Sensor and Simulation Notes

Note 236

11 November 1977

The Dipole Method (DIES) in SGEMP Simulation °

G. A. Seely
Science Applications, Inc.
2201 San Pedro, NE
Albuquerque, New lexico 87110

CLEARED
FOR PUBLIC RELEASE

Pl 30 DEC I

Abstract

Some of the practical aspects of this source
current replacement-simulation technique are examined.
A method is described for combining experimental dipole
data with calculated SGEMP volume currents. The results
for a Timited parameter variation concerning the requi-
site antenna grid are reported.
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SECTION I

INTRODUCTION

The system-generated electromagnetic pulse (SGEMP) effects on a satel-
1ite may prove to be the dominant effects governing satellite survival and
yet these effects are not well Qnderstood. There is, at present, no simu-
lation facility which can realistically simulate the satellite environment,
to excite a complete satellite. Consequently, other techniques must be used
in the interim to investigate the complicated phenémenon created by electron
emission from the surface of a satellite.

A novel technique has recently been suggested by Baum (References 1
and 2). The basic simulation scheme involves measuring a transfer function
between an infinitesimal current element outside the system under test and
a critical circuit element buried within the system. Using calculated
SGEMP volume currents, weighted integrals of the transfer functions and the
volume currents yield the total SGEMP response at the circuit Tevel.

In effect, the technique attempts to take advantage of the better
aspects of the two methods. The electrical response of the interior of a
Targe complicated system is at present better determined by measurement.
The exterior prob1em, on the other hand, is presently more amenable to
analysis using existing SGEMP codes.

Several potential obstacles to impiementing this technique immediately
come to mind. Upon closer examination it becomes apparent that most of
those are closely related to a single parameter: the number of dipole posi-
tions required to accurately simulate the external environment.

For example, the most widely used electromagnetic pulse (EMP) simu-
lators (i.e., ALECS, ARES, TEMPS, SIEGE, RES, TORUS, ACHILLES, ATHAMAS,
.) are, this context, single source simulators. That is, the source
doesn't change during the test (although a few penetrations may be driven
concurrently with the test). With the dipole method, several antenna
positions would be required, with data taken at each antenna position.



The time and cost for the measurement of responses on the satellite
for many dipole volume elements can be circumvented to some extent by using .
automated recording instrumentation such as ABACIS* and by constructing an
automated device for moving and positioning the dipo]e'antennas.

This, however, is not the total answer. The potential for error goes
up rapidly with an increase in the volume of data handled. If many measure-
ments are required, system checks and assurance of data quality suffer by
the sheer time and cost Timitations imposed by the need for such a large
amount of data. If a large volume of data is required, then potential errors
in the instrumentation system and ervors in annotating the data may not be

caught until the test is over, the system dismantled, and everyvone has gone
home.

A fine grid detail would necessitate the use of very small dipole
antennas. As size goes down, it is generally true that signal/noise problems
increase which can make it difficult to obtain reliable data. Transmitters,
power suppiies and other equipment associated with the dipole antenna would
'have to be scaled down accordingly for an equivalent quality of data. This
problem is compounded by the rapid variation in both space and time (frequency)
in the near field of a dipole antenna. Equipotentials are not available for .

positioning of transmitters or for cable routing from the antenna.

An actual satellite would be tested in a finite facility in which near-
by objects and the earth could behave as reflectors and thereby degrade the
quality of the simulation. For the close-in antenna positions, these effects
can be made small. This is not the case, however, for more distant measure-
ments. Not only does the signal/noise go down, the refiections can become
as large as the desired measurement. Thus, a need exists, in some fashion,
to Timit the volume size required for the simulation and, if possible, to
take into account the more distant currents.

*Autonetics Broadband Automatic Calibratea Instrumentaticn System. Tnis
continuous-wave system outputs magnetic tape and aveids the necessity of
digitizing the experimental data.



The requirements on the quality of the experimental data and the calcu-
Tated SGEMP currents increase as the number of measurements increase. The
technique for cembining the analytical and experimental data would have to
be both accurate and efficient. This is particularly true 1f continuous-
wave data is recorded, since Fourier transforms and/or inverse transforms

would be required to combine the results.

Further examples could be given, the conclusion would be the same.
The number of measurements required to accurately simulate the external

environment is the single most important parameter impacting the practicality

of the dipole method. In detail, this depends on its implications concerning
volume size required for simulation, grid detail for antenna placement,
antenna size, requirements on the quality of the SGEMP currents, the experi-
mental data and the gquality of the combining techniqgue.

- In view of these considerations, an affort was undertaken to provide

preliminary data concerning these constraints. For the results to be specific,

a single two-dimensional test object was selected for treatment in the bulk

of the report.

This report is arranged in sections. The test object geometry is
described in Section II. The remainder of the repori is devoted to a
description of the computation techniques, followed by the results and con-
clusions which are presented in Sections VII and VIII, respectively.



SECTION II
TEST OBJECT DESCRIPTION

The test object chosen for analysis is a right circular copper cylin-
der with a solder coat sufficiently thick to prevent X-ray transport through
the walls of the cylinder. This two-dimensional object retains some of the
features of an actual satellite yet with the simplicities inherent in two
dimensions. In addition, some experimental and analytical data are available
on this test object (References 3 and 4).

For real systems, SGEMP must ultimately couple to interior circuitry
to be of concern. The test object has a circumferential aperture and an
interior axial post electrically connecting the base and the top of the
cylinder. The geometry used for the analysis is shown in Fig. 1.
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SECTION ITII
NUMERICAL METHGD FOR OBTAINING DIPOLE DATA

1. GEMNERAL

At this stage of the investigation it was convenient to numerically
simulate the experimental dipole data. This would provide initial data for
use as testing functions for combining techniques, grid detail and volume
size without the expense of first doing the experiment. The numerical data
could also be retained for later comparison to experimental results, as well
as giving some indication of the importance of more distant current elements.

Direct time stepping of Maxwell's equations in twc dimensions was
chosen as the simplest available technique for cbtaining the dipole-satellite
interaction functions.

The algorithm is a simplified version of the fields algorithm in the
MAD? SGEMP code (Reference 4). Special use was made of the simplicities
introduced by a single dipole source in any one calculation, and by using
a uniform grid size. Additional simplifications were made by factoring out
constants that occur repeatedly in the calculation.

The cylinder response results for representative dipoie locations are
described in the following subsection.

2. EXEMPLARY DATA

Figure 2 displays the antenna positicns for which data is described
in this section. The numbers beside the ring dipoles correspond to the
graph numbers for the specific antenna positions and polarizations. In
Fig. 2, the z-coordinate is vertically upward and the g-coordinate
is norizontal. Thne coordinate origin is leocated on the center top of the

cylinder; a is the cylinder radius (0.45 m).

Table 1 Jists the location of the antenna pesitions corresponding

to the graph number. Dimensions are given in units of the cylinder radius a.

10
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TABLE 1

ANTENNA POSITIONS AND POLARIZATIONS
FOR DATA PRESENTED IN SECTION 111

Graph Antenna Position
No._ _z/a pla_ Polarization
2 0.125 0.0 z-directed dipole
4 3.7128% 0.0 z-directed dipole
6 0.125 0.75 z-directed dipole
15 -0.875 3.50 z-directed dipole
18 3.125 B - 3.50 - z-directed dipole
% 0.5 0125 p-directed dipole
28 3.00 N.125 g~directed dipole
30 0.25 0.875 p-directed dipole
34 -1.00 1.625 o-directed dipole
39 -1.00 3.625 p-directed dipole
42 3.00 3.625 po-directed dipole

Figure 3 displays the time derivative of the antenna dipole moment P
used to obtain the results in this section. The peak value of ﬁ is 1 Am.
The time scale ct/a is normalized to the cylinder radius and the speed of
1ight. Thus, when c¢t/a = 1, the time t is 0.45 m/0.3 ns/m = 1.5 ns.

The time dependence for the antenna dipole moment corresponds to the
time dependence for a critically damped series RLC circuit. Although not
crucial at this stage, this choice is a reasonable approximation for a
realizable pulse-driven small dipole antenna. The 10-90 rise time for the

dipole current in Figure 3 is 1 ns.

The Tocations given for the tangential magnetic HC, HS (Am‘l) and
normal electric EC, ES (Vm™') fields are indicated in Fig. 2. The ccordi-
nates ara given in Table 2.

11
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Field . __location
Component z/a _o/a_
— HC (Am~1) -0.875 0.125
EC (Vm™1) -1.0 0.125
HS (Am=1) ~0.875 1.125
(Vm=1) -1.0

TABLE 2
FIELD LOCATIONS FOR DATA

PRESENTED IN SECTION III

1.125

Figures 4 through 14 d1sp1c/ the taﬂgnnu1a1 magnet1c field and the
normal electric fields for the 1nd1catea antenna pos1t1ons and po]ar1zat1ons

Data of particular interest is for the antenna position corresponding
2 (Fig. 4). This result would provide the simplest comparison
to experimental data when it is available.

to graph No.

An additional feature worthy of note is the persistance of the static
part of the electric field coupling to the cylinder even for antennas some
4, 15, 28, 39, and 42).

distance from the cylinder (ES for graph Nos.

12 (graph No. 34); it is of interest to notice that the normal
electric field on the cylinder surface ES is preportional to the antenna's
dipole moment (the time integral of PDOT in Fig. 2).

In ?ig.

This would indicate
that at this d1stance, the normal electric field is dominated by the static
field produced by the dipole antenna.

.' 13
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SECTION IV
CONVOLUTION OF DIPOLE RESPONSE

1. DERIVATION OF METHOD

Use of the experimental dipole measurements-calculated SGEMP volume
currents wilirfééu{?ew{htérfacihé the two sets of data and combining them
to result in the predicted SGEMP system response. Below is a brief deriva-
tion of the method we can use when processing experimental pulse data. The
procedure would avoid the need for first Fourier transforming, combining,
and then inverse transforming back into the time domain at each antenna

For specified volume currents, it is assumed that the system's response
is linearly related to the system stimulus. Letting V be the response and I
be the stimulus, the relation can be expressed

—a
—

V(t) = Jf I(T)K(t - t)dt (

-

Fquation (1) can be thought of as a linear transformation from the set I to
the set V¥ with the transformation being specified by K.

Also K is the impulse response. Substitution of I(t) = &(t) into Eq. (1)
resylts in a response V(t) = K(t).

A useful feature of Eg. (1) is that if the response V,{t) is known for
a specific stimulus I;(t), then it is possible tc obtain the response V(t)
for a different I(t). If I:(t) is an impulse (= &(t)), then the procedure
is quite stgéééhtforwafd; For the more general case, it is useful to apply
a Fourier transform. ’

In several instances, it is possible to inverse transform the inter-
mediate result directly so that the final result can be stated axplicitly
in the time domain. This turns out to be the case for the stimulus I;{t)
we are using for the dipole volume current (the volume current on a critically
damped series RLC circuit). The resulting expression is obtained below.
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Direct Fourier transformation of both sides of Eq. (1) (and application
of the shifting theorem) results in

~ ~

Viw) = I(m)%(w) (2)

where in particular

-~

K() = VY (w)/Tr ) (3)

(The tildes refer to the respective transforms.)

For a critically damped series RLC circuit, the transform of the volume

current I;(t) is given by
hm)=]e”m%e“*”)wwa (4)

where I1(t) has been normalized to 1 Am at t = T (the peak amplitude}, u(t)
is the unit step, and T is the circuit time constant.

Performing the integration in Eq. {(4), substitution of I{w) into Eq. (3)
Klw) = E%-{1 - 29T - wQTZ} Vi (w) (5)

resulting in a K{r) {inverse transform)

k() = nT-Ez:—f f [1 - 29T - w2T2‘ e 9T () du (6)
o i

~ -

-0
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, -
| () = o l R TZ%} —L/e T () du (7)

where the inverse transform has been identified in Eq. (7). Substituting
K into Eq. (1) and using a change of variable 7' =t - 1

(E) =Q—Tf1<t - T){vl(ﬂ + 2T 37) + TZ%@L"}(T)] dr (9)

-0

For pulse application, further simplifications occur.
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The final result is**

+
o 2
v(t) = -5‘.—/ It - :)[vlm por 2 () ¢ 12 20 () dr (10)
G

*The condition on V; is equivalent to the condition of casuality.

**Concerning units, recall that the antenna volume current I;(t) was normalized
to 1 Am at peak amplitude.

@
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A useful check is to let I{t) = I;(t). If Eq. (10) is valid,

Y(t) should be equal to Vi(t). First recognizing that

2 /" 2
wte) +or A (o) # 2 B0 (o) = T BB—TT[eT/T\II(T)}

and substituting this and I,(t - ) into Eq. (10)

-t _y 9% /Ty /o
m)_;[ - e /T/ (t-L)F{eT vm] dt

Integration of Eq. (12) by parts twice results in

Vi(t) - e'm{vl(m +2{000) + T g (0)}]

P
-
ot
D
N

aV1

3t

since V,(0), (0) are zero.

then

(11)

(12)

(13)

The numerical analog of Eq. (10) s now discussed. A1l operations of

the convolution would be performed cn a computer, that is, not a continucus

intagration, but a summation on a finite mesh.
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" The numerical analog of Eq. (10) that appears appropriate for uniform
time spacing is given by

2-1 ]
e T 1 [' v+ gdE/T ykHT L mdt/T ke (15)

|

i
(o)
——~

a—
[e))}

eI LI IR DR TE
where the superscripts refer to the time value

- & -

t = oxdt, V(t) =V : (7)

" and dt is the time step. (The time has been shifted by 2*dt to avoid a negative
subscript on the computer.) - 7

It will be shown below that the numerical analog is exact when I(t)
= I,(t) is substituted into Eq. (15). In terms of the finite quantities

- L L4t 8y

=
i

it
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Now let ¢ = 6 for 'example. Fqguation (15) becomes (performing the sum)

5
=D (6 - KelkBIE Tk GFRHT e‘5v¥"1]

1\[6
L =2
I=11
= 4[0 + e‘ag\@ F0+3 - 275y e 25y + 0]
+ 2 [- 2e72%y% + &7ByS + e'%;vi}
+ [ 2755 + V3 + e'z‘iv‘;]
. e‘agvih - 3(2) + 2] + e'z‘fv‘;{s _2(2) + 1] + e“iv%[z - 2‘+ v ‘
ye = y$ (19)
1=1,
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2. AN EXAMPLE

Before proceeding further, a simple test was performed to gain confi-
dence in the method. 1In Fig. 15, graph No. 1 displays a critically damped
current density J1 at antenna position 2, the center top of the cylinder.
Graph No. 2 in the same figure is the resulting tangential magnetic field

on the cylinder side, HS (Figs. 2 and 3, Section III). Graph No. 3 in Fig. 16

is the impulse response* at this location (obtained by applying the bracketed
term in Eq. (15) to HS in graph No. 2). The convolution method and an assumed
second current density J2, graph No. 4, results in a second magnetic field

HS, graph No. 5. The test consisted of using the fields algorithm with J2,
and comparing the resulting HS, graph No. 6, with the convolution result,
graph No. 5. Within graphical accuracy, the results are the same. (The time
shift in graph No. 5 is consistent with the numerical algorithm, Eq. (15).)

+Graph No. 3 is actually the negative of the impulse response.
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3. CONT INUOUS-WAVE DATA

In some circumstances, it would be advantageous to obtain the experi-
mental dipole data with continuous-wave (cw) measurements, particularly
whenever signal/noise is a serious problem with pulse technigues. Depending
on the method, interfacing cw data with the transient SGEMP currents would
require Fourier transforming, combining, and then inverse transforming back
into the time domain at each antenna location. Below is a brief description
of the method that appears to offer the most advantages.

Continuous-wave data would be obtained in the form of a transfer func-
tion, Texp(w)’ with the reference signal, amplitude, and phase, emanating
from the dipole antenna. In most circumstances, the reference signal would
probably be the voltage at the antenna's input terminals, VA' For electri-
cally small dipoles, the dipole moment PA is Tinearly related to the antenna
voltage

ap av
A A
5t~ Cahe 3% (20)

where CA and he are the antenna's capacitance and equivalent electrical
length, respectively. (These quantities wougg have to be calculated or
measured for a specific antenna.) Thus, if 7ﬁ§~ is the desired reference

for combining with the SGEMP currents, the transform of the impulse response
” +jwt

K . {w) is given by (assumed time dependence e , the circumstance fer

exp
most engineering hardware)

PR R .
c JuCghy 'exp(u) (21)

-~
[
><
T3
o
&
.
i

K{t), the impulse response, is then given by the inverse transform of Kexp‘
Once ¥(%) is cbtained, then the convelution procedure with the SGEMP currents

would be the same as outlined in the previcus section for pulse data.
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The major advantage of the above method is that it avoids the need to
Fourier transform the SGEMP currents. Furthermore, the cw data could be
processed (inverse transformed) immediately into the form K(t). Thereafter,
the combining of either cw data or pulse data with SGEMP currents would be
the same, a distinct advantage.

“ Two additional considerations are worth mentioning at this point. The
first is that advantage should be taken of any special symmetries that would
occur in the final SGEMP scenario. For example, for end-on X-ray incidence
on a cylinder, the exterior probiem is independent of azimuthal angle. Thus,
continuous-wave dipole data should be summed in azimuthal angle prior to
inverse transforming to obtain the impulse response. This substantially
reduces the amount of inverse transforming required,

Several trahsformiﬁg techniques are available that can be used. A
major consideration is that continuous-wave data would not in general be
obtained with uniform frequency steps. ABACIS, for example, has frequency
steps that grow linearly with frequency.

Subroutine GFOR (on the AFWL computer), which utilizes Guilleman's
technique and does not require uniform time or frequency stepping, appears
to offer several advantages. It has been used extensively on other programs
and is well understood. In fact, the original software for ABACIS was designed
to interface with GFOR. Basic usage information follows. '
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SUBROUTINE GFOR USAGE INFORMATION

CALL GFOR (IND, NT, T, Y, NF, W, Z}

IND - Determines whether forward or reverse transform is done.
If IND = 0, the reverse transform is done.
IT IND = 1, the forward transform is done.

NT - This is the number of time-value pairs. If the forward transform is
is done, this parameter specifies the number of input values. If the
reverse transform is done, this parameter specifies the number of
times at which the transform is to be integrated.

T - Array containing time values for transtorms.

Y - If the forward transform is done, y is the array of F(t) values. If
the reverse transform is done, y is an array large enough to contain
the new F{t) values.

NF - This is the number of frequencies stored in array W.
W - Array containing freguency values.

Z - Array for G(W) values. For the forward transform, z must be as large
as 2*NF. For the inverse transform, Z(2N-1) contains a real values of
G(W)} for W(N). Z(2N) contains imaginary components of G(W) for fre-
quency W(N).

ADDITIONAL REQUIREMENTS

COMMON/STUFF/DUM (3), TP

DUM (3) - UNUSED

TP - Contains the value 2*M.

COMMON/JF/JF(7), XM(7), CNK(7)}, SNK(7)

JF(7) - Array of pointers to array W which tells GFOR when Aw changes.
M(7) - Array of aw values corvesponding to spacing in array w.

CMid - SNK - UNUSED.
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Sign convention is as follows.

t

max
Forward Z{w) = j[ omdut f(t) dt
tmin
: - , wmax_, - .
Reverse f(t) = é%-g/ﬂ oJut Z({w) dw
T
In the

and Tmax'

In the forward transform f{t) must be set to zero at Toin
reverse transform, there is no restriction on the values of Z(w) at 0 and

W .
max
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4. LAPERIMENTAL CONSIDERATIONS

It will be recalled that in Eq. (10), the convolution method given 1is
Tor an antenna dipole moment corresponding to the time dependence for a criti-
cally damped series RLC circuit. Referring to Eq. (10), with what appears

to be relatively simple modifications, the directly recorded experimental pulse
data could be K(t).

K(t) =§-T-H\u(t> + T%‘%(t)} + [3‘“ () + 720 mH (22)

Not only weuld this substantially reduce the numerical processing, it should
provide a significant improvement in the overall quality of the final result.

The first bracketed ([ 1) term in K(t) consists of d!g and a constant

times its time integral. The AFWL presently has the instrumentation to
perform this sum directly on the experimental data for a real time pulse
(with an active integrator) or for a sample time pulse (with a sample time

integrator).

The second bracketed ([ 1) term is the time derivative of the first
term times a constant. Develcpment of a good electronic differentiator
should not be too difficult, particularly for a sampling scope-repetitive

putser instrumentation system.

Then, for example, the first bracketed term in K{t) could be input to
channel A of a dual channel sampling oscilloscope, the second bracketed term
could he input to channel B. The recorded signal would then be in the A + B
mode.

With this appreach, the directly recorded experimental result would he
axp\t}’ with an appropriate multiplying constant for sensor sensitivity, etc.
Then for a specific SGEMP scenario, the appropriate SGEMP stimulus ISG(t)

would bHe used in Eq. (10) to give the predicted SGEMP response V..(t).
SG
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It is

0
The question of which experimental-data to record is an extremely

important factor affecting the overall quality of the final result.
recommended that the hardware be developed for direct recording of the

impulse response.*

i

If B and/or

*/, above shculd not be confused with voltage. For example, if B; s the

experimental quantity of interest (Wm™2), then Vi(t) = B{t).
D sensors are used, the directly determined experimental quantity for pulse

3T

data would be 3V,
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SECTION Vv
THE SGEMP CALCULATION

The SGEMP predictions in this report were made with MAD2, a computer
code designed to solve two-dimensional self-consistent problems associated
with systems generated electromagnetic pulse phenomena. The temporal formal-
ism is second-order and time reversible. Cylindrical coordinates were used
for all the computations. Documentation of the cylindrical version is found
in Reference 3.

In the computations it was assumed that the X rays were incident on
the cylinder top. The electron emission energy and angular distribution
were taken to be that given in Reference 3 (nominally, the PIMBS 1A energy
and angular distribution).

A Gaussian time history, full width at half-max of 6 ns, with a fluence
of 0.42 Im™% (107° cal/cm®) was assumed incident on the illuminated end of
the cylinder.

The electron emission data used in the computations is gijven in
Table 3 below. The nomenclature is that used in the MAD2 code (Reference 4).
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TABLE 3

ELECTRON EMISSION DATA USED IN THE SGEMP CALCULATION

5
T - ST §8(0)

f(EYGE 2g(8) sind

E{keV) (unitless) §(degrees) (unitless)
0.9000E+00 _ 0.2060E+00  0.1290E+02 0.1000E+01
0.1500E+00 0.2850E+01 0.2280E+02 0.1000E+0]1
0.2100E+01 0.2030E+00 0.3000E+02 0.1000E+01
0.2700E+01 0.1190E+00 0.3630E+02 0.1000E+01
0.3300E+01 0.3850E-01 0.4210E+02 0.7000E+01
0.3900E+01 0.3370E-01 0.4790E+02 0.1000E+01
0.4500E+01 0.2470E-01 0.5370E+02 0.71000E+01
0.5700E+01 0.2190E-01 0.6000E+02 0.71000E+01
0.5700E+01 0.1890E-01 0.6720E+02 0.1000E+01
0.6300E+01 0.1530E-01 0.7710E+02 0.T000E+01
0.6900E+01 0.9760E-02
0.7500E+01 0.8560E-02
0.8100E+01 0.6060E-02
0.8700E+01 0.4030E-02
0.9300E+01 0.3380E-02
0.9900E+07  0.2350E-02
0.1050E+02 0.7680E-02
0.7110E+02 0.6640E-03
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SECTION VI

COMBINING TECHNIQUE FOR DIPOLE DATA ‘
AND SGEMP VOLUME CURRENTS

1. TIME DERIVATIVE OF SGEMP DIPOLE MOMENTS

In the computations, the space surrounding the satellite was divided
into specific volume elements. At each time step in the SGEMP calculation,
a sum was performed over each elemental dipole moment's time derivative
occurring in a specific volume and written onto disk. At the end of the

aP
calculation, these quantities aiG (A-m) were then sorted and written back

onto disk as a function of time for 2ach volume element. These are the

quantities that are used to convolve with the impulse response from a dipole
antenna located at the center of the same volume.

The algorithm for storing the SGEMP dipole moment's time derivative
permits changing the volume size in different regions of space. Thus, for
example, small volumes in close and larger volumes farther away could be
used for storing the SGEMP information without increasing the storage require-

ments. .

The'combining method consisted of the following steps.
(1) The SGEMP §%%§_ were calculated and stored on disk.

{2} A grid detail was specified for antenna placement.

(3} Dipole data was obtained for these antenna locations (as
described in Section IIT) and converted to the equivalent impuise response.

(4 A convolution was performed cn the dipole impulse response

and the total 3PSG for that volume of space {as described in Section IV).

at
(8) The procedure was continued until all the SGEMP currents

were taken into account.

Results were obtained for several combinations of volume size and grid
detail. The pertinent results and representative data are presented in
Section VIIIL.

£ method for taking into account the distant SGEMP currents is
described in the following section.
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2. FAR FIELD EFFECTS

The coupling of the more distant currents to the satellite in an SGEMP
environment is not expected to be an important effect, particularly for the
high fluence case. However, it is possible to include these effects with
Tittle additional effort and thereby avoid ény uncertainties associated with
this aspect of the simulation. -

In essence, from the SGEMP calculation, the several stored dipole
moments in a particular angular direction (r > re.. ci094) are replaced
with a weighted time-shifted sum. Thus, with this method, experimental
dipole far-field data is needed for only a single antenna distance in each
anguiar interval. Generalization of the method to three dimensions would be
straightforward.

To be specific, suppose that far-field experimental data is obtained
at each angle SM, M=1,2, ...N, and that the distance from the antenna
center to the satellite center is "y The far-field SGEMP volume elements
K positioned at cylindrical coordinates Zys eK (with respect to the satellite

center) are sorted to the appropriate angular interval GM.
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The r~* fall off and the time delay for each SGEMP volume element are

then taken into account by performing the sum*

MT K with 8y p < 8y <y,

Tk

This quantity

-

3P
5t M)
equiv

=

would then be used for the SGEMP %% for the antenna position ry, 9.

*In the far field only the transverse components contribute.
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- SECTION VIT
GRID DETAIL/VOLUME SIZE

1. GENERAL

The volume size and grid detail required for simulation are major
parameters impacting the practicality of the dipole method (DIES). The
distant SGEMP currents can be taken into account by the method described
in Section VI, paragraph 2 (far-field effects). Similarly, for the
intermediate range antennas {~ a few satellite radii) the major considera-
tion in grid detail appears to be the frequency content of the SGEMP
currents in that region of space (this can be inferred from Section III,
numerical dipole data). That is, a grid dimension should be smaller than
a half wavelength for the shortest wavelength of interest.

The remaining question is the more difficult one, the requisite
grid detail in the immediate vicinity of the satellite, the near field.

The techniques described earlier in this report provides the means
to vary the grid detail/volume size and obtain parametkic information
about this constraint. For the reasons given above, the data presented
in this section emphasize the conditions in the near field.

Using the calculated SGEMP currents (described in Section V) and
numerical dipole data (Section III), results were obtained for several
differﬁng gr%d &etéiis. If éogg Becamé:appéfent'fhgtigrid dimensions 1in
the 10 to 20 cm range would be reguired in the immediate vincinity of
the cylinder. For larger grid dimensions, the quality of simulation
rapidly declined.

The procedure for comparison was as follows. In the SGEMP calcu-
Tation, the surface tangential magnetic and normal electric fields were
calculated and retained.* Using a specific grid, numerical dipole resuits
were then convolved with the SGEMP currants and the resulting surface
fields were compared to those obtained in the SGEMP calculation,

*

The circumferential gap in the cylinder was closed during this series of
comparisons.
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Mo single parameter was found (at least that could be directly calcu-
lated from the data) that provided a measure of the quality of simulation. .
Rather, the procedure was to compare the fields at several locations on the

cylinder surface as described above.*

Representative data for some cases of interest are described below.
For ease of comparison, in each case the data given is for the tangential
magnetic field on the cylinder side, HS.

: _ ; S
In the future, some thought should be given to defining a single, global
parameter that can be used as a measure of the quality of simulation.
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2. RESULTS

Figures 17 through 22_display representative data obtained for differing
grid detail of antenna placement. The quantity given is HS (Table 2, Section
111). ‘ |
Figure 17 is the result obtained from the SGEMP calculation (described 7
in Section VI). The time scale is normalized to the speed of light and the

cylinder radius (0.45 m).

~ Figure 18 1is the result obtained from convolving the SGEMP currents
with antenna responses. Small ring dipoles (both polarizations) were
positioned in each of the cells shown in the inset. That is, the antenna

grid was 11.25 cmby 11.25 cm.

Comparing Fig. 17 and 18, it appears that the method works very

within approximately 5%.

In Fig. 19, the antenna grid dimensions were doubled (22.5 cm by 22.5
cm). As is evident in the figure, the peak amplitude is down approximately
20% from the direct SGEMP result.

In the next figure, Fig. 20, a varying grid size was tried, small cells
in close and Targe cells farther away. It is evident that this choice is not
an improvement over the 22.5 cm grid.

In Fig. 21, the number of antennas were doubled immediately on top of
the cylinder. This resulted in some improvement in the peak value.

~In Fig. 22, an 11.25 cm grid immediately adjacent to the cylinder and
a 22.5 cm grid was used for the remainder of the locations. Comparing to
Fig. 17, this choice appears to offer a reasonable compromise between the
number of antennas in the near field and the quality of simulation.

%he grid shown in Fig. 22 is hot ahroptimized gkid. For one radius
or farther away from the cvliinder, the antennas can be positioned slightiy
farther apart than shown without serious degradation in quality. However,
it should be apparent that not much variation is required to substantially
(>10%) change the result.
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Although not conclusive, it is suggested that the requisite fineness
of antenna grid positions is due to the substantial static-like coupling
(1/r%) of the dipoles to the satellite and to the nature of the SGEMP currents.

The bulk of the SGEMP currents travel at a speed that is slow compared
to the speed of Tight. For example, a 10 keV electron has a velocity approx-
imately one-fifth the speed of 1ight. Thus, even though the current's time.
history may be slowly varying, the apparent center of a local SGEMP dipole
moment is not well approximated by the center point of a Targe grid.

In particular, half-dipoles directly connected to the satellite would
be desirable for the first layer of measurements.

A simple method was available for assessing the importance of the time
variation of the SGEMP currents concerning grid detail in the near field.
Figure 23 displays the SGEMP vresult for a much slower time history X-ray
source (the PIMBS-1A time history, Reference 3).

Figure 24 is the convolution result for an antenna placement grid as

indicated. It exhibits excellent agreement with the calculated SGEMP result
(Fig. 23).

Figure 25 1is the convolution result for a 22.5 c¢cm by 22.5 cm antenna
grid. Comparing this result to Fig. 23, it is apparent that the quality
of simulation is substantially reduced by the larger grid.
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Figure 23. Cylinder Response from the SGEMP Calculation
with a Slowly Varying Source.
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3. SUMMARY

The grid detail for antenna placement in the near field shown in
Fig. 22 appears to offer a reasonable compromise between grid detail and
guality of simulation. The grid shown is not an optimized grid, but is a
reasonable compromise.

Requisite grid detail in the near field appears to be dominatec by
strong static coupling and by the fact that the currents move slowly com-

pared to the speed of light. Half-dipoles are needed in the measurements
for the layer adjacent to the satellite.
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SECTION VIII
CONCLUSIONS

1. GENERAL

Results impacting the dipole method (DIES) are summarized in this
section. Conclusions are presented, followed by recommendations.

Measurements were not available for testing the problems associated
with combining the experimental and analytical data. As a consequence,
direct time stepping of Maxwell's equations in two dimensions was used to
numerically simulate the experimental dipole data.

For simplicity, the test object (described in Section II) and the
analysis method (Section III) are two dimensional. The numerical method
for obtaining dipole data is described in Section III. Results in that
section may be retained for cd&bériéon to ékpér{mehtal data.

The results given for antenna position 2 (Table 1 and Fig. 4) would
be the simplest comparison since for this case the excitation is aximuth-
ally symmetric. For the other antenna positions, the tangential magnetic
and normal electric fields on the exterior of the cylinder (HS, ES) must
be interpreted as the azimuthally symmetric part of the cylinder response.
The results given are to be compared to a sum in azimuth of the experi-
mental cylinder response, or equivalently, a sum in azimuth over a specific
antenna location (z,p0).

A method for convolution of the dipole response that offers several
advantages is described in Section IV. A technique for processing experi-

‘mentat continuous-wave data is described in that section. The major fea-

tures of-the combining techniques for dipole data and SGEMP currents are
summarized in Section VI. A method is given for including far field

effects.
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Results obtained concerning requisite grid detail in the near field of the
satellite are summarized in Section VII.

2. CONCLUSIONS

The method works. Figure 22 (Section VII) displays an antenna grid
detail that offers a reasonable compromise between the number of antennas
in the near field and the quality of simulation (an 11.25 cm by 11.25 cm
grid adjacent to the cylinder, a 22.5 cm by 22.5 cm grid in the remainder
of the near field).

Distant SGEMP currents can be accounted for by the method described
in Section VI, paragraph 2.. The recommended convolution method is presented
in Section IV.

3. RECOMMENDATIONS

The method shows potential for obtaining reliable information concern-
ing SGEMP -effects on a satellite. This includes consideration of several
of the major practical constraints in both obtaining the experimental data
and combining with the calculated SGEMP results.

_ Consideration should be given to replacement of the bulk of the volume
currents by an equivalent surface current layer (Reference 5). Use of this
method could substantially reduce the number of required antenna positions.
Techniques for doing this and the effects on the quality of simulation are
being examined by the author,

A parallel effort is recommended. Analysis should not be carried too
far until real experimental data is processed by the procedure.

Instrumentation §s not presentiy available for obtaining reliable
experimental data. This is due mainly to the need to electrically isolate
the dipoles for the close in measurements and to maintain a phase or time
reference. Developmental effort would be required, less effort would be
needed to obtain experimental pulse data. Effort should be directed
towards constructing a small self-contained pulse-driven dipo]e'(and a
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small half-dipole). The critically damped antenna current described in
this report offers several advantages. Construction of the hardware to

obtain the equivalent impulse response is recommended.

A more realistic satellite geometry should be addressed in the analysis.
Results on the simplified model in this report justify going to a three- B
dimensional object with electronic circuitry in the interior. Since the
method works, internal data of real interest could be obtained in a first
experiment.
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