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Abstract

The tire-domain current induced in an infinitely long and finitely

- conducting wire over-a plane and homogeneous earth in the presence of a

plane electromagnetic wave with its magnetic field pérallel to the earth and
perpendicu‘lar to fhe wire axis is determined'for several electric field (time-
domain) waveshapes The t.1me domam current is found by numencal
inversion of the Founer transform Results indicate that electnc field

waveshapes Wlth large fall times mduce the largest peak currents in the wire.
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Department of Energy, under Contract No.'DE-AC05-840R21400 with Martin
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L INTRODUCTION

When an infinitely-long, finitely-conducting, and circular-cylindrical,
wire over a plane homogeneous earth is exposed to a uniform plane wave in
the form of a pulse, the cun.'ent induced in the wire takes the fox;mvof a pulse.
This current can be calculated exactly in phasor form under ideal conditions.
The time-domain current is then calculated numerically by means of the
inverse Fourier transform. This current waveshape depends on the assumed
waveshape of the electric field of the plane wave. It is the pﬁrpose of this
study to determine which characteristics of the waveshape of the electric fleld

are most important in determining the peak value of the induced wire current.




II. DESCRIPTION OF THE TIME-DOMAIN ELECTRIC FIELD

The infinitely long wire lies parallel to the plane earth at a Height h. It
has a rad}us a and conductivity ow. The earth has conductivity ¢ (U /m)
relative permittivity eR,'and permeability Ho = 4n X 107 (H/m) (all assumed to
be constant). The incident electromagnetic field is assumed to be that of a
uniform plane wave with vertical polarization. That is, the electric fleld
vector lies in the plane'that is perpendicular to the earth and contains the
wire axis. The Poynting vector is inclined at an angle 6 with respect to the
wire axis, while the magnetic field vector is parallél to the ground plane. This
is shown in Figure 1.

Several different time-domain waveforrné for the electric field were used
in this study. The first (A) is encountered frequently in EMP studies, and so

most of the discussion to follow will compare the other waveforms to this one.

6, 6
-4x10 t‘_e-478 x10 ")u(t)

A eo(t) =52.5 (e (kV/m)

This is a standard double exponential waveform that attains a peak
value of approximately 50 (kV/m) in approximately 10 (ns), and then decays to
25 (kV/m) after a total time of about 186 (ns). The 10%-90% rise time is 4.13

(ns). Itisshown in Figure 2.

. 6 (S
B e (t) = 64.25 (70X 10 LX)

The peak value is 50 (kV/m) at 6.2 (ns), while the fall time to 50% of the

peak value is 31 (ns), and the 10%-90% rise time is 3.15 (ns). This is shown in

. Figure 3.
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o} e, (t) = 25.73 (1 — cos(nt/5 x 10 H[ut)—ut—5.02 x 10~%)

©enB,
+525e 4 ue—5.02x10"%  &V/m)

This waveshape is formed by connecting two analytic forms at t = 5.02
(ns) so that they, along with their first derivatives, are equal there. The first
analytic form is zero at t=0, and, in particular, its first derivative is zero at
t=0. The decay is almost identical tothat for A. The peak value occurs at
exactly 5 (ns). The 10%-90% rise time is 2.95 (ns). It is shown in Figure 4.
Notice that it is virtually indistinguishable (for the time scale used) from the
electric field in A.

D .eo(t) = 26.25[1 —cos(at/5 x 10 *Hut) —ut =5 x 10~%]

6
+52.5¢e74%10%

ut-5x10"%  &Wm)

This waveform is essentially the same as that for C, except that the first
derivatives of the two analytic forms are not equal at their junction [t = 5

(ns)]. Itisshown in Figure 5.

-4x IOGt
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E et =525 e~ B0 by ) —u(t—1.393 x 10~ 5)]

+ 200[u(t—1.393x10~"8—ut~0.1)] (kV/m)

This waveform is identical to that for A, except that when it falls to 200
(V/m), it remains constant at 200 (V/m) until 0.1 (s), whereupon it stops. It is
~ shown in Figure 6. Notice that the long “tail” of this waveform does not show

in Figure 6 since it does not begir until t = 1.393 ps.

F e,(t) = 100 sin(nx 10°NeosGn x 10" [u®) —ut-10"%]  kV/m)




This is 30 (GHz) microwave signal whose amplitude is varied according
tosin(m x 10%t). Itisgatedonatt=0and off at t = 10 (ns). Figure 7 shows the
normalized waveforms A through E plotted together for purposes of
comparison. Notice the scale change att = 20 ns!

The important time-domain features of these waveforms are listed in
Table 1. The frequency response characteristics (Fourier transform) are
shown in Appendix A, Figures A.1 through A.5 (magnitude in decibels versus

angular frequency on a logarithmic scale).

Table 1. Time-Domain Features of the Electric Field

10%-90% Time to peak, Time to % Epeak »
Waveform rise time, T Tp Fall time C
ns ns ns
A 4,128 10.09 o 185.5
B 3.151 6.198 31.47
C 2.952 5.00 178.3
D . 2.952 5.00 173.3
E 4.128 10.09 185.5
6
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III. CALCULATION OF THE CURRENT

The current induced in an infinitely long and isolated circular conductor
of radius a and conductivity o from the plane wave described in the preceding

section is given exactly by!

4E (@) . jk 2 1 (1)

@p sin® ke Jka)
HO( 2) - 22 22 g2 5
°o ® kpe' Jl(k'a) L
P

Il(z,co) =

in phasor form. It is also shown in reference 1 that, for any reasonable

conductor size and conductivity, (1) reduces to a simpler approximate form:

1w = p” osine e ° (2)
o 12) _: (2)
Ho (kpa) j —GOnow g H1 (kpa)

In these equations

p°=4nx10"7(H/m)
g, ~10~%36n (F/m)
ki'm\/_po_eo (m~1)
k, =kcos® (m~}
k,=ksin® (m™}
k;=k\/m (m=Y

g =‘e°(1 + ow/jcoe(;) (F/m)
Jo,J1, H®, and H ‘® are Bessel and Hankel functions, respectively.
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It is expeditious to make two basic ass.umptions when considering the
effect of the ground and the reflected wave?. First, it assumed that the ground
“constants” are truly constant, being independent of position, direction,
frequency, and the strength of the applied field. In the absence of detailed
knowledge of the ground this is a reasonable assumption. Second, the field
that is scattered from the wire, reflected from the ground, and incident again
on the wire, isignored. This appears to be a reasonable assumption because of
the spreading effect of cylindrical waves, but its effects will be investigated in
a future report. With these assumptions, the current induced in the wire from

the ground reflected plane wave is given by

-j2aVv B, hsiné

Lzw) =1,zw T (we : 3) I

where the reflection coefficient (for H parallel to the ground) is given by34

nzsinB-Vn — cos“@ ‘ ‘ (4)

n’sin 0 + \/n2 - c0s’8

Iy = -
where
n’= %Re ~ i ce/(meo)
g, =0 = earth conductivity (u/m)

he =R = relative earth permittivity

g, = 10-%36m)  (F/m)

The total current in the wire is

[z,0) = [ (z,0) + 1,z,0) )

The time-domain current in the wire is given by

10

e o s e o =




i(z,t) = F"{Il(z,m)} +F "1{12(2,00)}

= F ' )} + P Tg@) L, _gnvis sine R ()
- o0
The inversion integral is

i(z,t) = i [ [I(z,w)| costw + |I(z, @)dw M
0

and was evaluated numerically.
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IV. RESULTS

The parameters that were chosen for this study are the angle 6 that the
wave vector makes with the wire, the ground conductivity o, and the relative
permittitivity of the ground e,. The height (h) of the wire above the ground
(Figure 1) was chosen to be 10 meters, the radius of the wire (a) was chosen to
be 0.715 centimeters, and the conductivity of the wire was chosen to be 2.31 x
107 mhos/meter. The wire radius and conductivity, within reasonable limits,
have only a minor effect on the induced current, whereas, the time delay of the
ground-reflected wave is directly proportional to the wire height, as equation
(3) shows.

The Brewster angle (or polarizing angle) is the angle for which there is
no réﬂected wave when the reflecting medium is lossless and when the

magnetic field vector is parallel to the ground. Itis given by

_‘ R
GB=co‘z.l eR-i-l

Since the parameter ¢, was chosen to be 10 and 15 in this work, the Brewster

angles are 17.55°, and 14.48° respectively. The ground conductivity was
chosen to be 10 and 102 mhos per meter, and because the ground is not
lossless, there is no true Brewster angle, although the reﬂected wave behaves
differently at high frequencie's for this angle. The magnitude (in dec.ibels) and
angle (in degrees) of I';(w) are plot,t;d against angular frequency on a
.logarithmie scale in Figures A.6 through A.13 (Appendix A). The paramet;eré
was given the ‘{alues 10°, 14.48° 17.55° 20° 36° and 90°. The Ia}ge step |
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between 36° and 90° is used since the induced current does not change much
with 6 when 0 is near 90°.

Figures 8 through 31 sl;ow the induced wire current for waveshapes A,
B, and C. |Notice, first of all, that the currents for A and C are
indistinguishable for all practical purposes, and this indicates that it makes
little difference how the electric field reaches its peak value, since waveforms
A and C both begin at zero (at t = 0) and ultimately reach the same peak
value, but are entirely different for times up to the peak. On the other hand,
these waveforms are identical, so far as the decay is concerned. Thus, it would
appear that the decay (or fall time) is the important factor in determining
peak induced current. This fact is emphasized when the current for A (or C) is
compared to that for B. The peak current for A is from 1.5 to 4 times larger
than that for B though they have almost the same peak fleld, and this is
because the fall time for waveshape A is about 6 times as large. Since
waveshapes C and D are almost identical, the currents for D will be almost the
same as those for A and C. Calculations have verified this, and the currents
for C and D are shown in Figures 32 through 55.

Since waveshapes A and E are very nearly the same, the induced
currents from them should be also. The results are shown in Figures 56
through 79, and apparently the currents are about the same. Notice, also,
that the very long “tail” of waveshape E has caused convergence problems
with the numerical integratioh for finding the current.

Calculations for waveshape F show that the resulting currents amount
to only a few amperes. This is not surprising since the frequencies involved in

the electric field are microwave and the current induced in the wire from the

13



electric field behaves like the currént in an R-L series circuit driven by a
voltage source. That is, the transfer function (the ratio I, (0)/E (w) in equation
1) is similar to that of a simple low pass filter. This transfer function is given
by na%c sin 6 for very low frequencies, while at high frequencies the
magnitude falls off more slowly with frequency than -20 dB per decade (= -
18.8) and the phase is more positive than, but close to, -90 degrees. Thus,
except for a larger bandwidth which results in smaller rise times, the wire
itself behaves very much like a first-order low-pass filter. Based on this fact,
the results are as expected. For example, the current produced by waveshape
A, before the ground-reflected wave appears, is given by the approximate

result

T 6x1 - 6
it = ——0 exp(—QOt/sinze) [1 g 4x10 "]
109

based on the R-L series circuit approximation. This current, as predicted,
rises more slowly than the actual current.
Table 2 summarizes the results of this study for the largest currents

obtained in terms of peak current in araperesper peak electric field strength

in volts per meter fore; = 10,6 = 10°,36°, and 90°.

Table 2. Peak ,Curi'ent per Peak Electric Field (A-m/V)

Waveform 8=10°  ©6=236° o 7=790°
ACDE 0.46 0.07 0.04
B 0.12 0.03 0.02
14
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V. CONCLUDING REMARKS

Electric fields that possess very small rise times and relatively large
fall times induce currents in infinitely long wires that depend almost entirely
on the fall time'when the effect of the éround is ignored. The ground-reflected
wave re&x.xces the peak current induc;ed in the wire by an amount that depends
strongly on 6 and eR; the peak current being larger for smaller values of 6 and
larger for larger values of e;. The 'peak current, generally speaking, is

reduced to roughly one-half what it would be without the ground reflection.
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APPENDIX A
Figures A.1-A.5: Eo(w) tFourier transform of e (t): magnitude in dB,

angle in degrees] versus @.

Figures A.6-A.13: I'y(w) versus w (magnitude in dB, angle in degrees).
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