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ABSTRACT

THE METHANATION OF A FLOWING Hp - CO GAS MIXTURE
IN A PLASMA CATALYZED REACTOR

By

Richard L. Hol loway

Mixtures of Hy - CO were continuously pasted through a microwave
plasma in a quartz tubular reactor. Conversions up to 25% were obtained
for residence times of 0.07 to 1.5 seconds and pressures of 2 to 50 mmHg.
CH4 conversions increased with increasing Hp concentration, with a 4:1
volumetric ratio giving the highest yield under the experimental operat-
ing conditions. The power that gave the highest yield to CHgq was 250
to 600 watts, with thermal decomposition of hydrocarbons occurring at
higher power levels. Approximately 150 watts were required to maintain
the microwave plasma. CH=CH was identified as the major biproduct, and
a mechanism Incorporating a (CHe¢) intermediate is postulated to account

for the two hydrocarbon products.
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INTRODUCTION

Many chemical reactions in electric discharge or plasma have been

studied over the past twenty years,1’2’3’4'8

the majority of these
being In batch systems. However, never has the need been greater to
pursue the possibility of production of synthetic natural gas from coal
In a continuous flowing plasma reactor. In view of the critical supply
and demand situation for energy in this country and the increasing
concern on environmental quality it is essential that new coal process-
ing techniques be investigated through engineering research and develop-
ment. This study is a report and analysis of the first results of the
research effort at Michigan State University to produce methane from CO
and Hy via microwave catalysis. The system for methanation experiments
consisted of a flowing Hy - CO gas mixture through a microwave field to
produce the catalysis effect. |t should be emphasize that the project
although speculative in nature entails a unique, unexplored area In both
plasma optimization and chemical process development.

The overall research project Is broken down into separate studies
of the methanation in a plasma reactor, gasification in a plasma, hydro-
genation of coal in a plasma, and finally the ultimate goal of a combined
methanation and gasification process. Preliminary economics for a plasma
system have been developed by Asmussen, Hawley, and Wilkinson In the
original Michigan State University research proposal.14 Their speculative

economics indicated a potential 15% savings in capital investment and a



10% decrease in operating cost. Further experimental work will establish
a firmer base case for preliminary design and comparison with other
schemes in coal processing.

The two routes for producing SNG (high Btu gas) which are being
developed and commercialized are 1) SNG from naphtha and 2) SNG from coal.
Both schemes are similar in chemistry; i.e., both require gasification,
shift, and methanation. The chemical reactions for these steps are
written for SNG from coal as follows:

(a) Gasification

2C + 2H,0 » 2C0 + 2H

2 2
(b) Shift
Cco + HZO > 002 + H2
(c) Methanation
nickel
3H2 +CO -~ CH4 + HZO
catalyst

The net process can be summarized as

2C + 2H20 > CH4 + CO2

A unique feature of the project is that the microwave source pro-
vides only the energy to maintain the plasma for catalysis of the methan-
ation reaction. This will also be the case in future work on a plasma
reactor which will carry out both the gasification and methanation reactions
in a single unit, thus eliminating a portion of the costly process equip-
ment of the current SNG routes.

Many investigators have studied the production of hydrocarbons in
electric discharges and there have been several H, - CO - CO, studies
in microwave,s’6 megaherfz,7 and corona discharges.s’9 One of particular

Interest is by Epple and ApT7 who have shown it possible to convert



mixtures of Hy, and CO, to methane in electrical discharges ranging in
frequency from 2-110 megacycles. Their work was performed in a static
system with residence times of 2-3 minutes and reported conversions as

high as 55% of the total input of carbon to CH,.



PART | - THE METHANATION OF A FLOWING Hp - CO GAS
MIXTURE IN A PLASMA CATALYZED REACTOR



MATERIAL AND EQUIPMENT

The process flow diagram is shown in Figure 1. A 5 f+3 cylinder
was used for the premix tank, with a gas regulator that gave a constant
discharge pressure of 5 psig. The premix tank was evacuated and then
flushed several times with Hy to remove any oxygen that might have been
in tank after use. Oxygen being a free radical acceptor must be com-
pletely eliminated in order tfo achieve the methanation step. The feed
gases are then passed over a CaSO, packed bed to insure the removal of
any Hy0 since this drives the methanation reaction in the reverse direc-
tion. Flow rates are then measured using a rotameter with a selection
of rotameter tubes that allowed a flow range of 5-10,000 cc/min at S.T.P.
The gases were preheated in some experiments using a high voltage-low
amp electrical source which conducted a current through a 30' section
of 1/32" OD pipe.

The reactor system consists of a I2" diameter cavity with cooling
coils around the outer perimeter and 1/64" holes for electric field
strength probes (Figure 3). As the hot gases leave the preheater they
enter the |" OD quartz tube where the plasma is generated and the reaction
takes place. Reactor discharge gases are then passed through a two stage
cooling system, the first a dry ice-ethylene gycol solution (-30°F) and
then a water bath. This cooling section may be bypassed if sufficient
natural convection occurs from the reactor outlet to the cooling system

from the pipe. A final drying bed of CaSO4 is utilized tfo remove any tfraces

5
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Figure 3 . rf plasma reactor




of water produced from the reaction. Water absorbs in the same region

as CHy in the IR so must be removed. The IR analysis was done with a
Perkin-Elmer spectrophotometer utilizing a 1 meter gas cell. A reference
cell was also used. After the gases were analyzed they were drawn through
the vacuum pump and discharge to an exhaust fan.

Instrumentation consisted of temperature and pressure gages located
about the reactor and cooling system, along with sample points for mass
spectra. Piping up to the preheater was 1/4" OD copper tubing while
1/2" OD stainless steel was used after the preheater. Due to the extremely
toxic nature of the CO, a MSA carbon monoxide detector was used during all
work. A safety shield enclosed the reactor as an explosion protection
device.

During the course of the experimental work the following mechanical
or process problems were encountered.

Problem: The entire system had to be vacuum tight with a leakage

rate of less than 2 cc/min of air.

Action: All connections were sealed with gyptol or high vacuum

grease.

Problem: High power inputs caused the deposition of carbon on

the walls and the quartz reactor tube to melt.

Action: Provided an air coolling system in the reactor cavity and

changed the power divider to reduce power input.

Problem: Preheater was fabricated with stainless steel tubes

containing nickel which at higher pressures could produce
CHy due to the catalysis effect.
Action: Nickel in tubes was poisoned using sulfur dioxide.

Problem: Temperature measurement of gases under high vacuum.
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Action: An infrared pyrometer was tested.
Problem: Excessive dust from drying tube collected on |.R. cell
mirrors.

Action: Glass wool filter was installed after drying tube.



EXPERIMENTAL PROCEDURE

The complete system is first evacuated to less than | mm Hg. The
Hy - CO feed valve is opened to establish a flowing system under high
vacuum and purge out any remaining air. As an initial start-up step,
the rotameter flow is set to 100 cc/min of H, - CO mixture and a pres-
sure of 2 mm Hg. The microwave rf source is turned on and the sliding
short adjusted to produce enough power to create the necessary ioniza-
tion required to establish a plasma. The cavity (plasma) length is
then adjusted in order to optimize or retune the plasma. Once the
plasma is generated the pressure is increased step wise, each time
adjusting the sliding short and cavity length (see Part Il. Microwave
Plasma Reactor Design for mechanical details). When the system has
reached steady state, the reactor discharge is analyzed on the
Infrared Spectrophotometer by scanning the 4000-1300 cm-1 region.
The appropriate Qariables are recorded and the system changed to a new

set of parameters.

11



MODEL OF SYSTEM AND DEFINITIONS

Consider a Hy - CO gas mixture flowing through a tubular reactor
with a microwave plasma being generated inside the tube producing a
chemical reaction. This is illustrated below along with the associated
variables. The objective of the plasma catalyzed reactor Is to maxi-
mlze conversion to methane by the following reaction, while

(1) 3H2 + C0 — CH4 + HZO

minimizing power requirements and biproduct formation.

uf
P . %GV
Tin V, Ne, Tg — T,
R

Jo

Tln - inlet temperature

P - system pressure

ug - volumetric flow rate of H, - CO mixture which is a function

of the system pressure, P, and inlet temperature, IJn’
- ratio of Hp/CO
- reactor volume dependent on the cavity length

PW - power absorbed in cavity

Ne = electron density which is a function of pressure, P, and power
absorbed, PW
Te = electron temperature in reactor which is dependent on electron

density, Ny, and power, PW
Tp - bulk temperature of gas leaving plasma reactor

4GV - percent by volume of hydrocarbon product in reactor discharge
which is a function of the following,

12
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1) Temperature, Tp, and Tg

2) Pressure, P o

3) Electron density, Ne

4) Volumetric flow rate, uf, and ratio of Hy/CO, R

5) Power absorbed in cavity, PW
If we assume no volume change occurs in the reactor the design

equation for the system is shown in equation (2).
v =J d(CHa)
us r(Tb,Te,P,Ne,R)

where (CH4) = methane concentration
r = rate of reaction of reactants

(2)




RESULTS AND DISCUSSION

The first methanation experiments shown in Table 1 (runs 13001-
20104) had flow rates of 1000-3000 cc/min producing very small resi-
dence times in the plasma reactor. All previous works’7 in this area
had been on static systems using very high residence times of 2-3
minutes, however in the initial work on the economics of the project
residence times of less than 2 seconds were necessary to establish
satisfactory power savings. The power levels were above 1500 watts
which created a plasma with a reddish glow that completely filled the
quartz tube in the cavity. There was no basis for starting at these
power levels, except providing enough power to produce the plasma In
the flowing Hp - CO system. The first H, - CO feed tried was a 10:|
mixture (by volume) of hydrogen rich gas. Since previous experimental
work on hydrogen in a microwave plasma had been conducted by Asmussen,lo’||
one of the principal Investigators, the initial generation of the plasma
was done in a hydrogen rich feed. The TEOIl mode was the resonant
frequency used in these runs corresponding to a cavity length of 9.8 cm.
The flowing gases were analyzed on the IR spectrophotometer in
these runs, however, they showed no methane bands. Also mass spectra
samples gave negative results. However, a very significant finding of
these runs (13001-20104) was the observation of a carbon deposition on
the quartz tube wall. This certalnly Indicated the presence of a chemi-

cal reaction occurring in the flowing gas mixture. Figure 4, for the

14
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Hp - CO system was used to explain this phenomena. It can be seen that
above 850°K any methane formed would be thermally decomposed to carbon.
During these runs hot spots were observed in the plasma at the walls,
and once the quartz tube started to melt which would indicate tempera-
tures above 1500°K, it was the general conclusion that the reddish
electric discharge was too hot a plasma to produce methare.

After these first runs the electrical system was modified by
varying the sliding short position on the power divider which reduced
the power absorbed in the cavity. Also in order to provide additional
cooling a forced air circulation system was installed in the cavity.

It was felt that longer residence times would be required in the colder
plasma so new rotameters were installed. Coupled with these modifica=-
tions was the need to change the cavity length to keep the rescnant
frequency constant. The cavity length was increased to 3.8 cm and
this corresponded to the TE*|12 hybrid mode (discussed fully In Part 11).
Since during our initial runs (13001-20104) no trouble was experienced
In the generation of the plasma the feed mixture was changed to 4:I
hydrogen to carbon monoxide (by volume). This better reflected the
stoichometry of the methanation reaction. After these mcchanical mod-
iflcations the power could be varied from 100-800 watts and the flow
between 5-110 cc/min at the rotameter pressure and temperature.

The next experiments (runs 30101-30113) were successful in that
methane was produced and identified by the IR bands at 2980 cm"l and
1300 cn~' as shown In IR spectra number 2 and 5. Comparison with IR
spectra 3 and 4 also confirms the presence of methane when the plasma
was generated. This Is the first reported production of methane In a

microwave plasma using a continuous flowing Hp - CO feed. MNo attempts
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were made to maximize the amount of methane in thece runs, however
methane was observed with flow rates from 75-100 cc/min, residence times
of .25 - I.l sec, and power levels of 200-300 watts. The plasma con-
sisted of two blueish spherical shaped glows in the quartz tute.

It was necessary to determine qualitatively the amount of methane
produced in the plasma for each set of conditicns. A gas mixture in
a ratio of 37:9:1 of Hyp - CO - Chg (representing 10% conversion of CO
to CHg if no other hydrocarbons are formed) by volume was prepared and
analyzed on the IR at a variety of pressures commonly used during
experimental runs. These are shown in IR curves 16 and |7. The percent
by volume of methane in each run was then determined based on the area
under the methane IR peak at 2980 cm“I compared to the standard at the
corresponding pressure. The percent by volume in runs 30101-30113
varied from 0.1 - 1.5%.

Once methane had been produced with plasma catalysis it was neces-
sary to determine optimum conditions which would maximize the hydro-
carbon yield. One important parameter explored was the residence time,
which is a function of both rotameter flow rate, and reactor temperature
and pressure. By holding the power and pressure constant, and varying
the flow it was found the percent methane in the plasma reactor gas
discharge went through a maximum. This is shown in Figure 5. A possible
explanation to this experimental observation may be that at longer resi-
dence times the bulk gas temperature (or electron temperature) are high
enough to thermodynamically favor the reverse reaction or othar side
reactions such as formation of carbon or acetylene. Figure 4 shows
the equilibrium constants for the methanation reaction as a function of

temperature.
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Another variable was the amount of power put into the plasma
cavity. As discussed before the plasma characteristics were un-
favorable for any hydrocarbon production above 1000 watts. Several
runs showed similar results when the pressure and flow were held
constant and the power varied. This is shown in Figure 6. Since in
order to maintain the plasma it took about 125-175 watts, the optimum
power range for methanation lies between 250-650 watts depending on the
pressure and flow rate.

The volumetric ratio of hydrogen to carbon monoxide in the feed
gas is an important parameter in determining optimum operating condi-
tions. The initial runs (13001-13004) were at a 10:1 ratio and showed
no methane, however the power levels were toohigh and a different
cavity length was used which both produced unfavorable conditions. The
majority of runs were with a 4:| H, - CO ratio. A special case tested
was a |:l Hp/CO feed. These experiments resulted in a greatly reduced
amount of methane in the product gas stream and required substantially
higher power l&yels to maintain the plasma. IR spectra 20 with runs
31301-31411 shows these experiments. This is consistent with our
proposed mechanism in which generation of the hydrogen radical would
be the rate controlling step (discussed in Part |l). Higher power
levels were required since the ionization potential of the CO molecule
Is much greater than that of hydrogen, and consequently this feed
ratio will favor a hotter plasma which is unsuitable for the methana-
tion step.

The effect of pressure on the yield of methane is a vefy signifi-
cant factor In establishing the operability and feasibility of the

methanation reaction. From the experimental data, the highest yield
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of methane was 5.4% by volume at 2 mm Hg. This corresponds to approx-
imately 25% conversion of the CO in the flowing feed gas. Bell'slz’|3
work showed that at lower pressures the value of K|, the rate constant
for generation of the hydrogen radical, is higher and hence greater
chemical reactivity (Figure 8). Our results would seem to indicate
this also, however due to different types of electrical discharges and
resonant frequencies used this has yet to be fully substantiated.
Since the main problem encountered in substaining higher pressures was
the plasma becomingtoco hot above 50 mm Hg, further modifications in
the cooling system or establishment of a colder type plasma at higher
pressure will be of high priority.

One other hydrocarbon identified in the product gas by mass spectro-
photometry was acetylene. Epple and Ap'r7 reported this same blproduct
in their static system. Because of the very poor sensitivity and broad
band acetylene has in the infrared region, it was not possible to deter-
mine qualitatively the amount In each run. IR spectra 24, of a I|:|
mixture of methane-acetylene shows this very broad band at 3200-3300 cm-l.
Comparing this with the experimental runs recorded on the IR, the amount

of acetylene in the product gas would in all cases by much less than the

amount of methane.

Further research conducted during the writing of this paper has
shown acetylene produced exclusively with a 4:1 Hy - CO feed using the
TEO11 mode. The conversion of CO to CH=CH based on a methane free

product was 15% at 15 mmHg and 0.4 sec. residence time.



SUMMARY

This research effort, of the Department of Chemical Engineering
and the Department of Electrical Engineering and Systems Sciences,
reports the first production of methane in a microwave plasma using a
flowing hydrogen-carbon monoxide system. The highest yield found was
5.4% by volume methane in the product gas (corresponding to 25%
conversion of CO). Residence times below 2 seconds were found to be
most satisfactory and enhance the overall economics of the project.
Power levels between 250-650 watts were found to give the highest
yields of methane. Pressures were tested between 2-50 mm Hg with the
highest conversions obtained at the lower pressures. Acetylene was
identified as a biproduct, and a proposed mechanism for the methana-
tion reaction including this side reaction was developed. Significant
advancements in the area of high pressure - cold plasma technology

al lowed hydrocarbon production for the flowing gas mixture.

28
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PART 11 - THE MICROWAVE PLASMA AS CATALYST
FOR THE METHANATION REACTION

30



DESCRIPTION OF, PLASMA CHARACTERISTICS AND PARAMETERS

In the conventional methanation reaction of Hp - CO a nickel cata-
lyst is employed. |t is the purpose of this research to utilize a
plasma (or electric discharge) as an economically feasible substitute
for the solid catalyst. It is important to emphasize that only the
energy for maintaining the plasma for catalysis will be put Into the
system with the microwave source. The minimum energy required to
maintain a microwave plasma has been estimated to be 150 watts. Just as the
reaction rate is a function of such parameters as porosity and pore
size of the solid catalyst pellet, the plasma parameters such as elec-
tron density, electron temperature, and electric field strength deter-
mine the overall kinetics and reaction rate. Electric dischargesare
classified into two types, an "E-discharge" and "H-discharge." The
methanation within the plasma reactor is of the E-type discharge which
is characterized by low bulk gas temperatures and high electron temper-
atures (2000 - 10,000°K). A H-type discharge in a gaseous system pos-
sesses equal electron, ion, and neutral particle temperatures of up to
10,000°K.

An important parameter in the plasma system is the electron density
which 1Is nonuniform both axially and radially In the quartz tube plasma
reactor. This nonuniformity of the electric discharge results in a
plasma reactor with only zones of high reaction efficiency. In our work

usually two or three zones were visible for the methanation using H, and
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CO. Also radial zones, or rings, leave open the possibility of bypass-
Ing thus causing low chemical and electrical conversion efficiencies
(Figure 7). Mathematically the electron density, or concentration can

be expressed as

2(.2 2
aNe o< (r Ne) ) Ne

D
+ — +D—=-= =
Ut 32 r2 o2 D 322 Rioniza‘l”ion Nevionizafion

where D is the ambipolar diffusion coefficient which can be expressed

as a function of the electron energy, kT,, and a mobility term ug. The
rate of ionization, R, is proportional to the electron density and is
conventionally defined as Nevion’ where Vion is the ionization frequency.

In characterizing a plasma the concept of temperature is difficult
to define. This is because the kinetic theory relates temperature to
the kinetic energy of the gas molecules. However, the electrons will
have very high kinetic energies due to their relatively low masses and
very high velocities which gives an "electron temperature" that is much
larger than the "kinetic temperature." Thus defining rate constants
can be made possible by use of an "equivalent temperature" defined by
Epple and ApT8 as the equilibrium temperature to which the system would
have to be brought in order to attain the composition observed on chemi-
cal analysis of the constituents.

In an electric discharge or plasma it has been found that the
suitable parameter to describe the system is E/p, where E Is the electric
fleld strength and p the total pressure. Previous work3’5 has shown that
at higher values of E/p, the average electron energy is larger, thus the
chemical reactivity of the system is greater (Figure 8). This occurs
since electrons have a larger acceleration at higher values of E and at

lower pressures. The smaller number of collisions occurring at low
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pressure permit an electron to gain large amounts of energy. It should
be noted that all work on this area has been on systems with low elec-
tron densities using batch type reactors. The methanation reaction is in a
flowing system with electron densities suspected to be much higher than

those previously explored.



MICROWAVE PLASMA CHEMISTRY AND PROPOSED REACTION MECHANISM

The microwave plasma source will produce a nonequilibrium plasma
with a large number of free radicals at low bulk gas +empera’fures.6'7
This is made possible through use of the cold E-type discharge.6 Besides
free radicals ionic species can be generated from interactions between
the atomic and molecular hydrogen species, however their effect on
the overall reaction rate and kinetics are neglectible. In a steady
state discharge the concentration of H2+ is governed by the rate of its
formation through ionization of molecular hydrogen. Since the plasma

is approximately neutral the concentration of H,% is considerably below

2
that of the free electrons. YamoneI reported rate constants for genera-
tion of H2+ two orders of magnitude smaller +than the corresponding
free radical rate.
For the H, - CO - CH, - H,0 system in a plasma reactor a multitude
of reactions could possibly occur as listed below (eqn 1-11).
Initiation
(1) HZO + O+ + OH-
(2) CO + He » CO H-

(3) CHe + H, » CH,+ + H-

2 2
(4) CHZ' + H2 > CH3- + He
ProgégaTion
(5) CO + OH- ~» CO2 + He
(6) CH3- + H2 - CH4 + He
(7) OH- + H2 - HZO + He

35
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Termination
(8) CHe + CHe - CH = CH
(9) CH2- + CHZ- - CZH4

(10) CH,- + CH3° > CZH

3 6

(11) He + He » H2
The reaction mechanism proposed for the methanation step is shown
in equations 12-16. Included in this is a heterogenous recombination
term due to hydrogen radicals diffusing tfo the wall and recombining.
This mechanism is purely speculative for the methanation in a plasma,
however does incorporate the basic [CH¢] intermediate which would be

required to produce CH4 and CH = CH found in our experimental work.

Ky
(12) e + H, — 2H-
k2
(13) CO + H, + He — CHe + H,0
ks
(14) CH- + 2H2 — CH4 + He

kg
(15) 2CHe — CH = CH

kw
(16)  2H — H,

At equilibrium the rate of formation of CHe and He can be assumed
to be equal to zero (d(CHe<)/dt = 0). Additionally the wall recombina-
tion rate constant can be assumed to be small compared to k3 and kg.

Based on these assumptions the rate of formation of methane and acetylene

are shown in equations 17 and 18.

= . 2 _ 5/2 1/2 1/2
an or = k3[CH ][H2] = 1.41 k3 [H2] [Ne]

(k,/k,)
CH4 1”74

= Y.
(18) r = k4 [CHe]™ = 2 kl [Ne][Hz]

CH = CH
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It should be noted that for this proposed mechanism both the rates are
independent of the carbon monoxide concentration. This is due to the
fact that the rate controlling step is the formation of the hydrogen

radical governed by k]. Experimental evidence has shown the ratio of

the rate of formation of methane to acetylene is on the order of .01 - |

10 -3
m

and using an electron density of 10~ ¢ the values of k., and k

3 4
be estimated to be between 100 - 1000 (cm3)2/mole2 sec. This compares

can

favorably with experimentally determined rate constants for other free
radical reac’rions.8

Generation of the CHe and H+ radical in the plasma reactor will
be the rate controlling steps since both of these are highly reactive
intermediates. The dissociation rate constant k1 is conventionally

defined in an electric discharge (Equation 19) from the

(19) k, = (8/nMe)1/2(kT y3/2 Jo e o exp (-e/KTp)de

| E
Me = mass of electron
kTE = electron eaergy
\ N
; Nl
e\ = dissociation energy
o] = dissociation cross section

Maxwel | =-Boltzman distribution of electron energies. Khare and
Moiseiwi'l'sch2 theoretical ly determined values for the dissoclation cross
section for the excitation of ground state molecular hydrogen to the
replusive state. |In their work they considered this the only process
contributing to the dissociation and their calculated values were in

4 3,5

good agreement with previous experimental findings by Poole.” Bell

has determined k, for the excitation of hydrogen as a function of electron
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temperature (or E/p the ratio of electric field strength to gas pressure).
This is shown in Figure 8.

The formation of the CHe radical can be visualized as a bimolecular
insertion of He to the CO molecule, forming a pseudo intermediate CO H-
which combines with a hydrogen molecule to give the CHe intermediate

and a water molecule.



Dissociation Rate Constant , K, (cm3/sec)
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MICROWAVE PLASMA REACTOR AMD RF SYSTEM

The microwave plasma cavity is shown in Figures 2,9,10. The
reactant gases pass through the plasma created in the quartz tube
while pressures in the system can be varied from 2-100 mm Hg. Cool-
ing is provided by water coils on the cavity and forced air circulation
through the cavity. A probe coupling allows the rf energy fto be intro-
duced into the cavity and produce the plasma. This probe length can
be adjusted which changes the effective electrical field strength pro-
ducing variations in reaction rates and electron density. Radial and
axial measurements of the electrical field strength is accomplished
through small ports in the cavity. The adjustable cavity length serves
to retune the plasma as power, pressure, and probe Iéngfh are varied.
Adjustment of the cavity length keeps the plasma resonance equal to
the excitation frequency.

The left-hand group of curves in Figure 11 demonstrates the
behavior of the plasma cavity when the excitation frequency and the
cavity size are fixed. The stable operating points, a,b, show that as
the incident power is increased the plasma density increases relatively
little. The plasma cavity system adjusts itself to a stable operating
point, a, which Is determined primarily by the plasma cavity rasonant
frequency, (i.e., cavity dimensions and excitation frequency). When
the incident power is greatly increased the operating point moves to

point b and the cavity becomes more detunned. That is, only a small

40
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fraction of the additional incident power is absorbed into the plasma
and the excess power is reflected from the cavity. Thus the detunning
of the system by the presence of the plasma does not allow a significant
fraction of the additional incident power into the cavity. Even the
addition of impedance matching devices between the cavity and the input
transmission line only slightly improves the cavity system performanceg.
This small change in density for a large change in incident power is a
fundamental problem when attempting to produce a variable, high density
plasma inside a microwave cavity.

One proposed solution to this problem is to continuously vary the
excitation frequency while the rf plasma is sustained. Halverson and
Ha‘l‘ch9 have shown that by increasing the excitation frequency while
holding the incident power constant the density of a rf plasma inside
the cavity can be increased seven times. However, this frequency tun-
ning generally requires an expensive rf source and is a tedious process.

An alternative solution is to continuously vary the cavity dimen-
sions. Fredericks and Asmussen10 have shown that cylindrical, variable
length cavities can be tuned to allow the variation of the plasma den-
sity from less than one critical density to over 10 critical densities
at low pressures. The performance of these cavities can be qualitatively
understood by examining the graphical model as a function of cavity
length L. By holding in incident power constant at Pin3 and increasing
the cavity length from L1 to L2 to L3 the power absorbed curve shifts
to higher densities as shown in Figure 11. For length L] the empty
cavity resonant frequency equals the excitation frequency. When the
Incident power is increased to Pin3 breakdown occurs inside the cavity

and a microwave plasma is sustained at the stable operating point b.
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By continuously increasing the cavity length the cavity becomes progres-
sively better tuned and the absorbed power and hence density increase
tracing out the power loss curve bcd. Finally, a cavity length, L3,
is reached at point d where the intersection between the power absorbed
curve and the loss line is only marginally stable. For any length
larger than L3 the plasma is abruptly extinguished and the plasma
cavity system drops out of resonance. In order to reigniic the plasma
the cavity length must be reduced to approximately L1.
The curves of Figure 11 have been plotted for a constant pressure
and fixed cavity input coupling. Altering the pressure will change both
the power loss and power absorbed curves, while altering the input coup-
ling will modify the power absorbed curves. |t is important to remember
that there can exist pressures when the sliope of the power loss curve
is always greater than the power absorbed curves. Then all intersections
between these two curves will be stable operating points. Note also
that increasing the plasma density decreases the coupling of energy to

the plasmall, i.e., given the incident power Pi the height of the

n3’
power absorbed curves decreases as the density Increases.

The transfer of energy from the microwave rf source of the gas
molecules is brought about by electrons undergoing collisions with the
gas molecules. Electrons gain and accumulate thermal energy until a
sizeable fraction of the total collisions they undergo with the gas
molecules change from elastic to inelastic. When the electron undergoes
an inelastic collision it imparts a large fraction of its total energy
which results in the excitation or ionization of the gas.

In order to describe the microwave plasma mathematical ly Maxwell's

equations are solved for the different fields. Maxwell's equation in
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the electromagnetic theory (EM) relates the electric (£) and magnetic
(B) fields fo the current density () and charge density (p) which pro-
duce these fields. Except in the case of a static systenm, E, §, P,

and J are time varying quantities. In the mathematical development 1t

is more convenient to define 5 and § in terms of E and ﬁ.

(200 B = eoerg where €, = permittivity of free space

21 B = uourﬁ Hy = permeability of free space
€ = relative dielectric constant
Mo = relative permeability

For a plasma medium with time harmonic fields (varying as Ty

we can write Maxwell's equations 22-25.

(22) v+-E=0,p=0
(23) V-H=0

(24) VxE=- jwuoﬁ
(25) Vxﬁ=jueoﬁ+j

|f equation (25) is expanded for the case of a weakly ionized
plasma, then the contribution Tis mainly from the motion of the elec-

trons (26).

26) I =- Ng eV where n, = electron density cm—3
e = charge on electron
> - .
V = macroscopic velocity of electrons

From Boltzmann's equation in plasma theory V can be related to the
electric field strength (equation 27) and rewriting equation (25) In

(27) V= -e E/m(jw + V) where m = mass of electron

w = operating frequency

v = collison frequency of electrons

terms of this gives the following (equation 28)



(28) v xH

Tl
.
€
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V xH
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€
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where wp = (ne e2/me:0)1/2 = plasma electron frequency.

Instead of defining a complex conductivity for the plasma we can

establish an equivalent relative dielectric constant, € which

2 2
w w
= -7 = ———L—_‘!—.—E—
(29) €. (er JEi) 1 5 5 i > 5
v+ o v" + w)
2
woe N w e2
where e. = 1 - —E—LL—75 and ey = ;“ETiL‘??

vt ow vt

is characterized by specifying the density, i.e., (up/w)z, and v/w.
The detailed derivation of the general characteristic equation for

12,13 A com-

the eigenfrequencies has been carried out by others.
puter solution for the general characteristic equation for the TE*III

is displayed in Figure 12. For direct comparison with experimental
results resonant cavity lengths are calculated instead of the usual
resonant frequencies. That is, given a constant resonant frequency equal
to the excitation frequency of 2.450 GHz the resonant length of the
cavity is plotted as a function of plasma frequency and v/w. Due to

the presence of the plasma free space boundary at r = a both transverse
electric and magnetic modes are required to satisfy the boundary condi-
Tionslg’|4 Thus resonant modes of this structure cannot, in general,

be separated into purely transverse electric (TE) and transverse mag-
netic (TM) modes, but most modes have both TE and TM parts and are

called hybrid modes.I2 Because of the hybrid nature of the cavity
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resonances and the introduction of new modes by the plasma the usual
cavity mode identification scheme is not applicable. |t is convenient
to classify the resonant frequencies as such.

1. "Perturbed" cylindrical cavity resonances.

The resonances are the empty cavity electromagnetic resonances
which are "perturbed" by the presence of the plasma. Thus the forward
and backward traveling waveguide modes associated with these resonances
always have a phase velocity greater than the speed of light, i.e.,
they are fast wave electromognectic modes. This group of resonances
can be further divided intfo two subclasses of modes:

a. TEOmp or TMOmp; m > 0.

These resonances are pure TE and TM resonances since they are ¢
independent and thus they are labeled with respect to the TE and T™M
modes on a circular waveguide. At high plasma densities and for high
losses these modes approach the coaxial mode that has the same index
as the empty cavity.

b. TE:mp or TM:mp; n>0, m>a0.

These modes are hybrid resonances. They are labeled with respect
to the TE or TM modes in an empty circular waveguide into which they
degenerate when the plasma density equals zero. As has been used by

12

others = the asterisk denotes the hybrid modes. |t is useful to note

that for high plasma densities and zero losses (i.e., v/w = 0) the

TE*  resonance (or TM*  resonance) approaches the T™ resonance
nmp nmp nmp

(or TEn’ mH1,p resonance) in a coaxial waveguide with a metallic center

conductor. The TE¥* mode shown in Figure 12 belongs to this family

AR

of modes. However, for large values of collision frequency (i.e., for

a lossy plasma) the resonant frequency increases, decreases, and then
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increases again returning to the TE”1 coaxial cavity resonant frequency.
This is shown in Figure 12 for v/w = 0.6 or larger.

The plasma-cavity could be operated in many different cavity
resonances simply by adjusting the cavity length and input coupling.
For example, the following empty cavity modes have eigenfrequencies
equal to 2.450 GHz when the cavity is varied from 6 cm to 20 cm.

TE ™ TE TE

1117 Mor1e TEopq0 TEgpyr ™y TE T

112° MO]Z’ TE TE

212 012, TM]12,
TE113, etc. With the proper cavity length and rf coaxial coupling
(i.e., loop or probe) the plasma cavity system will sustain a plasma

on any of these modes. However, only the T™ TE

01p’ 011p modes, where

p=1,2, or 3, were studied extensively.

Figure 10 shows the diagram of the external rf system. The rf
source used for the plasma generation was a 2.45 GHz magnetron oscillator
which delivers 1 kw of continuous wave power. The rf power passes
through a circulator and power divider where the sliding short is used
to vary power. The power passes through the incident and reflected
couplers where the total power incident on the cavity can be calculated

(equation 30). The power incident on the cavity is fed into a coaxial

total power
incident on cavity = 2.72 (incident power) - 1.53 (reflected
power)

(30)

system, and the probe length couples the power into the different

resonant modes of the plasma.
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APPENDIX B

Reslidence Time Computer Program



PROGRAM PLASMA (OUTPUT)
PRINT 4«0
@0 FORMAT (1H])9SXe2RESTDENCE TIME#*SARPRESSURE®2X*RUOTAM
1ETEK FLOW22X#PLASMA LENGTH#/SECH#]13X®MM HG®TX#CC/MIN®
112X*CM#)
S0 FORMAT (4F15.2)
P1=a3.,14 3% DIA=2.54 % DL=13.8%J=0
30 PRESS=S,
20 Tauz0,0
VaPI® (DIA#22)8DL /4,
Do 10 I=1,30
TAU2TAU+.05
FREAC=(V/TAU)®60,
FROTAsFREAC* (PRESS/760.)%#530,/1260.
PRINT SO+TAUSPRESSsFROTAWDL
J=Jde+l
IF(JJEQ.SO0)PRINT 40
IF(J.EQ.50) U=0
10 CONTINUE
PRESS=PRESS+ 5.0
IF(PRESS.LT+35.) GO TO 20
END
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