forms

was determined to be due to the electron diffusion and drift

loss processes*. As the pressure is increased , these pro-

cesses have the tendency of increasing the electron density

and thus decreasing the value of ElM at which the transition

takes place*.

C

_ _ _ _ _ _

*Original observation .
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XI. Limitations of the Study

and

Recommendations for Future Work -

Limitations of the Study

Throughout this report the limitations associated with

the experiments and with the model have been specified . It

is appropriate at this point to summarize those limitations

in order to provide an introduction into the recommendations

for further work.

Experiments. The major limitation of the experimental

portion -of the study was the difficulty in determining the

gas density exactly. Temperatures could be measured only at

t low values of input power. The gas densities at high input

power were determined by an extrapolation process.

Models. The major limitations with the models were:

1. The electron energy distribution code was run only

for the ground state molecular oxygen cross sections. It

did not include the effects of other atomic and molecular

species on the electron energy distribution function . The

two species which were present in the discharge in large
* 1

p numbers were the-metastable oxygen molecule , 02(a A), and

the oxygen atom. The inclusion of these in the Bol tzmann

Code could af fect the transport and forward generation rates

at the high E/N values where their densities were relativeJy

significant.

-
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For the ElM values at which the model was compared to

• ) the experiments , the rates calculated by EED would probably

not change greatly in magnitude. Since the Chemco code only

modeled steady conditions, the results would not change sig-

nificantly with minor changes in the rates. A time varying

code, however, could be affected by a minor but rapid change

in the rates.

2. The rates utilized in the chemistry model were for

one value of reduced field. Once the E/N was set on a par-

ticular run , it could not vary and thus model the oscilla-

tory mode of the discharge or take into account external cir-

cuit effects. Therefore, only the steady state discharge

was fully -modeled . 
p

3. The chemistry model did not include calculations

of the radial distribution of the energies and densities of

the different species. Radial density profiles were assumed

in order to estimate diffusion losses. Calculations of the

radial distributions and energies would lead to a more exact

determination of diffusion losses.

Recommendations for Future Work

Experiments. Additional experimentation is required

to fully compare the oxygen positive column with mathemati-

cal models and validate the models. Specifically, experi-

ments should be repeated using a more exact method of deter-

mining the gas density. This is important because the model

and experiment are linked through the E/N and N parameters.
C--
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Also, it would be extremely beneficial to be able to deter-

- [ mine the absolute densities of the negative ions, atomic

oxygen, and the 0~~(a
1
~A) metastable molecules, since these

species are important in the discharge in the region of

transition.

Models. The chemistry model should be upgraded to in-

d ude the calculation of the radial distributions of the

species and their energies. The model should also allow

for the species concentrations to feedback through a solu-

tion of the Boltzmann equation into a determination of the

electron energy distribution function and thus the forward

generation rates. This should allow the chemistry code to

model the unstable form of the discharge in addition to the

C 
stable form. Each of these recommendations would have a

very large impact on the size of the computer program and

on the amount of computer time required to make a run.

If one is interested in high-pressure electron—beam

sustained discharges , the chemistry code would have to be

modified to model them. Two changes would be required:

di f f erent chemical reactions would have to be included, and

provisions would have to be made to incorporate a constant

source of high energy electrons. The chemical reactions

chosen for Chemco were the ones that were dominant for the

pressure range of the study. For higher pressures the do-

minant rates would have to be re-established using the list-

ing of Appendix D.
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Appendix A

Microwave Cavity Program

The program listing presented in Table A - I was the

one utilized to compute the electric field in the bore and

interaction regions of the microwave cavity described in

Chapter VI. The solution involved the utilization of a re-

laxation technique to solve Laplace ’s equation for the poten—

tial field. The electric field was then determined by numer-

ically taking the spatial derivative of the potential field.

The program was developed in collaboration with Captain M.R.

Stamm of the Plasma Physics Laboratory* of the Aerospace Re-

search Laboratories.

The geometry of figure A-l was utilized in setting up

the program:

t r
€r4(QUARTZ) 3,78
Er3(CCI4 ) = 2.17
En (QUARTZ) = 3.78

En (VACUUM ) 1 0F GAP
z-~ -4-- ~~ OF TU BE

Figure A-l. Bore Region

4 - 

_ _ _ _  

-

*Now the High Power Branch of the A.F. Aero Propulsion
(i Laboratory . 

-

_ _ _  
_ 
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Cylindrical symmetry was assumed around the axis of the tube,

and mirror symmetry was assumed on either side of the gap .

Therefore , the problem was reduced from three to two dimen-

sions in order to simplify its solution . The mesh was con-

structed of 71 divisions in the radial direction (1.4 cm)

and 101 divisions in the z direction (4 cm). This resulted

in a cell size of approximately .02 cm x .04 cm. The boun-

dary condition on the pole was assumed to be .5 volt, corre-

sponding to a U of 1 volt. The boundary along the z = 0

axis was assumed to be zero. The boundary across the gap

was assumed to have a linear variation between 0 and .5 volt.

The boundary at z = 4 cm was assumed to be zero. The z = 0

boundary was adjusted such that the f i rs t  mesh point on the

L 
negative—r side of the z axis corresponded in value to the

last mesh point on the positive—r side of the axis, for all

values of z. Only one mesh point was carried on the nega-

tive-r side of the z axis. Values at each of the mesh

points were calculated by successive solutions of Laplace ’s

equation. The calculation was terminated when the maximum

change in the successive values at any mesh point was less

than the speci fied min imum of 5 x l0~~ volt.
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Table A - I Microwave Cavity Program

PROG~~~ M L I’ .PLACE ( INI~ U r ,OUf~ i3T ,PISN C H) 
-

~~~~~~ 

--

____

~~
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~~~~~
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~

r

~

o

~

_c s

~~~~~~~~~~~~~~~~~
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01T~~i~ii5r~ A ( 7 1 ,t 0 1 }  ~ ‘ 4 ( 7 1 , 1 0 E p _ _____________
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= . 1 - 
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—__________________
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______________________________ ______________
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C  ____________________________________________ ______
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_______________________________________________
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C
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Table A - I Microwave Cavity Program (continued)

Oti 1 I~~1,Ii 
—

~~

A (I,1 ) 0.
A~~~~ ,J~1 =V
A (I,J~’)= V ________________________________________
ZFU.(’E.l~~

) N JM— ~I _________________

OCi_ I_ J 2,I\ 
_______________________

1 A ( I ,J )= .~~,*V - 
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________________ -
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C  
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I COt iN 1=1 COUNT. 1 _____ ______

00 3 t~~~,I’~M 
_________________ ________ ____ 

p
- 

IF (T.C~F .I~~) N J ~ — 1 _______ ___________
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) Table A - I Microwave Cavity Program (continued)
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Appendix B

Electron Impact Cross Sections

In this appendix the electron impact cross sections

utilized in the Boltzmann equation program, EED*, are pre-

sented. All of the cross sections, with the exception of

rotational excitation , were determined from experimental

data. The rotational excitation cross section was derived

from a theoretical development. Dr. Arthur Phelps ’ consul-

tation was extremely helpful in choosing the set of electron

impact processes to include in the Bolzmann code and in de-

termining the values of the cross sections (Ref 45). The

information Dr. Phelps provided was based on his experiences

in running Boltmann codes and matching experimental transport

parameters.

Momentum Transfer Cross Section (Figure B—i)

The momentum transfer cross section was taken from Re-

ference 56:72. The listing was for the data without the 4.5

ev resonance. At energies below 1 electron volt, the cross

section was reduced slightly in order to agree with the mi-

crowave data of Reference 57 and the drift velocity data of

Reference 45.

*Refer to Appendix C.
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Rotational Excitation

A rotational cross section of .15 x iO~~
6cm2 was used

with a threshold of .001 ev (Ref 58:1674).

Low Energy Vibrational Excitation Cross Sections (Figure B-2)

Low energy vibrational excitation is accomplished pri-

man ly by resonance scattering from the vibrationally—ex—

cited, temporary ,  negative—ion states. Direct excitation of

the vibrational levels of the ground-state, neutral molecule

is roughly on the order of 1% of the excitation through the

resonance channels (Ref 59:1619, 1621). The data used for

the low energy vibrational excitation cross sections were

taken from Reference 59. Since the cross sections were so

narrow, their magnitudes were adjusted to make their energy—

integrated values match. Once this was accomp lished, the

cross sections were doubled to allow the low energy transport

parameters calculated by the program EED to match experimen-

tal values. This adjustment was recommended by Dr. Phelps

(Ref 48) and was also confirmed by adjusting a cross-section

multiplic ation factor , running the program EED and then corn-

paring the drift velocity against drift tube data.

The thresholds for the vibrational excitations were

taken from Reference 60: ~
) = 0 -~ 1, 1190 ev; = 0 -~~ 2,

.380 ev; = 0 —~~ 3, .570 ev; and ~1) = 0 -~ 4, .750 ev.

High Energy Vibrational Excitation Cross Sections (Figure B-3)

The low energy vibrational excitation cross sections

were via the ground state, temporary negative-ion resonance.
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Vibrational excitation of the ground state neutral molecule

has been observed to also occur via electronically excited,

temporary , negative-ion resonances. The data for these high

• energy vibrational cross sections were provided by Dr. Phelps

(Ref 48). He derived the values by normalizing the differ-

ential cross sections of Reference 61:970 to the integrated

values provided by Reference 62.

The energy losses for these cross sections were the

same as used for the corresponding low energy vibrational

excitations.

Electronic Metastable Excitation Cross Sections (Figure B-4)

The cross sections for excitation of the ground state

molecule , 02(X
3Zg)l to the two low metastable levels,

0~~(a
1Ag) and 0(b~~~ ), were taken from Reference 62:1491.

The threshold used for the 0~~(a~~g) excitation was

.980 ev; for the 0~~(b
hI~ ) excitation, 1.672 ev.

Electronic Excitation Cross Sections (Figure B-5)

The cross sections for the 4.5, 6.0, and 8.4 ev thresh-

old excitations were provided by Dr. Phelps (Rev 48).

Dissociative Attachment (Figure B-6)

The cross section for dissociative attachment* from

the ground level state was taken from Reference 63:1486.

In the absence of measured data, the cross section for

*e + 02 ( X 3Z~) -~~ 0 + 0
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dissociative attachment from the 0~~(a bog) state was assumed

to be the same shape and magnitude as the process from the

t ground state. However , the energy values were shif ted down

by .98 ev, the difference in energy between the two states.

This assumption was based on the similiarity of the poten-

tial energy curves for the two states. In order to avoid

having the dissociative attachment cross section from the

a1L~g state inf luence the electron energy distribution calcu-

lation , the cross section values were decreased by two or-

ders of magnitude when they were entered into EED; the reac-

tion rates that were calculated by the program for the pro-

cess were then increased by two orders of magnitude to com-

pensate. The influence of the excited state dissociative

attachment cross section on the distribution function was

eliminated due to a lack of ’knowledge of the relative popu-

lation of the excited level. If this population were known,

the cross section would have been included; and a more exact

calculation of the distribution function would have been

possible.

The threshold for the ground state process was 4.4 00

ev; for the excited state process, it was 3 . 4 2 0  ev.

Molecular Ionization (Figure B-i)

The molecular ionization cross section for the ground

state process was taken from Reference 64:1471-1472.

The cross section for the excited state process was

derived and handled in a manner similar to that discussed
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for the dissociative attachment process.
~~ I

The threshold for the ground state ionization was
1 - 1 2 . 2 0 0  ev; for the excited state process , it was 11.220 ev.

• . 
Dissociative Ionization (Figure B-8)

The dissociative ionization cross section was taken

from Reference 65.

The threshold energy for the process was 18.5 ev.

Atomic Ionization (Figure B-8)

The atomic ionization cross section was taken from Re-

ference 66. The cross section values utilized in the EED

program were decreased by two orders of magnitude to avoid

influencing the distributions. The ionization rates that

I 

came out of the code runs were increased by two orders of

magnitude to compensate. The reason for the de—emphasis of

the cross section is the same as for the dissociative attach-

ment from the 0~~(a~~g) state.

The threshold energy for the atomic ionization process

was 13.618 ev.

.

*
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Appendix C

Boltzmann Equation Program, EED

The program listing presented in Table C - I was the

one utilized to calculate the electron energy distributions,

transport properties, and reaction rates described in Chap-

ter VIII. The program was developed by William Bailey and

William Long for use by the personnel of the Plasma Physics

Laboratory * of the Aerospace Research Laboratories. The

only portion of the program provided by the author was the

consistent set of cross sections described in Appendix B.

I

•P~~w the High Power Branch of the A.F. Aero Propulsion
I.
~
boratory.
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Table C - I Boltzmann Equation Program , EED

PROGRAM F.Et) (INPUT,OtJTPUT,PUNCI-4 ,DATA,TA PF5=DATA,pLOT)
DIMENSION Xi~ ( 3f l )  -

CO ,*Ur~-/CRCSS/ A (5),INx (5).PiG
COrAI•~Or~/FUN/ E TA (2O0, 3 O) ,~~R (?Ofl ,OF (?OO),ET0Vp N,xMp ,ID (3O -),
S DEP(3O).Q(?cIO),ITP,IOV,U~J,TG,TV,F ,XP~U (3O ),XNV(3O),IV0,IVI,ANCO-4~’Or,/sU/~~ bTA (?flO),00F (200),DEL(?0O),RT (50),ITV(30,
COM~1ON/S~~ EER/Lx,Lv,XP (5) ,NAME(5)
OA fA J PPT,IPN/1,o/
D A T A F , T V , T G / O . , cj . , 2 9 3 . /  -

C

C **ø*** *G  EU) *** NUMERICAL SOLUTION OF BOL TZ~4ANM E Q U A T IO N  * * *4
C

EEL) N(Jt-IEkICALLY SOLVES THE COLLISIONAL BOLT7MANr-i EQUAT ION IN THE
P1 APP~IOX1~ AT 1ON FOP THE ELECT I~ON E EPGY DISTRIRUTION FUNCTION. 

-

FROM THIS IS CA LCULATED THE SEAN ENERGY, DRIFT VELOC ITY, ~ND —ENEP~~Y LOSS RATES .

READ IN BA S I C  PA R A t I~ETE F~S
REA ~~* . NE N , IP R T , IP- ~

Ci ~~~~~~~~~ OF E/~~,S TO ~3E CALCULA TED ___________________-C3 pprr~i OUT En ~“~i Fl IPRT=1 
- 

-___________________

C I P R T = O  NOT REQUESTEDcs PUNCH OPTIQU REQ’JESTEP IPN=l
C - IPN=O NO PUNCH —

C
X P I R=t .0 9 E— 3

CALL CROSS
1-1011=200
IOV MOt-1 • 

-__________
00 46 1 1, MUM

46 DQF(I) 1.
00 42 INU=1,NEN -

1-’~~I~’.L99, WRT
99 FORMA l (Il)

1t ; 1 I O u , ( XP ( I~~)* 1 0 0 ., NAME ( IR) , I R= 1 , I fv G )
100 F U - ~A [ ( 5 ( l X , I lp . 2, *%* , 3 X , A j p ) )

RtAU t f r-r VALU L S

R t s~rJ~~,t ~u V N r ~x , r , T y , 1 0
EU’! N t U V k I ~1J .54
1F~~~~FV .(,T .1U.J TV TV 1 1i6U~~~.4

IF IIL , .(,T.1U.) T1, 10r11605.4
UI) 13 J 1,30
A N U (JJ 1. - 

—1~3 ANV~~ J) O.

IF UV.LT.O .I CALL V I~~

C ALL IfMT (JRAL

- - S
4
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Table C - I Boltzmann Equation Program, EED (continued)

C CA L C U L A T L  r-JpR~-!AL :~~A T z (r1 CON SF AN T ,~~~MrAN ~~NEPI~Y , ANO  F!

L.13R 0.

Ut 0.

ULU5S O.
yO=0.

SIM~~~ .~~3.
00 ‘+00 I 1 , L O V

— uR=FLrJAL (r)QDLF p

Ar’ ER~1=Ar.a i~~ •’.uF ( I)  •UA~~~ .5~~UU ~ 5IM
— 

- tPi tP~R•U~ I L ?  ~~IJ~~~~~ I.5~~UU~~SIM
Ut Ii t~~ D~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

ULOSS~ uLU’~S.L1( L ) ’~~~~~U~~~~~~It)F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~vU vu •br~~(1J ~~t’~~ uu~ s14
‘.VU ( . . O R I 1 N L J~.

EU~~ t. ~ 1-~ IA E
—

UL 5 O L U S 5° b . ~~~~~~ —9 /X T 4~~~ M
V~J V L ~~t . -i~~IL f /~~ ,~~-~-1/ J~ 

—

‘)U 14 1 1 , ’4U1-i
i I A~~1 U H I A I L J /)~~t .<M

D F ( 1 I I L 1 , A N t R ~
ii, cur-~P

~~

Ir

~

T Suj, ~OyP’~~J .e—1b,FQA r4t.RM

~ 5u3 Fu~ --TA, (Lx ,-‘-- 
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ U J 1 4 L L A 1 I C J~[*~

$,1PLII.21
p~RIr4T 5~ 3, Fuv~ r-j - 3.5’+ ~~~~~~~~

C 5u3 FCrn~-?T (~~~ ,- E~n-v ,lI-E 12,~~,
Q y,~~I,lyI~iKQ ,1pA,*F~ A CJ t ON AL  IOr~rr7A1

C $IC ’,1p ’EL ~~~.~~~J

N I ” T  51i’, , Tv~ 1 Le,u5.4,u,~ 1J6u5.45y4 FORi’i~u il~~ ,w  y L ~jj-~D I I y,’~AL It L T1JX~ ’~,FI~~.2,* ~~ ,1rJA,~~GAS

1F(i ’~ T.f~~.y j  b’I Tu ‘~

PR I ’ i T  SUT

507 ~~~~~~~~~~~~~~~~~~~~~~ UI5tr’~lHUILUN FuNI~.I jON 1-001

~vRIiE Fu M r’JO F!
C 

-

PRI LM T ~~, (
-
O F U ) , I = 1 , l p y)

IV(IF’i~.E(~.1) PVI’JCH ~~~ wrcr ~ ,I=l,IOV)PRI! ~1 6-) 4
604 fCf t~I j 4 T C l r N~ ,’ F~ CO,4FON~ NT OF 0157-RIBUTIO1-iw)

PR INT 8, I 5 1 A ( J , , 1 = 1 , IO ~~~)

PRIr~~I 50, Ut)
50 FOR~rA T (Il-C, -” ~~ Ck~ Y ST EP- =*,~~~5.3)

686 ~~~~~~~~~~~~~~~~~~~~~~~~
AON— 0 .

C- -

256

TI



V -~~~~~

) Table C - I Boltzmann Equation Program, EED (ôontiriued )

Wf
~~

I TE U U T  PUr-1PI~ I(, RATES AND ENERGY LOSSES FOR ADDED GASES

9 XJE=0.
EIN VU*EOVR~’*1 .E—1~
P~~INr 49n , ULOSS/f rN

490 FO R;- IAT ( 1ho,  * F~~MCT ION4L RECOIL ENERGY LOss*,F]2.4
EE O . 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I8T~~1
01) ~l4~ lT’-~~1,1 NG
ITP 1!~X ( ITM ) — 1+U i T
DO 84b J 1 l~T , I T P
XR (J ) 0.

IF (I D(J).c,E.’-1OH~~1) GO 10 846
P=DE I-’(J)/UIJ—FLOAT (ID(J)) ___________________________________
X R ( J ) = ET M ( I O( J ) + I , J ) * (X N U( J ) * f l j~F( 1 f l( J ) . l ) ._ X NV (J ) * 1 .O F ( 1) ) * ( 1 . _ P/2 .)
ILO~~I’~ (J) .2
DO ~ 45 Lx1L0,MOM -

U F LO A f ( f l * D U
X P(J ) =/ .R (J ) . E T A( I , J ) * (X N U(J ) * r ) O F ( I )_ X NV (J ,* ( P* D O E( t_ I D( J ,_ 1~~.(I.

_
SP)”DOf- U—iOi~~~~n— 

845 CONTINUE
846 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PRINT 5O5,NA~-,E (IT~~)

~O5 VO R~4AI (lX , * NET PUNPIrsG RATES CR3/SEC FOR *,A 1O )
PRli4I 8, (XRU) ,t=TDT,1IP)
DO ~s4 ( J=I~3 T , 1 T ~ -

S 8TA (J I=xR (J 1* ~ILP(J ?*X P€ IT M ;
EE EE~~~~TA ( J )

84~f CONTI-~U~T
PRI.’4T 511,1A?-!E(Ip’ ) - - I

511 FORt- ,A T I X , * F P AC T JO N AL  ENER~~Y DEPOSITION FOR •,A lO) I
PRIt’~E 10, (bTA(J)/EIN ,J ~~IBT,ITP)

10 FORM A T  1X ,10F12.4) •

1 L - I T i — • 1
b4S CONTINUE

F’RINr 49~ , t’3P,t)L°l.E16 p

49~ F ORMA T Ill -U , * MEAN L~ E~ 0Y*,F12.3,* EV* ,IOX,*DIFF(JSION CoErrICff~T.

~~~~~~~~~~~~ 1/Cl!/SEC*) 
-__________

C ~~RL1t. DR IFt VELOCITY ANIY CURRENT DENSITY
1~~I1 t. OVRN*UE /VI)
rHINt tt o , Vl) ,ECri

~~~1O 
F O RI 4A T ( 1 X,L I- ’ ,  * DRIFt VELOCITY*,E12.4,” C~l/SEC*,jO X,”Cl R A T ~~T~T1

SC LNER(,Y* ,0PF 12.3, * EV ”)
ERR (EE-EIM/EIN’lO (J.

- 
I’RINT bId, ERR 

—

~~~~~ I U ~’ (’AIt / ~ ENEROY d A L AN C~.0,FI0.~~~,* %*)

4~~ rv~,i triu~ -

EN L)

-L 

______
- - - 
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I Table C - I Boltzmann Equation Program, EED (continued)

SUFJF~OUIL1J E ~ Rp55
COMMOf~.’cROss/ M5 , lNx (5) ,r NG

‘~1. C01”40r ,l/FUN/ E T A ( 2 O ) , 3 O ) , ~) R (2 f l O ) , O F(2 0 0) ,EO V R N , X f4 R , I O( 3 0 ) ,
~ u (3p),~~~~~~),IJP,]tJy,r)!J,TO,TV,F,XN(J(3p),XNy (3p),Typ,Iy f~pNC0’IMUNIStJNI ~3TA(~~flO),0OF ~~0n),OELj2p0),RT(sp),IJV (3p)CyM~~ON /5CALE’~/LX,LY,X P (5) ,NANE(S)

DATA 5CALE,~~,RIt)/1.,0./
R~~AD~~,ING,U1~A X
UU Uf~AAI20U.
00 10 1 1,~~~ 0U
Q (1 ) 0.

10 URI!? 0.
ITIJ=0
00 40 1R I,L~JG
NV U Q

- REAl)0 , NA ’FrIH ),*PCJR),A (IR),JNX (IR),NV0 ,NVJ ,AN —

II (NVU.EU .U) GO 10 11 .- 
-

jyO= riyu+I ~
lvl=Nv I .1T-’—l

11 jp=Jr-Jx IjH)
1I’~A (1}’~) 1 P — j

UI) 40
RtA ,L~~~SEL ,t.L,SLi’Lt,LI.,RtU

LI ItI.~J1lJ. trJ.p ., UU 1 (1 1~
KtAU~~~, I U F ( I ), [ Z ,g~Q U J , l J UM

i F t1 ) U

~ 

(~~)DuE
DI) L~ ~~~~~~~UuVIiJ =~u,4 u”t~tohu i t - ti
11 % E L . U I. Q . J  OF ~I)-ut (1)IL1UF III

I~ C U I 1 1 ~~UE
UI) 1*) 16

j5 MtPtP’ ,U)UF 11 ) ,Ut- (1 ),1 1,~~U U )
lb (.HJ JO I~~~~~j~~~199

D (L.’r (IA). r !L.U.J J 1)Ol (LA +L )
ILO~~~ LI I)c lOVE I [XI IUUI + I
1N1 1F1A (lJOrt jX+1II1u+ .UUII
IFLILU.GT.lrlI; Up jO iP 

______

IFtI ni.~~T.?~uUi 1’i1=€~u u ——______

DO �0 !=ILCI,lp’ I
U fLO’A1(I,00u

�O OEL (I)= (DF (IA),SLOPE* Iu_O GF (IA; J)WSCALE
IF IlrIl.Ew.200) GO~ TO 35

30 CON1Li~.UE35 1w~ I ’~~l 
—

IF(I~J.GT.~
-OU, 1u~ 2uv

IFtEL~ GT.u.) GO 10 37
PR1i~f lOI, LM3EL,SCA LE,COpFUI,OF( !) , I= I,TQ 1

S
-

- 

-

-
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Table C - I Boltzmann Equation Program, EED (continued)

00 36 1=1,200

0(1 (:(II+X1 (IR)*OEL(1)/4 (IR)
36 0R (I) 0RC1).X? (IR)*OEL(1) -

60 10 40 - 
—

37 1T -’=LT P+I -

DEP (I IP ) E L
I D ( I T I . ’) = I F I X ( E L / r tJ . 

-

RT (1TP~ =NTJ
PRI NTIO?, LAbEL,EL,SCALE, (DOFW,DF(I),I=1,IQ)
DO 39 1=1,200
U=FLOP.1 (I)*DU

- 39 ETA (i,IIP)=DEL (I)*U4~xP (IR)
40 CONT INUI~(0  50 I=i.;~ou

U=FLOAT (I)*L)U
00 SO K=l , ITP

50 O R ( I ) = O ~~( I ) . E TA ( I~~c )/ U
101 FOPI1AT Up iO,AIO,3x , *~10~ ENTuM T R A N S FE R  CROSS SECT!O f * , I

S32X,0SC.~iLE FA CT Of~=*,F~c.?/
S(lX,5 (~~6.2,3X,F~~.4,6X)))102 FOrn.-A r ( l . 10 , t~i0,3 x , * INELASTIC PROCESS WITH ENERGY LOSS=* ,F7.3,*EV* ,
$2~~X,*SC A LE F A C T o ~~ * ,f~~.2/
$( IX ,S ( F6 .2 ,3X , FS. 4 , f X ) ) )
RIIURN
END

— SUbROUTINE INTG ~~AL
COMMUN/F UN/ Lr~~(2oo,3o),nR (2oo),DFc2no),EovpN,xRR,Ioc3o,, p

$ OEP(JQ) ,L)(?OQ) ,ITi-’,I0V,OIJ,TC-,T~~,F,XN’)(3o) ,XNIJ (3C) ,IVO,IVt ,IIN
COMMON/SUN/ bTA(200 ),uOF (20O),OELC2OO),~~T (S0),ITv(3O)
ICOUN1 O
Y 3.2(E4*F*1O.
FEM=1.
SDN(J — 1.
OEF M O .
ICOUNT ICO’JNT+j
SUrl=O.
EEl .5*~)OF(1)*0U~ *1.5 

—

— EE~~~~~Et1*L ,U 
-

~~~~~ j .~~~~QPJ p F l f l * p U

00 1 1 2 , I OV  

-—________

1 EtJ L 13+D O F  (J)*DU

8TA(~~~O0) L)OF (1)
Dl) 10 1 1 ,IUV

U=F LUAT (I) ~~~ IJ
A AMR 9i2( LI *U4H.2
b0.
1)0 13 J b I T P

IFIIt )IJ).LO.0 ) GO TO 6
IF 1101..)) .C’t.199) UO TO 8
IF IU.UI. p ~T lJI) 1)0 TO ~i

l i e
-

- 

-
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S Table C - I Boltzmann Equation Program, EED (continued)

II lOOP II)/UUF(ID (J)).L.T.1.L.—10 ) GO TO 11
XL O.

- 
YL O .

II’ L + JO (J )  
- - -

UH (J+1;EP(J) 
- 

-

IM I— I D ( J )— 1

3 U l’/ I ) U— FL OA T (IF )

IF (1.01.1) GU TO 20

YH LTA (LF+j,J)* (P*~)pF(t)+(1.
_P)*DpF (J+1))*p**2+E1A(Ip,J)*ppy (jp~~~S(1..lb * (L._I’)

UEL (J) 0.
GO TU S -

20 XH O.
YH U .

IF1Ll- .UE.~f0fl) GO TO 4
AH LIA( LI-’~~1,J)*Uu 1- 1LH_ i)* (1. lJ)**2+EI4 (IP+1,J)*OOF(1I~+1)*P*~ 2

~~.—P~ ) QpO~ C r .1 )* ( J* *~~~ 
—-

4 jI lI.LL.1I)(-J ) ) GO 10 5
-

~~~~~~ 11- 1 1 . E U.L U (J )+L )  ~~~~ 10 ~ 1
AL (ETA 11— 1 ,J) i—I ) +F.T4(~~,J) *DOP I I)

YL LIAlI_ 1,J) * (i~0LY)F(I~
i_ L,+(1._l

~)*Om (IM)).ETA(z,J,* (p*yop1IM),(I.

1,0 (1)5

~~L XL=~~ l A 1 ~~,JI0Upp (z)*(~~•_ (.I)

YL=LIA1I,JI Q (PcOU I. (LM,+I1 ._H)*UUF(1~l+ 1))*(I._p I
S UtL (J)=ULLI.jI+(xp-1~ XL)*Ar~tj(J)~~(yI-4~ yL)QxNV (J)

b~~~+Ut- L IJ)
(~U I O b

13
- (.OI’~~I LN J F

i . / uW I 4 + . J U / U U r 1 L ) + .~~QY O l : E i)f ( EI)y R N*~~~/ u R ( j )
$+ y w (

~~~~~~
/ u + t t Jw u Q* .5 ) +J . s l A Q I U /U)  - 

-
~~

‘~ SuPu~~~j r1+LQOu,~~.
IF (SU-~.LT.3rI .J Go io 11
OF (I) EA~ I SUM) -

1F (ULrk.GE.1jE~~, GO TO 13
DtFri uEF
SG’~=5IG ’~ (j . , ~) F l 1 , — y O F I J ) )  —

~

1.i (i (A l  L I  CW UE I L )  9E(JV ‘iIW~ I t)
IF(F.LT .l.~~~— 1~~~~I Ut) To iu

EE2 tE2•(!j0Ft1)9u%~~1.S*UuF fI•1IQ (U+ tU)wQI.5I~~yy/2. 
—

EE!=LL1+(U (,F(I)Qu~ s~.5+OOF(1+i,wlU+DIJ)ww .5).0u,~~. 
—

-

1G -cO;~TL,~.’JE

- - - ‘ “ _ -
I~
’ 

~~~~~~ 

- - - 
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Table C - I Boltzmann Equation Prograzmn, EED (continued)

11 1 0 V L 1
_______ 

l-110v .LE.1 STOP2
I _______ ~~iIC0uMr.EO .3n)  GO 10 16 -

rnoLul.LT..oI) GO TO 1 - -
S~1.
IF(SGr~*SGN0.LT.o.) FE4=FEl-*.S 

-

SGNO=SG~
- 

OEFL=ALOGIO (CEF M.1.) - 
— ______________

IF(DEFL.GT .FEM ) S=OEFL/FEM —_______________

DO 1. I= 1.IUV
12 ~~O F ( I ) D0F (I)**(l. _l./S)*DF(I)**(I./S)

SLOPL=OOF (Iov)/r)OF (Ic,v—1)
00 14 1 10V,199 - 

—
14 D O F ( 1+ 1 ) 0 0F(I)*SLOPE

10V 200
GO TO 2

16 R E T URN

END
SUBROUTI* V I~
CONM O~i/FUF./ ETA(20O,3O),Qq (200),DF(?00),EOVRN,XNR,IO(3e~), -— 

$ )EP(30).)(2O()),TIP,IO V,DU,TG,TV,F,XNu (3o),XNv (3n),Iv3,IV1,~~
u -

E1 DLP (JVO ) -
E2 AN*E1/ (1 ._2.*DE)
VMIN LSO .

V11I~)=El*T6/t2.~ E2*TV)~~.S
XNOPM=0.

YNIJ=D.
00 1 0 I l .~~

()
V=FLOA T C I—I )

(1)_C V—i.
IF (V.GT.V ~~tN ) GO TO S
X V E X).(_V*El/TV+V* (V_l.)*E2/TG)
GO ro 6 

_ _ _ _ _ _ _

5 )V (VMIN+i.)/(V+1.)*EXP(_VMIN**2*E2/TG)
6 X NORt~=XkJO R M+ X V 

-
XNE P (-lx NER A V
IF (1.61.8) GD 10 10 -

- YNU YMJ+XV
Li I1.tU.1) 1)0 TO 10
JMAX r’IN0(LVO+I~~2,1yI)
00 9 J I ~/0,J1AX

9 xNy (J )=xr-4y1J;+xy
10 C O N T I N U E

00 1? L IVO ,IV I

0 ANU I £1 ~Y ’iU/X~4pRM
12 XNV (f l X IJ V U ) / X N O R M

P R I N T  ~~, (XNvIr).I=Ivo,LvI),xNERM/xNORII
B FURl-ATUP,I1X,1CEI2 .4))

REtURN
tNt)

-
-

- S
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Appendix D

- 
- Chemistry Rates

Table D - I is a listing of the chemical and physical

reaction rates collected during the course of this study.

The last column in the table specifies the reactions utilized

in Chemco (See Chapter IX). Nonutilized reactions were re-

jected because they did not involve species carried in the

code, were slow in an absolute sense , were slow relative to

another channel with the same net reaction, or were deter-

mined by early Chemco run s to be insignificant. The letter

M in the reaction column refers to an unspecified specie in

a three—body collisional process.

The rate dimensions for single body processes are

sec
~~

; for two—body processes, cm~sec~~ ; and for three-body

processes , cm6sec 1.

S
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• 4

Notes: 
-

*References 67, 68, 69, and 75 are compilations of

~~ r. rates and as such do not represent primary sources.

1 - Rate entered into Chemco as a function of E/N.

2 - Computed in EED but not entered in Chemco.

3 - Rotational excitation.

3’ 4 — Momentum transfer.

5 - Electronic excitation.

6 - Low energy vibrational excitation.

7 - High energy vibrational excitation.

8 - Cross section not used in EED or Chemco.

• 9 - No rate found.

10 - See Appendix B for cross section modification.

5 11 - Rate not available. Reaction assumed , so as to

allow reactions involving 02(a~~g) in Chemco.
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Appendix E

Chemistry Code, Chemco

The program listing presented in Table E - I was the

one utilized to calculate the species concentrations and re-

lative reaction contributions described in Chapter IX. The

basic program was developed by Michael Stamm for use by the

personnel of the Plasma Physics Laboratory* of the Aerospace

Research Laboratories. The portions of the program provided

by the author were : the initial conditions; chemical rates

and reactions; chemical difference equations; diffusion ,

flow and drift loss equations ; and the input/output instruc-

tions.

r _ _ _ _ _ _ _ _ _

~~ *Now the High Power Branch of the A.F. Aero Propulsion
Laboratory .
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20. ABSTRACT (continued)

the Boltzmann transport equation indicated that the electron energy distribu-
function exhibited a characteristic intermediate between MaxwelIian and
uyvesteyn. Chemistry model results showed the dominant positive ions to be
and 0-. The transition from the £table to unstable forms was determined to

be related to two criteria: the dominance of the derivative of the attachment
coefficient wi th respect to E/N over that of the ionization coefficient and the
equivalence of the negative ion and electron number densities . The chemistry
model results indicated that two-step ionization from the metastable 02(a’A)
and collisions between the metastable and negative ions were important electron
sources. -
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