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Abstract

This report details the modeling results for the response of a finite-length dissipative
conductor interacting with a conducting ground to a hypothetical nuclear device with
the same output energy spectrum as the Fat Man device. We use a frequency-domain
method based on transmission line theory and implemented it in a code we call
ATLOG — Analytic Transmission Line Over Ground. Select results are compared to
ones computed using the circuit simulator Xyce.
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distribution along its length at the sampled points indicated by orange circles. The inset shows
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Figure 3. (a) The spectrum of the z-component of the electric field versus frequency. The inset
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Figure 8. Current versus time for the SREMP excitation between 350 m and 450 m with (a) PEC
ground and (b) lossy ground. Results are based on the frequency-domain ATLOG model with air
conductivity of 0.07 S/m (red) and Eq. (10) using a constant air conductivity of 0.0008 S/m
(blue). The black dashed curve in (a) is the result from Xyce using the time-varying air
conductivity in Figure 4. The current is evaluated at 400 m. .........ccccooviiiiiiiiieiiineeeeeeee, 23
Figure 9. (a) Schematic representation of a wire above ground with air conductivity. If the air
conductivity is large so that the skin depth is small, the wire will not see the ground, and could
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1. INTRODUCTION

The purpose of this report is to provide results for the current induced on finite-length dissipative
conductors interacting with a conducting ground, when excited by source region electromagnetic
pulse (SREMP) coming from a hypothetical nuclear device with the same output energy
spectrum as the Fat Man device [1]. We will make use of a frequency-domain method based on
transmission line theory and implemented it in a code we call ATLOG — Analytic Transmission
Line Over Ground [2, 3], which has been previously compared to EMPHASIS [4] and CST
Microwave Studio [5] full-wave simulations. These results have compared favorably as reported
in [2]. For completeness, we summarize the ATLOG model in Section 2, and then proceed with
the description of a finite-wire under the SREMP in the remainder of this report. This drive
waveform is being used here as an example of nuclear-weapon output; the theoretical model and
ATLOG code are general and can be used to characterize transmission-line output for any pulse
waveform.






2. ATLOG MODEL FOR A CONDUCTING WIRE OVER A GROUND
PLANE EXCITED BY A PLANE WAVE

2.1. Definition of transmission line parameters

The coupling to the transmission line mode from an incident plane wave is considered. This is
the same calculation as carried out previously in [2, 3] and references therein and is reproduced
here for convenience. The transmission line equations are

d—V=—ZJ+E;“°, a__yy, (1)
dz dz
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ground conductivity, o, is the wire conductivity, a is the wire radius, b is the radius of a
dielectric shell coating the wire, and % 1is the distance of the transmission line from the
conducting ground plane.
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The case of a wire that is only partially buried —b < & < b is not considered here.
2.2. ATLOG case to model finite lines

Consider the case of a finite wire in Figure 1. We consider the transmission line equations (1),
for which eliminating the voltage gives

2
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where y; = ZY . The solution of Eq. (7) is given by
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with P(z)= %\/g fe’ FE™(z )z and Q(z)= %\/ngey *E™(z Mz . In the case where / is sizable

compared with b, we have to include voltage sources at the ends of the line due to the incident
plus reflected transverse electric fields (the current is not changed by these sources in the open-
circuited case). In particular, the total voltage at the end of the lines z and z, (where

z <z<z,)is given by ¥,z )=21()Z; =V (.)-V, (). with V,(z.)= |2 @)+ E27 @)
The constants in Eq. (8) are determined from the terminating impedances Z, and Z; to the
transmission line (at locations z_ and z,, respectively). More specifically,
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where the reflection coefficients at positions z and z, are p =
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Figure 1. Schematic of the problem: a finite (coated) conducting wire with
length L is located at a distance h from a conducting ground
plane. The wire is illuminated by an experimental field
distribution along its length at the sampled points indicated by
orange circles. The inset shows the wire cross section.
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3. EMP WAVEFORM DRIVE CONSIDERED IN THIS REPORT

In this section we report the time-domain profile of the SREMP excitation. This is the EMP drive
that we will consider in the subsequent results section. As shown in Figure 1, the wire is
illuminated by an experimental field distribution along its length at the sampled points indicated
by orange circles. We have two sets of time series data: 1) the probes are spaced evenly at 20 m
intervals from 0 m to 10 km; 2) the probes are spaced evenly at 2 m intervals from 0 m to 1 km.
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Figure 2. The z-component of the electric field versus time at three
positions along the wire. The inset shows a zoom at early times.

We will first focus on the second set, and in particular on the data between 350 m and 450 m (the
first set will be used in a later section). The time dependence of the field exciting the wire is
reported in Figure 2. We want to double check the correctness of the free-space delay — given as
At =Az/c, equal to 166.67 ns after 50 m and 333.33 ns after 100 m. The peak of the blue curve
is observed at 1357 ns. The peak of the red curve is observed at 1522 ns, about 165 ns delayed
with respect to the blue curve. The peak of the black curve is observed at 1693 ns, about 336 ns
delayed with respect to the blue curve.

Since the time-domain data is in accordance with the free-space delay, we Fourier transform the
pulse in MATLAB to obtain its spectrum. This frequency-domain profile is shown in Figure 3(a)
and will be used as input for ATLOG. We further inverse Fourier transform such spectrum with
a FORTRAN code to guarantee correct manipulation of the data, and overlap the result to the
time-domain data in Figure 3(b). The agreement between the original and the manipulated data is
good.
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Figure 3. (a) The spectrum of the z-component of the electric field versus
frequency. The inset shows a zoom at low frequencies. (b) We
inverse Fourier transformed the spectrum to verify the time
response in Figure 2. The dashed green lines in the inset
showing a zoom at early times are the result of the inverse
Fourier transform.



4. SIMULATION RESULTS FOR FINITE WIRES USING THE ATLOG
MODEL

The parameters we take in this section on the simulations are as follows: lossy ground with
g, =10g, and o,=0.0015S/m or PEC ground, ¢,=¢, (i.e. no coating), a=1.27cm, and

1

Oy == 2.9281x107 S/m using R =6.74x107> Q/m . We consider a 100 m long wire above
ma

ground with 2=10m. The finite line is left open-circuited at both ends. The air conductivity
time dependence under the SREMP excitation is shown in Figure 4, but cannot be directly used
in the frequency-domain ATLOG code. It is non zero only for a limited time when the pulse hits
the structure; at any other time the air conductivity is basically zero (though the precise value is
important as discussed later in this report). For this reason, we consider here two values of air
conductivity: 0 and 0.07 S/m, and use this discretized (constant) input in the ATLOG simulation.

—z=350m

g‘ 0.06} —2z=400 m]||
~ —z=450m
2
2 0.04}
5
=
g
S 0.02}
=
-

0 : .

0 1000 2000 3000

Time (ns)
Figure 4. Air conductivity versus time at three positions along the wire.

The finite-wire formulation in Section 2 is here employed. We first perform an analysis to
confirm proper frequency gridding for the excitation spectrum to achieve reasonable current
data. Note that to correctly capture the early time of the current waveform, we needed to pad the
electric field incident data with zeroes at late times as to have enough samples at low frequencies
in its spectrum. Under the field drive shown in Section 3, the induced current in the middle of the
line (i.e. 400 m) is given in Figure 5 for various ground and air conductivity conditions as
described in the figure caption. One can see that for all cases, a frequency gridding of 333 Hz is
sufficient for convergence of the current result both at early and late times. The upper frequency
is taken from the time spacing as 214.14 MHz.
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Figure 5. Current versus time for the SREMP excitation between 350 m and
450 m; results are based on the frequency-domain ATLOG model
with various frequency sampling of the excitation field as
indicated in the legends. (a) PEC ground, no air conductivity. (b)
PEC ground, 0.07 S/m constant air conductivity. (c) Lossy
ground, no air conductivity. (d) Lossy ground, 0.07 S/m constant
air conductivity. The current is evaluated at 400 m.

We then refer to the results in Figure 5 with a frequency grid of 333 Hz. The delay between two
peaks in Figures 5(a) and 5(c) should be Az =200/c =666.67ns; the delay between two peaks
there observed is equal to 675 ns, thus in good agreement. When no air conductivity is present,
the initial peaks of the PEC ground case are slightly larger than the ones of the lossy ground

casc.



5. COMPARISON OF ATLOG TO XYCE (CIRCUIT SIMULATOR)
RESULTS FOR FINITE WIRES

We employ in this section the circuit simulator Xyce [6, 7] under the SREMP excitation. While
ATLOG can simulate lossy grounds and constant air conductivities, Xyce can analyze PEC
grounds and time-varying air conductivities. To be able to compare ATLOG and Xyce results,
the parameters we assume in the simulations are: PEC ground, &, =¢&, (i.e. no coating),

a=127cm, and o, = Rl -=2.9281x10" S/m using R=6.74x10" (¥/m, and constant air
a

conductivity. We consider a 100 m long wire above ground with 2 =10m. The finite line is left
open-circuited at both ends.

We thus compare in Figure 6 the ATLOG result for the case with PEC ground to the one
computed by the circuit simulator Xyce assuming a wire located between either 350 m and 450
m, or 1500 m and 1600 m, or 3000 m and 3100 m. In ATLOG, we use a frequency gridding of
333 Hz. In both codes, we assume constant values of air conductivity: 3.44094x10° S/m for the

line starting at 350 m, 2.7x10” S/m for the line starting at 1500 m, and 1.92x10”° S/m for the
line starting at 3000 m. Good agreement between the two codes is observed, especially for the
response at early times. One can see that the closer to the nuclear-weapon event, the larger is the
current induced at early times; moreover, the current decay is faster as the air exhibits larger air
conductivity closer to the nuclear-weapon event.
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Figure 6. Current versus time for the SREMP excitation between (a) 350 m
and 450 m, (b) 1500 m and 1600 m, and (c) 3000 m and 3100 m;
results are based on the frequency-domain ATLOG model and
Xyce with PEC ground and the constant air conductivity values
indicated in the legends. The insets in (b) and (¢) show zooms at
early times. The current is evaluated at 400 m in (a), at 1560 m in
(b) and at 3060 m in (c).

We then compare in Figure 7 the ATLOG results for the case with PEC ground with constant air

conductivity of 4.7x10”" S/m for the 100 m long wire starting at 1500 m to the one computed by
the circuit simulator Xyce for the case with PEC ground and time-varying air conductivity for a



wire located between 1500 m and 1600 m. For the result in Figure 7, we have chosen in ATLOG
the conductivity value at the time for which the current has decayed to 1/e¢ of the peak value.
Good agreement between the two codes is once again observed. For this particular case, a
favorable comparison indicates that at these distances the time dependence of the air
conductivity could be potentially approximated by a constant, average value of its decay around
the tail of the time signal, for example the value of conductivity at a time where 1/e of the
current peak is reached.
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Figure 7. Current versus time for the SREMP excitation for a wire between
1500 m and 1600 m; results are based on the frequency-domain
ATLOG model with PEC ground and constant air conductivity of
4.7x10”7 S/m and Xyce with PEC ground and time-varying air
conductivity. The inset shows a zoom at early times. The current
is evaluated at 1560 m.

Because the large air conductivity is present only for a limited amount of time as shown in
Figure 4, we can use the frequency domain ATLOG code to account for an average, large air
conductivity only during that time (e.g. the peak value of 0.07 S/m); then, when the air
conductivity disappears, we use the current /(z,z,) at time #, to compute the behavior for > ¢,

as follows:

zZ,—Z_

1(z,6)= 3 4, cos %)n -1, )}_“’; (t_“)sin[m{ s H, 1>t (10)
n=1

with

Z,—Z_ =z zZ,—z_

A, = 2 Zf](z,to)sin{m{ SLE ﬂdz (11)

and
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to account for a constant, small air conductivity value oy, at later times (e.g. 0.0008 S/m).

The result of this operation is shown in Figure 8(a) for the wire on top of PEC ground and in
Figure 8(b) for the wire on top of lossy ground. The former result is also compared to the one
computed by Xyce using a time-varying air conductivity in Figure 8(a); good agreement is
observed, even though only two values of air conductivities were used in the ATLOG model,
whereas the full time dependence of the air conductivity as in Figure 4 was used in Xyce.

5000 : : : : 5000 : : : .
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Figure 8. Current versus time for the SREMP excitation between 350 m and
450 m with (a) PEC ground and (b) lossy ground. Results are
based on the frequency-domain ATLOG model with air
conductivity of 0.07 S/m (red) and Eq. (10) using a constant air
conductivity of 0.0008 S/m (blue). The black dashed curve in (a)
is the result from Xyce using the time-varying air conductivity in
Figure 4. The current is evaluated at 400 m.

However, because of the large conductivity values at earlier times, more analyses need to be
performed to assess whether the results in Figure 8 are valid. This question stems from the fact
that in the case where the air conductivity is large, the wire might not even see the ground --- in
other words, the wire is immersed in an “air ground”, as schematically reported in Figure 9.
Moreover, if the air conductivity change progresses along the line at (or near) the wave
propagation velocity, the detailed transition between the two conductivity states would be



difficult to capture with the two-state model described above; a time-domain ATLOG code
would be required for further analyses. These two investigations will be carried out in future
works.

Wire under Ground Case

Wire above Ground Case

Figure 9. (a) Schematic representation of a wire above ground with air
conductivity. If the air conductivity is large so that the skin depth
is small, the wire will not see the ground, and could effectively be
modeled using the same approach as implemented for a wire
deeply under the ground as in panel (b).



6. CONCLUSIONS

In this report we computed results for the current induced on finite-length conductors interacting
with a conducting ground when excited by the SREMP. We used the frequency-domain ATLOG
model we developed in a previous work [2, 3] and compared these results to ones computed
using the circuit simulator Xyce [6, 7]. Good agreement has been observed between the two
models. The ATLOG model allows for the treatment of finite or infinite lossy, coated wires and
lossy grounds. This capability in conjunction with the ability to treat a variety of different
transmission-line scenarios (cable above ground, resting on the ground, and buried beneath the
ground) makes our model general and a more of a complete tool for TL consequence assessment.
The ATLOG method is offered as an alternative option to a full-wave solution, as opposed to a
wholesale replacement method. It is our experience that this type of faster-running tool is
extremely useful to quickly assess a wide variety of scenarios and determine relative impact over
a wide parameter space. In addition, this type of tool may be of value because it does not
necessarily require an expert user and, combined with other toolsets, can be used in an operator-
mode for damage assessment.
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