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PREFACE

The developement of practical theories regarding radio interference has lagged
far behind the development of those pertalning to radio signal transmission. Thus, at
nresent, the problem of radio interference 1s treated largely in an experimental and
empirical manner whereas the treatment of signal-transmission phenomena is expedited
through use of the well-known theories applylng to tuned circuits, transmission 1lines,
directional antennas, sice-band fllters, etc. This development 1s entirely normal since,
after all, the problem of interference arises directly from the signal-transmission prob-
lem. Actually, tiie radlo-interference problem iz somewhat more complicated than the phe-
nomenon of signal transmission. In the latter case all signals commonly used today may
be classified into three general types, viz.; amplitude-modulated, frequency-modulated,
or phase-modulsted waves; whereas radio interference because of 1ts usual random nature
cannot be s grouped.

Several authors have published theoretical treatments of the interference arising
from raniom disturbances, but unfortunately, because of the general method of attack,
these treatments have been highly mathematical and have but little meaning to anyone not
acquainted with the mathematics involved. In the sections to follow an attempt will be

made tc apply these theories in analyzing the radio interference arising from high-voltage
electricsl discharges. While no attempt will be made to secure a high degree of mathe-
matical rigor, as many of the mathematical steps as necessary to clearly show the develop-
ment of theory will be given in the various appendices.

On the basis of the physical mechanism involved in a high-voltage electrical dis-
charge a rational theory will be developed regarding the radlio-influence characteristics
of these discharges. Radlo interference predicted frem thils theory will be found in ex-
cellent accord with experimental measurements. It 1s hoped that the material summarized
here will be of aid to others who are investigating radlo-interference phenomena, and
that it will help to place the entire subject of radio interference arising from point
discharges on a more substantial foundation.

--W. H. Huggins
Oregon State College
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RADIO-INFLUENCE CHARACTERISTICS OF KIG!-VOLTMI.

ELECTRICAL DISCHARGES

I. INTRODUCTORY SUMMARY

The radio interference resulting from high-voltage electrical discharges 1s
influenced by three things: the nature of the electrical discharge itself, the charac-
teristics of the associated electrical network, and the radio receiver. It has been
found that, in general, the associated electrical network has but little influence on
the characteristic nature of the electrical discharge. Accordingly, each of these
‘three factors may be studied separately, and a measure of each in its contribution to

radio interference thus obtained. The various phases of the problem to be considered
are as follows:

Physical discharge mechanism of high-voltage electrical discharges.
Approximate equivalent circuit for studying voltage-induction eéffects arising
from corona discharges.
Theoretlical and experimental determinations of the statistical current-frequency
spectrum of the positive-streamer discharge and the determination therefrom of
the current-burst shape.
Determination of pulse rate of negative point corona.

5. Calculation of radio interference in complicated networks.

6. Effect of receiver detection systems on measured interference.

7. Shock excitation of circuits and the relationship between effective band-width
and =ircult decrement.

8. Noise-reduction by the use of nonlinear circuit elements.

As a result of these studies, it 1s-soncluded that the interference arising from
corona discharges can be considered.as a radio-freguency noise-current spectrum of nolse
currenta distributed over the entire radio frequency spectrum. Calculations of inter-
ference based on this noise spectrum agree remarkably well with experimental observations

From these studies it is apparent that if radio interference is to be reduced
beyond that which can be done with simple filters and tuned ecircuits, the frequency band
of the signal must be reduced with respect to the aignal. This can only be accomplished
by non-linear circuits vhich discriminate between the signal and noise on the basis of

their different wave forms. Such discrimination is not poussible in linear networks.

Because of this fact, it is concluded that the engineer's last best hope for.
greatly improved radio reception must lie in a more universal adoption and wise applica-
tion of nonlinear circuit elements incorporated in radio receiver design.

II. LABORATORY EQUIPMENT AND METHODOLOGY

High-voltage Pover 8

To supply the large direct-voltages needed to produce electrical discharges at
atmospheric pressure, the power supply shown in Figure 1 vas constructed. The principal
advantage of the half-wave voltage-doubling circuit employed is that the maximum inverse
voltage appearing across either high-vacuum tube is the same as the output potential and,
furthermore, it 1s only necessary to use a transformer having a voltage rating of about
half the output voltage.
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PRECIPITATION-STATIC-REDUCTION RESEARCH

The power supply was designed to be corona-free for all voltages up to 200,000
volts. Copper pipe of li-inch diameter was used for the conducting system and all fit-
tings were carefully ground and polished before installaticn. The capacitor rack,
visible in Figure 2, was constructed so that its leakage paths would form a natural,
voltage divider to equalize the voltages across the series filter condensers. The pro-

tective resistcrs shown in the circuit diagram simply replace apprcpria.te sections of
the copper conductors.

The output voltage of the power supply is controlled by an induction regulator
in the primary circuit of the high-voltage transformer. For lowv-voltage operation, up
to 50 kilovolts, two smaller high-voltage rectifiers, with filament power supplied
through two ac-operated filament transformers, may be plugged in parallel with the

larger rectifier tubes whose filaments, because of the high-voltage 1n-ulation require-
ments, are battery-powered.

Synchronization-voltage Injector Circuit

Also shown in Figure 1 between the dotted lines is the circuit by means of which
an oscillating voltage of several thousand volts and of any frequency betveen 100 and
4000 cycles per second may be superimposed upon the direct potential deliversd by the
high-voltage power supply. The "feeding" condenser is comprised of 8, 0.5 microfarad,
25,000-volt condensers connected in series-parallel. In addition to injecting a syn-
chronizing voltage wihen desired, this circuit also serves as an additional filter sec-
tion to the power supply to reduce still further any 60-cycle ripple in the output vol-
tege, and remove other disturbance resulting from the ecrona discharge. However, be-
cause of the voltage limitation of the capacitors, the circuit can only be used at vol-
tages less than 100 kilovolts.

Radio-interference-measuring Circuit

A substitution method was employed to measure the magnitude of the radio inter-
ference at any particular frequency. PFigure 3 shows a block diagram of the circuit
used to measure the radio interference and the currents and voltages at the discharge
plectrode. The entire measuring equipment was arranged in a grounded metal cage and
vas connected to the discharge electrode under test by a coaxial cable 22 feet long.
A similar cable of identical length connected the standard-signal generator to the
remaining portion of the measuring circult. By means of a three-position master-
selector switch, the radio receiver could either be connected to the cable leading to
the discharge electrode or to the standard signal generator. In both of these positions,
the avec voltage developed in the receiver was indicated on a vacuum-tube volt-meter.

When the master-selector switch was turned to the third position the same vacuum-
tube voltmeter was calibrated to read discharge currents ranging from 0.005 to 5,000
microamperes, and output voltages delivered by the DC-power supply between the values of
5 to 200,000 volts. A push-button selector switch conveniently placed at the end of a
flexible cable was used to select any of the five current ranges and six voltage ranges
betwveen the above limits.

-

To measure the radio interference at any particular frequency to which the stand-
ard-signal generator had been set, the master selector switch was first turned to the
position connecting the receiver to the standard signal generator and the radio receiver
tuned for maximum response to the standard signal. The master selector switch was then
turned to connect the radio receiver to the discharge electrode under test. After the
receiver gain control had been adjusted to give an avc voltage of about three volts (the
gain setting of course depending upon the magnitude of the radio interference), the
standard signal generator wvas again substituted for the discharge point, and the output
voltage of the standard signal generator adjusted to obtain the same ave voltage. The
open-circuit output voltage delivered by the signal generator could then be read direct-
ly upon 1its calibrated atteruator dial.
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RADIO-INFLUENCE CHARACTERISTICS

It was necessary to establish the relationship between this open-circuit voltage
and the current reaching the radio receiving equipment. The calibrating and noise-
measuring equivalent circuits are shown in Figure 4 and the relationship between the
current reaching the receiving circuit, and the nolse current or open-circuit voltages
are given in each case. 8ince the noise currents flow through the same length of co-
axial cable as the calibrating currents, any attenuation due to this cable need not be
considered. A 75-ohm insertion unit was used with signal generator to extend the cali-
brated output range to a smaller value. The relationship between the noise current and
recelver current as given in Figure 4a was experimentally determined.

Since the frequency spectrum of random interference must be essentlally estab-
lished on an energy basis and all currents and voltages must therefore be expressed in
effective or root-mean-square units, some question may arise as to the accuracy of
using the avc voltage as a comparison index between an impulsive type of radilo inter-
ference and a continuous calibrating signal. This problem has been completely treated
in appendix VII, and it suffices to say here that, provided the receiver is sufficiently
selective so that the high-frequency audio response 1s limited by the RF and IF selec-
tivity characteristics and not by the detector and audio system; the rectified, dlode
current will be proportional to the envelope of the shock oscillation at the second
detector. The envelope of this oscilllation may be calculated from data obtained from
the selectivity measurements; and from this calculated data, the ratio between the ef-
fective and average values of the oscillations may be determined. As is shown in the
appendix dealing with this problem, the measure of the noise current as obtained by the
substitution of & steady-state signal is actually a measure of the average diode current
rather than its effective value. If, however, the average number of interference bursts
per second is known, the ratio of effective current to average current may readily be
calculated and the effective value of the interference current thus obtained. On the
basis of certain relationships to be derived later, it is possible to determlne this
ratio experimentally. The satisfactory agreement between the calculated and experi-
mental values of this ratio as a function of the number of disturbances per second not
only verifies the theoretical determination of this ratio, but also serves as conclusive
evidence proving the validity of the radio-interference theories to be developed later.

Current and Volatage Measuring Equipment

A vecuum-tube-operated measuring circuit was devised which used a large 0-500
microammeter as the indicating instrument, and which gave full-scale deflection for
current values of 0.5, 5, 50, 500, and 5000 microamperes, and for voltage values of 0.5,
2, 5, 20, 50, and 200 kilovolts, depending upon vhich range had been selected on a multi-
button range-selector switch.

The discharge currents were measured in terms of the voltage developed by this
current vhen flowing through a resistance of known value. The range-selector switch
simply inserted resistors of different sizes into the circuit, and the voltage developed
across this resistor was then indicated on a vacuum-tube voltmeter. The output voltage is
the dc-power supply was also determined by the voltage developed across a resistor con-
nected between ground and a 400-megohm resistance tower connetted to the output terminal
of the high-voltage power supply. By inserting different resistors, six voltage ranges
could be obtained. These various resistors were mounted in the box with the range selec-
tor switch which, being connected to the rest of the measuring circuit through a long
flexible cable, could be placed conveniently at the operator's fingertips and near the
indicating instrument.

The vacuum-tube voltmeter was designed to give a full-scale deflection with an
input voltage of 5 volts on a large 0-500 microampere instrument. A reversing switch
vas inserted between the indicating instrument and the vacuum-tube circuit so that vol-
tage up to 5 volts of elther polarity could be measured. At first there was difficulty
in obtaining a vacuum-tube voltmeter circuit which would have an extremely low, input
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Figure 4. Calibrating and Noise-Measuring
Equivalent Circuits and Equipment Data
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(c) Equivalent Callibrating Circuit (28 Mc - 148 Mc)

coaxial Line, All Circuits
Amphernol type 72-24, Length: 22 feet, Characteristic Impedance: 150 ohus.
Radlo Recelvers
ctrcuit b, National Type HRO (50kc - 30 me), serial mo. 6290.
Circuit c, Hallicrafiers UHF Communications Receiver, Type s-27,
(28mc - 148 me.), Serial mo. H-150851.
Signal Generators:
Circuit b. General Radio Standard Signal Generator, Type 605-B,
Serial no. 1663.
Circuit c. General Radio, UHF Signal Generator, Type 80L-B,
Serlal no. 332.

Attenuation Insertion Unit, Circuits B ard C.
General Radlo, Type TT4-X1.




RADIO-INFLUENCE CHARACTERISTICS

It was necessary to establish the relationship between this open-circuit voltage
and the current reaching the radio receiving equipment. The calibrating and noise-
measuring equivalent circuits are shown in Figure 4 and the relationship between the
current reaching the receiving circuit, and the noise current or open-circuit voltages
are given in each case. Since the noise currents flow through the same length of co-
axial cable as the calibrating currents, any attenuation due to this cable need not be
considered. A 75-ohm insertion unit was used with signal generator to extend the cali-
brated output range to a smaller value. The relationship between the noise current and
receiver current as given in Figure 4a was experimentally determined.

Since the frequency spectrum of random interference must be essentially estab-
lished on an energy basis and all currents and voltages must therefore be expressed in
effective or root-mean-square units, some question may arise as to the accuracy of
using the ave voltege as a comparison index between an impulsive type of radio inter-
ference and & continuous calibrating signal. This problem has been completely treated
in appendix VII, and it suffices to say here that, provided the receiver 1s sufficiently
selective so that the high-frequency audio response is limited by the RF and IF selec-
tivity characteristics and not by the detector and audio system; the rectified, diode
current will be proportional to the envelope of the shock oscillation at the second
detector. The envelope of this oscillation may be calculated from data obtained from
the selectivity measurements; and from this calculated data, the ratio between the ef-
fective and average values of the oscillations may be determined. As is shown in the
appendix dealing with this problem, the measure of the noise current as obtained by the
substitution of a steady-state signal is actually a measure of the average diode current
rather than its effective value. If, however, the average number of interference bursts
per second is known, the ratio of effective current to average current may readlly be
calculated and the effective value of the interference current thus obtained. On the
basis of certain relationships to be derived later, 1t 1s possible to determine this
ratio experimentally. The satisfactory agreement between the calculated and experli-
mental values of this ratio as a function of the number of disturbances per second not
only verifies the theoretical determination of this ratio, but also serves as conclusive
evidence proving the validity of the radlo-interference theories to be developed later.

Current and Volatage Measuring Equipment

A vacuum-tube-operated measuring circuit wvas devised which used a large 0-500
microammeter as the indicating instrument, and which gave full-scale deflection for
current values of 0.5, 5, 50, 500, and 5000 microamperes, and for voltage values of 0.5,
2, 5, 20, 50, and 200 kilovolts, depending upon which range had been selected on a multi-
button range-selector switch.

The discharge currents were measured in terms of the voltage developed by this
current when flowing through a resistance of known value. The range-selector switch
simply inserted resistors of different sizes into the circuit, and the voltage developed
across this resistor was then indicated on a vacuum-tube voltmeter. The output voltage 1is
the dc-power supply was also determined by the voltage developed across a resistor con-
nected between ground and a 400-megohm resistance tower connetted to the output terminal
of the high-voltage power supply. By inserting different resistors, six voltage ranges
could be obtained. These various resistors were mounted in the box with the range selec-
tor switch vhich, being connected to the rest of the measuring circuit through a long
flexible cable, could be placed conveniently at the operator's fingertips and near the
indicating instrument.

The vacuum-tube voltmeter was designed to give a full-scale deflection with an
input voltage of 5 volts on & large 0-500 microampere instrument. A reversing switch
was inserted between the indicating instrument and the vacuum-tube circuilt so that vol-
tage up to 5 volts of elther polarity could be measured. At first there wvas difficulty
in obtaining a vacuum-tube voltmeter circuit which would have an extremely low, input
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admittance (obtatined by connecting the input voltege directly to a negative grid) and
st1ll be sufficiently linear over the operating range of +5 to -5 volts. The circuit
vwhich was finally devised is shown in Figure 5. This circuit was found not only to be
linear within less than one-tenth of one percent over the operating range, but also to
have a maximum overload characteristic well within the range of the indicating instru-
ment. The indicating instrument was accurate to within one percent of full-scale de-

flectlion and all range-selector resistors were selected to within plus or minus one
percent of their ideal value.

Also shown in Figure 5 is the power supply used to furnish the direct voltages
for operation of the vacuum-tube voltmeter. A series-vacuum-tube regdlator was used
here to maintain a constant output voltage. The circuit is conventional except for the
14 megohm resistance connected from the plate of the 2A3 to the screen of the 6SJ-7.

By adjustment of this resistance, the direct-voltage delivered by the power supply
could be made completely independent of normal power-line voltage fluctuations.

Other Equipment

In addition to the equipment already described, a small test chamber, shown in
Figure 7a was used to investigate the discharge characteristics of various electrodes
at pressures less than atmospheric. This chamber could be evacuated by means of a
rotary oil pump to an absolute pressure of less than one millimeter of mercury.

Also, shown in Figure Tb, is the equipment loaned by the Department of Mechanical
Engineering at Oregon State College for making studies of electrical discharges at atmos-
pheric pressure in a wind stream moving with a high velocity. This equipment consists
essentially of an automotive-type supercharger driven by a variable-speed, 5-hp, d-c
motor. Wind velocities through a 11" diameter nozzle sufficient to carry away much of
the space charge for either polarity were obtainable with this devlce. Also under con-
struction, but not completed because of lack of funds, 1is & much larger, low-pressure
test chamber which will provide a high velocity airstream at pressures depending only
upon the capacity of the exhausting equipment. It is hoped that these studies at low
pressure and high velocity may be continued.

III. HIGH-VOLTAGE DISCHARGE PHENOMENA

Electric Field around & Point

It 1is vell known that the geometry and shape of the discharge point greatly
influence the type of corona discharge at the point, and therefore also affect the radio
interference produced. Fine wires and sharp, slender points, in general, produce much
less radio interference than larger wires or blunt points. Since electrical discharges
from a sharp point are perhaps more common than those occurring from any other type of
electrode geometrical shape, 1t would be desirable to establish for study some type of
point geometry for which the potential and gradient formvlas are not too complicated.

The only type of point geometry which can be made to resemble a needle and
still be treated mathematically in a simple way is that composed of confocal parabololds
of revolution in which the surface of the point and the "plane" electrode must be con-
sidered as confocal paraboloidal surfaces of widely different size. This representa-
tion is surprisingly good. A No. O needle, when enlargedasome 30 times, resembles the
point shown in Figure 8 very closely.

The derivations of the expressions for the potential and gradient around a
paraboloidael point are given in appendix I. From Figure 8 it 1s seen that the equi-
potentials and the surface of the point and plane electrode are specified by the co-
ordinate "u." The significance of this coordinate is that it is the actual distance
from the focus to the tip of the parasboloidal surface which the coordinate represents.
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Figure 8

CROSS-SECTION OF PARABOLOIDAL POINT
USED IN CALCULATIONS
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RADIO-INFLUENCE CHARACTERISTICS

It 1s also the radius of curvature of that particular surface at the vertex. The lines
of flow between these paraboloidal surfaces are represented by an orthogonal family
identical in every respect with the first, except that the surfaces extend toward the
left in Figure 8. Each surface of flow is determined by the parameter "v" which is
numerically equal to the distance between the vertex of that surface and the focus.

Referring again to Figure 8, it will be seen that any point lying in the cros.
section of the figure may be expressed in terms of the "u" and "v" parameters which
represent curves intersecting at that point. For this reason the parameters u, v and
v (where w 1s the angle through which & cross-section of Figure 8 must be rotated to

also pass the given point) are called the "paraboloidal coordinates" of the point in
space.

It 1s interesting to compare these coordinates with the more common rectangular
coordinates, x, y and z. For example, the equation x = & defines a plane surface normal
to the x-axis and of distance "a&" from the origin. In an analogous manner for parabo-
loidal coordinates, when u 1s equal to the constant "a," a surface formed by revolu-
tion of a parabola having a vertex-to-focus distance of "a" 1s defined. This surface
may be bounded by specifying values of v and w over its boundary.

Positive-point Discharge Mechanism

The positive and negative point-discharge mechanism will now be discussed in
order that the equivalent circuit used to simulate the voltage-induction effect of
corona streamers will be better understood, and also to provide a rational basis for
the assumed avalanche-current wave-shape, which will be used in predicting the current-
frequency spectrum equivalent to the positive-point type of discharge.

When a positive potential 1s applied to & point electrode, the negative ions
alwvays present to some extent in the air will be attracted toward it. For simplicity,
consider what happens to only one of these many ions.

If the anode (point) potential is gufficlent to produce a corona discharge, it
will be found that, as the ion moves toward the point, it moves through an increasingly
intense field which eventually tears the electron from the negative ion. The electron,
free of its former mass, hurtles toward the point, but in so doing collides with other
gas molecules from which are knocked, by collision, additional electrons which join in
the avalanche. In this manner, a single electron in falling toward the point can pro-
duce up to 107 secondary electrons.*

The avalanche produces two different phenomena, burst pulses or streamers, de-
pending on vhether the positive-ion space-charge left behind the avalanche inhibits or
enhances further avalanche formation along the same channel.

Burst pulses ordinarily occur vhen a normal positive potential 1is applied to a
very small point. The avalanche described above leaves a column of positive lons be-
hind, which reduces the field in that particular region, thus inhibiting the formation
of a new burst. However, the photoelectrons created by the ionization in the original
avalanche will have created nev bursts on all sides. These in turn set off further
bursts vhich spread over those parts of the point surface possessing voltage gradients
sufficient to produce ionization. In the meantime, the space charge blocking the orig-
inal channel will have been swept away by the electric field, and as a result, many
1ittle bursts will cover the tip of the point but will be inhibited from extending into
the gap because of the combined effects of positive space charge and rapldly decreasing
field intensity as they progress outward. It is this type of discharge which Starr®
found to produce but little radio interference and termed "Type 1."

If nov & blunter point and/or higher voltages are used, the space charge no
longer completely inhibits the immediate formation of further bursts along a channel.

#Numbers refer to reference list at end of repart.
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Instead the "tube" of positive ions in effect acts as a sharp projection of the point
itself, and accordingly attracts additional avalanches into its tip. When this repeat-
edly occurs a long streamer is formed which may extend for several centimeters into the
gap. This is Starr's "Type 2" discharge. If a still blunter tip ia used, the streamers
plume out from the point, gilving the "Type 3" discharge reported by Starr.

The time required for the gap to clear itself of the positive space charge re-
sulting from the microscopic bursts 1s around 107% seconds, whereas to clear the gap

aftgr a streaTer has propagated and left a much greater cloud of ions requires around
107" seconds.

Furthermore, once the burst pulses have commenced, a streamer rarely forms (un-
less the voltage gradients are nearly those required for spark formation). A streamer,
on the other hand, can instigate a long series of small burst pulses. An experimental
method of measuring the division of the corona current into that due to streamers, and
that due to burst pulses, is described in appendix VIII of this report. By using equa-
tions (8) and (9) of this appendix, the fraction of the total current occurring as
noise-producing streamers was calculated for various streamer rates and the experimental
results are given in Figure 8a. At the low streamer rates, the high-voltage-electrode
potential was just enough to produce a discharge from the conical point. However, to
increase the streamer rate it was necessary to increase the voltage, with the result
that burst pulses then followed each streamer. Whentthe voltage was increased still
further, the streamer rate increased at first but eventually began to decrease until
the streamers ceased and all discharge was in the form of comparatively noise-free burst
corona. A wind past the point, however, would disturb the space-charge "blanket," caus-
ing streamers and radio interference.

Further evidence that the effect of an increase in polarizing voltage is to de-
crease the streamer-current/total-current ratio is also found in Figure 8a. The fre-
quency of the atreamer discharges was maintained at each value by a synchronizing vol-
tage supplied by a calibrated audio oscillator and amplifier. The high-voltage-electrode
oolarizing potential could be varied over a small’ range without destroying the synchro-
1ism of the streamer discharges. However, such a small varlation 1n applied voltage
should affect the streamer-current/total-current ratio. It will be observed in Figure
8a that just this effect was present, for at certain frequencies where the voltage was
set a 1little higher than was the trend (such as at n = 800, 2000, 3000, streamers per
second), the streamer current formed a smaller part of the discharge current than one
might expect from the trend, indicating that the burst-corona current had been increased
by a somewhat greater proportion because of the higher applied voltage. Similar devia-
tions from the smooth curve are observed at n = 1250, 1500, 2250, and 3500, where for
each case the voltage was set a little lower than the trend would require.

Negative-point Discharge Mechanism

Although the negative-point corona discharge resembles the "Type 1" positive
discharge in that it is very localized, actually the mechanism is distinctly different.

When the voltage on the point reaches a value sufficiently negative that a
positive ion upon reaching the point produces a secondary electron by impact, that
electron will travel outward from the point producing an electro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>