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Foreword

This report represents progress in ongoing research in the electromagnetic
(EM) environment of various emerging systems. This is a joint program of
the Nuclear and Directed Energy Division, the Weapons Concepts Divi-
sion, and the Propulsion and Flight Division of the Army Research Labora-
tory Weapons Technology Directorate. Additional EM field measurements
near reconnection guns are planned in 1995.

The results of this cooperative research program provide a technology
base to address the EM environment effects (E%) of advanced weapon con-
cepts. The transfer of this technology to the Department of Defense Joint
Spectrum Center, the E3 community, and the Army RDECs should pro-
mote the development and use of emerging technologies in future military
systems. One forum in this area is the EM Environment of Emerging Sys-
tems Working Group. Contact the authors for additional information on
the annual working group meetings.
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1. Introduction

A capability to measure and predict the electromagnetic environment
(EME) associated with emerging weapon concepts is required in order to
address electromagnetic (EM) effects early in the design phase. Intense EM
fields can be generated by EM launch systems, which typically contain a
spectrum of frequencies from near dc to tens of kilohertz. Characterizing
this EME is the first step in evaluating the EM effects on host vehicles, per-
sonnel, and electronic circuits. The EME associated with plate launch
experiments was measured as the first phase of an Army Research Labora-
tory (ARL) research program in the EME of a plate launch system.

A reconnection gun [1,2] induces current in a conducting plate by the time-
varying magnetic (H) field produced by an external launch coil. This type
of EM launcher has no electrical contact with the plate and thus acts like a
transformer. The time-varying current in the primary winding, the exter-
nal launch coil, induces a current in the secondary winding, the plate [3,4].
The resulting Lorentz force, which launches the plate, has an equation of
motion that can be derived from the total energy of the electrical circuit
and the kinetic energy of the plate [4]. A multistage reconnection gun has
been used to accelerate a metal plate in an edge-on orientation to high
velocities [2]. Due to size and weight considerations, a single-stage
reconnection gun is of more interest for active protection systems [4].

This report summarizes progress in the empirical characterization of the
EME associated with an experimental single-stage reconnection gun at
ARL. The transient E- and H-field vector components were measured at
well-defined locations in the vicinity of this EM launch system. These data
are used to identify the dominant features of the EME. It is proposed that
the induced plate current is the source of the late-time electric (E) field,
which is observed only when the plate is launched. The experimental data
tend to support this model but indicate additional research is required for
a conclusive description of this phenomena. The coordinate system used
for the EM field mapping is centered between the coils and has its origin at
the center, as indicated by (0,0,0) in figure 1. The test point location for EM
field measurements is defined in this coordinate system by its (x,y,z) coor-
dinates, in centimeter, where the plate is launched along the x-axis.

2. Methodology

The test approach is to measure the vector components of the EM fields in
the vicinity of this system under operational conditions. EM field sensors
are placed at various locations around the system and oriented in such a
way as to measure the vector components of the E- and H-fields. The
capacitor-based power supply is roughly 0.2 m behind the launch coil, and
measurements showed no obvious EM fields due to the power supply at
the field points of interest. That is, the transients associated with the power
supply are small compared to the EME of the coil. The EME characterized
under laboratory conditions can then be scaled to operational size systems.




Figure 1. Coordinate
system for plate launch
experiments (not to
scale).
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Additional EM field mapping near this or larger scale active protection
systems has not been possible so only preliminary results can be presented
here.

i

Experimental Arrangement

A sub-scale, single-stage reconnection gun, accelerating a 194-gm 4 x 4.5 x
V4 in. aluminum plate, is used as a test bed for EM field measurements.*
The single-stage reconnection gun is shown schematically in figure 1. It
consists of two 5-turn coils machined from 6 x 6 x ¥ in. copper plates, con-
nected by a busbar, and separated by about 4 in. The power supply has a
total capacitance of 1.7 mF (the capacitor, C, in fig. 1) discharged by an
ignitron switch (the switch, S, in fig. 1) directly into the top coil. The coils
are mechanically constrained by a 14 x 14 x 5 in. fiberglass structure, which
is not shown.

The coordinate system origin is centered between the coils, which are
38.5 in. above the floor. Before launch, the plate is centered between and to
the rear of the top and bottom coils. This launch coil is a variation of a pre-
vious design [4] that used a 9-turn helical coil with the plate positioned in
the center. The external launch coil arrangement induces a current, Ip, in
the plate due to the magnetic flux density, Bz, generated by the circulating
coil current (see fig. 1). The resulting Lorentz force launches the plate with
velocity vy, which depends on the coil current, I. The ignitron switch is
triggered at time t = 0's, and the plate exits the launch coil after about 2 ms.
The plate velocity is 48 m/s as measured with a photodetector array. It is
stopped in a “catch box” at 15 ms after t = 0.

H-Field Sensors

The H-field sensors are multiple-turn loop antennas and, since all have air
cores, the B-field, in Teslas, is related to the H-field (in A/m) by pp = 41 X

*Provided by C. R. Hummer, U.S. Army Research Laboratory, AMSRL-WT-WD (July 1994).
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2.3

Figure 2. Equivalent
circuit for magnetic
field sensor.

107 H/m. The sensors are 1000-turn multilayer coils of 18 AWG wire that
respond to the H-field component normal to the plane of the coil [5]. The
multilayer coil has an inside diameter of 4 in. and an outside diameter of
5 in. The sensor diameter is taken as 5 in. since it responds to the field cut-
ting any turn of the coil. The sensor voltage is measured across a 3-(2 ter-
mination resistor, Ry, and R = 50 Q, as shown in the equivalent circuit of
figure 2. The voltage induced in this coil, V,, is directly related to the rate
of change of magnetic flux cutting the loop area, A. Assuming the H-field,
H, is constant over this area, the measured voltage, Vp, is

_ joNHHAR,,  NHgHAR,,
MR+ 0L+ Ry L

1)

where o is radian frequency, po is permeability, N = 1000 turns, A =
0.013 m?, and Ry = 3 Q is the combined load resistance. The antenna resis-
tance and inductance can be readily calculated; for example, the calculated
inductance of this multi-layer coil is 0.097 H. However, here the measured
values, R; = 8.6 Q and L, = 0.1 H, are used. The sensor transfer function is
then about 2000 A/m/V (i.e., an antenna factor of 66 dB) and has a low-
frequency rolloff according to equation (1). The measured sensor response
is flat to within 3 dB from roughly 50 Hz to 50 kHz.

E-Field Sensors

E-field measurements were obtained using Stanford Research Institute
(SRI) E-field sensors, which are a top-loaded monopole antenna design.
The sensor uses a high-input-impedance amplifier, where dc power is sup-
plied by a bias tee onto the coaxial signal cable. The combination termed
E201 has a calibration factor of 2567 V/m/V (i.e., an antenna factor of
68 dB) and a bandwidth of 1 kHz to 200 MHz [6]. The measured antenna
factor at 100 kHz is 65 dB, in reasonable agreement with Lee and Benwell
[6]. The measured response as a function of frequency from 100 Hz to
100 kHz is shown in figure 3. Note that the high-frequency rolloff is that of
the amplifier and the measured sensor response is flat to within 3 dB from
1.25 kHz to about 200 MHz.

R,=860Q L,=01H

AMN— T —0
() V,c=NBA Rr=3Q R, =50Q v




Figure 3. Measured
SRI E-field sensor
response.

Figure 4. Equivalent
circuit for electric
field sensor.

E-field measurements with these sensors require frequency-domain cor-
rection factors for the probe response, which is done numerically in the
Fourier transform space with the transient data obtained by Fourier inver-
sion. Further calibration experiments in the laboratory showed that these
sensors lose their directionality at low frequencies. That is, the sensor
response to the field component normal to the monopole is only a few
decibel less than the sensor response to the field component along the
monopole. These sensors should be used with care at low frequencies. In
these experiments an independent measure of the E-field is used to verify
the data recorded from the SRI sensors.

Additional E-field measurements were obtained using wire antennas
loaded by an external capacitance, Cr. The voltage across this load capaci-
tor is measured using an active voltage probe [5]. The equivalent circuit is
shown in figure 4 including the antenna capacitance, C,, the antenna resis-
tance, R,, and the input impedance of the voltage probe, R;. The induced
antenna voltage, V,, is directly proportional to the E-field component
along the antenna, Ey, and its effective length, k.. However, k. includes the
length of the antenna element in addition to the length of metal before the
high-impedance voltage probe tip (=0.15 m). The measured voltage, Vi, is
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Figure 5. Measured
probe response.

EOhe ~ EOheCa [] ('ORLCL] (2)

V, = ~ ,
RL vjoc|+1 L [1+jeRC
L

m

L
R, + ja)Ca]

where h, = 0.20 m + 0.15m = 0.35m, C, = 1 nF, C, = 3 pF, R, = 10 MQ, and
R,, is negligible compared to R;. The sensor transfer function is then
955 V/m/V (i.e., an antenna factor of 60 dB). This does not include the
voltage probe gain, typically 0.1, so the calculated antenna factor for an
8 in. antenna element is 80 dB. The measured antenna factor at 100 kHz is
80 dB in close agreement with equation (2) and this response is flat to
within 3 dB from 15 Hz to several megahertz. The sensor behaves as a high
pass filter according to equation (2), as shown in figure 5 from 1 to 400 Hz.
Note that the measured sensor response is contaminated by pickup noise
from the electrical service, which is not present during the test series. The
signal from these E-field sensors could be digitized but not permanently
stored due to instrumentation incompatibilities. However, these sensors
were used to qualitatively investigate the vector components of the late-
time E-field and the measured data were consistent with the corrected data
from the SRI sensors.

Test Conduct

The measurement instrumentation includes digital storage oscilloscopes,
an analog oscilloscope with digitizing camera, PCs for control and data
storage, and the various data acquisition components. The data are
acquired through RG-223 double shielded coaxial cable. Data acquisition
begins when the switch is triggered so that time ¢ = 0 is when current
begins to flow. In this test, series absolute timing information could thus
be obtained and there were negligible shot-to-shot variations in both time
and amplitude. The polarity of the measured signal is arbitrary and no
attempt was made to maintain a consistent polarity for the acquired data.
Although not shown, noise measurements under both background and
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3. Results

10

operational conditions verified a more than adequate signal-to-noise ratio
for each measurement system and the absence of background noise. There
are still small errors in the data acquisition and processing, where a
conservative estimate for the end-to-end data acquisition error is 10 per-
cent. A conservative estimate for the error in probe placement is also +10
percent, which leads to a total measurement error of about +14 percent.

The test was designed to establish the EME generated under live-fire con-
ditions, including any arcing or switching transients, and it consisted of 48
“shots.” This system does not produce arcing under normal operations.
The EME associated with the power supply is that of the switching tran-
sients, which were found to be negligible at the field points of interest.
Three components of the H-field were measured at radial distances from
0.15 to 0.6 m at several locations along the flight path of the plate. E-field
data were more limited due to instrumentation incompatibilities. How-
ever, sufficient data were obtained to demonstrate a near-static field asso-
ciated with the launched plate. Measurements with and without the plate
inserted into the launch coil were equivalent in early-time, but during
plate launch a late-time signal was observed. This signal begins roughly
when the plate exits the coil at 2 ms, it is bipolar, and it has features related
to the plate velocity. Measurements with and without the system diagnos-
tics and under various grounding and sensor configurations indicated that
I, was the source of this measured E-field. The majority of these data were
not stored so this series of experiments is not presented here.

The calculated coil current is shown in figure 6(a), which is a 2.2-kHz
damped sinusoid. The peak amplitude is somewhat larger than the meas-
ured value of 92 kA, but otherwise accurately represents the measured coil
current shown in figure 6(b). The electrical parameters of the launch coil
circuit are Vi = 5 kV, Liotar = 3 WH, Ciota = 1.7 mF, and Ryorar = 8.5 mQ; these
are kept constant throughout the test series. Since the magnetic flux,

D=Lyl = 9€ B-fidA=B,A , ©)

the field between the 6 x 6 in. coils without the plate is estimated as 11 T
(8.75 MA/m). The field lines are actually concentrated between the plate
and back edge of the launch coil, with distorted field lines in front of the
plate [4]. Infrared photographs of the plate immediately after launch indi-
cate that I, is concentrated within about 20 mm of the side and trailing
edges [4]. The available EM field data are shown in appendix A, excluding
repeat and noise measurements, with selected data reproduced in the fol-
lowing sections. The signal polarity as shown is arbitrary, and the actual
polarity of the EM fields can be inferred from the assumed direction of cur-
rent flow in figure 1.




Figure 6. Coil current: (a)
(a) calculated and

(b) measured.
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The H-field between the coils is in the z-direction (see fig. 1) or vertical
with respect to the floor. There are azimuthal H-field components owing to
I flowing in both the feed cable and the busbar that connects the top and
bottom coils. The superposition of these field components near the launch
coil determines the vector nature of the EME, which would include some
shielding effect of the coils. At 2.2 kHz, the H-field shielding of 4 in.-thick
copper (for a source to receiver distance of 10 cm) is about 92 dB [7]. At this
frequency the top coil is equivalent to a solid copper plate. The measured
H:-field at (0,0,23), which is directly above the top coil, is shown in figure
7. This is the largest measured H-field component with a peak amplitude
of 66 kA/m. The shielding of the top coil implies that the radiated field
contribution from the bottom coil at location (0,0,23) is negligible. The cal-
culated peak H-field at this location, for five concentric loops (radii of 0.75,
1.25,1.75, 2.25, and 2.75 in.), each carrying 92 kA, is 78 kA /m. This esti-
mate is in close agreement with the measured data in figure 7.
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Figure 7. Measured H,
at location (0,0,23).
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The H,-field at (-8,8,8), which is toward the rear of the top coil, is shown in
figure 8, where noise from the power supply is evident but small com-
pared to the measured field. The measured H,-field near the launch coil
decays somewhat faster than 1/r? from the origin, but this depends on the
actual field distribution in the launch coil. An unusual behavior can be
inferred from the measured H-field in front of the launch coil. The meas-
ured H-field at location (15,0,10) is shown in figure 9(a) and at location
(15,0,28) in figure 9(b), where the field amplitude for this component fur-
ther from the coil is larger. The other H-field components at these locations
are shown in appendix A, where the y-components are roughly the same.
The total H-field amplitude is reduced by a factor of 1.7 but 3.1 is the
expected value. It seems then that the H-field in front of the launch coil
decays inversely with distance and is dominated by the feed cable contri-
bution. The data indicate that the vector nature of the H-field in front of the
coil is complex and the spatial variation would depend on the fringing
fields in front of the plate.

Measurements near the busbar connection (see fig. 1) were not practical
because of the proximity of the power supply. The EME behind the launch
coil would be the superposition of the vertical fringing field and the
azimuthal field owing to I flowing in the vertical busbar. The feed cable
contributes to the x- and y- (i.e., azimuthal) components of the total
H-field, and this contribution dominates the EME at distances from the
launch coil on the order of the top and bottom coil separation. The meas-
ured H,- and H,-fields at (0,-28,0) are shown in figures 10(a) and 10(b),
respectively. The calculated azimuthal field at this location owing to the
feed cable is 47.5 kA /m, where the measured peak amplitudes also com-
bine to 47.5 kA/m. At these distances the feed cable contribution decays as
1/72, as does the H,-field from the launch coil. This is evident in the meas-
ured decay of the total H-field amplitude from location (0,-28,0) (see fig.
A-4) to location (0,-56,0) (see fig. A-5), which is a factor of 4.3 compared to
the expected value of 4. Comparison of the measured data at location
(0,28,10) (see fig. A-3) and at location (0,-28,0) (see fig. A-4) shows that the
H-field is roughly symmetric across the xz-plane, as would be expected.
Symmetry across the other planes would be distorted according to the
actual field distribution very near the launch coil. Note that there is no
measurable (i.e., < 10 A/m) late-time H-field out to 32 ms and that all com-
ponents of the measured H-field follow the coil current.




Figure 8. Measured
H, at location (-8,8,8).

Figure 9. Measured

H, atlocations

(a) (15,0,10) and

(b) (15,0,28).
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Early-Time E-Field

The early-time E-field also follows the coil current and decays inversely as
the square of the distance from the coil. The measured decay of the total
E-field amplitude from location (20,-28,10) (see fig. A-10) to location (20,
-56,10) (see fig. A-11) is a factor of 2.86 compared to the expected value of
2.83. The measured Ey-field at location (20,~-56,10) is shown in figure 11,
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Figure 10. Measured
(a) H, at location
(0,-28,0) and (b) H, at
location (0,-28,0).

Figure 11. Measured
E, at location
(20,-56,10).
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where the noise level of the measurement system is on the order of 5 V/m.
In comparison to figure 10(b), the wave impedance of the measured EME
is about 19 mQ at this location. That is, the launch coil represents a mag-
netic source where the measured wave impedance ranges from about 5 to
30 mQ, depending on location. Note that there are no obvious noise contri-
butions or switching transients associated with the power supply. The
measured Ey—field at location (20,~28,10) is shown in figure 12, where now




| Figure 12. Measured
Ey at location
(20,~28,10).
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a late-time E-field signal is evident. This late-time signal disappeared
when repeating this measurement without the plate inserted in the launch
coil, while the early-time E-field remained unchanged.

Late-Time E-Field

The late-time E-field is difficult to measure because of the low-frequency
rolloff of the SRI sensors (see fig. 3). This implies a larger measurement
uncertainty in these data, but measurements with wire antennas (see fig. 5)
confirmed the amplitude and transient characteristics of this late-time
E-field. Although the SRI sensors have a derivative response at these fre-
quencies, the data can be readily corrected. The transient characteristics of
the corrected data are consistent with the wire antenna measurements. A
bipolar signal where the second peak is always much larger than the first
peak is evident whenever the test point location is sufficiently close to the
plate fight path (i.e., the x-axis). It is proposed that this E-field represents a
dipole contribution to the EME from the highly non-uniform induced
eddy currents in the plate, which are smallest near the front edge of the
plate and largest within 20 mm of the back edge. This current is primarily
oriented in the x- and y-directions, but the z-component is not necessarily
negligible.

The measured E.-field at location (36,0,20) is shown in figure 13, where the
late-time peak amplitude is 1.2 kV/m. The measured E.-field at location
(46,-18,0) is shown in figure 14, where the late-time peak amplitude has
decayed by a factor of 1.7, but the location is a factor of 1.2 further from the
origin. This signal, then, does not appear to decay as 1/7? from the coil but
rather as 1/73 from the plate flight path. In this case, the expected reduc-
tion would be a factor of 1.5, in reasonable agreement with the measured
value. Depending on the probe location, this late-time signal may be near
the measurement noise level because of the decay with distance from the
plate combined with the low-frequency rolloff of the SRI sensors.

As another example, consider the measured E,-field at location (46,-8,5)
shown in figure 15 and the measured E,-field at (38,0,28) shown in figure
16. The measured reduction of the late-time peak amplitude is a factor of
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Figure 13. Measured
E., at location
(36,0,20).

Figure 14. Measured
E, at location
(46,~18,0).

Figure 15. Measured
E, atlocation
(46,-8,5).

Figure 16. Measured
E, at location
(38,0,28).
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31, while the expected 1/73 decay from the plate flight path is a factor of 28.
Note that a 1/7* decay from the coil would be a reduction factor close to
one. Figure 15 represents the largest late-time E-field recorded; however,
peak amplitudes greater than 10 kV/m were measured at locations closer
to the plate. The dipole moment associated with I, is difficult to quantify,
but may be on the order of 10 kAm, which would produce an E-field
amplitude consistent with the measured data. Based on the H-field meas-
urement sensitivity, the wave impedance of the late-time signal is greater
than 1 kQ as would be expected in the near field of an electrically short
dipole radiator.

The measured amplitude variations are not consistent with the launch coil
as the source of this late-time E-field. Further, the measured signal has fea-
tures that are related to the test point location, according to the plate veloc-
ity. This can be seen by comparing figure 16 to figure 15, where the loca-
tion along the plate flight path (i.e., the x-coordinate) is the parameter of
interest. If I, is the source of the field, then the dominant features of the
late-time signal should occur at the appropriate time when the plate passes
the probe position. Based on the plate velocity, the late-time signal of fig-
ure 16 should occur about 1.5 ms before that of figure 15, and this is consis-
tent with the measured data. Similarly the late-time signal of figure 12
should occur about 3.5 ms before that of figure 16 and about 2 ms before
that of figure 15. At this location, (20,-28,10), the probe is close to the
muzzle and should record a late-time signal at plate exit (i.e., 2 ms) that
should decay as the plate moves further away. These trends are consistent
with the measured data to within about 0.5 ms. The bipolar nature of the
measured E-field can also be understood in terms of I, which is small near
the plate front edge, but much larger and oppositely directed at the plate
back edge. Thus the measured E-field reverses polarity as the plate passes
the probe location and decays according to I,. There is some variation in
this part of the waveform, depending on probe position, as the signal will
also decay as the plate moves away from the probe.

An estimate for the decay time of I, can be obtained with an RL-circuit
model for the eddy currents induced in the plate. The plate resistance, Ry,
and inductance, L, depend only on the plate geometry and resistivity. The
plate characteristic length, I, is 11.4 cm and the area normal to this length,
Ay, is 6.45 cm?. The resistivity of aluminum is 2.62 x 10% Q-cm, so the plate
resistance is estimated as

_ pAllp

p Ap

R =4.64pQ . 4)

The inductance of a rectangular plate can be readily calculated [8] as

lnszipc +%
p*ep

L,,=0.0021 =28.6nH , %)

p P

2p
i\t |43 1n(e)| = 0.0021,
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where B, = 10.2 cm is the plate width and C, = 0.6 cm is the plate thickness.
Therefore the decay time is

‘cd=—llé—p=6.2ms P (6)
P

which is consistent with the measured data. It is important to note that the
plate is stopped at 15 ms, but the decay time to zero, based on the above
estimate, is on the order of 30 ms. The late-time field peaks when the plate
asses the probe position (i.e., from about 8 to 12 ms). The time to zero
after this is difficult to measure but is typically more than 10 ms. Thus this
signal cannot be a motional emf owing to the moving plate, and there are

no anomalies in the measured data at 15 ms.

4. Conclusions
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This report presents the EM field data available to date. Additional data
for different values of I, and hence v,, are required for a complete under-
standing of the EME in terms of these system parameters. Sufficient data
are available for a basic understanding of the measured EME associated
with the launch coil; however, the dipole model proposed to describe the
late-time E-field requires more data as a function of v, to be completely
conclusive. This model would require a more detailed knowledge of I, in
order to produce numerical results for comparison. A reasonable model
for the external launch coil would be a current filament approximation to
the coil conductors that must include the feed cable and busbar connec-
tion. In this model the EM fields are quasi-static, so the transient character-
istics of the EME are that of the coil current.

Several preliminary conclusions can be inferred from the empirical
evidence. The early-time EME is magnetic with a wave impedance on the
order of 10 mQ. The source of this quasi-static EME is the launch coil cur-
rent, where the spatial distribution would depend on the coil configura-
tion/containment. That is, the amplitude of this EME would scale accord-
ing to I and the spatial variation near the coil would depend on the
distribution of field lines within the coil. This field distribution is changed
when the plate is inserted and includes a contribution from the busbar
connecting the top and bottom coils. Further away, the total fields decay as
1/7%, but the vector nature still depends on both the coil and feed cable
configurations. The results indicate that larger scale systems would gener-
ate a magnetic EME that may be of concern for EME effects.

The late-time EME is electric with no measurable H-field, which implies a
wave impedance >1 kQ. This EME is quasi-static and would be directly
proportional to the dipole moment associated with I.. The late-time EME
would then scale according to I rather than I, and experiments could be
designed to confirm this dependence. The transient characteristics depend
on vy and the probe position with respect to the plate flight path. However,
the bipolar nature and amplitude of this late-time waveform depends on
the distribution of I, over the plate. The decay time of this field is that of Ip
and provides insight into the induced eddy currents in this plate. A better
understanding of the induced plate current is required for a complete




model for this part of the EME associated with a launched plate. The
empirical evidence indicates that I, is the source of this late-time EME and
that the spatial distribution varies as the inverse cube of the distance from
the plate flight path. This electric EME is sufficient to disrupt sensitive
electronics depending on the EM coupling efficiency to such equipment
[9]. Additional data are required to further investigate the implications of
these preliminary conclusions.
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Appendix A.—Electromagnetic Field Data

A set of the available electromagnetic field data is shown here for com-
pleteness. The test point location is included in the figure captions. In
many cases, all three vector components of the field are measured and
included in the figure. The magnetic field data (in amperes per meter) are
shown in figures A-1 through A-9. The time scale is in 10~ s, except figures
A-9(a) and (b), where the time scale is in 10 s. The electric field data (in
volts per meter) are shown in figures A-10 through A-14. The time scale is
either 107 s (early-time data) or 10 s (late-time data).
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Appendix A

Figure A-1. Measured 80 _ . . . :
H, at location (0,0,23).
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Figure A-2. Measured 40 v . r . . -
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Appendix A

Figure A-3. Measured (a) 55, . . : . .
(a) H, at location
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Appendix A

Figure A-4. Measured (a) 40 - . . . . . : .
(a) H, at location
(0,—28[0)1 (b) Hy at 30 - -
location (0,-28,0), and '
(¢) H, at location 20 - .
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Figure A-5. Measured
(a) H, at location
(0,-56,0), (b) Hy at
location (0,~56,0), and
(¢) H, at location
(0,-56,0).
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Appendix A

Figure A-6. Measured (a) 4g . : :
~ (a) Hy at location
(15,0,15), (b) H, at 364 .
location (15,0,15), and
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Appendix A

Figure A-7. Measured (a) oog r ’ v - . . Y '
(a) H, at location

(15,0,28), (b) H, at 150
location (15,0,28), and

(c) H, at location 100 1
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Appendix A

Figure A-8. Measured
(a) H, at location

(28,13,30) and (b) H, at .
location (28,13,30).
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Figure A-9. Measured (a) 4q
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Appendix A

Figure A-10. (a) 240
Measured (a) E, at

location (20,-28,10), 1801 ]
(b) Ey at location J
(20,-28,10), and () E, 1207
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Figure A-11.
Measured (a) E, at
location (20,-56,10),
(b) E, atlocation
(20,~-56,10), and (c) E,,
at location (20,-56,10).
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Appendix A

Figure A-12.
Measured E, at
location (33,-20,0).

Figure A-13.
Measured (a) E, at
location (36,0,28) and
(b) E, at location
(38,0,28).
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Figure A-14.
Measured (a) E, at
location (41,20,8),
(b) E, at location
(41,20,8) and (¢) E; at
location (41,20,8).
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