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ABSTRACT

This thesis describes two simulators which were developed to 
provide an experimental approximation to the electromagnetic pulse 
(EMP) environment which exists during a nuclear explosion.

The simulators were subjected to tests which would determine 
how well they reproduced the EMP environment. The results of this 
testing indicate that while one of the simulators produced all of the 
desired conditions 9 the other simulator had a serious design deficiency 
which negated its usefulness as an EMP simulator.

In both cases, however, the information obtained from these 

two simulators indicate that scale model EMP simulators are useful tools 
in the study of electromagnetics.

x



CHAPTER 1

INTRODUCTION

With the advent of nuclear weapons3 much time has been spent 

studying the threat potentials of these devices from both offensive and 
defensive viewpoints, Initially, the primary concern was with the 
threat potentials of blast and radioactive fallout. In recent years 

these studies have been broadened to include other areas of potential 
threat such as that associated with the electromagnetic pulse (BMP) 
generated during a nuclear explosion.

Since it was not practical to pursue these studies only during 
a nuclear explosion, devices had to be developed which could simulate 

the EMP environment. These devices, referred to as EMP simulators, have 
been built in a variety of ways. The objective of this thesis is to 
describe some of the techniques used in the design and construction of 
two scale model EMP simulators, which were built at The University of 

Arizona, and to discuss the results of tests performed to determine the 
capability of the simulators to produce the desired conditions.

The first simulator to be discussed was built to study the 
effects of guy wire coupling of an EMP to a model communications center 

[Dudley and Oberst, 1974]. . The model to be used was a 1/40 scale commun

ications installation consisting of an electronic equipment building, a 
microwave tower, and guy wires for the tower. Various guy wire configu

rations were to be considered. The EMP signal to be used for the tests



was to be of the double exponential type with a rise time scaled from 
less than 30 NS and a fall time scaled from greater than 150 NS. The 
radiated wave would be vertically polarized and would have a grazing 
angle of incidence.

The second simulator to be discussed was constructed to study a 

proposed design for a full scale EMP simulator [Dudley, 1974]. The basic 
idea for the simulator was a parallel plate structure which would be 
tilted at an angle of 25-30 degrees, with respect to horizontal, and 

would intersect a ground plane. The reason for tilting the structure 
was to provide data for study from an angle of incidence other than 90°, 

with respect to horizontal. The region between the plates at their 
intersection with the ground plane would contain the working volume in 

which various objects would be placed for test purposes. The simulator 
would also have a matched load connected to it so that reflections from 

the ground plane, in the region between the plates where they intersect 
the ground plane, would be absorbed. The simulator would theoretically 

produce a horizontally polarized TEM wave. The pulse to be used in the 
full scale simulator would be a double exponential type with a rise time 

of less than 15 NS and a fall time (1/e) of greater than 120 NS. The 

scale model version of the simulator was to be built on a 20:1 scale 
reduction.



CHAPTER 2

FABRICATION AND TESTING OF A 1/40 SCALE MODEL COMMERCIAL 
COMMUNICATIONS STATION WITH TOWER AND GUY WIRES

Theory of Electromagnetic Scaling

The principles of electromagnetic scaling have long been used by 
antenna design engineers in cases where an antenna design could not be 

tested under the same conditions in which it was to be used, either 
because of size or environmental limitations. In designing a scale model, 

conditions for exact simulation are satisfied if the following require
ments are met [Weeks, 1968]t ,

1. The linear dimensions of the model are 1/n times the full scale 
device.

2. The operating frequency and conductivity of the materials used 

in the model are n times those of the full scale device.
3. The complex electric permittivity and magnetic permeability of 

the materials used in the model are the same as in the full 
scale device.

The value of the scale factor, n, is chosen such that the three 
conditions given are satisfied. Of the three, the condition concerning 

frequency is the hardest to satisfy for the pulse specifications given. 
Studies have shown [E-H Research Labs., Inc., 1968] that the rise time 
of a pulse is inversely proportional to the high frequency content of



the pulse. Thus, to satisfy the higher frequency requirement the rise 
time of the scaled pulse must be 1/n times the full scale value. Pulse 
rise times are essentially determined by the capabilities of the pulse 
generator and the limitations imposed by the measurement system. Both 

of these factors are controllable through the design and construction 
of these items, It was with this fact in mind that the design and con

struction of the scale model simulators was carried out,

Construction of Test Facility
Ground Plane

The ground plane is 8.54 mtrs, square and is made of aluminum 

screen stretched over a wooden frame. The structure was erected on the 
roof of a building and has a .914 mtr. space between the framework and. 
the roof. This allows underneath access to the center portions of the 

ground plane without having to walk on its surface. The wooden framework 
of the ground plane was designed to provide sufficient support for the 
screen material, and thus keep the ripples to an acceptable level, and at 
the same time keep the weight of the structure to a minimum. The 1.22 

mtr. wide strips of screen were overlapped and stapled to provide a con
tinuous surface.

The locations of the BMP source antenna and the center of the 

model area were selected to provide the maximum separation between them 

and at the same time give the longest possible clear time to the edges 
of the ground plane.

The model area is a 1.372 mtr. diameter sheet metal plate backed 

with a 1.22 mtr. diameter 1.27 cm. plywood sheet. The supporting



structure for the model area is made from two 1.22 x 2.44 mtrs. x 1.27 

cm. sheets of plywood with a hole of slightly larger than 1.22 mtr. 
diameter. This allows the sheet metal plate to sit flush on the screen 

covering. A thin strip of rubber was placed around the hole, under the 

screen covering, to insure that the metal plate would be in contact with 
the screen at all points. This arrangement for the model area allows it 

to be rotated from underneath a full 360°, and thereby simulates changing 

the location of the EMP source with respect to the structures mounted on 
the plate.

Grounded tie points for the guy wires on the model tower were pro
vided for by mounting small brass plates every 15° around a circle of 
1.372 mtrs. radius from the center of the model area. The guy wires are 
fed through small holes in the brass plates and are secured beneath the 
ground plane. When the position of the model area is to be changed, the 

guy wires are released and reinserted in another brass plate at the loca
tion corresponding to the new position of the model area. Since tie 

points are provided at 15° intervals, the position of the model can be 
changed in increments of 15°. The underside of the support structure 

for the model area plate has markings corresponding to 15° intervals so 
that the plate may be positioned without difficulty.

Figure 2.1 gives the general structure and layout of the ground 

plane. It was necessary to cut out two of the corners as shown because 

of other structures in the area. This does not reduce the clear time to 

the edges however. Figures 2.2 and 2.3 are photographs of the test 

facility taken from different angles. Figure 2.4 shows how the model
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Fig. 2.2 Test Facility



Fig. 2.3 Test Facility with Model Area in Place



Fig. 2.4 Test Facility with Model Area Removed
VO
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area may be removed» Figure 2.5 shows how access to the model area is 
gained.

Communications Center Model
The model communciations center consists of an electronic equip

ment building9 a microwave tower and guy wires associated with the tower. 

The dimensions of the structures and the distance between various points 
were based on an average value of the figures given for the full scale 
facilities. The microwave tower is located in the center of the model 

area. The location of the building and the ground tie points for the 
guy wires are referenced to the tower.

Because of the frequency content of the source pulse9 both the 
building and tower structures have been simplified. The spacing between 

the reinforcing bars of the walls of the electronics building is assumed 
small enough to be modeled by a solid piece of sheet metal. Likewise9 the 

actual tower structure is triangular in shape, with a tapered base, and 

has vertical steel members with crisscrossing braces. This complicated 
structure was simply modeled using a solid copper pipe neglecting the 

edges of the triangular tower and the space between the braces. The 
tapered section at the base has fiaen neglected since it represents a 

small percentage of the overall height of the tower. Since the study is 
primarily concerned with the coupling effects of the guy wires on the 

tower and is comparative in nature, it was felt that these simplifications 

of the model structures would not significantly affect the test results.
The model building is 76.2 cm. x 38.1 cm. x 11.43 cm. and has 

facilities for the mounting of H-field sensors on all walls and the roof.



Fig . 2 . 5 Model Area Acces s 
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Access to the sensors is through a hole in the plate beneath the 
buildingo

The tower protrudes through the model area plate a distance of 
1.52 mtrs. above the ground plane and is held in place by a clamp on the 
underside of the plate. A small metal collar around the tower at its 

base assures electrical contact with the ground plane. Small eyelets 
were soldered to the tower to provide tie points for the guy wires.

The guy wires are made from No. 22 uncoated copper wire. Some 
portions of the tests require that the guy wires be insulated from the 
tower. For these cases, short pieces of teflon insulation are placed 
around the wires at the tower tie points.

Since the tower is free to rotate independently from the model 
area plate5 different guy wire orientations with respect to the model 
building can be obtained.

Figure 2.6 shows the general layout of the model area with the 
guy wires in one of the configurations chosen to be tested.

EMP Source

The EMP source consists of a high voltage DC power supply, a 

pulse generator, a 2.74 mtr. vertical monopole and an interconnecting 

signal cable. Figure 2.7 is a block diagram of the source.
The DC power supply is a Polytechnic type 812 klystron power 

supply. The beam voltage.output of this unit is used‘in the generation 

of the high voltage pulse. It is connected to the pulse generator 
through a section of RG-8/u coaxial cable.



13

/Guy Wire 
Tie Points

Model
Area

Plate

Tower

Guy
Wire.686

mtrs ~  ? .153 mtrs
1.373
mtrs .763 

mtrs. 381 mtrs.

Equipment
Building

Fig. 2.6 Model Area



Gen.

/''DC Return 
II"

2.745 
mtrs.

Ground
PlaneXiJTnrrrnTTrr:

S

Source Monopole

X10 NS Signal Cable

\rRG-8/U
High Voltage Cable

Supply

Fig. 2.7 BMP Source Block Diagram



15
The pulse generator was designed and built by students at The 

University of Arizona. The unit is self-contained except for the high 

voltage DC power supply used for the pulse. It has the capability of 
producing several pulse shapes of variable duration and repetition rate. 
For this project, the unit produces a double exponential type pulse 
with rise time of approximately 700 PS and a fall time (one over e time) 

of approximately 6.5 NS. The pulse is generated by discharging a capac
itor through a mercury-wetted reed switch (Fig. 2.8) into the load 
resistance. The switch, capacitor, and a current limiting resistor are 
all mounted inside a General Radio type 874-X insertion unit. The 
capacitor is connected as close as possible to the switch to prevent 

reflection from distorting the pulse. The switch is energized by a coil 
wound around the outer shield of the insertion unit. The peak amplitude 

of the output pulse is approximately 1.4 KV and a pulse repetition rate 
of 200 PPS was used.

The monopole is a length of .635 cm. aluminum rod that protrudes 

2.74 mtrs. above the ground plane. It is tapped on one end to allow it 
to be fastened to a transition stage between the signal cable and the 
surface of the ground plane (Fig. 2.9). The transition stage provides 

an easy method of connecting the signal cable to the antenna, a firm base 
for the antenna to set on, and maintains the same characteristic 

impedance as the signal cable up to the surface of the ground plane.
The other end of the monopole is threaded to allow it to be attached to

■ r '

a support structure above the ground plane. Since the monopole is 

flexible, the support structure was necessary to maintain the antenna
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in a vertical position at all times. A DC return path is provided for
by a wire connected between the top of the monopole and the ground plane«

The characteristic impedance of this wire is not much different from that 
of the monopole and, therefore, very little reflection occurs at this 
point.

Since the monopole is longer than the duration of the pulse, the 

pulse is transmitted without distortion caused by reflections from 
opposite ends of the antenna. The main radiation is at the base of the 

monopole and is spherical in nature [Schmitt, Harrison and Williams, 1966] . 
It was assumed that by the time the wave front reaches the model area that 

it is a good approximation of a plane wave. (See EMP Source Tests Section.)
The signal cable that connects the pulse generator to the monopole

is a piece of low loss coaxial cable. Its length is approximately 10 NS,

which provides a 20 NS delay between the initial wave front and the wave 
front created by the energy reflected back to the pulse generated from the 
base of the monopole.

Figure 2.10 is a view of the model building which shows the H-field 
sensors mounted in two of the walls and the roof. Figure 2.11 shows the 
source monopole and its mounting plate.

Measurement System.

The measurement system (Fig. 2.12) consists of a Tektronics type 
567 readout oscilloscope, with type 6R1A digital unit, type 3T77 sampling 

sweep and type 3S76 sampling dual trace plug-in units, a Polaroid CR-9 

land camera, H-field sensors, and a 12 cm reference and trigger pulse 
E-field probe.



Fig. 2.10 Model Building with H-Field Sensors Installed
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Fig. 2.11 Source Monopole



21

f Equipment
Building

H-Field
Sensors 

7)'/1 ////,////!/ f.y7/ J/'t / >/✓////>

Ground
Plane

......////// ////////'///

E-Field 
Probe

ZtTTTTTTTTTTTz

Channel B Input ,— Channel A I

Sampling
Oscilloscope

Fig. 2.12 Measurement System Block Diagram



22
The oscilloscope9 with the above mentioned plug-in units 9 has a 

rise time of 400 PS 3 50 ohm input impedance 9 2 MV (peak-to-peak) normal 
noise and uses a sampling process to produce high resolution without 
jitter.

Although the oscilloscope has recorder outputs, it was decided 
to photograph the measured data because of external noise interference 
with the recorder's operation. The camera used has the capability of 
manually timing the exposure which, when coupled with the oscilloscope's 

single display feature, produces a good resolution picture of the data.
The H-field sensors (Fig. 2.13) are actually made up of two com

ponents, a short, circuited slot and a current transformer to measure the 

short circuit current. This current corresponds to the tangential mag
netic field on the sensor. The units were designed by Stanford Research 

Institute and consist of a 6.34 cm. diameter brass outer plate with a 

slot, a 6.35 cm. diameter inner retaining ring and associated mounting 

hardware (Fig. 2.14). To use the unit, a 5.08 cm. diameter hole is cut 

in the metal surface of the model. The metal surface is then clamped 
between the outer plate and the inner retaining ring using the mounting 

hardware. The position of the sensor can be changed by loosening the 

mounting hardware and rotating the entire unit. Since the slot is a 
directional device, rotation of it permits measurement of orthogonal 

components of the magnetic fields. The slot is 4 cm. long and .952 cm. 
wide in the middle to allow for mounting the current transformer. The 

ends of the slot are tapered out to 1.91 cm. which gives the slot a 

wider bandwidth.
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The current transformer used Is a Tektronix type CT-1. It has 

a sensitivity of 5 MV/MA into a 50 ohm load, a rise time of less than 
350 PS 9 low frequency limit of 35 K Hz (3 db point) and. a decay of less 
than 1% over the first 50 NS. The insertion impedance with a 50 ohm 

termination is 1 ohm shunted by 5 uh«
When the CT-1 is used in the H-field sensors, the transformer 

loads the slot inductance such that the decay time of the sensor unit is
about 13 to 14 NS, Since this is slower than the decay time of the radi
ated pulse, the decay can be neglected, The rise time of the total sensor
unit is approximately 500 PS.

The CT-1 is connected to a Tektronix type P604Q cable. The cable

is .458 rntrs. long, provides a 2.4 NS delay, and has a rise time of less
than 200 PS. This cable is then connected to a low loss signal cable 

which feeds the data to the sampling oscilloscope.

The 12 cm. E-field probe is a vertical monopole made from No. 16 
copper wire mounted in a BNC panel mount connector. The BNC connector

is soldered to a small brass plate in such a manner that the threaded end

is flush with the surface of the brass plate (Fig. 2.15). This probe is 

used to verify that the pulse being transmitted remains the same through
out the test phase. It is also used as a triggering signal for the 
sampling oscilloscope.

Tests
Measurement System Tests

Tests were performed on the measurement system to determine 

whether the level of noise in the system was acceptable, the outputs
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from the H-field sensors were the same and the presentation on the sampl
ing scope represented the initial response of the sensor to the incident 
wave.

The initial noise level tests showed that a large amount of noise 
was being admitted into the system primarily because of a lack of adequate 
shielding of the sampling oscilloscope. After several tests, it was 
found that the noise level could be kept to a minimum if the oscillo

scope was placed beneath the ground plane in the vicinity of the model 
area. Although there are more elegant solutions to this problem, for the 

sake of the schedule it was decided that this solution would suffice.
The H-fleld sensors were checked for standardization of response 

to identical H-field excitation by mounting them in the same location on 
the model building and comparing their outputs. All of the sensors had 

very similar responses with the major differences being some small vari

ations in amplitude. If it became necessary, these differences could be 
compensated for by a correction factor which would normalize all the 

sensor response amplitudes to the same value.
Since the sampling oscilloscope was not being triggered by the 

signals from the H-field sensors, care had to be taken to insure that 
the signals observed from the H-field sensors were their initial 

response to the incident wave. An analysis of how the sampling scope 
displays information was used to show that the data taken was in fact 
the initial response from the H-field sensors.

The sampling scope holds off displaying the triggering pulse for 
a period of 16.4 NS after the trace has started. Therefore, in order to
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view the initial response of the sensors, the transit time for signals
from the sensors can not be less than 16.4 NS shorter than the transit
time for the triggering pulse. The closest time from the source for the 
H-field sensors is 7.7 NS* while the E-field probe remains at a constant 
9.44 NS o The sensor is therefore 1.74 NS closer * at this point, to the 

source. The signal cable for the H-field sensor is 11.8 NS shorter than 

the cable from the E-field probe. Therefore, the earliest possible sig
nal arrival time at the scope for the H-field sensors is 13.54 NS before
the triggering pulse can appear at the scope or 2.86 NS after the trace 
has started. Thus, the data taken represents the initial response of the 
H-field sensors to the incident wave.

EMP Source Tests

The EMP source was tested to determine such things as the planar
ity of the incident wave in the vicinity of. the model area and the 

distance dependence of the incident wave amplitude. It was also tested 
to determine the fidelity of the source output as compared to the pulse 
output of the pulse generator.

It was stated earlier that the incident wave in the vicinity of 

the model area was assumed to be a good approximation of a plane wave. 

While this is a true statement for small horizontal and vertical varia
tions, it is not true in general.

An analysis of some of the data taken shows that for large verti

cal variations, there is a considerable difference in the phase of the 
wavefront. In particular, the data taken from one of the sensors 

(Fig. 2.16) was analyzed to show that this was the case.
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After reviewing the data, it was decided that the model tower 

was the major cause for the radical difference in the response from 

this sensor when compared to the responses of other sensors on the model 
building, This difference in response can be explained by looking at the 

reflected signals coming from the tower.
Using a ray path technique, it was found that from the base of 

the source monopole there is a difference of 38,35 cm, between the path 
to the base of the tower and the path to the top of the tower (see Fig, 
2,17). In addition, the ray path for the reflected signal is 1,38 mtrs, 
longer from the top of the tower to the sensor location than the 

reflected path from the base of the tower. The total difference in 

path length is thus 1,764 cm. and corresponds to a time difference of 
5.87 NS between the arrival times at sensor for signals travelling along 
these two ray paths. Table 2.1 shows the total difference in distance 

for paths that intersect the tower at various heights, and the correspond
ing time delays.

A tower reflection signal was formed by graphically adding six 

incident pulses, each shifted by the amount of time corresponding to ray 
paths indicated in Table 2,1. The resultant composite reflection signal 

is shown in Fig. 2.18, This signal was scaled and inverted and then 

graphically added to an incident pulse. The inversion is necessary 

because the reflected signals from the tower will have a polarity opposite 

to the incident pulse. The scaling was determined by matching amplitudes 

of the reflected and incident signals at the time corresponding to the 
zero crossover point for the actual response from the sensor. The
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Fig. 2.17 Ray Paths for Analyzing Sensor Output
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Table 2.1 Distance and Time Differences for Various Ray Paths

Ray Path Tower Height. Distance Difference Time Delay
(mtrs.) (mtrs.) (NS)

1 0 0 0
2 .305 .205 .68
3 ,.610 .541 1.08

4 .915 .919 3.06
5 1.220 1.327 4.42
6 1.525 1.763 5.87
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Fig. 2.18 Tower Reflection Signal
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resultant composite signal is shown in Fig» 2.19. A comparison of 
this figure with Fig. 2.16 shows a promising similarity.

An even better result was obtained by using an inverse distance 
factor to adjust the amplitudes of the pulses being reflected from the 
tower. Since the field strength is inversely proportional to the 
distance traveled, far field assumed, the amplitudes of the reflected 

pulses must be reduced proportionally to the extra distance traveled 

by each one. These amplitude factors are given in Table 2.2. Taking 
these factors into consideration, a refined composite reflection signal 
was graphically produced and is shown in Fig. 2.20. Again, this signal 
was inverted, scaled, and graphically added to an incident pulse. The 
result is shown in Fig. 2.21.

A comparison between this signal and the actual response from 

the sensor shows that they are almost identical from the first 4 NS.

The difference between the two beyond this point is probably caused by 
reflections from the model building edges and the guy wires. However, it 

can be seen from the results obtained by this analysis that the wave- 
front is not planar over a large distance.

For small variations in vertical height, the wavefront can be 

considered planar. As an example, wavefront arrival time variations 

over the height of the model building walls amounts to a difference of 

7.26 PS between the bottom and the top of the wall. Lateral variations 

along the widest dimension of the building amount to a difference of 80.4 

PS in wavefront arrival time between the center of the wall and either 

endo For the ranges used in taking the data, these time variations are 
undistinguishable.
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Table 2.2 Amplitude Factors

Ray Path Distance (mtrs.) Amplitude Factor

1 2.999 1.000
2 3.204 .936

3 3.540 .847
4 3.918 .766
5 4.326 .693
6 4.762 .630
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To determine how the amplitude of the incident wave varied with 

distance, an H-field sensor was mounted in the center of a large metal 
plate and measurements were taken at various distances from the source 
monopole. Using the physical optics approximation that the measurements 
are proportional to twice the amplitude of the incident H-field, the 
relationship between the incident wave and the distance from the source 
can be determined. The results of the test are shown in Fig. 2.22 which 
is a plot of normalized amplitudes versus 1/R. A line representing an 

idealized 1/R dependence is also shown. For the region occupied by the 
model communications center, .09 to .125 on the horizontal axis, the 
incident wave exhibits very good 1/R dependence.

To determine if the"output of the pulse generator was being dis

torted by something in the EMP source system, a comparison was made 

between shape of the pulse just after it leaves the pulse generator and 

again after it was radiated from the source monopole and received by an 

H-field sensor. It was realized at the time of this test that if dis
tortion was present, the test would be inconclusive because the distor
tion could have been caused by something in the measurement system. 
However, if there was no distortion, the test would serve a dual purpose 

in that the capability of the H-field sensor to reproduce the incident 
waveshape would also be verified.

The H-field sensor was installed in the center of a square sheet 

of aluminum which would provide 2 NS of clear time before edge reflec

tions would interfere with the sensor response to the incident wave.

The pulse generator was set up to produce a pulse with a 1,2 NS pulse
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width at the 50% points and the output was recorded. The pulse was then 
radiated from the source monopole and received by the H-field sensor 
mentioned above at a distance of 2.745 mtrs. from the source monopole.
The amplitude of the pulse was adjusted to the same value as that recorded 
from the pulse generator and the pulse shape was recorded. The results, 

as shown in Fig, 2.23, were that there was exact agreement between the 
two pulse shapes for the first 2 NS thus proving that the source and 
measurement systems did not distort the pulse output of the pulse genera
tor o

Data Repeatability Test
During the data taking phase of this project, the model configura

tion had to be changed many times in order to make the desired measure

ments. These changes included such things as rotation of the sensor 

units, rotation of the tower with respect to the building, disconnecting 
and reconnecting the guy wires and rotation of the entire model area. To 

insure that the model could be reconfigured once the configuration was 

changed, two sets of data were taken with a time interval between them 

of twelve days. During this interval, the model configuration was changed 
several times to facilitate other measurements. Also, since the data to 

be compared were from different model configurations, the test would show 
how well different configurations could be reproduced.

The results of the test can be seen in Figures 2.24 and 2.25.

There are some slight differences between the two sets of data; however, 
this can be explained by the presence of background noise.
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Fig. 2.23 Comparison of Pulse Generator Output with 
Radiated Pulse



43

nMMNKHRKiMi VSKMRRO ÎilSlll
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Performance Evaluation 
The overall performance of this simulator was judged to be very 

good in that it produced all of the required conditions for the study.

The only negative feature of the simulator was the lack of versatility 
available from the EMP source. It would have been more desirable to 
be able to produce a TEM wave of either polarity with a variable angle 
of incidence.



CHAPTER 3

FABRICATION AND TESTING OF A 1/20 SCALE MODEL 
PARALLEL PLATE EMP SIMULATOR

Construction of Test Facility

Ground Plane

The ground plane used for this study was essentially the same one 
as described previously. The surface of the ground plane was cleared of 
non-essential structures to prevent unwanted reflections from interfer
ing with the measurements to be made, A .915 x 1,525 mtr. piece of 
sheet metal was placed on the surface of the ground plane to serve as 

a reflecting surface for signals contained within the parallel plate 
structure. It would also provide a means for mounting field sensors in 

the region between the plates at their intersection with the ground plane. 
Further, it would provide a smooth surface which would insure that the 

plates were in contact with the ground plane in the region of the inter

section between the plates and the ground plane.

Parallel Plate Structure
The plates of the structure were made by stretching aluminum 

screen over a wood frame to form a continuous parallel plate guide from 

the source to the load (Fig. 3.1). The edges of the screen were stapled 
to the frame along the top and bottom of the plates. In some places, it 
was necessary to splice sections of the screen material together in order

46



Fig. 3.1 Model BMP Simulator
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to follow the contour of the plate structure. Where possible, the ends 
of the splices were ovelapped and stapled to part of the wood frame.
Where this was not possible, the ends were overlapped and woven together 
with strands of the aluminum screen material. In the region where the 
plates were to intersect the ground plane, the screen material was 

folded over the bottom of the framework and stapled. This would insure 

that the plates were in contact with the ground plane.

The plates are vertically oriented and intersect the ground plane 

at an angle of 30° with respect to horizontal. The cross-sectional 
dimension of the structure is..61 mtrs. square. Plate separation is 
maintained by braces across the top and bottom of the plates. Vertical 

support for the structure is provided through the braces and mounting 
structures of the source and load TEM horns which are attached to 

opposite ends of the parallel plate structure. Figure 3.2 gives the 

overall dimensions of the structure including the source and load TEM 

horns.
The load section of the structure is designed to absorb energy 

which is reflected from the ground plane in the region between the plates 

at their intersection with the ground plane, A TEM horn was used as a 
transition stage between the .61 mtrs. square cross-sectional dimension 

of the plate structure and the load. A full description of the horn 

construction will be given in the section concerning the EMP source since 
the load and source horns are identical. The load attached to the horn 

consists of a 12,2 mtr. length of shielded twin lead which has approxi

mately the same characteristic impedance as the horn. The length of the
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twin lead load would insure that signals reflected from its end would be 
delayed a sufficient amount of time so that they would not interfere with 
any measurements to be made» The twin lead to TEH horn connection was 
matched using a time domain reflactometer. The results of tests performed 

to determine how good a match this connection was will be discussed later 
in the EMP source tests section of this study.

Part of the framework for the plate structure was designed to 
facilitate the mounting of field sensors for the measurement system. The 
connection for the sensor signal cable had to pass through the screen 
material which meant that there would be a hole in the screen at each 
sensor location. These holes were sufficiently large enough to perturb 

the fields if left exposed. With a sensor installed, the hole would be 

covered by the sensor mounting plate. However, to minimize perturbations 

caused by the sensors, only one sensor at a time would be in place. Thus, 

blank plates of the same dimensions as the sensor mounting plates were . 

installed at each sensor location when it was not in use. The same pre
cautions were used for sensor locations on the reflecting plate in the 

region between the parallel plates at their intersection with the ground 

plane.
' . . .

EMP Source
The EMP source.consists of a high voltage DC power supply, a pulse 

generator, a TEM horn and interconnecting cables. Figure 3.3 is a block 

diagram of the EMP source.
The DC power supply is a Polytechnic type 812 klystron power sup

ply. The beam voltage output of this unit is used for the generation of
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Fig. 3.3 EMP Source Block Diagram



5 2

the high voltage pulse. It is connected to the pulse generator through 
a section of RG-8/U coaxial cable.

The pulse, generator unit, designed and built at The University 
of Arizona, is self-contained except for the high voltage DC power 

supply used for the pulse output. It has the capability of producing 

several pulse shapes of variable duration and repetition rate. For this 

study, the unit produces a double exponential type pulse with a rise time 
of approximately 550 PS and a fall time (1/e) of approximately 6.5 NS.
The pulse is generated by discharging a capacitor through a mercury- 
wetted reed switch (Fig. 3.4) into a load resistance. The switch and 
capacitor were built into a section of shielded twin lead with the capaci
tor connected across the two conductors of the twin lead as close as 

possible to the switch. A current limiting resistor is connected to the 
twin lead conductor containing the switch and the other conductor and 

shield are grounded. The switch is energized by a coil wound around the 
twin lead cable in the vicinity of the switch. The pulse generator was 
constructed in this manner to eliminate the necessity of using some type 

of adapter between the pulse generator and the twin lead signal cable 
which could"cause unwanted reflections and pulse distortions. Pulse ampli

tudes of 300 and 1000 volts and a repetition rate of 200 PPS were used for 

this study.
The TEM horn is used primarily as a transition stage between the 

twin lead geometry and the .61 mtr. square cross-sectional dimensions of 

the parallel plate structure. It consists of two 1.22 mtr. long tapered 

plates (Fig. 3.5). Half of each plate is solid brass and the other half
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is aluminum screen. This material is mounted to a wooden frame for 
rigid support. The screen material actually extends 5,08 cm. beyond the 
horn so that it can be stapled to the parallel plate structure to form 
a continuous conducting surface.

The plates of the horn are mounted inside a wooden framework in 
such a manner that they can be freely positioned and locked in place.

This framework also serves as the mounting points of the supporting 
structure for the horns. The entire structure was designed with the 
idea in mind that it might be used independent of the parallel plate 

structure at some later date. The horn could serve as a radiating ele

ment which would be highly versatile in that it could produce a TEM 
wave of either horizontal or vertical polarization for all angles of 

incidence. The load TEM horn was constructed in the same manner as 
described for the source horn. The connection between the source horn and 

the twin lead signal cable from the pulse generator was matched using a 

time domain reflactometer. The quality of this match will be discussed 
later in the EMP source tests portion of this study.

The signal cable between the source horn and the pulse generator 
is a 3.05 mtr. length of shielded twin lead. The length was chosen to 
provide approximately 20 NS of delay before a reflection signal from the 
twin lead to horn connection could interfere with any measurements being 

made.

Measurement System
The measurement system consists of a Tektronics type 567 readout 

oscilloscope, with type 6R1A digital unit, type 3T77 sampling sweep and
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type 3S76 sampling dual trace plug-in units, a polaroid CR-9 oscilloscope 
camera, E-field probes, a Burr-Brown model 6000 analog computer and a 
Hewlett-Packard model 7035A, x-y recorder,

The oscilloscope with the plug-in units indicated, has a rise 
time capability of 400 PS and an input impedance of 50 ohms, a peak-to- 

peak normal noise level of 2 MV. The oscilloscope uses a sampling process 
to produce high resolution without jitter. It also has external outputs 
that provide analog signals from the CRT presentation.

The camera used has the capability of manually timing the 
exposure which, when used with the single display feature of the oscillo

scope, produces a good resolution picture of the CRT display.
The E-field probes are short (12 cm) monopoles mounted on a 10,16 

cm. square plate in the same manner as shown in Fig. 2.15. The response 
of the probe to an incident wave is proportional to the time derivative 
of the incident E-field [Schmitt, Harrison, and Williams, 1966]. For the 
length of probe being used, there will also be some oscillations present, 
the period of which will correspond to the resonant wavelength of the 
probe; approximately 1.6 NS. This same type of probe was used as a 

reference monitor and trigger for the oscilloscope. This was done to 

insure that the same signal was being generated throughout the test 

phase. Figure 3.6 shows the location and number of the test points where 

these probes were used. Since E-field measurements were the primary con

cern of this study, no other types of probes were used.

As stated earlier, the output from the E-field probe is propor

tional to the time derivative of the incident E-field. To analyze the
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data taken, it was necessary to develop a method which would integrate 
the E-field probe response and provide a permanent record of the results„ 
To do this, the analog output from the vertical channel on the oscillo
scope was fed to the Burr-Brown analog computer where it was integrated» 

The integrated signal was then sent to the vertical input of the x-y 
recorder, The horizontal input to the recorder was provided by the 
sweep output terminal on the oscilloscope. Figure 3.7 shows a block dia
gram of this arrangement. The entire setup was tested to insure that 
the recorded data was valid. The methods used for the test and test 

results will be presented in the measurement system tests portion of this 
study.

The signal cable used for the reference monitor and trigger pulse 

E-field probe was a 9.15 mtr. length of RG-58A/U. While this amount of 

this type of cable might cause distortion of the sensor output, it was not 
critical in this application because it would not be used for data taking 
purposes. The signal cable used in conjunction with the measurement 

E-field probe was a 9.15 mtr. length of R.G-214/U. This type of cable 
is -of much better quality than RG-58A/U and distortion caused by it should 

be at a minimum.

Tests

Measurement System Tests
Tests performed on the measurement system were used to determine 

such things as noise level and the validity of the integrated E-field 

probe response.
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The need to use equipment other than the oscilloscope for the 

purpose of taking data made it necessary to find a location which would 

sufficiently shield this equipment from external noise. Thus, the 
oscilloscope, analog computer and x-y recorder were placed in a room 
beneath the ground plane. The room.is isolated from the outside by a 
double ceiling which contained a wire mesh. The signal cables were 
routed through an air vent to the simulator on the roof. Noise inter

ference tests were performed both with and without the external equipment 
connected to the oscilloscope. There was no noticeable difference in the 

oscilloscope presentation for the different configurations which indi
cates that the external connections were not introducing noise into the 
system. Another indication of the amount of noise being introduced into 
the system is to note the level of signal present on the data presentation 

just prior to the arrival of the incident pulse. In all cases, there was 
virtually no signal present prior to the arrival of the incident pulse, 

which can be seen in Fig. 3.13 as an example.
As mentioned before, to analyze the output from the E-field probe, 

it was necessary to develop a method which would integrate the probe out

put. The most convenient way available was to integrate the analog out

put of the vertical unit on the oscilloscope. Since the Burr-Brown 

analog computer has a ready-made integrating capability, it was decided 

to use this unit instead of designing a separate integrating circuit,

The major problem encountered with this unit was that it integrated on a 

10 second time base. What this means is that if the analog signal to be 
integrated has a duration of only five seconds, the resultant integration
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will have an amplitude value which is exactly half of the actual value. 
This fact is important because the time base for the analog signals from 

the oscilloscope is determined by the sampling rate of the oscilloscope 
and the pulse repetition rate of the pulse generator. Thus, the time 
base may not be 10 seconds and the integrated signal will not have the 
correct amplitude. To test this hypothesis, a square wave pulse (Fig.
3.8) was fed into the oscilloscope at the rate of 200 PPS which resulted 

in a five second horizontal sweep time. The pulse is two units wide and 

three units tall and thus should have an amplitude of six units when 
integrated. As can be seen in Fig. 3.9, the amplitude of the integrated 

signal is only three units which is exactly half the correct value. With 
this hypothesis established, the error can be corrected by simply adjust
ing the gain of the integrator according to what the time base is for the 

analog signal.
A second test of the integrator was performed using the same type 

of signal as would be expected from the simulator. To do this, a double 
exponential type of pulse was fed into a transmission line above a ground 

plane. The electromagnetic wave was detected by a short monopole mounted 

on the ground plane beneath the transmission line and its response was 

recorded (Fig. 3.10). This response was then integrated using the Burr- 

Brown analog computer with a compensating gain factor in the integrating 

circuit. The result is shown in Fig. 3.11. To verify that this repre

sents the true" integrated value of the input signal, the input signal 

was graphically integrated and plotted (Fig. 3.12). A comparison of 

Figures 3.11 and 3.12 shows that the two plots are almost identical thus 

verifying the operation of the integrator.
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Fig. 3.8 Square Wave Input to Integrator
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Fig. 3.9 Integrator Output with Square Wave Input
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Fig. 3.10 Short Monopole Response to Double 
Exponential Pulse Input
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Fig. 3.11 Integrated Short Monopole Response to 
Double Exponential Pulse Input
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time

Fig. 3.12 Graphically Integrated Short Monopole Response 
to Double Exponential Pulse Input



EMP Source Tests

The EMP source was tested to determine the fidelity of the source<.
output as compared to the pulse input and the quality of the connection 
between the source TEM horn and the twin lead signal cable from the 
pulse generator•

Because of the length of the E-field probe used in the measure
ment system, it was expected that there would be oscillations present in

its response to the incident wave which would not be present in the wave
front itself, Reducing the length of the probe in an attempt to remove 
these oscillations resulted in a reduction in amplitude of the probe 

response to the point where it became comparable to the noise present in

the system. It was decided, however, that enough information about the

source output could be gained from the longer probes. Of primary interest 
in this test was the determination of whether or not the pulse rise time 

was being degraded and if the pulse shape was being drastically distorted. 
To reduce the possibility of reflections from some point in the simulator 
interfering with the data taken for this test, it was decided to observe 
the source output as close as possible to the source TEM horn. Thus, the 
reference probe output was selected to be analyzed.. The RG-214/U signal 

cable was attached to this probe and its output was integrated and 

recorded. The results can be seen in Fig. 3.13. The rise time of this 

pulse is slightly less than 600 PS, which is in good agreement with the 
pulse output from the pulse generator, and the pulse shape is essentially 

that of a double exponential. The oscillations due to the length of the 

monopole can best be seen in Fig. 3.14. As can be seen, the period of
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the oscillation is approximately 1.6 NS which corresponds to a quarter 
wavelength of 12 cm and agrees very well with the stated length of the 
monopoleo

To transfer the maximum amount of energy from the pulse generator 

to the parallel plate structure, the connection between the source TEM 
horn and the shielded twin lead cable from the pulse generator has to be 

as close to a perfect match as possible. A measurement that can be made 
to determine the quality of a connection of this sort is the magnitude 
of the reflection coefficient at the connection point. To make this 
measurement, a time domain reflectometer (TDK) was used. The magnitude 
of the reflection coefficient for the connection was less than .02 which 
means that the connection was very good. Figure 3.15 is a representation 
of the TDK measurement. The connection between the load TEM horn and the
twin lead cable used for the load was tested in the same manner and found

to be as good as that just described. This means that almost all of the 
energy entering the load horn is being transferred to the load and very 
little is being reflected back into the parallel plate structure.

Cross-Polarized E-Field Component Test

Of primary concern in this study was the determination of how 

much cross-polarized E-field component was present in the working volume

region of the simulator. It is well known that the configuration of the
E-field in a parallel plate guide of infinite extent is something like 

that which is depicted in Fig. 3.16a. The E-field components o'f a TEM 
wave are all parallel to each other and normal to the plates of the 
guide. For a finite width guide, the E-field components are affected
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(a) Infinite Plate

Fringing
Fields

(b) Finite Plate

Fig. 3.16 E-Field Configurations for Parallel Plate Guides



by the edges of the guide and will look something like those depicted in 
Fig. 3.16b. The important point to note here is that there are some 

fringing fields produced around a finite parallel plate structure. The 
configuration of the E-field components is complicated even further if 
a ground plane is introduced into the region near the parallel plate 
guide. This condition is depicted in Fig. 3.17 and essentially represents 
the condition that exists in the design for the EMP simulator. The E- 
field components of the wave must satisfy the boundary condition at the 
surface of the ground plane, which is that the tangential E-field at the 

surface of a perfect conductor must be zero. Thus, the E-field is bent 

until it is normal to the ground plane at its point of intersection.
This component of the E-field is now cross-polarized with respect to the 

E-field components contained within the parallel plate structure. Some 

of this cross-polarized E-field is reflected from the ground plane into 
the region between the parallel plates which contains the working volume. 

The measurement of the amount of this field component* as compared to the 
amount of horizontal E-field present in the incident wave, was of primary 
importance. To make this measurement, it was necessary to compare the 

peak amplitudes of the incident E-field which is horizontally polarized, 

with that of the vertical E-field at various points within the working 

volume. From Fig. 3.6, test points 4,5,6,7 and 8 are within the working 

volume and are the points used for this test. The same probe was used to 

make all measurements to eliminate the possibility of errors being intro

duced by differences in probes. Also, since only one probe was used, 
possible interactions between probes were eliminated. The incident E- 

field was measured at test point 1.
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The results of this test indicate that the peak amplitude of the 

cross-polarized E-field was 1/6 to 1/4 that of the incident E-field•

Some of the data used for this analysis is shown in Figures 3.18, 3.19, 
and 3.20. Figure 3.18 represents the incident E-field. It is important 
to note that these data were attenuated by 10 db. Thus, the actual 
amplitude is 3.16 times that which is indicated in the figure. The other 
two figures represent the cross-polarized E-field at test points 4 and 6 
in the working volume. The amount of cross-polarized E-field present in 

the working volume was considered significant in that it could drastical
ly affect any measurements made on test objects in the working volume.

A point of interest is that a parallel study was performed by 

the University of Mississippi [Dudley, 1974] from a theoretical view

point. This study predicted cross-polarized E-field components of the 
same order of magnitude as was observed experimentally.

Performance Evaluation
With the exception of the amount of cross-polarized component of 

the E-field in the working volume, the simulator appeared to be producing 
the desired output. However, its usefulness as a simulator is greatly 
reduced because the measurements made in the working volume could not be 

considered reliable enough to be valid. Further study of the design is 
warranted to determine if it is possible to reduce the amount of cross

polarized E-field to an acceptable level. A more comprehensive mapping 

of the fields within and around the structure would be necessary to 

provide a more complete evaluation of the simulator„
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Vertical = 200 MV/Div (10 db attn.) 
Horizontal = 1 NS/Div

Fig. 3.18 Integrated Response of E-Field Sensor at Test Point #1
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Vertical = 200 MV/Div 
Horizontal = 1 NS/Div

Fig. 3.19 Integrated Response of E-Field Sensor at Test Point #4
■ ' j



Vertical = 200 MV/Div 
Horizontal = 1 NS/Div

Fig. 3.20 Integrated Response of E-Field Sensor at Test Point #6



CHAPTER 4

CONCLUSIONS

The results of these two studies indicate that the principles of 

scale modeling can be applied to devices such as EMP simulators as well 
as they can to other items such as antennas. The value of scale model 

simulators can be seen when one considers the costs involved in building 
a full scale simulator or of having to make measurements only during a 
nuclear explosion. If the design of a full scale simulator turns out to 
be faulty, the man hours and material expended in its construction would 

be almost totally lost. Likewise, making measurements during a nuclear 
explosion is a one-shot affair which cannot be easily repeated and may 
sometimes result in the destruction of some of the measurement equipment. 

Therefore, the scale model EMP simulator is an important tool in the 
study of electromagnetics.
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