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Abstract— A typical hybrid type of EMP simulator that is used in the
simulation of the nuclear electromagnetic pulse is analyzed. Because of

the width of the pulse frequency spectrum, the behavior of the antenna -

is determined separately for three specific frequency regimes. Also, the
pulse-power source interaction with the antenna is considered. After
the frequency response of the antenna is determined, Laplace transform
theory is utilized to obtain thé puise response.

Experimental data are compared with theoretical predictions.
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INTRODUCTION .

HE SIMULATION of the nuclear electromagnetic pulse

(EMP) requires the radiation of energy over an extremely
broad frequency band. Presently, EMP simulators may be
separated into three classes: the bounded-wave simulator or
transmission line, the open radiator, and the hybrid simulator
[1]. The bounded-wave simulator possesses many desirable
characteristics, including spatial uniformity of the simulator
fields, faithful simulation of the EMP pulse shape, and high
field strengths [2]-[6]. Undesirable characteristics of these
simulators include having a limited test volume, exhibiting
significant simulator/test-object interaction, and being non-
portable. Desirable characteristics of the open radiator include
portability and virtually unlimited test volume. But the many
undesirable characteristics include insufficient field strengths
and insufficient low-frequency content of the simulated EMP.
The hybrid-type simulator is designed to overcome the afore-
mentioned deficiencies of the open radiator, yet maintaining
many of its advantages. While the hybrid simulator generally
behaves at low frequency as a transmission line, at high fre-
quency it behaves like an open radiator.

Several hybrid-type simulators have been constructed and
are presently in use. Two such facilities, referred to as the
ACHILLES II and the ATHAMAS simulators,! are being used
for testing aircraft and missiles at Kirtland AFB, New Mexico.
See Fig. 1 for an illustration of the ACHILLES II simulator.
Other hybrid-type simulators that are in use include the
EMPRESS and NAVES I, operated by the Navy Surface
Weapons Center, and the TEMPS, operated by the Harry
Diamond Laboratory.

Manuscript received November 12, 1975; revised September 26,
1977. :

R. F. Blackburn is with the Air Force Weapons Laboratory, Kirtland
AFB, NM 87115,

C. D. Taylor is with the Departments of Electrical Engineering and
Physics, Mississippi State University, Starkville, MS 39762. (601)
325-6064.

1 These simulators are also referred to as the SRF and HPD,
respectively.

0018-9375/78/0200-0240%300.75 ©1978 IEEE

DL/ PA 5// /97

PULSE POWER SOURCE
L]

—_—

22 Meters
3 Meter Diameter
Circular Array Of
55° 10 Wires

[ 30 Meters

Fig. 1. [Illustration of the ACHILLES II EMP simulator facility, Kirt-

land AFB, New Mexico.

The bounded-wave simulator has received a great deal of
attention; however, the open-radiator and hybrid simulators
have not been studied so extensively [7]-[10]. In particular,
the electromagnetic field from the hybrid simulator has not
been determined theoretically for the complete frequency
band necessary for EMP simulation. This paper, however, does
present such an analysis that uses three different formulations
for three portions of the EMP frequency spectrum.

A theoretical formulation is required for understanding, as
well as predicting, the electromagnetic field produced by the
simulator. And, due to the point-to-point variation in the field
components, a theoretical formulation is needed to supplement
the field measurements. Moreover, the electrical response of a
test object in the facility is more easily obtained if the simu-
lator fields can be calculated directly.

Some experimental data taken at the ACHILLES II simu-
lator facility are presented. Corresponding theoretical data are
also presented for comparison. In general, the agreement veri-
fies the analysis.

ANALYSIS

The purpose of this paper is to present techniques for
analyzing the hybrid type of EMP simulator and to analyze the
performance of the ACHILLES II simulator located at Kirt-
land AFB, New Mexico. In order to develop the theoretical
analysis, the frequency spectrum of the EMP is divided into
three portions, hereafter referred to as the low-frequency
regime, the mid-frequency regime, and the high-frequency
regime. Rather than presenting the formulation of hybrid-type
simulators in a most general form, the specific analysis of the
ACHILLES II simulator will be presented.

In Fig. 1, the geometrical configuration of the typical hybrid
simulator is illustrated. An appropriate pulse-power source for
the simulator is a Marx generator, a capacitive-discharge surge
generator. For a biconical section in the vicinity of the pulser.
the antenna impedance seen by the pulser is simply the charac-
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ABSTRACT

A resistively loaded loop antenna used in the simulation of the nuclear
electromagnetic pulse is analyzed. Because of the width of the pulse frequency
spectrum the behavior of the antenna is determined separately for three
specific frequency regimes. Also the pulse-power source interaction with the
antenna is considered. After the frequency response of the antenna is deter-
mined Laplace transform theory is utilized to obtain the pulse res
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INTRODUCTION

The simulation of the nuclear EMP (electromagnetic pulse) requires the
radiation of energy over an extremely broad frequency band. At present
there are basically three classes of EMP simulators: the bounded wave
simulator or transmission line, the open radiator and the hyhrid simulator
[1]. The hybrid simulator generally behaves at low frequency as a trans-
mission line and at high frequency as an open radiator. The bounded wave
sinulator, e.g., the parallel plate transmission line, has received a great
deal of attention [2, 3, 4 and 5)]. However the open radiator and hybrid
simulator have not been studied as extensively [6, 7, 8, 9]. In particular
the electromagnetic field from the hybrid radiator has not been determined
theoretically for the complete frequency band necessary for EMP simulation.
This report, however, does present such a theoretical study requiring three
different formulations for the three portions of the EMP frequency spectrum.

Some experimental data taken at the ACHILLES II simulator facility of
Kirtland AFB, New Mexico is presented.* Corresponding theoretical data
are also presented for comparison. In general the agreement verifies the

analysis.

*This sinulator facility is also referred to as the SRF facility.



ANALYSIS

The purpose of this report is to present techniques for analyzing the
hybrid type of EMP simulator and tc analyze the performance of the ACHILLES
IT simulator located at Kirtland AFB, New Mexico [10]. In order to develap
the analysis the frequency spectrum of the EMP is divided into three
portions, hereafter referred to as the low frequency regime, mid-frequency
regime and the high frequency regime. Rather than presenting the formu-
lation in a most general form it will be directed toward the specific
analysis of the aforementioned simulator.

In figure 1 the geometrical configuration of the SRF simulator is
shown. An appropriate pulse-power source for the simulator is a Marx
generator, a capacitive discharge pulser. By using a biconical sectioen in
the vicinity of the pulser the antenna impedance seen by the pulser is
simply the characteristic impedance of the biconical transmission line for
the initial time interval occurring until the first reflection of the
launched current pulse is observed. If a smooth transition is made between
the biconical input section and the remaining cylindrical section then the
reflection from this transition region will be essentially negligible.
Unfortunately this may not have been realized in the construction of the
ACHILLES facility. See figure 2 for the dimensions of the biconical input
section for the ACHILLES antenna.

Inserting series resistors along the length of the antenna increases
its bandwidth. The resistors tend to eliminate the production of a standing
wave pattern on the antenna. Associated with standing waves are resonances

and antiresonances in a manner completely analogous to open-ended or shorted



transmission lines. To be most effective the values of the resistors
should increase with distance from the input section and the first resistor
should have a resistance appreciably less than the characteristic impedance
of the biconical input section. For a more complete discussion of the
resistive loading the authors defer to ref. 6 and 9.

In order to determine the electromagnetic pulse produced by the
hybrid type of EMP simulator, the behavior of the antenna is determined
in the frequency domain and the Laplace transform theory is used to time
domain behavior. This technique requires that the Laplace transform of
the input voltage pulse be known. Hence an analysis of the pulse-power

source 1s required,.

1. PULSE-POWER SOURCE
The equivalent circuit of the pulse-power source for the ACHILLES II

is [10]

\
.

SW1

where Lm = 175 uH, LS = 0.35 uH, Ry = 100 Q, Cw = 750 pF, C, = 3125 pF,
and RS = 5 K, Here Za’ the antenna impedance, is the load impedance as
seen by the source. The procedure for firing the pulser involves first

the closing of SW1l at t = 0 while SW2 is closed at a later time t = t,,



‘g’ the time the voltage across capacitor Cw reaches its maximum value. For
- , the foregoing circuit it is readily shown that the Thevenin equivalent
voltage and impedance of the pulse-power source are
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. Here v, (0) is the initial voltage across the Cm capacitor. Initially the

Cw capacitor is uncharged

If the antenna impedance is known then the antenna voltage may be

1. ) obtained from
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and the corresponding antenna voltage is



where

Z = T = 153 Q

Both the high frequency and low frequency approximations for the

applied antenna-voltage may be combined as

Q V0
'a T GF G =
where
V = v = 1.75 x 106 v
e} cW
a = %s| = 4.4 x 108
Lg i
Zg = 153 @
! | 5
B = = 2.6 x 10
Rm Cm * Zs(cw + Qm)

Z =914 Q
s

The foregoing provides a rough approximation to the antenna voltage
appropriate for the ACHILLES II facility. A more accurate result would
require a knowledge of the antenna impedance over the EMP frequency

spectrum. The time history of the antenna voltage as obtained using (1) is

(2)

In analyzing the behavior of the ACHILLES II three frequency regimes are
identified and the behavior of the antenna determined for each regime

using the applied voltage as shown in (1) and (2).



2. HIGH FREQUENCY REGIME ANALYSIS

In the time interval before the pulse eminating from the source
reaches the edge of the conical input section the radiation is exactly
that which would occur if the radiator were a biconical antenna. The
electric field has only a theta component and the magnetic field has only

a phi component as illustrated in [igure 3. It is [11]

nV_(s)
_ a -sr/c

Ee(r,a,s) T 2nr chine (3)

B (r,8,s) = -l-E(rBS)

¢ sV HG b I}

where
n = Yufe = 120 7 Q for free space
c = 1/Yue
n 6“3

ZC= ;incot—z—-}

Moreover the foregoing is approximately wvalid for the time interval
required for the pulse emerging from the biconical input section to
reach the first resistor, 12 m from the apex of the bicone. Hence the

field expressions are adequate for the time interval

0 < ¢ < 12 m
- - c
or for frequencies satisfying
feb— = 100 miz
12 m
C
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or

Is| 2 6x 108 sec—1

However the foregoing is not ccmplete. In addition to the direct
field from the pulser there is alsc a field contribution from the image

of the pulser with the polarity of the image pulser reversed.

3. MIDFREQUENCY REGIME ANALYSIS

As the pulse eminating from the generator propagates along the antenna
structure it is attenuated by radiation power loss and ohmic power loss in
the load resistors. In the midfrequency regime this power loss is to such
an extent that the current on the vertical legs is considerably less than
that occurring near the pulser. Because of this effect it is possible to
consider again an antenna structure somewhat modified to facilitate
analysis. In particular, the vertical sections are considered colinear
with the horizontal section so that the antenna structure becomes a
resistively loaded dipole oriented parallel to the ground plane.

By using Schelkunoff's transmission line model for a linear antenna

Baum [7] has obtained the electric field radiated from a restively loaded

dipole as
B (r.6.8) = n sh Va(s) f(8,h,s) —sr/c -
gr-? 2m Z r sin8 sy + B/sin26
where
shcose+ =-shcosf
£(8,h,s) = 1- = =
Y =Y
h h
e + e



s, = s h/c

Y, = s

h 1 + B/2
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B = R /7,

and Z_ is the characteristic impedance appropriate for the transmission
line model. Actually the foregoing expression, equation (5), is obtained
from Baum's result by considering £ > 17 mHz or |s| > 108 sec ', For the
ACHILLES II antenna model h = 56.4 m and Ry = 559.2 Q. The theta com-
ponent of the electric field is exhibited in fig. 3.

In deriving the expression for the electric field Baum [7] considered
the resistive loading to be uniform rather than lumped as shown in
figure 4. Thus the analysis is valid only for frequencies with wave-
lengths appreciably greater than the separation of the resistive loads.
Hence the results are valid for frequencies approaching the lower limit
of the high frequency analysis in the foregoing section. If characteristic
impedance, Z , in the mid-frequency expression for the electric field is
set equal Zc of the corresponding high frequency formula, then the mid-
frequency formula, equation (5), is essentially equivalent to the
corresponding high frequency formula, equation (3), provided £ 2 100 mHz.

However the mid-frequency analysis is valid only if the current is
considerably attenuated away from the pulse-power source. Ascertaining
the attenuation requires the solution be cbtained for the current distri-
bution. This was done as part of the low frequency solution to be pre-
sented subsequently. From the low frequency solution for the ACHILLES 1I

antenna it is determined that the antenna current is considerably attenuated



_!E' for frequencies of the order of and greater than 17 mHz, thus determining
' a suitable low frequency limit of the mid-frequency analysis.,
Again the proximity to the ground plane must be considered. It is

. convenient to use image theory noting that the voltage source for the

image is reversed.

4. LOW FREQUENCY REGIME ANALYSIS

This frequency regime is perhaps the most difficult to analyze. Firct
it requires the solution of an integral equation for the antenna current
distribution. The Hallén-type integral equation for the antenna current

on thin wire structures is [12]

J de'r(a)yn(e,e'y = C, cos k& + C, sin ke
L .
- T inc L :
;_3 -] 'I"l—" dﬂ EQ, (&) sin ]’\(L - E) (E)>
® °
where
A A g’ 3 A -~
1(e,e") = K(g,2') 22 - J dg 3 [E¢ 2" K(,8")]
o)
J '
uiryyl K(g,1')}cos k(& - &)
K(2,2") = exp[-jk’R2(2,8") + a2]//R2(g,0') + a2
+ k = - jS/C

Here I(L') is the antenna current at point £' along the antenna, R(%,2')

" is the linear distance between points £ and 2' along the antenna structure,
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£ is the unit vector tangent to the antenna axis at point 2 and is
directed toward increasing %, and Einc(i) is the component of the incident
or impressed electric field tangent to the antenna axis at point § along

the antenna (see figure 5). For a source generator located at & = 20

the impressed field is

inc _ Clr -
BCE) = -V S(- 1)

and for a load impedance Zo located at £ = io’ the compensation theorem may

be used, i.e. the impressed field becomes

ine _ _
Ez €) = +I(20)Zo 6 (g 20)

Hence by using superposition and the compensation theorem any number of
generators and loads can be analyzed.

If the antenna is composed of straight wire segments that are either
perpendicular or parallel, then equation (&) is greatly simplified. As
seen from figure 1 the ACHILLES IT antenna with its image is not composed
of parallel and perpendicular segments. BHowever, to facilitate the analysis
and equivalent rectangular loop is considered. It is equivalent in that
the input generator sections are the same heights above the ground and
that the total wire lengths or antenna lengths are the same (see figure 5).
Of course the rectangular loop has a smaller area than the actual ACPILLES
II antenna but this difference is less than 10 percent. Hence the rectangu-
lar loop model should yield acceptable results

The antenna current distribution may be obtained numerically by using
the method of moments. Considering the rectangular loop antenna with

multiple sources and load impedances, Fyke and Butler [13] have solved for



the current using the aforementioned technique. In their solution tech-
nique Fyke and Bulter represent the unknown current as a plecewise sinusoid.
Because of the thin wire assumption the sinusoid zones had to have a length
greater than or equal to 4a and in order to represent the current accurately
at least 5 zones per wave length are needed. Thus the formulation has an

upper limit in frequency for which it is valid. Accordingly it is

c
£ —=
-~ 20a
or
f < 15 mHz
but there is no low frequency limit. Hence the computer code developed by

Fyke and Butler is modified appropriately to fit the rectangular loop model
of the ACHILLES II antenna and thus complete the theoretical analysis.

The electromagnetic field about the loop antenna may be obtained
directly from the antenna current distribution. To accomplish this the
antenna is divided into short segments. It is well known that the dipole

moment of a short current segment is

-
P o= S I()68

where A% is the length of the current segment with current I(2). The

direction of the dipole moment is the direction of positive current on the
segment. Using the dipole moment fields and vector addition it is straighk
forward to calculate all the field components about the antenna. Both the

near field as well as the far field may be determined {14].

13



5. COMBINING THE APPROXIMATIONS FOR THE LAPLACE TRANSFORM

In dividing the frequency spectrum inte 3 regions and obtaining the

antenna field approximately for each regime the final result for the Laplace

transform exhibits discontinuities in both amplitude and phase where the
solutions join. These discontinuities affect the time domain results by
superimposing a sinusoidal ripple on the time history and by violating
casualty. Of course if exact solutions were obtained for cach frequency
regime there would be no such discontinuities. 1In an effort to eliminate
this effect the midfrequency formula for the radiated electric field is
required to match in amplitude and phase the high frequency approximation
at the joining frequency. Since the midfrequency approximation is highly
oscillatory the results obtained appeared to be a function of the frequency
at which the approximations were joined. However it is found that by
joining the formulas at a maximum point in the midfrequency approximation
consistent results relatively insensitive to the joining frequency were
obtained. The discontinuity between the low frequency and midfrequency

formulas was not smoothed.

14



Agg, NUMERICAL RESULTS

.

As mentioned in the foregoing experimental data has been obtained for
the electric and magnetic fields produced by the ACHILLES II facility. The data
reported here have not been documented elsewhere. However, the accuracy
of the data as well as measurement procedures are presented in ref. 15 along
with some independently obtained data. These data are used to verify the
theoretical formulation described in the preceding section. Points at
which electric and magnetic field data were obtained are shown in figure 7.
Positions 1 through 5 are at the same height above the ground, 2 meters.
Position 6 is 12 meters above the ground. The electrical properties of the
ground at the facility are not known precisely. Where the field measure-
ments were taken the ground consisted of a concrete pad with steel rebar
- with a sparse wire mesh covering the pad (see ref. 16), while the theory
'.3 considered a perfectly conducting ground. The related differences in the
experimental and theoretical results will be pointed out.

In figure 8 the time histories are presented for the measured and
calculated electric field components along the x-axis at position 1.* It
is noted that the measured peak field differs from the calculated value
less than 107 while the initial pulse shapes are essentially the same.

Also readily observed in the calculated data is a second pulse occurring
about 190 ns after the arrival of the first pulse. This second pulse
arises from the inaccuracies of the midfrequency analysis. It physically
represents the radiation occurring when the antenna current pulse is
reflected from the open ends of the antenna structure. There are no open

ends in the actual facility. Nevertheless the agreement between the

'. ) calculated and measured time histories is quite satisfactory. This

15



agreement is perhaps more clearly exhibited in the rcsulting Fourier
transforms of the aforementioned field components as seen in figure 9.

The experimental data reported here were obtained at slightly different
positions than is indicated in the foregoing (a 10 to 20 percent variation
is expected). However, the resulting differences in the data would make
negligible changes in the figures that are presented. Alsc the Fourier
transform of the experimental data is presented for frequencies beyond
its theoretical limits of wvalidity. Because of the finite time duration
of the recorded data the Fourier transform yields data that are not valid
below 4-11 mHz. Moreover the digitization of the time domain experimental
data used to obtain the Fourier transform yields data that are not valid
for frequencies above 100 mHz.

The time histories of the y components of the magnetic field at
position 1 are shown in figure 10. The second peaks, more pronounced 1In
the theoretical data, represents the pulse reflected from the ground.
Because of the imperfect ground at the ACHILLES facility the measured data
exhibits a second peak about 4/10 of the initial peak whereas the calcu-
lated second peak is about 9/10 of the initial peak. Otherwise time
histories are quite similar. The agreement between the Fourier transforms
of the y components of the magnetic fields is shown in figure 11.

In figure 12 the time histories of the z components of the magnetic
field at position 1 are shown. The agreement between the initial pulses
as calculated and measured is extremely good. Corresponding comparison of
the Fourier transforms is exhibited in figure 13.

At position 1, as well as 4, 5 and 6, the y and z components of the

electric field and the x component of the magnetic field are negligible

pt
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in comparison with the other field components. Because of the existing
symmetry the y and z components of the fields observed at position 2 are
exactly the same as observed at position 3. The corresponding x components
are only reversed in direction. Also at positions 2 and 3 the time history
of Ey is no longer negligible and is essentially the same as Ex but about
1/3 of the amplitude. The same observation is true as well for HX and Hy.
It also should be mentioned that the field amplitudes are greater for the
positions nearer the pulse-power source. For example at position 4 the
peak E_value is 6.15 kV/m and at position 5 the peak E_ value is 1.35 kV/m.

In figure 14 the time histories of Ex are presented for positions 2
and 3. Because of experimental error different time histories were observed
at the two points. These are shown to illustrate the expected accuracy of
the measured data. Corresponding Fourier transforms are shown in figure 15.
At positions 2 and 3 another field component becomes significant. It is
the z component of the electric field. The measured and calculated time
histories are shown in figure 16. There was essentially no difference in
the measured data taken at the two positions. Note that although this
waveform is also faithfully predicted by theory it is considerably different
from the previously presented waveforms. This component of the electric
field is significant for about 300 ns, in contrast with the electric field
pulses that are significant for only a few nanoseconds. Corresponding
Fourier transforms of the Ez pulses are shown in figure 17.

Calculated data are also presented for position 6, a height of 12 meters
above the ground. At this height a significant broadening of the EX pulse
is observed in figure 18. The corresponding Fourier transform is exhibited

in figure 19. In figure 20 the y component of the magnetic field exhibits

17



essentially the same time behavior uas observed near the ground. The
Fourier transform is presented in figure 21. But in figure 22 it is seen
that the Hz pulse is considerably broadened as is observed for the Ex

pulse. The corresponding Fourier transform is presented in figure 23,

O



CONCLUSION

A theoretical formulation is presented for understanding as well as
predicting the electromagnetic field behavior in a hybrid EMP simulator
facility. Because of the tremendous variation in the field components a
theoretical formulation is also needed to supplement the field measurements.,
Moreover the electrical response of an object in the facility is more
easily obtained if the simulator fields can be calculated directly. From
the data obtained the response of an object may depend upon the orientation
of the object as well as its location in the facility. This is a matter
for future study.

The midfrequency analysis used in the theoretical study perhaps should

be improved and this topic is reserved for future study.
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Figure 1: TIllustration of the ACHILLES II EMP Simulator Facility,
Kirtland AFB, New Mericon.
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Figure 6: Arbitrarily Curved Wire
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Figure 7:
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Pt6 = (0.60.12)
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Figure 15: Fourier Transform of the Electric Fileld at Positions 2 and 3
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Position 6
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Figure 22: Calculated Vertical Magnetic Field Pulse at Position 6
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Figure 23: Fourler Transform of the Vertical Magnetic Field at
Position 6



