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ABSTRACT

AN EXPERIMENTAL INVESTIGATION OF THE CHARACTERISTICS
OF RF SURFACE WAVE GENERATED PLASMAS

By

Ronald Edward Fritz

This thesis summarizes the results of a systematic investigation
of the experimental properties of two rf surface wave plasma sources.
The objective was to provide information required for the engineering
design of the rf plasma sources.

The plasma was generated by surface waves from a low power (0-80W)
coaxial cavity and a high power (0-600W) variable length microwave cav-
ity. Two low power oscillators were available: one with a TWT amplifier
(1.7 to 3.8 GHz), the other with a transistor amplifier (850 MHz). A
high power magnetron oscillator at 2.45 GHz was also used.

The experimental parameters measured were the power absorbed per
unit length of the plasma (P/L), approximate electron density (ne),
power match (M), and light output from the plasma.

For the parameters that were varied it was found that (1) P/L and
n, were relatively constant over a range of pressures from 100 mT to
10 T, (2) P/L and n, increased with absorbed rf power, (3) power density
and ne were inversely porportional to the cross sectional area of the
tube, (4) P/L and n, increased with excitation frequency, (5) high P/L
was characteristic of gases with high loss mechanisms, and (6) ne could

be varied by adjusting the cavity geometry.
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CHAPTER I

INTRODUCTION

The ability to create and sustain long plasma columns by coupling
radio frequency (rf) energy onto surface waves on the plasma has been
observed for a number of years. The observation of long rf excited
plasma columns has been mentioned in papers without relating their
behavior to surface waves, and relatively little work has been per-
formed with the objective of designing the rf surface wave plasma
source to meet the needs of applications, such as in laser technology,
plasma chemistry, and light sources. The objective of the experiments
discussed in this thesis is to provide information required for the
engineering design of these rf plasma sources.

The format to be followed is a brief review of microwave discharges
and plasma behavior, a description of the experimental set-up and pro-
cedures used during this study, followed by the results of the experi-
ments, and analysis of the results with conclusions.

Chapter 2 is a review of microwave (MW) discharges and plasma be-
havior begining with MW discharges in general, and devices used for their
production. The objective of many of the experiments was to produce
plasma sources which could absorb large amounts of the rf power in the
frequency range of hundreds of MHz to several GHz, and, in some cases,
to produce large plasma volumes. Most of the efficient devices were
equipped with tuning mechanisms to match the plasma-cavity system
impedance to the transmission line impedance. This is followed by a

al



2
review of some of the earlier observations of rf surface wave generated
plasmas. These observations were characterized by plasma extending out-
side the discharge cavity or coupling structure, and are now described
as surface wave generated plasmas. A surface wave is launched from the
coupling structure onto the plasma tube and propagates along the tube,
ionizing the experimental gas and sustaining the plasma. Significant
characteristics of these surface waves are discussed, and the Gould-
Trivelpiece surface mode dispersion diagram can be used to determine
group and phase speeds of the surface waves. When standing surface
waves can be observed on the plasma tube, the normalized dispersion

diagram can be used to determine the plasma density.

Chapter 3 describes in detail the experimental systems used for
the experiments reported in later chapters. The rf surface wave couplers
are a low power (0-50W) coaxial cavity and a high power (0-1200W) cylin-
drical cavity. The geometry (cavity length and probe position, and
gap in the coaxial cavity) of each cavity is variable, allowing most
of the incident energy to be coupled into the plasma-cavity system.
The coaxial cavity was operated from frequencies of 850 MHz to 3.8 GHz,
while the cylindrical cavity was operated at a frequency of 2.45 GHz.
The external microwave circuits for each system are shown and discussed.
The chapter continues with a discussion of the vacuum systems and
the gases used. The cylindrical quartz tubes could be evacuated to 1
to 10 microns before introducing the experimental gases. Pressures
for the discharges ranged from about 50 microms to 10 or 20 torr, and
were measured with a thermocouple vacuum gauge and a mercury manometer.
The radiation problems associated with long surface wave generated

plasmas are generally not appreciated. Since microwave radiation
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(including that radiated from the plasma) may be hazardous, protective
screens were used to shield the operator during experiments, and the rf
power levels around the apparatus were monitored. Sketches of the
screening are presented and described, along with the monitoring system.

Relative electron densities could be determined from photodiode
measurements of the light output from the plasma column. These measure-
ments were used to determine how the electron density changed as the
cavity and other experimental parameters were varied, with the pressure
held constant.

The optical spectrum of an rf Ar discharge was also examined with
a spectroscope to determine the wave lengths of the observed lines.

Lines of the same wave lengths as those emitted by Ar+ lasers were ob-
served, suggesting that this type of plasma source may be used to create
an Ar+ laser. A diagram of the experimental set-up is discussed.

Chapter 3 concludes with a general description of experimental
techniques, with the objective of aiding other experimenters in dupli-
cating and extending this research.

The results of many, but not all, of the experiments are presented
in Chapter 4. Early experimentation with the coaxial system showed the
absorbed power per unit length of plasma (P/L) to be a function of (1) gas
pressure, (2) absorbed power, (3) plasma or tube diameter, (4) excitation
frequency and source type, (5) ionization energy of the experimental gas,
and (6) cavity geometry. Excitation frequency and source type were not
varied for experiments performed with the cylindrical cavity, and cavity
geometry was varied only for tuning purposes. Values of absorbed power
per unit length of plasma (P/L) were approximately .5 W/cm for Ar,

slightly lower for the heavier inert gases, and of the order of 3 to
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6 W/cm for He, He-Ne, and 02, depending on rf power levels, gas pressure,
etc. In Chapter 5, it is shown that this result is to be expected. For
a steady state discharge the absorbed power is equal to the power lost

from the plasma. The loss terms for He, He-Ne and O, are larger than

2
those for Ar, Kr, and Xe.

Measurement of the plasma density using standing surface waves indi-
cated values of the order of lOlO to 1012 c:m_3 for plasmas in a region
about 30 cm from the cylindrical cavity, at an absorbed rf power of
approximately 200 W. The actual value depended on the position along
the plasma tube. Similar measurements with two coaxial cavities showed
plasma density to be of the order of lO12 <:m—3 in the region between
the cavities, which were about 20 cm apart. The absorbed power was
about 80 W.

The spectrum of an rf Ar discharge at 200 microns and 200 W of
absorbed power was filled with many distinct lines superposed on a
continuous background. This background was eliminated by isolating the
discharge tube from the vacuum pump, so that there was no significant

flow of gas through the tube.

Results of P/L vs. absorbed power experiments suggested using two

coaxial cavities to excite a surface wave plasma. It was found that the

absorbed power per unit length of plasma was about 30% lower for the
doubly excited surface wave plasma. Since P/L was shown by other experi-
ments to be proportional to the plasma electron density, this indicates
that the plasma density may be lower for the doubly excited surface wave
plasma.

The last section of Chapter 4 lists a number of experiments that

could be performed to further the understanding of the physics of the



surface wave couplers, and for making these sources more efficient in
applications.

Chapter 5 is a summary and analysis of the experimental results,
based on the dispersion diagram described in Chapter 2, and on the power
absorption and loss characteristics of steady state microwave discharges.
An equation is given showing the loss mechanisms in the steady state
discharge, and equating the power lost to the power absorbed in the
plasma. This equation is used to account for (1) a flat region observed
in P/L vs. pressure curves, (2) the increase in P/L with absorbed power,
(3) an apparent minimum in P/L, below which the surface wave generated
plasma does not exist, (4) the dependence of P/L on gas type, and (5)
the effect of tube size on P/L. _The normalized dispersion diagram is
used to explain the frequency dependence of P/L and an approximate deter-
mination of plasma density in the discharge using the visually observed
standing waves on the plasma column. Finally, measurement of the wave
lengths of an rf Ar discharge shows lines that have been observed in
Ar ion lasers. The lines are the result of electrons reaching higher
energy levels through multiple collisions with neutral atoms.

This thesis is concluded by discussing briefly the implications
and applications of surface wave generated plasmas. This information
will be useful in the engineering design of these rf surface wave
plasma sources. The applications will require the proper choice of
excitation frequency, tube diameter, absorbed power levels and coupling

structure.



CHAPTER II

REVIEW OF MICROWAVE DISCHARGES AND PLASMA BEHAVIOR

2.1 1Introduction

This section begins with a review of the work done over the
past 14 years on continuous wave cylindrically bounded microwave
discharges, with no external magnetic field. Numerous papers have
been published on results obtained with microwave cavities and
specialized structures. The results of some of these are described.

Following the general review, methods of continuous wave radio
frequency surface wave excitation are reviewed, including results
that have been published within the past year. Most of the work on
radio frequency surface wave generated plasmas has been published
by two groups: one led by J. Asmussen, the other by M. Moisan.
Developments will be discussed in the order in which they appeared
in the literature, along with papers by other groups.

This review will lead into a discussion of general principles
of plasma surface waves, with a derivation of an w-k diagram for the
Gould-Trivelpiece surface wave modes of a plasma bounded by a cylindri-
cal dielectric and a cylindrical metal waveguide.

Lastly, a general description of the behavior of the radio
frequency surface waves is presented and explained using a normalized
w-k diagram. The use of standing surface waves along the tube for
plasma density determination is discussed.

6
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2.2 A Review of Microwave Discharges

Though plasmas have been investigated for many years, most of
the studies have been confined to direct-current (dc) discharges.

With the development of microwave technology, inexpensive sources of

microwave power became available, opening the investigations to radio
frequency (rf) studies.
This review begins with the work of Fehsenfeld, et al., in 1965 (1.
Using a magnetron-powered medical diathermy unit, they obtained a maximum
of 125 watts of microwave power at a frequency of 2.45 GHz. This power
! was fed into five different microwave cavities (individually) to produce
| discharges, without an external magnetic field. The cavities were
modified rectangular waveguides or coaxial and cylindrical cavities. Tuning
mechanisms were added as the experimenters realized that coupling power
into the discharges was affected by gas pressure, gas type and the plasma
itself. A table of operating characteristics is presented, comparing
the cavities, using He and HZ' The type of cavity with the best overall
performance was described as a foreshortened quarter-wave coaxial structure,
| approximately five inches long. The resonant frequency of the cavity was
adjusted by means of a tuning stub and the coupling adjusted by a coax-
ial coupling slider. The adjustments allowed for a wide operating range,
and minimal reflected power from the cavity. There was no gap in this
cavity.
Results from Table II of their paper showed that He discharges
could be sustained for pressures ranging from 1 mtorr to over 700 torr,
with less than 1 per cent reflected power in the range from 0.1 torr

to 100 torr. The cavities needed to retuned after breakdown of the gas.
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In most cases, the discharges were confined to the cavities. When ejection
of the plasma outside the cavities occurred, household aluminum foil was
used to shield the operator from microwave radiationm.

The authors suggested that these microwave discharges could be
used as light sources, for production of free radicals for plasma chemistry
experiments, and as excitation sources for gaseous electronics studies.

In 1970 Dorman and McTaggart (2) described the absorption of micro-
wave power by plasmas, using He, Ar, HZ’ NZ, 02, COZ’ C4H10’ and Clz. They
used a tetrode vacuum tube power generator driven by a triode oscillator
at a frequency of 900 MHz. More than 1 kilowatt of power was available.
Maximum applied power was 520 watts with about 967% (500 watts) absorbed.
The cavity is described simply as a waveguide resonator, rectangular or
cylindrical is not indicated.

Their experimental curves show that the absorbed power passes through
a maximum at a pressure which is characteristic of each gas, in a range
from 1 to 80 torr. Other results are stated: 1) for a given incident
power, all the gases used, except Clz, absorbed approximately the same
amount of power when the pressure reached the optimum value; 2) as the
incident power was increased more power was absorbed at any given pressure,
and the pressure at which the discharge extinguished rose; 3) static
systems showed no significant differences from systems in which the gas
was flowing at rates up to 500 cm3/min; 4) addition of up to 2% water
vapor to 02, Ny, and H, showed no significant differences in the power
absorption curves; 5) temperature measurements with a thermocouple on
the surface of the discharge tube showed that temperature rose with
increasing pressure, reaching a maximum at a pressure about 407 higher

than that for maximum power absorption. Temperature at optimum pressure
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for power absorption ranged from 160 C to 173 C; power absorption for air
showed little difference for tube diameters of 3.4, 1.8, and 0.8 cm.

In the theoretical discussion the absorbed power was shown to be the
product of the electron concentration, plasma volume, effective electric
field, electron charge and electron drift velocity, and was independent of
the flow rate of the gas. Double probe measurements showed that for pres-—
sures of 0.1 to 1 torr, the plasmas were in a near resonant state, with
respect to electron concentration. Except for nitrogen, the pressures
at which maximum power absorption occurred for diatomic molecules followed
in the order of bond energies.

Experiments at 2450 MHz with hydrogen showed that pressures character-
ized by maximum power absorption increased from 10 to 70 torr over the
values obtained at 900 MHz.

Abstracts for a paper by Lee and Asmussen (3) and another by
Fredericks and Asmussen (4) appeared in the Bulletin of the American
Physical Society in 1970. 1In the first paper, plasma column impedance
vs. density and vs. incident power is plotted on a Smith chart. The
figures show that the plasma can be resonantly sustained only in a
discrete set of states corresponding to the different resonant states
of the linear impedance and that a point of stable operation for a
resonantly sustained plasma is always on the capacitive side of a
resonance curve.

The second paper (4) describes experiments done with a cylindrical
cavity and a re-entrant cavity. For input powers of 2 to 20 watts, an
rf plasma with average densities above the critical density could be

sustained, and the plasma density could be increased by a factor greater
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than four by varying the cavity dimensions while the plasma was resonantly
sustained.

The cavities used in the experiments to be described in this thesis
are similar to the ones used in the Fredericks and Asmussen paper, refer-
ence (4).

Maksimov (5) has measured relative and absolute spectral line
intensities and ionization rates in a steady state He microwave discharge.
The cavity used was a resonant chamber of the Nikol'skii type, which is
somewhat of a curved section of waveguide joined along a broad side to
a flat section of waveguide to form a resonant chamber. A quartz tube
was inserted at one end. A diagram is given in the first reference of
the paper, no dimensions are given. The power source is a magnetron
operating at a frequency of 3 GHz, available power is not indicated.

The maximum power level shown on a graph is 90 watts. Operating pres-
sures for the He discharge are 3 to 30 torr.

Intensities of the 4713 A and 5016 A lines were measured as
functions of applied microwave power. Results showed the intensities
in the 4713 A line to be linear with applied power up to 90 watts; in
the 5016 A line, linear to approximately 50 watts, then the rate
of rise decreased. Pressures ranged form 2.6 to 9.6 torr, the rate
of increase in spectral intensity was greater for the lower pressures.
The intensity of the 4713 A line increased linearly with the power
density (watts/cm3) of the plasma, and also with the electron density.
The ionization rate in the plasma was approximately linear with the
electron density, the slope was greater for 4.8 torr than for 16 torr.
Linearity of line intensity with power density was stated as the result
of: (l) excitation being principally direct, as opposed to stepwise

ionization processes, (2) electron density being proportional to discharge
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power, (3) average electron energy being constant. Agreement between
experiment and theory became less than satisfactory for pressures great-
er than 12 torr, indicating that the discrepancy is associated with
deviation from a Maxwellian electron velocity distribution function as
the pressure increases.

Investigation of the ionization rate dependence on average electron
density showed that direct ionization is predominant in helium even
at pressures greater than 10 torr. Charge balance in the plasma is
maintained by diffusive decay.

Concerning the energy balance in a microwave plasma, Maksimov
found that the fraction of power expended in ionization decreased
with an increase in pressure, together with a decrease in the average
electron energy. It was also stated that this fraction is higher for
a microwave discharge than for a dc discharge, due to much higher aver-
age electron energies in the microwave discharge.

Maksimov concluded by saying that electron energies are higher
for microwave discharges than dc discharges and that at a helium
pressure of about 5 torr the electron velocity distribution function
in nearly Maxwellian. As the pressure increases the MW plasma becomes
more deficient in fast electrons; but a pure Dryuvesteyn distribution
is not achieved.

Bossisio, et al, ( 6) described a large volume microwave plasma
generator (LMP is their abbreviation), which used a slow wave struc-
ture to produce plasma volumes well in excess of 1000 em3.  About 907
of the applied 2.5 kilowatts of microwave power was absorbed, at a
frequency of 2.45 GHz. An important feature of the open slow wave

structure and plasma was that field coupling could be adjusted in
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such a way that the microwave power density was dissipated uniformly
along the entire length of the plasma reactor, resulting in a high
percentage of power absorption. This plasma reactor was sandwiched
between two slow wave structures that were excited in opposite direc-
tions, permitting larger reactor diameters, and hence large plasma
volumes.

A plot of absorbed microwave power vs.pressure for flowing argon
plasmas showed absorbed power to be nearly constant at roughly 907
of the incident power, up to a given pressure, where it begins to fall
off. The "fall-off" pressure increased as the incident power increased,
being crudely linear. This result was estimated from figure 9 of
reference (6 ).

Some of the observed qualitative aspects of the discharges were
given:

At low pressures both cavity and LMP plasmas

appeared uniformly luminous; they filled the entire

reactor vessel, and even extended several centimeters

beyond the confines of the cavity or slow wave applicator,

particularly in the case of inert gas plasmas. As pressure

was increased, inhomogeneities began to appear: the

plasma tended to extinguish in the low-field regions of

the reactor until, at pressures close to extinction,

only a small fraction of the reactor volume was occupied

by a dense plasma. In the case of argon, 'streamers"

were usually observed.

A plot of per cent dissociation of oxygen gas vs.absorbed power
was nearly linear up to approximately 1.2 kilowatts and appeared to
become saturated by 2.0 kilowatts (their figure 13).

In dissociation experiments with diatomic gases, the LMP was
found to be approximately twice as efficient as a cavity used by

Mearns and Morris (reference 22 of their paper) under otherwise similar

experimental conditions (figures 12, 15, and 16 of the paper).
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In comparing the LMP with cavity resonators the authors stressed
the advantage of a larger volume for processing the gas.

The theoretical discussion showed the microwave electric field
strength to be proportional to the square root of the incident micro-
wave power.

A radiation shield was used to ''protect personnel against stray
microwave radiation from the slow wave structure, or ultraviolet
radiation from the plasma." This shield was basically a double-walled
plastic box opening into a metal cabinet at the bottom. Except for
gas entrance and exit ports, the slow wave structure and reactor
tube were completely enclosed. The % inch space between the walls of
the box was filled with water. Microwave radiation levels at the
outside surface of the shield were less than 1 mW/cmZ, when the LMP
was operated at 2.5 kilowatts.

Overheating of the reactor tube was no problem. The large
tubes provided large surface areas for forced-air convective cooling,
so that high power discharges could be maintained almost indefinitely.

Finally, three applications of the LMP as listed by the authors
were: use in organic reactions, modification of polymers by plasmas,
and light sources, including possible excitation of an Ar laser and
a He-Ne laser.

During the period from 1970 to 1978, Asmussen and collaborators
published a number of papers dealing with discharges in microwave
cavities. They investigated the behavior of microwave discharges

in rf coupling structures, including cylindrical cavities. Their

work attempted to explain the dependence of plasma density on rf power
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levels, cavity length and probe geometry, gas pressure and flow rates.
Several structures were built which allowed the coupling of large
amounts of rf energy into the plasma. Surface waves (to be discussed
in the following section) were observed as part of this work.

In 1970 a paper from Lee, Colestock and Asmussen (7 ) appeared,
describing the discharge in a plasma tube inserted into a ridge
waveguide excited at 3.03 GHz. Plasmas over 23 cm in length were ob-
served (8 ). 1In 1971 Fredericks and Asmussen (9 ) described a short
gap coaxial or re-entrant type of cavity operating in the TEM mode.
Only discharges confined to the gap region were discussed in the paper,
although plasmas extending outside the cavity were observed. These
plasmas were recognized as being due to surface wave propagation in
the discharge (8).

Using the same coaxial cavity, Fredericks and Asmussen (10)
describe retuning and hysteresis effects of an rf plasma. The plasma

was dc sustained and "perturbed" by rf power coupled into the cavity.
After the plasma had been excited, the authors utilized the capability of
changing cavity length to retune the plasma to obtain greater densities.
The primary method of controlling the plasma density in a cavity

of fixed length was by variation of the current to the filament of the

dc discharge in the sealed tube containing Hg plasma. Increase of
incident rf power had only a minor effect in increasing the plasma
density. However, the plasma density could be increased dramatically

by changing the cavity length Lg without increasing the incident rf
power. Experimental curves of luminosity (plasma density) vs, cavity

length showed hysteresis effects--cavity length varying from 1.7 to
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2.2 centimeters. The retuning and hysteresis effects were explained
using power absorbed and power loss curves, showing how rf power is
coupled into the dc sustained plasma depending on the intersection of
the two curves. Rf powers absorbed were of the order of 5 watts or
less.

In a simple cylindrical cavity of adjustable length the same
authors showed that a high density plasma can be resonantly sustained
by the rf field of a 3.03 GHz klystron (11). Densities over ten
critical densities (f, = 10 f) were obtained by retuning the cavity
at input powers of about 20 watts. Without the dc input mentioned in
the previous experiments, the plasma density would be entirely dependent
on input rf power and coupling geometry, i.e., cavity length and probe
position.

Still another microwave plasma cavity was used and described by
Asmussen, et. al., in January 1974 (12). The plasma tube and cylindri-
cal cavity were concentric, cavity length was variable and excitation
frequency was 2.45 GHz (magnetron). By adjusting the cavity length
and coupling probe, microwave plasmas were sustained in flowing and
nonflowing argon from pressures of several microns to over one atmosphere.
High plasma densities were possible for this method of operation. Energy
coupling and rf plasma stability were explained by a set of power
absorbed curves and a power loss curve, and expressions were given for
power absorption and loss. Stability results when the variation of power
absorbed versus density curve has a negative slope and the physical
explanation for this was presented. Plasma density was varied by length
tuning the cavity, with high densities (10 critical densities) being

possible.
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Other results obtained with this cylindrical cavity were presented
at the 1974 RF Plasma Heating Conference (13). Lossy plasma-cavity
eigenfrequencies were computed as functions of plasma density, effective
collision frequency and cavity length. In addition, a variable,
high density plasma with densities in excess of 1000 critical densities
could be sustained. Adjustment of cavity length and coupling allowed
microwave plasmas to be sustained in flowing and nonflowing argon gaseous
environments from pressures of several microns to over one atmosphere.

Experimental characteristics of a discharge in this cylindrical
cavity are described in greater detail by Mallavarpu, Asmussen and Hawley
(14) (1978) for a wide range of pressures and flow rates for Argon gas,
with variable power levels. Results are explained qualitatively using
linear, lossy, cold plasma theory, which is restricted to small signal
linear phenomena and gases with a zero flow rate. Despite these restric-
tions the theory explains pressure dependence of the rf absorbed power
by attributing plasma losses to electron-neutral particle collisionms.
Coupling of EM energy to surface waves was demonstrated and qualitatively
explained using cavity eigenlength versus (we/m)% and (ve/m) curves
obtained from the above theory. Surface wave coupling was used to produce
long plasma columns (about 4 ft ). A smaller cylindrical cavity was
also described in this paper; it produced long plasma columns using
surface waves, with P/L around .6 W/cm, for Argon. Using a length
dependent mode (TE 011) and the length independent region of the TE* 112
mode, the absorbed power characteristics for flowing Ar were shown to
be different from those of the nonflowing gas. Absorbed power increased

directly as a function of flow rate for low flow rates and reached a



17
saturation value at higher flows. This result was explained by the
shielding effect of the plasma layer adjacent to the quartz tube. The
pressure dependence of absorbed power was relatively uniform for different
power levels, exceptions being found in the lower region of the pressure
range (below 10 torr). By optimizing the length, discharge pressure
and gas flow rate an impedence match between the external microwave
system and the cavity could be achieved, with more than 90% of the
incident power being coupled into the plasma.

In comparing microwave discharges with other types of electrical
excitation, studies indicate that microwave discharges produce a higher
degree of ionization and dissociation in chemical species, can sustain
plasma at higher pressures, and the carrier gas remains moderately cool,
even with a significant degree of ionization.

In general, microwave generated plasmas can be created and sustained
in cavities where moderate (10 - 100W) to large amounts (several kW) of
rf power can be coupled into a confined gas at low pressures. This
differs from dc discharges where energy is coupled into the discharge

gas through electrodes in the gas tube, with ionization being produced

by steady currents rather than oscillating fields. When the microwave

cavity was designed with a tuning mechanism, absorbed powers as high as

approximately 95% of the incident power were observed. In addition, the
cavity could be retuned as plasma conditions changed, to keep coupling
efficiency high. Large plasma volumes can be obtained, without the
contamination of sputtering electrodes as in the dc discharge. Applica-
tions range from plasma chemistry experiments to microwave pumping of

lasers.
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2.3 Observations of RF Surface Wave Generated Plasmas

Fehsenfeld, Evenson and Broida in a 1965 paper (1) observed rf
surface waves in plasmas in several microwave cavities operating at
2450 MHz, indicating that the discharges extended outside the cavities
for several centimeters, though they did not relate the phenomena to
space charge waves.

Vandenplas (15) in 1968, described a surface wave plasma extending
outside a waveguide, with the plasma length being proportional to the
input power. 1In 1969, Messiaen and Vandenplas (16) described a discharge
ejected 8 cm outside an ordinary S band waveguide without magnetic field.

Surface wave plasmas were observed in nearly all the investigations
of Asmussen and his collaborators. However, their objective was to couple
large amounts of microwave energy into the discharges. Consequently, the
plasma was generally confined to a small region in the pyrex or quartz
tubes used and observations of the surface wave generated plasmas were
not reported in the early papers. As previously mentioned, in the
ridged-waveguide used by Lee, Colestock and Asmussen (7 ), plasmas about
23 cm long were observed to extend outside the waveguide (8).

A photograph of a surface wave generated plasma is shown in a 1974
paper by Asmussen, et al., (12). The flowing argon discharge extended
several inches above and below the microwave cavity, indicating the
presence of surface wave modes. In the paper delivered to the 1974
Rf Plasma Heating Conference (13), they reported that adjustment of the
cavity eigenlength for an intersection between electromagnetic and cold
plasma resonances resulted in the plasma being "ejected from the cavity

1

sometimes filling the entire length of the 4 ft. quartz tube." Figure 5

of the 1978 paper (1l4) is actually a photograph of this mode of operation:
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a 4 foot tube completelv filled with an argon discharge.

Moisan, Beaudry, Leprince and co-workers have published results of
a number of studies of bounded rf surface wave plasmas. In 1974,

Moisan, Beaudry and Leprince (17) described a modification of a short gap
cavity similar to the one described by Asmussen and Fredericks in 1970.
With a short gap coaxial cavity and capacitive coupling (rather than the
inductive coupling of the short gap cavity of Asmussen and Fredericks)
they produced a 25 mm diameter, 1.80 m long plasma with 80 watts of rf
power at a frequency of 500 MHz. The plasma density was approximately
1010 to 1011 electrons per cm3. Plasma length was a maximum between

0.01 and 1 torr. Plasma density and luminosity decreased nearly linearly
as the detector was moved away from the gap.

In 1975 the same authors described a modified version of the
"surfatron'" discussed above (18). Their plasma exhibited low electron
density fluctuations and absorbed nearly 100% of the incident power.
Absorbed power, plasma length and density were maximum when the coupler
was near, but not adjacent to, the plasma tube. Excitation frequency
could be changed with only minor effects in the absorbed power. Plasma
frequency decreased slightly with increasing frequency, as did plasma
length. A result of significance to this thesis is the determination of
plasma length as a function of absorbed power, at several values of the
Ar gas pressure. Their straight line through the data points (which is
not a good fit) corresponds to a Pa/Lp of .54 watts/cm. Detailed curves
explaining the variation of density with tube diameter, rf power gas type,
and excitation frequencv were not given. Up to 380 watts, plasma length is
directly proportional to absorbed power, while at higher powers, plasma

length varies as Pa0°7. Several practical applications of the discharges



were also listed.

In another paper, Moisan, et al., (19) described the short gap cavity
and a waveguide structure to produce surface wave plasmas, along with elec-
tron density and power absorption measurements, with application to a chem-
ical HF laser. In 1977 Moisan and Ricard (20) published density measure-
ments of metastable atoms in an Ar surface wave plasma, with maximum density
(7 x lOll cm_3) at about .15 torr. These densities are higher than those
obtained with a positive column operating under similar conditioms.

Finally, the same authors with collaborators (21) considered the
problem of attenuation of surface waves, showing that the attenuation
of the surface wave in a plasma is collisional in nature over most of
the investigated pressure range, 10 microns to 150 microns, and frequencies
of 360 MHz to 650 MHz. Though not specifically discussed, Figure 2 of

the paper shows standing wave variations in the rf electric field inten-

sity, measured as a function of axial position along the plasma tube.

In the same figure, interferometer measurements exhibit the same type of

pattern, with the wave length varying from 20 cm to 38 cm.
This brief review has shown that while surface waves on dc columns

have been understood for a number of years, rf and microwave surface

wave generated plasmas are relatively new. The plasmas observed are rf

sustained and can be made to extend outside the coupling structures.
Experimenters have measured power absorption, plasma density, light
intensity of emitted wave lengths and proposed applications for this new
type of discharge. As already mentioned in the introduction to this work,
the purpose of the work presented herein is to extend these studies to
gain an understanding of the behavior of these surface wave generated

plasmas as variations are made in external parameters (cavity geometry,
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coupling structure, diameter of plasma tube, input power, excitation

frequency) and in internal parameters (gas pressure and gas type).

2.4 Plasma Surface Wave Modes

When dealing with plasma surface wave modes, two different physical
situations are possible. The first to be investigated was that of an
electromagnetic wave propagating along the surface of a cylindrical plasma
column. The plasma is created and maintained by a dc source and only
perturbed by alternating (rf) fields. The rf electric fields, energy
propagation and space charge waves are all concentrated at and travel
along the plasma surface, hence, the name surface wave. See Figure 2.1.

The other physical situation is that of a discharge created and
sustained by electromagnetic waves propagating along the gas-dielectric
tube interface. As the wave propagates along the tube, it ionizes the
gas and sustains the discharge, without the presence of dc currents.
Historically, this surface wave generated plasma evolved by two different
methods. One was for the experimenters to increase the rf energy that
was applied to a dc discharge, while decreasing the dc current. The
other was to start an rf discharge in a plasma cylinder and increase the
power supplied to the plasma-cavity system. When coupling geometry is
appropriate for the propagation of surface waves, the plasma extends
outside the cavity. In fact, with the proper coupling geometry, surface
modes are difficult to suppress. Without the proper geometry, they are
difficult to obtain.

While this thesis is concerned with surface wave generated plasmas,
a summary of the basic theory of surface waves on the plasma column will

be presented below as in Krall & Trivelpiece (22).
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(a) Electric Field for the Azimuthally Symmetric Surface
Wave Mode as a Function of Radius for an Unmagnetized
Plasma Column in Free Space

unperturbed plasma
_:’::\\ /> ——— surface

perturbed plasma surface

(b) Electric Field for the Azimuthally Symmetric Surface
Wave Mode on an Unmagnetized Plasma Column in Free Space

Figure 2.1 Electric Field for the Azimuthally Symmetric Surface
Wave Mode Reproduced from (22).
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The discussion presented by Krall and Trivelpiece is taken from
a 1959 paper by Trivelpiece and Gould (23), considering only the sections
that deal with an unmagnetized plasma column. (Trivelpiece and Gould
also consider magnetized plasmas.) In such a column the dielectric

tensor reduces to the scalar dielectric constant
2,2
e= ¢ (1 - w /w)
o P

The plasmas has a radius a, and is in a conducting cylinder of radius b.
The space between the plasma column and conducting cylinder is taken
to be a vacuum. Maxwell's equations in each region within the cylinder

lead to the following wave equations:

{Vz + (ewz/c2 - kz)}(Elz) =0 0<r <a
T B
1z
2
(v + ( wz/c2 - kz)}(Elz) =0 a<r«<hb
T B
1z
2 15 ) 1 82
where V. =—7—r — + =222 in cylindrical coordinates.
T r or or r 9

All of the transverse field components are derivable from Elz and Blz

in this cylindrical system.

The waves associated with the differential equation for the (electric)

E field are called E modes, and those associated with the (magnetic induc-
tion) B field are B modes. Though the differential equations are the
same, they have different eigenmodes because the boundary conditions are
different at the plasma and vacuum boundaries.

The solution for azimuthally symmetric slow wave E modes is



I, () i (kz=ut)
IO(Ta)

A for 0 < r < a

1z
N Io(ror)Ko(Tob) - Io(rob)Ko(Tor) 3 (kz—nt)

I (ta)k (tb) - I (tb)K (t a) © ’
(o] o [o] (o] [o] (o] (o] (o]

for a <r <b

where T and T are defined by the relations

T2 = k2 - wz/c2
o

2 k2 - wz/c2 + wé/c2

T

and Io and KO are modified Bessel's functions of the first and second

kind, respectively. With this solution, E

is finite on the axis, BT
1z A
T

continuous at r = a and zero at r = b. Continuity of the tangential
magnetic field (Blg) leads to the dispersion relation for waves, "y

1 Ié(ra) 1 Ié(roa)Ko(Tob) - Io(Tob)Ké(Toa)

€ Ta I (ta)  zta I (T a)kK (t b) = I (t b)K (t a)
o o0 o o o o’ 0o o

with the prime denoting a derivative with respect to the argument of

the Bessel function.

This dispersion relation is shown graphically in Figure 2.2, for
various values of wpa/c. c/wp is the reactive skin depth of the plasma,
denoted here by §. When a/§ is very small, the fields penetrate into
the plasma, and for low frequencies, are nondispersive slow waves (phase
speed is less than c). As the ratio increases, which means that the
skin depth decreases, the fields penetrate less into the plasma, becoming
concentrated at the plasma column surface outside the plasma and

extending from the plasma itself. The waves propagate with higher
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w

phase speeds, approaching ¢ for a very large ratio of a/§. The mode
becomes like the TEM wave on a coaxial line, with each component of
the field being largest at the plasma-vacuum boundary and decreasing

away from the boundary. Figure 2.2 is reproduced from (22).
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Figure 2.2 Frequency vs. Wave Number Diagram for Surface Wave on an
Unmagnetized Plasma Column of Radius a



S

26

2.5 Dispersion Diagrams and Standing Surface Waves

Whenever wave propagation in some medium is considered, the

description of the wave behavior is facilitated by a dispersion diagram,
which is a plot of the dispersion relation. The most common use of
the diagram is to obtain the phase and group speeds of the propagating
) waves.
The dispersion diagram to be used here is a normalized curve
for the Gould-Trivelpiece surface mode. Specific points on the graph
will be discussed, along with the probable region of the curve which
is applicable to the propagation of ionizing surface waves. The section
will be concluded by describing how to use the curve to calculate the
‘ approximate electron density in the discharge when a standing wave
pattern can be observed in the plasma tube.

The normalized dispersion diagram is shown in Figure 2.3. Phase
and group speeds for the wave for points A and C will be discussed.

w refers to the excitation frequency of the source, wp is the plasma
electron frequency, k is the propagation constant of the surface wave,
equal to 2w/A, and a is the plasma radius.

First consider point A on the curve. In this region, the phase
speed, w/k, and the group speed, dw/dk (which indicates the speed at
which energy travels along the tube), are nearly equal. For this point
a given phase of the wave and ionizing energy will travel along the
plasma column at close to the speed of light, since the curve is close
to the light line. As the energy propagates along the tube, it ionizes
the gas, creating and sustaining the plasma.

At point C on the curve, the phase and group speeds are considerably

different. Note that the phase speed, w/k, is lower than at point A,
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Figure 2.3 Normalized Dispersion Diagram for the Gould-Trivelpiece Mode
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and decreases as one moves in the direction of increasing ka, since
w/mp remains nearly constant. The group speed (the slope of the curve)
has decreased nearly to zero, meaning that in this region of the curve,
or for slightly larger k, electromagnetic energy travels very slowly,
if at all, along the plasma tube. Since the energy does not travel
along the tube, the gas will not be ionized and there will be no dis-
charge due to the surface wave. For initial breakdown of the gas, the
relevant point on the curve would be near point B, moving down on the
curve as the ionization increases the plasma density.

An ordinary dispersion diagram, with w vs. k, would allow only
the determination of the phase and group speeds of the wave. The
normalization of the curve, u)/wp vs. ka, allows the plasma electron
density to be determined, when the standing wavelength can be measured.

For the standing wave pattern along the plasma tube, bright and dark

regions appear, and the distance between any two adjacent bright or dark
regions is equal to one half of the wavelength (this will vary along the
length of the tube). Doubling this distance gives the wave length, A.
The wave number, k is given by 2n/X, and the tube radius, a, would be

known. The product of the two gives a point on the horizontal axis,

such as point a'. The ratio of w/wp is then found at point b. Since

the excitation frequency of the source is known, the reciprocal of the
value at point b multiplied by the excitation frequency gives the plasma
frequency. The plasma electron density is then determined from the
equation

/2

w = (nez/me )l
P o

. A . 3
As given here, n is in particles per m".



29

The value of the plasma density as determined by this method is
subject to some uncertainty, since the determination of the wavelength
involves a small region of the plasma, rather than simply a point. If
the wavelengths are measured at a number of places along the plasma
tube, the variation of electron density as a function of position
along the tube can be determined.

Now suppose, for example, that a small plasma tube is used and
the observed wavelength is large. Thus k is small and the value of
ka will be small, yielding a low value for m/wp. This means that w
is large in a relative sense, thus the electron density is large.
If a change in the plasma-cavity system results in a shorter wavelength,
the operating point moves up on the curve, with a larger value of m/wp,
indicating that the electron density, n, has decreased. The benefit
of this method is that the approximate density and changes in density
can be determined without special apparatus and without concern for gas
pressure or other internal factors in the discharge. The values ob-
tained are approximations, correct to a factor of perhaps 3 or 4, though

this method has not been compared to other methods for determining

plasma density. This approach was mentioned by Trivelpiece and Gould (23).




CHAPTER III

EXPERIMENTAL SET-UP
3.1 Introduction

This chapter discusses: (1) the two types of cavities used in this
research to couple rf energy into the surface wave, (2) the coupling
structures within the cavities, (3) the microwave circuits and measurement
systems, (4) the vacuum systems for both cavities, (5) protective screening,
and (6) a photodiode circuit to measure relative plasma densities.

The last section of the chapter comments on general techniques and }
experimental methods used to obtain the reported results. These comments
are included so that an investigator wishing to duplicate or extend the
experimental results could more easily simulate the conditions under

which the results were obtained.

3.2 RF Surface Wave Couplers

Detailed figures and photographs of the cavities used for surface

wave excitation are described in this section, first for the coaxial
cavity, then for the cylindrical cavity.

The outside view of the coaxial cavity in Figure 3.1 shows the
screened viewing windows, which were used for observation of the coupling
geometry inside the cavity, and the viewing holes for determination of
plasma length when the discharge terminates within the cavity. The

inner conductor of the cavity has similarly spaced holes so that the

30
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quartz tube can be seen when the windows of both parts are aligned. This
cavity is a modification of that used by Fredericks and Asmussen (9 ).

Figure 3.2 is a longitudinal cross section of the coaxial cavity
with adjusting mechanisms included. The gap between the center conductor
and end plate of the cavity can be continuously adjusted by simply rotating
the threaded center conductor. The gap length, Lg’ is measured by a mark
on the part of the center conductor where it exits the endplate at the
rear of the cavity. Two of these cavities were built.

The inductive coupling loop, shown above the gap in Figure 3.2 is
formed by the inner conductor (wire) of a section of microcoaxial cable
curved around to form a loop approximately 6 mm in diameter, and soldered
to the outer layer of the cable. This is reinforced by winding a thin
wire around the loop and filling in any gaps with solder.

Other types of coupling loops were also used, including rectangular
loops. An alternative type of loop consisted of a commercially prepared
antenna loop, about 1 mm thick and 6 mm in diameter, that was soldered
onto the microcoaxial cable as shown in Figure 3.3.

The section of coaxial cable passed through the sliding short, the
end plate of the cavity and an adjusting plate, all of which are labeled
in Figure 3.2. The holes were slightly larger than the cable to allow
for easy movement of the loop. Thus the loop could be moved longitudinally
and also rotated. Longitudinal adjustment of the loop was accomplished
by passing the loop cable through a small plate attached to an adjusting
screw as shown in Figure 3.2. A setscrew in this plate prevented the loop
from rotating by itself.

A sliding short was used to vary the cavity length. Details of the

sliding short and finger stock are shown in Figure 3.4. The finger stock
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heavy commercial loop 1/16 " thick

—

solder joint

microcoaxial cable:

outer conductor (copper)

solder
joint

teflon dielectric

inner conductor

(copper)
Coupling Loop Used

in the First Coaxial Cavity

(a)

/

wire wound and soldered loop

solder

microcoaxial cable . .
joint

coupling Loop Used

in the Second Coaxial Cable

(b)

Figure 3.3 Coupling Probes Used in the Coaxial Cavities
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(b) Side View

Figure 3.4 Detail of Sliding Short for the Coaxial Cavity
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kept the short parallel to the ends of the cavity and, since it was
silver coated, provided good electrical contact between the short and the
walls of the cavity. Two "rings' of finger stock were used, one for
contact with the outer wall of the cavity and one for the center conductor.
The finger stock was held in place by tightly fitting slip rings. The
short was moved by means of 1 1/2 mm rods that screwed into the bottom
of the short and passed out the rear end plate of the cavity to the
adjusting plate, where they were fastened by set screws. This adjusting
plate could be continuously moved by a screw that passed through the plate
and rested against the end plate of the cavity. Turning the screw moved
the plate away from the cavity, pulling the guide rods, which in turn,
pulled the short and lengthened the cavity. The cavity was shortened by
turning the screw backwards and pushing the adjustment plate inward by hand. n?
Thus, all cavity parameters—--gap, probe position and orientation, and cavity ’
length--are continuously variable.

The cavity and inner conductor are made of brass, adjustment screws
are steel, and the short adjustment plate is aluminum. The microcoaxial

|
cable is copper with a teflon dielectric. "EL

The high power, cylindrical brass cavity is shown in Figure 3.5. I
This cavity is similar to the one used by Mallavarpu and Asmussen (14).
The cavity length is adjustable by moving the sliding short, connected
to a brass plate on the outside of the cavity by three steel guide rods,
which keep the short parallel to the end plates of the cavity. A threaded
rod with a knob passes through the outside plate. This rod is used to
adjust the position of the sliding short. Electrical contact is made from
the short to the side wall of the cavity by CFM 300 finger stock.

The coupling probe can be moved by loosening a ring clamp and sliding
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the probe housing in or out of the cavity.

The quartz tube could be moved off axis, vertically and/or hori-
zontally, when the collars in the end plates of the cavity are larger
than the tube outer diameter. These brass collars are used to minimize
cavity perturbation due to openings in cavity end plates and to support
the quartz tube. A set of different sized collars allows different tube
sizes to be placed into the cavity. The collars are held in place by
screws and washers.

The cavity has water cooling tubes soldered around the outside and
to the bottom of the sliding short.

The coupling probe shown in Figure 3.5 consists of a brass disc
that screws into a brass rod which forms the inner conductor of a
coaxial structure. This coaxial structure originates at a waveguide
to coaxial transition. This capacitive probe is moved by loosening
the ring clamp and moving the coaxial structure by hand. The purpose
of the ring clamp 1is to prevent rf radiation from leaking at the

fitting.

3.3 External Microwave Circuits

The external microwave circuit is an important part of the whole
experimental system. This circuit is the means by which energy is
transmitted from the source to the plasma-cavity system and includes
instrumentation. The external microwave circuits of the coaxial and
cylindrical cavities will be described.

Three different experimental circuits used for the coaxial cavity
are shown in Figures 3.6, 3.7 and 3.8. The one that is used depends on

what experimental conditions are desired. Figures 3.6 and 3.7 show the
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the rf systems that were used to investigate surface wave discharge
characteristics as a function of excitation frequency.

In the system shown in Figure 3.6, the oscillator operated at a
fixed frequency of 850 MHz. Its output was amplified by a Hughes TWT
amplifier to a maximum of approximately 25 watts. A 2-4 GHz circulator
was checked and found to be suitable for use at 850 MHz. The circulator
was used to isolate the load from the power source. Reflected power
was directed through a 30 dB attenuator into a matched load. The
incident power passed through a 2-4 GHz directional coupler, that was
calibrated at 850 MHz, to the 2 mm microcoaxial cable input to the cavity.
Incident and reflected power were measured by Hewlett-Packard power meters.
The absorbed power was determined from the difference between the inci-
dent and reflected powers. The frequency meter inserted between the i{
20 dB attenuator and reflected power meter was used to determine the ﬁ
excitation frequency.

The system shown in Figure 3.7 is similar in design and purpose to
the circuit just described. In this case, the Hewlett-Packard continuous-
wave (CW) oscillator is variable from about 1.7 to 3.8 GHz. The output

passes through a variable attenuator (used to control incident power to

the cavity) to a TWT amplifier with an output of about 20 watts. The
2-4 GHz isolator prevents reflected power from entering the amplifier.
The rest of the circuit is the same as the one in Figure 3.6.

These two circuits were used for low power, variable frequency
operation, where maximum incident power to the cavity was about 25 watts
and excitation frequency ranged from 850 MHz to 3.8 GHz.

Figure 3.8 is a schematic of the high power (0-1200 watts) circuit.

The magnetron operated at full output into an impedance matched power
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Figure 3.8 High Power Circuit for the Coaxial Cavity
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divider. Power to the cavity was regulated by this power divider, equipped
with two dummy loads, one of which was water cooled. A water cooled circu-
lator isolates reflected power from the magnetron. The reflected power
goes into a matched dummy load connected to the circulator. As in

the previous circuits, this incident power passes through a directional
coupler used to measure incident and reflected power, and into the cavity.
This circuit allowed for variable input power of 0-1200 watts. In prac-
tice a maximum of only 50 watts was used, to minimize arcing inside the
coaxial cavity to the microcoaxial coupling cable.

The schematic of Figure 3.9 is that used for the cylindrical cavity
at high power, 0-1200 watts. Again, the 2.45 GHz magnetron is used with
the power divider and 2-4 GHz circulator. The directional coupler is the
waveguide type, with the same Hewlett-Packard power meters previously
mentioned. From the directional coupler, power passes through a wave-
guide to coaxial transition to the coupling stub in the cylindrical
cavity.

The next diagram, Figure 3.10, shows the circuit employed to excite
the plasma with two coaxial cavities. The 2.45 GHz magnetron was used
as the power source, but was limited to power inputs of 50 watts to
each cavity. After the circulator, the circuit was symmetric for each
cavity. Rf power was split by a coaxial "T" located at the output port
of the circulator. Operating the cavities in this manner allowed them
to be freely coupled to each other. The two coaxial cavities are nearly
identical to the one shown in Figures 3.1 and 3.2, with only minor dif-

ferences in the coupling loops.
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3.4 Vacuum Systems

In order to initiate breakdown in the experimental gases the pressure
in the tubes containing the gases must be between approximately 50 to 200
microns. Discharges at pressures lower than 50 microns and higher than
200 microns can be maintained by retuning the cavities after breakdown.

Each experimental system was evacuated to 1-10 microns and leak
checked before introducing the experimental gases. Leak rates were
less than 15 microns per minute.

The vacuum system of the coaxial cavity was evacuated by a Speedivac
High Vacuum pump. The source gas was from a tank of Ar, He, or 02 or from
a one or two liter bulb of research grade Ar, Xe, Kr or He-Ne.

A high quality needle valve controlled the pressure of the gas
in the small quartz tubes, and Swagelock fittings were used at the joints
whenever possible. Nylon tubing connected the quartz tube with other
parts of the vacuum system. A Hastings thermocouple gauge was located
approximately 2} feet from the plasma tube. Next to the thermocouple was
a mercury manometer followed by a shut-off valve to the pump. This valve
was used to control the flow rate of the gas in the tube, on a relative
scale only. The Hastings gauge was calibrated in microns of mercury from
0 to 1000. Calibration nomograms were provided by the manufacturer for
various gases. Pressures of one torr or greater were read on the manometer.
This system is shown in Figure 3.11.

The cylindrical cavity vacuum system, shown in Figure 3.12, was
pumped by a high volume Kinnev Compound mechanical pump, that could be
isolated from the rest of the system by a large butterfly valve, providing

a high flow rate or none at all. Pressures were read on a Hastings
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Figure 3.12 Vacuum System for the Cylindrical Cavity



thermocouple gauge located about six feet from the plasma tube (hot

gases affected the gauge). This is the same gauge that was used in the
coaxial cavity system. Gas pressure was controlled by a Whitey regulator
valve. Connective tubing was nylon or copper, with Swagelock fittings.

The quartz tubes were fitted with two inch aluminum collars (with O rings),

which were attached to the tubes with Torr Seal.

3.5 Safety and Screening of Discharges

Due to the rf radiation hazards, protective screening was used for
all experiments. This screening consisted of three basic types: (1) a
small screen box or other type of enclosure, used with the coaxial cavities,
(2) screening around only the plasma tubes, used with the large cylindrical
cavity (another layer of screen was later added to this), and (3) a large
screen box, used with a cylindrical cavity.

Figure 3.13 shows the type of enclosures used with the coaxial cavity.
The screened box consisted of a 4" x 4" x 16" box with wood sides and
square wood endpieces with large openings. Screening was stapled securely
all over the box and holes were made in one end just large enough for the
quartz tube, and in the other for the cavity. The end plate of the cavity
and the coaxial rf input cable extended outside the screen box. The
bottom edges of the wood frame were screened, but the bottom of the box
was left open. The box was placed on two layers of screen stapled to a
piece of plywood on the laboratory table. A flap was formed by the layer
of screen on the top, forming a 1id that could be stapled down. The
staples could be easily removed and the flap lifted, allowing access to

the cavity for adjustments. This type of screening is effective if the

Plasma does not extend outside the box.



(a) Small Screened Box

(b) Cylindrical Screen Enclosure

Figure 3.13 Screened Enclosures for the Coaxial Cavity
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An alternative to the box (for the coaxial cavity) was a cylindrical
enclosure. This is similar to the box but without the wood frame. A
large piece of screen is rolled to form a cylinder about six inches in
diameter. The longitudinal edges of the screen were stapled several
inches apart to the layer of screen on the table. Cardboard was cut
to fit the ends and covered with screen, including the edges. These
were held in place by the screen cylinder. Again, holes were cut in
the ends for the quartz tube and cavity. Another loosely fitting layer
of screen was placed over the entire cylindrical enclosure, providing
two layers of shielding.

For the larger cylindrical cavity effective shielding was provided
by what could be considered local screening. See Figure 3.14. To
allow access to the sliding short adjustment screw and the coupling
probe, only the quartz tube was screened. On the end where the adjustment
screw was located, a two inch cylinder was formed, one end was flared and
held to the cavity by a circular plate with screws. The other end was
secured to the collars on the end of the quartz tube by means of a large
ring clamp, forming a cylindrical waveguide. The other end of the tube
used a large cylinder of screen secured to the cavity perimeter by five
or six ring clamps that had been opened and then screwed together to
form one very large ring clamp. This cylinder tapered to a flat seam
which was stapled for close fit around the aluminum collar on the end
of the tube. This shielding was made more effective by surrounding the
entire tube and cavity with another layer of screen that was open on the
ends.

The other (and less effective) type of shielding for the cylindrical
'

cavity was a large box, approximately 2%' x 25%' x 6 The frame was made
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of wood and covered with screen. See Figure 3.15. The 1id was hinged
to allow access to the cavity and the sliding short was moved Sy a long
rod to the cavity, with a handle outside the screen box. Holes were made
in the sides of the box for coupling structures and vacuum tubing. Since
energy is allowed to radiate from the microwave cavity and plasma tube,
it was found that this type of box becomes a large microwave cavity, which
can radiate from the openings in the ends and sides of the screened en-
closure.

To prevent damage to the eyes from ultraviolet radiation from an
Ar discharge, large sheets of plexiglas were placed on the top and sides
of the screen box and plexiglas cylinders were used on the "locally"

screened cavity. See Figure 3.16. Goggles were also available.

3.6 Measurement of Relative Electron Density and the RF Argon Spectrum

Although power absorption in the rf surface wave generated discharge
was of primary concern, measurements were taken to determine the relative
density of the plasma electrons in the coaxial system, using a photodiode,
and to approximate the numerical density of the plasma electrons when
standing waves could be observed in the tubes of the coaxial and cylindrical
cavities.

Since the intensity of emitted light is related to the plasma electron
density, relative measurements of the density could be obtained with a
photodiode. (Absolute density measurements with a photodiode are pos-
sible only if the diode is calibrated for each gas and each pressure.)

The circuit that was used is shown in Figure 3.17. A nine volt radio
battery was used to bias the diode, the microammeter measured the photo-

Current and the switch was closed only long enough to take readings, so
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as to have a minimal effect on the battery.

Figure 3.18 illustrates the location of the photodiode. When used
with the coaxial cavity, it was placed adjacent to the end of the cavity
and pointed at the center of the plasma tube. Current changes could be
read as cavity parameters were changed. Optimum values of cavity para-
meters could then be determined by considering the power match, absorbed
power per unit length of discharge, plasma length, or photocurrent.
Alternatively, the photodiode could be moved along the plasma tube to
determine the variation of plasma density as a function of position along
the tube.

When used with the high power cylindrical cavity, the photodiode
could be placed in a hole in the cavity wall near the center of the reso-
nant cavity or located in a wooden block below the plasma tube. The
first location provides a determination of relative demnsity as cavity
parameters are changed, and the second allows one to determine the vari-
ation of plasma density along the plasma column.

An important feature of this method of measurement is that it allows
an accurate determination of the length of the standing waves in the plasma
columns, by measuring the photocurrent as a function of position. Such
standing waves were observed when the two coaxial cavities were used
simultaneously, producing travelling waves in both directions along the
tube, and in the cylindrical cavity, because the waves were reflected
from the metal flanges on each end of the quartz tubes. This standing
wave length, along with a plot of the Gould-Trivelpiece dispersion rela-
tion (normalized), determines an approximate numerical value for the plasma
density at an position along the plasma column. This method was described

in Section 2.5.
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Figure 3.17 Photodiode Circuit
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A basic spectroscope (such as would be used in introductory physics
courses) was used to determine the wave length of the optical radiation
from the plasma. The experimental set-up is shown in Figure 3.19. A
quartz tube was fitted with plexiglas windows on the ends. The collimator
of the spectroscope was pointed along the axis of the plasma tube so that
the discharge was viewed end on. The diffraction grating was calibrated
with a He-Ne laser of wave length 6328 A. The grating had 600 lines/mm.

As the absorbed power in the plasma was increased, some of the lines
of the spectrum increased in intensity. At low powers (up to approximately
500 watts), the discharge was typically pink, becoming blue as the absorbed
power increased (to about 1000 watts). This information is useful in
determining if certain transitions are present in the discharge. Results

from this experiment are discussed and tabulated in Chapter 4.

3.7 General Techniques and Experimental Methods and Comments

Most investigators will agree that a given system will behave dif-
ferently at different times and/or with different operators. Attempts
were constantly made during this investigation to eliminate or minimize
inconsistencies, so that all observed behaviors would be reproducible.
Various simple techniques and methods that were developed for this purpose
will be described in this section.

As stated previously, the coaxial cavity used was a modification of
one used earlier by Fredericks and Asmussen. The modifications consisted
primarily of tuning screws and finger stock in the cavity. The tuning
screws allowed cavity geometries to be easily reproduced during a given
experiment or even some time later. Previous to the addition of the screws

(which were not on the first design of this cavity), measurements were
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difficult to duplicate due to the sharpness of some of the observed reso-
nances. The tuning screws allowed controlled fine tuning of the cavity.

For a given geometry of the coaxial cavity the discharge and coupling
were most sensitive to the position and orientation of the probe. Small
axial adjustments of the probe could produce very significant changes in
the discharge.

At incident powers of 25 watts or greater, arcing was sometimes
observed between the side of the loop and the center conductor, when the
magnetic moment of the loop was circumferential, i.e., the plane of the
coupling loop was radial. This problem was eliminated by rotating the
loop so that its magnetic moment was radial. Arcing to a lesser degree
was observed from the loop to the inside of the end plate of the cavity.
This was not affected by placing a thin sheet of mica on the end plate.
Either the incident power was decreased or the loop was moved away from
the end plate. Generally, for incident power less than 30 watts, there
was no arcing to the end plate.

Gap length (from the center conductor to the end plate) had signi-
ficant effects on the discharge and coupling. A 1% to 2 mm gap appeared
to be optimum for most frequencies, though some adjustment was necessary.
The center conductor had viewing holes that could be aligned with similar
holes in the side of the cavity. For this reason, the center conductor was
usually placed at fixed positions, basically rotations of 180°, unless
the plasma extended outside the cavity. Discharges could be sustained
for longer gaps, if the probe was moved further from the end plate, though
coupling was not as good as for short gaps. Two or three mm gaps resulted
in power matches of 50 to 70% as compared to generally 80 to 90% for

shorter gaps. In addition, the discharges were usually about 20% shorter
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when experiments were done with longer gaps.

The resonance curve for the cavity length (determined by the position
of the sliding short) was not as sharp as resonance curves for the probe
and gap, though optimum values were clearly distinguishable. The cavity
lengths were generally 1/8 to 1/4 of the free space wave length of the
source. For example, a cavity length of approximately 2.1 cm was used
for 2.45 GHz. One fourth of the free space wave length is 3.06 cm.

To maintain optimum surface wave coupling, a change in one cavity
parameter necessitated a change in the other two. Lengthening the cavity
meant that the gap had to be increased and the probe moved away from the
end plate. Changing the probe (or gap) implied similar changes in the
length (or probe).

For most of the investigations done with the coaxial cavity, at inci-
dent powers of about 20 watts, a Tesla coil was needed to initiate break-
down of the gas. A spark anywhere along the two foot quartz tube was
sufficient, when the cavity geometry was adjusted properly. If the cavity
geometry was not adjusted properly, stable discharges could not be sustained.
The Tesla coil was not needed with the cylindrical cavity, since a number
of cavity modes overlapped for a given cavity length.

Breakdown occurred for a narrow range of pressures (depending on the
gas)-=50 to 200 microns. After breakdown, gas pressure could be varied
and the cavity tuned to sustain discharges over pressures ranging from
about 20 microns to 20 or 30 torr, or greater.

When the coaxial cavity was operated with incident power levels of
50 watts or greater, arcing occurred between the coupling probe and cavity
walls or inner conductor. Generally the cavity would get warm to the touch,

and the quartz tubes were hot after 15 to 20 minutes with Ar and similar
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gases, and after only 5 to 10 minutes of operation with He or 02. When
the power levels approached 100 watts, as it did on two or three occasioms,
the solder holding the coupling probe melted slowly, allowing the probe

to disorient itself. The effect was not immediately obvious but became
evident after several attempts to reproduce previous results of the same
day. During one experiment, 200 watts was incident on the cavity, which
caused the solder of the probe to melt, and also resulted in a split in
the outer conductor of the microcoaxial cable used for the coupling loop.

One interesting feature of the coaxial cavity was the difference in
the nature of the discharge when the type of power source was changed.

With a continuous wave oscillator at a frequency of 2.45 GHz, discharges
could be sustained over large pressure ranges, but always needed to be
initiated with a Tesla coil. With the magnetron as source (square wave
output at 2.45 GHz), the sustaining pressure range was narrower, but the
plasmas were longer for a given absorbed power and usually were self-
starting.

Rectangular loops were also tried as coupling probes. These had
a tendency to arc from the corners and the surface wave coupling was not
as good as when circular loops were used.

There is a reasonable probability that the length of the microcoaxial
cable between the N-type connector and the loop affected the nature of the
coupling, however, this was not investigated.

The cylindrical cavity could be operated with an incident power of
0-1200 watts. This was limited by the magnetron that was used. The S-band
waveguide directional couplers were calibrated in previous experiments such
that the actual power levels were 1.3 times those read from the power meters.

Maximum incident power obtained was 900 watts as read from the power meter,
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indicating 1170 watts available from the magnetron.

The following simple procedure was adopted when tuning the cylindrical
cavity: probe position was determined--this was relatively arbitrary
since many different positions resulted in long discharges for the
cylindrical cavity, gauge gas pressure was fixed to approximately 150
microns, cavity length adjusted for minimum power reflection. By this time
a discharge was usually present. The tube was adjusted for minimum power
reflection and cavity length was readjusted as pressures were changed.

The whole starting procedure required less than two minutes. After the
discharge was present, retuning of the cavity was obtained in 5 to 10
seconds as pressures were changed.

The Tesla coil was not needed with the cylindrical cavity. When the
cavity length was properly adjusted and gas pressure was about 150 microns,
the plasma was self-starting. Once the plasma was initiated, the cavity
length, plasma pressure and tube position could all be adjusted for optimum
coupling, usually resulting in a power match (the ratio of absorbed power
to incident power) of 90 to 987%. Changing the cavity length or tube posi-
tion generally resulted in a significant change in the power match and in
the plasma length.

While cavity length, probe position and gas pressure could all be
varied in a controlled and reproducible manner, the effect of the position
of the quartz tube within the cavity was a poorly understood, though very
significant, factor when coupling to the surface wave plasmas. With the
tube centered in the cavity by using snugly fitting collars, the power
match was generally so poor that the reflected power on the meters was
greater than the incident power. Moving one end of the tube up to 10°

off the cavity axis could result in a 90 to 95% power match.
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Arcing similar to that of the coaxial cavity was observed at high
power levels (400 watts or greater on the power meters) when: (1) the
fingerstock of the sliding short was not tight against the inside wall of
the cavity, (2) when collars to support the quartz tube were not seated
tightly in the cavity, (3) when the screening around the quartz tube
was not completely sealed, and (4) if the finger stock of the sliding
short approached the probe, 5 mm or less, during the tuning of the cavity.
In addition to this, the sliding was short was water cooled by % inch
copper tubes soldered to its bottom. These tubes passed through holes
in the bottom of the cavity and arcing occurred at these points.

Fortunately, all of these problems had remedies: (1) the fingerstock
could be bent by hand to fit the cavity wall more tightly, (2) holes were
tapped in the end plates of the cavity so that the collars could be held
in place with screws, (3) screening around the tube was clamped to the
end flanges of the tube or stapled shut (the staples provided a good seal
that could be easily removed for repairs and modifications), and (4) the
cavity was operated at a length that kept the probe 4 or 5 cm from the
fingerstock. Arcing around the water cooling tubes was prevented by
sliding a flat washer around the tube to the outside of the end plate of
the cavity, and holding it there with a spring around the tube.

Very often, the plasma was not symmetric with respect to the cavity.
The screens around the tube were unequal in length, causing one end of the
tube to extend further from the cavity than the other end. The "short"
end of the tube would fill with plasma before the other end. As input
power increased, the intensity of the discharge in the short end of the
tube increased, while the discharge in the long end would lengthen to fill

the tube and then become brighter.
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The dual cavity system presented a cavity coupling problem. Initially,
this system was operated with the two cavities isolated from each other and
from the rest of the circuit by an isolator and a circulator. The cavities
coupled to each other by means of the surface waves propagating along the
quartz tube. An increase in the coupling efficiency of one led to a de-
crease in the coupling efficiency of the other. As the plasma in omne
lengthened, the other shortened. In fact, when the cavities were 15 to
20 cm apart, a gap of approximately 2 mm consistently separated the dis-
charges of the cavities (so that there were two) and moved back and forth
as the cavities were adjusted. Thus the cavities could not be uncoupled.

Later, the cavities were allowed to couple freely to each other, but
isolated from the rest of the circuit. This is the schematic shown in .
Figure 3.10. The cavities were operated at an incident power of up to
40 watts each, from the magnetron. They could be adjusted to give sym-
metric discharges in terms of coupling and plasma length. A small gap
existed between the discharges at an incident power of about 20 watts or less.
This was overcome when the incident power was increased, though the point
where the discharges joined was slightly dimmer than the rest of the
plasma. In general, this discharge had to be started with a Tesla coil.

A standing wave pattern in the intensity of the discharge was observed.

The microwave circuits presented no problems, provided the cable
connections were tight. Loose connections resulted in losses that could
not be corrected by cavity coupling. Thus the connections were checked
occasionally, particularly when incident power could not be coupled into
the plasma more efficiently than 607%. Cable connections apply only to the
coaxial cavity, as the cylindrical cavity circuit consisted of waveguides.

The waveguide joints were checked for microwave radiation leaks, with a
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waveguide to coaxial transition connected to a power meter. Though uncali-
brated, this technique of radiation monitoring proved effective since the
coupler functioned as a receiving aperture and the power meter could be
set to very sensitive scales. This ''detector'" was used as a leak detector
to determine if various parts of the system were radiating. It was also
placed between the cavity and operator during experiments and used as a
continuous monitor. Though the actual calibration of this type of detector
may be open to question, it was found by direct comparison with a commercial
rf leak detector to be more sensitive to low levels of radiation. It can-
not, however, pinpoint an rf leak as well as the commercial detector.

Whenever possible, Swagelock fittings were used on all vacuum tubes
and pipes. New fittings are preferable to used ones which may become bent
or stretched with much use. The small quartz tubes used in the coaxial
cavity were fitted with rubber O rings and Swagelock fittings, without
the ferrule. The quartz tubes that were used with the cylindrical cavity
were fitted with two inch aluminum flanges and sealed with Torr Seal. These
flanges were grooved for an O ring and butt jointed with another flange
leading to tubes with Swagelock fittings.

The most straightforward method of dealing with vacuum systems
is to assemble the system one section at a time, with the gauges included,
and check leak rates. When the first section is determined to be as leak
tight as desired, another section is added to the existing one and checked.
The total system is then built a piece at a time and leaks have been found
and sealed before the system is completely assembled. In the leak checking,
time must be allowed for outgasing of the system before isolating the
system from the pump.

Hysteresis in the measurement of absorbed power per unit length of
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discharge was observed in nearly all of the experiments in which gas pres-
sure was varied. Starting at low pressures and working up gave different
results than starting at high pressures and working down. Such effects
were reported by Fredericks and Asmussen (10). In one experiment, the
pressure cycle from several torr to a few tens of microns was completed
several times, without once getting the same P/L for the same pressure

but at different times.

In conclusion, experience shows that tuning capability of cavity

length, probe position, gas pressure and tube position within the cavity

are necessary to couple energy efficiently into the surface wave discharge.

All joints and screens for rf shielding must be tightly secured to prevent
arcing and radiation leaks. Each system has power limitations which are

not obvious without some testing and subsequent repair, if the limits are
to be found. Problems with vacuum systems can be minimized by assembling

and the checking the system one piece at a time.
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CHAPTER IV

EXPERIMENTAL RESULTS

4.1 Introduction

This chapter will present a summary of the results of over 150 ex-
periments, performed with the coaxial and cylindrical cavities, over a
period of about 1% year. Each of the experiments performed with the
coaxial cavity typically included 10 to 15 data readings, while those with
the cylindrical cavity included 6 to 10 readings.

The primary measurement with both rf surface wave excited plasma
sources was the absorbed rf power per unit length of discharge. This
ratio is labeled as Pa/Lp, or simply P/L, where Pa refers to the absorbed
power, which is determined as the difference between incident and re-

flected rf powers, measured by power meters, and L, is the length of the

p
plasma, measured with a 30 cm rule or a meter stick.
During early experiments with the coaxial cavity, important plasma-
cavity system parameters were identified; they were (1) gas pressure,
(2) absorbed power, (3) tube or plasma diameter, (4) excitation frequency
and source type, (5) gas type, and (6) coupling and cavity geometry. In
most cases, these parameters are interrelated. Thus, experiments were
devised to isolate each variable from the others to a significant degree.
Though the procedures followed to obtain these experimental results

will be discussed in the appropriate sections, some general comments are

in order at this point. For the coaxial cavity, the neutral gas pressure

68
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was initially set at approximately 100 to 150 microns before applying
power to the cavity-plasma system. Coupling geometry was adjusted and
the discharge started with the spark from a Tesla coil. In some cases,
the discharge started without the Tesla coil. The gap length, cavity
length and coupling probe were then adjusted to yield a minimum reflected
power for an rf input power of 15 watts or greater. Small changes in
coupling probe position were made to lengthen the discharge if the re-
flected power showed only a small increase. The experimental variable
being studied would then be changed as readings were taken, without fur-
ther adjustment of any other parameters, except in some cases, immeasurably
fine tuning of the coupling probe. Light intensity measurements were
taken with the photodiode as close to the end of the cavity as possible.
See Section 3.6 and Section 4.7.

For the cylindrical cavity, results to be presented are P/L as a
function of (1) gas pressure, (2) absorbed power, (3) tube or plasma
diameter, and (4) gas type. Standing wave patterns could be observed in
the discharge so that the method discussed in Chapter 2 was used to esti-
mate the plasma electron density. Finally, optical wavelengths of the
"bright" lines in the spectrum of an Ar discharge were experimentally
determined and will be discussed.

In general, the experimental procedures used with the cylindrical
cavity were similar to those used with the coaxial cavity. The simpler
nature of the cylindrical cavity allowed quick retuning of the cavity-
plasma system before each reading was taken. The objective of the tuning
was to minimize reflected power from the system. If a change in the var-
iable to be investigated produced a significant change in the reflected

power--such as from 10 to 20 watts, the length of the cavity was retuned.



This adjustment was generally less than ! mm. Breakdown of the discharge
in the cylindrical cavity was spontaneous when the cavity was tuned to an
eigenlength. Maximum length of the discharge with minimal reflected power
was then achieved by retuning the cavity. Initial pressures for break-
down were 100 to 200 microns for 200 watts of rf input power. After
breakdown the system was adjusted to the desired experimental conditioms.

The chapter will be concluded with the results obtained from a sys-
tem using two coaxial cavities, i.e., a doubly excited surface wave plasma.
In some cases, two separate discharges were observed, while in others one
discharge coupled the two cavities and standing wave patterns were ob-
served. A calculation of the approximate plasma electron density will
be presented, based on the observed standing wave patterns.

Each of the following sections will be organized in the following
manner: (1) discussion of the motivation for the experiments or type of
experiments, (2) a statement of the experimental problem, (3) the import-
ant physical parameters in the experiments and the procedure that was
followed to obtain the data, (4) presentation of the results in the form
of graphs and tables, and (5) conclusions that can be drawn from the

analysis of the results.

4.2 P/L vs. Pressure: Coaxial Cavity

When these experiments were begun it was immediately obvious that
gas pressure affected the length of the surface wave generated plasmas.
In particular, the plasma length is strongly dependent on pressure, when
other parameters are held constant. Incident and reflected powers are
also affected by changes in pressure and these, in turn, affect the ab-

sorbed power. The pressure dependence of the surface wave generated
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plasma was studied by measuring the absorbed rf power per unit length of
plasma, which is designated as P/L.

Many experiments were performed with a number of tubes of different
diameters to determine the dependence of P/L on gas pressure. For the
purposes of reference only those performed in a 4 mm quartz tube, excited
at a frequency of 2.45 GHz (from the magnetron), will be discussed. An
exception to this is the experiment with O,, which was performed in a
2 mm tube. Besides pressure, the absorbed power, cavity length, gap
length and probe position all affect the length of the discharge and
hence the ratio P/L. Thus these quantities will be marked on the graphs,
since they were not all the same for each experiment.

The procedure for breakdown of the discharge was to adjust the cavity
length to between 2 and 3 cm (roughly % of the free space wave length of
the excitation source). The gap was set to 1 or 2 mm. After pumping the
tube to several microns to outgas, gas was bled into the discharge tube
to a pressure of several hundred microns, and power was applied to the
plasma-cavity system. A Tesla coil was placed near the discharge tube
close to the cavity and allowed to arc to the tube while the cavity length,
gap and probe were adjusted by trial and error until a discharge was ob-
tained. The Tesla coil was removed and cavity parameters were adjusted
until a discharge 5 cm or longer was obtained. When this occurred, re-
flected power was usually of the order of several watts, while the inci-
dent power was 15 to 20 watts. Initial experiments were performed simply
to obtain a reproducible discharge and eventually to optimize it in terms
of length and reflected power. Experience with the system allowed this
start-up procedure to be reduced to several minutes.

The experimental procedure to determine the variation of P/L with
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gas pressure was to simply vary the pressure of the gas discharge in the
tube, without changing the other parameters of the cavity. In all of the
experiments, the absorbed power remained nearly constant. In a few in-
stances, very high or very low pressures caused a mismatch of the system
to the power source. If the discharge was retuned this match could be
recovered and the surface wave could be sustained over a wider pressure
range. Retuning consisted primarily of a slight adjustment of the coupling
probe. The results obtained from this procedure are shown in Figures 4.1
through 4.5.

Figure 4.1 is the P/L vs. pressure curve for Ar. The points shown
constitute two separate experiments. The same cavity length was used in
both, thus the variations between the two are small. An interesting
feature of the curve is that the power match (Pa/Pi) is nearly constant
over the wide pressure range of 200 microns to 3 or 4 torr. Even beyond
this range, P/L is relatively constant between .3 and .4 W/cm. In general,
the observed values of P/L range from .25 to .5 W/cm for an absorbed power
of 15 to 20 watts.

Figure 4.2 is the same curve for Kr. Power match is 10 to 157 lower
than for Ar, but relatively constant at about 60%. The P/L is also lower
than for Ar, between .2 and .3 W/cm and roughly constant over the entire
pressure range. Kr and Xe (to be discussed next) presented some problem
in the determination of the actual pressure of the gas. In both cases,
the corrected values as indicated on the nomograms provided by the manu-
facturer of the thermocouple vacuum gauge were very much lower than read-
ings taken at the same time from a Hg manometer in the vacuum system.

This explains the lack of data points in the region from 350 microms to

4 torr. Gauge readings for these pressures were higher than the values
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shown on the graphs, which are values determined from the pressure nomo-
grams. Pressures at 5 torr and above were read directly from the mano-
meter. The lower nomogram readings, 100 microns or less, are probably
close to the actual value of the pressure (which is unknown). It should
be noted that the points from 200 to 400 microns (actual pressure) should
lie somewhere between 200 microns and probably 4 torr. Despite this prob-
lem, it is obvious that the power match and P/L remain roughly constant
over the wide pressure range shown.

P/L vs. pressure for Xe is shown in Figure 4.3. Pressure determination
was again a problem, but not as significant, since pressures from .5 torr
or greater were read from the manometer. Though the power match shows
only a slight decrease as the pressure rises over 2 torr, note that it is
much lower than for the other gases--40% as compared to 60 and 75%. The
value of P/L is also lower, around .2 W/cm, but this may be somewhat mis-
leading. A low value of P/L is due to production of a long plasma with
a small amount of absorbed power. However, the small value of absorbed
power may be, as in this case, due to a mismatch of the plasma-cavity
system. Incident power may be high, but so is the reflected power as
shown on the power meters, resulting in a low value of P/L. One might
also argue that with very little power absorbed by the gas, the plasma
produced would not be as long as the case when a great deal of power is
absorbed. This is not always the case, because a small adjustment of the
coupling probe or cavity gap could be made to produce a mismatch of the
system, but the plasma length did not always decrease in proportion to
the rise in reflected power. This is the reason the plasma-cavity system
was usually tuned to produce the best possible power match, while maxi-

mizing the plasma length was the second priority.
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Variation of He power match with pressure, Figure 4.4, shows that a
larger fraction of the incident power was coupled into the plasma-cavity
system, and remained relatively constant over the pressure range shown.
The lowest pressures shown are not as low as some of those for the other
gases, because a He discharge could not be sustained at lower pressures,
for the indicated absorbed power. (Discharges could be sustained over a
greater pressure range at higher absorbed powers.) P/L remains between
2 and 3 W/cm for pressures up to 1 torr, and rises steadily to 6.7 W/cm
at 11 torr.

The behavior of O2 power match and P/L with pressure is shown in
Figure 4.5. As with He a high power match was achieved, about 85%. It
remains relatively constant over the pressure range shown--from 35 microns
to 900 microns. At this point the discharge was extinguished. P/L for O2
rises more rapidly with pressure than for He, and is not constant over
any pressure regime.

For all of the gases studied, one can see that the power match is
nearly constant over pressures ranging from roughly 50 microns up to
10 torr, depending on the gas. For the heavier inert gases--Ar, Kr, and
Xe, P/L is nearly constant over most of the pressure range for which a

discharge can be sustained without retuning; He and 02 show an exponential

rise with pressure.

4.3 P/L vs. P : Coaxial Cavity
— —= =3

One of the most desirable features of any experimental system is that
results should be reproducible. The experiments just described presented
problems in this aspect until it was realized that very often, incident

or absorbed rf power levels were varied slightly, and unintentionally,
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Figure 4.4 P/L vs. Pressure for He in the Coaxial Cavity
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from one experiment to another, by 2, 3 or even 5 watts. Comparison of
curves showed that P/L was generally higher for higher absorbed powers.
Additionally, papers in the literature discussed results at different
power levels, being constant for a given report but differing from one
group to another. Correlating results from experiments performed at
different power levels is facilitated by an understanding of how the

power absorption per unit length depends on the absorbed power in the
plasma. The experiments described in this section were designed to deter-
mine how the power match (Pa/Pi, i.e., ratio of absorbed to incident power)
and P/L depended on the power absorbed by the plasma-cavity system.

As in the previous experiments, the tube bore is 4 mm and excitation
frequency is 2.45 GHz from a magnetron. The same gases were used. Cavity
dimensions and pressures will be shown on the individual graphs.

In this set of experiments the variable is the absorbed power. In
performing the experiment, breakdown was achieved as described in Section
4.2, and the cavity was adjusted for long plasma with minimum reflected
power. The pressure was constant and chosen so that the discharge length
was close to a maximum, or P/L was a minimum, based on the experiments
described in Section 4.2. The only change made after this point was to
increase the incident power to the cavity, starting from the lowest value
for which a discharge could be sustained.

The results of one of the first experiments performed to determine
absorbed power dependence is shown in Figure 4.6. Cavity dimensions are
as shown on the figure. ©No changes were made in the experimental system
when using different gases, except to change the bottle at the gas inlet
tube. The diagram indicates that a low flow rate was used, though the

flow rate was not measured. The inlet and exhaust valves were simply



oY

A3TAB) TBIXEBO) 92Ul UT SEBH JO UOTIOUNg B

SUOIDTW (OGE IV

o
- —x *

\\’\I\\I\\L\\\\\?\\

suoadtIw (OQT Iy

I

suoidiw QT °H \\\\\\\\\\

© SUOIdTW_QhT

4

o_—"

SUOIDTW ()8¥k

%o

e

<

LT

o

8T v

\\\

9H —

o

q
. ‘/;4\\\\\\\\\\\

7

e
se J °sA ‘.—v\nm 9%

uw G o=
wu g
o c0°¢

o
— =

uoilaudew aqnl um 4

2an81y

Vi

wo

(=)

A



82

nearly closed, open just enough to keep the gas fresh. The results shown
for Ar, He, and O, correlate with the values of P/L from the previous
experiments, i.e., P/L was higher for 02 than for He, and higher for

He than for Ar. Obviously the pressure has an effect on the curves,
particularly for He and O,. Ar shows a slight linear increase with ab-
sorbed power, and exhibits little variation with pressure, as shown by
the 100 micron and 950 micron curves. He was shown to be more sensitive
to pressure (100 microns and 1 torr curves), and is more sensitive than
Ar to change in absorbed power. Over small power ranges, the curve could
be approximated as linear, the slope is greater than that of the Ar line.
02 (very sensitive to pressure variations) also shows a general increase
in P/L with absorbed power, though it is not linear.

The following four figures, Figures 4.7, 4.8, 4.9 and 4.10, show the
results of the same experiments performed with research grade Ar, Kr, Xe
and He over an absorbed power range of approximately 8 to 28 watts, de-
pending on the gas. Power matches for these experiments were all of the
order of 75 to 80%, increasing with absorbed power, as shown for Ar, Kr,
and Xe.

As can be seen, the P/L dependence for Ar is nearly linear with
absorbed power, while the power match increases and levels off at about
20 watts, at approximately 77%. The Kr P/L curve shows a nearly linear
variation with absorbed power, the slope of which is close to that of Ar,
though the values are .03 to .05 W/cm higher for most of the curve. As
with Ar, the power match for Kr rises and saturates at an absorbed power
of about 20 watts, the match being 73%. The P/L curve for Xe is also
approximately linear with P_; the values are about .07 W/cm lower than

for the other gases and the slope of the line is roughly the same. For
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Figure 4.10 P/L vs. P

for He in the Coaxial Cavity
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the data shown, the power match does not quite saturate (maximum absorbed
power was 26 watts). Extrapolation would suggest that saturation would
occur around 30 watts. The curve shown for He is similar to that shown

in Figure 4.6, except that the values of P/L are about .5 to 1 W/cm lower
than in the earlier figure. This curve was taken from a set of experiments
in which the gap length was being varied, to determine optimum cavity geo-
metry. This is one of the optimum curves.

Overall, one can see that the value of P/L for all of the gases in-
creases linearly or nearly so as absorbed power increases; the values for
Ar, Kr, and Xe are all similar as are their slopes. Numerical values of
P/L for each of these gases is less than 1 W/cm over the power ranges
shown. P/L for He and 02 are larger by a factor of 4 or 5 compared to
the other gases. The power match curves indicate that the relative amount
of energy that can be coupled into the plasma-cavity system increases as
the power absorbed by the system increases, within the incident power

ranges stated (0 - 28 watts).

4.4 P/L and Power Density vs. Tube Inner Diameter: Coaxial Cavity

As with previous experiments, one of the motivational factors for
varying the tube diameter was to understand the effect of the tube dia-
meter on the properties of the surface wave discharge. The available
cavity system plays an important role in determining what tube sizes will
be used, as does the objective of the experiment. For example, some types
of lasers may require a high power density (w/cm3) as compared to applica-
tions of microwave discharges to plasma chemistry. To determine the in-
fluence of tube size on the P/L of the discharge and also on the power

density, different sized tubes were inserted into the coaxial cavity,
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while attempting to hold other parameters constant.

As usual, the relevant parameters are shown on the figures. 1In
general, pressures around 200 microns were used, these pressures give
low values of P/L for Ar and He (other gases also, although these are not
included here). Cavity length was about 2 cm, gap varied between 1.5 and
2 mm, and probe position was adjusted for optimum coupling. The method
used was to obtain a complete set of readings (P/L vs. pressure or P/L
vs. Pa)’ change the tube and repeat the experiment, with adjustment of
the plasma-cavity system for best power match.

Figure 4.11 illustrates the variation of power density as a function
of tube cross section for Ar. Taking a pressure of 225 microns for refer-
ence, one can see that the power density is approximately inversely pro-
portional to the tube cross section. There is a large variation in power
density--2 to 25 W/cm3——and a less dramatic variation in P/L, which ranges
between .65 to .8 W/cm. It would appear that P/L increases nearly linearly
as the cross section increases, for 4, 5, and 7 mm tubes, as is shown in
Figure 4.12. However, P/L increases significantly for the 2 mm tube, sug-
gesting that there may be an optimum tube size for this cavity.

In keeping with other types of experiments, it was considered desir-
able to determine P/L vs. tube diameter as the absorbed power increased.
This was done for Ar and He. There is the indication that an optimum tube
size may exist. The 4 mm tube exhibits a better power match (Ar) and lower
P/L (Ar, He) than other tubes shown in Figure 4.13 and 4.14.

Overall, the curves suggest that P/L may reach a minimum for a tube

diameter of 4 mm, and increases as the tube gets larger or smaller.
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Figure 4.11 Power Density vs. Tube Cross Section in
the Coaxial Cavity
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Figure 4.12 P/L vs. Tube Cross Section in the Coaxial Cavity
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4.5 P/L vs. Excitation Frequency and Source Type: Coaxial Cavity

Examination of the literature dealing with microwave sustained dis-
charges reveals wide differences in the excitation frequencies used and
also in the type of power source. To compare results of different groups
is difficult unless one understands how the surface wave behavior of the
discharge at one frequency is related to the surface wave behavior at
another frequency. 1In addition, it was found that surface waves sus-
tained longer plasmas with a magnetron as the power source than when a
CW oscillator was used, with other parameters the same for both sources.
The following experiments were designed to determine the variation of P/L
vs. pressure at different frequencies from a CW oscillator, then a parti-
cular pressure was chosen for comparison. In addition, a direct comparison
of P/L vs. pressure and P/L vs. absorbed power for Ar using a CW oscillator
and a magnetron was made.

To determine the dependence of P/L on frequency, a CW oscillator was
used as a power source. Experimental gases were Ar and He in a 4 mm tube,
absorbed power was approximately 15 to 20 watts for each frequency, and
common pressures were chosen from P/L vs. pressure curves. In order to
maintain optimum coupling, the cavity length, gap and probe position were
adjusted with each change in frequency.

To compare the dependence of surface wave behavior on source type,
the magnetron was used to generate P/L vs. Pa and P/L vs. pressure curves
for Ar, then the power input cable was changed to the CW oscillator,
operating at a frequency of 2.45 GHz, as determined by a frequency meter.
Minor adjustments were made in the position of the coupling probe to main-
tain long plasmas with minimum reflected power.

Figure 4.15 shows the variation in P/L as the frequency of the source
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Figure 4.15 P/L vs. Frequency for Ar in the Coaxial Cavity
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was changed for Ar. A definite increase is obvious, meaning that more
power was supplied to the discharge gas to get a plasma of a given length,
at higher frequencies.

Results from He experiments performed using the same procedure are
given in Figure 4.16. The same general trend is apparent, i.e., increasing
P/L with frequency.

It should be noted here that the values used to determine these
curves are minimal values from P/L vs. pressure curves, all occurring
near the pressure indicated in the figure.

A difference in P/L was noted for Ar plasmas when changing from the
CW oscillator to the magnetron. Experimental curves for the different
sources were significantly different as was breakdown of the gas. Figure
4.17 compares the P/L vs. pressure curve for each source. P/L increases
with pressure for the oscillator, while it exhibits a minimum at about
150 microns when the magnetron is used as the source. Note also that the
values of P/L are two to three times lower for the magnetron. The P/L
vs. Pa curves, Figure 4.18, have a similar shape for the two sources,
however, values for the magnetron are roughly 1/3 those for the oscil-
lator.

The ranges of the pressures at which the discharge can be sustained
is different for the two sources. From the same figures, one can see
that the magnetron can sustain a discharge over a range of only 20 to
300 microns (at Pa = 9 watts), while the CW oscillator can sustain a dis-
charge from 20 to over 600 microns (same P,). Breakdown power for the
magnetron was about 6 watts, while for the oscillator it was approximately
4 watts. However, the discharges excited by the oscillator had to be

initiated with a Tesla coil, while those excited by the magnetron did not.
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From the figures, then, one can see that P/L decreases as excitation
frequency decreases (this may be an indication of a lower plasma density),

and P/L is significantly lower for a magnetron than for the CW oscillator.

4.6 P/L vs. Gas Type: Coaxial Cavity

To expect significant differences in P/L for various gases under
similar conditions is natural, and one might wonder whether a general
trend can be found for a given property of the gases, for example, ion-
ization potential. From the experiments already discussed, data was
extracted to make the graph shown in Figure 4.19. Thus, a single experi-
ment was not performed, rather these data are taken from several experi-
ments.

The same reference conditions were used here as in other experiments:
excitation by a magnetron at 2.45 GHz, 4 mm tube, and gas pressure of
approximately 225 microns. These experiments were performed within two
or three days. The "error'" bars shown are the ranges of P/L that were
obtained with variation of the cavity geometry and absorbed power levels
of 14 to 20 watts. Power densities are shown in the insert, ranging from
2 or 3 W/cm3 for the more easily ionized gases to 20 W/cm3 for He. Ion-
ization potential for the He-Ne mix was determined by simply taking a
weighted average based on the proportion of He to Ne.

Figure 4.19 shows that P/L obviously increases with the ionization

potential of the gas.

4.7 Cavity Geometry Effects: Coaxial Cavity

During the course of experimentation, dependence of P/L and plasma

length on cavity length, gap, loop position and orientation became obvious.
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Monatomic gases in the coaxial cavity

4 mm tube, 2.45 GHz (magnetron)
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Figure 4.19 P/L vs. Ionization Potential of Gas in the
Coaxial Cavity
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Such a dependence makes the capability to change geometry a desirable
feature in cavity design. This tuning capability can be used to couple
energy efficiently into the discharge.

The factors that contribute to the tuning of the cavity-plasma
system are (1) probe position, (2) gap length, (3) cavity length, (4) ori-
entation of the probe, and (5) shape and size of the probe. The effects
of probe position are discussed briefly. Gap and cavity length were
investigated in detail while probe orientation was examined briefly.
Probe size and shape warrant further study.

Experimentally, the probe position is probably the most sensitive of
all the cavity parameters. Movements of .1 or .2 mm cause dramatic changes
in plasma length, power match and light intensity from the discharge.
Measurements of probe position in the experiments reported here were made
with a scale marked in millimeters. Thus the experimental values of the
probe position are only approximate. Small adjustments were usually too
small to measure (and record). Some of the figures indicate that the
probe position was O+, which means that the probe was almost touching the
end plate of the cavity.

The discharge is also sensitive to the gap length between the inner
conductor and cavity end plate. Experimental curves, Figures 4.20 and
4.21, show the dependence of power match, discharge light intensity,
discharge length and P/L on the gap for Ar and Xe, respectively. Power
match, plasma length and P/L were determined in the same manner as in
previous experiments. The pho:ocurre;c was determined with a photodiode
placed as close to the end of the cavity as possible, in a small holder
and pointed at the center of the plasma tube. Cavity length, gap and

probe position were adjusted to produce the best power match. To obtain
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the experimental points, the gap length was varied without changing the

other parameters. It should be noted that the discharge could be sus-
tained over a wide range of gap lengths, i.e., from .4 mm to cavity length.
When the gap length is equal to the cavity length, the center conductor

is no longer in the cavity, the geometry is that of a simple cylindrical
cavity. The power match is not as great for long gaps as for gaps in the
2 mm range (which is 90% or greater).

Referring to Figure 4.20 for Ar, there is no particular gap length
that will optimize all four of the experimentally measured parameters.
For example, P/L is lowest for a 1.0 mm gap, intensity is highest for a
1.4 mm gap, power match is maximum at 1.8 mm and plasma length is longest
for 2 mm. Another experimental parameter of importance is the power den-
sity (w/cm3). This can be detérmined by dividing P/L by the tube cross-—
sectional area. Note from Figure 4.20 that the discharge light intensity
and P/L follow a similar pattern as the gap is varied. Since the light
intensity can be used as a measure of the plasma density, so can P/L.
Nearly all of the experimental curves follow this pattern. In tuning the
cavity, one must decide which factor is to be maximized, since it is un-
likely that all can be maximized simultaneously.

Xenon, Figure 4.21, exhibits a slightly different trend. A .6 mm
gap results in maximization or near maximization of power match, plasma
length and P/L. A 2.2 mm gap optimizes power match again, and discharge
intensity. A generalization for both Ar and Xe is that the longer gaps
produce brighter (denser), shorter plasmas, while the converse is true
for shorter gaps.

Cavity length also affects the behavior of the discharge but a larger

variation is needed to produce dramatic changes. Representative of this
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dependence are Figures 4.22, 4.23, and 4.24, showing the variation of
power match, discharge light intensity, plasma length and P/L as func-
tions of cavity length for Ar, Xe, and He, respectively. These curves
were taken by tuning the cavity for maximum power match at a cavity length
of about 2.2 cm, then varying the cavity length from the shortest possible
distances over which a discharge could be sustained to longer distances,
without changing other parameters. As with the gap, cavity length could
be varied over a wide range; about 1 cm to 5 cm was used, when the gap

was 1.4 or 1.8 mm and incident power was about 25 watts.

Referring to the experimental curves, one can see that for each
of the gases, there is a small range of cavity lengths in which each of
the parameters can be nearly optimized simultaneously, thus avoiding sig-
nificant trade-offs. One should note that the optimum cavity length for
all three gases is approximately 2.1 cm, though the gases exhibit dif-
ferent behaviors as the length is changed. The common cavity length is
due more to the microwave excitation frequency. As the frequency is
lowered, the free space wavelength of the source increases, necessitating
an increase in the cavity length. At a frequency of 2.45 GHz, discharges
could not be sustained for a cavity length of less than approximately
1.5 cm.

Figure 4.25 shows that as the cavity length is increased, the gap
must be increased and the distance between the coupling loop and cavity
end plate must be increased to maintain the highest possible power match.
This curve was obtained by adjusting the gap and probe position after
each variation of the cavity length. The power match over the region shown
varied from about 957% to approximately 507% at the longer cavity lengths

(not shown).
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Figure 4.22 P/L vs. Cavity Length for Ar in the Coaxial Cavity
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Figures 4.26 and 4.27 compare P/L vs. pressure curves for two orient-
ations of the coupling probe. Since the probe was a circular loop, it
could be oriented so that its magnetic field was radial or circumferential.
The data were obtained by taking P/L vs. pressure curves as described in
Section 4.2, that is, the cavity was adjusted for maximum power match and
only the probe position, if anything, was adjusted as the pressure was
varied. The curves labeled '"radial H'" were obtained by orienting the
loop so that its plane was circumferential to the center conductor, caus-
ing the radiated magnetic field of the loop to be radially directed. The
curves labeled "circumferential H" were obtained by orienting the loop
so that its plane was radial, causing the radiated magnetic field to be
circumferential around the center conductor.

Neglecting hysteresis effects, it appears that the radially directed
magnetic field resulted in lower P/L, so all subsequent experiments were
done with radially directed magnetic fields. However, the loop orientation
yielding the lower P/L may mean that the plasma has a lower electron dens-
ity than that produced by the other loop orientation with a higher P/L.
Further investigation is needed.

A possibility exists that a loop size or shape can be determined
that will optimize the coupling of energy into the plasma. The curves
in Figure 4.28 compare a 5 mm by 7 mm rectangular loop with a 6 mm dia-
meter circular loop, keeping the rest of the cavity geometry constant.
After an experiment was performed, the cavity was disassembled and a new
coupling loop was inserted. Then the cavity length and gap were reset
to the previous values. In general, the circular probe gave a lower
value of P/L than the rectangular probe. This is, however, a problem

that could be studied in much more detail.
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In summary, examination of the experimental data shows that, for

the frequency used, (1) there is a cavity length, gap and probe position
at which the experimental discharge parameters can be maximized, though
generally not simultaneously, (2) that all three are interrelated so that
a change in one cavity parameter necessitates a change in the others to
maintain optimum coupling of energy to the plasma (meaning a high power
match), (3) that a circular loop appeared to provide better coupling than
a rectangular loop of about the same area, and (4) that a radially dir-
ected field from the loop yielded lower P/L's than a circumferentially
directed field. Finally, cavity geometry could be adjusted to produce

a short, dense (bright) plasma or a longer, but less dense discharge, by
operating the cavity in the appropriate regions for LC (cavity length)

and Lg (gap) as indicated by the curves.

4.8 P/L vs. Pressure: Cylindrical Cavity

While the studies done with the coaxial cavity provided a wealth of
information, the cavity was limited to rf input powers of about 50 watts
or less, because of arcing in the cavity or the microcoaxial input cable.
Fortunately, a large cylindrical cavity was available in which experi-
ments could be performed with incident rf power levels of up to 1200
watts (the maximum power output of the magnetron). This cavity was de-
scribed in detail in Chapter 3. Experiments discussed in this section
parallel those performed with the coaxial cavity with the same objective:
to determine the variation of power match, plasma length, and P/L as
functions of gas pressure.

The procedure used was similar to that of the coaxial cavity, except

that there were fewer system variables. The quartz tube was evacuated
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and allowed to outgas, then the experimental gas was bled into the system,
to a pressure of approximately 200 microns. Rf power was applied to the
plasma-cavity system and the system was length tuned for minimum reflected
power. The pressure was changed in small increments. If a pressure change
resulted in a significant increase in reflected power, the cavity was re-
tuned (length) before each reading. A Tesla coil was not needed for
initiation of the discharge; breakdown occurred when the cavity length

was properly adjusted.

In all of the curves to be presented in this section, the quartz
tube was 10 mm in diameter (inner) and the excitation frequency was 2.45
GHz. The gases used were Ar and He. Absorbed power levels were approxi-
mately 125 watts and 385 watts for Ar and 100 watts and 210 watts for He.

The experimental curves for Ar are shown in Figures 4.29 and 4.30
for 125 watts and 385 watts, respectively. The power match and P/L were
nearly constant over the entire range of 150 microns to 1.3 torr for
"low" power and a range of 70 microns to 7 torr for the "high" power
case. In both cases, the 113 cm quartz tube was entirely filled with the
discharge.

He discharges did not fill the quartz tube and P/L exhibited a vari-
ation with pressure. The results are displayed in Figures 4.31 and 4.32.
At an absorbed power of approximately 100 watts, power match increased
from 60% to 97% as the pressure went from 225 microns to 750 micronms.
Discharges could not be sustained for pressures outside this region, at
this power level. Plasma length decreased as the pressure increased and
P/L appeared to be linear with pressure. At an absorbed power of about
220 watts, the discharge varied less with pressure than at 100 watts.

Above 300 microns, the power match leveled off at 877, plasma length
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Figure 4.29 P/L vs. Pressure in the Cylindrical Cavity
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Figure 4.31 P/L vs. Pressure for He in the Cylindrical Cavity
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gradually decreased from 45 to 34 cm and P/L began to "'saturate'" at 5 to

6 W/cm, as the pressure continued to increase.

4.9 P/L vs. Absorbed Power: Cylindrical Cavity

As with the coaxial cavity, experience showed that the absorbed
power per unit length of discharge varied with the amount of absorbed
power. In order to compare experimental results from one experiment to
another, it is desirable to determine how the P/L depends on the power
absorbed.

The method of creating the plasma was the same as that described in
the previous section, with the length of the cavity adjusted for the best
power match. In general, an increase in the incident power to the cavity
did not affect the reflected power significantly. When it did, the
length of the cavity was retuned to minimize this reflected power.

A 10 mm inner diameter tube was used with the magnetron as the power
supply. Ar was used at a pressure of 225 microns, He pressure was 210
microns. The Ar discharge in the cylindrical microwave cavity generally
had a linear P/L curve, as shown in Figure 4.33. This was an unavoidable
result, since absorbed power levels of 100 watts would fill a 4 foot quartz
tube. When the input power was increased, the plasma could not expand.
Thus, P/L increased, since the power match was relatively constant at 90%
or greater. This linearity is similar to that observed in the coaxial
cavity, but the plasma did not generally fill the quartz tube for that
cavity. The results of the same study performed with He as the experimental
gas are shown in Figure 4.34. Power match became significant at about
100 watts, the increase in plasma length is almost linear and P/L varies

n . .
as Pa’ where n is less than unity.
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He 10 mm tube magnetron
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Figure 4.34 P/L vs. Absorbed Power for He in the Cylindrical Cavity
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Because experiments were performed with two different cavities and
one of the objectives of these studies was to create an efficient plasma
source, a comparison was made between results from the coaxial cavity and
those from the cylindrical cavity. See Figure 4.35. A 7 mm tube was
used in both cavities. The experimental gas was Ar. In the coaxial cav-
ity the pressure was 200 microns, while the pressure in the cylindrical
cavity was 225 microns. The slope of the line for the cylindrical cavity
is .008 cm-l and that of the coaxial cavity is .0175, a little more than
twice as large. Within their respective power ranges, the cylindrical
cavity appears to couple energy more efficiently into the plasma surface
wave, and can be used at much higher power levels than the coaxial cavity.
However, if P/L is proportional to the plasma density for a given tube
diameter, higher P/L may mean that the coaxial cavity may create a plasma
with a higher density. Actual plasma density measurements should be made

to study these effects further.

4.10 P/L and Power Density vs. Tube Diameter: Cylindrical Cavity

As with the coaxial cavity, it was decided to determine how the P/L
and power density of the surface wave discharge depend on plasma density.
Results reported in the literature are obtained with tubes of different
sizes, and it is known that the tube diameter does affect the propagation
of the surface waves along the tube. Thus, P/L, power density, plasma
length and power match will be measured as functions of the tube diameter.
The experimental curves will also show the corresponding data points of
the curves from the coaxial cavity for comparison.

The data were obtained by running P/L vs. pressure and P/L vs.

absorbed power curves for 7, 10 and 14 mm diameter tubes. The experimental
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gases used were Ar and He. For each gas data for all three tubes were
plotted on the same graph. For example, in the P/L vs. pressure curves,
the points for all three tubes were plotted on the same set of axes.
Since each tube had an absorbed power of about 200 watts, the values of
P/L at 200 microns were read from the graphs and plotted on Figure 4.36,
for Ar. The similar procedure was used to obtain the points in Figure
4.37 for He. Note that the 7 and 10 mm tubes were 113 cm long, while
the 14 mm tube was only 110 mm long. This means that when all three
tubes become filled with plasma at the same absorbed power, the P/L for
the shorter tube will necessarily be higher than for the longer tube.

Looking at the first curve, for Ar, one can see that the power match
decreased slightly as the tube diameter increased, using only the 200
watt curve. (This may be due to a coupling problem, i.e., it may be pos-
sible to couple more energy into the surface waves if the cavity geometry
and tube position are adjusted properly.) All three tubes were completely
filled with the Ar discharge. The power density decreased as the tube
diameter increased, though it is considerably larger for the 7 mm tube than
for the other two, which are nearly equal. Finally, the absorbed power
per unit length is approximately constant. This is due to the fact that
the tubes were filled with plasma and the absorbed power was the same for
all three tubes. Aside from the power density being about twice as large
for the 7 mm tube as for the other two, power match, plasma length, and
P/L change very little with different tube diameters for tubes from 7 to
14 mm.

For purposes of comparison, points from the coaxial cavity are shown
on this graph. They are the 2 mm, 4 mm, and 5 mm points, taken at a

pressure of 200 microns and 20 watts of absorbed power. (These are from
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the Ar curve in Section 4.4.) P/L is a factor of 2 to 4 smaller for the
tubes in the coaxial cavity, depending on the absorbed power, but the
power density increases dramatically with smaller tube sizes, even
though the absorbed power for the coaxial cavity was only about 1/10 of
that in the cylindrical cavity.

The He curve, Figure 4.37, was also taken at 200 watts absorbed,
and a pressure of 220 microns, which is similar to the Ar conditions.

The power match was lowest for the 7 mm tube, and slightly higher for the
10 mm tube as compared to the 14 mm tube. Plasma length decreased almost
linearly with increases in tube diameter. As with Ar, the power density
is higher in the 7 mm tube and nearly equal in the 10 and 14 mm tubes.
P/L was slightly lower in the 10 mm tube than in the 14 mm tube; the

7 mm tube had P/L about 30% higher than the others, for the 200 watt
curve. The 200 watt curve is considered here because the power match

is much higher than that for the 100 watt curve.

From the He curve of Section 4.4, data points were taken at 200
microns. The absorbed power was approximately 20 watts. These points
are shown on Figure 4.37. P/L is approximately the same in the coaxial
cavity (slightly higher in the 2 mm tube) as in the cylindrical cavity,
but power densities are much higher for the smaller tubes.

Though the points are not shown on the experimental curves, power
matches for the Ar and He discharges in the coaxial cavity were generally
807% or greater. Overall then, one could conclude that power match,
plasma length and P/L depend on the tube diameter to some degree, and that
the power density of the plasma in the tube is strongly dependent on the
tube diameter. The comparison of P/L vs. tube diameter for the two cavi-
ties is open to question because of the large difference in absorbed

powers.
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4.11 Plasma Densityv Measurements from Standing Waves: Cylindrical Cavity

An important plasma parameter frequently discussed in the literature
is the plasma electron density. Methods of measuring electron density
have been known for many years and most involve the use of probes, micro-
wave cavities or interferometers, or spectroscopic analysis based on the
intensity of the light emitted from the discharge. The method described
in this section is simple and requires only a meter stick and perhaps a
photodiode circuit as described in Chapter 3. When standing waves can be
observed in the discharge, plasma densities of a high power rf surface
wave discharge can be measured.

" Under a wide range of experimental conditions in the cylindrical
cavity system, a standing wave pattern can be seen along the plasma tube.
The tubes used in these experiments had metal flanges on the ends (for
attachment to the rest of the vacuum system) that would reflect surface
wave energy coming from the cavity and travelling along the plasma sur-
face. As is well known, waves travelling in opposite directions inter-
fere with each other. This interference manifested itself as a series
of bright regions of several centimeters separated by regions of about
1 cm that were not as bright, similar to the nodes and antinodes of stand-
ing waves on a vibrating string.

If the distances between the ''modes' can be measured accurately (as
with the variation of photodiode response along the tube) the wave length
of the standing surface waves can be determined as twice the node-to-
node distance. With the tube diameter, excitation frequency and a normal-
ized dispersion diagram as presented in a paper by Zakrzewski (21), an
approximate value of the plasma electron density can be calculated. The

dispersion diagram is similar to the one discussed in Chapter 2 in
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relation to the Gould-Trivelpiece mode. An example is given in Figure
4.38, from Zakrzewski.

The variation of discharge light intensity as a photodiode was
moved along the 7 mm tube is shown in Figure 4.39. 1In the calculation
shown, distance was measured from antinode to antinode simply because
there were four antinodes and only three nodes. The wave length was
determined from the graph to be 9.4 cm (average). From the wave length,
the propagation constant, k, can be determined. With the tube radius,

a point on the horizontal axis of the dispersion diagram can be found.

The appropriate point on the curve is then located, and w/wp can be read
from the graph, allowing one to determine the plasma frequency and thus,
the plasma density. Experimental values of the wave length for the figure
indicate that the plasma density is approximately 2 x lO12 cm—3.

This experiment was repeated for five pressures 