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WELCOME TO BALTIMORE

Onr behalf of the 1984 NEM Conference Committees and the cooperating
technical societies and organizations T should like to extend a hearty
welcome to z2ll of the conference participants and also their families and
their guests who have accompanied them to Baltimore.

A special word of thanks is due each of the members of the committees,
Through their patient efforts the technical program for NEM 84 shculd prove
to be very enriching for evervone from the necphyte to the experienced EMP
practitioner. They have contrived to bring together for this conference
papers covering the history and scope of EMP Including overlap areas with
related hardening disciplines. All of this has been integrated together
into a meaningful whole, The techuical depth in most areas has been
reinforced quite generously with the aid of tutorial review papers.

Additional expression of gratitude is due the committree members for
the oppeortunities thev have arranged for the conference attendees to
interact sccially. Among these events are the get—-together on Monday
evening, July 2, at the National Aquarium of Baltimore, the conference
banquet on Tuesday evening, July 3 and the "official" boat trip on
Wednesdav July 4.

This year, 1984, is the centennial of the IEEE and the 350-th anni-
versary of Maryland. We trust than NEM 84' shall prove to be a memorable
occasion.

Dr. Louis ¥. Libelo
Conference Chairman
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10:30 EMP EFFECTS ON SYSTEMS AND HARDENING APPROACHES, Dr. William Karzas,
R&D Associates, Marina del Rey, CA

11:15 EMP SIMULATORS~THEIR CAPABILITIES AND LIMITATIORS, Dr. Clifford Giles,
EG&G, Washington Analytical Services Center, Inc., Albuquerqgue, NM
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INVITED PAPER: ELECTROMAGNETIC SHIELDING TOPOLOGY: AN OVERVIEW, Fred
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EXCITATION OF A CILRCULAR LOOP THROUGH A SMALL APERTURE, H. Yatom, R.
Ruppin, Soreq Nuclear Research Center, Yavne, Israel

NUMERICAL CALCULATION OF EMP COUPLING THROUGH LARGE APERTURES, R.
Holland, and D. Merewether, Electro Magnetic Applications, Inc.,
Albuquerque, NM, and P. Parhami, TRW Inc., Redondo Beach, CA

APERTURE COUPLING PHENOMENOLOGY: A STUDY OF THE ANALYTICAL SOLUTIONS
TG E- AND H~POLARIZED SLIT CYLINDER PROBLEMS, R. Ziolkowski and B.
Grant, Lawrence Livermore National Laboratories, Livermore, CA

ELECTROMAGNETLIC FIELD COMPUTATION FOR A CONICAL PLATE TRANSMISSION LINE
TYPE OF EMP SIMULATOR, T. Brown, Dikewcod, Albuquerque, NM, D. Giri,
LuTech, Inc., Hayward, CA, and H. Schiliing, WWDBw Munster, Federal
Republic of Germany

EMF COUPLING TO A RECESSED, THIN PLATE IN A RECTANGULAR WAVEGIUDE, X,
Knight, Rockwell International Corporation, Lakewood, CA

NUMERICAL PROPAGATION OF LOCALIZED PULSES IN FREE SPACE AND IN
CONDUCTING MEDIA, E. Marx, National Bureau of Standards, Gaithersburg,
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ELECTROMAGNETIC SHIELDING TOPOLOGY: AN OVERVIEW

by

Frederick M. Tesche
LuTech, Inc.
3516 Breakwater Ct.
Hayward, Ca. 94545
{415) 786-3130

ABSTRACT

The hardening of complex electrical systems can be accomplished
through a number of different approaches. One involves developing one or
more electromagnetic barriers (or shields) surrounding sensitive
components, and then Timiting the number and types of penetrations
through the barriers.

As a result of applying electromagnetic analysis techniques to
systems shielded in this manner, several design guidelines based on
topalogical concepts have evolved. When these principles are adhered to
during the design and construction phase, the shielding integrity of a
system can be made more reliable.

This paper reviews the concept of the electromagnetic topological
diagram, and the associated interaction sequence diagram for an
electrical system. Various design guidelines are introduced, and the use
of the interaction sequence diagram in estimating the response of the
system to an external electromagnetic excitation is discussed.



EXCITATION OF A CIRCULAR LOOP THROUGH A SMALL APERTURE
H. Yatom and R. Ruppin

Soreg Nuclear Research Center
Yavne 70600, Israel

The problem of determining the current excited on a circular
loop which is placed opposite a small circular aperture in a
conducting screen, on which an electromagnetic plane wave is
incident, is considered. It is shown that this geometry is
unusual in that the resulting integro-differential equation can
be reduced to an explicit expression for the current. The total
rate of electromagnetic energy flow in the radiation zone is
also calculated, as is the angular dependence of the energy
flux. Sample results are presented, which demonstrate the
resonant behavior of the system when the wavelength of the
incident wave is equal to the loop circumference.



NUMERICAL CALCULATION OF EMP COUPLING THROUGH LARGE APERTURES

Richard Holland, Ph.D
Dave Meriwether, Ph.D
EMA, Inc.,.Albuquerque, NM 87108

Parviz Parhami, Ph.D
TRW Inc., Redondo Beach, CA 90278

This paper presents a technigue for calculating free-field EMP
coupling through an electrically large aperture into a cavity. The
specific problem we address is EMP excitation of an airplane cockpit
by coupling through the windows or bubble. OQur basic technique uses
a time-domain finite differencing (TDFD). Initially, the electromagnetic
fields in the vicinity of the aircraft are partitioned into an incident
part {(ET, H¥) which is known and a scattered part (ES, HS) which is
determined by TDFD. The scattered fields (ES, HS) are first evaluated
with the aperture foiled over by a perfectly conducting sheet. We refer
to this TDFD calculation of (ES, HS) as the first pass. The electric
surface current density on the foil as computed during the first pass is
stored at each mesh point for subsequent use.

Let us now consider what happens if the cover foil is removed from
the aperture. Physically, the electromagnetic fields will undergo a per-
turbation which we call (EP, HP). The total field outside the aircraft
becomes the sum of the incident, scattered and perturbation fields,

(ET, HT) = (E1 + ES + EP, Hi + HS + HP). The same is true inside the
cavity, except that (E1, H1) and (ES, HS) exactly cancel before the aper-
ture is unfoiled, so that total field inside the cavity is just (EP, HP}.

We here refer to the evaluation of {(EP, HP) as the second-pass
calculation. This calculation is also done by TDFD. In particular, it
has been demonstrated that (EP, HP) is exactly the field which the electric
surface current on the aperture foil generates if the foil is removed but
its surface current is left behind to flow in free space across the open
aperture. Since this surface current was computed and stored during the
first pass, it is available for recall as the input driving function of
the second~pass calculation.

For the second pass, it is obviously desirable to mesh the cockpit/
aperture and resolve the internal fields much more finely than was done for
the first pass. This desire raises the question, however, of how much the
external aircraft geometry must be retained for the second-pass calculation.
The chief message of this paper is that astonishingly little of the overall
airplane exterior must be retained. A single cell around the perimeter
of the aperture and over the volume of the cockpit gives second-pass
results which differ only by 10% from second-pass calculations made with
the entire external aircraft retained. In conclusion, the results of this
exercise have been compared with cockpit measurements obtained during a
recent aircraft test program and presented in this paper.

lMerewether, D. E. and R. Fisher, IEEE Trans. Electromag. Compat.,
vol. EMC-24, November 1982, pp. 406-410.
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APERTURE COUPLING PHENOMENOLOGY: A STUDY OF THE ANALYTICAL
SOLUTIONS TO E- AND H-POLARIZED SLIT CYLINDER PROBLEMS*

Richard W. Ziolkowski and J. Brian Grant

Lawrence Livermore National Laboratory
Department of Electrical Engineering
P.0O. Box 5504, L-156, Livermore, CA 94550

The coupling of an electromagnetic wave through an aperture into an
enclosed region is a fundamental issue in many EMP studies. Until
recently, however, analytical solutions have not been available and
purely numerical technigues encounter difficuities largely due to
the edge of the aperture. Parameter studies of analiytical solutions
to one or more coupling problems would greatly enhance our under-
standing of the coupling process and weuld lead to general “rules of
thumb® which would enable one to estimate, for engineering analysis
and design purposes, the coupling intc more generally shaped
cavities via more generally shaped apertures.

A newly developed approach (1) based upon N-series and Riemann-
Hilbert problem techniques has made it possible to obtain analytical
solutions to families of canonical problems descriptive of the
electromagnetic coupling problem. In particular, the generalized
dual series approach has led to the solution of the problem of an
H-polarized plane wave scattering from an infinite circular cylinder
with an infinite axial slot enclosing a concentric impedance surface
(2) and more recently, to the E-polarized plane wave version of this
problem. these solutions accommodate arbitrary angles of incidence
and cylinders and apertures that are small or large in wavelengths,
and they encompass the case of a slit cylinder enclosing a thin or
thick concentric wire as well as an empty slit cylinder.

Results of parameter studies of the solutions to these canonical
s1it cylinder problems will be reported. For instance, axial cur-
rents along an interior wire in the £-polarized case and aperture
electric field strengths in the H-polarized case as functions of
wavelength for various aperture and wire sizes will be given. More-
over, the coupling process in the E- and H-polarized plane wave
problems will be characterized and compared. Preliminary investiga-
tions have demonstrated substantial differences between the two
cases.

(1) R. W. Ziolkowski, "N-Series Problems and the Coupling of
Electromagnetic Waves to Apertures: A Riemann-Hilbert
Approach®, UCRL-88906, Lawrence Livermore National Laboratory,
Livermore, CA, 1983 (to appear in SIAM J. Math. Anal.).

(2) W. A. Johnson and R. W. Ziolkowski, "The Scattering of an
H-Polarized Plane Wave from an Axially Sltotted Infinite
Cylinder: A Dual Series Approach", UCRL-88829, Lawrence
Livermore National Laboratory, Livermore, CA, 1983 {to appear
in Radio Science).

*This work was performed by the Lawrence Livermore National

Laboratory under the auspices of the U. S. Department of Energy
under contract W-7406-ENG-48, 7



ELECTROMAGNETIC FIELD COMPUTATICON FOR A CONICAL
PLATE TRANSMISSION LINE TYPE OF EMP SIMULATOR

T.L. Brown, Dikewood, 1613 Univ. Blvd., N.E., Alb., NM 87102
D.V. Giri, LuTech, Inc., 3516 Breakwater Ct., Hayward, CA 94545
H. Schilling, WWDBw, Munster, Germany

ABSTRACT

A conical plate transmission 1ine type of EMP simulator is oper-
ational in WWDBw, Munster, Germany. In the context of this facility,
the present paper deals with the computation of the characteristic
impedance of the spherical TEM mode of propagation and electromagnetic
field components at specified test points of the faciiity. It is
observed that the impedance and field analyses are available in
References 1 and 2. Apposite computer programs were written for the
computations and the results compared with available measurements.

The numerical approach uses a Newton-Raphson's method for finding
zeros of complex analytic-transcendental functions. The correlation
of measured fields to calculated fields is excellent for the prin-
cipal field componenets, but only fair for the other field components.
Detailed comparisons, along with suspected reasecns for deviations,
will be presented. These comparisons include correlation of calcu-
Tations and measurement in prescribed transverse planes, as well as
along the approximate direction of wave propagation.

References

1. F.C. Yang and K.S.H. Lee, "Impedance on a Two-Conical-Plate
Transmission Line," Sensor and Simutation Note 221, Air Force
Weapons Laboratory, Kirtltand AFB, NM, November 1976.

2. F.C. Yang and L.0.0. Marin, "Field Distribution on a Two-Conical
Plate and & Curved Cylindrical-Plate Transmission Line,"” Sensor
and Simulation Note 229, Air Force Weapons Laboratory, Kirtiand
AFB, NM, September 1977.



EMP COUPLING TO A RECESSED, THIN PIATE
IN A RECTANGULAR WAVEGUIDE

K. D. Knight
North American Aircraft Operations
Rockwell International Corporation
2770 E. Carson Street
Lakewcod, California 90712

ABSTRACT

The coupling of specified IMP source fields in the aperture of a
rectangular waveguide to a recessed, thin plate that forms a central
coaxial element is analyzed. The problem bears certain similarities
to the bifurcated waveguide problem, but differs from it in that the
analyzed configuration supports open waveguide modes cver part of
its extent, and TEM and higher coaxial waveguide modes over the re-
mainder. Another departure is that the frequency spectrum of the
source field is below cut-off, so that no propagating modes exist in
the open waveguide section.

Expressions for the potential induced across the coaxial section are
given in terms of the dominant open waveguide modes Hop > Ell induced
by the socurce field.



NUMERICAL PROPAGATION OF LOCALIZED PULSES IN FREE SPACE
AND IN CONDUCTING MEDIA

Egon Marx
National Bureau of S3tandards
Washington, D.C. 20234

A plane~wave pulse propagates in free space without

changing shape, so that the determination of the pulse
from the initial fields is trivial. When the pulse is
localized, the shape changes as the pulse propagates,

and the fields at a time t have to be cobtained from the
initial fields with the help of the Green function for
the scalar wave eqguation. The resulting integrals over
the information-collecting sphere centered at the Tfield
point and of radius ct are carried out numerically for
pulses that are essentially gaussian Iin X and vy, and a
double exponential in z. Other shapes of the initial
pulse «can be substituted, and the fields can be given
analytically or numerically as long as the appropriate
derivatives «c¢an be computed, The integration can be
restricted to the intersection of the sphere with the
region where the initial fields differ significantly
from zero. The initial fields have to be sclenoidal,
and they are constructed so that they propagate mainliy
in the +z-direction. When the pulse propagates In a
conducting medium, the fields at time t can still be
computed from their initial values, although D has to be
specified instead of E. The Green function ncew contains
a damping factor and a time integral has to be carried
out because the Green function no longer 1s confined to
the forward light cone. These free fields have to be
computed to represent the incident fields in a transient
scattering problem. From the incident fields and the
properties of the scatterer, surface fields can be
determined by solving an integral equation by means of
the stepping-in-time procedure. The scattered fields
can then be determined from the surface fields by
integrations.
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SESSION B2
EM STANDARDS AND SPECIFICATIONS
Carrol Room
Chairman: E. Vance
SRI International, Menlo Park, CA

INVITED PAPER: HAMS EMP HARDNESS SURVEILLANCE AND MAINTENANCE

TECHNIQUES, G.E. Morgan, Rockwell International Corporation, Anaheim,
CA

A FORTRAN 77 BASED DATA ACQUISITION SYSTEM FOR SUPPORT OF NUCLEAR
WEAPONS EFFECTS TESTING, C. Hansen, J. Hardy, J. Corcoran, and R.
Himes, BDM Corporation, Albuquerque, NM

DEVELOPING STANDARDS FOR EMP HARDENING, E. Vance, W. Graf, and J. Hamm,
SRI International, Menlo Park, CA

SPECIFICATION OF ELECTROMAGRNETICALLY INDUCED STRESS AND FAILURE
THRESHOLD TO IMPROVE SYSTEM RELIABILITY, W. Kehrer, and J. Castilio,
R&D Associates, Albuquerque, NM

EMP SPECIFICATION AND HARDENING OF THE B-1B AIRCRAFT, J. Yu, Rockwell
International Cerporation, Lakewcod, CA

INTEGRATION OF EMP AND OTHER ELECTROMAGNETIC STANDARDS AND
SPECIFICATIONS, W. Graf, ¥. Vance, SRI International, Menlo Park, CA
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HAMS EMP HARDNESS SURVEILLANCE
AND MAINTENANCE TECHNIQUES*

G. E. Morgan

ROCKWELL INTERNATIONAL

Autonetics Strategic Systems Division
3370 Miraloma Avenue

Angheim, CA 92803

The nuclear EMP-hardening technology is umique among the engineering
disciplines in that there is no inherent feedback on performance in peacetime
(no EMP events occur). For this reason, the demand for special hardness
measurement techniques and maintenance procedures is critical. Various tech-
niques are described, but particularly some of the Hardness Assurance Monitor
System (HAMS) concepts are outlined.

The method used for monitoring, and maintaining, EMP hardness depends
partly on the approach selected for EMP protection. If the EMP immmity is
achieved by individual protection of all the pieces, then the monitoring will
tend to focus on those particular elements. The difficulties here lie (1) in
gaining access to all of the hardened components for test, and (2) in never
knowing for certain the impact of individual part failures {or combinations)
on overall survivability, except by criteria-level tests.

For those systems which achieve the desired EMP protection by providing
an impervious overall electromagnetic shield, the hardness assurance, surveillance
and maintenance becomes much easier and faster, and probably more reliable.
Existing MIL-Specs for measuring EMP shielding-effectiveness are not valid
for EMP, but several HAMS techniques are available and are described. A HAMS
system which is built in and automated can perform periodic tests unattended,
with minimal labor expended to assure survival. Fault isclation (location)
techniques can also make maintenance repairs faster and more certain.

*Work on various HAMS techniques have been funded by AFWL, DNA, LSD, NAVAIR, and
NSWC but none of these are specifically referenced in this paper.
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A FORTRAN 77 BASED DATA ACQUISITION SYSTEM
FOR SUPPORT OF NUCLEAR WEAPONS EFFECTS TESTING

C. HANSEN, J. HARDY, J. CORCORAN, R. HIMES

THE BDM CORPORATION
1801 Randolph Road S.E.
Albuguerqgue, NM 87106

This paper describes the impiementation and application of a
FORTRAN 77 fast transient data acquisition system for support of
nuclear weapons effects testing. This system has been installed at
several DNA and AFWL EMP and pulsed power test sites. The software
provides support for a wide variety of instrumentation types, including
both IEEE 488 and CAMAC digitizers. A data dictionary data base
approach was used to allow the system to be configured for individual
test sites with Tittle or no code modification. The development of the
system using a standard high-level language (FORTRAN 77) provides more
flexibility for future enhancements and allows for the potential
adaptation to different computer hardware environments.

This paper will discuss the following major topics:

(1) Design philosophy

{2} Instrumentation support capabilities

{3) Use in support of EMP and pulsed power testing
(4) Adaptability for different hardware environments
(5) Potential enhancements and future applications

The software was developed for the Air Force Weapons Laboratory
and the Defense Nuclear Agency under Contract F29601-82-C-0030.

13



DEVELOPING STANDARDS FOR EMP HARDENING

E. F. Vauce, W. Graf, and J. M. Hamm
SRI International
Menlo Park, California

Several factors influence the development of standards for
hardening systems against the EMP. These standards must allow one to
characterize the performance required of a hard system without regard
to the method used to achieve that performance, and to develop a
measure of that performance that does not depend on how the
performance is achieved.

We begin by defining the attributes of a hardened system; those
features that distinguish a hardened system from one that is not
hardened. Fundamentally, the EMP~induced transient stress at each
point inside a hardened system is less than the transient tolerance of
that point. For this criteriocn to be useful, these points must be
grouped inside certain volumes. Thus, we can state that the EMP-
induced stress must be less than the transient tolerance everywhere
inside these volumes.

When the points are grouped into volumes, it is presumed that we
can determine {or infer) that the stress inside the volume iIs smaller
than the transient tolerance of the volume, point by point. If the
volume is inside the system-level EMP barrier, this "test of hardness”
can be done by determining that (1) the barrier is sufficiently
effective so that no EMP-induced stress inside the barrier can exceed
the tolerance of any system element inside the barrier (i.e., the
largest stress is less than the smallest tolerance), or (2) the EMP-
induced stress applied to each subvolume is less than the tolerance of
the subvolume, and that for each point cutside the subvolumes, the
stress is lesz than the tolerance, point by polnt. The first part of
the second method is basically the approach of determining that the
stress at the terminals of each box is less than the tolerance of the
box. Note, howsver, that the box measurements alone are not
sufficient; the siress—tolerance condition must also be demonstrated
for all points outside the boxes (but Inside the system).

In addition, standardization will require an unambiguous
definition of transient stress and tolerance, as well as the
determination of the transient tolerance on internal equipment and
hardware.

14



SPECIFICATTION
oF
ELECTROMAGNETICALLY INDUCED STRESS AND FAILURE
THRESHOLE TC IMPROVE SYSTEM RELTABILITY

W. S. Kehrer, J. P. Castillo
R & D Associates
P. O. Box %335
2305 Renard P1.SE, Suite 201
Albuguergue, New Mexico 87119

To insure that a system retains a high level of
reliability throughout exposure to EM induced stresses such
as EMP, lightning, EMC and other effects, it would be
valuable to have specifications which define stress and the
susceptibility level of electronic boxes. The wide range of
frequencies and associated pulse shapes together with the
complexity of coupling of fields to systems makes it
difficult to formulate a stress specification which
encompasses all induced effects. The complexity of system
configurations and conditions of illumination results in
large uncertainties in stress which in turn generates a need
for large safety margins. A similar problem exists for
specifying the susceptibility of electronic subsystems.
Modern electronic systems are highly complex and there are
extensive interactions between subsystems. This makes
prediction of failure extremely difficult. It is highly
desirable to develop a test standard which can be implemented
in the laboratory to establish a susceptibility level for
electreonic boxes. However, the uncertainties associated with
defining failure modes for complex systems and the difficulty
in identifying the test parameters necessary to characterize
failures, have thus far prevented the development of a
comprehensive test standard.

The various types of specifications will be identified
and the relationship between a specification and system EMP
hardress is discussed. The key factors for each different
specification type will be defined. Finally, examples of
different specifications are given.

(=



EMP SPECIFICATIONS AND HARDENING OF THE B-1B AIRCRAFT

J. C. Yu
North American Aircraft Operations
Rockwell International Corporation
2770 E. Carson Street
Lakewood, California 90712

Presented in this paper is a summary of how EMP specifications and
hardening have been achieved in the B-1B aircraft. It begins with
the fundamental external field requirement specified for the B-1
system, and traces the development and implementation of the lower-
tiered requirements from the initial design to a fully developed
production aircraft. The result is a hardened design with both
system level and equipment level hardness addressed. Four areas of
interest are emphasized: BEMP requirements, design solutions, hard-
ening implementation, and a highlight of EMP lessons learned in the
B-1 program.

The discussion of EMP requirements includes an account of how the

EMP specification was developed for shielding and equipment. It
begins with the initial design phase of the B-1A. Results of develop-
mental aircraft BMP response analyses and tests are summarized. These
analyses and test results directly impacted the EMP hardening approach
chosen, and specification requirements developed. The set of EMP
hardening requirements developed jointly between the customer and the
contractor is provided. These design requirements were specified for
equipment and system shielding elements.

Next, EMP design solutions employed in the B-1B are reviewed. These
Tepresent design techniques used to achieve the IMP requirements,
especially in shielding, such as fabrication of joints, bay door
seals, cable shields, and connector improvements. Other BM practices
and requirements such as EMIC, installation, and bonding, which comp-
lement EMP hardening design, are also addressed.

The discussion of hardening implementation briefly accounts for the
flow of EMP requirements from the customer to contractor and con-
tractor to supplier, and the necessary interfaces involved.

Finally, EMP lessons learned in the B-1 program such as consideration
of hardening in the early design, hardening and maintainability con-
siderations, hardness requirements integrated with other design re-
quirements, and close interface among customer, contractor, and sup-
pliers, are provided as a hindsight that may serve as a guide for
similar programs.
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INTEGRATION OF EMP AND OTHER
ELECTROMAGNETIC STANDARDS AND SPECIFICATIONS

W. Graf and E. F. Vance
SRI International
Menlo Park, California

Historically, EMP requirements have been perceived to be
substantially different from, and in many cases conflicting with,
other electromagnetic requirements. As a result, hardening a system
against the effects of EMP has frequently been credited with a
substantial increase in total system cost, as well as with technical
difficulties in accommodating conflicting requirements. Although many
source parameters are different (in areas such as EMI/EMC,
communication security, and EMP hardening), the fundamental aspects of
dealing with these electromagnetic requirements are really the same.
Invariably, it is desired to reduce the Interaction of a source of
interference with a receptor, whose function i1s impeded by the
interfering source. Therefore, different methods used to reduce the
interaction of a source and receptor ought at least not to conflict
with each other, and an argument can be made that an integrated
approach to EMP and other electromagnetic requirements is not only
feasible, but will ultimately result in better overall system
performance at a lower cost.

As an example, consider the grounding requirements that often
appear to conflict with each other. A single-point signal ground is
often specified in a large system, resulting in ground conductors that
penetrate electromagnetic barriers. To harden such a system against
the effects of EMP, a treatment would be required at each such
penetration (filter or surge arrester), resulting in increased cost
and lower reliability. Yet, from a topological point of view, a
compatible sclution is simply to terminate the ground conductor on
each side of the barvier, and not allow the penetration. XNot only are
the extra components required for EMP hardness eliminated, but the
system performance in peacetime igs often improved as well, because the
grounding network in a large system can act as an effective
interference distribution network. Note that at dc and powerline
frequencies the compatible technique is no different from the
traditional one; thus, it automatically satisfies safety and other
low-frequency requirements. However, at higher frequencies, the
different velumes are effectively decoupled, at least as far as the
grounding conductors are concerned. This decoupling is desirable for
EMP hardness, as well as other interference requirements, including
communication security.

Although integration of EMP and other electromagnetic standards
and specifications is desirable from a technical and economical
viewpoint, historical objections to new techniques must be overcome to
implement a unified approach to electromagnetic requirements.
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LOCATION OF LIGHTNING ELECTROMAGNETIC SOURCES BY TIME
OF ARRIVAL COMPARED TO INFERENCE FROM ELECTROMAGNETLIC
FIELDS, THUNDER ACOUSTICS, AND VIDEOTAPE PHOTOGRAPHS

C. E. Baum and J. P. O'Neill
Air Force Weapons Laboratory

E. L. Breen, D. L. Hall, and C. B. Moore
New Mexico Institute of Mining and Technology

Abstract

This paper presents data on lightning electromagnetic source
location by a time-of-arrival system. The time-of-arrival locations
are compared to locations obtained from the lightning electromagnetic
fields, a whole-sky camera, and locations obtained from the time-of-
arrival of thunder acoustic sources at a microphone array. The
electromagnetic fields presented are from leader and return stroke
sequences within each lightning flash.

The data were obtained during the summer of 1981 from rocket
triggered and natural lightning flashes. The data were recorded in
a shielded underground instrumentation rcom, the Kiva, on South
Baldy Peak in the Magdalena Mountains near Langmuir Laboratory, New
Mexico. The time-of-arrival system consisted of three omni-directional
B~dot sensors with a 92 m baseline and two computer controlled time
interval counters with *20 ps resolution.
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The Rocket-Triggered Lightning Program: 1983 Results
Richard Richmond
Atmospheric Electricity Hazards Group
Alr TForce Wright Aeronautical Laboratory
Wright Patterson A.F,B., Oh, 456433

During the 1983 summer thunderstorm season, the Air Force Rocket
Triggered Lightning program was conducted on the east coast of Florida
approximately 30 kilometers south of KSC. During this experiment, a
total of 18 flashes were triggered using small wire~towing rockets. This
paper is a brief description of that experimental setup and an initial
analysis of some of the results obtained. The most complete data set was
obtained for the flashes triggered on 14 August. On this day, three
flashes were triggered using a grounded wire. A fourth was triggered
using an ungrounded or "TIPSY" mechanism. During two of the grounded
wire triggered flashes, at least a portion of the flash attached to the
instrumented Lightring Strike Object (LSG) that was suspended in a
wooden scaffold at the triggering site. Data from the LSO sensors, the
resistive shunt on the ground below the LSO and the electro-magnetic
sensors at the triggering site are correlated with similar data recorded
at a measuring site approximately 600 meters from the launch site and
with high speed movies of these flashes. This information is used to
describe the flashes, the electro-magnetic characteristics of the
individual strokes, and the responses of the 150 to these nearby and
attached flashes.
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The Waveforms of Lightning Radiation Fields

E. Philip Kriderl and Charles D. Weidman?
Institute of Atmospheric Physics
University of Arizona, Tucson, Arizona 85721
(602) 621-6831

ABSTRACT

The electromagnetic fields that are radiated by preliminary
breakdown processes, leader steps, and return strokes in cloud-to-
ground lightning all have different but characteristic signatures
that contain large, submicrosecond field variations. Measurements
of 1lightning E and dE/dt fields have been made in Florida under con-
ditions where the lightning locations were known and where any dis—
tortions due to the measuring equipment or to ground-wave propagation
were minimal below about 20 MHz. Values of the maximum dE/dt pro-
duced by the initial, fast-rising portion of a return stroke range
from 7x108 v/m/s to 7.6x10% V/w/s, when range-normalized to 1 km,
with a mean and standard deviation of 3.3 £ 1.,4x10° V/m/s. If these
fields are radiated by an individual current pulse that propagates
upward at a speed of 10° m/s, then the above values of dE/dt imply
that the maximum dI/dt in return strokes ranges from 3.5 to 1010 o
3.6x1011 A/s, with a mean of 1.5 * 0.7x10'! A/s, values that are sub-
stantially higher than those assumed by most engineering test stan-
dards. Leader steps that are close to the ground and the large-ampli-
tude components of intracloud discharges frequently produce dE/dt
signatures that are very similar to those from return strokes.

1
Also, Lightning Location and Protection, Inc., Tucson, Arizona 85719

2
Present address: Centre National d'Etudes des Telecommunications,
LAB/MER-GER, B,.P.40, 22301, Lannion, France.
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NATURAL FREQUENCIES OF A POST WITH A
LIGHTNING RETURN STROKE ATTACHED

F.C. Yang and K.S.H. Lee

DIKEWOOD Division of Kaman Sciences Corporation
2800 28th st., Suite 370
Santa Monica, CA 90405

ABSTRACT

The natural frequencies are calculated for a metallic post with a
Tightnina channel attached. Two different lightning channel models are
discussed and the asymptotic antenna technique is employed to solve the
problem formulated in terms of an integro-differential equation. The
resuits are presented by way of figures and approximate analytic
formulas. Applications of the results are also briefly discussed.
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MODEL FOR LIGHTNING RETURN STROKE WITH CORONA*

€. E. Baum
Air Force Weapons Lahoratory
Kirtland Air Force Base, New Mexico 87117

Louis Baker
Mission Research Corporation
1720 Randolph Read, S.E.
Albuquerque, New Mexico 87106

ABSTRACT

An electromagnetic model of a return stroke is devel-
oped. The lightning channel is assumed to be surrounded by a
corona which stores charge in the form of negative ions.

This region then breaks down upon the passage of a potential
wave and supplies the charge tapped by the stroke. This
region is modeled as a voltage-dependent capacitance in a
transmission 1ine model. Analytic solutions are developed
for this nonlinear transmission line for zero channel resis-
tivity and infinite conductivity of the corona region. Both
continuous and shock solutions are found,

it is shown that in general a dissipationless shock can-
not form at the head of the wave, but that some energy must
be lost (to channel heating and radiant emission) if it is to
match to a continuous solution behind. The electromagnetic
emission is Targely confined to the area near the wave front,
as might be expected.

*This work was performed under Air Force contract F29601-82-
C-0027.
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RETURN-STROKE TRANSMISSION-LINE MODEL*

Louis Baker
Mission Research Corporation
1720 Randolph Road, S.E.
Albuquerque, New Mexico 87106

ABSTRACT

A simple transmission-line model is developed for the
lightning return stroke. It is treated as a transmission-
line surrounded by a corona discharge [1]. Hydrodynamic
channel expansion, radiative losses, channel resistance, non-
Tinear line capacitance are included in the model by means of
a "two-zone" model which is an extension of those developed
by Strawe [2] and by Braginskii [3]. The resulting equations
are solved numerically using the AFWL CRAY-1, typical runs
requiring only a few seconds of CPU time. Once channel geom-
etry, etc. are specified there is only one ad hoc parameter,
which is equivalent to specifying the wave speed along the
transmission line,

The shape of the current pulse is shown to change sub-
stanttally with propagation; simple models without channel
resistance ("ideal transmission lines") can be misleading in
this regard, as they predict current pulses that preserve
shape as they propagate up the line. The fall-off in the
radiation-zone fields is due to the decrease in I-dot at the
front, which is caused by an increase in front rise time,
before the current amplitude decreases substantially. In
contrast, ideal transmission line models give radiation-zone
fields of the same shape as the current pulse.

1. C. E. Baum and L. Baker, this conference.

2. D. F. Strawe, "Non-Linear Modeling of Lightning Return
Strokes," preprint.

3. 5. L. Braginskii, Soviet Physics-JETP, 34, 1068(1958).

*This work was performed under Air Force contract F29601-82-
C-0027.
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CALCULATED TEMPERATURE AND BRIGHTNESS
OF A LIGHTNING DISCHARGE®*

R. L. Gardner, A. H. Paxton, and L. Baker
Mission Research Corporation
1720 Randolph Road, S.E.
Albuquerque, New Mexico 87106

ABSTRACT

In order to interpret spectroscopic measurements in
terms of its internal electrical parameters a detailed model
of the enerqgy balance of a lightning discharge has been con-
structed. We present here a detailed one-dimensional hydro-
dynamic model of a slice of unit length of a lightning chan-
nel as shown in Figure 1,

The energy is input to the channel by joule heating. A
known current is impressed on a channel whose resistance is
calculated from a conductivity profile which is a function of
the local gas temperature. Energy is distributed across the
cross section of channel as if it were a set of paraliel
resistors. The current is assumed to vary slowly enough that
the difufsion time is negligible,.

Energy losses are more varied. The hot gas loses energy
immediately through radiation. In this model radiation
losses and redistribution of energy throughout the gas are
calculated using multi-group diffusion. Eight frequency
bands are chosen and for each a diffusion calculation is per-
formed., The bands are chosen in such a way that the opacity
varies by no more than a factor of two over a single band.
Hydrodynamic expansions, including pseudo-viscous pressure
for shocks is included to complete the energy balance. A
complex equation of state for an idealized air molecule is
used in the calculations.

This model is intended for use in remote sensing of
tightning currents. For that purpose, the model must be
experimentally verified. Unfortunately, experiments in which
brightness and current are simultaneously measured are not
available. However, the model is compared to available
experimental data.

*This work was performed under Air Force contract F29601-82-
C-0027.
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EXPERIMENTAL DETERMINATION OF OPTIMUM SENSOR LOCATICHN
ON AIRCRAFT FOR TRANSIENT ELECTROMAGNETIC MEASUREMENTS

V. V. Liepa and S. T. Pennock

Radiation Laboratory

Department of Electrical and Computer Engineering
The University of Michigan

Ann Arhor, MI 48109

To study the characteristics of lightning, aircraft have
been instrumented (Baum et al., IEEE Trans. EM Compat., 24, 123-
137, 1984) and flown through thunderstorms to measure currents
and charges on the aircraft when it is struck by Tightning. The
NASA F-10& is such an aircraft and has been used for direct
strike measurements since 1880. Likewise, the surface currents
and charges induced on the aircraft from nearby lightning strikes
can also be measured and from these the properties of the
lightning strikes are deduced.

One of the main problems when the sensors are mounted on
an aircraft is that the sensors respond not only to the incident
(i.e., lightning) excitations but to the aircraft responses as
well. To obtain a meaningful measurement it is important that a
sensor be placed on or near the aircraft so that the field
scattered by the aircraft is not received by the sensor.

In this paper the experimental study and some of the
results are presented in which the optimum location of a B-dot
sensor on a F-106 aijrcraft to measure the tincident magnhetic
field in the direction of the aircraft fuselage were determined.
In the study magnetic field measurements were performed in an
anechoic chamber using a 1:72 scale F-106 model illuminated by
a plane electromagnetic wave using a smail current Toop.

Ampiitude and phase data were recorded for various
Tocations near the aircraft over 118-4400 MHz (1.6 - 61 MHz
full scale). The measurements were made with and without the
model and hence a comparison of the two measurements provides
a degree of field distortion or error for each location and
direction of excitation tested.
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THE SWISS EMP CONCEPT OF GENERAL DEFENSE

Jacob Gut
Research Institute for Protective Construction
Auf der Mauer 2, CH-8001 Zirich, Switzerland

The Swiss concept of general defense has been outlined in a report on
the security policy of Switzerland in 1973(1). General defense forms
the instrument of the security policy by which the strategic goals
can be achieved. The development of the international situation and
the military threats are analysed in an interim report of 1979(2).
Recognizing the enormous damage potential of EMP, a special Board of
experts had to study the large scale effects of EMP on a national le-
vel. As a result the EMP concept of general defense has been estab-
lished.

The vulnerability of essential systems to High Altitude EMP (HAEMP)
and Low Airburst EMP (LEMP) has been investigated. By governing prin-
ciples and protection priorities the EMP concept outlines the proce-
dures to reach the goals of EMP protection. These goals are mainly a
functioning government, a continued existence of the population and
the maintenance of military defense. However, harder conditions and
severe limitations in every field have to be accepted in EMP situa-
tions.

As a result of the EMP concept of general defense a series of EMP
protected systems are required. These include systems of public infor-
mation, communication, power and food supply, transports etc. At the
same time the program of EMP protected constructions and EMP hardened
weapon systems has to be carried on{3).

The EMP concept of general defense is illustrated by examples.

(1) Report of the Federal Council to the Federal Assembly on the
Security Policy of Switzerland (Concept of General Defense),
27 June 1973

(2) Interim Report of the Federal Council to the Federal Assembly on
the Security Policy of Switzerland, 3 December 1979

(3) W. Johl, J. Gut, W. Buchmann
A Swiss View of NEMP Protection Principles, EMC Rotterdam 1979
(FMB 79-3)
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JNCLASSIFIED UNIVERSITY RESEARCH IN THE EMP
FIELD IN FRANCE : AN OVERVIEW

B. BESNAULT

Groupe d'Electromagnétisme
Laboratoire des Signaux et Systémes
C.N.R.S5. - E.S.E.
Plateau du Moulon
B1190 GIF-sur-YVETTE - FRANCE.

In France, an important part of the unclassified stu-
dies related with EMP is done by university laboratories
working in coordination with interested governmental agen-
cies and with some private companies. Some of the results
are already published in french journals or conference pro-
ceedings, but the purpose of this paper is to give a more
extensive view of these works.

Theoretical studies are led on the following items

® D & B S

numerical methods in frequency and time domain.
shieldings, cables.

antennas responses to an EMP, ground effects.
EMP simulators.

lightning effects and analysis.

Related to these theoretical works are experimental

L]

@

on site measurements (lighting observations, pene-
trations through buildings).

laboratory experiments (comparisons between theore-
tical and experimental results from simplified mo-
dels,...}.

Future trends of university research in the EMP field
will alsoc be outliined.
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THE APPLICATION OF HIGH LEVEL CURRENT DRIVERS

P.A.A.3Sevat
Physics Laboratory THNO
The Hague, The Netherlands

For testing large and complex electronic systems, like
ships, aircraft and communicaticn centers, large and
expensive EMP-simulators are needed.

To lower the costs and to avoid damage or disturbance to
other equipment in the surroundings of the object under
test low level EMP~simulators can be used. An example is
the Netherlands transportable EMP-simulator EMIS-3.

The magnitude and shape of the currents at all places of
importance in the system are measured. These low-level
currents are then extrapolated up te full threat level,
taking into account magnitude, shape, cable length,

direction of propagation and polarization.

Testing of important and vulnerable equipment in the sys-
tem can be done afterwards by injecting the extrapclated
currents in the cables connected to these equipment by
means of high level current drivers. Also the quality of
the feed-through in shields, the shielding of the cables,
the limiters and the grounding can be tested in this way
up to full threat level.

Particularly in cases where the magnitude and shape of the
EMP-induced currents on cables can be calculated and no
EMP-simulation is needed this injection method is a

relatively cheap and efficient way of testing.

Current injection can be distinguished in direct and
indirect injection. In this paper the indirect injection
by capacitive or inductive coupling is discussed.

Indirect injection has the advantage that the system is
tested in the original configuration without disconnecting

the cables. An example of inductive coupling is given.
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A Program System for Simulation of the EMP Coupling into Straight
Wires and Special Surfaces

E. Arrold and R. Sturm
(speaker E. Arnold)

The paper presents the current condition of a programsystem which
is under development for computing the coupling of EMP into open
or closed metallic bodies. The bodies must be constructed in a
simple manner using the following modules: thin straight wires,
plane areas with finite dimensions, squares, thick cylinders and
cones with circular cross section. The results are the surface
currents on the bodies. In addition the physical and the mathe-
matical background is examined, some results are shown as well.

£, Arnold, AEG-Telefunken KE 234, Forschungsinstitut, Postfach 1733,
D~790C Ulm, Federal Republic of Germany

Dr. R. Sturm, Federal Armed Forces Defence Science Agency for NEC,
Protection POB 1220, D=3042 Munster, Federal Republic of Germany
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REVIEW OF THE STATE-OF~THE-ART OF NUMERICAL TECHNIQUES
FOR ANALYZING ELECTROMAGNETIC COUPLING AND
INTERACTION PROBLEMS

Allen Taflove and Korada R. Umashankar
Etectronics Depariment
1IT Ressarch Institute
10 W. 35th Street
Chicago, IL 60616

This paper reviews the present numerical techniques available
for modeling electromagnetic wave coupling and interaction with
three-dimensional structures. Techniques discussed are:

1. Method of moments and the related conjugate
gradient technique;

2. High-frequency techniques, particularly the
geometric theory of diffraction;

3. Spectral iterative technique and related
iterative approaches;

4. Finite-difference time-domain technique;
. Finite-element technique; and
6. Hybrid methods.

The application of each approach to model three-dimensional
structures in the electrical size ranges of 0.1x and below;
0.1x - 1.0A; 1.0n - 10Xx; 10x - 100A; and 100\ and beyond, is
discussed. In addition, the application of each approach to model
structures comprised of conductors, dielectrics, and composite and
other anisotropic materials will be reviewed.

This paper will last consider the impact of emerging computer
technology upon the available modeling approaches. Factors such
as computation speed, storage, and computer architecture will be
considered.

34



™ ™o
a

[N IR W)

o O

= oy

:30

:05
130

15

140
105

130

SESSION DI
THEORY 11
F. S. K. South
Chajrman: Dr. W. A. Davis
Blacksburg, VA

INVITED PAPER: A NOTE ON THE VARIATIONAL METHOD {RAYLEIGH-RITZ),
GALERKIN'S METHOD AND THE METHOD OF LEAST SQUARES, T. Sarker, Rochester
Institute of Technology, Rochester, NY

ANTENNA EFFECT ON THE HUMAN BODY TO EMP, K. Grgnhaug, Norwegian Defence
Research Establishment, Kjeller, Norway

TIME DOMAIN FINITE ELEMENT METHODS FOR EMP COUPLING, N. Madsen, and
J. Peterson, Lawrence Livermore National Laboratories, Livermore, CA

TIME HARMONIC SOLUTIONS FOR A LONG HORIZONTAL WIRE QVER THE GROUND WITH
GRAZING INCIDENCE, K. Chen, Sandia National Laboratories, Albuquerque,
NM

ESTIMATED BULK AND INVIDIUAL CURREMT RESPONSES, T. Liu and F. Tesche,
LuTech, Inc., Hayward, CA, and P, Parhami, TRW Inc., Redondo Beach, CA

HSE OF SYMBOLIC MANIPULATIVE CODES IN SOLVING E&M PROBLEMS, M. Tran,
and P. Parhami, TRW Inc., Redondo Beach, CA

RADIATION DAMPING IN FINITE CYLINDERS, I. Gallon, AWRE, Aldermaston, UK

35



A NOTE ON THE VARIATIONAL METHOD (RAYLEIGH-RITZ)

GALERKIN'S METHOD AND THE METHOD OF LEAST SQUARES

Tapan K. Sarkar
Department of Electrical Engineering
Rochester Institute of Technology
Rochester, New York 14623, USA
Phone (716)-475-2165

Variational method (Ravleigh-Ritz), Galerkin's method and
the method of least squares have been utilized extensively
in electromagnetic theory te solve various field problems.
In most cases, one makes a formal use of the techniques.

In this paper, a tuterial approach has been taken te bring
out the mathematical distinctions between the variational
method (Rayleigh-Ritz), Galerkin's method and the method of
least squares. Examples have been presented to illustrate
the strong and weak points of each of the techniques. Fin-
ally, the rates of ceonvergence of the three techniques have
been derived.

(Radio Science, Vol. 18, No. 6, pp. 1207-1224, Nov.-Dec., 1983)
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ANTENNA EFFECT OF THE HUMAN BODY TO EMP

K. L. Grgnhaug
Norwegian Defence Research Establishment
P 0 Box 25, N-2007 Kjeller
Norway

A preliminary study of EMP induction effects in the human body has
been conducted. A cylindrical dipele model of the human body was used
to calculate induced currents and energy absorbtion. The eylinder had
a length of 1.75 m and a diameter of 25 cm. The cylinder was assumed
to have a uniform electrical conductivity,

Frequency domain experiments using a transmission line simulator and a
low intensity field were performed in order to verify calculated
results. It was found that the human body behaved like a lossy, but
efficient dipole. The resonant frequency was in the order of 30 MBz
when both feet were in contact with the ground plane.

The total absorbed energy in the body was calculated to be about 10 mJ
when a standard exoatmospheric EMP was used as the excitation field.
The maximum peak current in the body was approximately 150 A. Since
this current was of a very short duration (10 ns) it can not be felt.
The results of the study seem to indicate that the probability of
harmful effects on humans due to illumination by exoatmospheric EMP is
small.
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TIME DOMAIN FINITE ELEMENT METHODS FOR EMP CGOUPLING*
N. K. Madsen

Lawrence Livermore National Laboratory
Livermore, CA 94550

J. C. Peterson

Lawrence Livermore National Laboratory
Livermore, CA 94550

Over the past two years we have explored the use of finite element
methods for solving electromagnetic coupling and scattering probiems
in the time domain. Finite element methods are well known for their
ability to readily solve problems where complicated irreguiar
structures or objects are involved,

We have developed a two dimensional time domain code, GEMZD, which
implements a Galerkin finite element method for solving Maxwell's
curt equations. We will discuss the advantages and disadvantages of
our finite element code. We will also show results for several
non-trivial EMP coupling problems which will demonstrate the
versatility of the finite element technigues.

*Work performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number

W-7405-ENG-48.
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Time Harmonic Sclutions for a Long Horirzontal
Wire Over the CGround with CGrazing Incidence

Kenneth C. Chen

Sandia National Laboratories
Division 7553

Albugquergue, NM 87185

The grazing incidence of a Nuclear EMP gives the
largest 1nduced current on a long horizontal wire
over the ground. Previous results in this subject
are for the continuous waves (CW) and for an infinite
wire extending at both ends. This paper shows the
difference in CW responses for a finite horizontal
wire and the responses for an infinite wire. First,
the transmission line theory due to King et al is
extended to higher frequencies. Procedures for
optaining numerical values Tor the transmission

line parameters are given. Second, simple trans-
mission formulas for line currents are applied to
obtaln the wire current for freguencies ranging from
10 kHz to 1 MHz; ground conductivities of 10-%, 10-¢,
10-3 S/m; wire heights of 10, 5, and 1lm; dlfferent
load conditions; and different wire lengths. In
particular, we report the required wire length so
that the long wire will respond as an infinite wire.
Thirdly, wire currents for an incident lateral wave
are investigated.
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FSTIMATED BULK AND INDIVIDUAL CURRENT RESPONSES

Tom K. Liu, Ph.D
Fredrick M. Tesche, Ph.D
LuTech, Inc., Hayward, CA 94545

Parviz Parhami, Ph.D
TRW Inc., Redondo Beach, CA 90278

In determining the behavior of a complicated electrical system
subjected to an EMP excitation, it is useful to employ various trans-
mission line models for calculating how electromagnetic energy distributes
itself within the system. A number of techniques and computer codes have
been developed for such analysis. These range from relatively simple,
single wire transmission 1ine models, to general transmission Tine network
models.

The use of a general purpose transmission line code, such as QV7TAL,
for studying the behavior of transient voltages and currents on multicon-
ductor lines, yields accurate results. However, it requires large amounts
of precise input data to define the multiconductor network, and the compu~
tation effort is considerable, requiring to invert large matrices, etc.
Often such data may not be available or the computation time is excessive.
An alternate method is to first perform the "bulk” or "common" mode anal-
ysis of the transmission Tine network.

The use of bulk mode concept significantly simplifies the analysis
procedures. In brief, it reduces the input data reguirement of the multi-
conductor case from matrices and vectors into scalars, and the governing
equations for the solution are also scalar. The bulk currents so computed
are also readily measurable guantities in reality.

Once the bulk quantities are calculated (or measured), the response
of an individual wire inside the multiconductor bundle may be estimated by
solving the pair of equations describing the coupling between that wire
and the rest of the cable bundie?. The methodology of this solution is
presented in this paper, together with numerical comparisons with multi-
conductor analysis.

1F. M. Tesche and T. K. Liu, "User's Manual and Code Description
for QV7TA: A general Multiconductor Transmission Line Analysis
Code," Interaction Application Memos, August, 1978.

2T. K. Liu and F. M. Tesche, "Estimated Bulk and Individual Wire

Parameters in the Absence of Detailed Geometry," Report prepared
for TRW Inc., under Subcontract No. MOO511DRIS, March, 1981.
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USE OF SYMBOLIC MANIPULATIVE CODES
IN SOLVING E&M PROBLEMS

Minh Tran, Ph.D
Parviz Parhami, Ph.D
TRW Inc., Redondo Beach, CA 90278

The idea of using machines to do analytic calculations was expressed
back in 1833 by Babbages' Analytical Engine. With modern computers, this
idea is realized by many codeg such as SCHOONSCHIP, CLAM, REDUCE-2, SYMBAL,
CAMAL, AVTO-ANALITIK, MACSYMAS SMPS. . . Different codes, however, have
been designed for particular fields of interest. For example, SCHOONSCHIP
is only used for Dirac's Algebra. For E&M Problems, where wave equations,
differential and integral equations, vector and tensor analysis, boundary
conditions, etc., are freguently encountered, MACSYMAZ and SMP3 are best
suited.

The major advantage of using these codes is the simplicity of
the programming steps and ease in verifying and testing a given analytical
approach. In addition, such codes have already solved problems not
possible with the usual programming languages (e.g., FORTRAN). Certain
advanced codes {such as SMP) have the ability of producing subroutines
for use in the traditional numerical codes.

This paper examines the use of symbolic manipulative codes in
solving electromagnetic problems. A sample E&M probliem, solved by the
SMP code, will be presented and the advantages/shortcomings of such codes
will be discussed.

1P. Morrison and E. Morrison (Editors), C. Babbage and his
Calculating Engines, Dover, New York, 1961.

2R, Bogen et al., MACSYMA Reference Manual, Version g, MIT
MathLab Group, 1977.

3C. A. Cole et al., SMP, California Institute of Technology,

1981.
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Series Expansions For Evaluation Of
Confidence In Reliability Of An Infinite
Population

William J. Herman and John W, Williams

Booz, Allen, and Hamilton, Inc.
2309 Renard Place, S.E.
Suite 301
Albuguerque, N.M. 87106
(505)247-8722

Abstract

Bayegian reliability analysis has been a subject
of extensive development in the Probability and
Statistics Notes. Thisgs paper presents a series expansion
for confidence in reliability of an infinite population.
Comparisons are provided between Bavesian values for
confidence (with noninformative prior distribution) and
the corresponding values obtained from classical sampling
theory. For both cases it is shown that confidence can
be conveniently written as a polynomial in R, where R is
the lower bound for reliability. Given identical test
results and sample sizes, classical sampling theory is
shown to generally yield a smaller value for confidence
than the Bavesgian value cbtained with noninformative
pricr. This difference rapidly decreases as the sample
size 1is increased.

44



EME ASSESSMENT AND HARDENING METHODOLOGIES~-EMP VERSUS EW

by
Robert V. Garver

Electromagnetic pulse {EMP) and electronic warfare (EW) are two aspects
of the general problem of electromagnetic effects (EME). In hardening
tactical systems the EMP community is concerned primarily with damage from a
singie nuclear generated transient and secondarily with upset. The EW
community is concerned primarily with upset due to modulated rf from a Jammer
and secondarily with damage. Electromagnetic compatibility (EMC) and
Electromagnetic interference (EMI) are like £W, in the effects they can cause,
but have different sources in that the EMC energy comes as spillover from our
own many radiating sources, while the EMI energy comes from nonintentional
radiators and conductors such as commutator transients or switching noise.

The EMP approach to assessment and hardening includes several steps:
(1) determining transients onto penetrators, (2) modeling the feed-through
of transients to damageable components, (3) determining damage thresholds of
components, (4) assessing susceptibility, (5) for susceptible circuits adding
protection in the model to the system as required and repeating the
assessment, and (6) testing the system to full threat with and without
protection to verify the need for and adequacy of hardening.

The tW approach to assessment and hardening of tactical systems involves
(1) determining, from system description documents, the internal voitage
waveforms that can cause major malfunctions; (2) beginning at the body
resonance frequency of the system structure and the modulation freguencies
indicated by step 1, testing the structure in a free field environment unti}
upset is obtained at the lowest power density by tweaking rf and modulation
frequencies as well as radiation angles and polarization; (3) obtaining upset
threshold profiles for a wide range of the above parameters; (4) detarmining
which semiconductor junction is causing periodic bias shift from rectified rf
based on the nature of the upset; and, (5) experimenting with changes in the
bias circuit, shielding, or grounding to reduce upset sensitivity. When
damage is of concern the methodology is extended to inciude (6) finding the
rf detection sensitivity of the upsetting junction by direct injection; (7)
calculating the effective capture area of the junction based on the known
Tevel of internal waveform and the external power density for upset; (8)
determining the damage threshold of the component; {9) assessing the external
power density for damage; and {10) repeating and augmenting step 5 as required
for sufficient hardening.

The EMP and EW communities have a strong common interest in resolving
technoiogy problems such as: characterization of integrated circuits,
coupiing, measurement techniques, statistical analysis, integrated protection,
and methodology standardization.
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A Generalized Network Approach for Assessing
System Vulnerability and Survivability*

G. C. Corynen
Lawrence Livermore National Laboratory
Livermore, CA 94550

Abstract

We discuss a framework for evaluating the vulnerability and
survivability of systems which operate in stressful environments.
Although applicable to a wide variety of complex systems, it is
particularly powerful when applied to systems exposed to weapons
effects such as EMP, where certain medeling assumptions are
naturally satisfied.

Other methods for obtaining vulnerability and survivability exist,
but they have various limitations. From a modeling point of view,
current methods do not satisfactorily address dynamical issues such
as event timing and delays, network problems such as routing of
messages, and hierarchical issues associated with command and
control structures. From a computational viewpoint, current methods
are inefficient, and their complexity increases exponentiaily as the
size of systems is increased linearly.

Qur generalized network approach involves a new modeling and
computation method. The modeling method consists of a two-tiered
hierarchical approach involving a network tier at the top and
subsystem tier below. The network tier represents flows of
information, controls, and actions, and explicitly accounts for the
timing of events and any delays. In this tier, performance is
determined by the performances of nodes and links of the network.

The purpose of the subsystem level is to model each node and link of
the network as a subsystem of interconnected components in order to
allow a thorough descripticn of flows into and cut of nodes and of
flow transformations within nodes.

Our computation approach is based on the methods of discrete
mathematics, which allow a full exploitation of network and tree
structure, thereby gaining considerabie efficiency. In contrast to
current methods, the complexity of our approach is polynomial.

To gquide the user in the computer implementation of network models,
we have developed the notion of a Cybernetic Module (C-Module),
which provides a highly structured interface between the network and
the subsystem level.

Our presentation will provide examples of how the framework is used,
and will describe typical computations required to assess system
vulnerability and survivability.

*Work performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405~ENG-48.
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Application of PRA to EMP Failure Ana]ysis*
Richard W. Mensing

Lawrence Livermore National Laboratory
P.0. Box 803
Livermore, CA 94550

Studies of the effects of EMP on large electronic systems such as
aircraft or cummunication systems have frequently involved scale
model and/or full scale testing. Both approaches have disadvantages.
Probabilistic Risk Analysis (PRA) is an alternative approach which
uses arobabilistic models to simulate the variability of the EMP
threat, coupling and component susceptibilities. The probability
models together with a systems model provide an analytical method
for assessing the failure of electronic systems due to an £MP.

This paper will describe how PRA methods can be used to analyze the
vulnerability of electronic systems to EMP. Descriptions of the
nrobabitity models are necessary inputs into a PRA. Such descrip-
tions are usuatly based on fest dafa, engineering judgement and/or
expert opinions, all of which represent Timited information about
the real physical phenomena. Thus, such Inputs are subject to
uncertainties. The PRA method described involves a two-stage
estimation process which produces a "best estimate” of the
probability of system failure as well as bounds for the probability
which describe the unceriainties associated with the inputs.

"Work performed under the auspices of the U. S. Department of
Energy by the Lawrence Livermore National Laboratory under contract
number W-7405-ENG-48.
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A BASIS FOR DEVELOPING EMP HARDENED SYSTEMS

W. 5. Kehrer, J. P, Castillo
R & D Associates
Albuquergque, New Mexico

H. T. Davis
JAYCOR

Albuguerque, New Mexico

Aircraft systems present a unique set of problems
in initially verifying EMP hardness and maintaining
hardness throughout the system's operational lifetime.
Three complicated quantities must be considered during
the hardening, verification and life-~cycle phases of a
system hardness assurance program. To achieve a specific
hardening level the fellowing inequality relating these
three quantities must be met:

system strength > stress + margin

This paper will concentrate on presenting the
parameters that must be considered which will result in
forcing the above inequality. 1In particular, the errors
and variations which control the magnitude of the margin
required will be discussed. Various approaches which
lead to the implementation of the inequality will also
be discussed.
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MODAL HARDNESS ASSESSMENT*

T. H. LEHMAN
SCIENCE AND ENGINEERING ASSOCIATES, INC.
ALBUQUERQUE, NEW MEXICO

There are many seemingly unresolvable issues associated
with the existing methods used for assessing or validating the
EMP hardness of complex systems. Most of these issues arise
because (1} a unique worst case threat is not definable, (2) it
is assumed that component failures are independent, and (3} a
super threat level simulation capability is not available. The
theoretical framework for all existing methods is constrained by
the prevailing philosophy that exact replications of the EMP
environment or EMP induced responses are required for assessments
to be valid. If this constraint is relaxed or removed, then
other assessment methods are applicable and many of the issues
can resolved.

In this paper, one such method, modal hardness
assessment, 1s presented. The theoretical framework for this
method is based on partitioning the system into its primary
energy coupling modes for EMP interactions. With this
partitioning scheme, it will be shown that a simple relationship
for the system level hardness margin in terms of modal amplitudes
can be derived for the case of thermal induced damage. In
addition, it will be shown that a unigue worst case threat is
definable and that super threat level testing can be achieved by
stressing each mode separately. Because mode-by-mode component
failures are perfectly correlated, it follows that the tails of
the threshold distributions can be sampled directly and the data
requirements needed to support this method are considerably less
than those needed to support standard methods.

*This work was performed under Defense Nuclear Agency Contract
DNAQQ1-82-C~0229.
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THE CLASSICAL
ATRCRAFT EMP ASSESSMENT METHODOLOGY

Jay Brossier
TRW Inc., Redondo Beach, CA 90278

Major Tom Seale
Defense Nuclear Agency, Washington, D.C. 20305

This paper presents an overview of the classical aircraft assess-
ment methodology as emplioyed in recent evaluations of several aircraft.

The assessment methodology is based on a stress o strength
comparison at the pin level. The strength is analytically determined
through circuit modeling and the stress response is ohtained through
physical testing supplemented with analysis. Improvements have been
achieved in both the strength calculation and the stress analysis, and
an enhanced understanding of the Timitations of the methodology {and
nrospects for improvement) has evolved. The paper traces the evolution
of the assessment protocol and its supporting technologies.

Progress has been steadily made both in the acquisition of the
response data and the processing and analysis of that data. Improvements
in the instrumentation available on the test site have yielded dramat-
ically increased data acquisition rates while simultaneously improving
the quality of data gathered. More comprehensive sampling of the stress
response leads to a higher degree of confidence in the final answer
through reduction of the associated uncertainties inherent in axperi-
mental testing. A modern database management scheme has been implemented
to reduce costs and the potential for human error, and to improve access
to the data for related technology studies.
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INVITED PAPER: COMPARISON OF NEMP-HARDENING AND LIGHTNING PROTECTION
REQUIREMENTS FOR MODERN AIRCRAFT EQUIPMENT, D. Jaeger, Messerschmitt-—
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ANALYTICAL COMPARISON OF LIGHTNING AND PUBLISHED CRITERIA ON THE
SURFACE OF AN AIRCRAFT, R. Gardner and L. Baker, Mission Research
Corp., Albugquergue, NM and C. Baum and P. Andersh, Air Force Weapons
Laboratory, Kirtland AFB, NM
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Applications, Inc., Denver, CO
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SRI Internatieonal, Menloc Park, CA
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Comparison of NEMP-hardening and lightning protection requirements
for modern alrcraft equipment,

Dipl.~Ing. Dieter Jaeger

Messerschmitt-~Bdlkow-Blohm
Postfach 801160
8000 Minchen 80, Germany

A cuestion often discussed is if NEMP-hardening includes lightning
protection of electric/electronic eguipment of modern aircraft or
opposite if lightning protection will cover the NEMP-threat, too.

This paper tries to give a contribution to this interesting problem by
using a very simple aircraft model which is exposed to an external en—
vironment.

The model consists of a cylindre with a hole which represents a not elec—
trically sealed access door. A cable runs inside close to the aperture
Two kinds of material are considered, aluminum and the modern carbon fi-
ber camposite.

The environment is represented by the exoatm. NEMP, the usual standardi-
zed lightning pulse and new knowledge about lightning threat.

The results indicate that there ig nc great difference between lightning
and NEMP threat for metallic structures from the point of induced signals
but that lightning gets more and more significant for modern carbon fiber
aircraft,

Inspite of this fact it cannot generally be stated that lightning pro-
tection covers NEMP-hardening because in many cases different classes of
equipment may be affected ("safety critical”, mission critical®).

52



AN ANALYTICAL COMPARISON OF LIGHTNING AND
PUBLISHED CRITERIA ON THE SURFACE OF AN AIRCRAFT*

R. L. Gardner and L. Baker
Mission Research Corporation
1720 Randolph Road, S.F.
Albuquerque, New Mexico 87106

C. E. Baum and D. J. Andersh
Rir Force Weapons Laboratory
Kirtland Air Force Base, New Mexico 87117

ABSTRACT

From the extensive Titerature on cbservations of light-
ning and the public domain criteria for the Nuclear Electro-
magnetic Pulse (NEMP) (AFWL TR-80-402), electromagnetic
environments for these two threats are first established for
these two threats to aircraft. For Tightning, the waveform
for the current in return stroke channel s derived from
statistical evidence and from simple physical arquments. For
nearby lightning strikes the incident electromagnetic fields
are computed from solutions to Maxwell's eguations. For the
case where lightning directly strikes the aircraft, the proh-
Tem is complicated by the presence of the lightning channel
and the enveloping conrona.

The electromagnetic environment alone caused by light-
ning and NEMP is not sufficient to compare these two threats
since the efficiency with which these threats interact with
an aircraft is important as well as the environment. Com-
parison of relevant currents and charges on the surface of a
generic aircraft is presented using a compendium of simple
analytical methods applied to simple geometries. Uncertain-
ties in the calculational techniques are also noted.

The conclusion of the paper is that Tightning direct
strikes dominate NEMP as a threat to an aircraft below about
1 MHz. Above about 10 MHz NEMP is a more severe threat than
lightning. Between 1-10 MHz either may dominate, depending
cn the efficiency of the interacticn.

*This work was performed under Air Force contract F29601-87-
£-0027.



A COMPARISON OF LIGHTNING AND NUCLEAR
FLECTROMAGNETIC PULSE RESPONSE OF A HELICOPTER

By

. . Easterbrook
R. A. Perala

Flectro Magnetic Applications, Inc.
P. 0. Box 26263
Denver, Colorado 80226
{303)989-2744

ABSTRACT

Gne of the technical areas under current debate in the lightning
and NEMP community is the relationship of the Tightning to NEMP re-
sponse of an aircraft. In this paper, we present anaiytical results
which compare both the induced external currents and charges as well
as the internal electromagnetic fields and the response of internal
cables. The results are favorably compared with those obtained for low
tevel lightning and EMP tests performed on the system.

Our approach is to use the three dimensional time domain finite
difference solution of Maxwell's eguations. The approach is somewhat
qovel in that both the exterior and interior are solved simultaneousty
in a seif consistent manner. This is achieved because the helicopter
has rather large apertures which can be successfully modeled with cell
sizes normally used in the finite difference approach.

The analysis of the aircraft’s response shows that the short
circuit current on internal cables is larger for lightning, and the
open circuit voitage is larger {although not significantly) for NEMP.
The lightning response greatly depends upon the rise time of the in-
jected current, Open circuit volitages for a 30 ns rise time appreoach
that of NEMP {20 k¥ vs 22 kV), but the lTightning induced short circuit
currents are less (54 A vs 72 A) than that caused by NEMP. On the
other hand, for a 2 usecond rise time source, the lightning induced
short circuit current is much larger than that caused by NEMP (441 A
ve 72 A} but the Tightning induced voltage is much Tess (4.9 kV vs 27 kV).
The enerqgy and power dissipated in a Toad resistor at the end of the
cables is larger for lightning. :

The numerical model does give results which are in rather good
agreement with those obtained by NEMP and lightning tests. The results
also show that internal coupling levels to bulk cables are 20 to 30 dB
larger than those observed on fixed wing aircraft. This is principally
because of the large number of apertures in a helicopter compared to
those in a fixed wing aircraft.
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A COMPARISON OF LIGHTNING AND NUCLEAR
FLECTROMAGNETIC PULSE RESPONSE OF TACTICAL SHELTERS

By

R, A. Perala
T. H. Rudolph
p. M. McKenna

Clectro Magnetic Applications, inc.
P. 0. Box 26263
Denver, Colorado 80226
(303) 989-2744

ABSTRACT

0ne of the technical areas under current debate in the Tightning and
NEMP communities is the relationship of the Tightning and NEMP responses
of systems. In this paper, we address the internal response (etectro-
magnetic fields and cable responses) of tactical sheiters.

Tactical shelters are usually well shielded systems. Apart from
penetrations by signal and power 1ines, the main leakage paths to the
interior are via seams at the edges and the door and the environment
contrel unit (ECU) honeycomb fiiter.

In this paper, we employ the time domain three dimensional finite
difference technique to determine the external and internal coupting
to a shelter excited by NEMP and attached lightning. The responses of
interest are the internal electromagnetic fields and the voltage, current,
and power coupled to internal cables. Leakage throuch the seams and £ECU
filter is accompiished by their transfer impedances which relate inter-
nal voltages to external current densities. Transfer impedances which
have been experimentally measured are used in the analysis. The internal
numerical results are compared fo sctual sheiter test data under simu-
Tated NEMP itlumination.

The results agree quite favorabiy. They show that the seams are

largely resistive, and that the internal response is much targer for
Tightning than it is for NEMP.
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COMPARISON OF LIGHTNING AND THE EMP

Je E. Nanevicz, J. M. Hamm, and E. F. Vance
SRI International
Menlo Park, California

Because most systems that must tolerate the EMP of a high~altirude
nuclear explosion are also exposed to natural Lightning, ir is
sometimes postulated that protection against lightning or exposure to
lightning can be used to alleviate EMP hardening requirements. The
premises are:

# Lightning can deliver more energy than the EMP

® All aircraf:r and ground-based systems are exposed to lightning.

If it could be concluded from these premises that a system surviving
its natural lightning exposure will also be immune to the EMP, great
savings in hardening military systems could be realized.

An examination of the electromagnetic characteristics of natural
lightning shows that the rare severe cloud~to-ground lightning can
deliver transient currents with peak amplitude and action integrals
greater tham those induced by the high-altitude EMP. The rate of rise
of the fields associated with the severe stroke appear to be
comparable to that of the EMP, but the amount of data supporiing this
is small and of recent origin. A few data from airerafr also suggest
smaller amplitudes, and somewhat smaller rates of rise are typical of
intracloud strokes to aircraft.

However, mnatural lightning rarely strikes military alrcraft or
ground-based structures. Historical data on strikes to fighter
aircraft suggest that a strike of any kind can be expected only about
once evary forty years. Strikes ro ground—based structures withour
tall towevrs occur about once evary fifteen years. In addition,
lightning stresses only one aircraft or one ground-base facility at a
time. In contrast, the EMP stresses an entire fleet of aircraft and a
network of ground-based facilities almost simultaneously. Finally,
severe lightning, when it strikes, frequently causes catastrophic
damage. Hence the assumption that systems tolerate severe natural
lightning is not always valid.

It is concluded that the existence of a Tightning environment does
not eliminate the need for EMP hardening; severe lightning is rarely
encountered, but the EMP is almost certain to be encountered in a
nuclear engagement.

56



"A Bibliography of literature and organizations in EMP and
Lightiaing technologies.”

by

Ahsan Mohiuddin, Sr. Program Engineer,
SYSCON Corporation, Encino, CA

ABSTRACT

The paper presents an up-to-date bibliography of important litera-
ture pertaining to, and various Government, semi-government and
industry organizations actively involved in, the disciplines of
nuclear EMP and Lightining protection. The literature bibliogra-
phy is divided into (4) major groups EMP, EMP and other nuclear
effects, EMP and Lightning, and Lightning protection. Whenever
applicable, security classification and source of procurement have
been indicated next to the listed document. The bibliography of
organizations is divided into (2) sections, EMP and Lightning:
Fach section has been divided into (5} major categories, Research,
Hardware programs, Systems Engineering and/or technical support

of Hardware programs, test facilities and consulting services.

A typical organizational listing comprises of address, scope of
activity and where possible, a note on past and current programs/
accomplishments. The "Introduction" paragraph discusses chronolo-~
gical development of listed literature with its inter-relationship
to major milestones in EMP and Lightning technologies.

Since literature research and contact/rapport with various govern-
ment, semi-government, industry and non-profit organizations, are
considered crucial in establishing and/or maintaining a certain
status in any discipline, it is hoped that a bibliography such as
this would benefit the members of the EMP and Lightning community
in at least two basic ways, (i) by enabling them to establish a
sound data base on EMP and Lightning technologies and (ii) by
helping them develop contact with different levels of these
technologies through inter-communications with other members.
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A PHYSICAL MODEL OF NUCLEAR LIGHTNING*

R. L. Gardner, J. L. Gilbert, M. H. Frese, and C. L. Longmire
Mission Research Corporation
1720 Randolph Road, S.E.
Albugquerque, New Mexico 87106

ABSTRACT

Flectrical discharges resembling lightning have been
seen on many large-yield surface thermonuclear explosives set
off by the United States at Einwetok and Bikini Atolls in the
1950's., The discharges, observed photographically, occur at
ranges typically from 900 to 1400 m from the burst and grow
upward from the_ ground or ocean surface at a velocity of
approximately 10% w/s.

We present here a physical model which describes the
processes of the discharge 1in the nuclear environment.
Included are, first, an electrostatic model which forms the
foundation for the mechanism for the growth processes and
predicts the tip current. Second, there is a detailed model
of the process of tip growth within a few centimeters of the
tip.

These calculations yield, first a boundary around the
tightning channel tip, which defines the region for which the
electric field is clamped at the avalanche value, Ez. The
field is clamped at this value since exceeding E; would
result in fast formation of electrons, shorting out the
field. The field is enhanced to the avalanche value by the
conducting core. This boundary is about 1 m in radius at the
channel tip. The second calculation is a detailed calcuia-
tion on a moving grid. The grid velocities are consistent
with observations,

*This work was performed under Air Force contracts F29601-
81-C-0049 and F29601-79-C-0035.
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THE ROLE OF COMPUTER MODELS
IN EMP APPLICATIONS*

E. K. Miller and G. J. Burke
Lawrence Livermore National Laboratory
P.0. Box 208, L-153, Livermore, CA 94550

Abstract

It has been long feif that computer models must have some role to
play in solving EMP coupling problems. Just what that role might be
howaver, seems stiil to be a subject of some debate and

speculation. Certain aspects of the overall problems are reasonably
well suited to computer modeling, for example external coupling
using integral-equation technigues. Other parts of the problem,
internal coupling for example, are apparently more challenging, as
they continue to resist a generally workable solution,

The wsual approach taken in this kind of situation is to attempt
extending the scope of available tools, possibly beyond their regime
of practicality. This approach can exhibii enly mixed success, as
observed above, and may result in concentrating attention on the
wrong issues. An alternative approach might be to ask what could be
done were an exact, affordable solution or its successive
approximations available. Then, having gained some insight about
wnhat would be the characteristics of acceptable solutions, effort
could be directed to their development with confidence that the
right tools are being worked on. In this paper, we discuss aspects
of both approaches.

First, we connsider what might he done with an ideal solution that
is as detailed, accurate and efficient as desired. We conclude that
if such a solution were available, its most logical applicatien
would be to developing distributions of responses at selected points
within a system. Then, we review current modeling state-of-the-art
with respect to the ideal, to see how realizable that ideal might
be, and indeed whether its really needed. Finally, we suggest the
need for an intermediale approach that expiicitely takes into
account the uncertainty of the probiem specification and solution
variability, and combines aspects of both approaches.

*Work performed under the auspices of the U.S5. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48. 40



CALCULATIONS OF SECOND BREAKDOWN WITH
SINUSOIDAL WAVEFORMS

A, L. Ward

U.S5. Army Electronics Research and Development Command
Harry Diamond Lakoratories
Adelphi, MD 20783

Although the EMP pulse is generally a damped sinusoid, most
studies of second breakdown have involved a single applied square
pulse. This selection is largely due to its simplicity for betq the
experimentalist and the theorist. The HDL diode computer program* has
now been used to study current-voltage characteristics of silicon
diodes subject to a sinusoidal waveform. Forward and reverse hiases
must be studied separately. The stored charges from the forward half
cycle may be used as initial conditions for the reverse half cycle.
Diodes studied range from 0.2- to 100-um width and are predominantly
p-i-n dicdes.

At low frequencies, both forward and reverse characteristics
differ little .from those deducible from constant voltage studies.
However, when the carrier transit time becomes an appreciable portion
of the half pericd of the appiied waveform, strong freguency effects
are caiculated. A tinear dropeff in peak current with frequency is
calculated for the forward-bias half cycle. Above reverse avalanche
breakdown, a maximum 1in the peak reverse current 1is noted. Gne
observes a sharp, high-frequency cutoff in peak reverse current that
is dependent on diode width and overvoltage. At lower frequencies an
increase in peak current with frequgncy ts due to the increase in the
rate of rise of the applied voltage.

The presence of stored charges from forward conduction reduces
the peak current in the reverse cycte under avalanche conditions. The
frequency of the high freguency cutoff is reduced at higher temper-
atures, because of the decrease in mobility. At lower frequencies the
magnitude of the forward current peaks increase with temperature, but
the reverse current peaks may increase or decrease depending upon
device and circuit parameters.

Second breakdown is expected to show a freguency dependence and
an initial polarity dependence for decaying sinuscidal EMP pulses,

1. A, L. Ward, "Calculations of Second Breakdown in Silicon," Harry
Diamond Laboratories, HDL-TR-1978, August 1982,

2. A. L. Ward, "Modes of Avaltanche Oscillations in Silicon Diodes,®
IEEE Trans. Electron Devices, vol. ED-25, pp. 683-687, June 1978,
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An Evaluation of the Models Depicting EMP Induced Failures
in Semiconductor Devices*

William J. Orvis, Gizzing H. Khanaka, Jdick H. Yee
Lawrence Livermore National Laboratory, L-156
P. 0. Box 808
Livermore, California 94550

We have investigated a number of the models availahle for modeling
second breakdown and failure in semiconductor devices. We find that
there are basically two types of models, simple analytic models and
more complex numerical models. The analytic models are all general-
jzations of the Wunch-Bell model and, as such, involve only thermal
effects. The numerical models range in complexity from simple heat
flow calculations to multi~-dimensional heat and charge carrier flow
models. Both of these approaches have their own merits, problems
and sources of error. We have evaluated these models, listing their
relative merits and problems, enumerated their sources of error and
compared them to measured error distribution and data.

*Work performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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DESCRIPTION OF THE FIELD ENHANCEMENT NEAR THE EDGE
OF A WAVEGUIDE IRIS FOR AIR BREAKDOWN STUDIES*

Richard W. Ziolkowski and J. Brian Grant

Lawrence Livermore National Laboratory
Department of Electrical Engineering
P.0. Box 5504, L-156, Livermore, CA 94550

An important issue to an EMP coupling problem is the correct
description of the field behavior near any edge such as the rim of
an aperture or the lip of an interior partition. This is especially
perfinent to aquestions of air breakdown near edges where the locally
enhanced field amplitudes may surpass the air breakdown threshold.

A time evolution description of this enhancement phenomena would
aliow characterization of the breakdown thareshold as a function of
the features of an input pulse.

Time domain solutions of the capacitive and inductive iris problems
in a rectangular waveguide have been obtained and will be described
briefly. They are based upon the generalized N-series approach to
aperture coupling developed in (1) and (2). Currents on the iris
and the field structure near the edge of the iris as functions of
pulse shape, iris size, and time will be presented. Preliminary
remarks relating these results to the air breakdown threshold
guestion and the corresponding LLNL experimental resulits will be
made.

{1) R. W. Zjolkowski, "N-Series Problems and the Coupling of
Electromagnetic Waves to Apertures: A Riemann-Hilbert
Approach®, UCRL-88906, Lawrence Livermore National Laboratory,
Livermore, CA, 1983 (to appear in SIAM J. Math. Anal.).

{2} R. W. Ziolkowski, W. A. Johnson and K. F. Casey, “Applications
of Riemann-Hilbert Problem Techniques to Electromagnetic
Coupling Through Apertures", UCRL-88169, Lawrence Livermore
National Laboratory, Livermore, CA, 1683 (to appear in Radio
Science).

*This work was performed by the Lawrence Livermore National
Laboratory under the auspices of the U. S. Department of Energy
under contract W-7405-ENG~-48.
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CORONA EFFECTS ON EMP INDUCED SURGES IN LONG WIRES*

B. W. McConnell
P. R, Barnes
Energy Division
Qak Ridge National Laboratory
Oak Ridge, Tennessee 37830
ABSTRACT
The interaction of high-altitude EMP with a long line results in a fast
rising surge with a peak value similar to that of "average" lightning. The
rise-time and the peak amplitide are important considerations for coupling and
protection analysis. The possibility that corona may alter the rise-time and
peak amplitide during the early time regime (the first 100ns) is considered in
this paper. An upper bound for the effects of corona is obtained for early-time
by using a simple avalanche model. Attachment, recombination, and space charge
are approximated to indicate the effects of incorporating these additional
complications. This corona model is corrent initially but progressively over-

estimates corona effects as time increases. Upper and Tower bounds for EMP

induced surges which were calculated using this model are presented.

*Research sponsored by the Division of Electric Energy Systems, U.S.
Department of Energy, under contract W-7405-eng-26 with the Union Carbide
Corporation.
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THECRETICAL AND EXPERIMENTAL ANALYSIS OF
HEMP PROPAGATION IN CONDUCTING MEDIA

R. P. Manriquez and J. F. Sweton

S Army Electronics Research
And Development Command
Harry Diamond Laboratories
Adelphi, MD 20783

This paper uses experimental data obtained on a buried, conducting,
parallel-plate sensor to evaluate the electric field beneath the earth-
air interface. The sensor is described with a simple equivalent circult
and the characteristic response is evaluated both in time and frequency.
The agreement between the calculated and measured transmitted electric
field iz quite good for reasonable values of constant and frequency-
dependent electrical conductivity and dielectric permittivity of the
earth. The electrical properties of the earth were the only parameters
that needed te be adjusted to provide agreement between theory and
experiment, Those values taken were considered within reasonable bounds.
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The Electron-Depletion-Layer Diode Effect in Ionized-

Air-Conductbivity Circuit Loading

M. Bushelil, J. Deppe, C. Kenyon,
RE. Manriquez, G. Merkel, and J. Miletta

US Army FElectronics Research and
Development Command
Harry Diamond Laboratories
2800 Powder Mill Rd,
Adelphi, MD 20783

The interaction of an Army electronic system with the source
region electromagnetic pulse (SREMP) produced by a tactical nuclear
weapon is complicated by the presence of time-varying air conduc-
tivity. Gamma rays not cnly ionlize the surrounding air, but pene-
trate into the circuil bhoxes and lonize the air thai surrounds in-
dividual circult components. Jonized air is a relatively good
conductor, and can therefore affect the overall interaction of a
system to a tactical source region (TSR) EMP. This paper discusses
an added complexity that arises at the boundary between donized air
and metallic conductors. Conduction elecltrons have no difficulty
in pagsing from donized air into a positively charged metallic
conductor, but the opposite is not the case. For a negatively
charged metalliec surface, the metallic work function {(approximately
4 av% is appreciably greater than the kinetic energy of the metallic
conduction electrons (approximately 1/40 ev) and therefore presents
a formidable barrier to the pasgage of electrons from the metal to
the ionized gas. In fact, an slectron depletion layer can forn
between the metal surface and the lonized gas. This depletiion layer
is quite similar to the sclid state reversed-bias/diode depletion
layer and can be described with anaslogous physical models.

In the past,! depletion layers have been studied in simplified
planar gecmetries. This paper discusses experimental results ob-
tained in concentric experimental geometries and develops a tract-
able diode model which can be incorporated into circuit codss to
study the response of Army systems to the TSR.

! W. F. Crevier, C. L. Longmire, G. Merkel, and D. J. Spohn, Air
Chemistry and Boundary Layer S3tudies with AURORA, IEEE Trans.
Nuel. Seci., NS-24, No. 6 (December 1977).
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INTEGRATED EM HAZARDS PROTECTION OF USAF AIRCRAFT

John €. Corbin
Adir Force Aeronautical Systems Division
Directorate of Avionics Engineering
Wright-Patterson AFB, Ohio 45433

ABSTRACT

The paper describes present electromagnetic
interference (EMI}, electromagnetic pulse

(EMP) and lightning protection requirements

for USAF aircraft and discusses efforts underway
to integrate these requirements,
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EMP INTERACTION WITH AIRCRAFT/STORE COMBINATIONS

Dr ¥ M Thomson Professor P B Johns

Flight Systems Department Kimberley Communications Consultants
Royal Aircraft Establishment Minerva House, Spaniel Row
Farnborough, Hants, UK Nottingham, UK

The increasing adoption of electronic stores management systems has
highlighted the need to understand the interaction of EMP with aircraft/
external weapon store combinations., Such stores may be hung either
from the centre fuselage or from wing pylon stations. EMP can couple
to exposed cables which may be in umbilicals connecting the aireraft
and store or, particularly in the case of missiles, in external race-
ways. Such interactions do not appear to have been treated in depth in
the literature, the closest approach being various analyses of pickup
on external missile raceways.

As a first approximation it can be postulated that when the store is
attached to the centre fuselage it is essentially part of the aircraft,
with its response dominated by the aircraft response; and that when
hung from a wing it essentially behaves as a missile in free space.

We have investigated the case of the store in the centre fuselage posi-
tion. We have done this both theoretically, using the transmission-
line model of electromagnetic wave propagation [1], and experimentally,
using a simplified scale model. 1In both cases the representation has
been two cylinders whose lengths (and also diameters) are in the ratio
4:1 and which are interconnected by three crutches of variable length
(see Fig 1). These crutches represent the forward and rear struts of
the store pylon and the centre umbilical. For the experimental work
the larger cylinder had a length of 2m and a diameter of ©.5m.

Preliminary observations of the surface currents on the aircraft and
store have now been made and indicate that crutch length and, particu-
larly, diameter are less important than the direction of the incident
wave .,

[11 s Akhtarzad and P B Johns: "Solution of Maxwell's equations in
three space dimensions and time by the tlm method of numerical
analysis'; Proc IEE (UK), Vol 122, No 12, pp 1344-1348, Dec 1975

Copyright © Coniroller, Her Majesty's Stationery Office, London, 1984
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Fig 1 Aircraft/store model 0.5m
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EMP Hardening of Aircraft Weapon Control Systems

Dipl.-Ing. Reinald Rode, Dipl.-Ing. Dieter Jaeger

Messerschmitt-BSlkow-Blohm
Postfach 801160
8000 Miinchen 80, Germany

Modern aircraft contain an increasing number of sophisticated electronic
systems consisting of new elements like Integrated Circuits, VLST com-
ponents or EEPROMs operating with high data exchange rates on special
data buses (eg MII~Bus 1553 B). All these elements can be especially
sensitive against an EMP and it should be ensured that the overall wea-
pon system is still fully operable after an EMP has occured and that

a mission success is still possible.

The lecture describes the principles of current and future weapon con-
trol systems with special emphasis on thoseparts which may be sensitive
to EMP influence.

Considerations comparing the exo- and endoathmospheric NEMP together
with polarisation considerations result in the view that the exoathmo-
spheric NEMP covers all other NEMP aspects in respect of weapon con-
trol systems application.

Resulting fram above it can be calculated which limits (directly injec-
ted through cables or via radiated fields) installed equipment has to
withstand without destruction.

The following system elements are considered in this context:

a) Interface equipment/aircraft (eg cables, MIL-Bus)
b) Installed equipment

c) Interface equipment/weapons (eg ERUs)

d} Weapons

The situation and enhancement proposals for all these elements are
discussed.

To finally ensure that the overall weapon system is safe under EMP con-
ditions and operable afterwards, the full aircraft should be tested in
an appropriate IMP simulator. The calculated test limits should prove
the acceptable design including a safety margin.
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ATIRBORNE PLATFORM FOR MEASUREMENT OF
TRANSIENT OR BROADBAND CW
ELECTROMAGNETIC FIELDS

D.V. Giri, LuTech, Inc., 3516 Breakwater Ct., Hayward, CA 94545
C.E. Baum, Air Force Weapons Lab., Kirtland AFB, NM 87117

Abstract

This paper deals with the development of coensiderations and
guidelines usefui in designing an airborne niatform for the measure-
ment of transient or broadband CW electromagnetic {em) fields. The
em problem consists of choosing the appropriate sensor type and
Tocation such that the scattered fields from the aircraft and sensor
mounting do not significantly couple to the sensor, while measuring
the incident field.

Symmetvry ['1] and topology considerations are applied in choosing
the type of sensor, its connection to the aircraft, and the type of
measurement. This leads to the antisymmetric measurement (no net
current along fuselage) of the incident magnetic field along the
fuselage axis. For this particular measurement, methods of min-
imizing: (a} antisymmetric coupling from wings and horizontal
stabilizers, {b) quasimagnetostatic antisymmetric fields scattered
by the fuselage and (c) high freguency antisymmetric errors will be
discussed. It is also noted that the consideration of forward or aft
sensor locations is ajrcraft specific. For example, tocation of wings
and/or horizontal stabilizers, delta vs. conventional wings, jet
engine exhausts if on or near symmetry plane are all factors influ-
encing the sensor location. An example design [2] of magnetic field
sensor an F-106 aircraft will be presented along with available scale
model measurements for this aircraft for varying sensor locations.

References
1] C.E. Baum, "Interaction of Electromagnetic Fields with an Object
which has an Electromagnetic Symmetry Plane," Interaction Note 63,

3 March 1971.

[27 D.V. Giri and S.H. Sands, "Design of B Sensor for the Nose Boom
of F-106B Aircraft," EM Platform Memo 1, & Sept. 1983,

Both of the above references can be obtained from the authors, or the
Defense Documentation Center, Cameron Station, Alexandria, VA 22314
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Shielding Optimization for Alrcraft

W. W. (B111) McCloud
Douglas Alrcraft Company
3855 Lakewood Blvd., Long Beach, Californla 90856
and
Jason Chai
TRW, Inc., 1 Space Park, 134/8074
Redondo Beach, California 904278

To protect the vital electronic devices on the aircraft from
EMP-induced transients, brailded-wire cables and metal enclosures
are often used in the malor ports of entry (POE} areas. Ffor more
effective braided-wire shielding, smaller transfer Aimpedance
Zy{w) and transfer admittance Yy(w) are required {1].

The effort to minimize the transfer Iimpedance Zy{w) 1is based
on the following considerations: for freguencles well below 1Mhz,
the dominant diffusiton term 1s falrly insensitive to frequency
variations; for frequencies about 1 Mhz, the penetration term
becomes increasingly important. In the optimization procedure,
this peretration term is minimized for a given cable radius by
selecting appropriate shield parameters which would provide an
optimum optical coverage for the braided-wire shield. The cable
response at high freguencies corresponds to that at early time
where the peak response of a cable i1s likely to occur. Therefore,
optimizing the shielding at high frequencies 1is effective in
reducing the peak response of the cable. Since the transfer
admittance Yy(w) has a similar (1-k)3/2 behavior (where K fis
the optical coverage) as Z7(w), the optimization procedure
described above 15 also valld for Yy{w).

A three-dimensional plot gives an example of the correiation among
the shielding parameters of a braided-wire shield for optimal
shielding. The significant improvement 1In the shielding
effectiveness using the optimized shielding parameters over a
typical un-optimized brailded-wire cable can be seen from the
sacond graph.

[1] Vance, E£. F., "Coupling to Shielded Cable", John Wiley and
Sons, Inc., 1978.
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DETERMINING AIRCRAFT VULNERABILITY TO MICROWAVE
THREATS USING COUPLING PATH TRANSFER
FUNCTION MEASUREMENTS

D.T. Auckland J.A, Birken
Svyracuse Research Corporation Naval Air Systems Command
Syracuse, KY 13210 Washington, DC 20361

R. Anderson
L. Ruhnke
Naval Research Laboratory
Washington, DC 20375

Electromagnetic environments created by microwave
emitters having very large power-aperture products pose a
potentially hazardous threat to modern wmilitary airecraft which
incorporate sophisticated avionics packages. The Naval Air
Systems Command has maintained extensive test programs to
qualitatively assess the vulnerability of Navy fleet aircraft to
shipborne electromagnetic environments (i.e., ASEMICAP or Air
Systems Electromagnetic Interference Corrective Action Program).
An effort 1s currently being directed toward embellishing this
qualitative data obtained for simulated shipborne environments
with quantitative microwave wvulnerability data. A first step
toward achieving this goal can be taken by measuring the coupling
path loss between a likely point-of-entry and an avionics bay
area. This may be done at low levels using a swept CW transmitter
connected to a horn antenna outside the aircraft and a spectrum
analyzer connected to a receiving horn inside the closed avionics
bay. Knowledge of the electromagnetic environment coupled into
the aviocnics bay, as well as the electromagnetic environment
levels to which sensitive equipment has been military-qualified
(i.e., MIL-STD-461) allows calculation of a margin of protection
that the equipment exhibits against wupset or burnout due to
expected high power microwave threats. This paper illustrates the
application of this methodology to a current fleet aireraft and
summarizes the methodology of the Navy's IMMASH (Intense
Millimeter and Microwave Aircraft System Hardening) test program.
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LOW-LEVEL VERSUS NEAR THREAT EMP
EXCITATION OF AIRCRAFT

Carl Padgett
Parviz Parhami, Ph.D
TRW Inc., Redondo Beach, CA 80278

Linearity is a key assumption when extrapolating EMP test results
to a criterion threat. This assumption forces most EMP system tests
to be performed at near threat simulators. Indeed, system upset evalu-
ation is a highly non-linear science and can only be tested in threat
(or near threat) environments,

The permanent damage evaluation, however, compares the electrical
strength of a circuit with that of the electrical stress induced by the
Criterion EMP threat. A low-level coupling test (having an adequate
bandwidth) is an alternate way of predicting these electrical stresses,
To increase the confidence in such a procedure, and o discount any
non-1linear properties which may invalidate the procedure, an extensive
experimental data base is needed.

In recent EMP test at HPD/VPD simulator facilities at Kirtland
AFB, an experiment was conducted to contribute to such a data base. The
test aircraft was positioned and tested at predetermined distances from
the two simulators. The result was an extensive set of internal measure-
ments in environments ranging from 5 to 55 KV/m. This paper will
summarize and present the findings of this experiment.
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SOURCE REGION EMP COUPLING

by

David E. Merewether
Electro Magnetic Applications, Inc.
Post Office Box 8482
Albuguerque, New Mexico 87198

ABSTRACT

Close to a nuclear burst the EMP response of wire antenna and
metal strucutres is altered by the presence of air conductivity caused
by ionizing radiation. This increases the low-frequency content of
EMP induced voltage and currents on anterna terminals, power lines,
and communication cables, and may enhance the deleterious effects of
EMP on electronic systems connected to these conductors.

The ionizing radiation also engenders Compton currents that
induce EM fields inside enclosures, equipment compartments and even
electronic boxes. Additionally, these currents directly impress
currents and voltage on wires inside shielded cables and on the foil
traces of printed circuit cards. These interior sources of EMP exci-
tation can circumvent protective measures installed to harden systems
to survive high-altitude burst EMP (HABEMP) environments.

In this paper, the flowdown of source region EMP into a typical
ground system is discussed. Simple coupling models and parametricaily
determined results are used to describe the coupling phenomena and to
establish the significance of the exterior and interior facets of the
source region EMP (SREMP) environment.

The procedures to be used to harden systems to survive an SREMP

environment are described, and the way these procedures differ from
the procedures appropriate for HABEMP environments are discussed.
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STATIC SPACE CHARGE MODEL FOR EXTERNAL SCGEMP*#*

Michael J. Schmidt
SCIENCE APPLICATIONS, INC.
Electromagnetics/Radiation Effects Division
1716 Goodridge Drive
Mcl.ean, Virginia 22102

An analytic static model is developed to reproduce the highly non-
tlinear space charge scaling laws for external SGEMP. This static model
gives enough physical insight into external SGEMP phenomena that it is
an attractive candidate to calculate SGEMP system stresses as opposed to
more expensive techniques of self-consistent particle pushing and P-dot
driver numerical codes.

In this paper, we describe the Static Space Charge External SCEMP
Model by comparing it to numerical results produced using large time con-
suming electromagnetic particle pushing computer codes.! The comparison
demonstrates that the static SGEMP model does indeed take into account all
the important physics of this phenomena that would be relevant to system
hardening design.

The static SGEMP model is nothing more than estimating the final
charging voltage of an isolated body with respect to infinity by calculating
the number of photoelectrons that had enough energy to escape the electro-
static potential of the body. This concept expressed mathematically is:

CV - Qe"V/V
where V is the isolated body voltage, C is the body capacitance, Q is the
total number of photoelectrons, and V is the average temperature of the
photoelectron population. This equation can be solved for body voltage
and used to estimate SGEMP generated body current.

Parameter regimes for the validity of this model is explored and argu-
ments presented why the static solution dominates over the radiative
effects present in the real problem.

REFERENCES:

1. Woods, A. J. and E. P. Wenaas, "Scaling Laws for SCEMP", |EEE
Trans. Nuc. Sci,, NS5-23, No. 6, December 1976.

*
This work was supported by the DEFENSE NUCLEAR AGENCY under
Contract Number DNA001-81-C- 0605,
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Use of Shrunken Analog Systems to Simulate the
Response of FExbended Systems to a SREMP Environment

M. Bushell, R. Manriquez, G. Merkel
J. Miletta, and W.D. Scharf

US Army Electronics Research and
Development Command
Harry Diamond Laboratories
2800 Powder Mill Rd.
Adelphi, MD 20783

Military systems frequently extend over ground areas and
volumes that are much greater than the areas and volumes illiu~
mirnated by existing EMP or SREMP simulators. This is egpecially
true in the cases in which ionizing radiation plays an important
role. For example, the Aurora test cell floor is only 12 by 25 m
in area. If a system involves long antennas or long cables, it
is usually impossible to illuminate the entire system. It is
therefore necessary to replace an extended part of the system,
such as a long cable or a long antenna, by a current injection
module.

The scheme to be discussed is an extension and continuation
of work reported on in the 1982 NEM conference.® The extended
system is replaced by a physically shrunken analog system that
obeys the same differential equations as the systen to be mimicked
and by a current injector. TFor example, a long cable can be re-
placed by a slow-wave structure that Is described as far as
possible by the same get of coupled differential equations as
the extended system. This, of course, is not always possible,
and compromises must be made. Although this appreach may appear
quite involved, it is frequently very simple, and the behavior
of an extended system can be mimicked with a great deal of
verisimilitude. The weaknesses and strengths of the approach
will be presented in terms of a 4>-m-long horizontal antenna
whose SREMP response is mimicked by a helical slow-wave gtructure.

¢. Berkeley, M. Bushell, C. Xenyon, R. Manriquez, G. Merkel,
and W.D. Scharf, "Simulation of the Response of Long Cables
in the Aurora Test Cell with Slow Wave Structures,”" 1982 NEM
Meeting, Albuguergue, New Mexico, May 24-28, Absiracis of
Technical Papers, p. 117.
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ENHANCED-RISE~TIME BREMSSTRAHLUNKG
AURCRA ENVIRONMENT

M. Bushell, S. Graybill, M. Litsm,
G. Maerkel, and II. Troxel

US Army Electronlics Research and
Development Command
Harry Diamond Laboratories
2800 Powder Mill Rd.
Adelphi, MD 20783

The rise time of the Aurora bremsstrahlung pulse when
Aurora is operated in its conventional four individual thick
target mode is relatively slow. The individual thick target
bremsstrahlung sources each have rise times of about 40 or
50 ns. Because of jitter, the rise time of the total brems-
strahlung pulse produced by the four bremsstrahlung targets
is about 50 to 70 ns.

Recently, the technique of beam nose ercosion, developed
by Miller?! of Sandia National Laboratories, has bheen employed
at one of the diocdes of Aurora to obtain a faster rise-time
pulse. In the new beam-front erosion mode, the bremsstrahlung
rise time can be as low as 15 to 20 ns. In this technigue
the relativistic electron bsam from one Aurora diode is passed
through a 2-m-long low-pressure pipe before the beam impinges
on a thick bremssbrahlung target. The early part of the beam
cannot propagate along the rise-time-sharpening pipe section
until the proper balance of charge distribution and return
current necessary for stable beam propagation has been achieved.
The air in the beam-sharpening section has fto be lonized to
allow stable beam propagation. The lonizing radiation environ-
ment produced in the Aurora test cell and the electromagnetic
anvironment produced in the Aurora test cell were measured at
a number of positions. The dose in the Aurora test cell is
appreciably less than when Aurora is operated in the conven-
tional bremsstrahlung mode. The results of these electro-
magnetic measurements have been interpreted with a finite-
difference code. The calculated and experimental results will
be compared.

B. B, Miller, An Introduction to the Physics of Intense
Charged Particle Beams, Ch. 5, New York, Plenum Press
(1982).
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Measurement and Analysis of the
Blectromagnetic Envirconment Produced
by Direct Injection of

Relativistic Electrons

M, Bushell, J. Deppe, K. Kerris, G. Merkel, and D. Whittaker

US Army Electronics Research and
Pevelopment Command
Harry Diamond Laboratories
2800 Powder Mill Rd.
Adelphi, Md. 20783

The electromagnetic environment produced ocutside the Hermes
Facility building at Sandia National Laboratories by direct in-
jection of 8-MeV relativistic electrons into the open air has
been measured with electric fileld and magnetic field sensors.

The total dose distribution of ionizing radialtion was determined
with thermoluminescent dosimeter technigues. The dose rate dis-
tribution was determined at a number of positions with scintilla-
tion counters. The spatial and time distribution of relativistic
slectron current wag then estimated from the spatial total dose
distributions and dose rate measurements. The estimated rela-
tivistic electron current density distribution was then employed
as the current driver in a three-dimensional, finite-difference-
code Maxwell equation solver to calculate the electric field and
magnetic fields in the region surrounding the Hermes electron
baam.

The experimental electric and magnetic field measurements
have been compared to the calculated results. The comparisons
will be discussed along with possible explanations for diver-
gence between calculated and experimental results when these
divergences do occur.
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Use oF A GENERAL MULTICONDUCTOR TRANSMISSION LINE ANALYSIS

Cope FOR THE STuDY oF EFP EFFecTs IN HY NETWORKS

by M. Ianovici-Swiss Federal Institute of Technology, 16 ch. de Belle
rive 1007 Lausanne, Switzerland

and F. M. Tesche-LuTech,Inc. 3516 Breakwater Court, Hayward,Ca94545,085:.

A multiconductor line analysis code developed previcusly has been suc—
cessfuly used for the study of the transient behaviour of transmission
lines subject to either lumped source or distributed field excitation.
il!. This code congiders the resistance of the conductors negligible

and takes into account only the series inductance and the parallel ca-

pacitance.

The aim of the present work was to use the program for the study of
EMP effects on HV networks. For this an important improvement of the
code has been achieved by taking into account the conductors resistance
and therefore the attenuation due to losses in the network.In this case
the complete complex expressions in matrix form of the propagation cons-
tant and of the characteristic impedance must be introduced in the pro-

gram,

The validity of this approach has been verified for a single aerial
line and for a complex HV network consisting of 9 interconnected three-

phase lines of different lengths and positions in the space,

The values of induced currents and voltages cbtained when the leosses
are taken into account are considerable smaller compared to the case

of the network with zerc resistance.For instance, for the interconnec-
ted network values of 100-200 kv for the voltage and less than 1 kA for

the current have been calculated. These values are of the same order

of magnitude as those reported by other authors‘2

"

it can be concluded that the currents induced by an EMP in a HV network

should not exceed currents usually measured in the case of lightning

gtrokes or short-circuits with the difference however that it acts si-

multanecusly on an entire network,

References

Ll[F. M. Tesche et all.,Field excitation of Multiconductor Transmission
Lines,EMP Interdction Notes EMP 3-39,July 1879,

|21, 4. Marable et all. Power System EMP Protection, ORNL-4958,0C-35,

May 1975. a2



THE HEMP RESPONSE OF A LONG TRANSMISSION LINE
BURIED IN THE EARTH

R. P. Manriquez, R. J. Reyzer, and J. F. Sweton

US Army Electronics Research
And Development Command
Harry Diamond Laboratories
Adelphi, MD 20783

The current induced by an electromagnetic pulse (EMP) on a long,
terminated insulated cable buried at shallow depth near the earth-air
interface, has been measured and compared with analytical
predictions. The main objectives of this paper are to evaluate the
plane-wave electromagnetic field propagation through a linear,
isotropic, and homogeneous conducting media; to represent the EMP
coupling to the buried cable by the distributed-source, lumped-
parameter equivalent network model; and to compare these data to
experimentally collected data.
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COMPARISON OF METHODS FOR MEASURING THE CHARACTERISTIC
IMPEDANCE OF TRANSMISSION LINES

L. 0. Hoeft and J. Hofstra
The BDM Corporation, 1801 Randolph Rd. SE
Aibuquerque, NM 87106

A knowledge of the characteristic impedance of transmission Tines is a
fundamental input to most lightning EMP and EMC analysis. Because
characteristic impedance is often not included in the wire specifications,
the analyst or system designer frequently has difficulty obtaining this
information. A good source of this information is laboratory measure-
ments.

Two common methods for measuring characteristic impedance are time

domain reflectometry and the propagation velocity method of IEC 96-1.
Time domain reflectometry applies a fast risetime puise to the trans-
mission 1ine and measures the reflected wave in the time domain. The
propagation velocity method measures the capacitance and propagation
velocity and calculates the characteristic impedance. Both of these
methods measure the high frequency limit of the characteristic impedance.

With the advent of the microprocessor controlied impedance analyzers,
such as the HP-4192A, another method for measuring characteristic im-
pedance is now convenient; namely, the measurement of the resistance,
inductance, conductance and capacitance of the cable sample as a function
of frequency from 100 Hz to 12 MHz and the calculation of the character-
istic impedance using the equation:

Zy = VR + §ul)/(G + JuC)

The relative phase velocity and attenuation can also be calculated from
the fundamental measurements.

In order to establish the credibility of the impedance analyzer method
of measuring characteristic impedance, five cable samples were measured
using the three methods.

AT1 three methods of determining characteristic impedance yielded accept-
able results. For values close to 50 ohms, all results were in good
agreement; however, if the impedance is significantly different from

50 ohms, the uncertainties in the measurement become greater.
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ANALYSIS OF THE EFFECTS OF CABLE PARAMETERS ON
FIGURES OF MERIT SUCH AS "EMP RESPONSE™

Lothar 0. Hoeft, Alan Lindner and Joseph S. Hofstra
The BDM Corporation, 1801 Randolph Rd. SE
Albuquerque, NM 87106

Dean Bernstein
ITT, Surprenant Division, 172 Sterling Street
Clinton, MA 01510

An approach to specifying shielding against transients, such as tightning
and EMP, is to compute a figure of merit that combines or integrates a
number of factors that are important to shielding using appropriate
weighing factors. One Such figure of merit is the "EMP Response" that
is being used to specify shielded cable. The “EMP Response” is defined
as:
8
4 x 10 Zt (f)Z df
EMP Response = -185 -10 Log f (dB)
0 (o + £2) (6% + )

where: Zt(f) = surface transfer impedance at frequency f (o/m)
o= 2.39 x 105,8 =4,12 x 107, and f=frequency (Hz)

A typical specification states that this figure of merit must be greater
than & certain value, such as 60 dB.

Cable designers normally design a cable to meet surface transfer imped-
ance parameters, such as resistance and mutual inductance per unit Tength.
How "EMP Response" depends on these cable parameters is not immediately
obvious because of the number of variables involved in the calculation.
This paper seeks to give the cable designer a feeling for what is impor-
tant.

A computational model, called the skin depth/long line model, was developed
that ailowed the “EMP Response" to be calculated for arbitrary cable shieid
parameters (resistance and mutual inductance). Plots of "EMP Responsc
versus either shield resistance or mutual inductance showed similar behav-
for. For resistances greater than 10 milliohms/m and mutual inductances
greater than 600 to 700 picohenries/m the “EMP Response" is always less
than 60 dB and would not meet the specification. For mutual inductances
below 100 picohenries/m, the "EMP Response" is relatively independent of
mutual inductance. Similarly, for resistances less than 3 to 5 milliohms/m,
the "EMP Response" is relatively independent of shield resistance. Thus,
the cable designer should attempt to design the cable shield with a resist-
ance of less than 5 milliohms/m and a mutual inductances of less than 200
or 300 picohenries/m. If these conditions are met, production tolerances
would not be critical. If the resistance or mutual inductance is outside
of this range, meeting a 60 dB “EMP Response" specification is much more
uncertain.
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MEASURED TRANSFER IMPEDANCE OF METALLIC AND
NON-METALLLIC CONDUITS COVERED WITH TINNED COPPER
AND SnCufFe BRAIDS

Mr. John E. Merrill
Glenair, Inc., 1211 Air Way
Glendale, California 9120}

Lothar 0. Hoeft and Joseph S. Hofstra
The BDM Corporation, 1801 Randolph Rd. SE
Albuquerque, NM 87106

The surface transfer inmpedance of 8 flexible conduits was measured over
the frequency range of 1 kHz to 100 MHz using a 1.2 meter long quadraxial
test fixture and two network analyzers controlled by a computer using the
IEEE-488 buss. The samples included both brass and plastic conduits
covered with various combinations of bronze, tinned copper and SnCufe
braids. These measurements showed that the tinned copper braid signifi-
cantly improved the performance of the basic brass conduit covered with
bronze braid. Adding a second layer of braid further improved the per-
formance, especially above 100 kHz. Using SnCuFe braid as the interme-
diate layer resulted in improved performance between 10 kHz and 200 kHz.

Similar results were obtained for plastic conduits covered with tinned
copper and SnCuFe braids with the exception that above 1 MHz these
samples showed the typical mutual inductance coupling expected of
braided cable rather than the very low transfer impedance, indicative
of a solid shield, that is typical of a flexible brass conduit.
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Interaction of High-Altitude Electromagnetic Pulse (HEMP)
with Transmission and Distribution Lines: An Early-Time Consideration*

K.5.H. Lee
F.C. Yang
N. Engheta

Abstract

In the first few tens of nanoseconds after an HEMP strikes the
transmission and distribution Yines of an electric power system, the induced
transients on these Tines rise to very high values. During these early times
one cannot in general apply transmission ltine theory to calculate the
transients. In this report a linear, time-domain scattering theory is
employed to caiculate such transients induced on a multi-conductor Tine above
a finitely conducting ground. The relative importance of various inducing
effects 1s discussed, which include the incident field, the fields scattered
by neighboring conductors, and the field reflected from the ground. The
effect of the conductor's resistivity i1s found te be negligible on the induced
transients, whereas the incident field has the most dominant inducing
effect. A formulation of the HEMP-induced corona on a wire is given with some
introductory remarks.

The linear, time-domain scattering theory is applied to a typical 3¢,
765 kV transmission 1ine and a 3¢, 13.2 kV distribution line., In the first 20
nanoseconds or so, the conductors of the transmission line can have induced
currents of a few kiloamperes and the normal electric fields in the order of
one-half megavolts per meter on the phase conductors and a few tens of
megavolts per meter on the shield conductors. 0On the distribution tine the
induced currents are less by a factor of 5 to 6 but the electric fields are 5
to 6 times qreater than these on the phase conductors of the transmission
line,

*This work was prepared for the Zaininger Engineering Company under
subcontract to the Dak Ridge National Laboratory for the Division of Electric
Energy Systems of the Department of Energy.
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SIMPLIFIED METHOD OF SOLVING TRANSMISSION LINE NETWORK PROBLEMS

Tom K. Liu, Ph.D
LuTech, Inc., Hayward, CA 94545

Parviz Parhami, Ph.D
Jason Chai, Ph.D
TRW Inc., Redondo Beach, CA 902738

One method of solving a transmission 1ine network problem, where
many branches are involved, is to set up the network equations for the
entire network. Each branch is described by the transmission line equa-
tion, and junction scattering matrix is used to describe the interconnection
relationships of the branches. The currents and voltages of the network
are solved by inverting the network matrix!. One drawback of this method
is the necessity of using relatively large amounts of computer time. In
EMP analysis and assessment, often it is not necessary to have high accu-
racy. Thus, reasonable approximations may be acceptable to solve such
problems if they would significantly reduce computational efforts.

In this paper, a method of solving the transmission Tine network
excited by electromagnetic fields by representing each branch by a Thevenin
equivalent circuit is presented. Each Thevenin representation reduces one
branch of the network, and successive applications of this procedure yields
simple c¢ircuits around the point of interest, which can then be solved
readily. This method is best suited to situations where responses at only
a few points of the network are desired?. It has a considerable savings
in computational effort over the network analysis technique. Furthermore,
simple approximations can be used that greatly reduces the reguirements
of knowing the precise details of transmission line configurations, load
values, etc., Bounds of the responses using these approximation procedures
are established.

For a practical transmission line network in a complicated system,
often the detailed information of the entire network is not known, particu-
Tarly those branches far away from the points of interest. This often
presents uncertainties in the calculated responses. The above method is
extended to establish bounds in the responses when the branches far away
from the point of interest are approximated. The methodology developed
is useful in EMP system assessment.

IF, M. Tesche and T. K. Liu, "User's Manual and Code Description for
QU7TA: A General Multiconductor Transmission Line Analysis Code,"
Interaction Application Memo, August, 1978.

2T, K. Liu, "Solution of Transmission Line Networks by Branch Reduc-

tion Method," Report prepared for TRW Inc., under Subcontract
No. PO2608AC2S, February, 1983.

88



3.
2:30

5.
3:40

SESSION F2
COMMUNICATIONS FACILITIES
Carrol Room
Chairman: Dr. J. Penar
TRW Inc., Redondo Beach, CA

INVITED PAPER: EMP HARDENING OF TELECOMMUNICATIONS FACILITIES, J.
MILETTA, ERADCOM, Harry Diamond Laboratories, Adelphi, MD

MEASURED AND PREDICTED HEMP-LIKE COUPLING RESPONSES PROPUCED ON A
CONFIGURED GROUND COMMUNICATIONS FACILITY, V. Martins, XRT,
Incorporated, Reston, VA

EMP VULNERABILITY AND PROTECTION REQUIREMENTS OF UNINTERRUPTIBLE POWER
AND ASSOCIATED SWITCHING EQUIPMENT, P. Dittwmer, and E. Dorchak, BDM
Corporation, McLean, VA

EMF MITIGATION IN THE PUBLIC SWITCHED NETWORK I. RECONSTITUTION
REQUIREMENTS, W. Herman, L. Albright, W. Rowland, J. Dancz, L. Miller,
and A. Rausch, Booz, Ailen & Hamilton, Inc., Bethesda, MD and C.
Bodson, National Communicatrions System, Washington, DC

EMP MITIGATICON IN THE PUBLIC SWITCHED NETWORK Ii: EVALUATION
METHODOLOGY, J. Dancz, W. Rowland, W. Shiley, and A. Rausch, Booz,
Allen & Hamilton, Inc., Bethesda, MD, and C. Bodson, National
Communication System, Washington, DC

PROJECTED HEMP COUPLING LEVELS BASED UPON MEASUREMENTS MADE ON A

CONFIGURED GROUND COMMUNICATIONS FACILITY, V. Martins, XRI,
Incorporated, Reston, VA

SCALE MODEL BUILDING SHIELDING TEST RESULTS FOR HEMP-LIKE FIELD
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EMP Hardening of Telecommunication Facilitieg

Joseph R. Miletta
US Army Electronics Research
And Development Command
Harry Diamond Laboratories
Adelphi, MD 20783

The Department of Defense (DoD) is placing great emphasis on
assuring the survivability of the gational Comnand, Control,
Communications and Intelligence (C71) resources to the electromagnetic
pulse (EMP) produced by nuclear weapon bursts. This concern for
survivability of telecommunications, which are characterized by
extended networks, Is well placed. Large transients can be generated
on the conductive links between facilities and substantial electromag-
netic fields can penetrate the existing facility structures. This
threat becomes more ominous hecause the trend foward digital commun-—
ications, encoded data and advanced wmicroelectronics makes
telecommunication systems more sensitive to electrical transients.

The objective of this paper 1s to provide an unclassified overview
of the various techniques employed in telecommunications hardening.
Approaches, (such as "tailored" versus '"100 dB" methods) will be dis-
cussed in terms of the relative merit and application of each. Speci-
fic examples will be provided. It will be impossible to go into great
detail in each area of hardening. The intent of the presentation will
be twofold. First, telecommunications survivability can be achieved -
EMP hardening is doable. BSecond, the costs associated with accomp-
lishing this hardening are not excessive and there will be asgsociated
benefits (e.g., reliability and electromagnetic compatability),
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MEASURED AND PREDICTED HEMP-LIKE
COUPLING RESPONSES PRODUCED ON A
CONFIGURED GROUND COMMUNICATIONS FACILITY

Vasco €. Martins
XR1, iIncorporated
1404 Earnshaw Court
Reston, Virginia 22050
(703) 437-4376

XR}, lincorporated assisted Harry Diamond lLaboratories
in a theoretical and experimental program to develop HEMP
hardening signal specifications based upon representative
coupling levels to typical facility conductors. These
specifications were requested by the Defense Communica-
tfons Agency for application to future ground level based
communications sysitems,

The verification tests were performed at the HDL Wood-
bridge facility using the REPS (horizontally polarized
dipole type) and VEMPS (vertically polarized monopole
type) simulators., The facility configured representative
test elements consisted of overhead power lines, power
lines in a buried conduit, associated power transformers,
an overhead shielded telephone lirne, a buried shielded
telephone line, a buried copper water pipe, an HF hori-
zontal dipole antenna (100 ft in length)}, a fabricated
radic tower (28 ft high), a 50x50 FtZ - four inch thick
cement test platform called the General Verification Fac~-
itity (GVF) (this platform was rebar meshed and well
grounded to the earth with ground rods every ten ft in all
directions), a shielded cable between equipment racks,
and a newly purchased 20x25x12 ft-” metallic Butler Hut.

Test predictions were made for representative conductor/
cablie conditions and orientations (for both polarizations)
and these were compared with the carefully collected test
data. The comparisons were excellent, with amplitude
deviations less than Z0 percent, and quite good waveshape
correlations. These comparisons then verified that the
program developed HEMP coupling relationships could be
applied in the generation of the HEMP signal specifica-
tions for DCA equipmenis. Selected results observed
during the program representing the coupling reponses tfo
typical facility conductors will be presented at the NEM
Conference.

This work was sponsored hy Harry Diamoend Laboratories
under Contract No. DAAK21-79C~-0128.
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EMP Vulnerability and Protection Requirements of
Uninterruptible Power and Associated Switching Equipment

Dr. P. H. Dittmer and E. J. Dorchak, Jr.
The BDM Corporation, 7915 Jones Branch Drive, MclLean, VA 22102

Advances in electronics have made it both desirable and
possible to provide an electric power source for critical
command, control, communications, and intelligence (C31)
equipment which provides power that is constant in voltage and
frequency regardless of disturbances or interruptions on exter-
nal power. This paper considers a configuration of power and
switching equipment typical of a C31 facility. In most cases,
this power equipment will be apart from the communications-
electronics (C-E) equipment which it supplies so that it will
not be encompassed by protection for that equipment, such as
Tocation within a shielded enclosure. Hence, EMP protection
for this equipment must be designed separately, consistent
with the Tevel of protection afforded other system equipment.

Potentially vulnerable elements of the power system are
presented together with the associated rationale for vulnerabil-
ity. Emphasis is placed on uninterruptible power systems (UPS)
and the automatic transfer switch (ATS) activating emergency
backup power. Transient energy is introduced into the system
through field diffusion and coupling together with long Tine
coupling. Expected transient performance criteria based on
manufacturers' specifications are cited and compared with
transient protection requirements. Alternative methods for
power system and egquipment protection are described.
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EMP MITIGATION IN THE PUBLIC SWITCHED NETWORK I. RECONSTITUTION REQUIREMENTS*

W. Herman, L. Albright, W.C. Rowland, J. Dancz, L. Miller
Booz, Allen & Hamilton Inc.

4330 EBast West Highway, Bethesda, Md. 20814

C. Dennis Bodson
National Communication System, Washington, D.C. 20305

The electromagnetic pulse (EMP) from a high altitude nuclear
explosion has the potential to seriously degrade the performance of the
nation's telecommunications network due to the EMP's wide area of coverage.
In order to assure that requisite communications capability is available
for necessary government functions after a nuclear attack, the National
Communication System (NCS) has undertaken a number of programs to reduce
the EMP vulnerability of the publiec switched network (PSN}. One of these
EMP mitigation efforts will be discussed in this paper (which will analyze
reconstitution reguirements) and in the accompanying paper {(which will
discuss a methodology for evaluating network EMP vulnerability). Future
work is planned which will} identify mitigation alternatives and assess
their costs.

This study presents a methodology whose aim is to assess the vul-
nerability of the PSN and identify cost effective ways to mitigate these
vulnerabilities. The major impediment to reconstitution is the highly
hierarchical call routing schemes utilized in the PSN which will be
severely disrupted by blast damage to urban areas. Being thereby forced
inte a requirement for nonhierarchical routing, attention is then given

to mitigating vulnerabilities of the sites in that part of the PSN un-
damaged by blast.

Given such sites, there are certain functions which can be identi-
fied that are crucial to telecommunication operations; these functions
have been used to identify critical facilities which must be considered
in an EMP mitigation program. These critical facilities are: (1)} switch-
ing, (2) signaling, (3) transmission, and (4) synchronization. A
methodology for evaluating the EMP vulnerability of these critical
facilities 1s presented in the accompanying paper.

There are many features of this EMP mitigation program which differ

from traditicnal EMP hardening program which are noteworthy. They are:
{1) the costs of making even minor changes in the large number of the
nation's telecommunications facilities is potentially great, (2} the

characteristics of the facilities and the potential EMP threat to those
facilities may vary greatly from site to site, {3) the PSN 1is constantly
undergoing upgrades and changes in technology which influence the EMP
vulnerability, {4) existing repair and replacement practices can and will
aid in the network reconstitution, and (%) alternate communications net-
works (satellites, microwave, etc.) are potential alternatives to this
network reconstitution through low-level switching sites. It is felt
that this program is unique in that cost/benefit analysis plays such a
fundamental rele in this EMP program.

* -Work has been sponscred by the National Communication System.
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EMP MITIGATION IN THE PUBLIC SWITCHED NETWORK IX, EVALUATION METHODOLOGY?*

J. Dancz, W.C. Rowland, W. Shiley, A. Rausch
Booz, Allen & Hamilton Inc.
4330 East West Highway
Bethesda, Md 20814

Dennis Bodson
Naticonal Communication System
Washington, D.C, 20305

In an accompanying paper, the reguirements for reconstitution of
the public switched network after a high altitude nuclear attack were analyzed
and a general methodology was presented to assess the resulting vulnera-
bility of the PSN. This present paper seeks to further develop that
methodology and apply it by considering the switching facility for analysis.
The intent here is to analyze this methodology and assess its effectiveness.
This study will not attempt to evaluate network survivability nor will it
analyze all appropriate critical facilities: additional efforts in this
regard are planned.

This EMP evaluation methodoleogy is primarily based upon analyzing
requirements for conventional electromagnetic protection to natural
{lightning) and man-made environmments (EMC and EMI). The conventional
protection sc established is then compared to requirements for the EMP
threat in order to relate the risk of the facility being vulnerable to
the level of conventional protection. Such a relationship is useful for
two reasons: (1) it simplifies the analysis of network vulnerability
by relating such vulnerability to simple system descriptions of individual
physical plants in the PSN and {2) it suggests techniques for improving
the survivability of the PSN by improving and augmenting such practices.

This methodology, therefore, utilizes applicable standards and prac-
tices combined with facility EMP characteristics to evaluate critical
facility vulnerability. These facility EMP characteristics are also derived
from information concerning the physical plant housing the facilities,
where applicable, which can be at least partially derived from information
in the standards and practices and a knowledge of the EMP coupling to the
system. This coupling will take the form of both long-line and local
(shielding and aperture penetrations, etc.) coupling. These coupling and
conducted transients are then compared to the conventional protection
requirements to assess the risk associated with the facility EMP vulnera-
bility. The results of this methodology applied to the test case of a
switching facility will be presented.

* Work has been sponscored by the Natlonal! Communication System.
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PROJECTED HEMP COUPLING LEVELS BASED UPON
MEASUREMENTS MADE ON A CONFIGURED GROUND
COMMUNICATIONS FACILITY

Vasco C. Martins
XR1, Incorporated
1h0h Earnshaw Court
Reston, Virginia 22050
(703) 437-4376

XR!, lncorporated assisted Harry Diamond Laboratories
in a theoretical and experimental program to develop HEMP
hardening signal specifications based upon representative
coupling levels to typical facility conductors. These
specifications were requested by the Defense Communica-
tions Agency for application to future ground level com-
munications systems.

The program approach to the development of the signal
specifications was based upon the "scientific method"
where theoretical investigations of HEMP type coupling to
conductors and cables (shielded and unshielded) were made
that resulted in analytical expressions. These expres-
sions in turn were used to plan tests, and evaluate the
test data, which ultimately lead to their verification.
These relationships were then used to generate the HEMP
signal specifications.

The verification tests were performed at the HDL Wood~-
bridge facility using the REPS (horizontally polarized
dipole type) and VEMPS (vertically polarized monopole
type) simulators. The facility configured representative
test elements consisted of overhead power lines, power
Iines in a buried conduit, associated power transformers,
an overhead shielded telephone line, a buried shielded

telephone line, a buried copper water pipe, an HF hori-
zontal dipole antenna (100 ft in !enath), a fabricated
radio tower (28 ft high}, a 50x50 ft* - four inch thick

cement test platform called the General Verification Fac-
ility {GVF) (this pltatform was rebar meshed and well
grounded to the earth with ground rods every ten ft in all
directions), a shielded cable between equipment racks,

and a newly purchased 20x25x12 ft3 metallic Butler Hut.

Measured coupling levels will be presented at the NEM
Conference for typical communications facility interfaces,
as produced by the REPS and VEMPS simulators. These
values serve as the basis for obtaining worst case HEMP
coupling levels by factoring out the simulator's charac-
teristics and replacing them by those of a worst case
HEMP excitation.

This work was sponsored by Harry Diamond Laboratories
under Contract No. DAAKZI~-79C~0128.
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SCALE MODE{ BUILDING SHIELDING TEST
RESULTS FOR HEMP-LIKE FIELD EXCITATIONS

Vasco C., Martins
XR1, Incorporated
1404 Earnshaw Court
Reston, Virginia 22090

(703) 437-4376

This paper presents the results of measurements made upon
25:1 scale models of five building types whose walls and
ceilings had no deliberate apertures nor external penetra-
tors. The measurements were made at the Harry Diamond Lab-
oratory Scale Model Facility (called the FREME)} where the
building models were placed over a large sand box and ex-
cited by horizontally and vertically polarized transient
HEMP-Tike fields, as produced by specially designed dipole
and monopole antennas.

Building shielding was defined here as the ratio of the
total crest bulk current induced upon a representation of
cables (run between a rack pair along with building's cen-
ter) without and with the building present. The building
dimensions modelled were based upon an existing Butler Hut
(whose box like dimensions were 25x20x12ft3) at the GVF
facility in Woodbridge, Virginia, where full scale simu-
lator produced measurement data was also taken on the
building.

The results show that a solid metal walled and ceiling
building, where each wall is connected at their center to
the screen floor {4 connections total) produced (as expec-
ted) the best shielding value of 15 db for both field pol-
arizations. The next best was a building of fine mesh
walls and ceiling where its wall extensions were buried

in the equivalent of 3 ft. into the earth. its shielding
values were 12.8 db and 16.8 db for the vertical and hori-
zontal field polarizations respectively. The worst case

shielding observed was on a vertically rebarred wall
building with a fine mesh roof and floor that were not
electrically connected. The shielding value for this case
were = 1.06 db and~2.,21 db, or an enhancement of coup-
ling to the interior cables for both field polarizations.
Test data is also presented to demonstrate the shielding
for various building foundation heights and electrical
wall-to~-screen floor connections.

This work was sponsored by Harry Diamond Laboratories
under Contract No. DAAK21-81C-01371.
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TIHE TOMAIN MEASURBMENT TECHNITQUES FOR E,.M.P. SIMULATION
STUDIES

by
S, Cultrera, P,Papucci B.Audone, G,Casalegno
GLAM, B, N, AERITALTA
56010 S§.Pierc a Grado (PI) 10072 Caselle Torinese (TO)
ITALY ITALY
Abetract

The FMP requirements which were regulred on an
optional basls for past projects of eliecctrical and elec-
tronic eguipments are now becoming more and more tight and
eggential,

T EMP studieg it is necessary to perform time domaln
messurements and analysig,

These technigues have widened the spectra of measure-
ment technology, especially with the development of new
snd sophisticated instrumentation which shall be completed
by powerfull smnalysis tools,

A system is described for the snalysis of transient
phenomena: it is made of a digitizer connected to a
computer having the capabllity of analyzing transiente
with different slgorithms such as FFT, Prony's method and
elgenvalues method,

The system 1s working in a small EMP egimulator and
is going to be used In 2 more complex facility,

Qutput data relative to gimulation studies are pre-
sented, These studies have been undertaken to evaluate
the EMP performances of new aircrafts in order to develop
efficient hardening actions.,
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B-dot Microprobes*
0. R. Ciarlo, D. A. Fromme and U. QOkubag

Lawrence Livermore National Laboratory,
P. 0. Box bb04, L-156
Livermore, CA 94550

Abstract

We have designed and fabricated miniature sensors for the
measurement of fast transient magnetic fields. These sensors,
commonly called B-dot microprobes, consist of two small loops
differentially connected for common mode noise rejection. Loop
diameters from 0.2 mm to 5.6 mm have been used. The sensitivity
of these probes is proportional to the product of the loop area
and the rate of change of the magnetic field. Probes with
sensitivities ranging from 7x10-8 voits/tesla/sec to 3x10°5
volts/tesla/sec have been fabricated. The frequency response of
the probes approaches 1 GHz and is Timited primarily by the
off-chip connections.

We have used microfabrication techniques to fabricate these B-dot
microprobes on ceramic substrates which are 1 inch by 1 inch and
.01 dinch thick. A laser is used to trim the ceramic after the
probes are fabricated in order to minimize the amount of material
in the probe region.

Three layers of aluminum metalization are used for the conductors
and shielding. Polyimide layers are used for the dielectric. By
using five micrometer thick polyimide, a signal voltage as high
as several hundred volts can be tolerated.

We have used the NETTWO circuit code to simulate the electrical
performance of these probes. Results of this simulation along
with actual experimental data will be presented.

*Work performed under the auspices of the U. S. Department of
Energy by the Lawrence Livermore National Laboratory under
contract number W-7405-ENG-48.
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ABSTRACT ON
A HIGH-SPEED, LOG-WEIGHTED
PFAX LEVEL RECORDER

BY
M. GRUCHULLA, EGEE WASC
2450 Alamo Avenue, SE,
P. 0. Box 9100
Albuquergue, NM 87119

Digital acquisition of high-speed analog data {on the order of
100 MHz) is becoming increasingly popular with the availability of
fast analog-to-digital conversion (ADC) devices. However, many
applications such as quick-look survey, go0-nogo testing, peak
transient recording and others require detection of only the peak
level of an event and all the structure information available from a
high-speed ADC system may not be required. In those applications, a
peak-level recoraing {(PIR) system may provide a less complex, lower
cost alternative to a high-speed ADC system. A PLR is basically a
threshold detector with a number of discrete tihresholds. There are
numercus clasaic configurations for capturing peak signal levels. The
technique discussed in this presentation is basically a variation of
a flash converter. High speed comparisons are used which provide
operation from DC to pulse widths on the order of 4 ns. The high
capture speed is accomplished using a self-latching comparison
configuration with minimum delay in the feedback path. Further, the
switching thresholds are logarithmically weighted rather than the
conventional linear welghting. Positive and negative peaks may be
recorded with 40 dB of dynamic range, with 1 dB resolution, and with
sign preserved (46 dR total dynamic range).
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A review of the E M P gactivity in Israel

S. Eckhouse, Armament Development Authority,

P.0, Box 2250 Haifa 31021 ISRAEL.

The E M P activity in Israel in the last few years is mainly
concentrated in the Electronic Defense industry.

Most of the work done in Israel is devoted to E M P analysis,
developement of E M P simulation and testing techniques and
EMP protection. A review will be given on some of the work
done at the Armament Development Authority on Radiation mode
simulators, Bounded wave and open wave simulators will be

considered.

Work dome on E M P direct drive injectors will also be described.
Details of some of the injection systems developed and their
appiication in E M P as well as in lightning effects simulation
will be described. Some details of the design and operation

of a multiple pin injection system will also be considered.
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4 SURVEY OF PRACTICAL USES AND CONSIDERATIONS OF
SINGULARITY EXPANSTION FOR DATA ANALYSIS

Michael L. Van Blaricum
General Research Corporation
Advanced Technologies Division

Santa Barbara, Califoraia

Over the last decade, the singularity expansion methodology (SEM)
has given much insight into the physics of electromagnetic interaction
phencmenon. This breaking down of currents and fields dinto natural
resonances, modes and coupling coefficients has principally been used
in association with numerical and analytical procedures. A lot of
thought has gone into how SEM techniques can be used to aid in experi-
mental "nuclear" electromagnetics data analysis. Such ideas include
spectral analysis of data and instrumentation reduction as well as the
development of complex lumped parameter systems wmodels. In general,
electromagnetics interaction with real systems cannot be modeled
analytically or numerically. Therefore, in order to make use of these
SEM tools, it is necessary to extract the SEM parameters directly from
experimental data.

This paper will survey some of the uses of SEM for nuclear elec-
tromagnetics experimental data analysis which have been thought of
over the vears. In addition, a discussion of the state of the art of
parameter extraction will be given. This discussion will dinclude a
look at signal processing techniques as well as some cof the electro-
magnetic interaction physics which need to be understood in order to
apply these technigques properly.
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EMP RESFONSE MORSUREIENTS A3 S1GLAL PROCESS]

jop]

Author @ Michel CROCHET
AEROSPATIALE - 78130 LES MURFAUX - FRANCE

EMP response measurements for various systems must take into account some
practical limitations such as

- Deviation between simulated field waveforms and EMP standards
- Poor signal fo noise ratio of sensors transmission channels

- Spectrum notches of excitation signals

This paper first presents a brief review of limitations due to such practical
natters in a system response identificaticn

It shows how nmuch a rough wuse of straightforward signal processing such as

Fourier Transform can lead to considerable misunderstanding of a system response
to a transient excitation.

Information and practical examples are given on the use of other signal
processing techniques such a the z - transform  Comparison of results of EM.
response of a test sample obtained by parallel use of FFT and z-transform
shows numerous advantages {and some limitations) of the iatter.

Practical algorithms and problems due to computation time duration for such
transforms are discussed.
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USE OF DATA BASE MANAGEMENT SYSTEMS FOR
STORING AND ANALYZING EMP TEST DATA

Parviz Parhami, Ph.D
John Mosher
Michael Wojtowicz
Carl Padgett
TRW Inc., Redondo Beach, CA 90278

With the advance of EMP test instrumentation and techniques, an
EMP system test can produce huge volumes of data overwhelming conven-
tional analysis procedures. For example, during a typical aircraft
test program, several reels of tapes are produced, each containing
several hundred recorded waveforms. Sorting, processing and folding
all these measurements with external information such as circuit func-
tional analysis, threshold, interconnectivity, etc., can become a
costly and frustrating experience.

Under the on-going Aircraft EMP Technology Program (ACEMPTD),
a Data Base Management System {DBMS) is employed to store and control
all phases of the latest aircraft test program. The DBMS contains all
pre-test raw and processed data. In addition, the data base includes
Tocation information for all circuits within the aircraft as well as
pin inter-connect data.

tven though this data base is in the early stages of evolution,
it has demonstrated exciting new applications and produced interesting
data analysis reports. Presented in this paper will be a report on the
progress of this data base along with sample data analysis reports.
Also discussed will be the current shortcomings of the data base, as
well as possible future improvements.
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SIGNAL PROCESSING OF TRANSIENT EM DATA*
Vincent G. McGevna.

Lawrence Livermore Natlonal Laboratory
Livermore, Ca. 24550

ABSTRACT

Coupling experiments are performed to measure the respense of a
specific test object and also to characterize the response of generic
objects to EMP. The interaction of the BEMP with these objects results
in  complex transients which present unigue signal processing
requirements. As the scope of EMP testing at LLNL has expanded, new
signal processing techniques have been employed to analyze the diverse
types of data obtained. Cenerally, the technigue for processing a
particular set of data is governed by the phenomena which is being
studied. This paper will present a brief discussion of the following
signal processing techniques which have been successfully applied to
EMP data processing.

1.0 Model Estimation

A non-linear least squares output error identification algorithm has
been developed at LLNL specifically for modeling transient data. It
produces a model which can be used to characterize an object by its
poles and residues, and has been used sucessfully to analyze
electromagnetic transients. Generally the results obtained are more
useful in understanding the underiying physics of the process being
modeled than spectral analysis of the same data. Since the model fits
a deterministic linear response to the data, it is robust against many
types of noise in the measured data. It has also proven effective
when the transient data available has not decayed to zero.

2.0 Power Spectral Density Analysis

One generic problem of interest is the coupling of EMP into a cavity
through an aperture. The response within the cavity contains the
superposition of many reflected waves, due to both resonances and
random reflections. The random reflections represent a spatially
stochastic process since the relative phase between twe different
reflected waves will wvary with position. A stochastic process is
characterized in the frequency domain by its power spectral density,
PSD.  The estimated PSD also gives a smooth estimate for the cleosely
spaced spectral lines which are harmonics of the low frequency cavity
resonances. This provides a simpler characterization of the cavity,
and one which is less sensitive to changes in its size and shape.

3.0 Ccherence Analysis

The coherence function is a  frequency dependent  correlation
coefficient. Given two signals, the coherence is the ratio of the
square of their cross power spectral density to the product of each
individual PSD. If two signals are related by a linear transfer
function then the coherence 1is one. If, however, these signals
contain random noise or uncorrelated components then the coherence
function becomes less than one. When the coherence 1s at or near
zero, then the two signals are uncorrelated at those frequencies.
This has been effectively used to establish some of the fundamental
limitations in analyzing the experimental data.

*Work performed under the auspices of the U. 5. Department of Energy
by the Lawrence Livermore National Laboratory under contract nunber
W-7405~-ENG~48,
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ESTIMATION OF NOISE IN MEASURED TRANSIENT RESPONSE DATA

BY: L. A. SUAREZ AND W. J. MOTIL
TRW INC., 2340 ALAMO SE SUITE 200
ALBUQUERQUE, NM 87106

One effect of system noise is to limit the frequency
range where good information content occurs in the spectrums
of measured transient responses. The difference between the
statistics of the desired measurement and the system noise per-
mits the estimation of the noise amplitude directly from the
measured data without knowledge of the data recording system
parameters. This quantification of the noise amplitude present
in measured data has been accomplished through the application
of R. W. Hamming31 noise estimation technigue. This paper des—
cribes a reliable noise estimation algorithm based upon this
numerical technique. The algorithm developed is also shown to
indicate the presence of other types of signal corruption as a
result of aliasing or data system non-linearities. Such infor-
mation can be utilized to evaluate the quality, and acceptability
of measured transient response data. FExamples of the algorithms
performance for both analytic and real data are presented,

1.
Second Edition. 1962
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A FAST AND ACCURATE ALGORITHM FOR COMPUTING
MINIMUM PHASE

Carl Padgett
Parviz Parhami, Ph.D
TRW, Inc., Redondo Beach, CA 90278

In general, most linear signal processing problems require fre-
quent use of Fourier/Laplace transforms. When dealing with real
signals (causal), extreme care is required to avoid operations in the
transform domain which could distort causality conditions. For example,
multiplying a signal by only the magnitude of a filter in its spectral
domain is guaranteed to result in an unrealistic and erroneous waveform.

The recorded data at EMP facilities typically go through a great

deal of signal processing. Signal conditioners (filtering) are used

to minimize noise, probe and instrumentation calibrations are folded
into the waveform, and finally the signal is extrapolated to a threat
defined in terms of a magnitude in the frequency domain. In order to
preserve causality and ensure the final signal to be representative

of actual EMP response, numerical phase reconstruction has become an
jmportant tool.

By definition, the minimum phase function is a class of functions
with no zeros in the right-half plane. Most filter operations fall into
this class of functions. An important property of minimum phase functions
is that phase is uniquely related to its corresponding magnitude via the
well-known Hilbert Transform relation:

mLﬂ{Mag(w)] d
Phase (v,) = - w

w - {
= 0
A fast, efficient, and extremely accurate numerical procedure is
introduced in this paper to evaluate the above infinite an? singular
jntegral. The procedure is based on Wiener-Lee transforms® combined
with repeated use of Fast Fourier Transforms (FFT). Several examples
will be presented to demonstrate the flexibility and applications of
this algorithm.

1PapouHs, Athanasios, "The Fourier Integral," McGraw-Hil1 Book
Company, 1962.
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A FRESH LOOK AT EXTRAPOLATION TECHNIQUES

Parviz Parhami, Ph.D
Jay Brossier
TRW Inc., Redondo Beach, CA 90278

Extrapolation techniques are often employed to adjust the measure-
ments made at EMP simulators to a desired criteria response. The assumption
of linearity is essential for the validity of any such operation. Therefore,
EMP extrapolation is employed only when near threat simulators are used and
only perform a second order correction to the recorded data.

Several types of extrapolation functions were introduced by Baum!
and are the standard presently used in the community. Under the Airlraft
EMP Technology Development (ACEMPTD) program, these extrapolation functions
have been exercised for several aircraft over the period of three years.
The result has been a steady improvement in the numerical algorithms used
for deriving these functions as well as increased understanding of their
limitations and advantages.

This paper presents a summary of the Tatest numerical aigo-
rithms employed for performing stable and causal extrapolation operations.
Also discussed will be the theoretical limitaticons of these functions and
the feasibility of designing advanced extrapolation functions,

1. E. Baum, "Extrapolation Techniques for Interpreting the Results
of Tests in EMP Simulators, in terms of EMP Criteria,” AFWL,
SSN 222, March, 1977.

10



10:15

10:50

6.
11:15

11:40

SESSION G2
SIMULATION AND SYSTEM TESTING
Carrol Room
Chairman: L. Diehl
Ideas, Inc., Beltsville, MD

INVITED PAPER: TEST IN HARDENING DESIGN, C. Rodiere, Aerospatiale,
Les Mureaux, France

THE USE OF FAULT INSERTION TECHNIQUES IN EMP SYSTEM~LEVEL TESTING, P.
Miller, and E. Chivington, TRW Defense Systems Group, Albuquergque, NM
and M. Johnson, The BDM Corporation, Albuquerque, NM

SIMULATED EMP FIELDS WITHIN A METALLIC HANGAR, R. Perala, P McKenna, T.
Rudoiph, C. EFasterbrook and 5. Parker, Electro Mangetic Applications,
inc., Denver, CO

INVITED PAPER: EﬂP SIMULATION BY PULSE INJECTION, Torbjgrn Karlsson,
Goran Unden, Linkeping, Sweden

LLNL TRANSTENT RANGE SHIP PHENOMENOLOGY EXPERIMENTS, K. Kunz, H.
Hudson, J. Breakall and L. Spogen, Lawrence Livermore National
Laboratories, Livermore, CA

SCALE MODEL TESTING FOR EMPRESS 11 ANTENNA RESPONSE APPLICATIONS, L.
Martin, and H. Hudson, Lawrence Livermore National Laboratory,
Livermore, CA

EXPERIMENTAL OBSERVATIONS OF THE ELECTROMAGNETIC COUPLING INTO A
SLOFTED METAL BOX WITH AND WITHOUT A METAL OBJECT INSIDE, A. Cuneo,
Jr., and J. Capcbianco, ERADCOM, Harry Diamond Laboratories, Adelphi,
MD

M



Titre : TEST IN HARDENING DESIGN

Author : Charles RODTERE
AEROSPATIALE
78130 LES MUREAUX - FRANCE

The purpose of this communication is to present some dif-
ficulties that could be found in hardened systems test and
how to prevent them.

It state two problems : first for the high level test,
second for specification hardness.

For high level test, bigger is the specimen, bigger is
the simulator. Put so lacks Iin simulation may be come more
important.

It i1s useful to have specification of hardness at the begin-
ning of a design system. But at this time computation is not
easy and expensive because design is complicated and in course
of develepment. So It is useful to have a methedology that
let write some specification.

To overcome these difficulties, we think it is possible to
use several technics with a methodology.

Firstly by using processing signal we can have the real
response of system for the good entrance data. Secondly with
several synchronised simulators on the system it is possible
to have a better simulation, and modulate the level. Thirdly
by using scale model it is possible to get first specifica-
tions. The use of low level test is possible to ensure a good
caracterisation and check specification and purpose high
level test.

Now it is also necessary to take in account others ambinaces
like ligthening and realize a synthese between them.
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THE USE OF FAULT INSERTION TECHNIQUES
IN EMP SYSTEM-LEVEL TESTING*

P. J, Miller
TEW Defense Systems Group
2340 Alamo Avenue, SE; Suite 200
Albuquerque, New Mexico 87106

M. K. Johnson
The BDM Corporation
Albuquerque, New Mexico

E, P. Chivington
TRW Defense Systems Group
Albuquerque, New Mexico

In the past, typical free-~field EMP testing has involved the
collection of FMP response data on an unmodified test
object. This can unnecessarily confine the objectives and
outputs of the test. The usefulness of free~field testing
can be dramatically extended with the application of
intentional shield-faulting techniques. Deliberate fault
insertion results in a known, degraded condition of the test
object which can then be exploited to obtain unique system-
level performance data. Some of the uses for this data
include:
0 Development of a Hardness Maintenance data

base~-such ag the determination of which

fault locations are the most important to

control;

o Determination of the relative importance of
uncontrolled layers of shielding topology
to the overall shielding effectiveness; and

0 Determination of in-situ system~level upset
threshold margins under free-field conditiomns.

In addition, several transient propagafion effects and
system isolation/cross-coupling parameters can be
investigated. Representative test data will be presented
to exemplify these and other interesting uses of the fault
insertion technique. Proven, low-cost fault insertion
methods and hardware will be described and their limitations
discussed,

*Work performed under Contract Number FO4704-83-C-0028.
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SIMULATED EMP FIELDS
WITHIN A METALLIC HANGAR

By

R. A. Perala
P. M. McKenna
T. H. Rudolph
C. E. Easterbrook
S. L. Parker

Electro Magnetic Applications, Inc.
P. 0. Box 26263
Denver, Colorady 80226
{303)989-2744

ABSTRACT

At the present time, threat Tevel EMP illumination tests of large
systems are conducted at outdoor simulation facilities. Test time at
these facilities can be very expensive, and test days lost because of
bad weather conditions can significantly impact the cost of a test.
It is for this reason that there is interest in developing an indoor
EMP threat level field illumination facility.

Such a facility has been proposed to be developed in a large
blimp hangar at the Naval Air Engineering Center (NAEC) in Lakehurst,
N.J. Unfortunately, this hangar has a metal roof. In this paper, we
discuss the effects of this metal roof upon the fields in the test
volume, and in particular discuss it's interesting focussing properties
for different polarizations. Ways of reducing reflections from the
roof are examined, and analytical results are compared with experi-
mental measurements.
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EMP S5IMULATION BY PULSE INJECTICN

Torbjdrn Xarlsson and Gdran Undén

FOA 3, Box 1165, 5-581 11 LINKOPING, Sweden

Current injection in order to simulate EMP effects is important as part
of the EMP validation process. While being the predominant test method
during the development phase or the construction period of a system,
pulse injection has not been considered useful for acceptance tests.
However, 1f it is used in conjunction with free field simulation and
well designed supporting analyses, pulse injection techniques promise
to emerge as sultable tools for system testing during the production
and the deployment phases as well.

With the objective of developing a useful technique for pulse injection
into buried structures and other large objects not suited for tests in
EMP simulators, FOA has carried out a series of experiments. The pulse
generators used in the three experiments mentioned below were simple
laboratory medels,

A power plant was the object for pulse injection on aerial power lines.
Pulse propagation inside the plant was studied. The injection method
was analysed with respect to simulating a calculated EMP current from
the power lines as well ag the effect of the EMP current inside the
plant.

In order to evaluate the quality of EMP hardened cable wvaults a simple
injection line was constructed consisting of a 60 cm steel tube, ten
meters in length, in which the cables were centered. At one end, a
pulse was injected onto the cables and at the other end the tube was
circumferentially connected to the shield around the cable entry.
Experiments show that this device is useful for testing both hardening
design and components used in the installation.

Almost the same method can be used to determine the transfer impedance
of bralded shielded cables. An experiment will be described where a
cable was centered in a 10 cm tube, five meters in length. A current
pulse was driven on the cable shield which was terminated with a
matched load at the far end of the tube. Transferred voltage on the
internal conductors was measured by using a microwave link which was
necegsary in order not te disturb the termination,

Conclusion: A low budget program containing simple laberatory models
can be used in order to obtain fairly accurate hardening validaticn,
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LLNL TRANSIENT RANGE SHIP PHENOMENOLOGY EXPERIMENTS”
K. S. Kunz, H. G. Hudson, J. K. Breakall, L. R. Spogen

Lawrence Livermore National Laboratory
P. 0. Box 808
Livermore, California 94550

Currently the Navy 1is preparing to test naval vessels with a
vertically polarized simulator mounted on a floating barge. A series
of scale model ship tests, using the HMCS Huron model, were performed
at the LLNL transient range to gain a phenomenological understanding of
the coupling mechanisms possible with such a simulator. This could
then be compared to the totality of coupling mechanisms possible with
ships, allowing an evaluation of the capability of this simulator to
provide representative ship responses. Of particular interest was the
necessity of a horizontally polarized simulator.

LLNL found from vertical and horizontal polarization tests that
most major resonances of the entire ship and of ship structures were
most strongly excited vertically and that no half wavelength resonance
of the ship's hull could be exicted vertically or horizontally because
of the perfect ground plane upon which the ship rested. It was
concluded that the vertical mode of simulation should be preferred over
horizontal when only one polarization may be treated. However, some
smaller structures are excited to comparable levels by horizontal
simulation. Therefore, for completeness, horizontal simulation at high
frequencies, where such structures resonate, should be performed.

The transient range ship phenomenology experiments showed the
following features for the structures measured, in particular, the ship
mast and the wires connecting elements on the mast to control rooms and
a mast mounted antenna:

$ FCven order harmonics are appreciably excited on the mast -
symmetry breaking geometry of actual system, that cannot
be avoided in practice, insures this.

8 Wire response signature is determined by only a few factors -
length, terminations, orientation, and immediately

adjacent structures.

® Resonance sharing does occur, but weakly -
antenna resonance seen in the mast response for horizontal

polarization, for example.

# Wire response is nearly the same inside and outside the ship -
true at Tlowest resonances, some attenuation of high
frequency resonances on the wire outside the ship,

*Work performed under the auspices of the U. S. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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Scale Model Testing for EMPRESS 11
Antenna Response Applications™

L. C. Martin and H. G. Hudson
Engineering Research Division
Electronics Engineering Department
Lawrence Livermore National Laboratory

Abstract

The EMPRESS 11 EMP simulator design concept includes a barge-mounted
verticaily polarized conical antenna. The concept is based on the
VPD-IT EMP simulator located at Kirtland AFB, New Mexico. The
EMPRESS II antenna is conical in shape as approximated by a hexagon
in the horizontal cross section. A scale model was constructed and
testing was performed to support computer code development for
prediction of the antenna response characteristics. The conical
section was mounted on a scale model of the barge. Tests were
performed on the LLNL electromagnetic transient test range facility
which permitted computation of scale model impedance from the test
data. These results compared favorably with those obtained from a
separate compute code simulation.

*Work performed under the auspices of the U. S. Department of Energy

by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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EXPERIMENTAL OBSERVATIONS OF THE ELECTROMAGNETIC COUPLING INTO
A SLOTTED METAL BOX WITH AND WITHOUT A METAL OBJECT INSIDE

by

Andrew A. Cuneo, Jr.
Joseph Capobianco

In support of the electromagnetic pulgse {(EMP) evaluation of the Hardened
Tactical Shelter (HATS), a scale model (1/10) study was initiated to
experimentally observe the electromagnetic coupling into the interior of a
metal cavity through a horizontal slot. The model was driven by a vertically
polarized electric field inside a parallel-plate transmission line, A
magnetic—field sensor was placed in the line to measure the field in the
absence of the cavity. Then the same sensor was placed inside the cavity, on
the floor behind the aperture. The ratio of external magnetic field to
internal magnetic field is computed over the frequency range from 100 MHz to
1.0 GHz using swept frequency sources, power amplifiers, and a spectrum
analyzer.

Some observations drawn from this work follow:

1. There are portions of the spectrum where the internal field is
greater than the external field.

2. Introducing a metal object intc the center of the cavity changes
the character of the frequency response.

3, There is not, in general, a dramatic difference between the

internal field for the case of the cavity grounded at one point and for the
cavity totally in contact with the ground.
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THE RELATIONSHIP OF BULK CIT TO EMP EXCITATION

J. E. Tigner, D. F. Frederick, P. N. Setty, and
R. W, Sutton
SCIENCE APPLICATIONS, INC.
Electromagnetics/Radiation Effects Division
1710 Goodridge Drive
McLean, Virginia 22102

In order to establish simulation fidelity requirements for the electro-
magnetic pulse (EMP) excitation of aircraft cables by the use of bulk cur-
rent injection testing (CIT) techniques, it is important to quantify the
refationship between the bulk cable current and individual pin current for
a variety of excitation processes. The determination of this relationship
is complicated by the extreme complexity of typical aircraft cabling, both
in the nature of the electromagnetic shielding topology commonly employed
and in the fact that such cables consist of a large number of wires with
many branches and breakouts, terminated in a variety of load impedances.
The difficulty in these analyses is further compounded by the fact that
the source of the EMP excitation at the pin level is very often not well
known; there may be a variety of drive mechanisms each contributing
comparable signals at the pin level each with its own unique bulk/pin
current relationship.

in this paper, we will present the results of model calculations of the
response of typical aircraft cable configurations to a variety of excitation
mechanisms. The cable configurations chosen for this analysis are of
sufficient generality to encompass all material and geometric variations of
typical aircraft cables; we have considered multiconductor cable configura-
tions with a variety of cable shielding topologies. In addition, we have
considered a number of different drive mechanisms associated with the EMP
excitation and CIT techniques, ranging from a distributed electric and
magnetic field excitation to bulk current injection and end point excitation,
These calculations have been performed using a series of analysis tools
discussed in papers presented at the 1982 NEM Conference. 1,4 The
foundation of this approach rests on the ability to calculate the distribu-
tion of Norton and Thevenin equivalent source terms for abitrary multicon—
ductor cable configurations for arbitrary excitations which, in combination
with a multiconductor transmissionline code, can be used to determine the
distribution of pin signals at box interfaces. The objective of these
calculations will be to determine the sensitivity of the simulation fidelity
parameters to reasonable variations in the model inputs (shielding,
topology, excitation source, etc.).

REFERENCES:

1. YElectromagnetic Coupling through Cable Shields”, P. N. Setty and
J. E. Tigner, Session NEM-1, Paper No. 1, presented at the 1982 Joint
USRI/APS/NEM Meeting, May 1982,

2. "The Coupling of Electromagnetic Fields to Multiconductor Cables”,
J. E. Tigner and D. F. Frederick, Session NEM-4, Paper No. 4,
presented at the 1982 Joint USRI/APS/NEM Meeting, May 1982,
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MEASURED TRANSFER IMPEDANCE OF A LARGE
GRAPHITE~EPOXY COMPOSITE TUBE WITH CURRENT DIVERTERS

L. 0. Hoeft, V. A. Gieri and J. R. Hofstra

The BDM Corporation
1801 Randoiph Rd. SE
Albuquerque, NM 87106

Composite materials are being used more frequently in advanced aerospace
systems. This use led to concerns about their ability to shieid against
electromagnetic fields and carry large currents generated by Tightning
or EMP.  This study explored this problem by measuring the transfer im-
pedance of a 49-inch long, 11.5-inch diameter, 0.l-inch thick sample of
graphite epoxy composite tubing. Besides measurements of the composite
tube itself, several configurations were measured in which 5/8-1inch

0.D. copper pipes were placed on the exterior and interior surfaces of
the composite tube to explore how currents would flow on structures made
with both composite and metal current paths.

The composite tube was made into a 50-chm transmission line by inserting

a metal cylinder into the center of the tube. A special quadraxial test
fixture was built to accommodate the sample and the surface transfer im-
pedance was measured using procedures normally used for cable measurements,
A computer-controlled data acquisition system was used to make the mea-
surements from 10 Hz to 100 MHz.

The measured transfer impedance of the composite tubing without diverters
displays the classic shape expected of a solid cylindrical shield. This
suggests that graphite-epoxy acts like a homogeneous material. The d.c.
resistance and break frequenc% are consistant with a homogeneous material
with a conductivity of 2 x 104 mhos/m. The addition of 4 copper pipes to
the exterior significantly Towered the low frequency transfer. However,

it begins to increase at 100 Hz and by 30 kHz the effect of the diverters
has disappeared. This is consistent with earlier measurements of cableways
with aluminum sides and a steel top and bottom. Similar measurements
explored the effect of internal current diverter and joint impedance.

These measurements suggest that: (1) graphite-epoxy behaves Tike a homo-
geneous material with a reasonable conductivity; (2) current diverters are
relatively ineffective for fast risetime currents such as lightning and
EMP; and (3) joint impedance was important at frequencies above 1 MHz.
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Transient Coupling Into Cavity-Backed Apertures™

J. Breakall, J. Morrison, G. Hudson, and R. J. King
Electronics Engineering Department
Lawrence Livermore National Laboratories
Livermore, CA 94550

Abstract

Experimental techniques and results are presented for electromagnetic
coupling to test objects at frequencies up to 2.5 GHz. The LLNL EM
transient range (which has been extensively used to test scale models
of aircraft, ships, and EMP simulators) was used for these present
coupling measurements. Extensive experiments have been conducted on
aperture coupling into cavities with and without wires inside.
Excitation was provided with a very short 1 kilovolt pulse (370 ps)
radiated from a 3m high monocone antenna over a 10 x 10m ground plane
on which the test object lies. Results were obtained using extensive
data acquisition and signal processing capabilities which have been
developed over the past several years. Considerable insight into
individual system parameters has been obtained from the separation of
coupling effects due to the aperture, the cavity, and the wire
inside. It was found that the lowest frequency where significant
coupling occurs is where the aperture circumference is about one
wavelength. Also, the aperture Q is greatest for apertures having a
large aspect ratio. Power coupled to a wire inside a cavity
decreases as the wire moves further away from the aperture. The
transfer ratio near the aperture can exhibit gain, i.e., fields just
inside the aperture can be greater than the incident field. The
physical properties of the aperture produce the most significant
coupling effects as compared to those of the cavity and wire.
Discussion of the extension of this work to more complicated
structures is also given,

*Work performed under the auspices of the U. 5. Department of Energy
by the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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RELATIONSHIP OF SHIELDING EFFECTIVENESS
TO TRANSFER IMPEDANCE/ADMITTANCE
FOR CABLE EMISSION AND SUSCEPTIBILITY

Roger J. Peel
Martin Marietta Denver Aerospace
P. 0. Box 179
Denver, CO 80201

A continuing controversy exists between the EMP and EMC
communities over how to define the electromagnetic shielding
capabilities of cable shields. EMP engineers use transfer impedance
and admittance, Zy and Yy, while EMC engineers use shielding
effectiveness, SE, to describe a cable shield's electromagnetic
attenuation capability. For virtually all strategic system
development work, the EMP and EMC shielding requirements must be
compared to achieve an adequate cable design. Understanding of the
relationship between these parameters is presently needed.

This paper presents conversion relations between these shielding
parameters for both the cable susceptibility and emission cases.
Though these conversion relatiouns are for the electrically short
cable case (i.e., cable length is much less than the wavelength of
interest), the physics of the cable coupling or emission is directly
applicable to the electrically long cable case.

This paper also describes a series of cable radiated
susceptibility and emission tests which verified the above
conversion relations and the corresponding physics effects. Both
coaxial and twisted shielded pair cable types were tested., The
tests were conducted at an open field site which allowed measurement
of field strength without the complication of shielded room
reflections.

Among the results and conclusions derived from this work are the
following:

{1) A marked degree of reciprocity was demonstrated between the
susceptibility and emission cases.

—
]
S’

Shielding effectiveness for electrically short cables was
shown to be independent of cable loads. This is at
variance with an existing rule of thumb commonly cited in
the literature. Use of this community rule of thumb can
lead to an overestimate of true shielding effectiveness by
50 dB or more at low frequencies.

(3} Since EMP and EMC shielding parameters were related for
both susceptibility and emission cases, selection of a
single shielding parameter to characterize (standardize)
cable shielding performance is possible. Also, a single

test for this parameter is all that is necessary for design
verification.
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TRANSFORMER COUPLED CURRENT DRIVERS

FOR BURIED CABLES

Marlan K. Aslin
Pulsar Products Division
Physics International Company
2700 Merced Street
San Leandro, California 94577

There exists a need for equipment to drive current pulses onto cables
or bundles of cables buried in the earth medium. And, since, in many cases
the conductors link various parts of an operating facility, there exists the
further requirement that the pulse source be coupled in a way which results
in minimal physical disturbance of the cables and their terminations. One
immediately evident approach is the use of transformer coupling where the
transformer is separable into halves which can be clamped around the cable
over a short length which has been exposed to gain the necessary access.

The subject of this paper is the design of transformer coupled current
drivers, or, more appropriately, voltage injectors, beginning with an
assessment of the "load impedance" as functions of the properties of the
earth medium and the physical and electrical characteristics of the driven
cable. This is followed by a detailed description of a particular trans-
former coupled pulse generator design; a design intended to inject fast
rising {(~20 ns - 10-90%), 300 ns {RC) wide, 100 kV pulses onto buried
cables with a pulse shape which approximates a double exponential. The
point design in this case is a vehicle for the discussion of relevant
transformer parameters, and techniques including: saturation induction,
pulsed permeability, core bias, leakage inductance, and electrical insu-
lation considerations.
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EMP/PLUME COUPLING TEST

M. L. Price
Electro Magnetic Applications Inc.
8200 South Memorial Parkway, Suite D
Huntsvillie, Alabama 35802

An EMP simulator was used to generate pulses before, during
and after a solid rocket horizontal static test firing to measure
RF coupling onto downstage cables. Seven pulses per second were
generated producing an EMP electric field of about 650 V/m at the
tocation of the plume. Measurements were made of cable currents
using two separate cables--one consisting of twelve twisted
shielded pairs (Cable 1) and the other consisting of eleven
twisted pairs (unshielded) and one coaxial cable {Cable 2}. Com~
mon mode signals were obtained either by connecting all of the
shields together for Cable 1 or by connecting all of the wires
together for Cable 2. The rocket engine burned for 1.6 seconds
and a total of eight pulses were recorded during this time. By
comparing these data with measurements made immediately prior to
and after the firing, we determined that the maximum value for
the average conductivity of the plume was less than 10-2 mho/m,
according to a simple plume conductivity model. For this particu-
lar solid rocket engine, the EMP/plume coupling increase in the
induced cable currents was negligible.
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SHIELDING EFFECTIVNESS FOR NEMP OF
DOUBLE SHIELDED CABLES WLTH
INTERMEDIATE DIELECTRIC TAYER

J. WEISSMAN AND B.Z. RAISCH
Armament Development Authority
Dep. 23 P.0.Box 2250
HATFA 31021 ISRAEL

ABSTRACT

HEMP induced currents on the shield of Coaxial Cables fause a voltage in the
center conducter. The induced current on the shield depends on the peak
amplitude and rise time of the NEMP, electric properties of the ground, cable
characteristics and the circuilt connected.Once the shield curent is known ,
the induced voltage can be determined using the transfer impedance - ZT.

The measured transfer Impedance - ZT and transfer admitance YT of various
double layer shielded cables, with and without iIntermediate dielectric layers,
show a significant improvement in the screening of NEMP, when dielectric

layers are used.

126



2:05

4:05

4:30

SESSION HI
EQUIPMENT ASSESSMENT
F. §. K. South
Chairman: J. Peneau
Aerospatiale, Les Mureaux, France

INVITED PAPER: PRACTICAL MEASUREMENTS WITH A SPECIAL
600 kV MULTIPLE IMPULSE NEMP TEST SYSTEM, M. Lutz, E. Gockenback and O.
Frey, Emile Haefely Co, Ltd., Basel, Switzerland

THE MEASUREMENT OF RESPONSE TIME SURGE PROTECTION DEVICES USING HIGH
POWER TIME DOMAIN REFLECTOMETIRY, W. Davidson, Marconi Space and Defense
Systems Limited, Camberly, Surrey, UK

CURRENT INJECTION METHODS ON CABLES AND EQUiPMENT J. Peneau and M.
Crochet, Aerospatiale, Les Mureaux, France

EMP TEST METHODS FOR AVIONIC EQUIPMENT AND THE IMPLICATIONS FOR TEST
SPECIFICATIONS, J. Bishop, Royal Aircraft Establishment, Farnborough,
Hants, UK

A PORTABLE PROGRAMMABLE PULSER FOR DIRECT DRIVE TESTING, J. Gibson,
EG&G WASC, Albuquerque, NM

EMP VULNERABILITY AND PROTECTION OF DIESEL GENERATOR SET, G. Jellison,
The BDM Corporation, MclLean, VA

THE PEAKING CIRCUIT REVISITED, J. Harrison, Maxwell Laboratories,
Inc., San Diego, CA

127



Practical measurements with a special 600 kV

multiple impulse NEMP test system

M. Lutz, E. Gockenbach, 0. Frey
EMILE HAEFELY & CO.LTD., Lehenmattstrasse 353
Basel/Switzerland

This paper describes a test system with the capability to
generate multiple NEMP pulses up to 500 kV and rise times
=5 ns. A multiple impulse can consist of a maximum of

10 single impulses. The minimum time interval between two
successive impulses 1ls between 10 and 20 ms which equals
a pulse repetition frequency of 50 to 100 Hz.

The high voltage circuit is built of three main components:
Marx-Generator, separating device and peaking circuit with
the antenna connected to it.

The entire energy needed for the max. 10 impulses is
stored in the Marx Generator. A specially designed spark
gap which will be described in detail in the paper allows
that only part of that total energy is delivered to the
peaking circuit and its capacitors.

A separating device, basically a high voltage diode
prevents that the peaking circuit capacitor is discharged
again via the Marx Generator circuit.,

The peaking circuit with the antenna has been designed

so that rise times of =5 ns are possible. A triggered
spark gap built into the peaking circuit alliows to operate
the whole system with a jitter below + 25 ns.

Further to the measuring results the paper will also
describe which major problems had to be overcome while
operating the systemn.

Multiple NEMP type impulses could serve to simulate the
gituation occurring when missiles with nuclear warheads
are intercepted in high altitude.

Enclosure: photograph of the peaking circuit
described in this paper.
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THE MEASUREMENT OF RESPOUNSE TIME OF SURCE
PROTECTION DEVICES USING HIGH PUOWER TIME
DOMAIN REFLECTOMETRY

W.Davidson: Technology Group, Marconi Space and Defence Systems
Limited, Chobham Road, Frimley, Camberley, Surrey, Uniied
Kingdom, GUT6 5PE.

This paper describes a test programme undertaken by MSDS Limited for
the UK MO to evaluate the performance of surge protection devices
when exposed to voltage pulses with leading edge rates of rise typical of
nuclear electromagnetic pulses.

The method wused was that of high voltage time domain refiectometry
poineered by }.D.R. McQuillan (Reference 13). Principal characteristics of
the equipment which was specially designed and built for this purpose
were:

Peak Voltage: variable up to 8kV
Puise Duration: variable up to 2us
Pulse Rise Time: variable G.3ns to 40Uns

The paper describes the equipment design theory and practice. It is shown
that it is possible to measure time-to-switch and switching voltage of
surge suppression devices. In addition the statistical spread of spark gap
breakdown voltage and time and variation in glow-to~arc transitions can be
measured. All these measurements were feasible with modest voltage
puises because of the very high rates of voltage achievable. One
important feature of the design is the incorporation of a capacitor probe
some distance from the device under test thus enabling the incident pulse
and device response to be separated in time,

This work has been carried out with the support of Procurement Executive,
Minisiry of Defence.

The kit was used to measure the characteristics of a wide range of
components including spark gaps, TAZ diodes, varistors, filters and hybrid
units. The paper presents test results on many of these components and
discusses the results.

The work is fully described in the following references:

T McQuilian  J.D.R., "The use of high powered TDR in the
characterisation of protective devices®. Unpublished MOD(PE} Report,
September, 1979.

Z. 1.A. TFryer and P.R. Miller, "The application of surge protection
devices for NEMP hardness assurance. A survey of device testing
methods® - MSDS Report T{F)M/744.

3. P.R. Miller and C.P. Corr, "The application of surge protection devices
for NEMP hardness assurance®. MSDS/NS Guide No. 6.
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CURRERT THILCTIGN SLTHILS O CARLES AND POUTRPHENT

Authors @ J.14, PEREAU - M., CRGCHET
AERQSPATIALE - 78130 LES FUREAUX

The aim of this paper is to show the validity,the limits and the various test
set-up configurations for  current injecticn on pieces of electronic equipment
interconnected by shieldsd or non shielded cables,

After a brief review of typical current waveforms to be simulated, we can show how
it is pessible to design and build up a test set up taking into account the
practical fimitations and availability of pulse generators.

Several exemples of practical design are given for various cases :

- conpletly shielded cables and eguipment, by means of direct drive or current
transformer iniection

~unshielded cables (current transformer coupling)

- direct drive of equipment inputs

Empnasis will be made on two important points :

- understanding of the behaviour of the coupling network inciuding : pulser,
coupling device and tested circuity, and computer aided design of the test
set up

- common mode to differential mode conversion on multiple entry equipmeni and
practical ways to achieve such a counling
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EMP TEST METHODS FOR AVIONIC EQUIPMENT AND THE IMPLICATIONS
FOR TEST SPECIFICATIONS

Dr J Bishop

Flight Systems Department
Royal Aircraft Establishment
Farnborough, Hants, UK

One of the requirements for the production of EMP hardened aircraft or
the assessment of EMP vulnerability is to test avionic equipment
against an EMP test specification. The paper describes methods of bulk
current injecting simulated EMP induced currents on to equipment cables,
methods of measuring voltages appearing at components within the equip-
ments and methods of measuring the coupling impedances between the
cables and components. Also described are methods of making and the
results of low level swept cw measurements; these form the initial part
of an EMP vulperability assessment programme,

Measurements on avionic equipments have shown the value of bulk current
injecting low level swept cw current on to equipment cables, and the
simultaneous measurement of induced voltages at test points within the
boxes. This is shown to provide a realistic assessment of the voltage
induced by a high level damped sinusoidal impulse. It is also shown
that the cable to compenent coupling varies significantly between com—
ponents and that the magnitude of the impedance is not necessarily a
smooth function of frequency.

A further use of swept cw measurements described was to measure the
equipment cable loop impedance using a current transformer and a simple
pickup loop. These measurements if made initially on an aircraft and
then repeated on the equipment test set up show the differences between
the two. It is then possible to alter the cable impedances of a
laboratory or avionic rig to match those of the aircraft, thus ensuring
that a non aircraft test is as realistic as possible.

The paper concludes that with injected cw it is possible to test
avionic equipments at low level thus avoiding any possibility of caus—
ing damage, to predict with reasonable accuracy the results of inject-
ing a high level damped sinuscidal transient and to modify a test rig
so as to make the cable impedances a better approximation of an air-
craft. The coupling measurements have shown that in order to properly
test an equipment it is necessary to inject damped sinusoids over the
whole of the expected threat frequency range, rather than at some
arbitrarily selected spot frequencies.

Copyright © Controller, Her Majesty's Stationery Office, London, 1984
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ABSTRACT ON
A PORTABLE PROGRAMMABLE PULSER
FOR
DIRECT DRIVE TESTING

BY
J. GIBSON, EG&G WASC
2450 Alamo Avenue, SE,
P. 0. Box 9100
Albuquerque, WM 87119

Direct-drive testing of equipment and systems is gaining
popularity for determining levels of upset and damage due to various
transients to which +the wunits may be subjected in actual use. A
variety of custom test equipment has been developed with typically
limited ranges of capability for support of very specific tests. In
this presentation, the design and operation of a portable programmable
pulser (P°) is presented. The basic P? system consists of a systenm
control unit, waveform generator (damped sine for example) and two lkw

linear power amplifiers. The wuse of the linear power amplifiers
provides a wide range of versatility to the systen. Virtually any
waveform within the frequency range of 1 kHz to 200 MHz may be

processed through the amplifier system. The system gain is about 60
dB and is variazble in 0.1 dB steps over & range of 80 dB. A drive of
0 dBm is required for full output simplifying the design of the
waveform generation circuitry. The basic waveform generator included
is a damped sine unit with a frequency range of 10 kHz %o 100 MHz and
continuously variable damping time constant of 50 ns to 10 ms. The
gystem control unit provides a variety of functions dincluding =an
aunto-cal. A fiber-optic BRS-2%2 1link is included to allow isolated
control and moniteoring of the p3 system from a remote computer.
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EMP Vulnerability and Protection of Diesel
Generator Sets

Dr. G. Jellison
The BDM Corporation, 7915 Jones Branch Drive, Mclean, VA 22102

The EMP vulnerability of large diesel generator sets, of
the type used for standby electric power generation, is evalu-
ated. A number of vulnerable components are identified. The
governor, for example, would need about 45 dB of voltage atten-
uation if it is electronic; a hydraulic governor would be EMP-
hard. Semiconductor components in the generator itself may be
exposed to Tine surges or to internally coupled EMP. The
vulnerability of the exciter field diodes, voltage regulator,
and other components is discussed. Available EMP hardening
technoTogy is evaluated for cost, maintainability, and suit-
ability to diesel generator protection.
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THE PEAKING CIRCUIT REVISITED*

MAXWELI. LABORATORIES, 1INC.
8835 Balboa Avenue
San Diego, California 92123

John L. Harrison

ABSTRACT

The peaking circuit has been extensively used in
NEMP simulators. The ideal output waveform for these
simulators is a fast-rising, double exponential pulse.
This paper develops a set of equations that can be used to
calculate the wvalue of the peaking capacitance, and the
switching time for a circuit with inductance and resistance
in the three legs of the circuit. While the solution does
not provide a closed-form solution for these two unknowns,
it provides a set of simultaneous equations that can be
solved using a calculator or a computer.

*Partially funded by:

Air Force Weapons Laborator
Contract Number F-29601-82-C-0092
Alr Force Systems Command

U.5. Air Force

Kirtland Air Force Base, NM 87117

Air Force Ballistic Missile Office

Air Force Systems Command
Norton Air Force Base, CA 92409
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EMP COUPLING SOURCE HANDBOOK FOR ARMY SYSTEM DEVELOPERS, K. Lepcer,
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COMPUTERIZED EMC ANALYSIS
Kenneth R. Siarkiewic?
Rome Air Development Center
Griffiss AFB, NY 13441

The Air Force has developed a set of computerized mathematical models
to be used by military and industrial agencies to increase the assurance of
system level electromagnetic compatibility (EMC) among the components of
complex AF systems. These codes are applicable to aircraft, ground, and
space/missile  systems  whether under development or  undergoing
modification. These codes provide a means for directing attention to the
most likely sources of EMC problems, resulting in an effective use of funds
allocated to system integration and EMC testing.

The main analysis codes that are available are:

{1) Intrasystem Electromagnetic Compatibility Analysis Program
(IEMCAP): This is a generalized program capable of taking detailed input
data describing the physical configuration of an entire system as well as
its intrasystem EMC environmenit and predicting port-to-port and overall
EMC levels in relaticn to military specifications. It is also useful for
trade-off and waiver analysis. Its output is a digitized EMC database
useful for future system modifications.

{2) General Electromagneiic Model for the Analysis of Complex
Systems {GEMACS): This code provides a detailed analysis of the
electromagnetic rhenomena associated with a complex system. This code
uses the Mathod of Moments (MOM) and Geometrical Theeory of Oiffraction
(GTD} analysis techniques to obtain the electric currant distribution over
the structure, far-field and near-field raciation patterns, antenna input
impedances, and antenna-to-antenna coupling parameters for antennas on
structures. Sources of excitation can be antenna input voltages or an
incident electromagnetic field from an arbitrary source.

(3} Nonlinear Circuit Analysis Program (NCAP):  This computer
program allows an engineer to determine the nenlinear transfer functicns
of an electronic circuit. These transfer functicons are calculated using
“he Volterra series approach. They are directly related to sucn nhenomanz
as intermodulation, Cross modultation, desensitizatian, gein
compression/expansion, spurious responses, 2tc. The use of 3 sparss
matrix technique enables NCAP o analyze typical circuits with 500 to 500
nodes.

(4) Wire-to-Wire: These prediction models are based on a complet
and unified consideration of multiconductor transmiscion line theory as i
applies to the predictien of wire-coupled interferance. Of particular
interest is the WIRE code which predicts terminal currents induced in a
multiconductor transmission line by an incident electromagnetic fieid.

Further information is available in "Intrasystem Anzlysis Pr
I

0
(IAP} Code Summaries™, J.J. Dobmeier, A.L.S. Drozd, and J.A. Surace, R
TR-83-101, May 1983, AD A135664.
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PROTECTION AGATNST TRANSIENT CURRENTS (EMP) ON MULTICON-
DUCTOR TRANSMISSION LINES
* £
J.L. ter Haseborg ), H. Trinks ), R. Sturm
*)Technical University Hamburg-Harburg

Postfach 90 14 03, 2100 Hamburg %0
NBC Defense Research and Development Institute
3042 Munster Germany

*‘k)

**)

Glectromagnetic interferences penetrating the shield of
sensitive electronic devices via cable entries are sig-
nificantly responsible for reduction of the shielding
effectiveness. Therefore, an effective protection of cable
entries is necessary. In order to realize an optimum pro-
tection by special circuits the shape of the interference
pulse as a function of time-particularly the edge steep-
nessg - must be known, because the response of protection
circuits - consisting of gas arresters and suppressor
diodes - is dependent on the edge steepness of the inter-
ference pulse.

Starting from the frequency-dependent transfer impedance
of a multiconductor cable sheath the propagation of the
currents, coupled from the cable gheath into the lines, is
computed by means of the transmission line equations in
the freguency domain. Concerning the computations an equiv-
alent circuit diagram of the multiconductor transmission
line is taken as a basis, which considers not only the
inductive and capacitive couplings but alsc the line
losses. Dependent on an arbitrary termination, including
match-termination, the computation of the currents at
arbitrary points on any line of a multiconductor trans-
mission line is possible. Using the transmission line
equations the wave eguations for the multiconductor trans-
mission line can be obtained. A decoupling of this dif-
ferential eguation system is realized by means of a special
transformation (eigenvalue problem).

Theoretical and experimental results will be presented
showing coupling and propagation processes of transient
currents (EMP} on multiconductor transmission lines as
well as the response of special protection circuits. The
applying surge voltages for testing these circuits show
edge steepnesses up to 2 kV/us (lightning) and up to
5 kV/ns (EMDP).
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HARDNESS MAINTENANCE EXPERIENCES ON
EMP PROTECTION EQUIPMENT

R. W. DeKalb and J. H. Whitc
Teledyne Brown Engineering
300 Sparkman Drive
Huntsville, AL 35807

For the past four years, Teledyne Brown Engineering has been developing
and documenting a data base of EMP hardening experiences on military
systems, facilities, and equipment over their life cyecle. Information
accumulated to date reveals that numerous costly and time consuming
problems in the maintenance of EMP protection equipment have been
encountered. Many of these problems have occurred repeatedly during
the 1life cycle of systems and many could have been avoided if manage-
ment, design, test, maintenance, and operating personnel were know-
ledgeable of experiences captured on other programs. Since the
deployment of future wmilitary systems and comstructed facilities to
support these systems will dictate a hardness requirement, it is
essential for project managers and engineers to become knowledgeable
of lessons learned, new methods and techniques, and mistakes previously
made in hardness programs to avoid making the same mistakes in the

future.

This paper describes a documented EMP hardness information data base
and presents many EMP related hardness maintenance experiences captured
over the life cycle of weapon system facilities, early warning systems,
missile systems, and communication systems. Corrective action taken to
resolve hardening problems are identified, including their effective~
ness. The experiences provided identify deficiences in system
documentation and specifications and describe many problems that are
maintenance related during construction/installation, verification
testing, operation, and field maintenance of EMP protective features.
Also, many hardening problems encountered with maintenance of test
equipment, instrumentation, and simulators during in-place validatiom
test programs are identified. Cases are noted in which many of the
mistakes made previocusly were repeated on other hardening programs
simply because project managers and engineers had access to only
limited past experience accumulated on hardened systems. Sources of
information being used in the development of the data base include
lessons learned, hardness verification test results, maintenance/
surveillance data, and hardness assessment reports.

1t is felt that forums like NEM must be used to inform the community

of the availability of this documented EMP hardness information to
assure maximum usage as well as minimize duplication of efforts.

This work was sponsored by the Defense Nuclear Agency and the U.S.
Army Ballistic Missile Defense Systems Command.
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EMP HARDENING FEATURING INTERACTIVE GRAPHICS
AND COMPUTER AIDED DESIGHN

by D.R.J. White and M. Mardiguian
Don White Consultants, Inc.
P.0. Box D, Gainesville, VA 22065

ABSTRACT

This paper summarizes recent advances in EMI control methodology
and procedures with applications featuring compufer interactive graphics
and computer aided design. The problem selected for demonstration is electronic
system design and retrofit to harden against electromagnetic pulse threats.
Live demonstrations will be presented using an IBM Personal Computer display
projected on a large viewgraph fransparency screen.

EMI control methodology and procedures is a technique which predicts
and analyzes electronic equipments to determine their EMI radiated susceptibility
to any defined or defaulted electromagnetic enviromment and how to harden
thereto. First, the ambient is defined across the 10kHz-10GHz spectrum
from licensed transmitters, lightning strokes, ESD or EMP threats in eleven
half-decade bands. Then salient data (sensitivity, noise immunity level,
bandwidth, stop-band slope, impedance) are determined for analog and/or
legic sources in one equipment talking to similar circuits in another equipment.
Other data are also defined, such as I/0 cable type, length, geometry, shields,
shield grounding and grounding or floating of mother boards and boxes.

The program predicts common-mode coupliing into system ground loops
and converts this to differential mode at the victims. The program also
computes direct radiation coupling of differential mode into I/0 cables.
The outputs are combined and processed through the vietim analog and/or
logic responses. Thence the interference-to-noise (I/N) ratios are calculated
across the 10kHz-10GHz spectrum. The dominant EMI failure coupling mode
is quantitatively identified together with prompters, i.e., what EMI fix
candidates are available.

The user then selects one or more fixes from the list (float PCB,
float box or equipment, use ground choke, use optical isoclator, use fiber
optics, isolation transformer, add EMI filter, etec.). The program is then
iterated with the changes and the new performance is again shown on screen.
This process is repeated until the objective I/N ratio is achieved. Then
the entire EMI-fix history is displayed so that all fixes are clearly evident.
This allows overall critique so that a more effective cost-benefit solution
or the best of several sclutions may be chosen.

To fully exercise the above EMI control methodology and procedure,
a nuclear electromagnetic pulse of 50kV/m is selected, The IBM PC display
is projected on a large screen to facilitate following the action. Thus,
this paper 1s presented by interlacing traditional viewgraph transparencies
of topic material with computer projections - all on the same screen.
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USE OF FILTER PIN CONNECTORS FOR
EMP PROTECTION

dohn Mosher
Parviz Parhami, Ph.D
TRW Inc., Redondo Beach, CA 90278

Jerry McCormack
McDonnell Douglas Aircraft Corp., St. Louis, MO 63166

Filter pin {contact) connectors are an interface specified for
electromagnetic interference (EMI} protection of certain electronic
systems. The F/A-18A aircraft, for example, has extensively used such
connectors on many of its electronic systems. Even though not originally
specified for EMP protection, the filter pin connectors are expected to
significantly alter the EMP energy delivered to the electronic circuitry.

Literature from Bendix shows a typical filter to be roughly equiv-
alent to a conventional low-pass Pi filter. The central filter pin
contact is surrounded by a ferrite sleeve, itself surrounded by a barium
titanate capacitor. The internal and external gaps and the solder joints
at either end form the Pi topology.

Several of the Bendix low-pass filter pins used in the
F/A-18A aircraft) were extensively tested for EMP response and the out-
come presented in this paper. These tests included CW transfer function
measurements into various terminations and high power-narrow pulse damage
verification. This effort has been sponsored by the Aircraft EMP Techno-
logy Development (ACEMPTD) program.
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EMP COUPLING SOURCE HANDBOOK FOR
ARMY SYSTEM DEVELOPERS

KEKDALL T. LEPOER

US Army Electronics Research
And Developnent Command
Harry Diamond Laboratories
Adelphi, MD 20783

Harry Diamond Laboratorieg is developing a high~altitude
electromagnetic pulse (HEMP) coupling source handbook for Army
tactical system developers. The handbook is intended to provide a
user—criented sourcebook for HEMP coupling data for various types of
penetrations commonly seen on Army tactical systems. It will enable a
system developer to readily predict worst-—case HEMP-induced waveforms
on cables and anfennas in order to define hardness requirements for
interface circuits and subassemblies and to specify required terminal
protective devices (TPD's). Conversely, knowing the interface
subassembly vulnerability level will assist designers in selecting
TPD"s, cables and equipment to assure hardness. The handbook will
also allow design of injection pulsers for verification and
maintenance of the hardness of these items. In effect, the HEMP-
induced waveforms in the handbook will constitute a set of unofficial
HEMP pin specifications.

The handbook will incorporate a great deal of HEMP coupling data,
both analytical and experimental, obtained through the years by HDL in
many system—assessment programs. This constitutes a large data base
for system coupling that until now was scattered rhroughout a large
nunber of reports. The handbook will unify the data into a single
source. Where appropriate, these data will be supplemented by newly
developed information, based on experiments and exercise of HDL s
coupling codes. A large present effort is concentrating on producing
worst-case cable coupling data by use of the FREFLD code.

The data will be organized in a user-oriented format. 1In general
the data will be grouped by configuration of the coupling seource and,
for each type of coupling source, will contain the following
information:

1. Description of the generic coupling source.

2. Standard threat-level waveform and source impedance for a
standard length, height, etc.

3. Series of correction factors to apply the standard waveform
to various lengths, heights, etc.

Not all the generic coupling sources will have all this
information available when the handbook is first published. Whatever
is available at the time will be included, and the handbook will be
updated periodically as further or better information becomes
available.

The paper will dicuss the development, usage, and format of the
handbook. It will also include selected coupling data to be furnished
in the handhook.
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laefely
wlates

@ Standardized lightning impulses
to 1EC, IEEE, SAE Specs.
up to 10000 kV/500kA

& switching impulses

® electrostatic discharge

e Nuclear electromagnetic pulses
toe NATO & customer specs.,
from 0.5 -1500 kV single and
recurrent impulses

@ EMIC test equipment

This is the range we have available for testing avionics,
electronics, electric equipment, process control
equipment relays, u-processors etc.

PSD 15 A Static Discharge Simulator up to 16 kv
in acc. IEC 85, other R & D values on request

PEMI 12 EMP Simulator Burst Generator

upto 12 kv inacc. IEC TC 66/WG 4

< 10/200 ns impulses generates 4 kV spikes

with antenna in rapid succession

for 50 kV /m E-field impulse shape 5/50 ns
up to 4 kV

8 kV option available too!

if you care whether your product
is transient proof you should
speak to us.

High Voltage Test Systems
HAE F E LY Emile Haefely & Co. Ltd.

P.0.Box

CH-4028 Basel Switzerland

Y /:M HV TEST SYSTEMS, INC.
/‘%\MM@W@M@AN Central Garrett Industrial Park
VN Accident, Maryland 21520
(301) 826-8651 Telex 86223

A DIVISION OF KAMAR SCIENCES CORPORRTION

SOLYING PROBLEMS FOR GOVERNMEKT AND IRDUSTRY

D/ G0 163 uvniversiy soutevarp, NE TELEPHONE

ALBUQUERQUE, NEW MEXICC 87102 f1505) 642.6108

SANTA MONICA, CALIFORNIA {213} 450.5772
A STAFF OF CONSULTING SCIENTISTS AND ENGINEERS
SPECIALIZING #N... ELECTROMAGNEYIC RESEARCH, SYSTEMS
ANALYSIS, SYSTEMS ENGIMEERING, AND COMPUTER SCIENCES

POSITIONS EXISY FOR EMP SPECIAEISTS

an equal cpportunity smployer

PANAMETRICS

Research Capabilities in:

Electromagnetics
Ultrasonics

Radiation Detection Systems

Contact: Dr. Norm Pedersen

PANAMETRICS, INC.

221 Crescent Street
Waltham, MA 02254
Tel: (617) 899-2719







The Hardness and Survivability
Laboratory of TRW's Defense
Systems Group is a major organiza-
tional element of TRW Inc.
dedicated to the survivability of U.S.
military systems vital to national
defense. We provide comprehensive
support from system concept
development through deployment,
operation, and maintenance for pro-
grams with nuclear, conventional, or
advanced threat survivability re-
quirements. The Laboratory has
experience in technology and study
programs and in spacecraft, missile,
aircraft, ship, C3 and C3| hardware
programs. The staff consists of ap-
proximately 250 professionals whose
expertise spans all weapons effects;

¢ Electromagnetic (EMP/SGEMP/
SREMP)

¢ Radiation (Thermal/Mechanical/
TREE)

¢« Atmospheric Dynamics (Shock,
Dust, Rain, Hail)

¢ Seismic (Ground Motion, Over
Pressure, Shock)

¢ Directed Energy

The Laboratory maintains field of-
fices in Washington, DC, Ogden,

UT, and San Antonio, TX, in addi-
tion to its main location at Space

Park in Redondo Beach, CA.

We are interested in discussing
career opportunities with serious
professionals in any of the above
disciplines. Immediate openings ex-
ist for:

e Electromagnetic Effects Scien-
tists and Engineers

e Radiation Effects Scientists
and Engineers

Please send inquiries to:

Dr. Richard Plebuch

TRW Defense Systems Group
Hardness and Survivability
Laboratory, Bidg. 134/Rm 8085
One Space Park

Redondo Beach, CA 30278

Equal Opportunity Employer
U.S. Citizenship Required




Deploy the CP Senes EMP
Protector for
Nanosecond Protection

Refiable EIectrchUtlE;ty Products CP This protection is suitable for applications
Series pretector® is a coaxial arrester that within an ambient temperature range
guards against EMP, Super P of -40° 10 105°C and an altitude of
Lightning and other fine zern 1o 100,000 feet.
disturbances. it operates at
1500 volts o less with KV per
nanosecond voitage transients.
With low insertion ioss and
excellent VSWR, the CP Series
protector may be inserted into many
coaxial transmission lines without
other modifications. [t features a nickel- For Further
plated aluminum housing with N or information phone
BNC connections. or write us taday.

Depioyment of the P Series
EMP protector for a# trans-
missien lines should be an
integral part of your

hardening effort.

Reliable Electric/Utitity Produets 11333 Addison Street/Franklin Park, Illinois $0121/312-455-8010

1404 EARNSHAW CT
RESTON. Wb, 20000
TEL (004037 40%

VascoC. Martins

PRESDENT

e NESEARCH AND APPLED ELECTROMAGHETICS

RELIANDCE
cComMM/TEC BIL]

T Research Institute (IITRI) is one of the nation’s
largest independent, not-for-profit, multidiscipli-
nary research organizations. Since 1936, IITRI
has applied science and technology to solve
problems for industry and government on a con-
tract basis.

A staff of over 1,700 professional and support
personnel conducts work in virtually all of the
physical and biological sciences and their related
technologies. Research and development, test
and evaluation, and analyses are supported by
fully equipped laboratories and computational
facilities, enabling scientific analysis, simulation,
and experimentation with a high degree of accu-
racy and credibility.




s THOMSON-CSF

MAIN FEATURES

“FIELD OPERATION” ORIENTED SYSTEM:

¢ Rugged Optical Transmission — Two Optical Fibers
In A Single Cabie.

¢ Opiical Link Up To 200 Meters.

& Full Remote Controtl Of Transmitiers And Sensors.

& Automatic Calibration Of The Optical Link. BROAD LINE OF MINIATURE ACTIVE SENSORS:
¢ 14 Different Types of Sensors
e Flat Response: 1db
¢ Extended Bandwidth: 100 Hz To 150 MHz

e Very Wide Dynamic Range: 150 db {Total)
TWO DIGITIZING SYSTEMS:

e#S0lid State Digitizer — Model TSN 694 Transient Digitizer
e Oscilloscopic TV Camera Digitizer — Model TSN 1151 “MIDASCOPE”

Marketed in the USA/Canada through

systems
Test & Measurement Systems, Inc,
348 Cobal Way, Sute 3

Sunayvale, CA 94086

Telephone: (408} 720-8877



_ 3518 Breakwater Court
Lul GCh, Inc. Hayward, CA 94545
(415) 786-3130

oEMP eLIGHTNING eEMC

8pecializing in the

Analysis Evaluation Design Test Planning
of
HARDNESS AND HARDNESS ASSURANCE
for
*Systems sComponents

ELECTROMAGNETIC ANALYSIS, TESTING, HARDENING

Nuclear Effects, EMP, SREMP, SGEMP, EMI, EMC, Lightning, Tempest

MNUCLEAR EFFECTS, LIGHTHING, ARD EMP HARDEMING
EMA is recognized for its expertise in EMP and lightning analysis,
hardening and test planning for both tactical and strategic defense
systeins. EMA has appiieéd our analysis methods to satellites,
missiles, aircraft, mobile launchers and communications centers.,
EMA utitizes finite difference models, circuit analysis, laboratory
tests, EMP and TREE simulators in this work.

ELECTROMAGNETIC INTERFERENCE (EMI)
AND ELECTROMAGNETIC COMPATIBILITY

) éEMC) TESTING
EMA has an experienced team with extensive EMI know-how in

testing and certifying communication facilities, RF| doors, power
filters, surge arrestors, communication filters and waveguides.
Mobile testing facilities are available to test enciosures to MIL-STD-
285 and more complex requirements.

Our EMI coupling and shielding facility at Albuguerque is capable of
performing all MIL-STD-462 tests. Personnel are also experienced
with testing to requirements of MIL-HDBK-237A, MIL-STD-1541,
MIL-STD-1542, MIL-STD-202 & 220A.

A EM ELLECTRO MAGNETIC BB
APPLICATIONS, INC.

For further information contact: Huntsyille Alabama Division
EMA CORPORATE HEADDUBARTERS (205) 882-8128
{505) 265-3538 Lo
1025 Hermosa Drive S.E. Benver Golorado Division
P.C. Rox 8482 (303) 989-2744
Albuquergue, N.M. 87198

» Employment opportunities exist in all of the above areas.
& Qualified applicants please send resumes to EMA Corporate Headquarters.



On land ... on the sea ... in the air and
deep space, Rockwell’s experience
ensures cost effective, long term EMP
protection at the system level.

Using the systems approach, Rockwell
International Corporation has conducted
programs in all phases of nuclear effecis
studies and survivability analyses ...
culminating in the design and fabrication
of hardened systems with proven
protection against EMP.

For more information contact:
Marketing Manager

Autonetics Strategic Systems Division
Defense Electronics Operations

3370 Miraloma Avenue

Anaheim, CA 92803

Telephone: (714) 632-4440

Rockwell
International

...where science gets downto business



Booz-Allen & Hamilton is an interna-
tional management and technology
consulting firm. We're the con-
sultants of choice to government and
industry in diverse technologies, such
as: nuclear and nonnuclear sur-
vivahility, reactor safety/waste
management, space systems, defense
electronic systems engineering, ship
systems engineering, and tactical and
strategic communications systems
development.

In nuclear and nonnuclear sur-
vivability, Booz.Allen is developing
effective protection strategies and
the techniques to verify and validate
them. Current projects range from
the development of conceptual ap-
proaches to actual system hardening
design, focusing on nuclear and non-
nuclear effects on military weapons
and telecommunications systems.

The results of our studies, such as our
analysis of EMP failure thresholds,
are setting new standards for the
community.

Specific Booz.Allen capabilities in
nuclear and nonnuciear survivability
include:

Develops and proves system
survivability enhancement concepts

S
ILTON DO

Nuclear Survivability

s Nuclear Weapon Effects (NWE)
Research

s Systermn Survivability/Vulnerability
(5/V) Analysis

e EMP & Transient Radiation Effects
on Electronics (TREE)

s Nuclear Hardening Engineering and
Maintenance

* Modeling and Simulation

» Testand Evaluation

Nonnuclear Survivability

Nennuclear Weapon Effects Research
Mission-Threat Anatysis

System 5/V Analysis

3/V Reduction Techniques

Modeling and Simulation

Test and Evaluation

2 & @ @ @ @

Electromagnetic
Environmental Effects (E)

s HsThreats: EMP, EMI, ESD,
Lightning

e System and Facility Engineering

e Integrated Protection of Electronics

To find out more about how Booz.Allen
can help you in nuclear and nonnuclear
survivability, contact: David L. Durgin,
Vice President, Booz-Allen & Hamilton Inc.,
4330 East West Highway, Bethesda,
MD 20814.

An Equal Opportunity Employer.

IN NUCLEAR AND NONNUCLEAR SURVIVABILITY

| ]

BOOZ ALLEN & HAMITTON TNC.

Professional excellence...we make a practice of it.




. ELECTROMAGNETIC
SR SCIENCES
LABORATORY

Nt

T

Electromagnetic wave propagation and scatiering

Electrostatics and lightning

Electromagnetic pukse (EMP) research

Microwave systems, including conventional radars,
synthetic aperture radars, and radiometers

L

RF breakdown in gases and multipacting

*

Plasmas and plasma diagnosucs

& Reentry physics

¢ Radio and optical oceanography

¢ Ocean-wave diagnostic techniques

& Geomagnetics and related phenomena
¢ Signal processing and analysis

& ()ptical and laser systems

e Computer simutation and modeling in the above fields.
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