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OSCILLATIONS DUE TO CORONA DISCHARGES ON WIRES*
SUBJECTED TO ALTERNATING POTENTIALS

I. INTRODUCTION

1. Oscillations in Cables Subjected to Alternating Potentials.—Os-
cillations due to corona discharges have been applied extensively for
the detection of ionization in cables. The results of an investigation
on this subject have been published in two bulletins, Nos. 259 and 260
of the Engineering Experiment Station of the University of Illinois.
Integral values of oscillatory currents were measured in connection
with such cable tests.

It was found generally that these oscillatory currents set in with
ionization. They started in cables at certain values of applied alter-
nating potentials characteristic for each kind of cable and increased
in intensity with applied voltage. The wave form of the oscillations
was studied both by electro-mechanical and cathode-ray oscillographs.
The oscillograms showed very complex trains of waves, superimposed
on the charging current and distributed within definite regions of the
applied 60-cycle voltage waves. Each 60-cycle half wave differed in
wave form, but generally all positive half waves showed a similar, al-
though not identical, character, which also differed considerably from
that of the wave forms on the negative half waves which, however,
taken as a group, resembled each other. Similar wave forms were ob-
tained by applying high potentials to paper or mica condensers. Air
condensers, transformers, and wires when overstrained also gave rise
to such oscillations.

2. Difficulties Encountered in Interpreting Measurements of Oseil-
lations Due to Ionmization—It was not possible to interpret the rugged
character of the wave forms, the variations in amplitude, and the in-
definiteness of the frequency of the oscillations. Nor was it possible
to determine what was the actual functional relation between the ef-
fective values of the oscillatory currents and the ionization in the di-
electric which produced the oseillations. The knowledge of this relation
is important for the correct interpretation of the measurements ob-
tained in connection with the oscillation detection methods of testing
cables. Without such knowledge the measurements of ionization in

*Announcement of partial results was published in a short abstract 49 in the Physical Re-
view 37 (1931) pp. 1689-1690,
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8 ILLINOIS ENGINEERING EXPERIMENT STATION

dielectrics by means of oscillations cannot be utilized in a quantita-
tively rational way, and the usefulness of this method must be limited
to detecting the presence of ionized gas bubbles and to estimating
roughly their relative abundance in dielectrics subjected to alternating
potentials.

3. Objects of Investigation.—As a first step towards the solution
of this problem and for the purpose of further improvements in the
methods of testing cables and condensers, it was necessary to find out
experimentally what are the particular ionic and electrodynamic proc-
esses connected with the oscillations due to ionization. A study of
cables from this point of view could not be expected to yield reliable
results. First of all, a cable with its composite dielectric and com-
paratively large dimensions did not present sufficiently simple condi-
tions which could be independently controlled. Secondly, the opaque-
ness of its dielectric and its lead sheath excluded any possibility of
direct observation of the wvarious types of discharges produced by
ionization. Therefore, recourse had to be had to models in which at
least qualitatively, if not quantitatively, all the essential funetional
elements would be embodied. Corona tubes with a cylindrical elec-
trode and a coaxial wire fixed on insulators or within a glass envelope
were chosen for this purpose. Gaseous dielectrics, prevalently air, at
various pressures, could easily be subjected in such tubes to alternat-
ing or continuous potentials. Corona discharges thus obtained were
accessible for investigation with regard to their appearance. Also the
frequency, wave form, and amplitude of oscillations of the various
forms of discharges could be studied by means of oscillograms. The
main object of this investigation consisted, first, in obtaining oscillo-
graphic records of corona wave forms under varying conditions of
applied voltage, circuit constants, frequency, and gas pressure; see-
ondly, in analyzing the records with the purpose of discovering typical
oscillatory processes connected with corona discharges.

4. Acknowledgments—This investigation has been carried on as
part of the work of the Engineering Experiment Station under the
general administrative direction of Deax M. L. Excer, Director of
the Engineering Experiment Station. Acknowledgment is made of
the services rendered successively by W. A. LaNixg, Jr., M. W. Woob-
rRUFF, and W. W. Brooks, Research Graduate Assistants, also of the
valuable assistance of G. O. Hussarp, Graduate Student in Electrical
Engineering.
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II. OsciLLoGRAPHIC METHOD OF STUDYING ALTERNATING CURRENT
Coroxa OSCILLATIONS

5. General Arrangement of Apparatus—The diagram of connec-
tions for the apparatus used in obtaining the wave form of the com-
posite charging and conduction current passing through the corona
tube, when the latter was subjected to alternating potentials, is shown
in Fig. 1. In most of the investigations the corona tube consisted of
a nickel-plated brass cylinder with well rounded ends enclosed in a
close-fitting glass tube with a platinum wire stretched through the
glass tube concentriec with the nickel-plated cylinder. The glass tube
was sealed vacuum tight, and equipped with the neccessary accessories
for evacuation and refilling, as shown in Fig. 1.

The high potential from the transformers was applied between
wire and cylinder. The potential gradient established at the surface
of the wire by applied voltage ionized the gas in the neighborhood of
the wire and thus produced corona.

In order to adapt the General Electric oscillograph to the small
currents from the corona tube a distortionless four-stage amplifier
was developed, and its input placed across the resistance R, in series
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with the shell of the corona tube and ground. The voltage across the
non-inductive resistance K, at any instant was directly proportional
to and in phase with the current through it, hence the wave forms of
the voltage across R, and the current through it were identical. The
wave form of the voltage across R, was impressed across the input to
the amplifier and amplified sufficiently (by adjusting R,) until a sat-
isfactory oscillograph deflection was obtained.

The high alternating potential impressed upon the corona tube was
obtained from two different sets of potential transformers; the first set,
consisting of two 11 000-volt 50-watt General Electric potential trans-
formers connected in series, was used at the higher tube pressures;
and the second set of two 2200-volt 15-watt Weston transformers con-
nected in series was used at the lower tube pressures. The 25- and
60-cycle supply was obtained from a smooth-core General Electric
alternator built especially to give a good sine wave of EM.F. All
impressed voltages are given as r.m.s. values,

The high-voltage condenser €y consisted of a bank of four 8000-
volt Dubillier condensers. Their total capacitance was 0.002 micro-
farads. The function of this capacitance was to smooth out the volt-
age wave impressed upon the corona tube. The harmonics in the
E. M. F. wave from the generator used are of too small an amplitude
to be detected in the oscillograms of the voltage wave. However, in
the charging current of the corona tube these harmonics are amplified
to such an extent that they entirely mask the effect of the first stages
of corona formation. The oscillograms are far more intelligible if
the harmonics are all sifted out, so that the effect of the corona is
superimposed on a pure sine wave.

6. Corona Tubes -and Vacuum System.—Two different corona
tubes, each consisting of a wire and concentric cylinder, were used in
the investigation. The shell of the larger was a brass cylinder 9.8
cm. inside diameter by 1.58 m. long, and open at the ends. The wire
was stretched between two long bakelite rods whose axis coincided
with the axis of the eylinder. One of the bakelite rods was equipped
with a compression spring which kept the wire stretched tight at all
times. The smaller corona tube consisted of a mickel-plated brass
shell 5.48 cm. inside diameter by 17 em. long, which fitted closely
inside a closed glass tube 50 em. long. Quarter-inch holes were care-
fully drilled in each end of the glass tube, and brass bushings were
fitted into each. These bushings, through which the wire passed,
helped to line it up with the axis of the cylinder. One of the bush-
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ings was hollow and contained a compression spring which kept the
wire under some desired tension at all times. The walls of the tube
around the bushings W (Fig. 1) were sealed vacuum tight by means
of sealing wax. This permitted the wire to be easily removed and
cleaned when necessary. In connection with the small corona tube the
following auxiliary equipment was used for adjusting and measuring
the pressure within the tube:

(a) A 100-cm. mercury manometer to indicate the pressure within
the tube; all pressures given are in either centimeters or millimeters
of mercury.

(b) Two discharge electrodes sealed inside short glass tubes and
connected to the large glass tube, to indicate roughly the low pressures.

(e) A vacuum-supporting rotating oil pump.

(d) A Knipp internal cooling mercury vapor pump supplied with
an electric heater.

(e) Two stop-cocks; one opened the tube to the atmosphere and
permitted filling the tube with different gases.

(f) Two mercury vapor traps immersed in liquid air, one between
the tube and the mercury vapor pump, and the other between the
tube and the manometer. These traps were immersed in ice water
during the experiments with carbon dioxide in the tube.

7. Oscillographs—Three types of oscillographs were available for
recording wave forms of oscillations:

(a) Wood's cathode-ray oscillograph, which allowed six Schuman
plates to be fixed on a rotating drum inserted inside the vacuum
chamber for direct exposure to the recording cathode beam. This
method was cumbersome, and did not yield photographic records of
sufficient clearness for the purpose of analysis. Tt was used, there-
fore, only occasionally when frequencies higher than 10 000 cycles
per second were looked for.

(b) Whenever a great number of clear photographic records was
to be made in rapid succession, the type EM General Electric oscillo-
graph was befter suited. Like all electromechanical oscillographs this
one had some limitations which could be only partly overcome. It
would not respond to frequencies much higher than 10 000 eyecles per
second without overloading the vibrator. The current required to give
a satisfactory deflection was about 50 ma for a frequency of 60 ecycles
per second; it exceeded twice this value for a frequency of 6000. But
this last limitation of sensitiveness for higher frequencies was sur-
mounted by developing a power amplifier.
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(¢) For purposes of observing the wave forms a Western Electric
cathode-ray oscillograph was used, whose time-axis deflecting plates
were shunted across a condenser charged and discharged periodically
by means of a neon glow discharge tube.

8. Amplifier—The current from wire to cylinder through the
smaller corona tube was only a few microamperes, hence in order to
adapt the oscillograph to these small currents it was necessary to
develop a distortionless current amplifier.

The resistance-coupled amplifier has proved to be best suited to
adapt the oscillograph to the small current flowing from the corona
tube used. In determining the tubes and eircuit constants to be used,
an article by J. C. Warner and A. V. Loughren,* which gives the fol-
lowing conditions for maximum output with low distortion, was of
considerable assistance: First, the grid must not be allowed to be-
come sufficiently positive to draw appreciable current; second, the
plate current must at no portion of the cycle be allowed to fall to so
low a value that distortion is caused by the curvature of the dynamic
characteristic; and third, the load resistance should be equal to twice
the internal resistance of the tube.

The circuit constants for resistance-coupled amplifiers, using
R. C. A. amplifier tubes, were estimated and the amplifiers using the
different combinations of tubes were tested to show the amount of
distortion caused by the amplification. The success of this investi-
gation depended to a large extent on the reliability of the amplifier in
reproducing correctly the input wave form. Many tests have there-
fore been devised for the purpose of removing any distortion which
might be detected. )

The circuits used to obtain various wave forms for testing pur-
poses are shown in Fig. 2 (a, b, ¢, and d). In the arrangement shown
in Fig 2a two thermionic tubes were used for converting the applied
60-cycle sinusoidal potential variations into non-sinusoidal ones.
Negative potential at the grids was established by a battery adjusted
so that the bias was sufficiently large to reduce the magnitude of the
input current to zero during approximately one-third of the period.
The arrangement shown in Fig. 2b was similar, only a condenser
was added which made it possible for the higher harmonics of the ap-
plied alternating current to by-pass the tubes and to excite the ampli-
fier. In the arrangement illustrated by Fig. 2¢ a buzzer circuit was used
for producing peaked pulses. Finally, in Fig. 2d is shown the arrange-

*Proc. I. R. E. p. 735, 1926,
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ment in which two interrupters of the rotating-contactor type were
driven by a synchronous motor. The main input circuit included a
variable inductance L, and a capacitance C,. Parallel to the latter
two current branches were connected, each supplied with a rotating
contactor, a battery, and a rheostat. The polarity of the battery was
reversed in one of the branches, and the corresponding contactor brush
shifted in such a way that at a definite moment one contactor by
closing the circuit produced a pulse in one direction, and at another
moment the other contactor acted to produce a pulse in the opposite
direction. By adjusting L, and C, the wave-form of the pulses could
be varied. The faithfulness with which the amplifier would reproduce
these different wave forms is shown in the oscillograms (Fig. 3). The
top curve in each is the input, while the lower one is the output.
The method used in testing the amplifiers was to connect the
points A and B of the input circuit into some of the eircuits shown
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in Fig. 2, so that vibrator V, would record the wave form of the cur-
rent of the external circuit, or the input to the amplifier, while vi-
brator V, would record the wave form of the output current of the
amplifier. The input current amplitude of V', was controlled by means
of resistances in the circuit external to points AB, while the amplitude
of V,, i.e., the output current, was controlled by means of the drop
across the four-decade resistance box R,. By viewing the output and
input curves upon the tracing table of the oscillograph, and by adjust-
ing until their zero lines coincided, the amount of distortion could
easily be observed. Whenever changes were made in the amplifier,
all four different wave forms of currents produced by the circuits
shown in Fig. 2 were used in testing the amplifiers. That shown in
Fig. 2a seemed to be the most difficult to amplify without distortion.
After considerable experimental work the amplifier circuit shown in
Fig. 4 seemed to give the best results. This amplifier was therefore
used throughout the investigation. It was operated inside a copper
box, which completely shielded it from any interference.
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The ecircuit shown in Fig. 5a was used to obtain data for the de-
termination of current amplification of the amplifier as a function
of the input resistance with the following amplifier outputs: 10, 15,
20, and 25 milliamperes. The 60-cycle input current was determined
from the thermionic voltmeter indications divided by the respective
values of the resistance R, while the output current was measured by
the a-c. ammeters I,,. The direct current component in V, indicated
by the ammeter I, was reduced to zero by means of a compensating
battery circuit shown in Fig. 4. The curves obtained for the four
different outputs were so close together that it was impossible to dis-
tinguish between them, hence only one curve was drawn, as shown in
Fig. 5b. The latter shows that the current amplification is constant
with constant input resistance R, for outputs between 10 and 25 milli-
amperes, also that there is a linear relation between input resistance
and amplifier outputs.

9. Oscillogram Notations.—The amplifier and oscillograph were
connected up permanently, and provided with a S.P.D.T. switch
whereby the amplifier’s input resistance R, could be placed in series
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with either corona tube by merely throwing a switch. The connec-
tions were carefully tested, and the following relations between the
oscillograph deflection and the polarity of the wire were found: A
positive deflection (a deflection above the zero line) of the current
vibrator V, indicates a current from the cylindrical anode to the wire
of the tube, i.e., the wire was the cathode or negative to the shell of
the corona tube. A negative deflection (a deflection below the zero
line) of the current vibrator V,, therefore, indicates a current from
wire to shell, i. e., the wire was the anode.

These conventions have been indicated on each film by two con-
centric circles representing the wire and shell and marked plus or
minus. Thus if the circles are placed above the zero line they indi-
cate the polarities for positive deflections, and the inner circle is
marked © and the outer @. If the circles are below the zero line
they indicate the polarities for negative deflections, and the inner circle
is marked @ and the outer &. All of the oscillograms taken of
corona discharge have three waves traced upon the films; vibrator V,
traced the current wave form of the composite condenser and corona
conduection current passing between wire and eylinder, and is desig-
nated by I; V, recorded the timing wave obtained from a General
Radio 1000-cycle oscillator, Type 213; and V, gave the wave form of
the voltage across the primary of the high-potential transformers used.
Its effective value of voltage is inscribed on the corresponding wave
record.

III. GENERAL PROPERTIES OF ALTERNATING CURRENT
CORONA OSCILLATIONS

10. Characteristic Oscillations Due to Corona Discharges—The
great number of observations and oscillographic records which had
to be made in a systematic way required a guiding principle for se-
lecting conditions for each particular experiment so as to obtain as
directly as possible an answer to the questions pertinent to the mech-
anism of oscillations. The following theoretical assumptions were
made as to the type of oscillations which may enter as components
into the complex wave forms of corona discharges:

(a) Damped Circuit Oscillations. In this case variations of eir-
cuit constants, namely, the capacitance C' and inductance L, should
cause the frequency to change inversely to v/CL. The insertion of a
resistance K in the circuit should increase the damping and decrease
the amplitude, but have only an inappreciable effect on the frequency.
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The chemical nature and pressure of the gas should have no influence
on the frequency.

(b) Relaxation Osecillations. The frequency in this type of oscil-
lation would increase linearly with the product CR. The applied po-
tential £ should affect the frequency to a large extent. The frequency
should also be a function of the breakdown potential e, and of the
extinetion potential e,. The pressure and nature of the gas should
also enter as factors which affect the frequency because they deter-
mine e, and e,.

(¢) Ionic Plasma Oscillations. Should this unique type of oscilla-
tions participate in the formation of the complex wave shapes ob-
served in corona discharges, the frequency should be independent of
L, C, R of the circuit. Only the current density should produce
changes in frequency, which then would be proportional to +/ n, the
square root of ion concentration.

(d) Successive transitions from one type of oscillation into an-
other were considered as possible when the applied potential varied
during the course of a cycle.

11. Damped Circuit Oscillations—In laying out the circuit to be
used in obtaining the wave form of corona discharge, the inductance
of the high tension leads was made as small as possible in order to
make the natural period of any ecircuit of which the resistance R,
might be a part as high as possible, and that R, might be of the order
of the critical resistance for that ecircuit. The circuit used is shown
in Fig. 1. The natural period of any possible oscillatory ecircuits of
which the resistance R, was a part was measured by means of a
wavemeter, a coil of 26 turns inserted between R, and the corona tube
and a spark gap. The lowest frequency observed was 1900 ke. using
the coil of 26 turns, hence the natural period of any such oscillatory
circuit without the coil must have been considerably more than 1900
ke. This shows that circuit oscillations, such as Bennett obtained,*
would never be recorded by the oscillograph in this case, since the
oscillograph used would not respond to frequencies much above
12 000 cycles per second. The high potential supply ecircuit had
the lowest natural frequency. It consisted of the secondaries of two
potential transformers L and condensers Cj. Its calculated natural
frequency was 40 cycles per second.

In order to investigate the character of damped circuit oscillations
produced by alternating current corona discharges, a series of experi-

*Bennet, Edward; Trans. A.I.E. E.; Vol. 32; p. 1787,
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ments was performed with the arrangement shown diagrammatically
in Fig. 6.

Into the branch AB was inserted, besides the input controlling
resistance R,, a variable inductance L,. A variable condenser C,
completed the oscillatory series circuit I. By varying C, and L, the
natural frequency of this circuit could be adjusted over a wide range.
Whenever corona discharges appeared in the tube 7' the vibrator V,
recorded a damped oscillation whose frequency was in close agree-
ment with Thompson’s formula

1

41?2 1
27 \/LIC. g 1)
R}

¥ =

Oscillograms Nos. 156 and 157 reproduced in Fig. 7 were chosen
to illustrate the effect of circuit osecillations.

Oscillogram No. 156 was recorded with values of €', = 0.03648 pnf,
L,=1733 mh, and R,=5000. The measured natural frequency
of the circuit was f, — 1997, while the value calculated from the
formula was 2000. The record shows that pure damped oscillations
were produced only at the potential phases which made the wire
electrode positive. This regular cireuit oscillation occurred periodically
at each cycle starting with a maximum amplitude and decaying ex-
ponentially to zero. The other potential phase which made the wire
a cathode produced an irregular wave train which did not repeat ex-
actly at each cycle, and started always with two small swings before
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the maximum amplitude was reached. Only then did the decrease of
amplitude start, but at a slower rate than that of the adjacent phase.

By inereasing the natural frequency of the cireuit I, (Iig. 6) the
differences which arose between the wave form produced by the
positive phase of the corona as compared with that produced by the
negative phase became more pronounced. Finally the wave trains
lost any resemblance to regular damped oscillations and developed
into most complex forms.  Oscillogram No. 157 (Fig. 7) was taken
at the same applied potential £ = 8100 volts and the same induct-
— 173.3 mh, but the capacitance was reduced to about 1,

ance I,
of its former value so that with €, = 0.00359, the natural frequency
mereased 3.1 times, namely, to 6314 cyeles per second. The deviation
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of the wave form from the regular damped osecillation was espeeially
apparent at times when the wire became cathode.

When the natural frequeney of the eireuit 1= inereased beyvond the
limit which the electromechanieal oscillograph iz capable of recording,
there remains nevertheless recorded the evidence of a complex wave
train as represented by the osecillograms Nos. 85 and 4 in Fie. 8.
They were obtained by removing the condenser €, and coil L, (Fig.
6). All that was left of the cireuit 1 was the resistance R, and the
inductance of the leads AB. But the latter, together with the ca-
pacitance (7 of the tube T, and the resistance R, constituted an-
other cireuit 1T whose exeitation by the corona produced damped



22 ILLINOIS ENGINEERING EXPERIMENT STATION

oscillations. These unrecorded, highly-damped oscillations were de-
tected by a radio receiver.

For this purpose a coil L, of 0.14 mh inductance was inserted
which coupled the corona discharge circuit 11 with the short wave re-
ceiver S while the capacity branch C, remained open. With resist-
ances Ry and R, reduced to zero the frequency of the oscillations was
8100 ke. When the coupling coil L, was replaced by a short loop the
frequency produced by the corona increased to 23 200 ke. The
pressure exerted no effect whatsoever on the frequency, and the
applied potential was also ineffective. So, for instance, at a pressure of
2.2 mm. of mercury the oscillations persistently remained of constant
frequency when the applied 60-cycle alternating potential was varied
from 750 to 1350 volts. Even with inserted resistance exceeding the

eritical value R =2~/ L/C distinct circuit oscillations were obtained.
The frequency in such cases was very high, reaching 30 megacyecles.
The answer to the question as to the origin of these ultra high fre-
quencies was obtained by considering the distributed capacity and
inductance of the corona tube electrodes, and of the leads inserted
between the resistances R, and R, The circuit thus constituted
resembled a Hertzian oseillator with standing waves produced by
corona discharge pulses and by reflection from the ends of the leads
terminated by high resistances.

Oscillographie records and repeated radio frequency measurements
have thus verified the assumptions that the breakdown of a gaseous
dielectric accompanied by a corona discharge always produces damped
oscillations whose frequency and damping are determined by the
constants of the adjacent circuit.

12. Relaxation Oscillations.*—The properties of the residual os-
cillations recorded on the oscillograms shown in Fig. 8 were found to
be entirely different from those of ecircuit oscillations. Comparison
of the negative and positive phases of corona discharges as shown by
typical records like those in oscillograms No. 85 and 4 (Fig. 8) dis-
closed a characteristic distinction between the residual oscillations
superimposed on each of the phases. While the negative phase was
marked by irregular waves which extended over the complete duration
of the discharge, the positive phase did not always show an indication
of oscillation; but whenever oscillations appeared they continued only

*The term “Relaxation Oscillations” has been introduced by Barth van der Pol for any
type of non-sinusoidal oscillations whose period is mainly determined by the time of relaxation
of energy stored in a condenser or inductance,

References: Phil. Mag. Vol. 2 pp. 978-992, 1926, and Proc. st i . Vol. X
1075-1088 1634 4 Pp, an roc. Inst. Radio Eng. Vol. 22, pp.
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during a part of the corona hump. At the breakdown of the gas, a
sudden pulse would start the oscillations which, however, would die
out after a few swings. These additional two types, one character-
ized by a complex wave train, the other by a damped pulse, could
not be accounted for by circuit oscillations.

An attempt was made to find an answer to the pertinent question
as to the origin of these types of oscillations by investigating whether
their frequency and amplitude were affected by applied potential and
pressure. Such effects were actually discovered. The influence of
applied potential was very marked, but extensive oscillographic studies
were required to prove the assumption that beside the circuit oscilla-
tions, a relaxation type of oscillations participated in the process of
corona wave formation.

The applied potential enters always as a factor in determining the
wave form of relaxation oscillations whose period consists of two
parts; first, the time 7', required to charge the condenser composed of
the capacitance of the corona tube and that of the associated eircuit
until the breakdown potential of the gas in the tube is reached; second,
the duration 7', of the corona discharge from the moment ionization
sets in until the time of extinetion when the decreasing potential across
the tube can no more sustain the formation of ions by collision. This
process of charging and discharging usually repeats itself many times
during every half period of the applied a-c. potential and produces at
each phase current variations superimposed over the corona humps.

For the sake of orientation preliminary experiments were made
with constant potentials applied to the small corona tube. The latter
was inserted in a circuit shown in Fig. 9. The outcome of this study
was to establish beyond doubt the existence of continuous oscillations
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produced by d-c. corona discharges which could not be ascribed to
circuit oscillations, An example of such oscillographie records is given
in Fig. 10. The oscillogram No. T33 shows eight records I, to I; made
consecutively one after another with the applied battery potential 1407
volts and 2.5 em. air pressure. Besides irregular oscillations regular
ones are seen whose frequency was, as determined by comparing with
the recorded 1000-cycle timing wave, 11 500 eycles per second.

The simplest form of such relaxation oscillations ocecurs in rarified
Geissler tubes subjected to constant potentials, In connection with a
circuit similar to that shown in Fig. 9, but supplied with a Geissler
tube instead of a corona tube, Righi* developed the following rela-
tions for 7', and T,, the duration of the charging and discharging
periods, respectively:

€0

E —_
T, = C (R + R)) log, i (2)

— 6

p ERz — & (R + Rz)

Ty = C———— log,

R + R, ERz—ea(R+R2)

where E denotes the voltage of the battery, e, the breakdown potential,
e, the extinction potential and

p = RRy + R\R: + R:R 4)

Although these relations are not directly applicable to corona dis-
charges subjected to alternating potentials, they have served the pur-
pose of indicating qualitatively what would be the effects of varying
circuit parameters, in case the oscillations were of the relaxation type.
Analysis of a great number of oscillographic records has supplied the
evidence described in Chapter IV that mainly this type of oscillations
contributes to the complex character of the wave forms revealed by
the oscillograph.

(3)

13. Ionic Plasma Oscillations—Plasma oscillationst usually oceur
in a region of copiously ionized gas in which electron and positive ion
concentrations are approximately equal so that the space charge is
inappreciable. It appeared hardly probable that such a region of uni-
form ionization could be sustained under conditions which prevail in a
corona tube. The distribution of potential between a cylinder and a
coaxial wire is non-uniform. The electric field is highly concentrated
at the surface of the wire producing a gradient of electric force suffici-
ent to ionize a thin layer of gas in the proximity of the wire. When,

*Righi A. Rend. Acc. Bologna; vol. 6; p. 188; 1902
tCompton, Karl T. and Langmuir, Irving, Rev, of Modern Phys. Vol, 2, p. 239, 1930,
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by increasing the applied voltage the gradient is augmented so that a
glow fills the space adjacent to the ecylinder, the current density
nevertheless decreases with distance from the wire. The presence of
a dark space indicates that the ion concentration varies also from
point to point along the radius of the corona tube. With still larger
applied potentials the effect of increasing space charges produces still
greater inequalities of electron and positive ion concentrations. All
these conditions tend to suppress the rise of plasma osecillations.

However, in some groups of experiments the variation of circuit
constants had seemingly no effect on the wave form of the corona
oscillations. The oscillograph recorded apparently equally irregular
and rugged wave forms when resistances, capacitance, and inductances
were introduced in the corona tube circuit. These observations sug-
gested ionic oscillations whose frequencies were known to be entirely
independent of circuit constants, and to vary as the square root of the
ion concentration.

Close inspection and analysis of the respective oscillograms re-
vealed in most of such cases that the average frequency did change
with variation of resistance and capacitance. It was furthermore
found on the basis of the theory of relaxation oscillations that in
a few exceptional cases like those discussed in Section 20, the condi-
tions of the experiments were such that the variation of frequency
should have been inappreciable.

Attempts were nevertheless made to detect ionic oscillations. Ac-
tually oscillations were obtained which could not be classified under
the relaxation or damped ecircuit type, but no direct proof could
be produced that they were plasma oscillations.

..'J _14.jEﬁect of Space Charges—It was important to ascertain ex-
perimentally whether corona oscillations could be produced when
space charges were present in the field, or whether absence of space
-charges was a necessary condition for the observed oscillatory phe-
nomena. The question arose as to what might serve as a criterion in
deciding when space charges were absent and when they were present.
The use of proper electrodes placed at different points across the
corona tube between the wire and cylinder was considered, but given
up as complicated, and tending to distort the electric field distribution.
The method which was finally adopted was evolved from the follow-
ing considerations:

In their study of corona discharges, Bennet* and F. W. Peekf

*Trans. A. 1. E. E.; vol. 32; p. 1799; 1913,
ATraps. A. 1.LE.E.; vol. 46; p. 1099; 1927,
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working with comparatively high potentials observed that the corona
starting voltage decreased with the voltage applied to the corona dis-
charge.  Both aseribed this apparent lowering of the corona starting
voltage to the space charge which aceumulated between the wire and
:'_\'}illlil'[' as a residue left over from one half |'_\'1']|' to the next. This
suggested the possibility of cheeking the presence or ab=ence of space
charges by determining whether the corona starting potential varies
or remains constant with :l[l]l]ii'l[ voltage.

In=pection of all corona o=ctlloorams obtamed with different ap-
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plied potentials elearly showed oscillations, but the corona starting
voltage was found to be independent of the applied potentials, It
was therefore concluded that these oscillations were not conneeted
with pronounced space charges. The next step was to produce con-
siderable space charges in the corona in order to test whether such
new conditions would affect the production of oseillations.

For this purpose the larger corona tube with a brass evlinder
9.8 cm. in diameter was used.  The polished steel wire 0.04 em. in
diameter was enclosed 1noa 3.5 em. glass tube.  The eleetrons and

1n= generated o the region around the wire were thus prevented
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from traveling to the walls of the eylindrical electrode. Due to the
slow motion of positive ions as compared with electrons, space charges
which accumulated in the enclosure between the wire and the glass
tube barrier remained there from one half cycle to the next cycle.
The series of four oscillograms reproduced in Figs. 11 and 12 were
taken with this arrangement. Broken lines serve to connect the cur-
rent wave in the corona tube circuit with the voltage wave acting
across the primary of the transformer, and mark the points corre-
sponding to the time when the corona discharge set in and when it
was extinguished. Inspection of these points on all four oscillograms
brought out the fact that in this case, when a barrier was used around
the wire to enhance formation of space charges, the corona starting
voltage decreased with increasing applied potential, and further, that
when the applied voltage was approximately equal to twice the critical
voltage of visual corona, the instantaneous value of the corona starting
voltage was reached at a time when the primary voltage became zero
(Fig. 12, oscillogram No. 69) and even crossed the zero line for the
higher applied potentials. So oscillogram No. 65, taken at approxi-
mately triple the critical voltage, may serve as evidence that, by
increasing the space charge, it is possible to push the corona starting
point nearly over a quarter of a cycle ahead of the point where it
ordinarily oceurs in the absence of space charges. -

The pertinent fact, however, which the oscillograms in Fig. 11 and
Fig. 12 substantiated was that in presence of space charges corona
oscillations set in the moment the corona started and continued for
the entire duration of the negative corona discharge. Close inspec-
tion of the oscillograms leads to the conclusion that the general prop-
erties of these oscillations are similar to those produced when appreci-
able space charges were absent.

1V. EXPERIMENTAL EVIDENCES OF RELAXATION (OSCILLATIONS

15. Effect of Applied Potential on Frequency.—The process of
relaxation oscillations consists of a sequence of charging and discharg-
ing the capacitance of the corona tube circuit. According to Equa-
tions (2) and (3) the total period T=17', + T, is a function of ap-
plied potential E. Consequently, when the latter is subjected to a
sinusoidal variation at a rate of 60 cycles per second, complex wave
forms of the corona discharge are produced which will consist of
pulses varying in frequency.
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Actually all oscillograms indicate that the frequency varied con-
tinuously along the time axis, so that it was impossible to determine
directly the frequency as a function of applied potential. It was
found necessary to apply a rather imperfect method of counting the
peaks over a complete wave train superimposed over a corona hump,
measuring its duration on the time axis and calculating from these
data the average frequency of oscillations. Only very clear oscillo-
grams could be used for this purpose.

Data for air thus compiled from 43 oscillograms were arranged
in 10 groups according to pressures, as shown in Table 1.

Column 1 enumerates these groups. Groups a to i refer to the small corona

tube while group j refers to the large tube (see Section 6).

Column 2 denotes the number of the oscillogram.

Column 3 refers to the frequency f. of the alternating potential applied to

the corona tube.

Column 4 indicates the air pressure p in the tube in mm. of mercury.

Column 5 gives the applied potential E in volts.

Column 6 gives the length L of a complete period of the applied potential

in mm. scaled along the time axis.

Column 7 indicates the counted half number n of oscillation peaks superim-

posed on corona humps when the wire is negative.

Column 8 gives the width L. of the negative corona hump measured along

the time axis,

Column 9 gives the average value for f,, the frequency of the corona oscilla-

tion calculated from the relation f, = fanL/L..

In Fig. 13 the average oscillation frequencies were plotted against
applied alternating 60-cycle potential. Each of the first eight groups
in Table 1 is represented by a corresponding curve. All curves show
distinetly that the frequency f, is a function ef applied potential.
However, no definite conclusion could be drawn as to the character
of this funetion. With the exception of curve a, all show the frequency
rising with the applied potential and indicate a tendency towards a
constant value. Considering that curve a shows a decrease of fre-
quency with potential and that curve e after reaching a maximum
value indicates the beginning of a descending branch, it may be in-
ferred that for large values of applied voltage the frequency decreases.
Due to the limitations imposed by the method of determining fre-
quencies, the results as represented by the curves in Fig. 13 must be
looked upon merely as proving qualitatively that the oscillation fre-
quency, unlike circuit oscillations, does depend on the applied poten-
tial. The origin of the oscillations superimposed on the negative
corona humps, as shown in Fig. 8 may be ascribed to a process simi-
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lar to that which gives rise to relaxation oscillations in a glow tube
shunted by a condenser C' and inserted in a circuit in series with a high
resistance R and a source of electromotive force E, as represented by
the diagram in Fig. 9.

As to the oscillations superimposed on the positive corona hump,
no a-c. oscillographic record could be made which would prove as
directly as was done for the negative corona that they are of the
same origin. The following may throw some light on this aspect of
the problem.

Inspection of many series of oscillograms taken at increasing ap-
plied potentials reveals at higher voltages a gradual disappearance of
oscillations both on negative and positive corona humps. Oscillogram
No. 4 in Fig. 8 may serve as an example of an intermediate stage. It
was taken under conditions similar to those of No. 85 with the ex-
ception that the latter was taken with an effective voltage E = 8000
volts and R, =0, and the former with £ = 9900 volts and Ry, =
100 000 ohms.

Observations with the cathode-ray oscillograph have also dem-
onstrated that a total disappearance of the oscillations actually takes
place when the voltage exceeds certain values. This is in agreement
with the theory of relaxation oscillations if the plausible assumption
is made that with increasing applied potentials the magnitudes of
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the breakdown voltage e, and extinction voltage e, become equal.
It follows from Equations (1) and (2) that for

ey =2¢, T=T +4+T7T,=0

The fact that both positive and negative corona discharge oscillations
are similarly influenced by the applied potential suggests that they are
produced by the same processes.

16. Effect of Pressure—According to a general discharge theorem,
the breakdown potential in similar systems is a function of the
product of density and dimension. Therefore with increasing gas
pressure the breakdown potential also increases.

Because the oscillations cannot start before a discharge takes
place, larger applied potentials were required to start the oscillations
at higher pressures. It has been shown in the preceding section that
no oscillations were produced when the applied potential exceeded
certain values. At higher pressures larger potentials were required
to reach this non-oscillatory state. The limitations of the electro-
mechanical oscillograph did not allow of the direct determination of
the upper values of potentials for which oscillations stopped at par-
ticular pressures. So much, however, was brought out by the data for
the negative corona compiled in Table 1 and represented by the fam-
ily of curves in Fig. 13 that for each particular pressure there is a
singular curve which gives the relation between average frequency
and applied potential. These curves shift with inecreasing pressures
in the direction of higher applied potentials.

The study of the effect of pressure was of especial interest in con-
nection with the striking difference in the character of oscillations
superimposed on the entire corona discharge hump when the wire was
negative, as compared with only partial covering of humps by oscil-
lations in case the wire was positive. The question presented itself,
whether this trait would persist for all pressures, or whether variation
of pressure would affect or perhaps reverse what appeared as the
characteristic property.

It was found that by gradually reducing the pressure below 3 mm.
oscillations on the negative corona became restricted to moments
immediately following the starting of the corona and that their oc-
currence was limited to a narrow range of applied potentials de-
creasing with pressure. At the same time oscillations on the positive
corona expanded over a larger range of potentials. Finally no oscilla-
tions could be detected on the negative corona hump, while the
positive corona humps were entirely covered with oscillations.
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Such a reversal of the characteristic properties of positive and
negative corona 1s shown in Fig. 14 on oscillogram No. T20, which
was taken at a pressure of 0.3 mm. and with 750 volts applied poten-
tial.  Under these conditions the oscillations were superimposed over
the entire positive corona, while the negative corona hump had only
an indication of a superimposed pulse.  This was exaetly opposite
to what was shown by oseillogram No. 4 in I'ig. 8, when the pressure
wias 740 mm. and the applied potential was 9900 volts,

With pressures still more reduced, the distinetion between oseilla-

tions on negative and positive corona humps disappeared.  Evidence
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of this is given in Fig. 14 by oscillogram No. T19, which shows
that in this case oscillations of both negative and positive corona
extend only over one third of the duration of a complete discharge.

17. Effect of Corona Tube Dimensions.—Another question which
demanded an answer before further extensive investigations could be
undertaken was the influence the dimensions of the corona tube may
exert upon the character of the oscillations. Oscillograms with the
large corona tube (see Section 6) were taken and compared with
those obtained with the small tube at atmospheric pressure. The
two groups thus compared are marked in Table 1 by j and f, respec-
tively. Corresponding curves are shown in Fig. 15. The j curve
indicates that at equal applied potentials the larger tube gave lower
frequencies than the small one represented by the f curve. The
latter shows a shift parallel to the X axis in the direction of lower
applied potentials.
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The ratio of the potential gradients at the negative wire electrode
of each tube was calculated from the relation

R
r. log, —
Ry o 0.02  log, 245
= = = 0.94 (5)
R, R, 0.025 log, 109.3
i log,
(5]

where for the larger tube R,, r, denote the radius of the outer cylinder
(4.9 em.) and the radius of the concentric wire (0.02 em.), respective-
ly, and R,, r, the corresponding dimensions 5.48 and 0.025 cm. of the
smaller tube. This ratio was 0.94.

The breakdown potential of the small tube in air at atmospheric
pressure as determined from a number of oscillograms was 8000 volts.
The breakdown potential of the larger tube according to the foregoing
relation should have been 8000/0.94 = 8500 volts, but was determined
experimentally to be 8780 volts. Both values are close enough to
suggest that the shift toward smaller potentials of the frequency
curve f for the smaller tube may have been caused by the difference
in breakdown voltages 8780 —8000 = 780 volts, the result of the differ-
ent potential gradient established by equal voltages applied to the two
tubes of different dimensions.

When the oscillograms taken with the small tube were compared
with those taken with the larger tube but subjected to correspondingly
higher applied potentials, the appearance of the wave forms recorded
for the two tubes was generally the same. It was therefore concluded
that the dimensions of the tube do not introduce essential complica-
tions in the main properties of corona oscillations. All further inves-
tigations were therefore limited to the smaller tube.

18. Effect of Frequency of Applied Potential—In the course of
the investigation it was found necessary to ascertain that slight varia-
tions in the frequency of the applied alternating potential do not
influence appreciably the character of the corona oscillations. For
this purpose a group of oscillograms was taken at atmospheric pres-
sure and at alternating potentials of 27 cycles per second. In Table 1
the results of sealing these oscillograms were included under group i.
Curve 1 in Fig. 15 shows the average oscillation frequency as a
funetion of applied potential at 27 cycles, while curve f gives a
similar relation for a frequency of 60 cycles. There was hardly any
appreciable difference detectable which could not be ascribed to error
of observation or to slight deviation of pressure. So, for instance,
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the slight shift of the i curve towards higher potentials may be ex-
plained by a somewhat larger pressure of p = 746 mm. as compared
with p" = 740 mm. at which the f group of oscillograms was taken.

19. Amplitude of Circuit Oscillations—The problem of amplitudes
had to be subdivided into four parts in accordance with the two types
of oscillations (ecircuit and relaxation) and the two phases of the
corona discharge (wire negative and wire positive).

The amplitude of circuit oscillations was studied by observing the
maximum deflections of the oscillographic element on a screen. The
experimental arrangement was similar to that used for the oscillo-
grams in Fig. 8 and described in Section 11, but the inductance of the
circuit was increased. The natural frequency was thus lowered to
1700 cycles per second, and consequently typical damped oscillations
were obtained. The amplitude for the phase when the wire was
negative increased with applied voltage and with pressure. No further
increase of amplitude could be observed when by increasing the
potential there appeared an intense glow adjacent to the inner surface
of the cylindrical electrode and opposite each bead on the wire.
Moreover, from this moment on there was observed a tendency for
the amplitude to decrease. Further increase of corona current had
to be stopped because of the danger of destroying the tube by arc
formation. '

Similar observations of circuit oscillations were made for the other
discharge phase when the wire was positive. The amplitude was
somewhat larger as compared with those at the negative phase. This
may be explained by the higher potential required to break down the
gas when the wire is positive and by the consequent suddenness with
which the discharge sets in.

20. Amplitude of Relaxation Oscillations.—For the study of cur-
rent amplitudes of the relaxation type of corona oscillations mere ob-
servations on the sereen were not sufficient. Photographic records
were made which showed clearly the corona wave forms produced by
varying applied potentials and pressures. These oscillograms were
carefully scaled. Only the phase when the wire was negative has
been considered. The area of the negative corona hump superimposed
on the charging current was measured with a planimeter, and the
amplitude of the oscillations determined under a magnifying lens.
Since the wave forms of the oscillations were irregular and did not
repeat, it was necessary to adopt some method of averaging the ampli-
tude. Small amplitudes distributed over the steep ascending or de-
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scending parts of the corona hump could not be discerned with suffici-
ent accuracy. Therefore, only oscillations at the peaks of the humps
were considered. For any peak three maximum amplitudes (from
upper maximum to lower minimum) were averaged. There were
generally three negative humps recorded on each oscillogram corre-
sponding to three cycles of applied potential. The average of three
such cycles was taken, so that the value given as average amplitude
was determined by measuring nine amplitudes. Considering that the
sensitivity of the electromechanical oscillographic vibrator depended
on the frequency, it was necessary to apply correction factors K, de-
termined from curves obtained by measurements of sensitivity for a
series of frequencies. The amplifier input resistance R, had to be re-
adjusted for each record. In order to obtain comparable values of
amplitudes a factor K, was introduced which reduced all amplitude
measurements to R, = 10 000 ohms.

Table 2 was compiled from data derived by scaling oscillograms.

Column 1 indicates the number of the osecillogram,

Column 2 indicates the air pressure p, in mm. of mercury.

Column 3 indicates the applied 60-cycle potential E, in volts.

Column 4 indicates the amplifier input resistance FR,, in ohms.

Column 5 indicates the average area under discharge hump a, in sq. inches.

Column 6 indicates the duration of discharge I, measured in inches along
the time axis.

Column 7 indicates the maximum deflection h due to discharge, measured
in inches.

Column 8 indicates the average discharge current /.., in micro-amperes.

Column 9 indicates the average amplitude A, of oscillations, in inches.

Column 10 indicates the average frequency of oscillation, in ecyeles per
second.

Column 11 indicates the oscillographic frequency sensitivity correction factor
K, in microamperes per inch.

Column 12 indicates the input resistance reduction factor K. for 10 000 ohms.

Column 13 indicates the corrected amplitude A. = A.. K, K, in microamperes.

Column 14 indicates the ratio A./l.., showing amplitude of oscillation per
microampere of average discharge current.

The three families of curves a, b, and ¢ in Fig. 16 represent the
results graphically. Figure 16a shows the average discharge current
I, as a function of applied 60-cycle potential for four values of pres-
sure, p = 100, 200, 400, and 760 mm. of mercury. Figure 16b shows
the average current values of amplitude A,, under identical conditions,
and Fig. 16¢ gives the ratio between amplitude and discharge current.
It appears from these curves that while the average discharge cur-
rent increases with applied potentials, (Fig. 16a) the amplitude of



39

OSCILLATIONS DUE TO CORONA DISCHARGES

81°0 vz gg'e g 08 0 [N 00° 1 0670 060 Q00g nocort 09L CZH
920 8" ez £'8T 0 0’ €60 870 8L°0 000F 00001 09L ¥eH
2870 1" ¢z 0'¢e 0 8’ 99°0 £L°0 BP0 000F 0056 09L BEH
FA o’ e vea 0 g SF0 19°0 6270 000¥ 0006 09L 2zH
&1 ' L ¢6l 0 9 9270 ¥e'o ¥L°O 000% 0098 094 1ZH
cro £’ 4L £'98 0 o LL'0 I1°T €80 0081 0008 0¥ €EH
o | ogre | oaw | oum S| et ome | sy oma | ommo) e | &)
RI°0 e it ki i , ; 10 ) .
CEn z'ie ge’e z'ie 0 [ €670 060 0 0008 00c9 00¥ 0gH
1¥'0 8'EE ¢z 14 20 9’ 80 €90 8¢°0 000F 0009 00¥ 6eH
GL70 L0y e L¥e 0 e 0g°0 RE0 R1°0 000%F 0oce 00¥ 8TH
z0°0 DL°9 00t 0'8g 0 o L2870 821 £1L°0 0001 0009 00z 9TH
2000 £8°8 0°¢ gee 0 o €90 1 £29°0 000& 000¢ 008 02H
8I'0 Z0°T1 1 8'cE 0 0 1L°0 08°0 09e°0 0008 00cF 00g 61H
6270 861 € 0" 68 0 0 6F°0 eL o ECE°0 0008 000% 00z 8TH
00°1 1L°61 "1 08T 0 g EE°0 ¥e'o LL1°0 000L 009E 008 LIH
o 9'clL i 168 0 0 060 €90 1L°0 00eg 0008 001 BOEH
9z°0 9°12 K F 88 0 g €80 £9°0 8¢°0 000% 0093 001 BCEH
g0 6'ce T 9°LE 0 - ¥6°0 g0 670 0009 0SET 00t BFEH
LY ¥ oy P et ¢ 50 2 i ! v K a C
J030R a,o.& -t . a . ‘ut bs .

g . Joauq uonaalie) | Jad sapsa - “dure- ‘ut DAV A SO 1 (PR . . Il
it = .w—wﬂm.n . | nononpayy | A11anisuag uor) i ___%m__ o | juanng am%_a_._um_.u AHIBYISI(] | OSIRYISI(] | 0UR)SISAY] | [RIIUA0] Nﬂﬂﬂnﬂ% -O[[198()
LiLE | Mmv.r...g_.._._:n.w. aoupjsisay] | Aounonbod g | -g[Ios() jo oﬁﬂw:%hﬂ DIIBYISI(] ﬂc_.au._ﬂmﬂ jo Jdapuy uzm—._:— c—.whmmmg ay jo

& ndu onjduad anbau | 3 afuIaAY e | uOnuIng BALY Jayrpdury arddy d Jaguum N

I .c____umc ..&E.z;.._ afRIaAY WNUIXE Y 1 Pl T yu P
¥l £l al 1 o1 6 B L 9 g ¥ € Z 1

SWVHDOTTIOS() HNIIVOE Ad AENIVLE() VLV(] GAALITINY
Z aTEv



40

350 ] ] | ] |
‘%‘ o / (@)-Average Coroma Lischarge Curremnt Iy,
\ /
S:, Et? 250 Q@(}
E‘ 3 / A\ b4 & /
3 & ! VA
S Naw ¢ &)
A
Qg /50 f/ {/ g:(\d\
§ EN / / /*0 }ﬁ‘ :
8 3oL N
. L // Z 0
S 4 4
P o AN .
¥ 7 i
A 3 /
— 0v
q0 \\ (&) -Average Amolituae
N N | oFf Osciliarions, Aay.
$F = o
3 \ 200~
E} % - \{fﬁﬂﬁ?ff? r
$ 3 % 760
YRY
SY L\
%'% \\ \ f\lkz'ﬁ?ﬁmm
=
N
e
88 . Aar
@é §a6 | l\ \\ 76‘6’@%}\ e Zoy ]
‘Eé 'é'\ \ \ 3&4’6’0&’7&7 \
4 3@4 \ \ \ N
:f 2 '&; 200 72072, \ N
S M| e \ N A S
H I EANEAN T
N\ FEEEEERS l

ILLINOIS ENGINEERING EXPERIMENT STATION

g 3 4 5

& 7 & /o
Alternating, 60-Cycle Appliea Forerntial i Kilovolrs

g /i

Fic. 16. Errecr oF APPLIED POTENTIAL AND PRESSURE ON AVERAGE
DiscHarGE CURRENT AND ON AMPLITUDE OF USCILLATIONS



OSCILLATIONS DUE TO CORONA DISCHARGES 41

oscillation decreases in magnitude when the applied potential is in-
creased (Fig. 16b). It follows also from Fig. 16¢ that with increasing
corona discharge current I,, the average amplitude A,, of oscillations
decreases,

The oscillations superimposed on the corona hump when the wire
was positive, when compared with those produced by the negative
corona at the same pressure, appear different in character. It has
been shown in Section 16 that for certain values of low pressure the
distinction disappears and becomes even reversed in character. There
wag, however, observed one distinguishing property of the positive
corona oscillations, namely, that the first amplitude following break-
down of the air is always larger than that of the negative corona.
The amplitudes of the positive corona oscillations decrease likewise
when the voltage exceeds certain values.

21. Effect of Resistance on Frequency.—If the corona oscillations
are of the relaxation type, the insertion of resistance in any branch
of the cireuit should reduce the frequency. In many cases the ex-
pected effect has been obtained. It was directly observable at lower
pressures by measuring the distance between the peaks of the pulsat-
ing corona discharges which occurred during a single negative half-
eycle of the applied potential. So, for instance, with the arrangement
shown in Fig. 1, when only one transformer was used, and the pressure
in the corona tube was 1.7 mm. of mercury, 580 volts of the 60-cycle
applied potential was sufficient to produce a corona discharge when-
ever the wire became cathode. Each such discharge appeared on the
fluorescent sereen of the cathode-ray oscillograph as composed of five
distinet pulses whose peaks were separated from each other by a
distance depending on the value of the resistance R inserted in series
with the transformer’s secondary windings. When this resistance was
changed from 0.9 to 1.23 megohms (ratio 1:1.36) the distance be-
tween the last two peaks changed from 3.5 to 4.7 mm. (ratio 1:1.34).
Similar observations lead to the conclusion that the period of pulsa-
tions increased approximately linearly with the increase of the re-
sistance R. However in some experiments the insertion of resistances
did not affect the frequency. These latter cases were carefully in-
vestigated in order that there might be no uncertainty left in regard
to the type of the corona oscillations.

Table 3 was compiled from data scaled from those oscillograms
which show no appreciable change of frequency in spite of the inser-
tion of ohmic resistances of considerable magnitudes. The resistances
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R, R,, and R, refer to Iig. 9. The value of R was obtained by meas-
uring the ohmie resistance of the two high voltage transformers which
supplied the 60-cyecle alternating potentials to the corona tube, as
shown in Fig. 1. The resistance R, in this figure represents a part
of the total resistance R, inserted in the tube branch.

Discussion of Righi’s equation leads to the conclusion that, under
the conditions enumerated in Table 3, the frequency could not be
expected to change considerably. Tt must be taken into consideration
that the three oscillograms listed in Table 3 were taken for R, > R
and R, = 0, where R, includes the average resistance of the discharge
RT‘

Modifying accordingly Equations (2) and (3) and (4) we obtain

E — e,
T, = CR log, — (6)
E — €
p = RR» (7)
E { & 2
-
=g 1 b s (8)
- i R E i -
———— — ep
R Ra

It follows from Equation (6) that 7, the period of charging, is
entirely independent of R.. As to T,, the period of discharging,
Equation (8) shows that it depends on the ratio R./R. Estimating
Ry = 10° ohms, the ratios R./R were calculated as indicated in

Ry
column 7. The factor ———————, as shown in column 8, remains

8
R

in all three cases approximately constant. Also the logarithmic term

in Equation (8) did not change considerably with R, because ——
2

is much smaller than unity. All these considerations lead to the rule
that whenever R, is very large compared with R its variation has
little effect on the frequency.

In the actual determination of the average frequency the method
of counting the peaks was again reverted to. The results are found in
column 12. The variation due to changing of R, is in these cases
comparatively small. It could hardly be expected that the foregoing
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equations, developed for constant potentials, could be strictly applied
for 60 cycles, but they show under what conditions insertion of re-
sistances does not appreciably affect the frequency of relaxation
oscillations.

22. Effect of Shunted Capacitance—The frequency of the relaxa-
tion type of oscillation varies linearly with the capacitance of the
condenser shunted across the discharge. Oscillograms have been
taken of the corona oscillations for different values of the capacitance
Cy (Fig. 1) and the data compiled in Table 4. Column 4 indicates
the values of the capacitance of the condenser (';;. In order to obtain
the total value C it was necessary to add the capacitance of both high
tension transformers, of the corona tube, and of the leads, which was
240 ppf. Column 5 shows this total value for €. The average fre-
quency determined by the method of counting the peaks is indicated
in column 10, and the corresponding value of the period is given in
column 11. The table shows clearly that the average oscillation period
increased with shunted capacitance. That this increase was not linear
may be ascribed to the indefiniteness connected with the method of
averaging the frequency over that part of a eyele of applied potential
during which each train of corona oscillation was produced.

V. SEcONDARY EFFECTS OF ALTERNATING CURRENT
CoroNA DISCHARGES

23. Effect of Surface of Wire Electrode—The effect of the condi-
tion of the surface of the wire upon the wave form of the conduection
current through the corona tube has been studied by comparing
polished and corroded steel wires when used as electrodes. Oscillo-
grams obtained at atmospheric pressure with steel wire 0.04 em. in
diameter which had been exposed for 33 winter days to outdoor
elements showed the corona starting voltage to be approximately 15
per cent smaller than for a freshly-polished wire of the same diameter.
At the same time the average frequency of the oscillations produced
with the corroded wire increased while the amplitude showed consid-
erable decrease. It is doubtful whether the pronounced changes in fre-
quency and in amplitude may be aseribed directly to the influence of
surface conditions. On the basis of the experimental data it appears
more probable that a dirty or corroded surface, due to its unevenness
and the presence of sharp points, starts the discharge, and therefore
also the oscillations, at a lower voltage. The effect on frequency and
amplitude is similar to that of reduced breakdown potential when
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caused by lowering the air pressure (see Fig. 13) or by increasing the
gradient due to changes of the dimensions of the corona tube (see Fig.
15).

24. Time Effects—The effect of time upon the wave form of oscil-
lations was studied at atmospheric pressures. The corona tube was
pumped out thoroughly and refilled with fresh air. At a time
t, a switch was closed in the low-voltage side of the transformer, thus
impressing 8400 volts at 60 cycles across the corona tube. An oscil-
lographic record was taken at the same time. The effective voltage
was kept constant for five minutes. At the termination of this time
t, another record of the corona wave form was made. Comparison
of the two records showed no change of average frequency, but the
amplitudes were reduced slightly. Similar changes were observed with
d-c. corona at low pressures, as illustrated, for instance, in Fig. 10
by oszeillogram T 33. Many observations have been made of changes
in frequency and amplitude occurring with time without apparent var-
iation of conditions. That in such cases conditions did actually
change was disclosed by a number of experiments. One source of
variation in frequency was found in slight changes of pressure, due to
the escape of gas oceluded in the electrodes, to leaky stopcocks in
the vacuum system, or to the formation of ozone and nitrous oxides
by the discharge. With the applied potential adjusted just above the
corona starting voltage, it was sufficient to squeeze the rubber tubing
which connects the corona tube with the backing vacuum oil pump in
order to produce a marked change in oscillation frequency, audible
by means of a telephone receiver. Another source of variation in
both frequency and amplitude was found in the instability of the
corona discharge, especially when the wire was the cathode. It was
established by visual observation of the luminous effects that varia-
tions of the position, shape, and number of the corona bead dis-
charges were correlated with changes in amplitude or frequency or
both. Finally, variations were found to be produced by a slow
process of electrode corrosion. Continuous bombardment of the wire
by electrons and ions introduces a gradual disintegration of the sur-
face of the wire with effects similar to those discussed in the
preceeding chapter.

25. Effect of Polarity—Records of wave forms of oscillations su-
perimposed on positive corona were usually so different from those
of negative corona that they appeared to belong to some other un-
known type. Experimental evidence was collected which suggested
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why the character of corona oscillations must depend on the polarity.
One of such outstanding phenomena was the rectifying property of
corona discharges based on the different potential required to initiate
a discharge, and on the different time rates of building up the con-
ductivity of the gas in the two cases when the wire is cathode or
anode.

For high gas pressures higher potentials are required to start the
negative corona than the positive. For low pressures the opposite is
true. Curves plotted for both cases of the corona starting potential
against pressure intersect at a certain point* which indicates that for
a definite pressure the positive and negative discharge start at equal
potentials.  Should, therefore, the starting potential be the main
factor which determines the difference in character between oscilla-
tions in positive and negative corona it could be predicted that for
such a particular pressure oscillograms would show a minimum of
inequality in the oscillation wave forms of the two phases of corona.

Evidence of such a relation was supplied by the oscillogram T 19
(Fig. 14). It was taken for a pressure of approximately 0.005 mm.
of mercury with a 60-cycle applied potential of 420 volts. This pres-
sure was close enough to the point of equal starting potential to show,
as distinguished from all other records, certain resemblances of the
oscillations in the positive and negative phases of the corona discharge.
Especially striking was the gradual decay of oscillations in both
phases when the applied potential exceeded definite values. Observa-
tions of the decay of d-c. corona oscillations have shown that when
the applied potential is gradually increased, extinction does not oceur
abruptly, but only after a short period of transition from the disrup-
tive relaxation type of large amplitude into the superimposed type of
decreasing amplitude.

The inference which can be drawn on the basis of these observa-
tions is that the oscillations due to the positive corona discharge do
not represent a distinet type which differs fundamentally from those
of the negative phase.

26. Effect of Chemical Nature of Gas—The main factor in a
process of ionization by collision which takes place in a corona dis-
charge is the energy required to ionize a gas molecule. Tonization
potentials depend on the nature of the gas, and determine the gradi-
ents at which the breakdown of the gas occurs. It was manifest
throughout the studies described in Chapters IV and V that among

*Lee, F. W, and Kurrelmaver, B; Trans. A. L E. E. Vol. 44, p. 184, 1925,
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the different faetors which exerted an influenee on the corona os=eilla-
tions the breakdown and the extinetion ]ulli-r|li.'||~ predominated, I
wis therefore E'X|\I'I'Tt'il that the gas would ir||[1l'i'~~ It= con=titution on
the wave trains superimpo=cd on the corona diseharges.

Two 1-\;.!1|[:|1'— of the nny records taken for nitrocen and earbon
dioxide are |'|'|II'I\IJ'|=‘|'II i e 17,0 O=eillogram No. TH2 was taken
for nitrogen at a pressure of 740 mm. of merenry when the <miall
corona tnbe was <ubjected to oa !I'l“-i'l\'l'l(' [n:ll-||l'l.'|| of 10 080 volis.

Under these conditions the recorded negative corona hinnps, which
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were large as compared with those of the positive corona, were partly
covered with superimposed oscillations. No oscillations whatever
appeared on the positive corona hump. The frequency was com-
paratively low, and the wave form was simple.

Oseillogram No. T72 was taken for carbon dioxide at a pressure
of 750 mm. with a 60-cyecle potential of 10 000 volts. Although the
conditions were only slightly different, the corona oscillations differed
considerably from those obtained for nitrogen. The negative hump
was completely covered with superimposed oseillations, and even
the positive corona which just started at this voltage showed dis-
tinet oscillations.

Entirely different from both of these oscillograms were the wave
forms recorded in oscillogram No. 4 (Fig. 8) for air at a pressure of
740 mm. and with an applied 60-cycle potential of 9900 volts. In
this case also the conditions did not differ considerably, but the wave
trains of the corona discharge showed no resemblance to the former
two records. During the entire discharge the negative hump for air
showed oscillations of a higher average frequency than that of the cor-
responding humps for N, and CO,. The positive humps for air were
equal in size to the negative humps, but there was no indication of
oscillations except at the very starting moment of the discharge.

All these characteristics, so distinet for each of the three gases,
did not remain the same when the operating conditions of the dis-
charge tube were changed. Each set of conditions called forth a
variety of distinet wave forms which could not be unified under a
general rule.

Two particular properties were found, however, to be common
to all three gases. First, it was established that the average fre-
queney of the oscillation is a function of the applied potential, and
secondly, that the oscillations disappeared when the applied poten-
tial exceeded certain values. Both properties substantiated the
assumption that the origin of the corona oscillations in air, N, and
CO, was identical, namely, it consisted in periodic charging and dis-
charging of the capacitance of the corona tube system through a con-
ductance varying in magnitude during the process of discharge.

27. Multiple Bead Discharges—Negative corona discharges for
pressures above 1 mm. of mercury appear in the form of visible bead
discharges distributed along the wire when the latter is cathode.
Stroboscopic investigations revealed that by gradually increasing the
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applied 60-cycle alternating potential the number of beads increased,
while the distance between them decreased accordingly. The wave
form of oscillations connected with such discharges depended on the
number of beads. The simplest wave forms were obtained when the
discharge consisted of a single bead. Very complex wave forms were
observed on the oscillograph screen during the time of transition
from one number of beads to the next higher or lower number. The
frequency of the damped ecircuit oscillations due to negative corona
discharge was found to be independent of the number of beads. The
relaxation oscillations, however, showed marked decrease in frequency
with inereasing number of beads. The reason why negative corona
at higher applied potentials produced more complex wave forms of
oscillations than the positive corona was found to lie in the variation
of the number of beads with potential during the negative phase, and
in the uniformity of glow along the wire during the positive phase of
the discharge.

28. Effect of Cosmic Rays.—It is known that the starting of some
forms of discharges of eleetricity through gases, like spark and glow
discharges, are caused by the motion of a few initial ions present
in the gas in its normal state. The source of most of these ions
is ascribed to ionization due to rays of extremely high penetrating
power which come from outside of the earth’s atmosphere.

Remarkable in this respect were records of oscillations obtained
for CO, in a corona tube subjected to d-c. potential in a circuit
shown in Fig. 9. As an example the oscillogram No. T103 is repro-
duced in Fig. 10. It was obtained with a potential of 1407 volts and
19.5 mm. pressure. Four records, I, to I, were taken, which show an
oscillation frequency of 5416 per second. This frequency, as well as
the amplitude, were constant except that occasionally at irregular in-
tervals a sudden increase of a single amplitude by about 20 per cent
would take place. Such increased action would be followed by small
variations of the next two amplitudes and then the steady state would
be re-established. Similar effects were observed for air as recorded
in oscillogram No. T33.

Cosmic rays are probably the cause of those sporadic variations
of amplitude. The interval of time between the single impacts is
determined by the number of intermediate peaks of constant ampli-
tude. Such methods of recording may be used for the study of
cosmic rays or other ionizing agencies, and the effect of their impact
on the breakdown of gases may be thus investigated.



OSCILLATIONS DUE TO CORONA DISCHARGES 51

VI. SumMAary AND CONCLUSIONS

29. Summary of Results—The results of this investigation may be
summarized as follows:

(1) An arrangement was developed and tested for producing
oscillations by means of corona tubes in which the circuit oscillations
and other types of oscillations could be separated from each other for
the purpose of oscillographic studies.

(2) Oscillographic records were obtained which prove that corona
discharges give rise to two types of oscillations. One is damped, and
its period depends on eircuit constants, the other resembles in all
respects relaxation oscillations.

(3) The effect of space charges was investigated. It was es-
tablished that corona oscillations were produced in their absence as
well as in their presence. The space charge was found to decrease
the starting potential of the corona relaxation oscillations.

(4) The relaxation oscillations have been investigated when cor-
ona tubes were subjected to alternating potentials of 60 cyeles per
second. It was found that the effect of varving the applied po-
tential was to change the average frequency of the oscillations. These
oscillations start with breakdown potential, and cease when the
applied potential surpasses a certain limiting value.

(5) The frequency of the alternating applied potential (27 and 60
eyveles per second) was found to have no measurable effect on the
frequency and character of the wave form of corona oscillations.

(6) The dimensions of the corona tube as well as the pressure
of the gas within the tube were found to affect the average frequency
of the relaxation oscillations, inasmuch as these factors control the
breakdown potential of the discharge, and influence the extinction
voltage of the oscillations.

(7) The capacitance shunted across the corona tube and the
resistance inserted in the circuit affect the average period of the
corona relaxation oscillations in the sense required by the theory.
The proportionality of the oscillation period with R was established
but it could not be established for €, due to the complexity of wave
forms imposed by the alternations of applied potentials.

(8) The amplitudes of eircuit oscillations were found to in-
crease with applied potential and approach a constant value for very
high potentials. The amplitudes of relaxation oscillations showed
the opposite tendency. They decreased with increased applied poten-
tials and reached zero for very high potentials.
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(9) No time effect could be detected beyond slight changes due
to variation of pressure and corrosion of the surface of the wire
electrode.

(10) The wave forms of negative corona usually differ from
those of the positive phase. It was found that these distinct forms
are not due to different types of oscillations, but are connected with
the difference in breakdown potentials in the two cases when the
wire is cathode or anode. Absence of oscillations, often observed for
the positive corona at higher pressures, and for negative corona
at lower pressures, occurs whenever the potential exceeds the values
required for sustaining relaxation oscillations.

(11) Comparative studies were made of corona oscillations in air,
N,, and CO,, which show that the chemical constitution of the gas
exerts an appreciable effect on the wave form of the oscillations.

(12) Preliminary experiments were made in air and CO, in pro-
ducing oscillations by means of subjecting the corona tube to con-
stant potentials from a battery. Regular and irregular types of
oscillations were obtained. The regular type in CO, showed at
random intervals sudden increases of amplitude which suggested the
effect of cosmic rays.

30. Conclusions—The following conclusions may be drawn from
these results:

(1) Corona tubes produce wave forms of oscillations similar to
those due to ionization in cables and condensers subjected to alter-
nating potentials. Such tubes can therefore be used as models for
the study of the fundamental properties of the respective types of
oscillations.

(2) The fundamental properties of corona oscillations have been
established. Due, however, to the alternating character of the ap-
plied voltage, only the average frequencies and average amplitudes
of the prevalent types of oscillations could be obtained. Quantitative
results may be obtained by extending the investigation to a study of
corona tubes subjected to constant potentials. For this purpose
photographic records of corona oscillations must be made with a
cathode-ray osecillograph. This plan is being carried out so that
further results will soon be ready for publication.

(3) The complexity of the wave forms of oscillations obtained
with 60-cycle alternating potentials is augmented for higher potentials
by the change in the character of the negative corona discharge from
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a single bead at low potential to a form of multiple beads for higher
applied potentials. It is therefore necessary to extend the studies in
the direction of determining the properties of oscillatory phenomena
of multiple bead discharges. Such a study is being carried out as
a part of the plan mentioned.
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