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Abstract

The goal of this work was to assess the feasibility of
using corona discharge dquenching by anesthetic gases as a
technique for anesthetic gas concentration measurement. Two
experiments were conducted to investigate corona discharge and
measure changes due to anesthetic gases. Experiment One used
a chamber in which a high voltage was imposed across two
parallel plane electrodes, between which gases under test
could flow. Halothane, ethrane, and nitrous oxide were shown
to have corona discharge quenching effects proportional to
their relative potency. In an attempt to improve accuracy and
decrease baseline drift a second system was fabricated. This
system used an improved voltage source, temperature and
humidity control and a chamber in which gases flowed between
two concentric cylindrical electrodes. Results from the second
experiment showed that the complex physics of corona discharge
dquenching by anesthetic gases could not be easily used for

reliable measurement of anesthetic gas concentrations.
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CHAPTER 1

INTRODUCTION

Corona Discharge »

Corona discharge is a gaseous electrical excitation below
spark threshold manifested by photon emission, current flow,
sonic emission, and radiofrequency radiation'. Corona
discharge can be induced by applying an electrical potential
across a gaseous space. The potential required depends on
electrode geometry and gas composition. If one electrode is
insulated or is a non-metallic substance, the voltage range
over which corona discharge can be maintained is extended
because sparking is inhibited.

Corona discharges (CD) have been studied extensively
because of their use in industry including the Geiger counter
and air pollution control, (using electrical precipitation of
dust). Perhaps even more important are the undesirable effects
of CD in the transmission of electrical power (power loss due
to CD leakage) where the anesthetic gas sulphur hexafloride
is sometimes used to control CD'*?. Despite intense study, CD
(1like other electrical discharges such as lightning), are not
well understood except in specific circumstances.

Corona discharge involves the partial breakdown of gases
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FIGURE 1: Electron Avalanche Resulting in Corona Discharge.

The electron avalanche is initiated by a triggering electron
(made available by ambient thermal energy) which is
accelerated by the electric field. Collisions with gas
molecules cause photon emission as well as freeing more
electrons resulting in corona discharge.
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in an electric field. Electrons accelerated by the electric
field collide with molecules, freeing more electrons and
creating an avalanche effect which bombards gas molecules and
causes ionization and photon and sonic emission (Figure 1).

CD occurs only below a given potential threshold. Higher
voltages cause breakdown of the gas and sparking occurs. Many
types of corona discharge can exist at sub-sparking
thresholds. CD manifestations range from soft glow discharges
a few millimeters in length to intense glowing spheres tens
of centimeters in diameter'. The nature of the CD depends
primarily on the type of gas or gases, the pressure of the
gases, the magnitude and characteristics of the electrical
excitation, and the electric field configuration. In some
cases, recombination of electrons and gas ions occurs at the
same rate as ionization, thus controlling the discharge. 1In
other cases, while one gas constituent is ionized by electron
avalanching, another constituent gas may control the breakdown

by electron capture.
Corona Discharge Quenching by Anesthetigs
The work described in this thesis resulted from

investigations into the molecular mechanisms of anesthetic

action. Researchers in the Department of Anesthesiology at
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the University of Arizona were taking Kirlian Photographs of
rats’ tails while the animals underwent general anesthesia.
Kirlian Photography is a technique which produces an image
with an aura-like glow surrounding the photographic subject
as shown in figure 2. This is accomplished by placing a
photographic film in a high voltage field which is maintained
between the subject matter and an insulated electrode. Many
Kirlian Photography enthusiasts believe that the "aura"
produced with this technigue is a representation of some "life
force" energy field associated with the object.® Skeptics
maintain that the image produced is merely a result of corona
discharge from the subject.®

Initial results showed that the aura from rats’ tails
diminished in intensity when the rats were anesthetized. It
was realized, however, that changes in aura were the result
of anesthetic gas leaking into the photographic area.

The assumption was made that anesthetic gases had a
direct quenching effect on corona discharge. This raised two
important questions. First, could the corona gquenching
properties of these anesthetic gases provide some insight
about molecular mechanisms of anesthetic action? Second, could
the quenching property be used as the basis of an anesthetic
gas concentration sensor? The experimental work done for this

thesis was designed to focus primarily on the latter question.
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FIGURE 2: Kirlian Photographs of Rat’s Tails.

These two examples of Kirlian photographs show the variation
of characteristics which have been interpreted by some
experimenters as indicative of various physiologic or psychic
states.
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A separate article has been published on the molecular

mechanisms of anesthesia.’

Monitoring Patient Gases In The Operating Room

To induce anesthesia in the operating room (OR) patients are
administered a variety of drugs including anesthetic agents
to effect analgesia (absence of pain), amnesia (absence of
memory), and muscle relaxation.® During anesthesia many
patients are incapable of breathing on their own due to
anesthetic effects, hence the anesthesiologist is responsible
for assuring adequate oxygen and carbon dioxide exchange.® The
anesthesia delivery system provides a flow of oxygen (along
with anesthetic gases) to the patient, a mechanical ventilator
for controlled respiration, and a carbon dioxide absorber to
allow recirculation of anesthetic gases.®’ This system can be
configured for a wide range of clinical requirements. In some
cases high flows of fresh gases (20-40 liter/minute), may be
required.. In other cases very low flows of fresh gas {0:5-1.0
liters/minute) are used and recycled to the patient after
carbon dioxide removal. All of the commonly used, potent
anesthetics are volatile liquids at room temperature and
atmospheric pressure. These agents must be transformed into

the vapor phase for clinical use. Vaporization systems which
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are part of the anesthesia machine must therefore function
accurately over a wide range of flows. Such vaporizers are
complicated devices and subject to occasional malfunctions.
This can result in life-threatening underdosing or overdosing
for the patient. Clearly, anesthetic gas concentration
monitoring in the patient breathing circuit could enhance
safety in anesthesia! °**°,

Oxygen was the first gas to be routinely monitored in the
operating room. Its clinical utility is obvious, since an
interruption of O, supply can cause irreversible brain damage
within minutes. These monitors utilizing polarographic or
paramagnetic sensors are relatively inexpensive and are widely
used. Carbon dioxide is the next most prevalently monitored
gas in anesthesia using infrared spectroscopy. Monitoring
exhaled carbon dioxide provides the anesthesiologist with
information about the ventilatory status of the patient as
well as the functional performance of the gas delivery systemn.
Anesthetic gas monitoring is not routinely accomplished in the
operating room, although it can provide information about
patient uptake as well as the functional performance of the
anesthesia delivery system. As availability increases and
price decreases, anesthetic gas concentration monitors will
become more prevalent'. Obviously if inexpensive, accurate

anesthetic gas monitors were available, their use would be
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more attractive. To this end, it was deemed appropriate to

explore the potential of the corona discharge sensor.
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CHAPTER 2

CORONA DISCHARGE ANESTHETIC GAS SENSOR

The Kirlian experiments described earlier showed that
both nitrous oxide and volatile anesthetic agents, (halothane,
enflurane) in a background (carrier) gas of O, or air had a
quenching effect on corona discharge. In order to explore the
potential of this phenomenon for use as an anesthetic gas
sensor, we selected an experimental approach which provided
a means of quantifying the discharge as well as offering the
flexibility to vary parameters such as temperature, humidity,
and characteristics and configuration of the electric field.
The apparatus consists of an electrical excitation source, a
corona discharge chamber, and a discharge quantification
system.

Two experimental systems composed of these basic parts
were designed and tested. The two systems differed primarily
in the corona discharge chamber design. System #1 (experiment
one) was used for initial evaluation of the measurement
techniques and used a corona discharge chamber with parallel
plane electrodes. System #2 (experiment two) incorporated
changes to overcome identified shortcomings in the first setup
and allowed evaluation of the effects of electrical and

environmental parameters. The second system used a chamber
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with concentric cylindrical electrodes. Both systems used the
same electrical excitation source, although several

improvements were made for use in the second experiment.
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CHAPTER 3

EXPERIMENTAL SYSTEM

A conventional patient anesthesia machine (Ohio 3000) was
used to provide oxygen, nitrogen, and volatile anesthetic
gases. (Ohmeda- Glendale AZ). This device includes rotameter
flowmeter and vaporizers for control of gas concentrations.

The excitation source used was a modified version of a
commercially available "Kirlian Generator" (Psychotronics,
Venice, California). As purchased, the generator was capable
of delivering exponentially decaying sinusoidal pulses (40kv
p-p), as shown in figure 3. The generator included a timing
circuit which allowed delivery of single pulses or up to 10
seconds of continuous operation.

Three methods of quantifying the 1level of corona
discharge were considered, sonic emission, photon emission,
and the electric current resulting from corona discharge.
Sonic emission was observed during the rat tail studies. It
was noted that a hum or buzz accompanied the CD "aura" and its
loudness correlated to the brightness of the aura. Photon
emission was, of course, the variable under observation when
viewing the aura during the rat tail experiments. Its
character ranged from a diffuse bluish glow to pin point white

flashes.
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FIGURE 3: Oscillograph of Excitation Source Output.

This oscillograph (0.5 ms/div, 2 v/div, 5 1/min) shows the
corona discharge current spikes occurring at excitation
voltage peaks.
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The electric current created by CD was noted when an
oscilloscope was connected to a sampling resistor in series
with the discharge chamber and the electrical excitation
source. It consisted of current "spikes" superimposed on the
generator waveform (figure 3). The chamber behaves like a
parallel plate capacitor, enabling the generator output to
flow through the sampling resistor (figure 4).

Initial experiments with this system involved an
evaluation of discharge quantification techniques (sonic,
photon, and electric current). Both sonic and photon emission
suffered from ambient noise interference. However, a more
overwhelming problem was the RF emission concurrent with CD.
Any metallic objects in the chamber vicinity, (such as wires
connected to microphones or photodetectors), served as
antenna. The broadband RF induced signals were larger than
the output of light and sound transducers, thus rendering an
unacceptable signal to noise ratio.

Electric current was therefore chosen as the most viable
technique for quantification of the CD. As shown in figure 4,
the CD current (pulses at the peak of the excitation waveform)
was quantified by filtering out the generator waveform (figure
5) and counting the remaining CD pulses using a Tektronix
pulse counter. (Tektronix Inc., Beaverton OR).

A corona discharge chamber was designed and fabricated. Design

criteria for the chamber included the following:
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FIGURE 4: Schematic for Experiment One.

This schematic illustrates the basic configuration for
experiment one. As shown, corona discharge results in current
spikes which occur at the voltage peaks of the excitation
generator waveform.
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FIGURE 5: Schematic of Filter Used In Quantification System.

This passive LC 6 pole, butterworth filter has a cutoff
frequency of 100 KHZ. Note that the input voltage is across

Rs which is in series with the CD chamber as shown in Figure
4.
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1) A simple path for gas to flow through the chamber to

enable a rapid washout. This is necessary for maximizing

time response of the chamber itself.

(2) Flexibility of chamber design to allow testing of

different electrode and dielectric materials, as well as

different electrode gaps.

A 3/4" Umatic video recording system (Sony Corporation,
Teaneck, NJ) was used with a special purpose low-light video
camera (Vidicon, Seattle, WA) to record photon emission from
the chamber. This provided a qualitative record of chamber

activity.
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CHAPTER 4

EXPERIMENT ONE

The corona discharge chamber for experiment one is shown
schematically in figure 6. Gas flows through the chamber
between two parallel plane electrodes. One electrode is brass,
and the other is a transparent indium oxide coated glass
electrode. A dielectric sheet of 1/8-inch plexiglass is placed
in the chamber flush with the brass electrode. This increases
the voltage range over which corona discharge can be made to
occur without spark breakdown.

Capacitive current flows through the chamber, which can
be modeled as a parallel plate capacitor. The capacitance of
the chamber is therefore C=KeA/d which yields a capacitance
of approximately 100 pf. where C is capacitance, K is the
dielectric constant of the material between the plates, e is
the permittivity of vacuum, A is the area of the plates, and

d is the distance between the plates.

Test Procedure

The system is shown schematically in figure 4. Gas flow

from the anesthesia machine through the corona discharge

chamber was set at five liters/minute. The electric field
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FIGURE 6: Parallel Plane Electrode Chamber.

This is a schematic representation of the corona discharge
chamber used in experiment one and shows a side view of the

gas flow path.
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generator was set to deliver exponentially decaying 20 KV, 10
KHZ sinusoidal bursts of 60 HZ repetition to the electrodes,
(figure 3). Concentration of anesthetics being tested was
controlled by flowmeters on the anesthesia machine. Actual
concentrations were measured by gas chromatography at each
concentration. Up to 18 different concentrations were tested
depending on the normal clinical range of the gas and the
concentration which totally extinguished the CD. The following
protocol was used in experiment one with each of the following
six gases in O0,: halothane, enflurane, isoflurane, nitrous
oxide, nitrogen and helium.

1) Establish concentration levels to be tested which
encompass the clinical range for the gas under test.

2) Select a specific concentration using a randomizing
technique and set the desired concentration using
flowmeters on the gas delivery system.

3) Wait 1 minute for the new concentration to flush
through the discharge chamber.

4) With the excitation source on, count the CD pulses
using the Tektronix event counter, for 5 different
periods of 10 seconds each. During this time, draw
a gas sample proximal to the CD chamber for analysis
by gas chromatography.

5) Repeat steps 2 through 4 until all chosen
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concentration levels have been tested.

Results

Table I shows summary data (mean and standard deviation
of the five counts for each gas concentration) for the six
gases tested in experiment one. The data are graphed in
Figures 7 and 8. Helium and nitrogen showed biphasic
variations in CD quenching with increasing concentrations. The
data from halothane, enflurane, isoflurane and nitrous oxide
were fitted with single order exponentials and yielded r
values of 0.97, 0.99, 0.95, and 0.94 respectively.

Several qualitative observations were made while
collecting the data. When the system had been operating for
an hour or more, the CD began to decrease at all
concentrations. Concurrently, the 10 second timing period
generated by the E field generator became erratically
foreshortened sometimes by as much as 0.5 seconds. It was also
noted that the brass electrode became discolored over several
hours of operation.

Helium caused the system to behave differently from the
other gases. The CD degenerated to intermittent sparking at
concentrations above 50% helium. This made the output count

erratic as can be seen by the large standard deviations for




helium in Table I and Figure 8.
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Table I

Summary Data for Experiment One
Halothane Enflurane Isoflurane
% Mean sSD % Mean SD % Mean SD
0.02 44261 4601 0.08 52902 775 2.50 26310 745
0.29 47826 875 0.21 45950 433 0.26 43971 311
0.47 41992 1497 0.39 40686 1140 2.57 42038 417
0.70 35295 1483 0.67 43615 285 0.79 28319 310
0.95 32816 59 1.07 26621 356 1.00 26062 567
1.14 33627 1371 1.36 28340 348 1.36 24396 440
1.40 29642 1607 1.54 10022 510 1.71 23686 637
1.60 26081 691 1.87 24344 417 1.79 17981 535
2.11 18331 224 2.15 11786 451 2.03 13962 538
2.40 18382 520 2.52 11482 524 2.61 13115 339
2.81 11927 50 3.01 2410 114 3.25 11015 213
3.28 9974 448 3.51 762 58 3.71 1916 151
3.17 12002 2350 4.08 10736 227 3.83 8246 173
3.26 9974 447 4,94 4918 193 4.75 2503 207
3.71 6591 433 5.35 394 76 5.23 212 55
4.39 1704 412 6.05 3533 79 7.03 62 10
4.70 579 24 7.64 162 18
6.12 113 41
Nitrous Oxide Nitrogen Helium
% Mean sD % Mean SD % Mean SD
06 46573 347 9 39282 407 18 24681 317
10 41235 291 20 29275 211 30 25729 4053
16 32099 358 30 28744 369 40 60006 4102
20 14036 190 40 34952 208 50 81688 6748
25 9449 219 50 33081 319 59 95952 17239
32 2513 173 60 38778 451 70 97812 20119
40 680 24 70 41385 547 80 75777 8631
42 107 19 75 45279 372
44 88 12 80 42704 479
50 1.4 1
60 .8 1

100 0.0 3
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FIGURE 7: Graph of Data from Experiment One.

Corona discharge measured by counting current spikes at
varying gas concentrations of patent anesthetics (halothane,
enflurane, and isoflurane).
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FIGURE 8: Graph of Data from Experiment One.

Corona discharge measured by counting current spikes at
varying gas concentrations. Data for the potent anesthetics
(from Fig. 7) are represented here by data lines. Anesthetic
gases inhibited corona discharge, whereas helium and nitrogen
did not.
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Videographs of three concentrations of Halothane in O,
are shown in Figure 9. The rectangular brass plate in the
center provided a region with a narrower gap than the
surrounding area. The videographs show that at 1.5% halothane
the CD was ablated only in the region with the wider gap. At
5% halothane, the CD was also ablated in the narréw gap region
of the discharge chamber.

As shown in Figures 7 and 8, the anesthetics tested all
had a quenching effect on the ¢D which was roughly

proportional to their anesthetic potency’.
Discussion

It was assumed that the reason for the decrease in CD
during prolonged operation was due to fatigue of the E field
generator probably attributable to overheating. The
discoloration of the brass electrode was probably due to
oxidation from ozone which is a byproduct of CD. The
particular circumstances of CD used in Kirlian Photography and
in this project have not been widely studied. Although halogen
filled geiger counters have been used, the gases in a geiger
tube are at such low pressures that the mechanisms involved
are not directly comparable to the experimental conditions in

Kirlian Photography °. Two aspects of the CD systems described
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FIGURE 9: Videograph from Experiment One.

Videophotograph of corona discharge photon emission through
transparent electrode. The rectangular area is the brass plate
region with a narrower gap. (Left) 100% oxygen; (center) 1.5%
halothane in oxygen; (right) 5% halothane in oxygen.
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here make them different from any studies reported in the
literature. One is the electrical excitation. The
exponentially decaying sinusoidal waveforms are used in
Kirlian Photography because they are easy to create but have
no standard industrial application. The use of an insulating
dielectric layer between the electrodes is also different from
any studies reported in the literature. Given the wide variety
of mechanisms elucidated by such studies, extrapolation to
this system must be made with caution.

A second experiment was designed to correct E field
generator inconsistencies identified in experiment one and to
evaluate the effects of dielectric material, electrode

configuration, temperature, and humidity.
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CHAPTER 5

EXPERIMENT TWO

The results obtained in experiment one were encouraging,
so a second experiment was designed to explore different
chamber geometry, dielectric materials, temperature, humidity,
E field frequencies as well as other quantification
approaches.

The same Ohio 3000 anesthesia machine used in experiment
one was also used in experiment two. The excitation source was
_further modified to allow continuous operation. This required
upgrading power handling of transistors, rectifiers, and
resistors, adding large heat sinks, and installing a fan. The
timing circuit was modified to provide more accuracy at long
time intervals. In addition, variable resistors were added to
control the frequency and repetition rate of the waveform.

The chamber designed and built for experiment two used
concentric cylindrical electrodes. It was designed to allow
use of different materials for electrodes and insulators as
well as different gaps (figure 10). The chamber is made from
copper pipe with steel threaded rods holding the nylon ends
together. Changing electrodes and dielectric is accomplished
by unscrewing the wing nuts and separating the ends of the

chamber. The inner electrode is an insulated wire with one
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FIGURE 10: Corona Discharge Chamber for Experiment Two.

Gas flows between concentric cylindrical electrodes. The inner
electrode is an insulated wire with 1" stripped bare. The
outer electrode is a copper pipe segment.
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FIGURE 11: Schematic for Converting Current Spikes to a D.C.
Level.

The first stage provides a gain of 10. The second stage is a
rectifier followed by the third stage buffer. The final stage
converts the rectified signal to a D.C. level.
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inch stripped bare. Gas enters the funnel cap, flows between
the concentric cylindrical electrodes and is vented through
the wing nut block.

Two methods were explored for quantification of results
in experiment two. First, an attempt was made to convert the
filtered current spikes to a D.C. level. This was
accomplished by the circuit shown in figure 11, which
rectified and smoothed the current pulses. The second method
used was similar to the pulse counting technique used for
experiment one, except the Tekronix counter was operated in
frequency mode. D.C. measurements proved to be less accurate
than the pulse counting technique and were abandoned in favor
of the latter.

It was thought that temperature might effect the CD
system in two possible ways. First, gas temperature might
affect excitability and €D thresholds. Second, chamber
temperature, particularly of the electrode walls could affect
the kinetic energy and/or quantity of triggering electrons.

To investigate temperature as a variable, a feedback
controlled system was designed and built to control chamber
electrode temperature or gas temperature depending on heating
element and sensor location (figure 12).

Since gas measurement in the OR would normally be

accomplished using the exhaled breath, the effects of humidity
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are important. A conventional patient humidifier was used to

explore the effect of water vapor on the corona discharge.

Effects of Experimental Parameters

The discharge chamber and excitation source in experiment
two allowed a qualitative examination of the effects of
several controlled variables including: dielectric material,
gas and chamber temperature, humidity, electrode surface area,

and excitation waveform and frequency.

Variation of Dielectric Material

Using the point to sphere electrode configuration shown
in figure 13, the qualitative behavior of CD using various
dielectric materials was investigated. Glass, mylar, wood, and
polystyrene all worked similarly to permit CD without
sparking. The nature of the CD seemed unaffected by the type
of material although different thicknesses of each were
required to obtain CD at a given E field level according to
the dielectric constant of each material. When the E field
level was raised enough to cause spark breakdown, the spark
path could be seen going around the dielectric as shown in

Figure 13. This spark pathway is 1%" as compared to the %" CD
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110VAC O

FIGURE 12: Schematic of Temperature Control System.

This circuit was used to control the temperature of the gas
by wrapping the heat tape around a coiled copper tube (heat
exchanger) with the thermistor 1located in the gas stream
distal to the heat exchanger. Alternatively, the temperature
of the outer electrode on the corona discharge chamber was
controlled by locating the thermistor and heat tape on the
electrode.







