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ABSTRACT

A simple procedure is developed for estimating the current induced
on cylinder-like conductors that are illuminated by a unit step electro-
magnetic pulse, The procedure is illustrated by determining the current

induced on an aircraft with and without a long trailing wire antenna.
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PRECIS

It is shown that for a class of cylinder-like conducting objects
a set of simple analytical formulas may be used to obtain the induced
currents when the objects are illuminated by a step electromagnetic
pulse. First the conducting object is represented by a right circular
cylinder. Thus the object must at least be similar to a cylinder. If
the cross section of the object is not circular then an ellipse is
fitted to the cross section as closely as possible so that an effective

circular cylinder radius may be defined

1
a = 3 (ae + be)

where a, is the length of the semimajor axis of the cross section
ellipse and be the corresponding length of the semiminor axis. If the
cross section of the cylinder-like object varies over the axial length
(as for a prolate spheroid for example) then an average radius is used.
The foregoing procedure is valid only for thin cylinders, i. e. when
L2 > > a2, wyhere L is the total axial length.

~ .8econd the axial current is obtained by using

2n(L/a) I(z,t) = C a constant
L Ho
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where I(z,t) is the current through the cross section at 2z and time ¢,

and H, 1is the amplitude of the incident magnetic field. The constant C;



depends on T and u and may be determined from Figures 1 and 2 for u = 0.5
and u = 0.25, respectively. For example, from Figure 1 (u = .5) taking

7 = 0.5 one obtains C1 = 3.5. Note that

where Eo is the amplitude of the incident electric field and ¢ = /;7;
is the intrinsic wave impedance of the ambient medium.

The late time behavior of the induced axial current is simply an
exponentially damped harmonic oscillation. An analytic expression for

the damping constant is

2c 0.46
L 2n(L/a) - 1.723

o =
and for the frequency of the oscillation is

0.25

£ = n@/a) — 1.723 )
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For a rough estimate of the variation of the axial current with =z,
one may assume that the current decreases linearly from the middle of
the structure to a zero value at the ends of the structure.
Third, the surface current density on the conducting object at a
given cross section may be obtained by dividing the axial current by
the circumference of the cross section.
To illustrate the use of the foregoing formulas the current induced
on an aircraft will subsequently be obtained--the effect of the aircraft
wings on the current is ignored. The current is obtained for the aircraft

with and without a long trailing wire antenna.



ANALYSIS

Consider a cylindrical antenna, with length L and radius a, to be
illuminated by an electromagnetic field. The axial current induced on
the antenna may be expressed

. E L
I(z,w) = °§ £(kL, z/L, a/L) (1)

where k = w/c = 21/) is the radian wave number, z is the axial coordi-

nate, and E0 is the complex amplitude of the incident wave with the

assumed but suppressed harmonic time dependence et

For pulse illumination (1) may be interpreted as the Fourier trans-
form of the induced current while io(w) is the Fourier transform of the

incident pulse. Hence

I(z,t) = Z%E?- J Eo(w) f(kL,z/L,a/L)ejwt dw (2)

-0

If the pulse is a unit Heaviside step, for example, then

E (o) = %ZJ - %311(—]‘ (3)
Using (3) in (2) yields
I(z,t) = ;/2_1? wj—-lsz(kL,z/L,a/L)ejkL(Ct’lL) d(wL/e) 4)
Letting & = kL in (4) yields
I(z,t) = ;}_2_7: m—Jl;Ef(a,z/L,a/L)ejE(“t/L) dg (5)
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£(2,u,a/L)ed%T 4 6
o (E,u,a/L)e g (6)

%‘I(LU,LT/C) =

Thus for a constant a/L

1
T I(z,t)

t= E‘T, z-= Lu
c
is independent of length and the following observations may be made

Peak current o L

Rise time o L

1

For thin antennas Hallen® has shown that the radial dependence of

the induced current is simply the factor [en(L/a)]"!. Hence

?-&Eg%iél— I(z,t)t = constant (7

L
c

t= = 1,z=Lu

is independent of the antenna length and radius,provided the antenna is
thin, 1. e. L2 > > a2, Using the numerical data obtained by Sassman?
to check (7) in predicting the variation of the peak current with a change

in antenna radius yields

3.59 Hj L/a = 20
= L
t =32 3.46 H_ L/a = 2000
z =1L/2

where Ho is the amplitude of the magnetic field (in A/m) of the incident
step pulse. Hence (7) is sufficiently accurate to use for engineering

purposes.,



The late time response of the current induced by a step incident

pulse is obtained by Sassman to be a damped sinusoidal oscillation with

the exponential damping exp(-ct). Analytical solutions for the frequency
of this oscillation and the damping factor « have been obtained by Lee

and Leung.3 They are

0.25

- £ _
fres = Tl Wma/a - 1,723 | 9
o 2c 0.46 (10)

T  n(L/a) - 1.723

Also of interest is the variation of the induced current with position
along the linear antenna. Again relying on Sassman's results, it is found
that for thim antennas the induced current is maximum at the center and
then decreases almost linearly from the center, approaching zero at the
ends of the antenna. For thicker antennas this almost linear variation
still occurs; however, the current does not approach zero at the antenna
ends since Sassman considered the antenna to have flat end caps supporting

radial currents.

Actually the equation derived for the current, (8), indicates that the
damping constant is inversely proportional to L. But from (10) it is seen
that the damping constant also depends somewhat upon the antenna radius a.

Hence (8) is accurate only when at <1l. For figures 1 and 2 the L/a 5 200.



L Tad

NUMERICAL EXAMPLE

As a practical illustration of the foregoing development consider
an aircraft with and without a long trailing wire antenna. It is of
interest to determine the current induced on the aircraft when it is
illuminated by a step pulse. In order to get at least a rough estimate
of the effect of adding the trailing wire to the aircraft, the presence
of the aircraft wings is ignored.

The aircraft without the trailing wire antenna is represented by a
circular cylinder with length L, = 70 m and radius a; = 3 m, And
the aircraft with the trailing wire antenna attached is represented by
a cylinder with length L, = 8600 m and radius a, = 0.0024 m. The radius
of the structure is chosen to be the radius of the trailing wire alone,
since the trailing wire antenna being used for VLF communication is
considerably longer than the aircraft.t

A comparisonrif the currents induced on the aircraft with and without

the presence of the trailing wire antenna is shown in Table 1.
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Table 1:

Properties of the Current Induced on

an Aircraft by an Incident Step Pulse.

(EO is the amplitude of the incident

electric field.)

Aircraft w/o
Trailing Wire

Adrcraft w
Trailing Wire

Pesk Current
at z = Li/4

Peak Current
at z = Ly/2

Peak Current
at z = 3L1/4

Peak Current
at z = L

Rise Time
Ringing freq.

Damping Comns.

0.1 Eo Amp.
0.2 Eo Amp,
0.1 Eo Amp.

07 Amp,

0.12 us
1.8 MHz

2.8 x 10%/s

0.01 Eo Amp.
0.02 Eo Amp,
0.03 Eo Amp.,
0.04 Eo Amp.

14 us
17 KHz

2.4 x 103/s
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