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ABSTRACT

Corona discharges are studied, with special atten-
tion given to the mechanisms by which they produce
electromagnetic disturbances which cause interference
with radio rzception. The means by which these dis-
turbances are coupled into the receiver, and the nature
of the dependence of this coupling upon the geometrical
configuration of the body on which the discharge occurs,
are examined. The theory thus developed is applied to
the problem of precipitation static as it occurs in

aircraft.
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RADIO INTERFERENCE FROM CORONA DISCBARGES

»”

Aprrl 1953

MO,

% CHAPTER I
INTRODUCTION

e

A, History

The type of interference with radio reception now known as precipi-
. tation static has been experienced for many yesrs.l'z'a‘ Initial contact
with this phenomenon was experienced in the operation cf ground based re-
ceivers, where its cccurrence was an inconvenrience bu* not a hazard. By
1634 however, ali commercial transport aircraft had been equipped with
radio communication and navigation equipment.3 Pilots began to depend
upon these devices, and since precipitation static occurred with much
greater frequency and intensity in aircraft than at ground stations, a

serious hazard was created. Therefore it bega: rec.iving attention from

. most cnginears concerned with the development : d operation of radio

equipment in aircrafe.

s Several attempts to explain the phenomenon we-e made. The onc which
received greatest acceptance was made in 1914 by Curtis.4 Curtis con
tended that the static was generated by charged particles striking the
antenna, Hucke reports several attempts to overcome the interference
which were based on this conception.s None of them proved very success-

ful. however.

.
. Nambers refer to referovcea iisted at the end of thy report.
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The first progress to2 be made in the effort to overcome the effects
2 precipitaticn statiz cccurred in 1935 with the introduction of the
shielded loop antenna»z This entenne offered considerable improvement
cve~ the open-wire antenna which had beex used until that time. Loop
antennas were tested in the years 1935 and 1936 by two airlines. The im-
provement effected by th-ir use was sufficiently great that the Department
of Commerce ordered all eir transport lines to equip their planes with
loop anteanas by October 1937.

A paver by Morgan in 1936 ascribes the success of the shielded loop
antenna to the fact that it 'prevents the charged particles from striking
the antenna structure!’z Additional experience with loop antennas indi-
cated, however, that in spite of the very considerable improvement that
resulted from their use. periods of very high precipitation static would
occur in which all radio equipment was inoperative for 30 minutes or

3
more.,

In an attempt to obtain more satisfactory solutions a program of

light investigation was set up in Ncwember 1936, and continrued until
June 1937. Scientists from Reed “ollege. Purdue University, Oregon State
College, Bendix Radio Corporation. and Rell Telephone Labcratories were
involved in the program. United Airlines furnished the pilots, flight
engineers, and a meterolcgist. The results of this program are renorted
by Hucke.3 The couciusion of greatest significance to come from the in-
vestigatior was that precipitation static was due nst to charged partici:s
striking the antenna, but rather to corona discharges {rom the antenne
itself or from other extremities of the aircraft which prcduced noise that
coupled into the antennsa. Although Hucke lists seven possible ways in his
paper in which aircraft can acquire charge, he appears to give most weight
to the theory that the aircraft is charged by the transfer of charge from
charged particles which impinge upon it in flight. It is significant that
his list does not contain any mention of triboele:tric charging, which is

now accepted as the principal canse.
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B, ITxperience During World War II

In spite of the improvement which resulted from the use of shielded
locp anzennas and the trailing wire dischargers which grew out of th- in-
vestigation reported by Hucke. precipitation static was still a serious
problea when the United States entered Wocld War II. It is estim-~ted that
durin Worid War II precipitation static was responsible for the loss each
year of 1% of all sircraft based in certain areas of the United States.
The seriousness of ihe problem led to the establishment of the joint Army-
Navy precipitation static project which was organized in May 1943. A
large part of the work of the project vas carried out at Minneapolis under
the direction of Ross Guan. Work was also done st the General Electric
Company Laberaturies in Schenectady, New York, under the direction of
Trving Langmuir. at Oregon State College, at Washington Stste College, at
Yurdue University, and at the Naval Research Laboratory in Washington. In
the course of these investigations much was learned about many of the
phetomena involved in precipitation static, and several mears for over.
coming precipitation static were suggested. These inclule the cielectric-
coated wire antenna and wick discharger which has now become standard
equipment on aircraft,5 the block anc squirter discharger,ﬁ and the re.

- . 7
ceiver blanking system,

C. Basic Phenomena Contributing to Precipitation Static

The conclusion reached in 1937 by Hucke and his co-workers that
corona discharges were responsible for precipitation static has been
. . . . . 5,8 . . .
abundantly substantiated since that time. His explanations concderning
the methcds by which static charge is deposited on the aircraft have, Fow-
ever, been rejected, The charging effect is presently explained es a
. . 5,9 .. . . o .
triboelectric phencmenon. '~ Precipitation particles striking the air-

craft rub against it and glance off leaving a charge in the same manner

that a chargs is left on an ebony rod when rubbed with fur. Langmuir,
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Tanis and others have succeeded in reproducing these effects under labora-
tory conditinns, and Langmuir and Tenis have investigated the charging
effect as a function of particle and surface composition, angle of inci-
dence, velocity of incidence, and particle size.9 They have succeeded in
fitting a large number of particle and surface substances into a tribo-
electric series which is in agreement with Coehn’'s rule that substances cf
high dielectric constant acquire a positive charge when rubbed against
substances having a lower dielectric constant.

On the basis of the triboelectric charging mechaniam, it is possible
to explain the high charging rate which occurs in aircraft. Aircraft are
known to charge at a much higher rate than can be justified on the basis
of the charge mezsured on precipitation particles and the speed with which
the aircraft flies through them. Langmuir even reports one instance in
which the aircraft acquired a negative charge while flying through posi-
tively charged precipitation.lo The triboelectric theory also explains
qualitatively the observed effect of temperature on charging rate and the
fact that aircraft consistently charge negatively. On the basis of
Langmuir’'s investigation an effort was made to overcome the precipitaticm
static problem by finding surface coatings for aircraft which would either
teks a positive ~harge or a raduced charge.s The effort proved unsuccess-
ful, bowever.

The triboelectric charging which occurs when the aircraft enters pre-
cipitation scor raises the sircraft to extremely high voltagss; voliages
in the neighborhood of 1,000,900 volts have been shkown to occur.s As the
aircraft charges, a concentrated electric field is produced zt sharp points
and extrsmities. Eventually the field at theae points becomes sufficiently
great to cause the points to go into negative burst pulse ccrona. This type
of corene lischasge wes first investigated by Trichel in 1935, and has heean
the subject of much investigation since that time. M 1 e knomn

that the dizcharge pulses are of short duration, have ¢ short zise time,

and eccur at a nearly periodic rate whose frequency depends upon the radius

591 37




of the discharge tip and the applied voltege. These discharge pulse when
they occur at an :udio frequency rate and couple elrctromagnetically into
the radio receiver, account for the singing or semi musicsal character which
precipitation static is frequently observed to have.

Another pheromenon which frequently contributes to the production of
precipitation static is cross field charging.5 This is the effect which
occurs when the aircraft flies between oppositely charged cloud masses and
the electric field which exists between the clouds induces high field con
centrations on points of the aircraft. Such a field produces corona dis
charges in the same manner as the field produced by triboelectric charging.
Cross-field charging seldom, if ever, occurs except in conjunction with
triboelectric charging. and tken only for brief periods of time. Thus
this effect is of secondary importance.

Adnother effect which 1s properly classified as a precipitation static
phenomenon is that due <c the charging of dielectric surfaces on the air-
craftxlﬁ Surfaces such as gl=ss windshields or plastic canopies. which
are good insulators. are charged triboelectricelly until a large volitage
difference appears between these surfaces and the adjacent metal sections
of the aircraft. When this voltage becomes sufficiently great, a spark
discharge occurs betwesn adjacent dielectric regions of differing potential
or between the metal and the isolated dielectric section. The discharge
produces electrical noise which may be coupled into the receiver. Recent
work indicates that this type of interference is effectively eliminated hy
coating the dielectric surfaces with high resistance conductive films.17

Interest has recently been revived in the effect of charged precipi-
tation particles striking the sntenna. As mentioned earlier. this was tle
first explanation advanced for precipitation static. It wa, later rejected
in favor of corona discharges as the noise:-producing mechanism but cencern
has lately been expressed that this may be a contributing factor. The

1
problem was recently investigated >y Newman and Rondeau. They reached

the conclusion that charged rain dreos striking an antenna can cause

- 591 -37
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significant nuise voltages at the lower communication frequencies, althong
these are much less important than noise resulting from corona discharge.

. " ¥ .
The noise produced in this manner depends upon the radius of curvature of

she surface which rhe particle strikes., Larger voltages are produced by

smailer radii.

D. Scope of Present Investigation

Review of previous work on precipitation static indicates two areas
of the probler. which have been inadeguately explored and which should

prove fruitful fields for investigation. The first of these concerns the

fundamental physical natire of the negative point corcaa pulses which are
the sources of precipication static noise. These discharges have been
subjected to much investigation, but many important questions remain un-
answered. One aspect of the nature of the pulses which is of utmost im-
portance in the production of precipitation static is their time structure
or transient character. Many attempts to obtain oscillographic records of
the pulses have been mcde, beginning wich the work of Trichelll who was
the first to observe that the discharge orcurred as discrete pulses. The
most recent attempt which has been reported is that of English.l‘ In =all
these investiyations the workers were hampered by the inadequ?cy ~f their
equipment. Their results have therefore been erroneous., aithough this

fact has not always been recognized.

In a very careful and thorough piece of work Huggins investigated
the character of positive point streamer pulses,8 His method was essenti-
ally to determine the magnitnde of the Fourier transform of the pulses
through an investigation of the frequency spectrum of the noise voltages.
He then postulated on the basis of physical reasoning a pulse form with a
Fourier transform correspording to that measured for the actual pulses. In

this fashion he arrived at a much more accurate picture of the pulse form

than later investigator: who have attempted to obtain the shape of the
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pulses by direct oscillographic methods. Unfortunately, Huggins was not
sble te employ this method in the investigation of negative point corona
pulses because of his inability to control the repetition frequency of the
pulses,

Ancther aspect of the discharge pulses which has received practizally
no attention, and one that is of paramount importance for a theory which
adequately explains the mechanism of precipitation static, is the cepatial
extent of the discharges, It is well known that, in the course of the dis-
charge, the charge leaves the point as free electrons which have very high
mobility. As “he electrons move out of the high field which immediately
surrounds the point, they lcse energy, slow down, and are capuured by
oxygen molecules to form negative ions.12 The mobility of these ions is
so much less than that of the electrors that, in terms of the time inter-
vals of importance in the present study, the electrons can be considered
to have come to rest when they become attached. It will presently be
shown that the quantity of importance in determining the strength of the
noise signals excited on the structire is not the actual value of the
current flow in the discharge, but the dipole moment of the discharge.
which is proporticnal to the product of the current flow and the distance
over which the current fiow takes place. The importance of knowing the
spatial extent of the discharge becomes evident in the light uf this fact,

The second area of the pro-lem which appears to have been neglected
in previous work is an investigation, in terms of fundamental electromag
netic theory, of the mechanism of coupling between the corona pulse and the
receiver terminals. Previous investigations have either ignored the problem
altogether, or have assumed that coupling was reduced in proportion to the
distance between the point at which the discharge cccurs and the ter-inals
of the receiver. This assumption is not valid, in general, as will be
shown in laéer sections,

The foregoing discussion has indicated some of the questions concerning

precipitation static phenomena which remain to be answered. The present
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investigation undertakes to answer some of the questinng in both of the
foregoing areas. In Chapter Il a fundamental coupling theorem. based
directly on Maxwell’s field equations, is developed. The theorem is of
considerable generality. It can be applied in discussing the noise sig:
nels coupled into the receiver from a discharge occurriag at some remote
corner of the aircraft. On the other hand, it can be applied to the con-
verse situation; the dipole moment of the discharge can be inferred from
the current pulse measured at the base of a discharge point and from cer-
tain supplemental electric field investigations for the discharge
electrode system.

Chapter ITI is devoted to an account of a rather extensive experi-
mental investigation of the transient nature of negative point corona
pulses. The investigation was carried out with the aid of an oscille-
scope c¢f recenc development which is capsble of defining pulses having
rise times of 7 mus. The coupling theory developed in Chapter II is ap-
plied to infer from the oscillographic data the effective dipole monents
of the discharges.

In Chapters IV and V the results of Chapters IT and III are applied
to antenna configurations which are of practical or theoretical interest.
In Chapter VI devices presently in use for the suppression of precipi.
tation static are discussed in the light of the theory developed, and

suggestions for additionel research are offered.
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CHAPTER II

AN EXTENSION OF THE LORENTZ RECIPROCITY THEOREM

A. General Considerations

The coupling between the noise-producing discharge and the terminals
of the receiver is of fundamentel importance in a theory of precipitation
static interference. A successful solution to the precipitation static
problem for example, might lie in a device which forces the discharge to
occur at a point on the aircraft from which 1ts coupling to the receiver
will be very small. Since the problem is an electromagnetic one, it can

be arproached through the use of Maxwell’s field equations.
B. Derivation

Let us consider a conducting body of arbitiary shape as shown in
Fig. 1. Two regions of particular interest sre indicated. The first of
these, T,, represents a volume which has been removed from the original
conducting body to form the anterna terminals. The second regican, T, is
external to the body and is defined by the volume iu which charge moves
during a discharge. Quantities defined for the terminals, region Tl, wsll
be indicated by the subscript 1.

We now postulate two independent situations characterized by inde
pendent solutions to the field equations, The field quentities which co:
respond to the two situations will be desiprnat:J by superscripts {1) ana
(2). For each of the situations indicated it is possible to write
Maxwell’s curl equations relating the field quantities E. H, und J. These

equations in their Fourier transformed form, aze shown below

VxE = - jwuB. (1)

343 .37




o
r
ki

r

R SRR e

o

TR

7

T, REGION IN WHICH —

DISCHARGE OCCURS \ E

>

KL, AV

v,
&

i R A L LY U

)

\- T, TERMINALS

R ORI ENEYI ¢ R ik e 4 o

O BT CHAPITAIN & v v S

g o

Fi1G. 1

ILLUSTRATING THE COUPLING FROM A

DISGHARGE ON A CONDUCTING BODY
A-821-TR3:-210




-10-

i

VxH = jweE+j. (2)

We now form the vector quantity

PR — "’,ﬁ‘ oy anvmmwmqm [ 7)

-

E(‘:) X Ei(2) - E\Z) % ﬂ(i)

)

to which we apply Gauss‘s divergenc~ theorem:

B P )

-
){(E(” «g? g My . as S €V 1Y ce? xgE) &v.  (3)

s gy
L

By applying the vector identity

W
— s d

V-AxB = B-Vx4{-4-VxB

to the right side of Eq. (3) and substituting from Egs. (1) and (2).

several terms on the right are observed to cancel, and Eq. (3) becomes

Ho g o

n (2) n 2 ) {1
/603 <H ~E(2)><H( )ads=f(E”oJ“ -E ’=Jm)dv. (4)
The volume included in the volume integral on the righc is bounded by

the surface of the surface integral on the left. For the situation under

consideration. the velwme with which we are concerned is all space external
) to the conductors of Fig. 1, including the regions T, and T,. The surface
is therzfore the surface of the conductors and the surface at inf{inivy.
The radiatica condition of Sommerfeld insures that the contribution
to the surface integral over the surface at infinity vanishes.19 The
boundery conditions at the surface of a perfect conductor guarantee that
any vector E X H lies in a plane tangent to the surface, whereas the ele-

meut vector A5 is normal 1o the surface. The vectors E X H and dS are

therefore orthogonal and the surface integral is identically zero.

Equution (4) can thus be written as

(2 (1) (1) (2) |
g 3y ey - JE U -3 av, (5)
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1.

where we are free to specify what conditions shall apply in situstions (1)
. and {2} precvided only that the conditions that are specified are con-
sistent with Maxwell s equations. The conditions obtaining in situations

(1' and {2) are as foliows.

. . (1) . .
Situation (1). A veltage V,  is applied to the antenna terminals,

. (1 p s . . .
the current density J has 2 finite value in region T, and is zero

g W

eleewhere. The integrand of the integral on the left side of 7. (5)

is therefore nen-zero only in region T,.

. . . . . (2)
Situation (2). A discharge occurs in region T,, J ), and therefore
the integrand of the right side of Eq. (5} is non-zero only in

1 T
region T,,

t

As a result of the specified conditions, Eq. (5) becomes

Jf g2 J(1) dv - gt 3
Ty

£
€
£

(e GV . (6/

We now define the integral on the left ¢. Eq. (6§) &. the product
(2)_(1)

- V, I, ', and rearrange the equation into the form
. 2) 1 (1) (2) N
v, = E . | dv . (7)
I T,

Equation (7) is one form of the basic coupling theorem in which we are
interested. A more convenient form is obtained by dividing both siizs of

the equation by the antenna terminal imp.dance Z,,. The et sid of
(2]
Eq. (7) <hen becomes —:— whick is the open sircuit roltage produc-d at

YA
li
the antenna terminals by the discharge divided by the impedance seen
looking into these te:minals. According te Thivenin s theorem the quantity
thus cohtained is the short circeuit current oroduced at the verminals by the

- i G i i s 2 . .. : :
discharge. We shall jabel this current 1, . 1t 1s quite evident thsat the
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produce I, . vwhich occurs in the denominater of the right side is the
(37 - . . .
voltage ¥, . Ejsaticn (7) can therefore be written

C. Interpretacion

Equation (8) represeants the coupling theorem in its most useful ‘orm.
If the space 2nd time distribution of the current density during the lis:
charge is known, and if the elec:ric f:21d producad in the region of tue
discharge by a voltage applied to the antenns terminals can be determined,
then it is possible to calculate the short circuit current produced at the
antenna terminals by the discharge. With this information, Thevenin's
theorem, and conventional circuit theory, the reszponse of a radio receiver
connected to the antenna terminals can then be calculated.

A converse interpretation of Eq. (8) cun be made. If we know the
short circuit eurrent i::) produced by the discharge, mnd the electric
field E(X) produced by the voltage V:l), then Fq, (B8} can be rezsgarded as
an integral equation for the discharge current distributien J(z). It is
not difficult to show that solutions to the integral equation are not
unique; several different distributions of J(z) wight produce the same
respense 1:2). By making use of supplementary information, however, it is
possible to deduce considerable information concerning the nature of the
discharge from Eq. (8). In the following chapters both interpretations of

the equation will be employed.
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CHAPTFR 111

THE NATURE CF NEGATIVE POINT CORONA DiSCHARGES

A. Scope of Experimental Investigation

The experi.catal program wes divided into two phases. In phase 1 the
currents at the base of several discharge points of known geometry were
studied bv meens of a high speed oscillograph. The transisnt character of
the base current was obtuined a2s 2 function of point radius, pressure, and
electric field. Phase 2 of the study provided euxiliary oscilloegraphic
information from whicn the spatial distribution of the discharges studied

in phase 1 could be .etermined.

B. Time Structure of Pulses

The schematic diagram of Fig. 2 shows the experimental setup used for
obtaining oscillograms of the corona pulses. The high positive voltage
applied to the srherical electrode in the bell jar induces negative point
corona pulses at the discharge point. The point is connected through a
pressmaized coaxial connector to a coaxial cable ieeding to the oscillo-
scope. Signals from the discharge pulses travel down the cable and =2re
absorbed in the terminating reasistor, thus producing a voltage at the
oscilloscope terminals.

A Tektronix Model 517 Oscilloscope, which has distributed vertical
deflection and trigger amplifiers. was used in this phase of the investi
gation. The vertical amplifizr has & bandwidth of approximztely 70 Mc
tdown 8 db at 100 Me). and is capable of defining pulses having rise tiwe
of 0 007 us with a deflection sensitivity of 0.1 v/cm. An ultra high speed

sweep circuit provides sweep rates &» high as 0 010 us/cm. The sweep rate
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calibration was checked by applying a 100 Mc voltage to the vertical empli-
fier. It was found to differ irnappreciably from the indicated value.

The oscilloscope was modified tc incorporate a gate in the trigger
amplifier circuit, which was actuated by a pulse from the synchronizing
contacts on the camera shutter. The purpose of cthe gate was to permit the
vhotographing of single corona pulses, even though the pulses were re-
occurring at a rapid rate. By this means better definition of the pulse
shapes was obtained. A suhematic of the gate circuit is'shown in Fig. 3.
Its operation 1s as follows: The plate of the final zube of the trigger
pulse amplifier is normally shorted out by a balanced diode bridge so that
the unblanking and sweep circuits of the scope are not operated by incoming
pulses, alchough the pulses are applied to the vertical dzflection plates,
When the shutter of the car=ra arrives at the fully open position, the
synchronizing contazts on the shutter close. This initiates a biasing
pulse which travels down the transmission line and is applied to the diode
bridge, effectively removing the short from the plate. Consequently the
first pulse to arrive after the camera is open trips the sweep and un-
blanking circuits of the scope and is tius photographed. The width of the
gate pulse can be narrowed by reducing the size of { in Fig. 3. By deter:
mining the gate width necessary to include only one pulse. an approximate
measure of the repetition rate of the pulses is obtained. The repetition
rates obtained in this way are in agreement with those obtained by other
investigators and will not be included in this report. The balanced fe:ture
of oh» garte bridge is necessary since otherwise the gating pulse from the
camera shutter would trip the sweep and unblanking circuits prematurely.

The discharge points used in the investigation were hemispherically
capped cylinders. The pcints were made by iapping hemispherical tips on
small diameter tungsten rods. Four values of tip radius were used 0 005
¢ 0075, 0 010 and 0 015 in. For each value of tip radius, oscillograms
were taken at pressures ranging from 100 mm Hg to atmospheric, and for

several values of applied electric field. Pulse rates and magnitudes were
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found to depend heavily upon tip radius and pressure. The dependence of

pulse time stru:ture upen applied field was found to he less important,

although some effect was observed.

C. Effect of Tip Radius and Pressure

The effects of tip radius and pressure on pulse shape are best studlied

by comparing pulses for d5 ‘ferent radii and different pressures at a value

of applied electric field just sufficient to produce a discharge. Although

the actual field values required to produce the discharge vary widely with

preseure and tip radius the basic physical processes involved in the dis

charge are probably comparable at a value of applied field which just ex

ceeds the critical fieid.

The oscillograms of Fig. 4 show the effect on the pulse shape of

varying tip redius and pressure. It is evident that the pulses preserve

a remarkable similarity of form for changes of the variables. All of the

pulses shswn can be quite well defined by the three parameters a t, and

t, iliustrated by the sketch at the lowsr right of the figure. It is

PR |
a gooa

approximution the parameters L, and t, which define
pulse shape are independent of tip radius, and depend only on pressure.

The nature of the pressure dependence is illustrated by the graph of Fig. 5.

It is seen from this graph that t, is approximately inversely proportinnal

to pressure.

The graph of Fig. 6 illustrates the dependence of the rise time t,
upen pressure. It is obvious thut the measured value of t, is limiced at

the higher pressures by the response of the oscilloscope. Examination of

the pulses recorded at the higher pressures reveals thiat ihe recorded rise

times for all of them is very nearly 0 007 us between the 10% and the 90%

points of the leading edge. This is precisely the limit of rise time

response for the oscilloscepe. It is therefore likely that the true rise

times are also approximately inversely proportional tov pressure as is
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indicated by the data at the lower pressurss. If inverse proportional
pressure dependence is accepted, extrapolation from lower pressures indi-
cates a value of approximately 0.005 y§ for the rise time at atmospheric
pressure.

A consideration of the fundamental processes involved in the electri-
cal breakdown of air during a corona impulse lends support to the conclu-
sion that rise and decay times are inversely proportional to pressure. Let
us assume first that the discharge is confined to a space sufficiently
small that the field in the region of the discharge is approximately con-
stant, and consider the field condition which makes the discharge possible.
This condition is that a free electron which is created by some chance
ionizing effect h~s a high probability of acquiring ionizing energy betwcen
collisions. The energy acquired between collisions is proportional to the
product of the electric field and the distance traveled by the electron in
the direction of the field. Since the distance botween collisions is in-
versely proportional to pressure, and the ionizing energy is constant,
breakdown voltage is proportional to pressure under conditions which make
the mean free path small compared to *he radius of curvature of the elec-
trodes. This well known relationship was observed to hold'in the present
experiments.

Now let us consider the motion of any charged particle involved in
the discharge. The distance which.the particle moves between collisions

is inversely proportional to pressure, or

ky
d = 5 - (9)

In addition, for the present experiments, the relation between the critical

‘field and pressure is given by

E = k,P. (10)
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Now, if we consider only motion due to the electric field, we have for the

distance
4 - .;_Emit’, (11)
or

e
where;;is the charge to mass ratio of the electron. Substituting Eqs.(9)

and (10) in (11) we find that

t v —. (12)

Equation (12) states that the time between -ollisions for any charged
particle involved in the discharge is inversely proportional to the pressure.
In deriving it we have neglected effects which are probably of some impor:
tance such as the modification of the field by space charge during the
course of the discharge. The fields contributed by space charge are given
by

P

w V[t _dv. (13)

B
sp.ch.
4 €,r

Since all distances involved in the production of a particular element of

the space charge are‘in inverse proportion to the pressure, the r in the
denominator of the integrand in Eq. (13) is inversely proportional to
pressure. Therefore, the component of the field contributed by the space
charge is also directly proportional to pressure in accordance with Eq.(10).
Now if, as Eq. (12) states, the ‘ime required to complete all correspouding
individual motions is increased in inverse propocrtion to pressure, the time
required to complete the discharge as a whole will be in inverse proportion

to the pressure.
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In deriving Eq. (12) we depend upon the essumption that all motions

e of charged particles which tribute vo the eaternal effect of the dis

charge occur in regions of ncarly constant field near the discharge point.

The fact that Eq. (12) actually appears to be obeved by the discharges

indicutes that the regiens of large transient current flow are confined
cl-se to the discharge point. This view is supported by other evidence.
as will be shown in a later section.

Figure 7 gives the dependence of pulse smplitude on pressure and tip
radivs. The data are so scattered that it i35 improper to conclule from
them that the pulse amplitudes obey any regular mathematical relation to9

§ Eqs.{9) : . e .
the variables. There is some indication. however, that the amplitudes

Wet RHLITN IR 0 AT - ey R

might be directly proportionai to the pressure. as evidenced by their

Yt

( scatter about the lines having slopes of unity on the lcg -log plot of
12)

Fig. 7. The direct proportionality might alse hold for variations in tip

radius if other factors, particularly the applied field. were more care
v charged

fully controlled,
1e pressure.

le impor
P D. Effect of Applied Voltage

the

re given The most prominent effect of variations in the applied voltage is an

increase in pulse repetition frequency with increasing voltage. This

effert has been reported by many investigators and was confirmea by the
. . . . . 12,20 . .

writer. It is discussed in detail elsewhere, and will not be in

cluded in the present discussion. Next to the cffect on repetition fre -

rent of : quency. the most noticeable effect of applied voltage is on the pulse

\n the ; amplitude. At a value of applied field just exceesding the critical value

to sk required for the production of corona. the pulses are stable in amplitude.
» space s With & very slight increase in voltage the pulses appear to grow in ampli

. Eq.(10). S tude. attaining peak values which exceed by at least 50% the initial value.
spouding ;}f, They also become somewhat erratic in amplitude‘ succeeding pulses some

the time ;V 2 times differ in size by more than 56%. This effect may be due to some

oportion
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irregulerity in the microscopic geometry of the point. It probably accounts
. for the scatter of the data in Fig. 7 siwvce it was discovered that the
high voltage power supply used in obtaining these data had & slight hum
component in the output voltage. At the time the deta were obtained the
critical dependence of pulse amplitude on the voltage was not fully
appreciated.

As the voltage is increased beyond a few percent of the critical value
the amnlitude of the pulses diminishes with increasing voltage. This ef
fect 13 1llustrated by the sequence of oscillograms in Fig. 8, which cever
a range of applied voltages of nearly 2 to 1. The oscillograms of Fig. 8
. alsc make it evident thac the effect of voltage on the time structure of

the individual pulses is slight. Although there is some lengthening of the

pulses at higher voltages. this effect can to a good approximation be

neglected.

E. Laplace Transform of Corona Pulse

1f at a later time the transient response of antenna receiver systems
to corona pulses were to be considered, it would be necessary to have the
Laplace transforms of the pulses. On the basis of the time structure data
just presented it is possible to define an idealized pulse shape which
closeiy resembles the actual pulses and which can be expressed as a sum of
decaying exponential functions. The Laplace transform of such a pulse is
easily determined.

Figure 9 shows a corona pulse replotted from an actual oscillogram
together with two approximations to the pulse. The oscillogram used was
taken at a pressure of 200 inm Hg since at this pressure the oscillograp"
iz capable of resolving the pulse. On the basis of the observed depzndence
of pulse forms on pressure, the pulse shape at higher pressures car be ob:
teined by compressing the time scale of Fig. 9 in inverse proportion to the

pressure.
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Either of the approximations shown in Fig. 9 is a reasonabiy good

esentation, the second being remarkably similar to the actual pulse.

Gl s

A quantitative idea of how well the approximations vepresent the pulse
can be gained by comparing the Fourier spectre of the two approximations.

The Laplace transforms of the approximating pulses are found to be

1.14a 1
10° .0091 +p ’

L,!p]

Pl gt L

(

l.l4a ) 1 117 + p
- 1.37 3°

0° (.0091 P o8 A T o 7

{(.117 + p)~ +(.129)

g-wmﬂm'lﬁ-g’- Rl o il AL

,129 1

+ gin 43° > 3
(.117 + p)° + (.129)

where L, is the transform of the first approximation and L, is the trans-

form of the second. The Fourier transforms are found from the Laplace

IR, TN P S e

T

transforms by set w. These have been caiculated, and are

—
g
[»
;
|

shown in tk: graphs of Fig. 10. It is apparent from these graphs that the

T
]
e}

only difference between the spectra of the two pulse models is at the very

high frequencies, where the contribution of the leading edge becomes im-

portant. Even here, however, the difference is small, There secms little
purpose, therefore. in using the more complicated :.odel.
Because of the dependence of pulse time structure upon pressure_ the

spectra of the pulses are affected by altitude. Fig. 11 shows the spectrs

of the idealized nulse at two altitudes.

F. Dependence of Measured Currents on Coupling Between Discharge

and Terminals
2l ltrmina:s

As indicated previocusly, an adequate model of the discharge pulse must

TN IR T e A T N B TN T

include information both on the currents which flow during the pulse and on
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the spatial extent of these currents. Previous investigations have as

sumed thst the current which was measured at the base of the discharge
point was the current flowing in the discharge itself. No evidence con
cerning the extent of the current flow other than photographs is available,
and these give no quantitative information. It will be shown in the
present section that although the base curvent provides a measure of the
actual discharge current, the two are by no means identical.

Let us apply the reasoning of Chapter II to the discharge situation
illustrated by the schematic diagrams of Fig. 12. According to Eq. (8)

. . 2y, .
the short circuit current I is given by

I,

Now the currents which are shown in the oscillograms of Fig. 4 are not the
short circuit currents, but the currents through a 50-{) resistance. It will
be remembered however that to derive the expression for 1:2) we divided
the open circuit voltage V;z) by Z,,. the impedance looking into terminalsl.
For the geometry of Fig, 12, Z;, is the capacitive reactance of the short
length of conductor {1 3 ecm for tie oscillograms of Fig. 4) which forms the
discharge point. This reactance is many thousand ohms at the highest fre-
guencies involved in the pulses. The 50-{l resistance can therefore be
neglected by comparison, making it apparent that the measured current pulses
are inappreciably different from the actual short circuit currents.

Equation (8) makes it evident that i:z)f the current measured. depends
not only on the act:ial discharge currents, but on the coupling between :he
point of the discharge and the measuring terminale, a fact which has bcen
overlooked by o%?er investigators. This coupling is indicated in Eq. (8)
by the ratio 17 It is only for the limyting case, in which the current
flow extends béyond the region in which the field E(l) has appreciable

values that the current measured is ideatical with the actual discharge

[y
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currents. As has been previously suggested, the actual currents are con-
fined to much smaller regions than this.
It is possible, by means of Eq. (8) and a knowledge of the field

(1)
quantity 77 for the electrode geometry, to deduce the dipole moments of

1
the discharges. provided we know their spatial extent. The data of Fig. 4
do not provide this informution. however, and it is necessary to devise

other experiments which will do so.

G. Spatial Distribution of Currents in the Discharge

The basic coupling relation of Eq. (8) provides a clue to an experi
mental procedure which will give information on the spatial extent of the
discharges. Examination of the equation indicates that if we devise an

(1)
electrode geometry which will enable us to vary the quantity ﬂ%TT-while at

i
the same time holding fixed the field which produces the discharge, we can

. . L . 2y, . .
infer from the resulting variations in I, ° information concerning the

volume occupied by the discharge currents. The electrode arrangement shown
in the photograph of Fig. 13 and illustrated schematically in Fig. 14 was
designed to accomplish th’s purpose. Electrodes A and B are flat circular
discs. The diameters of these discs are sufficiently large to insure uni
form fields in the vicinity of the discharge point when a voltage differ:
ence exists between the disr<. The field about the discharge point can
then be analyzed as the field about sach a point when placed in an oth.~-
wise uniform field. The fields about the points are discussed in detail

in Appendix A.

The applied d ¢ field E, which produces the discharge is quite evi
dently of the form indicated. The assertion that the field E(l) of Eq.(8)
is also of this form requires some justification. The field E\l), as given
in the equation is a dynamic field. It is a function both of coordinates
and frequency Since the electrodes are smali compared to the wavelengths

of the highest frequencies in the spectrum of the impulse however a
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quasistatic analysis applies. The 500 uu{ bypass capacitor connected he

tween electrode B and Fig. 14 is large compared to the capacitance between
electrodes A and B. and therefore insures that electrode B can be con
)

. . . . (1
sidered as being at ground potential when computing E .

It is apparent from the foregoing discussion that the setup shown
(1)

permits the quantity ETTT to be varied in either of two ways. By varying

1
the spacing S between eleciredes A and B, the fisld between them (for a
given voltage between A and ground) is veried. If the height of the dis-
(1}

charge point is held constant while s is varied, the magnitude of E is

. . (1, s e s
varied while the geometry of E is unchanged. By maintaining S constant,
however and varying the height of the point, both the geometry and the

. (1) . . (1)
mignitude of E are varied for a given value of V, .

As before, the quantity recorded in the oscillograms is the current
through a 50-0 resistance rather than the short circuit current. In the

present instance the impedarce Z;, is the reactance due to the capacitance

of electrode A, This capacitance has a maximum value at minimum spacing

lightly under 6 puf. The frequency at which the reactance of a 6 uuf

capacitor becomes 50 ohms is 53 Mc: Since the bandwidth of the Techtronix
513 Oscilloscope used in this phase of the experimental study is only
16 Mc. it is evident that the observed pulses are again negligibly affected
by the finite value of the resistance between terminals.

The oscilloscope used in the present study has considerably less time
resolation than the Model 517 Oscilloscope used to obtain the data of

Fig. 4. Thies ic nct of great importance, however, because an accurate

definition of the time structure of the pulses is of no value. The experi-
ments described in this section were intended to obtain accurate informa
tion concerning the pulse amplitudes, and since the linear range of the
vertical amplifier in the 513 Oscilloscope is greater than that of the

517 Oscilloscope , it is better for this purpose.

The high voltage power supply used in the experiments of this section

was much better regulated and filtered than the one used for the
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axperiments of the previous section. As a result the pulses at applied

fields just exceeding the critical value were so stable in amplitude and
form that succeeding traces on the oscilloscope exactly superposed, and it
wrs possible to obtain multiple trace oscillesrams.

The oscillograms of Figs. 15 and 16 show the results of varying the

il
ratio——TTT by the two methods outlined above. Figure 15 shows the effect

1
of varying the spacing & with the tip height ¢ held constant at 0.672 cn.

The electric field at the surface of disc A in the absence of the discharge
point is found analytically in Appendix B. This field is uniform over a
region of extent considerably greater than the dimensions of the discharge
point so that E(I), the actual field near the discharge point produced by
the voltage Vil)‘ is the field calculated in Appendix B times the concen-
tration factor which is introduced by the discharge point itself. (Appen:
dix A.) The field calculated in Appendix B will be called‘Eél), while the
field at the extreme tip of the discharge point will be called E:l).

From the foregoing analysis it is clear that if the current flow is

h

confined to a relatively small region near the discherge point the

measured magnitudes of the pulses should va. v with 8 in the same way as
1
(1)
does E, . In the graph of Fig 17 the field quantity-—%TT and the pulse
v

magnitudes as obtained from the oscillograms of Fig. 15 are both plotted as
functions of 8, The scale of pulse magnitudes is arbitrarily adjusted to

make the pulse magnitude at minimum spacing coincide with the curve of
(1)
Eg

—17 at that spacing. The close agreement of the other points with the

curve can be regarded as a verification of the general coupling theorem as

applied to corona puises, and as proof that the transient currents in the
pulses do not extend from the points to distances which are of the same sai

order of magnitude as the minimum distance between the tip of the piint

and electrode B.
The result of Fig. 17 yields one uther conclusion conce~ning corona R cor

pulses. The data of that figure together with Fig. 15 show that the

591 37 59
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GREST MAGNITUDE OF PULSE 1 MA

“25-

discharges are independent in form and magnitude of the fields of dynamic
reactiorn which ere excited by the discharge, Such a result would be ex-
pected from physical recasoning. The impressed d»c fields which produce
the discharge are of the order of 100,000 v/cm, while the reaction fields
are probably never more than 100 v/cm and cannot, therefore, appreciably
inYiuence the discharge processes. The fact that the discharge curreats
are independent of the reaction fields is an important property of the
discharge since it enables us to validly state that the J term in Eq. (2)
is indepesndent of the other field quantities.

The osciiiograms of Fig. 15 establish nothing concerning the dimen-
sions of the volume occupied by the discharge currents other then that it
is smaller than the minimuwe value of 8. More definite infermation is pro-
vided, however, by the oscillograms of Fig. 16. To obtain the osciliograms
in this figure, the spacing 8 was held at a constant value of 2.94 cm and

the height of the point varied in four steps from 0.36 cm to 1.35-cm, With

the tip radius held constant the variation in point height produces a vari-

ation in the ratio -7 The dependence of this ratio upon tip height is
Val E(l)
analyzed in Appendix A. In the curve of Fig. 18§ :1) is plotted as a

. C .. . .
function of the raczo';r. The faur‘1ndzcated points are the magnitude data

from the oscillograms of Fig. 16 plutted to an arbitrary scale whi??)makes

c
the point for the greatest value of ;jcoincide with the curve of —%37-. The

0
rlose coincidence of the other points shows that the measured current ce-

pends almost entirely upon the field in the near vicinity of the tip of
discharge point.

Let us next investigate what qusntitative information concerning
spatial extent of the pulses can be inferred from the data of Fig. 16
conjunction with the basic coupling theorem Eq. (8) which is rewritter

below:

L(2) 1 ) (2)
1, “*—\'l—)'JE - J av

H
1




714 cm and
- em, With

:es a vari -
height is
as a

ttude data

ich makes
(i)
E

3

»~— RADIUS OF CURVATURE t

—

MEASURED PULSE MAGNITUDE ~MA

—

FIG.18
CONCENTRATION OF FIELD AT TIP OF PROLATE SPHEROID
{COMPARISON WITH MEASURED PULSE MAGNITUDES)



-%91.TRI7. 214

£»

MEASURED PULSE MAGNITUDE —Ma

s » -~

¥e first assume that the current flow is sufficienti perellel to the

¢ LY
. . {1} . .
lines that the cosine of the angle between B and J i5 e appreciably

different from unity. We further assume that the current flow is near the

avisz, i.e., that it is confined to values of 7 for which the electric fizld

is nearly <:nstent. Examination of the field expressions in Appendix A and
Fig. 19, which shows the relation of tip sizes to coordinates, indicates
that this condition holds fer an area or the tip of radius as large as the
radius of the tip. Photographs taken by Loeb indicate that the radizl

15
extent of the discharge is considerably smaller than this.

In view of the aszumptions concerning the field, i¢ is poszsible to
. . (1) {2) (1) _(2)
replace the integrand quantity (B N dv) by (E, I, hfdé), where
(2) | . . . . o
I; " is the discharge current, which can be considered as being confined

X

to a filament along the axis, E:!) is the field on the axis, and hfdf is
the space differential along the axis. The current I;z) is & function of
£ only. To determinz the effective extent of the diacharge carrents we
assume that I;z) has a constant value between the surface sf the discharge

poinrt at £, and some arbitrary value of &, which we sha}l call £ ., and that

S a’
it is zero for values of £ larger than S« Ve then investigate the termi-
nal response of such a current and coempeare it with the results obtained
from the oscillograms of Fig. 16. For the conditions outlined, Eqg. (8)

becomes

‘e

)]
g, hdé .

We recognize the integral in Eq. (14) to be the difference in potential be-
tween the surface of the discharge point and the point on the axis defined
by the coordinate ¢,

One special case for the value of the integral is of interest, If we
assume that the current flow extends to clectrode B, the value of the

. (1)
integral quite apparently becomes V, ., and
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nr the measured current is the same as the discharge curreant. For such a
circumstance all the oscillograms of both Fig. 15 and Fig. 16 would have
the same magnitude. Thet they do not is conclusive proof that the dis-
charge currents are greater than the measured response, and that the extent
of the discharges is less than the spacing between electrodes.

The potential expression which is defined by the iutegral of Eq. ‘16)
is derived by Smythezl and given in Appendix A. However, since from

23 - - v . (1)
8 the observed pulses magnitudes are proportional to E. ', a more

&
significant quantity for the present investigation is the ratio of that

integral to the field at the surface of the tip. The quantity thus defined

is given by Eq. (17) below:

co'c.h"1 g,

1- 1
coth’ &

coth™ &,

If we plot the quantity of Eq. (17) versus distence fr&m the tip for Zif-
ferent values of{;, we determine how far the current Idz) can extend and
sti1ll preserve the proportionality between I;z, and E:l). Let us cail 2z’
the distance from the tip normalized with respe~t to the tip radius (held

constant in the present experiments). It can then ke shown that

£ .
=g §0

o

-

c
r
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Figure 20 shows a plot of the quantity defined in Eq. (17) versus Z° for

. _C
values of — of 10 and 40. These values approximately represent the ex

tremes of Y used in the experiments,

It is observed from Fig. 20 that if the current I:Z) extends from the
surface of the discharge point by as much as two tip radii (0 0763 cm). we
could expect relative deviations from the curve of Fig. 18 by approxi-
mately 6%. The points appear to lie closer to the curve than this although
the experimental accuracy is not sufficiently good to justify an assertion
that such deviations do not occur. More exhaustive experiments, conducted
along the lines suggested here but under even more carefully controlled
conditions and for & wider range of all the variables, would be necessary
to accurately determine the extent of the discharge. Assuming, however,
that in the present experiments the discharge is confined to a space 2r in
length. the integral of Eq. (17?1can be evaluated. The value obtained for

J
1

. (2) 10 .
sient current, I, ', is less than one tenth of the actual discharge current

(2) .
I, . If the spatial extent of the discharge is less than 2r. as it may

the integral is approximately . which means that the measured tran-

well be, then the ratio of measured current to discharge current is still
less.

Although a more accurate determination of the exten. of the discharge
current than that given above is of some theoretical interest it is not
necessary in the present analysis. We are interested here only in the
determination of an equivalent dipole moment of the discharge and for that
purpose it is sufficient to know that the currents are confined tc 2 space
small enough so that the magnitude of the terminal current is accurately

proportional to the surfaée field as is shown by Fig. 18, With that infor

mation we can assume that the diccharge is confined to an infinitesmal

. . . ’ (1)
region & in which the field is constant and has the value E, . We then

measure the strength of the discharge not in terms of the actual discharge

current but in terms of u current moment M such that
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or from Eq. (8)

(19)

(1)
c
:‘) for each value of—;-can be evaluated by means of a mathe

v

The quantity
E

t
matical model discussed in Appendix A. Its value, for each of the discharge

points used in obtaining the oscillograms of Fig. 4, is given with the

cscillograms.




CHAPTER IV

RESPOMSE OF THE RECEIVER TO CORONA PULSES

A. The Coupling Function

It was shown in Chapter II that the short ci..uit current at the
; antenna terminale can be computed when the distribution of the discharge
@ mathe currents and the field produced in the discharge region by a voltage ap-
e discharge plied to the antenna terminals is known. In Chapter IIT it was demon-
h the Y strated that the character of the discharges is such that they can be
V defined by a current moment M, and considered as being confined to a

region infinitesimally close to the surface of the discharge point. Be-

cause of this property, the problem of finding the short circuit response

t

(1)
vl

to the discharge is simply that of finding the coupling function
which shall hereafter be designated .

The results of the last chapter were simplified because, for the
experimental electrode configurations used, all dimensions were small

compared to the wavelengths of the highest frequencies in the discharge.

and Y cculd be determined by quasi -static analysis. In considering the
response at the antenna terminals to a discharge from some remote point
on the aircraft such a simplification is decidedly not possible. In such
a situation Y is a function of frequency and must be evaluated by the
methods of electrodynamics.

For anteana configurations which form natural bcundaries in certaia

simple coordinate systems, the function { can be found by direct solution

of the wave equation. The problem is similar to that of finding the im
pedances of the antennas. Unfortunately, the number of antenna coanfigu

22
rations which can be treated in this way is very small. Stratton and Chu

and others treat tlc case of a sphere split on the equatorial plane, and

591 37
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23
tratton and Chu have treated the center driven prolate spheroid. The

ution for even these simple cases is very tedious. The expressions ‘or
the electric {ield involve series of the appropriate wave functions which,
bocause of the assumption of an infinitesimal driving gap, diverge. The
series can be made to converge by ossuming a finite gap and postulating a
convenient form for the gap driving voltage. Even with these simplifi.
cations. however, computation of actval field values is difficult, and for

the more interesting case of the spheroidal antenna the wave functions

have not been tabulated. Nevertheless, enough can be learned from the
study of the spheroid to justify its consideration, and it will be treated
in a later section.

The foregoing discussion makes it clear, however, that a treatment of
the problem as a boundary value problem is not promising. and that some
other approach is necessary if significant answers are to be ohtained. One
approach which promises useful results is an experimental determination of
Y by means of measurements on scale models of actual aircrafs. Model tech.
niques are used in many investigations where the complicated boundary con-
ditions render a theoretical treatment of the problem impcssible. Eu mples
of the fruitful use of such techniques occur in the determination of radi -
ation patterns and impedances of aircraft antennas.24 To determine Y.
models similar to those used for h f anterna impedance mecasurements could
be excited at the antenna terminals and the electric fields at likely dis-
charge points explored by probe measurements. Other methods might be
devised which make use of 2 relationship between Y and mutual impedance.
This relatiorship will be discussed later. Since the present investigation
is concerned more with outlining principles than with obtaining specific
answers for specific aircraft no such experimental measurements were
undertaken.

Although an exact theoretical treatment of practical aircraft antennas
is out of the question. approximate theories can be developed for two
idealized antennas which correspond cliosely to antennas of practical

-
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The first of these iz the unbalanced open wire transmission
The

intereat.

theoe

iine which approximates the

second is the asymmetric cylindrical dipole.

fixed wire sntenna used in aircraft.

This antenna embodic:s many

of the characteristics of the wing-cap and tail-cap sntennas which are

rapidiy becoming the standard high-frequency antennas for modern, high-

speed aircraft.

B. The Fixed Wire Antenna

As indicated above, the fixed wire antenna can be closely approximated
Although in actual

by a transmission line of the type shown in Fig. 21.

practice the far end of the antenna mey be either shorted or open, we shsll
To find the coupling functien ¢, we

assume first that it is open as shown.

The simple theory states that

make use of simple transmission line theory.

. (1) . .
if a voltsge V, ' is applied to the antenna terminals the voltage V,_ at

point X is given by

(20)

v V(x) cos kil -~ x!
1 cos ki

w
— is the propagation coenstant, Applying elementary electric

‘ where k -
field theory, we find that the field E_ on the surface of the antenna wire

at poiat % is given by

I1f the discharge actuaily takes place from some protrusion or from the end

of the antenna, the field given in Eq. (21) would be raised by some factor

* a to account for field concentraticz on the discharge point. 1In this

however, we will ignore any such effect.

analysis
The function {, which is the ratio of input voltage to electric field

is expressed as

at the discharge point

S S— N, P - s~ e
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cos kil - x)
cos ki

and the short circuit current at the antenna terminals is

(2) M cog kil ~ x}

1 %h cos ki
a ln-—
a

I

where M is the discharge current moment discussed in Chapter ITI.

A study of Eq. (23) by means of transmission line theory reveals a
significant fact. The expression given in that equation is precisely the
expression for a transmission line fsd at the point X by an infinite im-

pedance generator furnishing a current Is‘ where

M
2
a

O

a in

It is therefore evident that the problecm of the response of fixed wire
antennas to corona pulaes reduces to the problem of the transient response
of transmission lines to current pulses from an infinite impedance gencr
ator. The transient response of transmission lines is treated elsewhere,
and will not be discussed in detail here although some discussion is in
order,

The voltage developed at the terminals obviously depends upon the ef-
fective impedance connected across the terminals. It also depends upon
the position on the antenns of the point at which the discharge takes
place, =2nd upon the termination at the far end of the line. If the input
is terminated in the characteristic impedance of the line, the arriving
current pulse is asbsorbed, producing a voltage pulse at the terminals of
the same form as che discharge puise. If the discharge occurs at a point

other than the far end, the response is actually a pair of pulses. The




wire

2 response

- 234

source ‘current I, divides tc form two waves, eaé.tgavaling zoward the re-
ceiver, the other toward the far eand where it is refiécteé‘gné Fetarns to
vhe receiver with a time delay proportional .to the additional dig@anqé it
teavels. If the receiver presents an impedance that .is pigh compared -to-

Z,, the pulse is successively reflected from :the ééréiiér and thewfar-end
of:the line, formxng a sequence of pulses which is gtedually d&nped by the

attenuation of the line and the absorption of power -in the recexver iaput

impedance.
When the input is terminated in a reective element, the picture is
such more complicated. The arriving pulse is deformed :by the reactance
and reflected. ‘FEach successive reflection §é£orms:the-pulse‘fufﬁher,' In
addition, damping due to line attenuation occurs.:
A comment concerning the equivalent source curreant Ir is gppropfiate'
Tt has been observed in practice that the asze of . Iarge diameter conducqors

for fixed wire antennas results in considerable reditiction of pregipitatiﬁh

-static naise. Aithqugh the large dismeter wirée probably results .in some

réduction of coraac from the wiré, it seems likely that a more probable

explanation for ‘this reductior lies in the expression of Eq. (24).

Equstion (24) states that for a discharge of moment M, Is is inversely pre-

- Zh h . -2h : .
portional to & in ;’-z. Since Py is large, In -'E-ghanges very -slowly with 8,

--and I is approximstely 1nversely proportxonel to &. The noise poﬁer pro-

duced by a given discharge is therefore znverseiy proportlonal to a..

It is interesting to attempt & guantitative calculation usirg the

:formulea -of Eq. (24). A typical fixed wire inmstallation might be appreii-

mated by the dimensions @ = 1 mm-and h - 1 m. For these dimensions,
Zy ¥ 460 2 and In g-:— « 7.6, From Fig. 4, we obtain for a 0.015 in. tip

radius .at atmospheric pressure, M = 0.74 'ma cm. Substituting the values

into Eq, (24), Is wex & 1 ma. Thus, for an entenna .with the receiver termi-

nals terminated in Z, snd .the discharge occurring near the center of the

antecna, -we .would expect pulses of voltage hiaving crest magnitudes of 0.23'v.

For conditions similar to those hypothesized, Newman and others have

591-37
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reported oscillographic measurements of pulses with crest magnitudes of

6.2 to 0.5 v.°°

C. The Prolate Spheroidal Antenna

The previous discuesion of the fixed wire antenna does not yicid an
insight into the nature of the coupliing from other parts of the aircraft
to th als, or how this coupling 1s affected by the electio-
magnstic resonances of the aircraft as a whole. The present discussion,
although severely limited by the difficulty of working with the prolate
spheroidal wave functions, does yield some information on these questions.

In their treatment of the center-driven prolate spheroidal antenna,
Chu and Stratton23 have solved the Maxwell equations in spheroidal coordi-
nates, assuming circular symmetry about the polar axis. They dezive ex-
pressicns for the three field components Eg? En and H¢° The spheroidal
coordinates £ and 7 are the same as those defined in Appendix A. Since we
are seeking the nurmal electric field on the surface of = spheroidal con-
ducting body defined by & = £os we are interested in Ef at § = £,. Due to
the high concentration of static field ut the tips of the spheroid. corona
is much more likely to occcur at the tips than elsewhere. We shall there-
fore consider only this case.

At the tips of the spheroid, where & =&, and 7 = 1, the expression

for E; given by Chu and Stratton reduces to

] — 4) d 2 (1) .
= Ef = J—we- __.; AlRell (gs §9) E “l -n) sell (g; n;]'ﬂ"‘l ?
§=§0 =2
el 5)

4) 1)
where Reiz (g, £) and Se:i (g, M) are respectively the radial and angular
spheroidal wave functions defined by Chu and Stratton in their paper. The
d
variable § is equal to k-zr,

the distance between foci of the spheroid. It cen be shown that

where K is the propagation constant and ¢ is
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d 2 (1),
= [(1-7") Se, ‘g M, <« -

The expression for the normal electric field at the tips of the spheroid

thevefore becomes

o
-1 3‘ (4) )
Epole * J—-QG_ A;Relg (g, 50) Sel! (g, 1) .
i-0

The ccefficients A, are determined by the boundary conditions on the
driving field. We are applying a voltage V;l) across a gap at the equator,
which is the same boundary condition spplied by Chu and Stratton, and the
coefficients A, are therefore identical to those of Chu and Stratton.
Substituting these coefficients into Eq. (26), we have

(%) (1), (1), .
E”“ 2 2 'Re,, (8, £,) Se,, (g, 1) Se,, (g, O)
VA d

(1) -

v (4)

: s N, (&5 ~ 1) Re; ¥ g, &)
D)

Fag

where N, is a normalizing coefficient defined by Chu and Stratton and the
prime on the summetion indicates a sum over even values of ! only. The

coupling function ¢ is given by

E

yi

-

where = is a concentration factor relatirg the field at the tip of the dis
charge point, which is probably a protrusion such as a rivet head., to the
gross field Epole at the pole of the spheroidal antenna. The expression
for Y is similar to the expression for input admittance found by Chu and
Stratton. It is possible to define modes of coupling similar to their

modes of admittance.
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Comparing the function Y to thei- input admittance functions Y;, we

thet ior corresponding terms

0 sey’'tg, 1)
‘ Y,

1
seyi tg, 01 )

¢l+1

2
é 2 .
\ k T;-(fo - 1}

(20)

tton,

26 27
Morse, Chu and Hutner, and by Flammer, Eq. (29) becomes

W

~
squator.

(i~ 585 g, 91,
id the

17 Y5 -(30)
8y, (g, O

1a

The functien

(27) 2 .4 (1), -
({1 -7 3 Sy; (g mil
Yis1 (1
S, (g, 0}
d the . . L.
which relates y,,; to Y,,, can be readily evaluated from coefficients
Th .
€ tabulated by Flammer. For the first mode, 77;, as a function of the
electrical length of the spheroid, is given by the graph of Fig. 22. In
terms of the geometrical quantities for thc spheroid, shown in Fig. 22,
(28) Y, becomes
.a L.z 60
1e dis ¥ro - J‘f E) L
77——
5> the A
sion
4 Expressions similar to Eq. (32) can be written for the higher coupling
an
modes. In this discussion, however, wr will limit our =ttentien to y,.
[y
Chu and Stratton show that the admittance near the frequency which
1
makesix = Erls dominated by the mode admittance Y,., while the admittsnce
11-37
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L

near — < —is dominated by Y,. etc. This is particularly true for slender

A

spheroids. The same can be said for the coupling function Y. For the
frequency componeats of the discharge near that frequency which makes the
electrical length of the spheroid 2%, the coupling is principally deter:
mined by .

We can lesrn much concerning the effect of structure resonances on

the coupling of noise from the discharge by examining ¢, for a range of
T

L
— beiween zerc and unity, Figures 23 and 24 show the components

A
L
of the function —— 1, versus elasctrical length for two values of —. These
o T1

D

curves indicate & peak in the termiral short circuit curient near the <
i

values of

point. The peak is more pronounced for the more slender antenna. A
similar though less pronounced peek would occur near-z? point due to ;.

Certain other aspects of the coupling function given by Eq. (30) are
of interest. The equation indicates a general drcp-off of coupling with
increasing frequency. In addition, the curves of Fig. 10 showing typical
pulse spectra indicate a pronscunced drop in noise produced by the dis-
charges at frequencies sbove the h-f range. The combination of these ef-
fects explains adequately why precipitation static is not troublesome at
v h-f and u-h f frequencies.

Another effect that is apparent from a study of the ordinates of the

curves of Figs. 23 and 24 is the increase of coupling from discharzes at

the extremities of slender bodies. A discharge pulse ut the tip of the

L
spheroid of-i;r 70.7 produces a terminal current approximately 100 times

as high as the same discharge pulse would produce = of ths
spheroil for which'iiz 7.07. Thus, we would expect the discharges from
the end of a slender tvailing wire to couple quite strongly inte the
receiver.

One further consequence of Eq. (32) is worthy of note. We observe
that Y is inversely proportional to L. Therefore, other things being
equal, distant discharges couple less strongly into the receiver. However,
this last corclusion must be considered in the light of the effects previ-

ously discussed.
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CHAPTER V

THE CYLINDRICAL DIPOLE ANTENNA

A. General Considerations

Cylindrical dipole antsnnas are of interest for several reasons.
These antennas have been subjected to much analysis and as a consequence
their impedance cheracteristics are well known. As we shall see luter,
the coupling function Y can be derived from the antenna impedance. so an
accurate knowledge of the impedance is of value. Furthermore. the results
from the analysis of the cylindrical dipole can be used to corroborate and
extend the conclusiors reached in the treatment of the prolate spheroid.
Another consideration of some importance is that methods have been
devised for treating the asymmetric cylindrical dipole., This configuration
is the nearest spproximation to wing-cap and tail-cap antennas, in common use on high

speed aircraft  which can be handled with reasonsble ease analytically.

B. Relation of Coupling Function to Antenna Impedance

Let us consider the case of coupling from a corona pulse at the tip
of the antenna to the antenna terminais. This situation is illustrated by
the diagram of Fig. 25 in which, for convenience of analysis the discha
is assumed to take place between the tip of the antenna itself and a very
small electrode spaced a distance & from the tip. The entire configuration
can be considered es a four terminal netwurk in which the antenna terminals
are terminal peir 1, and the tip of the antenna together with the small

electrode is terminal pair 2.

(1)
Now let us apply voltage V;  to terminals 1. It is clear that the

open circuit voltage at terminals 2 is given by
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Rearranging Eq. (35), we obtain

Z
v oot 2 . (36)
v, 8 7y,

ft is therefore possible to find the functional behavior of ¢ by finding
the functional behavior of-glz . In finding-g-l-1 we can make use of the
methods of function theory a;é many of the generél theorems of network
analysis.

Knowing the functional behavior of y we can find its value everywhere
by determining its value at one frequency. The value of Y at zero fre-
quency can be determined by simple experiments using electrolytic tenk
techniques or charge separation measurements. or it can be found analyti -
cally by means of simple mathemati.al models such as those discussed in
Appendix A.

It iz shown in the treatment of electrical net:'alorks?8 that physical
impedances and admittances such as Z;, and Z,, are either .ational alge-
braic or mermomorphic tunctions with isolated singularities, all of which
occur in the left half of the p-plane (where p is the complex frequency

variable D -0 *+ jw), at D = C or at p = ©, It is further shown that

the functional behavior of such impedance functions is completely
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determined if we specify the positions of the singuler points. urther -

. more, it is demonstrated that all singulsrities which occu- in the finite

P-plane cccur ecither as conjugate pairs or on the o axis. Another fact < f
which is demonstrated in netwerk analysis is that the mutual impedance an
le may have the same poles as the self impedance Z,,. but cannot have ha
poles which Z,, does not have. .
Let us now examine the antenna impedances Z;, and Z,, in view of the o
foregning facts. Because of the distributed character of antennas it is i
. evident that their impedances must be represented by mermomorphic rather ;ra
than algebraic functions. As will be shown later, however, it is possible po

o to find ratiuvnal functions which approximate the antenna impedances very
closely over the range of frequencies with which we are concerned. Anothker
observation which can be made immediately is that Z,, has a pole at zero.
since at very low frequencies the dipole antenna becomes a static capacitor.

Tre self impedance Z;, can therzfore be expressed as

(zeros,,)

—_— 37
p tpoles;;s (37)

le - Kll

where (2eros,,/ represents the product of all the factors (p ~ P;} which
indicate the zeros of the function, and (polesll) represents the product
of similar factors which indicate the poles which occur at points other

than zero.

Now let us consider the singularities of the mutual impedance Z,,.
Physical reasoning can be used to demonstrate that for such a simple
physical configuration as the linear dipole Z,, has exactly the same poles
as Z;;. The impedance Z;, is given by the open -circuit voltage at termi-

nals 2 for unit current into terminals 1. Suppose now that unit current

' is injected into terminals 1 at a value of complex frequency for which a e
pole occurs. For such a condition infinite voltage is produced at the £ h

terminals, and therefore infinite fields must exist on the antenna in the : J

vicinity of the terminals. The field equations for the antenna indicate c:

591 37 9:
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that en infinite field cannot exist at one point of the an.enna without
infinite fields st all poinis. Therefore, the field at the tip of the
antenna where terminels 2 sre located is infinite, and consequently le
is infinite. Similar reasoning suggests strongly that unit cusrent
flowing into terminals 1 at any frequency will produce a finite voltage
at the tip. This means that all the zeros of Z;, occur at infinity.

The conception of the impedance functions suggested in the foregoing
paragraphs is reinforced when we consider the antenra es a nonuniform
dissipative transmission line. For a uniform, open-ended dissipative

line of length I, it can easily be shown that

cosh ki

Z'l = ZO (:Ot:h1 ki = ZO -s—;n—h—k—l-

whereas

Z = (39)
12 sinh ki
The poles of Z,; and Z;, are the same, end occur at the roots of sinh Kki.
The zeros of Zy,, on the other hand, occur at the roots of cosh ki while
the zeros of Z;, all occur at infinity. We will cherefore assume, as

suggested, that for the cylindrical dipole Z,, is of the form

Although we have not ectablished this relationship with anything ap-
proaching mathematical rigor, it is undoubtedly true and could be estab-
lished by a more thorough analysis.

Combining Egs. (37) and (40). we obtain
1

Ky —/———
Z, 2 p (poles,,) K,

(zerosxx) K11

Kei —
1y (poles,,)

561.37
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Equation (41) shows that the poles of Y coincide with the zeros of the
terminal impedance. They therefore coincide with the poles of the termi
nal admittance. The zeros of ¢ all occur at infinity. Such a description
of Y is compatible with the behavior we found in the analysis cf the pro-
late spheroid. There is was found chat ¥ had peaks corresponding to the
peaks of the admittance function, that it had a finite value at zero fre:

d that it dropped coff with increasing frequency.

The Symmetric Dipole

The first specific case which we treat is the center-driven dipole.
Perhaps the most accurate impedance data available is that derived by Tai
using a variational method.29 The thickest anteana treated by Tai is for
a thickness factor = 10, which corresponds to a length to diameter ratio

of approximately 75. The data v. obtain for t is antcnna should therefore

L
correspond quite closely to the data for the spheroid of ——= 70.7.

D

The solid curves of Fig. 26 show the impedance calculated by Tai.
From the pronounced resonances it is apparent that the poles and zeros of
the impedance function lie quite close to the real frequency axis. For
such a function it is known that the behavior on the real frequency axis
is principally determined by the singularities near the frequency under
congideration. The effect of distant singularities is small and can be
ncglected. We therefore should expect to approximate the impedance
function guite cleosely in the frequency range of interest by a rational
tunction which includes only the singularities lying in that ranga.

Ignoring the behavior of the function at values of @ greater than
those included in Fig. 26, it is apparent that the function is character-
ized by five poles and feur zeros arranged approximately as shown in
Fig. 27 where we have normalized the frequency variables as shown in the
figure.

The coordinates of the poles in the P-plane were found by considering

the behavior of the resistance curve in the vicinity of the resistance
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peaks and ignoring the effect of interacticn between the poles. The
coordinates of the zeros were found by a similar consideration of the con-
ductance near the conductance peaks. It is evident from the close approxi
mation obtained that the interaction between the singularities actually is
small. A second approximation could be obtained by including interaction
effects as determined from the first approximation. This is unnecessary,
however, since we are not cencerned here with a high order of numericsl
accuracy. Besides, the appreximation at the higher frequencies could not
be greatly improved without including higher order singularities.

As shown in the previous section, the response function of Y can be
expressed as

1

K .
¥ (zeros,,) (42)

where K¢ may be determined by static techniques. The functional behavior

of the symmetric dipole can therefore be readily expressed as the recipro-

cal of the product of the zerc factors shown in Fig. 27. that is,

- — -—1. = (43)
(jo = py ) {jw = D) jw ~ py iy~ Pyl

v

‘/j(jm) = K¢

{
The function-fig——-thus obtained is plotted in Fig. 28. The similarity of

this function to the coupling function obtained for the prolate spheroid

is evident and corroborates the conclusions reached in that discussion.

. Effect of Terminating Impedance

The impedance ir which the antenna is terminate? has a pronounced
effect upon the noise voltage at the receiver. We shall here conaider two
possible values of terminating impedance. These are: (1) a very small

resistance, and (2) a very large resistance.
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With a very small resistance as the terminating impedance, the losd
current and consequently the load voltage is inappreciably different from
the short circuit current. If we designate the terminating resistor by

R,. then the termiral voltage, expressed as a function of p, is given by

= R.M(p) ¢loi . (44)
The magnitude of V is the product of the magnitudes of M and . The magni-

tude of M as a function of frequency is givzn in Fig. 10, while the magni.

tude of Y as a function of normslized frequency is give. by Fig. 28. ¥or

an antenna 30 m long at sea level pressure the behavier of the termina!l

voltage zs a runction of frequency is given in Fig. 29.

Tf the impedance across the eantenna terminals is very high, the termi-
nal voltage is essentially the open-ciriui% terminal voltage. The behavior
of the open-circuit voltage with frequency is also readily obtained. We
know by Thevenin's theorem thet the open-circuit voltage i= given by the
product of the short-circuit current and the impedarce seen looking into

the antenna terminsls. That 1s,

Mip) ¢ip) Z,,(p! (45)

Replacing y(p) and Z,,(p} by their values as determined in the previous

snalysis we find that

izeroslli

K
11 p {poles,,

1

\ - K, K, ,Mlp) ————r
(2 (polee,,)

o
2-591~-TR37-225
The functional behavior of the cven circuit voltagz can be computed from
data previously given. For an antenna 30 m in leugth at sea level pressure

the behavior of V_ _ versus frzquency is given in Fig. 30.

<
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The noise et the receiver terminals for other types of terminating
impedance can be readily computed from the data given by the use of &

Thevenin’s equivalent circuit as shown in Fig. 31.

E. The Asymmetric Dipole

The most interesting antenna configuration which can be discussed
theoretically is the asymmetric dipole. It was pointed out earlier that
this antenna is similar in several respects to the wing-cap and tail-cap

antennas which are in common use.

30
As discussed by King and others, the asymmetric dipole impedance

is given approximately as the mean value of the impedances of two symmetric
dipoles one of which corresponds to the short leg and the other to the
long leg of the asymmetric antenna. Although this mean value formula is
not correct to a high order of quantitative accuracy, it is sufficiently
close for the purposes of the present discussion. We consider here an
asymwetric ancenna for which the low-frequency rcactance of the short leg
is 10 times that of the long leg. The ratio of the lengths of the legs
will be approximately 10, although the thickness factor = 10 used in com-
puting the impedance of the long leg leads to a diametzr which would make
the short leg very stubby. Since none of .the impedance formulas przsently
available give accurate answers for very thick antennas, it is impossible
to compute with any accu-acy the length of the short leg.

The impedance of the symmztric sntenna cor ig to the long cle-
ment is of the same form as the symmetric dipole discussed earlier. We
will again assume for the purpcse of discussion that the impedance is cor-
rectly given by the rational function approximation shown in Fig. 26. The
shert element of the asymmetric dipole will be short compared to the wave
length of the highest frequercies with which we are coacerned. We can
therefore to a good approximation represent the impedance of the short

elem:nt as that of 2 lumped capacitance. It is clear from the foregoing




4T

that if we denote the impsdances of the corresponding long and short sym

metric antennas by Z. eand "ﬁ respectively, then

{zeros )

2

K ———
9 (polesa)

where {zeros,} and (polesa) denote the singularities of Z .
If we now let the terminal impedance of the asymmetric sntenna be

mnce _ represented by Z,,,, then from the mean-value formula we have
rmretric .

the i 1 (zerosa)

K

Z K, —+K —m
2 "Bp * p (poles,) (48)

.a is

ntly

The asymmetric dipole impedance computed from Eq. (48) is shown in Fig.32.
an

) It is evident that for the asymmetric dipole we shall have different
t leg

coupling functions ¥ for discharges occurring at the different ends of the
egs

. antenna.

in com-

make
F. Coupling from Discharge at End of Short Element

sently

Le* us consider first the case of a dischargs at the end of the short
element. The condition that the short element be of length swall compare”
to the wavelength of the highest frequencies considered means that the
mutual impedanca between the untenna terminals ead the end of the short

element can b2 represented as simply a mutual capacitance. Thus,

Kizp

2

(49)

. . . . . . leé . .
The functional behavior of ¢ﬁ is given by the ratio o When this ratio
1
is evaluated, it is apparent that the pole at P = O is removed snd ¢B csan

be expressed as
,
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1
= A
Ve A X, (zeroaa\

1 +—
Kg \ poles, /

where several constants have been absorbed into Aﬁ' The constant Aﬁ de-

pends upon the local geometry of the disch-vge point as well as the over-

all antenna geometry. It can be evaluated by static measurements provided
. K. (zeros \
we know the values of =% [ —=%

K,9 polesa/yzo

is simply the ratio of the limiting values of the low frequency reactances

. It is apparent that this quantity

of the two elements of the antenna. We assumed earlier that these react-

ances were in the ratio 1 to 10, so that

Ka 2eros \

_— 51)
KB poles [ _ (

Since we have sgreed to accept the rationsl function approximation of
Z, &8 a true representation of that impedance, it is possible to evaluate

each of the constants specifically. From the retional functien formula

given in Fig. 26

Therefore,
202 = 3905 . {54)

The functional behavior of the coupling from the short element of the

asymmetric dipole can be obtained by plotiing the function-fﬁ-as obtained

from Eq. (50). This function is shown in Fig. 33. The feetgre most worthy

of note in the curve of Fig. 33 is its i1elative smoothness compared to the
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other response curves we have obtainsd. The singularities of the impedance
function, representing electromagnetic resonances on the antenna, introduce
irrrgularities in both real and imaginary components of the coupling func-
tion which ave smaller than those in the other coupling functions studied.
transient point of viev this means that the short-circuit curirent

antenna terminals is a pulse not greatly altered i1z form from the

s ge pulse itself., The noise produced at any frequency for any
m

type of load impedance can be calculeted in the same manner as for the sym-
metric dipole. Frcm the coupling function, the pulse spectrum and the
terminal impedance, a Thevenin’s or Norton’s equivalent circuit can be set

up and the computations made in & straightforward manner.

G. Coupling from Discharge at End of Long Element

For a discharge at the end of the long element of the antemna, which
is characterized by the coupling function Y, we are concerned with the
ratio-gllﬁ . where Z,, is the mutual impederce between the antenna termi-
nals and the end of the long element. By the same argument which was

applied to the symmetric dipole we recocgnize that Z,, is given by

K1 2a

p (poles. )

The cuupling function ¢, is therefore given by

1
12¢ p (poles, )

Ya

1 . (zeros,)
p (poles )

1
Ka.
(poles,) +—— (zeros,)

Ke
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where mi~cellaneous constants have been absorbed in A ,. The constant A,
can be determined by static measurements in the same manner as was Aﬁ'

The functional behavior of Y  is readily computed from the rational
function approximation of Z,. It is shown in the curve of Fig. 34. In
contrast to the rather uniform curve of Fig. 33, the curve of Fig. 34
shows a marked peak correspondiné roughly to the fr quency which makes the
antenna one -half wavelength long with a lesser peak at the frequency cor
responding tc a length of one wavelength. Both of these peaks would be a
great deal more prondunced for a more slender antenna. The curve of Fig. 34 indicates
that the coupling from a Jdischarge at the end of the lmng element is profoundly influ-
enced Ly the electromagnetic resonances of the antenna structure and may be quite large.
We therefore see that’the conception previously held, that the discharges which occur
at large distances from the antenna terminals do net contribute appreci-
ably to the noise, may be quite mistaken.

An observation made by Hucke3 in 1937 is very interesting in the light
of the results just obtained. In the course oI the investigation reported
by Hucke the attractive but somewhat naive idea cccurred to the investi -
gators of forcing the discharge to occur at one particalar frequency.
thereby confining the noise produced to that frequency and eliminating
noise at other frequencies. A mechanism was accordingly arranged by which
a trailing wire conld be let out, with the idea of tuning the entire air-
craft. and thereby forcing the discharge to occur at the frequency to which
the aircraft was tuned. Two radio receivers. one tuned to 5 Mc and the
other to a range beacon at appruximately 350 k¢, were connected in the
meantime to separate antennas. As 150 ft of trailing wire were reeled out.
two noise maxima and two minima were observed on the receiver tuned to
5 Mc while no change was evident for the noise in the beacon receiver. The
success with which the present theory explains these observations is quite
striking. A large share of the noise was undoubtedly being produced by

discharges from the end of the trailing wire. As the wire was reeled out,

the total length of wire plus aircraft fuselage increased to more than one
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wavelength at 5 Mc, accounting for the noise maxima and minima en the basis
of maxima and minima in Y. For the beacon frequency the longest length of

trailing wire was small compared to a wavelength. The coupling function

. s

at that frequency therefore did not pass through any pezks similar to those

observed at the higher frequency.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A. General Considerations for an Ideal Dischargsr

It is intevesting to visualize, in the light of the foregoing analysis,
the form which an ideal sircraft discharger would take. The function of
the discharger i: .o relieve the aircraft of 1ts accumulated stacic charge
with the attendant procuction of r-f noise reduced %o a minimum. Tt is
apparent that the prcblem can be attacked in either or both of two possible
ways {1) the r f noise generated by the discharge for a given d ¢ current
flow can be reduced, or {2) the coupling between the discharge ard the re-
ceiver can be reduced.

Let us consider for a moment the first of these possibilities. Since
the data of Chapter IIY indicate that the shapes cf cthe corona pulses re
main approximately the same, irrespective of size. it becomes clear that
the simplest means of reducing generated noise is to reduce the magnitudes
of the pulses. Although 1t is necessary to increase the pulse frequency
in order to maintain the same d-c discharge current, we nevertheless obtain

a net rsduction of generated noise. This fact is illustrated by the dia

gram of Fig. 35. In this figuré we have, for purpcses of illustration,

shown rectanpular pulses. Howaver, the same principle applies to pulses
of any shape. We see fro: the figure that by halving the pulse magnitude
but doubling the reretition frequency. the mean-square current and the
noise power are halved.

The oscillograms of Fig. 4 indicate that the magnitude of the dis
charge pulses can he reduced by reducing the tip radius. Aithough the
function Y is increased by reducing the tip redius, the discharge moment

i» ceduced more than enough to compensate. Furthermore. if we go to tip
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radii which are extremely small, the supposition that the discharge takes
place in a velume which is of the dimensions of the tip radius is mani-
fzstly impossible. Much of the discharge current flow occurs at distances
which are considerably larger than the tip radii. The coupled noise as
measured by Eq. (8) is therefore reducved from the value obtained assuming
the flow to take place ip the near vicinity of the tip. We therefore can
expect to reduce very greatly the noise generated by the discharge of
given value of d-c current if we force the discharge to occur at points of
very small radius.

The second method of reducing the noise et the receiver is to reduce
the coupling between the discharge and the receiver. We therefore look
for ways in which such a reduction might be accomplished, and on first in-
spection the prospects do not appear to be good. The points.of high dvc
field concentration are in general the points at which a high field is
produced by a voltage at the antenna terminals, so that discharges tend to
occur naturally at pointe from which their effects are coupled strongly
into the receiver. Two possible soluticas suggest themselves, however.
First, we might exploit the fe~c that the field which induces the discharge
is a d-c field whereas the field defined by the coupling function ¥ is an
r-f field. An electrode arrangement might be conceived in which the dis-
charge point is tied to the aircraft at d-c, but very well decoupled at
r-f. An arrangement fulfilling these requirements is illustrated in Fig.36.
For maximum effectiveness the discharge electrode must be sufficiently f=
removed from the aircraft that the cepacitance between the aircraft and the
electrode is very small compared to the self capacitance of the electrode.
The resistance of the connecting cable must likewise be high compared to
the reactance of the self capacitance of the discharge electrode. If these
conditions are fulfilled, the arrangement shown constitutes s resistance-
capacitance filter which decouples the aircrafc from the discharge point.
Needless to sazy, the resistance of the connecting csble must be distributed

throughout its length rather than concentrsted at one point if minimum
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capacitance between the discharge electrode and the aircraft is to be
obtained.

The second possibility for reducing the coupling between the dis
charge and the receiver is to force the discharge to occur at a point on
the aircraft which is naturally shielded electrically. The coupling from
a discharge occurring in a shielded region is inherently poor. but could
be reduced still further by the use of very fine discharge points and a
high resistance connection. An arrangement utilizing this principle is
shown in Fig. 37. A discharge is forced to occur from a series of points
similar to standard discharge wicks by appiying them to a high negative
vo..age. The wicks are situated in the shielded region at the base of the
wing, The airstream at this point is moving rapidly and weuld carry away
the ions formed in the discharge. Investigstion would be needed. however,
to determine whether such a syatem were capable of discharging sufficiently

large d-c currents.

B. Evaluation of Common Anti-Precipitation Static Devices

It is interesting to examine the anti-precipitation static devices
commonly iu use at the present time in the light of the theory just de
veloped. When this is done, it becsmss apparent that all of the devices
which have achieved reasonably successful results embody one or more of
the principles outlined in the discussion of an idesl discharger. Consicder,
for example the dielectric-coated wire antenna. It is obvious that dis-
charges from the antenna itself couple very strongly into the receiver,

By protecting the antenna and antenna fittings with a high strength die
lectric the discharges are forced to occur at other points on the aircraft
from which the cocupling is weaker.

The wick discharger operates on # combination of effects. It reduces
the noise generated by the discharge by providirg extremely fine discharge

points. aad it also provides considerable decoupling: The resistance of
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the discharge wicks is very high, so high in fact that as far as the r f
field in their vicinity is concerned their effect can be neglected. Thus
the dischsrges which occur at the tips of the wicks are removed from the
highly concentrated r-f fields which occur at the surfaces of sharp points
on the metallic cvonductors. From the coupling principle given in Chapter il
it is apparent that the coupling from the discharges 1s reduced in propor -
tion to the reduction of the r~f fields in the region of t.e discharge.

By the same reasoning it is apparent that the discharge devices pro-:
posed by Beach31 have little to commend them. These disch.rgers are simply
brushes composed of bunches of fine wires. Since the discharge points are
metallic, it i1s at once evident tha® no red_ction of noise due to decoupling
is experienced. The only benefit comes from a reduction of the generated
noise due to a reduction in the size of the disch-rge points. Even in this
respect, however, they would appcar to be inferior to the wick discharger.

Another type of discharger which achieved scme succes., is the treailing
wire discharger growing out of the investigation reported by Hucke. This
discharger achieved decoupling from the ~ircraft ‘n a manner similar to
that outlined in the discussion of an ideal discharger. A fine wire served
as the discharge point. It was isolated from a suyporting wire by means
of a resistance. Although the decoupling achieved was less than could be
obtained by the use of a distributed isolating resistor and a dis:harge
electrode having greater self capacitance than the slender wire used it

resulted in considerable reduction of noise.

C. Suggestions for Additional Research

It is hoped that the investigation reported here will lead to a bette:
understanding of the basic phenomena contributing to the production of
radio noise by corona discharges, and that it will help tc provide mcre
successful solutions to the problem of nrecipitation stetic in aircraft.

The investigations are not complete. The problem of the transient response
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of antenna-receiver systems to corona discharges is not discussed at all.
It is believed, however, that the transient preoblem can be attacked tsing
many of the tools provided in this investigation. The investigation of
the nature of cerona discharges and how their character depends upon the
possible variables ig far from complete, We have, however, indicated the
~means by which a more exhaustive invescigation can be undertaken. Anotler
subject for investigation might be the experimental determination of the
coupliing function Y for actual aircraft by means of model techniques.
More effort might profitably be spent in developing new and more efficientg
discharge devices, op improving upon existing devices with the aid of the

theory developsd here.
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APPENDIX A

Two configurations of discharge point geometry were used in obteaining
the cscillographic data of Chapter II1I. in phase 1 of the study, the dis-
charge point was a hemispherically capped cylindricel excensiun of the
center conducisr of a coaxial cable. It is illustrated schematically in
Fig. Ale. As shown in Chapier II it is necessary, in order toc compute the

. dipole moments of the discharges, to know the fields in the vicinity of
the discharge when a voltage is applied at the base of the discharge point.

The actual discharge point does not conform to any simple coordinate
system. and therefore is not amenable to an exact analysis. Electrolytic
tank investigations provide some datva on the fields. but resuits obtained
in this way are not highly accurate and are also not amenable to analytical
manipulations. Such invescizations indicate, hownver. that the geometrical
guantity of importance ian rhe poirt configuvation is the ratio of tip
radius to point height, and that a .-ethematical model such as a prclace
spheroid which has the same ratic uf these dimensions as the actual dis
charge point wil! have very nearly the same fields in the vicinity of the
Lip.

The spheroidal model is shown in Fig. Alb. The field expressions for
such a geometry are readily obtained in terms of spheroidal harmonics. We
recognize by use of the image theorem that the potential exprzssion for
the configuration shown 1s the same as for a spheroid bisected on the
equatoris] plene with the top section held at potential V:l} end the botiom

. LX) . . . v
section at ~V, . Since such an electrode configuration has axial symmetry,

21
we know that the external potential is given by

v, - S [M, P& +N_0Q'&] E iy (41)
13

e

where the prolate spheroidel coordinates are iliustrated in Fig. A%2. The

boundary conditioas are such that ¥ —20 as £-—~$+®. which requires that
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M, = O. The coefficients N are found from the boundary condition on the

metallic surface. This condition can be stated as follows.

o V:” “1< 7 <0
V,ige) = TN, Q&) P (m) . (A2)

N, is evaluated by multiplying both sides of Eq. (A2) by P (7)) and
integrating cver 7. Because of the orthoganality of the Legendre poly
nomials the terms for which n # m vanish and we are left finally with the

expression for Nn,

. a (fo) 210 = P (0] . (A3)
The symmetry about the equatorisl plane requires that N, = O for even
values of n.

The electric field can be l:rived from the potential expression of
Eq. (A2) by taking the gradient., The field actually has both a £ component
and an 7-component, but for valugs of 1 differing only slightly from 7 = 1
(Fig. 19), the 7m-component of field is negligibly small conpared with the
£-.component.. In other words, near the tip the field is normel to the
spheroidal surfaces defined by £ = constant. Expressed analytically, Eg

is given by

Mg 1 ;
- 2 N (n+ 1) P i) [0 {n} - Q, (/71 . (A4)
C quz _ nz)(gz -1) =® a n X

n od¢

Eg =

where N_ are the coefficients given by Eq. (A3). and C is the height of
the spheroid. It can be shown that the series of Eq. (A4) diverges. The

divergence is caused by the assumption of an infinitesimal gap which does
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M, = 0. The coefficients N, are found from the boundary condition on the

metallic surface. This conditiou can be stated as follows.
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N, is evalnated by multiplying both sides of Eq. (A2) by P (7} and
integrating cver 7. Because of the orthoganality of the Legendre poly
nomials the terms for which n # m vanish and we are left firally with the

expression for Nn,

. (67 Pana(0) = P, (0] (A3)

The symmetry about the equatorial plane requires that N, = O for even
values of n.

The electric field can be ::rived from the potential expression of
Eq. (A2) by taking the gradient. The field actually has both a £ component
and an 7-component, but for valu?s of 7 differing only slightly from 7 = 1
(Fig. 19), the 7-component of field is negligibly small compared with the
& -component., In other words, near the tip the field is normal to the
spheroidal surfaces defined by £ = constant. Expressed analytically, E§

is given by

M !
C /e - tiet -

E =

. S N+ 1) P in) [Qin) - @, 9] , (A4)
a

n odd

where N are the coefficients given by Eq. (A3) and C is the height of
the spheroid. It can be shown that the series of Eq. (A4) diverges. The

divergence is caused by the assumption of an infinitesimal gap which does
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not correspond to physical reality. The series could be made to converge
by assuming a different type of gap but even if this were dene. conver
gence would be g0 zlow that the resulting field expression would be very
cumbersome to woerk with analytically,

An alternative analytical model is shown in Fig. Alc. Here we have

defined the surface by the equation

P,(n) Q,(&) = Constant , (A5)

and chosen the value of the constant to make the ratio E;equal to that of
the actual point. This model circumvents the problem of the infinitesimal
gap since it reduces to a point of infinitesimal diameter as it approaches
the ground plane. The fields about an electrode of the shape thus defined
differ considerably from those of the spheroid or the cylindrical discharge
point in the region near the base. In the vicinity of the tip, however,
the fields are very similar to those of the actual discharge point. Inas:
much as the fields of the model are described by a single harmonic. they
are simple to work with mathematically. For this reason we choose the
model of Fig. Alc to represent the actual discharge peint.

It is easily verified that for .he electrode configuration of Fig. Alc

the external potential is given by

Y lefl

v, = ¥ Ry (A6)

vhere £, is the value of £ on the tip of the electride (7 - 1) and is de

n

finel in cerms of the-; ratio of the electrode by the relation

) ¢ e (A7)

r
T
o

We again take the gradient of the potential expression to find the

field. and as with the spheroidal model we find that the 7).component of

591 37




P

field is negligibly small for values of 7 differing only slightly from

unity., The £-component of the field is found to be

(1) .
vV, & Q&)

2 2 2, (&£.)
/é_né 1'Se
c\z
& -1

21
It is shown in Smythe  that @,(£) is given by

Q1) = &£coth £-1.

From Eq. (A9) it is easily found that

Q:(¢) = coth™ ¢ - -;i—— (A10)
£ -1

In the present investigation we are interested in the value of the
field at the surface of tip, where ¢ = £ and 7 = 1. When these values,

toge%her with the expressions of Eqs. (A9) and (A10) are substituted inte

Eg. (A8) we obtain

o
2

fo"l

co‘(.h'1 o -

r
C

-1 1
coth ¢, - —
Q §0

We nave expressed cine field relation in the dimensionless form shown in

order to make it more generally applicable. From Egs. (All) and (A7) it

rk, . . e
as a function of the rat1o-;j.

V(l)
1
This quantity has been computed and is shown in the graph of Fig. A3.

is possible to obtain the value of

In phase 2 of the oscillographic study the discharge electrode 1s a
hemispherically capped cylinder situated in the uniform field between two

discs. Such a configuration is closely approximated by a» prolzie
g Y P Y
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field is negligibly small for values of 7 differing only =slightly from

unity. The £-component of the field is found to be

(1) fes
vV, & Q£

Ee = - . (A8)
/ 2\4 q,(5,)

L2
c kg - n
& -1

21
It is shown in Smythe  that Q,(£) is given by

(&) = &coth £-1. (49)

From Eq. (A9) it is easily found that

Q(e) = cotht g - =, (A10)

& -1
In the present investigation we are interested in the value of the
field at the surface of tip, where ¢ = £o and 7 = 1. When these values,

together with the expressions of Egs. (A9) and (A10) are substituted into

Eq. (A8) we obtain

. ) ¢o
. coth ' g - 3
rE, r o "1
V(l) = -(; 1 1 . (Ali’
1 coth &, - —
P

Ve nave expressed cie field relation in the dimensionless form shown in

order to make it more generally applicable. From Egs. (All) and (A7) it

' rE C

is possible to obtain the value of - as a function of the ratio-;j.

V(l)
1
This quantity has been computed and 1s shown in the graph of Fig. A3.

In phase 2 of the oscillographic study the discharge electrode is a

hemispherically capped cylinder situated in the uniform field between two

discs. Such a configuration is closely approximated by = proleie
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spheroidal projection from a conducting plere which forms one bourdary of
a uniferm field. Smythe shows thac the potential in the latter case is
given by

-1 1

h -—

/_- cot £ z
1

w1
coth £, - —
0

(A12)

Y

(1) | . . . . . -
where Ey  is the uniform field which exists at large distances from the

c
spheroidal projection, whose surface is defined by & = £,. The ratio-;r

of the projecting spheroid is related to &, by Eq. (A7).
The field is found by taking the gradient of V, and again we find that
near the axis (7) near 1) only the {-component of the fieid is important. On

the axis the field is given by

cotn™ & - E
& -1

-1 1

coth &, - —
0 50

1-

The concentration of field at the tip of the discharge point is equal to

§E%§%l . The numerical value of this factor is easily found from Eq.(Al3)
ang is the curve plotted in Fig. 18 in Chapter III.

It is interesting to determine the decay of the field as we move away
from the tip of the discharge point. Ir this way we can find whether the
proximity of the upper disc appreciably interferes with our assumption of
unbounded uniform fiecld abcve the lower disc. From Eg., (Al13) we find that
for a point with a ;rratio of 40, which corresponds roughly to the maximum
point height for which oscillograms were taken, the field has dropped to a
value exceeding Ele by only 7% at a distance from the tip which is equal
to ¢. The actual modification of the field at the tip due to the upper
disc would be much less than this. Since the minimum spacing between the

discs was more than 2% times greater than the height of the point, we can

safely conclude that the field at the tip is correctly given by Eq. (Al3)




APPENDIX B

In the analysis of Appendix A we derive an expression giving the
field at the tip of the discharge point as a function of the ;-ratio of
the point and the uniform field which exists near the axis of the elec-
trode configuration shuwn in Fig. 14. To determine the tip field as a
function of the terminal voltage V;l), however, we must find an expression
. for the field V;l) as a function of that voltage. To a first approximation
the field Egl) is given by

(1)
(1) v,

& ind that

tant. On
s .

where 8 is the spacing between the discs. It is obvious, however, that

this expression breaks down for large values of 8, since it predicts zero

field for very large S, while we know from physical reasoning that a finite

field will exist for this condition. Since the diameter of electrode B in

Fig. 14 is considerably larger than that of electrode A, and also much

larger than the msximum value of S, whilas the spacing between A and the

. ground plane is small compared to the radius of A (which we shall desig-
nate in the following analysis by D) the actual electrode geometry is

e awa
Y closely approximated by the idealized geometry shown in Fig. Bl.

-t the . . . . .
It is known from potential theory that one set of harmonic potential

on of . . . . . . .
functions from which solution to the Laplace squation in cylindrical co-

d that . . . .
ordinates with axial symmetry can be constructed, have the form shown in

Eg. (Bl1).

aximum

d to a

vV = = [ae’ +Be"" e g0 F DN up)] (B1)
n

The potential on the axis is finite, which requires that D - 0; the

constants Cn can be absorbed in A and B_.
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Because the regior of interest extends to infinity ia tle radial
direction, the sum indizated in Eq. (Bl) becomes an integral or Henkel

32
transform. The potential expression therefore becomes
Vipz) = p [Alg) ™% + Blu) €31 Jytuo) du . (B2)

The boundary conditions shown in Fig. Bl require that

WiV, 0 <
. (1) Vip, OV = )‘ (B3®
(0 , a < p < @
\
(2) Vip, s} = O, (B4)

Applying the Hankel inversion theorem to Eq. (B3) and evaluating the

integral which arises, we find that

p [Alg) + B(w] = Vit b g ) . (BS5)

From Eq. (B4) we easily determine that

L8

Atp) e + By F° = o,

or

Blp) = - Alw) e ¥ . (BS)

Substitution of Eq. (B6) into Eq. (B5) shows that

V(1) b

phip) = ?—‘WJI(@) ) (B7)

and the coc” 3~u.ens Blul ie found by substituting Eq. (B7) into Eq. (B6).
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When the coefficients A(u) and Bl{u) thus determined are substituted
into Eq. (B2), the expression for the povential becomes

= y'p

Vip, z) = — e = 72 5 (ub) Jyluo) du . (BB)
0o 1-e K

Since we are concerned only with the field o2 the axis, the expression of

Eq. (B8) simplifies to

) we—-p.z -ey(s-ZI) :
V0,z) = Vv, b o J,ub) du (B9)
A i-e

The axial electric field is given by

-\
E = -« —
: 9z

We are here interested in the field in the vicinity of the discharge point

which is evidently given by

9
IR [ (B10)

[oY)]
N
o

(- X~}

#When the derivative indicated in Eq. (B10) is taken, we find that

(1) U 1se
‘Eo = T V-J._::_Z—C——-JI(V) dv ; (B11)

S
where we have set ¥ = ub and { =T -
The integral of Eq. (Bl1) cannot be evaluated in closed form. If the
denominator of the integrand is expanded in a series. however, the result

is the integral of Eq. (B12):
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This integral can be evaluated term by term to form the rapidly cen-
verging series of Eq. (B13):

LA
SR Vy A 2 2 2
- i l +
b

0 = + +
1+ (207

+...C
3 3
2 (1+ 40?2 1+ (60)°)2
(813)
1)

from which numerical values of-—%TT-can be compated.

It is apparent that the idealized geometry of Fig. Bl does not cor-

respond exactly to the true physical geometry. The difference lies

chiefly in the fact that there is a finite separation between the disc of

electrode A and the surrounding grounded surface. We expect on physical

grounds that this difference might be accounted for by giving D an effec

tive valve which is larger than the ac.ual radius of electrode A.

find what

We can

numerical value to give b by determining vhat value of D causes
)

i, e t1)
the field By to reduce to ;

for small 8, as we know it must. The

numerical value of b which fulfills this requirement is D = 4 cm, whereas

the actual radius of disc A was 3.8 cm.

Values of-—}TT have been coamputed from Eq. (B13) and are plotted in
v
Fig. 15. !




2)

L]

LIST OF REFERENCES

R H. Marriot, "~ Radio Range Veriation.’ Proc. IBRE, Vol. 2, No. 3,

March 1914.
2. W. Morgen, ® Rain Static,” Proc. IRE, Vol. 24, No. 7, July 1937.

H. M. Hucke, “Precipitation Static Interference,” Proc. IRE, Vol. 27,
No. 5. May 1939

Austin Curtis, Discussion on Radio Range Variation® by R. H. Marriot,”

Proc. IRE, Vol. 2, No. 3, March 1914

Ross Guan, et al, Army-Navy Precipitation Static Project,” Proc. IRE,
Vol. 34, Nos. 4 and 5, April-May 1946.

Pt. 1 The precipitation-static interference problem and

methods for its investigation.

Pt. II  Aircraft instrumentation for precipitation static

research.

Pt. III Electrification of aircraft flying in precipitation

areas.

Pt. IV  Investigation of methods foi reducing precipitation-

static radio interference.
Pe. V The high-voltage characteristics of aircraft in flight.

Pt. VI High-voltage installation of the precipitation-static

project.

H J. Dana, “Block and Squirter for Bcduction of Precipitation Static,”

Second Air Force Operations Analysis Report No. 15, February 1945.

M. M. Newman and J. R. Stahmann, ‘‘Redic interfercnce Rejection at
Antenna,” Tech. Report No. 12, Lightning and Transients Research

Institute, Minneapolis, 1949.

¥W. H. Huggins. ““Finul Report on Precipitation Static Reduction Research.
June 15, 1541 - March 31, 1943,” Oregon State College.

591-37




68 -

1 Langmuir :nd H E. Tanis, The Electrical Charging of Surfaces
Produced by the Impact of High Velocity Solid Particles.”” Report on
Contract No. ¥ 33 106 sc 65, General Electric Co., May 1945

I. Lengmuir  fine2l Report on Investigation of Fundamental Phenomena
of Precipitation Sezatic’ Report on Contract No. ¥.-33 106 sc 65

General Electric Co. May 1945.

937.
G. W. Trichel Phys. Rev.. Vol. 54 p. 1078, 1938.

ol. 27.

12. L B Loeb Fundamenisl Processes of Electrical Discherges is Gases
John Wiley and Sons_. irz. New York, 1939.

Y

* Marriot,”
13. L B Loeb A F Kip. G. G. Hudson, ¥ N. Bennett, Phys. Rev.,

Vol. 60, p. 714, 1941,

»c. IRE,

14 ¥W. N English "~Positive and Negative Poiant to~Plane Corona in Air ”

Phys. Rev. Vol. 74 No. 2. July 15 1945.

15. L B. Loeb. Recent Developments in Analysis of the Mechanisms of
Positive and Negaiive Coronas in Air,’ J A.B. Vol. 19 No. 10,
October 1948

16. E E. Stickliey, J. D. Robk, and M. M. Newman. Radio Interfereace
Associated with Precipitation Charging of Aircrafi Windshields
Tech. Paper No. 17 Lightning and Transients Research Laborstory.

® Minneapolis, December 1949.

17. C. A Bartlett - Reduction of Precipitation Static on Aircrafe
Canopies - Abstracts of papers delivered at 1952 Conference on

Airborne Flectronics. '

18. M. M Newman and J I Rondeau. " Radioc Interference xrot Charged
Rain Drops.” Abstracts of papers delivered at 1952 Conference on

Airborne Electronics.

19. J A. Sctratton, Flectromagnetic Theory. pp. 485 6. McGraw Hill Book
Co. 1Inc.., New York. 1941.

20. E J Lawton, “A Study of High Voltage Corona Discharge from Points
ot Atmospheric Pressure as a Cause of Radio Interference ' Report on
Contract No. W 33 106-sc- 65 General Electric Co July 1944.

21. W. R. Smythe. Static and Dynamic Electricity McGraw Hill Book Co.
In-. New York 1939

591 37




-faces

yort on

enomena

65

22,

24,

25.

to
[

27.

28.

29,

30.

69 -

J A Stratton and L. J. Chu, * Forced Oscillations of a Conducting
Sphere.” J A.P . Vol. 12 No. 2 March 1941

L. J Chu and J. A. Stratton, ' Forced Oscillations of a Prolate
Spheroid.” J.A.P., Vei. 12, No. 3, March 194i

C. Steele J. Shimizu, and J. Taylor. "Model Impedance Measurements
fos H F Asitennas,” Tech. Report No. 40 Contract No. AF 19(604) 266.
SR1 Project 591, Stanford Research Institute, Stanford Californ:ze.
{To be puhlished)

M M DNewman ' Corona Interference with Radio Reception in Aircraft,”

Proc. National Electronics Conference. Chicago, 1948.

J A Stratten P M. Morse., L. J. Cha and R. A. Hutner, Elliptic
Cylinder and Spheroidal Wave Functions, John Wiley and Sons. Inc.,
New York 1941.

C. Flammer Prclate Spheroidal Wave Functions * Tech. Report No. 16,
SKHI Project No. 188 Stanford Research Institute, Stanford. Celifornia
February 1951.

D. F. Tuttle, Network Synthesis, Stanford University Electrical

Engineering Department, Stanford, Cslifornia, 1951.

C. T. Tai. A Variationo.l Solution to the Problem of Cylindric:l
Antennas.” Tech. Report No. 12, SRI Projec. No. 188. Contract No.
AF 19(122) 78. Stanford Research Institute. August 1950

R. King, Asymmetrically Driven Antenras and the Sleeve Dipolz " Tech.

Report No. 93. Cruft Laboratory, Harsvard University, 1949.
R. Beach. What of Air Safety?” Elec. Eng. Vol. 67, No. 5. May 1948.

I. N Sneddon., Fourier Transforms McGraw-Hill Book Co. Inc.
New York 1951.

T




:ments
.} 265.

rniza.

HVo. 16.

E1: fornia

(¥4

[
[

12.

13.

14,
15.
1s6.

17.

TECHNICAL REPORTS THIS SERIES

heports Tssued on Contract AF 15(122)-78

“Electric Dipoles in the Presence of iliptic and Circular Cylinders”

by W. S. Lucke, September 1949.
“Asymmetrically Fed Antennas,’ by C. T. Tai, November 1949,
‘Double-Fed and Coupled-Antennas,” by C. T. Tai, February 1949.

“Equivalent Radii of Than Cylindrical Antennas with Arbitrary Cross
Sections, '’ by Carson Flammer, March 1950.

‘Use of Complementary Slots in Aircraft Antenna Impedance Measurements,”
by J. T. Bolljahn, February 1950.

“Wing-Cap and Tail Cap Aircraft Antennas,” by J. V. N. Granger,
March 1950.

“Investigation of Current Distribution on Asymmetrically-Fed Antennas

oy Means of Complementary Slots,” by R. M. Hatch, Jr., February 1950

‘ Electromagnetic Resonance Phenomena in Aircraft Structures,” by
A. S. Dunbar, May 1950.

“The Effect of a Grounded Slab on the Radiation from a Line Source,”
by C. T. Tax, June 1950,

‘A Method for the Calculation of Progressive -Phase Antennas for Shaped
Beams, " by A. S. Dunbar. June 1950.

“Admittance of an Upen-Ended Coaxial Line in an Infinite Grounded
Plane,” by W. 3. Lucke, June 1950.

“A Variational Solution to the Problem ¢f Cylindrical Antennas,’’ by
C. T. Tai, August 1950.

“Uniform Progressive-Phase Antennas Having Asymmetrical Amplitude

Distriputions, ’ by A. S. Dunbar, September 1950.

“Small Dipole-Type Antennas,” by J. T. Bolljahn, September 1950.
“Tables of Modified Cosine Integrals,” January 1951.

“Prolate Sphercidal Wave Functiens,” by Carson Flammer, February 1951

“An Antenna Evaluation Methed,” by W. S. Lucke, April 1951.




]

H inders’

rements,’”’

tennas

1950

19.

20

21.

22.

24

25

26.

27.

28.

29.

30.

31.

32.

“Padar Response from Thin Wires,” by C. T. Tai, March 1951.

“The Measurement of Low-Frequency Aircrait Antenna Properties Using
Electrostatic Methods,” by J. T. Bolljahn, Septerber 1951.

(droppedj

"“A Uiethod for the Calculation of Progressive-Phase Antennas for Shaped
Beams, " Part II, by A. S. Dunbar, May 1951.

“The Prolate Spheroidal Monopole Antenna,” py Carson Flammer {pending,
issued on contract AF 1%(604) 266].

“Variational Solutior for the Problem of the Asymmetric Dipole, ™ by
1. Reese, August 1951

“Quasi Static Solution for Diffraction of a Plane Electromagnetic Wave
by a Small Oblate Spheroid,” by C. T, Tai, September 1952 [issued on
contract AF 19(604)-266].

“Transmission Through a Rectangular Aperture in an Infinite Screen,”
by W. S. Lucke, September 1951

Reports Issued on Contract AF 19(504)-266

“Improvements in Instrumentation for the Investigation of Aircraft
Antenna Radiation Patterns by Means of Scale Models,” by R. M. Hatch,
Jr., August 1952.

“The Vector Wave Solution of the Diffraction of Electromagnetic Waves

by Circular Disks and Apertutres.’” by Carson Flammer, Septembe: 1952.

““An Investigation of the Distributior of Current on Collinear Parasitic

Antenna Elements, by . M. H-tch, Jr., August 1952.

“On the Thecry of Diffraction of Zlectromagnetic Waves by a Sphere,”
by C. T. Tai, October 1952

“High -Frequency Airborne Direction Finding,” by P. §. Carter, Jr.,
December 1952

““An Electrolytic Tank Method for Low-Frequency Loop Antenna Stu.ies,"”
by R. F. Reese {(pending)

“‘Badiation From a Uniform Circular Loop Antenn. in the Presence of a
Sphere,” by C. T. Tai, December 1952.




’" by

:ic Wave

35,

36.

37.

38.

39.

40.

41,

42.

™A Computer for Use with Antenna Model Ranges,” by C. E. Fisher,
February, 1953,

“Tail-Cap Antenn Radiation Pattern Studies,” by J. H. Bryan,
January, 1953.

* Methods of Improvirg Tail-Cap Antenna atterns,” by A. R. Ellis
(pending).

" Mutual Admittance of Slots in Cylinders,” by W. S. Lucke,
February. 1953.

‘Radio Incerference from Corona Discharges,” by . L. ™anner, April,
1953,

Effects of Airfiume Confisuration on Low-Frequency Antenna

Characteristics,” by 7. ™. Hoblitzell (pending).

‘Reference Antenna for Use with Model Partern Ranges,”by A. R. Ellis,

(pending)j.

“"Model Impedance Neasurements for H-F Antennas.” by J. Taylor,

J. Shimizu, C. Steele (pending).

*“Some Electromagnetic Problems Involving a Sphere,” by C. T. Tai

(pending).

“Radiation Pattern Measurements of Stub and Slot Antennas on Spheres

and Cylinders,” bv J. Bain (pending).




