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Foreword 
The Weapons Technology Directorate (WTD) of the Army Research Labo- 
ratory (ARL) has formulated a research program to investigate the electro- 
magnetic (EM) environment produced by emerging technologies such as 
EM launch systems. This cooperative research program involves members 
of the Nuclear and Directed Energy (WT-ND), Weapons Concepts 
(WT-WD), Terminal Effects (WT-TA), and Propulsion and Flight (WT-PB) 
divisions. One advanced weapon concept of interest is EM armor, which 
uses a large current to disrupt a threat. This report describes the prelimi- 
nary efforts in measuring the EM environment in the vicinity of electrified 
plate experiments. These experiments were conducted by the WT-WD and 
WT-TA divisions and provided an opportunity to measure the electric and 
magnetic fields that might be associated with an EM armor system. The re- 
sults contribute to the technology base required to address the EM envi- 
ronment effects of advanced armor concepts. 

m 



Contents 

Foreword iü 

1. Introduction  1 

2. Experiment  1 

3. Analysis  3 
3.1 EM Field of an Alternating Electric Current Element  4 
3.2 Electrostatic Field of Semi-Infinite Plates  5 

4. Results 7 
4.1 EM Field Measurements for a Calibration Configuration 7 
4.2 EM Field Measurements for a Live Munition Configuration 8 

5. Conclusion  13 

Acknowledgments 13 

References  14 

Distribution  15 

Figures 

1. Field mapping coordinate system and Walker plate geometry imaged in a perfectly 
conducting ground plane 1 

2. Analytical fit to normalized input current for live-fire and calibration conditions  2 
3. Equipotential lines for two semi-infinite plates and electric field contour for a 1-V/m 

field between two plates  6 
4. Normalized comparison of calculated and measured Ez-field at location (0.1,2,0.025)  7 
5. Normalized comparison of calculated and measured Hz-field at location (0, 2, 0.69)  8 
6. Normalized comparison of calculated and measured Ez-field at location (-1,2, 0.025) 

for live fire at 13 kV 9 
7. Normalized comparison of calculated and measured Hz-field at location (-1,2,0.89) 

for live fire at 13 kV 9 
8. Normalized comparison of calculated and measured E^-field at location (-1,2,0.89) 

for live fire at 11 kV  10 
9. Normalized comparison of calculated and measured Hy-field at location 

(-1,2,0.076)  10 
10. Normalized comparison of calculated and measured Ez-field at location (-1,2, 0.86) 

for live fire at 7 kV (3 plates) 11 
11. Normalized comparison of calculated and measured H^-field at location (0,2,0.076) 

for live fire at 7 kV (3 plates) 11 

v 



1. Introduction 
Electromagnetic (EM) armor is a conceptual system that uses the formation 
of a current flow through a threat (once it is between a set of electrified 
plates) to interfere with armor penetration. Experiments were conducted 
previously on such a system for a "Walker plate" geometry [1] powered by 
a 6.6-mF capacitor bank with charging voltages up to 13 kV. These experi- 
ments allowed a limited number of electric (E-field) and magnetic (H-field) 
measurements to be made in the vicinity of the electrified plates under 
"calibration" (i.e., shorted) and "live-fire" conditions. For modeling pur- 
poses, we assumed that the experimental configuration was an alternating 
electric current filament centered between two plates that were located 
over a ground plane. Further, we assumed that the metal plates and 
ground plane were perfectly conducting. We referenced the field mapping 
to a rectangular coordinate system, and normalized data to the measured 
peak current amplitude and the current element length (i.e., the plate sepa- 
ration). We show the available data in comparison to the EM field of a 
transient electric current element oriented horizontally to a perfectly con- 
ducting plane. We estimated the influence of the conducting plates, and 
used an attenuation factor in the analytical results to allow meaningful 
comparisons. 

2.  Experiment 

Figure 1. Field 
mapping coordinate 
system and Walker 
plate geometry 
imaged in a perfectly 
conducting ground 
plane. 

The field mapping coordinate system and the Walker plate geometry, im- 
aged in the ground plane, is drawn to scale in figure 1. On this scale, the 
pair of plates looks like a single plate, since the plate area is much larger 
than the separation. The external circuit and supporting structure are not 
shown. The plates are mounted in a steel frame, which is bolted to a steel 
pad that is connected to an earth ground roughly 50 m away. The coordi- 
nate system origin is centered between the plates, but is located on the 
metal ground plane. The field point, P, is located by its (x,y,z) coordinates, 
in meters. The conducting plates are octagons roughly 0.76 m across, with 
a separation distance, /, of about 5 cm. The plates are 25-mm-thick alumi- 
num, with removable 6-mm metal "break plates" in the center. The plates 
can be shorted by a calibration fixture consisting of a thin metal rod, or by 

fffg«» 
+ P (x,y,z) 



a munition piercing the break plates. In either case, an intense current 
channel is formed with a damped sinusoidal waveform. The experiment is 
modeled as a current filament centered between the plates at a height h = 
0.91 m above the ground plane, with an image located at -0.91 m below the 
ground plane. 

The external circuit can be modeled as a series combination of resistance 
(R), inductance (L), and capacitance (C), where the circuit parameters are 
estimated from the charging capacitance (C = 6.6 mF) and the measured 
current waveform. The measured current implies an underdamped circuit 
with zero initial current, so the transient current can be approximated by 

at. I(t) = I0e-atsin((üdt) = I0e-at sin(2n fdt), (1) 

where 

(od = ^(o2
0-a2, 

R A cc = —/ and 
2L 

(2) 

(3) 

COn (4) 

with/d the resonant frequency and a the damping coefficient of the series- 
RLC circuit. These circuit parameters are not the same for the calibration 
fixture and live munitions. From the measured current waveform, we esti- 
mated that a = 1.3 x 104 s-1 and/d ~ 5 kHz under live-fire conditions, as 
shown in figure 2 (with I0 = 1.75 A for unit peak amplitude), which implies 
that R ~ 3.4 mQ and L = 0.13 uH. For the calibration fixture, we estimated 

Figure 2. Analytical fit 
to normalized input 
current for live-fire 
and calibration 
conditions. 
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3. Analysis 

that a = 7000 s-1 andfd = 2 kHz, as shown in figure 2 (with I0 = 2.07 A for 
unit peak amplitude), which leads to R ~ 10.8 mil and L ~ 0.77 (nH. Thus, 
the calibration fixture has added inductance and resistance to the system. 
The time to reach the peak current amplitude, Ip, is 

arctan — 
* ^ 
v~      cod     ' (5) 

which leads to tp = 37.5 (is under live-fire conditions, but tp = 79.1 (is for the 
calibration fixture, as shown in figure 2. 

Selected vector components of the transient E-fields and H-fields are meas- 
ured at various locations with respect to the coordinate system shown in 
figure 1, where we take our error in the sensor position as ±5 cm. These 
field sensors have known transfer functions as described elsewhere [2]. 
The E-field is measured directly, but the time-derivative of the H-field is 
measured and numerically integrated [3]. The total measurement error in- 
cludes the uncertainty in the field point location, and systematic errors 
(such as spurious noise sources) are conservatively estimated at ±14 per- 
cent [4]. The EM field data are normalized to the peak source strength, pp = 
Ipl, which is the measured peak current times the element length, where 
the transient source, p(t), has the form of equation (1). 

The normalized measurements are shown in comparison to the EM field of 
a horizontal, x-directed alternating electric current element above a per- 
fectly conducting plane [5]. In rectangular coordinates, ~r =xx + yy + zz 
locates the observation point (P in fig. 1), and "r' = x'x + y'y + z'z locates 
the source current element centered between the plates. The origin of the 
coordinate system is located on the ground directly below the plate center 
so that x' = y' = 0andz' = ±h. Then in our coordinate system, ~r' = ±hz for 
the element and its image, respectively. The distance between the source 
and observation points is | R | = 17 - 7'|, and we define Z = z + h for the 
current element and its image, respectively. We use a time-domain formu- 
lation for the EM field in free space of a transient current element as in 
equation (1). The current distribution is assumed to be uniform over the el- 
ement length, since / « X. The ground plane is accounted for by an image 
of the current element, with the total EM field in the upper half space ob- 
tained by superposition. 



3.1      EM Field of an Alternating Electric Current Element 

For our alternating electric current element, p(t), located in free space, the 
transient EM field components are normalized to pp. The EM field in rect- 
angular coordinates is [6] 

Ex(t) T) 

*VV   AnIpR
2 

Ez(t) = 

AnlpR' 

r\xZ 

x2-R2dI(x)    3x2-R2 T/       c        ,Ar,T,, 
 ^ + z— J(T) + ^ sgn (t) ® I(x) 

Re      dt JR2     { W   1R  6 

1 dl(x)    3I(x)     3c        ,A~r,x 
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1 dl(z)     3  T/.     3c        /xx^r/v w + — I(T) + —-sgn(f)®I(T) 
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1 3I(x) 
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,and 

(6) 

(7) 

(8) 

(9) 

(10) 

where 77 = 120nQ. is the free-space impedance, t is the time, c is the speed of 
light, x = t- R/c is the retarded time, sgn(t) = t/\t\ for t 7t 0, and ® is the 
convolution operator. These equations hold for all field points and all 
times, although the radiation terms are negligible at the field points of 
interest. Similarly, the retarded time is retained for completeness, although 
x ~ t for the field points of interest. The presence of the ground plane is ac- 
counted for by an appropriate image element located in the lower half 
space for which Z = z + h. Then equations (6) to (10) are used to calculate 
the field components for the image element in the upper half-space where 
the total EM field at the observation point, P, is the superposition of the EM 
field, owing to the source and image current elements. 

In this formulation, physical considerations must be used when calculat- 
ing the transient E-field for a current waveform that has a nonzero dc 
value. The convolution term in equations (6) through (8) can be written as 

/*oo 

sgn (t)®I(t- R/c)-- 

ft -R/c 

1(f) dt'+ 
t-R/c 

rt -R/c 

1(f) dt' = 2 1(f) df- 1(f) df, (11) 

where f -t- (R/c) - s and df = -ds'. The last integral in equation (11) rep- 
resents the dc value of the source current I(t), and serves as a constant of 
integration. The numerical implementation of this approach has been 
validated against the Numerical Electromagnetics Code version 4.1 
(NEC4) [7], where the NEC4 result in the time domain is obtained by Fou- 
rier inversion. 



In our analysis, I(t) as in equation (1) has a dc component, but the initial 
current is zero, so the contribution of this dc component is neglected in the 
field calculations in order to provide physical results. The NEC4 frequency 
domain formulation (i.e., / « X) can also lead to nonphysical transient re- 
sults for an arbitrary source current, depending on the Fourier transform 
techniques used. Calculating the EM field directly in the time domain was 
found to be more practical; however, a dc component of the source current 
leads to static fields, which must be ignored. We estimate the influence of 
the plates in the next section, based on an electrostatic model of the electri- 
fied plates in two dimensions. 

3.2      Electrostatic Field of Semi-Infinite Plates 

The calculated EM field of the current element does not account for the 
fringing field effect owing to the presence of the conducting plates. A com- 
plete model of the electrified plate system was beyond the scope of this 
preliminary effort, so the fringing field effect was estimated separately. 
This effect is treated as an attenuation parameter that is estimated from a 
solution for the electrostatic field outside the plates, which are assumed of 
infinite vertical extent (i.e., along the z-axis). This numerical solution in- 
volves an array of 61 charged strips across the plates for which the Poisson 
equation can be solved analytically. Since the field points of interest are 
nearly perpendicular to the z-axis, the fact that the plates are infinite in this 
transverse direction is not a severe limitation on the application of this 
model to the experimental configuration. 

The equipotential lines near the plates are shown in figure 3(a), where the 
plates are held at a potential of ±0.5 V, which leads to a zero equipotential 
line centered between the plates. Figure 3(a) is consistent with the classical 
result for the equipotential lines of a parallel-plate capacitor [8]. The corre- 
sponding E-field lines (i.e., the vector magnitude of the E-field) near the 
plates are shown in figure 3(b). For normalized results, the charge on the 
plates is adjusted to result in a uniform E-field of 1 V/m between the 
plates. At ranges more than about three plate diameters, the fringing field 
decays inversely as the distance is cubed, as in an array of electrostatic di- 
poles. Note that the E-field at points perpendicular to the plates (i.e., the x- 
axis) would be small compared to the field off the end of the plates (i.e., the 
y-axis). For field points near the plates, the attenuation factor can be esti- 
mated from figure 3(b); however, at larger distances, this factor is simply a 
1/R3 decay. We apply this type of electrostatic attenuation factor to the al- 
ternating current element between conducting plates as a crude, but realis- 
tic, way to estimate the influence of the plates on the EM field. 

If we take a reference point within the plates where the field is nearly uni- 
form, we can estimate the fringing field distribution at larger distances. 
Consider a reference point near the center of the plates (e.g., at R0 = 2.5 
cm). For our field points at R = 2.2 m, we have (R0/R)3 = 1-4 x 1(H. This at- 
tenuation factor is used for the E-field, but it does not directly apply to the 
H-field. As a first approximation, we assume that the conducting plates in- 
fluence the H-field in the same manner, according to Maxwell's equations. 



Figure 3. 
(a) Equipotential 
lines for two 
semi-infinite 
plates and 
(b) electric field 
contour for a 
1-V/m field 
between two 
plates. 
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4. Results 

For an electric current element, the wave impedance at the field point 
locations is about 1.2 x 104 Q., so we use an H-field attenuation factor of 
1.7 x IC)-2. The same attenuation factor is applied to the EM field of the cur- 
rent element image, since it is also centered between conducting plates. 
Thus, the total E-field calculated in the upper half space is reduced by 123 
dB, and the total H-field is reduced by 35 dB for comparison to the meas- 
ured data. 

We locate the observation points (and vector components) of the measured 
EM field in a rectangular coordinate system (see fig. 1), so the results are 
referenced to the (x,y,z) coordinates in meters. Since the plate voltage polar- 
ity is arbitrary, the calculated and measured results are all shown with a 
positive polarity for clarity. Under calibration conditions, the plates are 
shorted with a metal rod and discharged by a spark gap switch. When 
shorted, the circuit has a somewhat different impedance and, therefore, a 
different current waveform compared to live munitions. 

4.1      EM Field Measurements for a Calibration Configuration 

The normalized comparison for the z-component of the E-field at location 
(0.1, 2, 0.025) is shown in figure 4 for the calibration fixture configuration. 
For x = 0, the calculated E-field component at this location would be zero, 
so we moved the measurement location to be within 0.1 m of x = 0. Note 
the initial burst of switching noise and evidence of arcing at 160 |i.s, which 
is typical of all the measured E-field data. The agreement between the 

Figure 4. Normalized 
comparison of 
calculated and 
measured E,-field at 
location (0.1,2, 0.025). 
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measured and calculated result is not very good. The large discrepancy in 
amplitude could be due to the E-field of the spark gap switch (and external 
circuit), which is neglected in the calculated field. The normalized com- 
parison results for the z-component of the H-field at location (0,2,0.69) are 
shown in figure 5 for the same plate configuration. The agreement between 
the measured and calculated results is not very good. The discrepancy in 
amplitude could be associated with the calibration fixture, because the H- 
field contribution from the large current in the wire connections to the 
plates is probably not negligible. 

4.2      EM Field Measurements for a Live Munition 
Configuration 

For live munitions, the normalized comparisons between the measured 
and calculated results are shown in figures 6 to 11. The charging voltage is 
either 11 or 13 kV in the two-plate configuration or, for a three-plate con- 
figuration, the charging voltage is 7 kV across each set of plates. A com- 
parison for the z-component of the E-field at location (-1,2,0.025) is shown 
in figure 6 for a 13-kV voltage across the plates. In this case, the agreement 
between the measured and calculated results is very good. The noise in the 
first 25 us (which is clipped) is associated with the E-field from flash x-ray 
equipment. The repetitive noise signals, which appear during the E-field 
risetime and have a period of roughly 25 us, are probably reflections of 
early-time arcing transients, where the period depends on the experiment 
grounding configuration. 

Figure 5. Normalized 
comparison of 
calculated and 
measured H2-field at 
location (0, 2, 0.69). 
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Figure 6. Normalized 
comparison of 
calculated and 
measured E2-field at 
location (-1,2,0.025) 
for live fire at 13 kV. 
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Figure 7. Normalized 
comparison of 
calculated and 
measured ffz-field at 
location (-1,2,0.89) 
for live fire at 13 kV. 
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Figure 8. Normalized 
comparison of 
calculated and 
measured Ex-field at 
location (-1,2,0.89) 
for live fire at 11 kV. 
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Figure 10. Normalized 
comparison of 
calculated and 
measured Ez-field at 
location (-1,2,0.86) 
for live fire at 7 kV 
(3 plates). 
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Figure 11. Normalized 
comparison of 
calculated and 
measured Hy-field at 
location (0,2, 0.076) 
for live fire at 7 kV 
(3 plates). 
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The normalized comparison for the z-component of the H-field at location 
(-1, 2, 0.89) is shown in figure 7 for a charging voltage of 13 kV. In the 
measured data, a late-time source current is evident. For this reason, com- 
parisons between the measured and calculated H-field are, typically, not as 
good as those for the E-field. The H-field data imply a current flowing after 
the discharge event, but no substantial late-time (i.e., >200 us) E-field is 
measured. Although it is not clear why the late-time E-field and H-fields 
are so different, the implication is a late-time H-field source, such as cur- 
rent flowing in a loop. Note that the repetitive noise signals that appear in 
the E-field data every 25 (is (see fig. 6) are also evident in the H-field data 
(see fig. 7). However, the measured H-field does not indicate a significant 
noise contribution from the flash x-ray equipment, as could be expected 
for such a high-voltage source. The late-time peak in the transient H-field 
is not consistent with reflections from nearby metal objects or the ground- 
ing scheme at the experimental range, so we associate this late-time signal 
with loop currents flowing in the support structure and metal pad. 

For a charging voltage of 11 kV, the normalized comparison for the 
x-component of the E-field at location (-1,2,0.89) is shown in figure 8. This 
is one example of several null measurements that were designed to iden- 
tify the negligible EM field components. Even though the measured data 
are almost obscured by noise, the comparison implies consistency with the 
calculated result. For an x-directed current element over a perfect ground, 
this E-field component would be small or zero (depending on the exact 
field-point location), so the data are consistent with the radiation pattern of 
an oscillating current element over a conducting ground plane. 

The normalized comparison for the dominant component of the H-field at 
location (-1, 2, 0.076) is shown in figure 9 where, again, a low-frequency 
H-field is evident. The agreement between the measured and calculated re- 
sults in early time is very good. The measured H-field more closely follows 
the E-field, but indicates an additional source current at late times. Null 
measurements for the x-component of the H-field (not shown), and the rea- 
sonable agreement for the dominant components of the EM field, support 
the conclusion that an EM armor system would have a radiation pattern 
similar to that of an electric current element located over ground. 

In the three-plate configuration, a 7-kV voltage is used between the center 
plate and the front and rear plates. For convenience, this experimental con- 
figuration is modeled in the same manner, rather than as two separate 
source current elements. The normalized comparison result for this con- 
figuration is shown in figure 10 for the z-component of the E-field at loca- 
tion (-1, 2, 0.86), and the agreement is very good. For the y-component of 
the H-field at location (0,2, 0.076), the normalized comparison is shown in 
figure 11. Note that the measured H-field follows the transient current in 
this configuration, which implies that the source current initiated between 
the plates does not continue for late times. However, there is a large dis- 
crepancy in the measured and calculated amplitudes. Based on the calcu- 
lated H-field, a single current element is not a good model for this plate 
configuration. The data indicate that the three-plate configuration pro- 
duces an order-of-magnitude larger H-field than might be expected for the 
two-plate configuration. 
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5. Conclusion 
The transient EM environment of an electrified plate system is similar to 
that of an alternating electric current element, but complicated by the in- 
fluence of the conducting plates, the external circuit, and the experimental 
configuration. An isolated element over a perfect ground plane provides 
some insight into the nature of the measured EM environment, but re- 
quires an estimated attenuation parameter to account for the influence of 
the plates. A more realistic model for a current channel between conduct- 
ing plates should be used in the future. The effects of the external circuit 
and nearby metal structures should also be included in a complete model 
of a Walker plate system, since the metal support structure and grounding 
configuration can significantly influence the EM environment. The meas- 
ured data indicate that the EM field associated with an EM armor system 
would be a source of interference on the modern battlefield. An under- 
standing of this EM environment is a prerequisite for using such an ad- 
vanced armor system on military platforms. 

In this preliminary study, a simple theory was desired that could be used 
to estimate the temporal and spatial variations of the EM environment. An 
alternating electric current element over a perfect ground plane has proven 
to be useful for this purpose. Although an undesirable estimated param- 
eter is required for comparison to the measured data, the approximate 
theory allows engineering predictions for the EM environment associated 
with this experiment. The limited amount of measured data indicates that 
the radiation pattern would be similar to that of a horizontal current ele- 
ment over a ground plane. The null in this pattern is in the direction of the 
current element, which also corresponds to the minimum field outside the 
plates. Thus, the EM environment would be small in the current direction 
(i.e., the projectile flight path) and much larger in the transverse direction. 
More detailed EM models and additional EM field data are planned for fu- 
ture electrified plate experiments. Further experimental and theoretical in- 
vestigations of the EM environment are required to address EM compat- 
ibility and battlefield signature issues for this type of conceptual armor 
system. 
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