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DETERMINATION OF THE EMP ENHANCEMENT FACTOR

By

C. U. Benton, A. N. Phillips,
R. W. Buchanan, and H. M. Fowles

ABSTRACT

EMP signals recorded aboard a C-135 aircraft are discussed with respect to
the difference in amplitude and phase characteristics from that of a free-space
signal. The enhazncement factor is defined as the ratio of the normalized
amplitude of the aircraft signal to the normalized amplitude of close-in sensors
for a 2 MV pulsed antenna system. Three different close-in sensors were used
to measure fields in excess of 10 kV/m. The radiation pattern was mapped in
azimuth and elevation by the aircraft and the close-in sensors. The enhance-
ment factor and the time rate of change of the EMP signal is seen to vary
significantly with aircraft attitude and position.

L. INTRODUCTION

EMP-type signals recorded aboard aircraft differ from
the free-space signal in amplicude and phase. In general,
the amplitude of the EMP signal is greater than the
free-space signal and a time or phase variation is scen over
at least the first 100 ns or so when compared to a
free-space signal.

Two wideband EMP sensor systems were calibrated in
the Los Alamos Scientific Laboratory (LASL) parallel
plate transmission line facility. The E field in this facility
is known to within 1%. One system was installed on top
of a C-135 aircraft at station 1070, and another on the
bottom of the aircraft at station 1310.

The 2-MV pulsed antenna system of the Denver Re-
search Institute (DRI) was installed in Hawaii, The
radiated field was mapped using the DRI sphere sensor to
determine the lobe bearing between 210° through 340°
true from the pulser in azimuth, and from 1° to 52° in
clevation. Twe flights of the aircraft were made through
the mapped portion of the radiated lube.'? Three close-in
sensors in fixed locations simultaneously recorded the
scrics of pulses observed by the aircraft for these flights.

Cross calibration of the two aircraft and the three
close-in sensors was performed at che LASL facility after

the operation. Analysis of the data in the time and fre-
quency domains gave enhancement factors (E¢) that
varied from 1.76 to 2.96 for the aircraft’s bottom antenna
(BA), and from 1.12 to 2.53 for the top antenna (AD).
For the time from the first positive peak of the signal, the
BA time varied from 30.3 to 49.3 ns, the AD time varied
from 18.9 to 34.9 s, compared to the DRI close-in
sphere sensor time of 34.5 ns * 2%. Plots of E; vs bearing
of the pulser from the aircraft, and E¢ vs depression angle
of the pulser from the aircraft, indicate the dependence of
Eg on the direction of arrival of the EMP ray. A relation-
ship between the time or phase anomaly to the elevation
angle is also seen.

I. THE EMP SIMULATOR

The DRI pulsed antenna system (EMP simulator)?
used to provide the source test function is a Marx genera-
tor, biconic antenna combination operatcd in the vertical
mode. The Marx generator consists of 32 0.01 uF capac-
itors charged to a potential of 45 kV. These are then
discharged into the antenna in series giving a source volt-
age at the antenna of 1.44 MV.



For purposes of this experiment, a vertically polarized
signal was required. Further, ideally the signal should be
uniform in azimuth and elevation profiles. Thus, a vertical
monopole antenna is a better radiator than the biconic
antenna. The simulator was modified before the experi-
ment to eliminate as much of the lower bicone as pos-
sible. Ideally, the feed-point, which is a pressurized spark
gap, would be composed of the radiating antenna element
and a flat ground plane. .Because of the main gap config-
uration, this was not completely realizable. However, the
major portion of the bottom cone was removed and a
ground plane installed, which left an effective bottom
cone of about 12 in.

The simulator was installed in a 24-in.-deep pit which
allowed the addition of an essentially flat ground plane in
the immediate vicinity. The simulator modification and
installation were important factors in the generation of a
radiation pattern that was well behaved both ir azimuth
and elevation.

The simulator was installed at Lat. 21°19°50.8" and
Long. 157°57'06". The installation site was composed of
crushed coral at an clevation of about 2 ft above mean sea
level. A ground plane was installed from an azimuth of
210°T to 340°T. The ground plane consisted of No. 8
aluminum wires at 3° increments and nominally 100 ft in
length. The ground plane was extended to 160 ft in length
from 230°T to 242°T to carry over a drainage ditch, This
was an important sector since it extended in the direction
of the DRI sphere sensor. The ground plane and pattern
radiated in azimuth is shown in Fig. 1.

Three types of sensors were used to monitor the sim-
ulator output for control and field mapping. The first was
a LASL parallel plate E-field sensor which was located on
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Fig. 1
Ground plane and azimuth field,

the 292° azimuth at an elevation angle of 9.624° and at a
slant distance of 47.188 m from the simulator.

The second sensor was a B loop located on the 242°
azimuth at an elevation angle of 1.468° and at a slant
distance of 72.573 m from the simulator.

The third sensor was the DRI sphere located on the
236° azimuth at an elevation angle of 8.726° and at a
slant distance of 75.12 m from the simulator. The sphere
sensor is self-contained, presents the smallest possible
distortion of the E field, and is easily moved from posi-
tion to position; thus, it was used for field mapping and
cross-correlation of the other sensors.

The azimuthal field mapping was done using the sphere
mounted on a forklift. It was recognized at the time that
the forklift would prevent precise measurements after the -
first 10 ns; however, the peak field could be determined
with confidence. The sensor antenna load gap was a
nominal 22 ft 10 in. above the ground and'the distance
from the simulator was 100 ft, except for the points at
230°T and 239°T where the distance was 160 ft. Measure-
ments were made at 14 points in 9° azimuthal increments
from 212°T to 332°T. The B loop was used as control
and two signals were recorded at ea<h point.

The elevation radiation pattern was mapped using the
sphere and the same B control. The sphere was supported
by a crane with a 70-ft boom at a radial distance of
15.24 m from the simulator. Two measurements were
made at 5° increments from 5° to 50° and a final reading
was made at 52°. The radiated pattern in elevation should
be a cosine function. Figure 2 shows the theoretical and
measured radiation pattern in elevation.

II. CLOSE-IM SENSORS

The B sensor used was the standard model MGL 2A
manufactured by EG&G. Its output was recorded on
35-mm film from a HP-183 oscilloscope.

The parallel plate E-field sensor was built by LASL for
this experiment. It consists of two small circular parallel
plates approximately 5 in. in diameter and separated by

Fig, 2
Vertical field.



about 1 in. Between the plates are installed 500 MHz
bandwidth amplifiers. Shielded leads carry the total out-
put signal and input power 27 ft away and in the direct
line-of-sight from the simulator.

The DRI sphere is a complete instrument package
contained within a 25-in.-diam spherical shell. A radially
mounted stub antenna serves as the electric field sensor.

The sensor was designed to occupy as small a volume
as possible and have a simple geometrical shape so that
any field distortion caused by the sensor could be readily
calculated and accounted for. Other design criteria follow-
ed were electrical shielding of the recording instrumenta-
tion from the intense fields being measured and
construction of the system as a light-weight self-contained
unit suitable for use in field-mapping experiments. These
considerations led to the present design which uses a 6 in.
radial stub antenna mounted on an aluminum sphere 25
in. in diameter. The recording instrumentation includes an
oscilloscope, a 35-mm camera, and a battery power
source, all of which are contained within the spherical
shell. The total weight of the instrument is 50 Ib.

When exposed to an incident plane-wave E,, the radial
electric field at the surface of the sphere is given by*

E, = -Egco:ﬂz @n+ 1) Pn'(cosﬂ) : ’
(ka) h @ (ka) + (ka)h, @) (ka)

1)

where hn(z) (ka) is the spherical Hankel function and the
prime denotes its derivative with respect to its argument;
P,'(cosf) is the Associated Legendre Polynomial; k is
the free space propagation constant (k = 2a/A); and a is
the radius of the sphere. The geometry is shown in Fig. 3
with the direction of wave propagation along the z axis
and the clectric field in the x direction. With the stub
antenna located at r=a, @=7/2, ¢$=0, the angle
¢ =7/2 -0 corresponds to the elevation angle measured
from the sphere to the source point. For ka €1, Eq. (1)
reduces to the static field solution

223
E(r)=1+ Tg—'Eo cosf 2)

evaluated at r=a,

The magnitude |E/Eg| from Eq. (1) is plotted in Fig. 4
as a function of elevation angle for frequencies between
20 and 100 MHz. The static ficld solution is included for
comparison. The curves show the statie field solution to
be within 10% of the full solution for frequencies below
approximately 30 MHz at clevation angles between +6°
and -30°.

e

Fig. 3
Geometry of sphere,
T T I T T 1 J 1 T T T I 1
41
100 MHz Eo
+$
Eo

e Full Solution

- == Static field
approximotion

1 L i H

o 1 L ¢ i 1 1 1
«20 [] -20 -40 -60 -80
Degrees

Fig 4
Radiation pattern of a dipole on a sphere.

i
-100




The effective height of the stub antenna of length L is
given by the integral

€

1 +I,
h =i 1(r) x E(r)dr . 3)
i

a

Using the static field solution for E(r) and a linear
current distribution for I(r) gives

L 2
h.=x=(1+ 4
< 2( 1+L/a) @

for the effective height of a short probe mounted on a
spherical surface. Since L/2 is the effective height of a
short probe mounted on a flat ground plane, the quantity
in parenthesis can be interpreted as a curvature factor
which accounts for the increase of the radial electric field
near the curved surface of the sphere. With L = 6 in. and
a=12.5 in., the antenna effective height and curvature
factor are 0.18 m and 2.35, respectively.

The antenna equivalent circuit is shown in Fig. 5. The
antenna and load impedances Z, and Zg form a voltage
divider which reduces the sensor sensitivity by an amount
ZANZ, + Z3). The resultant sensitivity in volts per volt/
meter is then

VL/E=h ZsNZp + Zg) .

In practice, the impedances Z, and Zg are capacitive
and can be measured separately. However, to eliminate
possible errors that might occur in the separate determina-
tion of Z, and Zp, the sensor was calibrated experi-
mentally, Measurements were made on a 1/4-scale model
of the sphere using the parallel plate transmission line
facility at LASL. The facility produces a uniform field
that is known to an accuracy of 1%. The resultant sensi-
tivity of the sensor was found to be 7.5 x 10°* V per V/m
when loaded with a 100:1 scope probe (Tektronix Model
P6009).

The transmission line facility was also used to verify
the curvature factor, Measurements were made with the

Exn, =V,

Fig, 5
Antenna equivalent circuit.

1/4-scale probe mounted on a flat ground plane and on a
6-in.-diam sphere. The measured curvature factor was
found to be 2.42, in good agreement with the calculated
value of 2.35. The results verify that the assumptions
made in deriving Eq. (4), i.e., a linear current distribution
and use of the static rather than the full-field solution, are
valid assumptions.

1V. DATA ANALYSIS

A printout of aircraft position and attitude was made
at 5-sec intervals during the time pulses were transmitted
from the simulator. World time to the nearest second was
simultaneously recorded with the position data. The slant
range, azimuth, and depression angle was manually
recorded at pulse time from a precision radar. World time
was also recorded on the 35-mm film for both BA sensors
and the AD sensor.

Assuming film speed to be constant, actual pulse time
was measured to the nearest millisecond, The position and
attitude of the aircraft was then linearly interpolated for
the actual pulse time. The slant range from the precision
radar was undoubtedly more accurate than the position
information from the inertial guidance system (INS). The
radar information was manually recorded while the INS
information was automatically recorded at precise incer-
vals. A graphic analysis of aircraft position with respect to
time demonstrated that INS position was more reliable for
individual readings. Since the INS is subject to drift, the
precision radar information will be automatically record-
ed and used in future experiments of this type.

Close-in sensor information was identified by pulse
number and clock time, Aircraft sensor information was
identified by digital time on the edge of the film. After
the film was processed, it was readily marked by pulse
number. The data pulses, with time and amplitude calibra-
tions, were read and cards punched in microns vs microns,
For the data pulses, the cards also contained tags to
indicate the beginning and the top of the first peaks to
facilitate rapid calculations oi the peak amplitudes.

Volts vs time for the data pulses was obtained by linear
interpolation of the calibration data. Amplitudes for the
pulses were calculated in volts/meter and, using the-slant
range, were calculated in volts/meter at 1 km.

To obtain graphs in the frequency domain, a fast
Fourier transform for real data, written by B. R. Hunt of
LASL,based on the method of Singieton,® was used.

Amplitudes of the aircraft data were multiplied by the
ratio of the first-peak amplitude of the aircraft sensor to
the first-peak amplitude of the sphere sensor. The aircraft
traces were then subtracted from the sphere traces to
obtain the residue, which was plotted in both the time
and frequency domain,



V. RESULTS

Discounting aircraft refiections, particularly those
from the wing tips,%” the difference in time between the
first maximum positive peak and the maximum negative
peak was seen to be significantly longer for the BA and
shorter for the AD than that measured for the close-in
sensors. This is assumed to be caused by the phase-
distortion of the free-space field by the aircraft structure.
This distortion could be cosine-related to the free-space
field. It was found that the BA time multiplied by the
lobe correction, and the AD time divided by the lobe
correction, gave a value very close to that of the DRI
sphere. The reason for this may be coincidental, but it is
believed to have some physical relationship, unexplained
at this time. Some of this effect could be propagation
delay in the atmosphere although it does not appear to
agree well with published information, for example,
Levine (1970).2 Of the 55 pulses studied, pulse 15 of
10/24/72 is used as a typical example, Time and fre-
quency domain plots are shown as Figs. 6 through 17
after all the corrections above had been applied.

The enhancement factor (E¢) on effective antenna and
sensor system gain was then calculated by dividing the
first maximum normalized and corrected peak on the
aircraft by the value of the normalized and corrected
same peak from the sphere secnsor. This was then
examined with respect to the depression angle of the
simulator from the aircraft, the azimuth angle of the
simulator from the aircraft, and the elevation angle of the
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aircraft from the simulator. These relationships are plot-
ted in Figs. 18 through 28. Some variational trend can be
seen, particularly when the ray path passes near the wing
tip. If the azimuth angle is limited to * 2% {rom the
beam, and the depression angle from 8° to 12°, then the
E; for the BA is 2.18%*13% and for the AD is
1.28 £ 14%. No correlation between roll angle and E; was

500

400

300

200

100

-100

V/m at | km
o

-200

-300

T

-400

! ! ! 1 ! { 4 H
-5000 10 20 30 40 50 60 70 80 90

Time (nsec)

_ Fig. 8
E sensor. Trace 15 of 10/24/72.



1000 [ T —T T 1
800
€00
400

200

V/m at | km

e

-200¢1

-400

i - i 1 L I 1
8005——5 36 30 40 50 60 70 80 90
Time (nsec)

Fig. 9
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observed. Table 1 lists E; for the average corrected
reading from the BA, and for the AD vs azimuth and
depression angles for 29 pulses.

CONCLUSIONS

For any type of EMP sensor on any type of aircraft,
there exists an enhancemen. factor which shows signifi-
cant variation in time and ainplitude from that of the free
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BA sensor scope 2. Trace 15 of 10/24/72,
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AD sensor. Trace 15 of 10/24/72.

space field. For any specific system, a factor of three or
so may be measured over a relatively small variation of
azimuth and depression angles. Because of the geometry
of an individual aircraft, the location of an EMP sensor on
the aircraft, and the charge distribution on the aircraft
due to an EMP signal, it is difficult if not impossible to
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calculate precisely the & for an EMP sensor on the
aiccraft. Qv is believed that the E;p can be mensured 10
about % 5% under carefully conraolled conditions bow-
ever.

The required conditions for precise measurement of E;
are as follows:

1. Aircraft pasiticn, heading, pitch, roll, and artitude
must be automatically recorded every § sec using the biese
available means, at least for three readings before and
after the acrual pulse.
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i 92.2 2.1 2.3 L5 $. R. C. Singleton, “On Computing the Fast Fourier Transform,"
12 92.7 9.3 2.5 Com:n, ACM, Vol. 10, 1967, pp. 647-654.
13 4.8 9.4 22 16 6.R. ). Lytle and D. L. Lager, Electromagnetic Pro tion
14 273.8 8.0 20 12 . Trnns'mis:'ion. Rcﬂe‘ction. fend' R:frutiols l-:quntigr:sgl alnd
i5 268.0 6.1 2.1 1.3 Numerical Results, Lawrence Livermiore Laboratory, report
6 265.1 5.9 21 1.2 UCRL-51245 (June 1972).
17 244.4 5.9 19 1Ll 7. R. R. Lentz, P. H, Pathok, and W. D. Burnside, The Ohio State
18 166.3 37.1 25 20 University Electroscience Laboratory, Interaction Notes, Note
19 270.7 24.5 25 1.2 117 (June 1972).
20 103.5 49.7 2.2 2.5 8. D. M. Levine, Propagation Delay in the Atmosphere, NASA
21 1G3.9 42.5 25 23 report NASA-TM-X-65460 (November 1970).
22 95.4 3168 27 18
23 275.8 17.5 29 14
24 79.3 27.3 26 1.5
25 270.8 10.3 2.1 1.2
10/26 3 102.3 8.1 14
4 103.1 48 1.4
H] 88.6 0.6 22 14
6 86.0 7.4 23 14
7 87.1 3.2 24 15
8 88.6 6.9 25 16
9 88.8 7.4 24 1.6
i0 90.5 7.3 24 15
it 97.9 8.2 26 1.6
i2 99.0 71 27 16
13 101.9 .1 25 15
4 105.3 6.8 23 14
17 86.7 -3.5 26 L7
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