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ABSTRACT

The distrlbutlions of current and charge induced on the
surface of electrlically thin metal cylinders by an external
. electromagnetic field are described by means of theoretlcally
and experimentally determlned graphs. Varlous posslble
standing-wave patterns are shown including some with unex-
pected propertilies such as the colncidence of current and
charge minima. A knowledge of these dlstributlons 1is essen-
tlal to the determination of the shielding properties of
imperfectly conducting eylinders and cylinders with small "
apertures. It 1s also a prerequisite to an understanding of
currents and charges on crossed metal cylinders including
alrcraft exposed to an electromagnetic pulse. The signifi-
cance of the location of the Junction in the standing-wave

patterns 1s polinted out.
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1, Introduction

The distributions of current and charge that are induced on the conduct- .
ing surfaces of missiles, aircraft, shielded transmission lines and other
metal-clad bodies by an externally generated electromagnetic field in the
form of a standing or traveling wave or pulse are of interest for several
reasons, The most obvious is the determination of the scattered far fileld
set up by them since it determines the radar cross section. No less impor-
t;nt is a knowledge of the near field specifically in its relationship to the
limited shielding properties of the metal skin when interrupted by small
apertures [1],[2] or because it is imperfectly conducting [3]. Closely re-
lated and also involving the near field is the coupling between the exterior
and the interior regions due to exposed conductors that pass through holes in

the skin [4]. 1In all of these cases the field and possible currents on con-

ductors in the interior are directly related to the currents and charges in-
dﬁced on the outside surfaces. Although the currents induced in circuits
within a cylindrical sheath that simulates a missile and due to fields that
penetrate the imperfectly conducting walls or enter through slots, holes or
other apertures have been studied in some detail [1)-[4]), the scope of the
investigations has been limited to cylinders with radius a and half-length h
that are electrically very thin (a/A << 1) and relatively short (h/A < 1).
This range of study 1is clearly inadequate even to estimate results at fre-
quencies for which the missile is electrically long or when the exciting
field is a pulse containing a reasonably wide spectrum of frequencies. In-
vestigations relating to the penetration of fields into crossed metal struc-
tures like airplanes are still in very early stages. Several studies using

numerical methods have been made [5]-[8] to determine the distributions of

current on electrically very thin crossed cylinders when the lengths of the



arms range between h/A = 0.1 and 0.3. An analytical determination of the
distributions of current and charge per unit length on mutually perpendicular
crossed cylinders has been completed [9]. Theoretical descriptions and ex-
perimental verifications of such distributions are the subject of work in
progress.

In order to obtain insight into the complicated phenomena involved when
currents and charges are induced on metal structures by a periodic or trans-
iént electromagnetic field, it is advantageous to examine in greater detail
than has heretofore been considered necessary the currents and charges in-
duced on a straight electrically thin conductor when excited by an incident
plane wave. Such a study can yield information that 1is useful not only for
isolated cylinders but for crossed cylinders as well. Theory [9] and meas-
urements have shown that the coupling between the currents in the arms of a
crossed dipole involves the location of their junction in the standing—&ave
patterns of the currents and charges per unit length. Since these patterns
are the result of a superposition of resonant and forced distributions, they
are not entirely simple even along a single straight electrically thin cylin-
der with its axis parallel to the exciting field. This 1s shown in the fol-
lowing theoretical and measured results. A thorough understanding of their
properties is a prerequisite to the’investigation of the related but much

more complicated problems encountered with crossed elements and electrically

thick elements.



2. Theoretical Distributions of Current and Charge Per Unit Length Along
Thin Cylinders Parallel to the Exciting Electric Field

The original interest in the current distribution along eleFtrically
thin conductors excited by an electromagnetic wave was in connection with
their reradiating or scattering properties. In early work [10]-[12] approxi-
mate expressions for the distribution of current were derived or postulated
as trial functions in variational methods specifically for calculating the
b#ck-scattering cross section. This is an average quantity not very sensi-
tive to the detailed structure of the current. For the determination of the
fields in small apertures much more accurate formulas are needed and these
have been obtained for the currents in both shorter and longer thin wires in
the ranges of half-lengths h given by 0 < h < 5)/8 [13] and A/4 < h < = [14],

[15]). However, graphs of only a few lengths have been displayed and the com-

plicated distributions arising from the superposition of resonant and forced
induced currents have not been shown or discussed. The major purpose of this
paper is to exahine some of the principal standing-wave patterns for both the
current and the charge per unit length in parasitic antennas and to verify
these by direct measurement.

A complete study of the several interesting and important distributions
of current and charge per unit length is possible only 1if wires up to at
least several wavelengths long are included. For this reason computations
have been carried out with the formulas for currents and charges per unit
length in relatively long antennas as given by Chen and Wu [14, eqs. 10.152
and 10.153]. When the electric field is normally incident and parallel to

the axis of the antenna, the normalized current I(z) and charge per unit

length q(z) are given by:
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These formulas were derived with the time dependence e-imt; they can be con-
. verted to et uien the substitution 1 = -j. The formulas (1) and (2) are

not good approximations within distances of a quarter wavelengtih or less of



the ends of the wire where, however, the current is known to vanish so that '
simple extrapolation 1s possible. Their derivation assumes that ka << 1 and

kh > 7/2. The approximation improves as the length of the wire is increased.

The theoretical distributions of current I(z) and charge per unit length q(z)

shown in the several graphs to be discussed were computed from (1) and (2).
Magnitudes and phases are shown in all cases but a better understanding of

these 1is obtained from the graphs for the real and imaginary parts, i.e., the

components in phase and in phase quadrature with the active electric field

along the axis,

3. Measurement of Distributions of Current and Charge Per Unit Length
An apparatus was constructed for measuring currents and charges per unit

length along a smooth monopole erected vertically on a large metal ground

plane. The parasitic monopole consisted of a slotted brass tube with a flat ‘
end cap erected vertically on a large aluminum ground screen. It was illum-
inated by a vertically polarized electromagnetic field generated by a long
driven antenna with a corner reflector nearly ten wavelengths away so that
the phase fronts of the incident waves at the parasitic antenna approximated
a plane as assumed in the theory. Measurements were made at two frequencies
for which the electrical radii of the antenna were ka = 0.033 and ka = 0.044.
Thus, the antenna was actually not electrically very thin. In particular,
the theoretical expansion parameter QO = 2n(2/ka) - 0.577 has the values 3.52
and 3,23. These are apparently not large enough to expect great quantitative
accuracy from the theory. However, as shown by Kao [16] in his study of cur-
rents on electrically thick cylinders, the axial distribution of current when

the incident electric field 1is parallel to the axis is not sensitive to the .

radius even when its transverse distributions departs somewhat from rotational
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symmetry and significant transverse currents occur near the ends. It is,

therefore, not surprising and is reassuring to find that distributions of
current and charge per unit length computed from (1) and (2) with ka = 0.04

(for which Q. = 3,33) do not differ greatly from those computed with ka =

0

0.12 (for which @, = 2.24) as shown in several of the theoretical graphs. It

0
may be concluded that for qualitative and approximate quantitative purposes
the theoretical results are entirely adequate. In particular, they are in-
valuable in providing the means to clarify the peculiarities and intricacies
observed in the measured distributions.

The instrumentation consisted of a flush-mounted monopole for a charge
probe and a small shielded loop as a current probe. These could be moved
along a slot in the antenna by an internal mechanism controlled by a rack-
and-pinion positioner mounted beneath the ground plane. 1In order to obtain
different standing-wave patterns, the length of the antenna was varied over
a wide range,. Howevér, measurements of current and charge were not made over
the full length - only over a distance of approximately 3A/4 measured from

the ground plane. It will be seen that this is adequate to confirm the the-

oretical distritutions computed for much longer antennas.



4. Description of Theoretical and Experimental Standing-Wave Patterns ‘
The first monopole Investicarad was 3A/4 long - a length near resonance.
The theoretical distributions cf current and charge per wnit length are shown
in Fig. 1. BRoth amplitudes and phrases resemble those along a resonant open-
ended section of coaxial line in that the maxima of the current and the mini-
ma of the charge are virtually coincident near kz = 0 and 7 or at A/4 and
30/4 from the open end. Correspondingly, the minima of the current and maxi-
m# of the charge occur close tcs~ther at kz = n/2 and at the open end kz =
kh = 37/2. Rapid changes in phass hv 180° occur near the minima, indicating
a reversal in diraction of the nrincipal components of both current and
charge., Whila tha amplitude and phase cf the charge behavn verv closely like
those in a cz2xial line with an cpen ond, there are significant differences

in the diatribution of currrnt. These ‘nclude a minimum that is neot as sharp

and deep, twa maxima that differ presily from each other in amplitude - the
oﬁe at kz = () is rmuch smaller, and a phace angle eI that changes only gradu-
ally throuzh the 180°, Thes~ differxences are a consequcence of the continuous
uniform excitasion along the entire Jlength instead of by a single localized
generator, Measurnd curves far Lhe =2ame ~lectrical length hut with a slight-
ly smailer wvalue of ka are show= im Tig. 2. All four curves are Seen to
agree well In all significant dntalls with the corresponding theoretical ones,
The theoretical distribution- of cnr-ont and charge for a2 monopole with
h = ) are shown in Fig. 3. Nete jhar the maximum of current and the minirum
of charga at kz = 7 have remriped jusr =5 with h = 31/4 in Fig. 1. However,
the minivum of current at kz ~ */° has nrv disappeared even though the maxi-
mum of charge has remained. The zaro of charge at kz = 0 is now associlated

with a minimum instead of a maxfrmm of current as in Fig. 1. Similarly the ‘

zero of current at the end (z = h) is now assoclated with a minimum of charge

o



instead of a maximum as in Fig, 1. The phase angle Bq of the charge behaves
just as in Fig, 1l: a rapid change through 180° occurs at the minimum of
charge. The phase angle 61 of the current, on the other hand, differs dra-
matically from that in Fig, i. There is no 180° phase change; indeed the
phase 1s remarkably constant with a maximum change of less than 90° over the
entire wavelength., Measured curves corresponding to the theoretical ones in
Fig. 3 are shown in Fig, 4, Again they are in substantial general agreement
with the theoretical ones. The effect of changing ka from 0,04 to 0,12 1is
also shown in Fig. 3.

When the length of the monopole is increased to 3)/2 as shown in Fig. 5,
the distribution of charge remains conventional in both amplitude and phase.
Maxima occur at intervals of 1A/2; and these are displaced by A/4 from the
minima. The phase Qngle eq changes rapidly by 180° at the minima. The dis-
tribution of current is quite different. Its maxima occur at intervals of A,

as do 1ts minima. The phase angle 8_ is sensibly constant over the entire

I
length of the antenna with only relatively small (compared with variations in
'eq) dips at the minima of current.

The measured curves for h = 3X/2 are shown in Fig. 6. As indicated pre-
viously, measurements were made only out a distance kz = 3r/2 from the ground
plane. A comparison of Figs. 5 and_6 shows that the theoretical and measured
magnitudes |q(z)| and phase angles eq of the charge per unit length agree
well as do the phase angles OI of the currents. However, whereas the theore-
tical current amplitude has a minimum at kz = v, the measured curve shows a
peculiar minor maximum. This is not an error but is readily explained with
the help of a slight increase in the length of the antenna for the theoreti-

cal calculation. Fig. 7 shows the same “heoretical curves but for kh = 10.2

instead of kz = 37, The amplitude and phase angle of the charge and the



phase angle of the current show little change. But, a minor maximum now oc- | ~

curs at kz = x in the graph for |I(z)| in close correspondence with the meas~
.ured curve in Fig. 6. Actually, this minor maximum is considerably greater
than the measured one, indicating that an even smaller increase in length
would have sufficed. Thus, it is seen that the standing-wave pattern of cur-
rent can be very sensitive to the length of the antenna.

The final example of the distributions of current and charge per unit
léngth is for a near resonant length with h = 5)/4 - a half-wavelength longer
in half-length than used in Fig. 1. In this case the charge distribution
once again looks conventional with maxima at intervals of a half-wavelength
and 180°* changes in the phase angle as the amplitude goes through a minimum.
A zero of charge per unit length is at the ground plane, a maximum at the
open end. The current has maxima at the minima of charge, but whereas the

maxima at kz = 0 and kz = 27 are almost equal in magnitude and quite large,

that at kz = 7 18 much smaller. Furthermore, the phase angle eI has equal
values near kz = 0 and kz = 27, but quite a different range of values near

kz = v, Measured curves for an antenna of length kh = 57/2 are shown in

Fig, 9. The theoretical and measured distributions of both amplitudes and
phase angles are very much alike,

A study of the several distribution curves in Figs., 1 through 9 shows
that the charge per unit length behaves in a very simple and predictable

manner, In a zero-order approximation it is given by
q(z) ~ sin kz (11)

At the base of a monopole or the center of a dipole the charge per unit

length must vanish to satisfy the symmetry condition q(-z) = -q(z). All of

10



the graphs of q(z) are quite well approximated by the simple form (11) except
for the occurrence of deep minima instead of nulls. These must be accounted
for by higher-order terms.

In order to understand the peculiarities in the standing-wave patterns
of the current, it is advantageous to examine the behavior of the components
of the induced current that are in phase and in phase quadraturec with the in-
cident electric field. A set of graphs of |I(z)| and 8; and also of the in-
pﬁase component IR(z) and the quadraturg component II(z) for five lengths
ranging from kh = 9n/4 to kh = 11x/4 with the near resonant length kh = 5n/2
at the center are shown in Fig. 10. It 1is seen iIn all of these that the
curves for the real and imaginary parts of the current are much simpler than
those for the magnitude and the phase angle. Except near the end at z = h

their leading terms can be approximated by shifted cosines of the type

IR(z) - AR + BR cos kz . II(z) - AI + BI cos kz (12)

where the A's and B's are real constants that depend on ﬁhe length of the an-
tenna in no simple manner [9]. It is readily seen by a comparison of the
several sets of graphs how the different combinations of IR(z) and II(z)
shown in Fig, 10 combine to give the complicated-looking quite different
curves for |I(z)| and 8.
5. Standing Waves for Arbitrary Incidence

When the normal to the plane wave front of the incident wave makes an
angle 6 with the axis of the antenna instead of 90° as at normal incidence,
the determination of the distribution of current is complicated by the fact
that I(-z) ¥ I(z). A complete analysis of this problem has been carried out

for short and moderately long antennas by King [13] and for long antennas by

11



Chen [15]., The standing-wave patterns along an isolated parasitic antenna .

with the electrical full length 2kh = 8n as determined by Chen ([15] are shown
in Fig. 11 for five anﬁlea of incidence, The graph for normal incidence,
6 = 90°, 18 the simple shifted cosine distribution, |I(z)| A~ 1 - cos kz,
Even a very small departure from normal incidence has a significant effect as
shown by a comparison of the graph for 6 = 88° with that for 6 = 90°, As the
angle of incidence departs more and more from 6 = 90°, the standing-wave pat-
tern changes greatly as seen from the graphs for 6 = 60°, 45° and 30°. Note
that when 6 = 30°, current maxima occur at the normal intervals of a half-
wavelength for resonance, whereas at 8 = 90° they occur at the antiresonant
intervals of a full wavelength.

The strong dependence of the distribution of current on a long parasitic

antenna on small changes in the angle of incidence suggests a similar sensi-

tivity to small departures of the incident wave front from the ideal plane
surface due to curvature, Some of the small differences between the theore-
tical and measured curves ma} be a ccnsequence of the fact that the transmit-
ting antenna was at a large but finite distance from the parasitic element,

so that the incident wave front was a large sphere, not a plane.

6, Significance of Standing-Wave Patterns for Crossed Dipoles

A principal reason for examining in detail the standing-wave patterns of
the induced current and charge per unit length along a conductor with the
electric field parallel to its axis is to establish a physical basis of un-
derstanding for the much more complicated distributions which obtain when a
second conductor is connected across the first. The critical and independent

aspects of this problem arise specifically when the two elements are mutually

perpendicular and one of them is parallel to the active electric field. With

12



this configuration the axial currents and associated charges in the element
perpendicular to the electric field are induced entirely by capacitive cou-
pling to the charges in the element parallel to the field. This coupling 1is
determined primarily by the conditions of charge at and near the junction,
but also by forces acting among all charges at all points along the two con-
ductors.

An examination of the distributions of current and charge per unit
length in Figs. 1 through 10 reveals a number of possible special conditions
at a junction. Thus in Figs, 1 and 2, a transverse conductor could be lo-
cated at kz = v where the current has a maximum, the charge per unit length
a minimum; or it could be placed at kz = n/2 where the reverse is true: the
charge per unit length has a maximum, the current a minimum. A transverse
conductor located at kz = 7 along the antenna with the distributions shown in
Figs, 3 and 4 would also be located at a maximum of current and minimum of
charge as for Fig., 1, However, the conditions at kz = /2 are quite differ-
ent: there is a maximum of charge here but no minimum of current, Note that
in Fig. 3 the minima of current occur with the minima (not the maxima) of
charge at z = Q0 and z = h. Fig. 5 presents yet another set of conditions. A
cross arm placed at kz = 7 is at a minimum of charge per unit length just as
in Figs. 1 and 3, but it is simultaneously at a minimum of current, not a
maximum as in Figs. 1 and 3. On the other hand, only a half-wavelength away
at kz = 27, it would be at a minimum of charge and a maximum of current. An
examination of Figs. 7 and 9 shows a further variety of conditions at pos-
sible junction points for a cross arm.

When a transverse conductor is placed at locations of maximum charge and
minimum current, or minimum charge and maximum current, or minimum charge and

minimum current, or at some intermediate point in the standing-wave pattern

13



along an antenna in an electric field, the forces acting to induce currents

in it differ greatly, Evidently the standing~wave patterns on the four arms
of a croéaed dipole depend not only on their individual lengths but also on
the relative location of the junction point, The complete interaction of the

currents and charges in crossed dipoles is the subject of work in progress.

7. Conclusion
The standing-wave patterns of the distributions of current and charge
per unit length along an electrically thin conductor illuminated by a linear-
ly polarized periodic eclectric field have been studied in detail. Graphs of
a variety of quite different patterns are shown based on theoretical and ex~
perimental data - these are in good agreement. The results are significant

directly for determining the steady-state or transient fields that penetrate

to the interior of a rocket, missile, or other metallically shielded cylinder
through the imperfectly conducting skin or small cracks or apertures in it.
They provide an important background of information and understanding for the
study of crossed metal structures, specifically the electrically thin crossed
dipole, Finally, they serve as an indication of the general disposition of
axially distributed currents and charges on the sugfaces of structures that
are not electrically thin but long compared with their maximum cross-sectional
dimension, They throw no light on distributions of transverse currents or on
the interaction between axial and transverse currents in this more general

problem. Mecasurements on electrically thick structures are planned.
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