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Welcome to the 1973 Jelnt EMP Technical Meeting. Judging from the
numbeyr of authors who submitted papers and the requests for ianvitations
to attend this meeting, it appears that there exists the better part of
one theusand people who devote some considerable amount of their time
and attention to EMP as & scientific and engineering discipline. We
have endeaverad to bring a large number of the workers in the field
together and have accepted papers from approximately 300 authors.
Unfortunately, we did have to limit attendance to appreximately 550
people based on the physical plant available. As with many subjects as
they grew we have had te ge to many parallel sessions in order to handle
what appear to be a lsrge number of acceptable papers., The meeting
is jeintly sponsored by the Army, the Navy, the Air Force and the
Defense Nuclear Agency, who have worked with mvself and the rest of the
conference staff threugh the Advisory Group, chaired by Mr. Ron Bostak
of BBL. In addition, we have scught a cross sectien of the technical
workers in the field to play 2 major role in the shaping of the technical
aspects of this program through the formation of a Technical Steering
Committee, chalred by Dr. Carl E. Baum of AFWL., This latter group has
been responsislie for selection of papers and the dnvited state~of-the-~
art papers. On behalf of all of the parties who have lzbored to put
this meeting together, I again welcome ysu, and hope that you have a
profiy@ble interchange.
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(:;;HN H. DARRAH, Conference Chalrman
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GUIDELINES FOR TABLE OF CONTENTS

Technical papers presented st the Joint EMP Technical Meating
are identified within the digest of abstracts by 2 page number and
a paper number. Each paper is assigned a numbey corresponding to
its order of presentation within its appropriate sesssion.

Paper titles along with corresponding paper and page numbers
are listed by section in the Table of Contents. Each paper ig
agsligned a2 unigue three diglt ddentifier called the Paper No. {(X-Y-Z},

X is the section number of the paper

¥ is the session number of the paper

Z is the order In which the paper will be presented
within its session
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1. ENVIRONMENT SECTION ~ Page 48

Chairman: Dr. William J. Karzas
R&D Assoclates
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GROUND BURST ENVIRONMENTS AND CLOSE-IN COUPLING

CHAIRMAN: DR, W. E. PAGE, AFWL
ENVIRONMENT SECTION 1, SESSION 1
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Section 1, Session 3, Continued
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CHAIRMAN: RICHARD R. SCHAEFER, R&D ASSCGCIATES

ERVIRONMENT SECTION 1, SESSION 4
Title

Calculation of the Early-Time X-Ray Generated
EMF Near a High-Altitude Spartan Weapon Burst,
A, A, O'Dell, C. L. Longmire, D. F, Higgins,
MRC

Predictions for Plated Wire Memory Response
to SGEMP, Dr. L. D. Singletary, TRW

Two-Dimensional, Time-Dependent Computer
Calculations of Currents and Fields in a
Cylindrical Cavity for IEMP Conditions,
Dr., E. P. Wenaas, E. P. dePlomb and A. J.
Woode, Intelcom Rad Tech

Two-Dimengional, Time~Dependent Computer
Calculations for SGEMP about a Conducting
Sphere, E. P. dePlomb, E. P. Wenaas and
A, J. Woods, Intelcom Rad Tech

Computer Solutions of IEMP Pressure Effects,
Including Spatial, Temporal, and Energy
Dependent Processes, E. P, Wenaag, F. P.
dePlemb, T. N. Delmer and A. J. Woods,
Intelcom Rad Tech

Close-In Radial Electric Field Pulses,
Stanley Schneider, McDonnell Douglas
Astronautics

Photocurrents and Self Consistent Fields in
Cavities--Air Pressure Effects, Orlando
Lopez, Kaman Scilences Corp.

The Effects of Coherent Scattering and
Polarization on Photon Fluence and Absorbed
Dose in Three Model Geometries, John R.
Roberts, HDL and Thomas M. Jordan,
Experimental and Mathematical Physics
Consultantes, Inc.

Page No.
93

95

86

97

98

o8

160

101



Section 1, Session 4, Continued

Paper No. Title Page No,
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Conductor, Kelvin Lee, Dikewood Corp.
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1-4~12 X-Ray Induced Currents on a Metallic Sphere, 105
R. Stettner, D. F. Higgins, MRC



2. INSTRUMENTATION SECTION - Page 106

Chairman: Ralph Partridge
Los Alamos Scientific Laboratory
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Invited Paper: A Survey of the State of the
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Ralph E. Partridge, LASL
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Research Lab
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EMP SENSORS
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INSTRUMENTATION: SECTION 2, SESSION 1B

Title

Mutual Inductance Current Probe Development,
W. Reed Edgel, EG&G, Inc.

An Electro-Optic EMP E-Field Sensor, Glen J.
Morris, EG&G, Inc.

Source Loop Calculations for B-Dot Sensor,
James L. Harrison, EG&G, Inc.

Characteristics of the DRI Spherical E-Field
Sensor, Mike Shields, Denver Research
Institute

A Multipurpose, Low Reactance EM Field
Sensor, U. Cocca, R, C. Fries and L. C.

Humphrey, GE

Omni-Directional B-Dot Sensor Development,
W. Reed Edgel, EG&G, Inc.
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Title

Transfer Impedance Across Interfaces
Containing Conductive Gaskets, A, Eckersley,
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Measurement of Complex Conductivity of the
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The SMART Test System, G. S. Parks, Jr., SRI

Measurement of Instrumentation Cable
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3. INTERACTION SECTION - Page 133

Chairman: Clayborne Taylor
Missisgippi State University
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25 Sep 73, 1:30pm - 5:00pm, Bldg 485, Kirtland AFB West Theater

COUPLING INTO APERTURES
CHAIRMAN: R, MITTRA, UNIVERSITY OF ILLINOIS
INTERACTION SECTION 3, SESSION 1A

Paper No. Title Page No.
3-1A-1 Diffraction of an Electromagnetic Plane 135

Wave Through a Narrow Rectangular Aperture,
M. R. Wilson, MRC

3-1A~-2 Diffraction of Planar Electromagnetic Waves 136
by a Slot, R. D. Jones, Sandia Labs.

3~1A-3 First Discussions in Generalizing Babinet's 137
Principle in Two Dimensions, M. P. Fry, J. P.
Heckl, L. F. Libelo, NOL

3-1A-4 Scattering by the Longitudinally Slotted 138
Conducting Cylinder, J. N. Bombardt, HDL

3-1A~5 EMP Coupling Through a Flush Mounted Coaxial 139
Aperture — Variational Calculation, 0.
Lopez, Kaman Sciences Corp.

3-1A-6 Backscattering from a Circular Plate by Wire 140
Mesh Modeling, Juang-lu Linm, W. L. Curtis,

M. C. Vincent, Boeing Aerospace Co.

3-1A-7 On EMP Excitations of Cavities Through Small 141
Apertures, Kenneth €. Chen, AFWL
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CHATRMAN: J. BOMBARDT, HARRY DTAMOND LARORATORIES

INTERACTION SECTION 3, SESSIONM 1B
Title

EMP Coupling to Cables Inside an Air-—
craft by Diffusion Through the Skin,
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Simplified Modeling of Typical Alr
crafc Cables, J. M. Carter and W. L.
Curtis, Boeing Aerospace Co.

Modeling of Control-Lay Cables, Con-
nectors, and Racks Using Lumped Parameters,
B. Rehkopf, Boeing Aerospace Co.

Response of a Buried Cable to EMP from a High=-
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Models of Two-Conductor Lines and Braided-—
Shield Cables feor EMP Inferaction Calcula-
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26 Sep 73, 8:30am -~ 12:00am, Bldg 485, Kirtland AFB West Theater

Paper No.

3-2A-1

3-2A-2

3-2A~3

3~2A-4

3-24-5

3-24-6

CHAIRMAN:

COUPLING TO POWER LINES
INTERACTION SECTION 3, SESSICN 24
Title

EMP Coupling to Power Lines, W. E.
Scharfman, E. ¥. Vance, K. Graf, SEI

Blectromagnetic Pulse Coupling to Power
Lines, J. H. Marable, DRNL

Goupling of Transient Radiated Fields
inte Lines, R. J. Mohr, AIL - a Division
of Cutler-Hammer

Two Dimensional, Time Dependent Computer
Calculations of Currents and Fields for a
Long Wire Parvalled to a Ground Plane, A.
Woecds, E. dePlomb and E. P. Wenaas,
INTELCOM RAD TECH

Reflection and Transmission of a Traveling
Wave at a Transmission Line ~ Power Trans-
former Junctiom, J. K. Baird, ORNL

Effects of Resistivity on the Current Inducad
in an Infinite Wire and Properties of the Two-
Dimensional Green Functions, Egon Marx, HDL

16

P. RANDY BARNES, OAK RIDGE NATIONAL LAB

Pace HNo.

1590

151

152

153

i54

153



26 Sep 73, 8:30am -~ 12:00am, Bldg 485, Kirtland AFB West Theater

Paper No.
3-2B-1

3-28-2

3-2B-3

3~-28-4

3-2B-5

3-2B-6

COUPLING TO MULTICONDUCTOR TRANSMISSION LINES

CHATRMAN: FRED TESCHE, SAT

INTERACTION SECTION 3, SESSION 2B

Title

Distrihuted Excitation of Linear Re-

ciprocal Conductor Systems, U. F. Strave,

Boeing Aerospace Lo,

Parametric Studies of EMP Coupling with
Multiconductor Transmission Lines, J.
Klebers, HDL

Response of Quasi-TEM Multiwire Trans-
migsion Lines to External Fields, S.
Frankel, Sidney Frankel & Associates

Analytical and Experimental Procedures
for Determining Multiconductor Line
Parameters, R. Pabst, J. Cretella,
GTE~Sylvania

Multiconductor Transmission Line Theory
and Experimental Verification, R. A.
Hubbs, Rockwell Intermational

Transmission Line Models for Use with

Circuit/System Analysis Programs, J.
J. Lubell, 5. M. Melzer, TEW Systems

17

Pgge Ho.
157

158

159

160

161

is62



26 Sep 73, 1:30pm ~ 5:00pm, Bldg 485, Kirtland AFB West Theater

INVITED PAPERS
CHATRMAN: E. K. MILLER, LAWRENCE LIVERMORE TABORATORIES
INTERACTICON SECTION 3, SESSION 3A

Paper No, Title Page No.
3~3A-3 The Scope and Techniques of EMP Interaction, 164

Carl E. Baum, Air Force Weapons Laboratory

3-3A-2 To be announced 165

18



26 Sep 73, 1:30pm ~ 5:00pm, Bldg 485, Kirtland AFB West Theater

COUPLING TO HORN ANTENNAS
CHAIRMAN: E. K. MILLER, LLL
INTERACTION SECTION 3, SESSION 3B

Paper No. Title Page No.
3-3B-1 Theoretical Analysis of EMP Coupling 167

into Flush Mounted Microwave Horn
Altimeter, R. M., Searing, Rockwell
International

3-3B-2 Quasi-static Analysis of EMP Coupling 168

to a Horn Antenna, J. F. Prewitt and
D. L. Wright, Dikewood Corp.

19



26 Sep 73, 1:30pm - 5:00pm, Bldg 483, Kirtland AFB West Theater

COUPLING INTO ANTENNAS
CHATRMAN: C. W. HARRISON, JR., GENERAL ELECTRO-MAGNETICS
INTERACTION SECTION 3, SESSION 3C

Paper No. Title Paga No.
3-3C~1 A Simple Procedure for Estimating the 170

Current Induced on Cylinder-Like Con-
ductors Illuminated by EMP, Clayborne
Taylor, Mississippi State University

3-3C-2 The Early Time Response of the Low- 171
Frequency Vertical Radiater to a Transient
Electromagnetic Plane Wave, P. R. Barnes,

ORNL

3-3C-3 Transmitting and Receiving Impulse Responses i72
of Selected Straight Wire and Aperture Antennas
With and Without Reflectors, V. C, Martins,
IKOR, Inc.

3-3C~4 EMP Response of Circular Loops, W. D. Swifg, 173
INTELCOM RAD TECH

3-3C-5 Band Limited Approximations of Dipole Antennas 174
with a Finite Number of Critical Frequencies,
P, P. Toulios, E. W. Weber, ILT Research

Institute

3-3C-6 Computer Analysis of the Fan Doublet Antenna, 1753
F. J. Deadrick, E. K. Miller and J. A, Landt,
LLL

3-30~7 Application of Singularity Expansion Method to 176

the Loop Antenna, XK. R. Umashankar, D. R. Wilton,
University of Mississippi, and R. F. Blackburn,
AFWL

20



27 Sep 73, 8:30am -~ 12:00am, Bldg 483, Kirtland AFB West Theater

Paper No.
3-44~1

3-4h-2

3-44-3

I-4h-4

3-bhe5

3-4A-5

CHAIRMAN:

EXTERNAL COUPLING OF ATIRCRAFT
INTERACTION SECTION 3, SESSION 4A
Title

Transient Scattering by an L-Wire Using
the Singularity Expansion Method, D. R.
Wilton and K. R. Umashankar, University
of Mississippi

Surface Currents Induced on Structures
Attached to the Wing of an Aireraft,
M. 1. Sancer, Northrop Corporate Labs.

Current and Charge Distributions on the
747 Alvceraft, W. L. Curtis, Boeing
Aerospace Co.

Determination of the EMP Enhancement Factor,
C. U. Benton, A. N. Phillips, LASL., R. W.
Buchanan, H. M. Fowles, Denver Research
Instritute

The Singularity Expansion Method Appiied
to Determine Current and Charge Iuduced on
Intersecting Thin Cylinders, T. T. Crow,
B. D. Graves, C. D. Tavler, Mississippi
State University

& Comparison of Measured and Predicted
Currents on Pipe Models of Aircraft
Structures, J. R. Hiil, MRC and Capt P.
Swan, AFWL

2%

DR. LEON PETERS, OHIO STATE UNIVERSITY

Page No.
178

179

180

181

182

183



27 Sep 73, 8:30am ~ 12:00am, Bldg 485, Kirtland AF¥B West Theater

EXTERNAL COUPLING OF MISSILE-LIKE STRUCTURES
CHAIRMAN: LOU LIBELLO, NOL
INTERACTION SECTION 3, SESSION 4B

Paper HNo. Title Page No,
3-4B-1 Interaction of Cylindrical Posts and Close- 185

in EMP Epnviromments, D. E. Merewether, MRC

3-4B-2 Comparison of Coupled Response Due to Dispersed 186
and Non-Dispersed EMP Enviromments, R. L.
Hutchins, BDM, Inc.

3-4B-3 A Comparison of CW and EMP Test Data, W. J. 187
Stark, HDL
3-4B-4 ¥MP Interaction with a Thin Cylinder Above a 188

Ground Plane Using the Singularity Expansion
Method, T. H. Shumpert, The Dikewood Corp.

3-4B~5 Singularity Expansion Method Approach to EMP 189
Interaction Calculations for Certain Systems,
L. Marin, The bikewood Uoxp.

3~4B-6 An Alternative Formulatiom for a Class of 190
Thin Body Scattering Problems Arising in EMP
Apalysis, R. Mittra, W. A, Davis and Y.
Rahmat-Samil, University of Illinois

3-4B-7 The Application of Relativity Theory to Extermal 131
Coupling Problems, D. A, Still, Rockwell
International

22



27 Sep 73, 1:30pm - 5:00pm, Bldg 413, Conf Rm 1, West

SELECTED EMF INTERACTION AND HARDENING SUBJECTS
CHAIRMAN: D. MEREWETHER, MRC
CLASSIFIED SESSION C-13

Paper No. Title Page No.
CelB~2 Shadowing Effects and Electromapnetic Transfer 193

Phenomena on a Miasile, N. Thomas, McDonnell
Douglas Astronautics

C=lB~3 Enhancement of Exhaust Plume Electrical 184
Conductivity by an Electromagnetic Pulse,
Mack W. Dowdy, Jet Propulsion Lab and
George W, Bechtold, Georgla Instltute of

Techmology

G=1B-4 Poseldon Exhaust Plume Interaction with REMP, 195
R. W. Sutton, Kaman Sciences Corp.

C~1B-5 EMP Coupling to Satellites, E, E. O'Donnell, 196
Kaman Sciences Corp.

C=1B-6 Plume Conductivity and Missile Skin Current 197
Enhancement, 5. Schoeider, McDonnell Douglas
Agtronautics

G187 Obscure Cable Pick-Up Mechanisms, J. E. Bridges, 198

IIT Research Institute

23



4. SIMULATION TECHNOLOGY SECTION - Page 199

Chairman: John C. Martin
Atomic Weapons Research Establiishment
Aldermaston, Reading, Engiland

24



25 Sep 73, 1:30pm - 5:00pm, Bldg 363, DNA Conf Rm, East

Paper No.

4TA-1

4-1A-2

Gt A3

G4 TA-G

4 1A~5

h—1A-6

CHATRMAN:

SIMULATOR STRUCTURES -~ RADIATORS

Title

Transient Radiation from A Step Voltage
Excited Resistively Loaded Antenna, D. L.
Sengupta, Y-Ping Liu, The University of
Michigan Rad Lab

On the Late Time Behavior of Fields Radiared
from A Critically Damped, Resistively
Loaded, Linear EM? Simulator, ¥F. M. Tesche,
SAT

Trangient Radiatdion from Resistively Loaded
Transmission Lines and Thin Biconical
Antennas, H. E. Foster, {-T Tai, The
University of Michigan Rad Lab

Transmission Line Model of Radiating Dipole
with Special Form of Impedance Loading,

D. Wright, J. F. Prewitt, The Dikewood
Corporation

On the Early Time Transient Radiation from
One or More Sourcesg of Finite Dimensions
on A Linear EMP? Simulator, ¥. M. Tesche, SAI

Input Admittance of An Infinite Cyiindrical

Antenna Having A Biconical Feed, M. 1.
Sancer, Northrop Corporate Labs

25

R. W. LATHAM, NORTHRCP CORPCORATE LABS
STMULATION TECHNOLOGY: SECTION 4, SESSION 1A

?age No.
203

202

203

234

205

206



25 Sep 73, 1:30;m - 5:00pm, Bidg 363, DNA Conf Rm, East

Paper No.
4=1B~1

4~1B~2

4-1B-3

4—-1B-4

4~1B-5

4~1B-6

SIMIFLATOR STRUCTURES - HYBRID SIMULATORS

CHATRMAN: LENNART MARIN, THE DIKEWOOD CORP,.
SIMULATION TECHNOLOGY: SECTION 4, SESSION 1B

Title

Electromagnetic Fields Near the Center of
TORUS, H. Chang, The Dikewood Corp.

TEMPS (Transportable Tlectromagnetic Pulse
Simulator), William Petty, Harry Diamond
Laboratory

TEMPS Environment, E. Patrick, Harry
Diamond Laboratory

EMPRESS Simulation Facility, I. N. Mindel,
IITRI and W. C, Emberson, NOL

Electromagnetic Pulse Radiation Environment
Simulator for Ships, E. R. Rathbun, NOL

Airborne Mapping of the Horizontal EMPRESS,
D. Koury, NOL

26

Page No.
208

209

210

211

212

213



26 Sep 73, 1:30pm - 5:00pm, Bldg 363, DNA Conf Rm, East

Pager No.
Lo 2AT

4u2A=2

4~2A-3

4--2A-4

4-2A~5

4-2A-6

CHAIRMAN:

SIMULATOR STRUCTURES - PARALLEL PLATES
SIMULATION TECHNOLOGY: SECTION 4, SESSION 2A

Numerical Analysis of A Transmission Line
EM? Simulator, K. M. Soo Hoo, The Aerospace
Corporation

Transient Fields of Parallel-Plate Simulators,
Lennart Marin, The Dikewood Gorporatiom

A Technique for Computing the Mode Spectrum
of A Parallel-Plate Waveguide with Side
Openings, T. Itoh, R. Mittra, University

of Illinois Electromagnetic Laboratory

Impedances and Field Distributions of Curved
Parallel-Plate Transmission-Line Simulators,
Tom K. Liu, The Dikewood Corporation

The Effect of Module Synchronization on the
Frequency Domain Qutput Waveform, J. E.
Faulkner, NDRC

Impedances and Fields of A Planar Array with

Sources Triggered in A Plane-~Wave Sequence,
Tom K. Liu, The Dikewood Corporation

27

DIPAK L. SENGUPTA, UNIVERSITY OF MICHIGAN

Page No,
215

216

217

218

219

220



26 Sep 73, 1:30pm ~ 5:00pm, Bldg 363, DNA Conf Rm, East

Paper No.

4-2B~1

4-2B~2

4283

4= 2B-4

4285

SIMULATOR STRUCTURES - PARALLEL PLATES

CHAIRMAN: DAN F. HIGGINS, MISSION RESEARCH CORP.

SIMULATION TECHNOLOGY: SECTION 4, SESSION 2B

Title

Poarformance of an Admittance Sheet Plus
Coplanar Flanges as a Matched Termination
of a Two-Dimensional Parallel-Plate
Transmission Line, A. D. Varvatsis,
Northrop Corporate Labs.

piffraction of a Pulsed Dipole Field at
a Bend in a Perfectly Conducting Sheer,
%, X. Chan, L. B. Felsen, 5. T. Peng and
J. Shmovs, Polytechnic Imstitute of
Brooklyn

Reflection From an Array of Dielectric
Posts, R. W. Latham, Northrop Corporate
Labs.

Parallel Plate Transmission in Proximity
to an Infinitely Long Circular Cylinder,
$. ¥. Cho and C-M Chu, The University of
Michigan

Measurement and Analysis of Reflected and
Diffracted Components at ARES and ALECS,

J. 8. Yu, B. D. Boitnott and J. €. Wirth, BDM

28

Yage No.
222

223

224

225

226



27 Sep 73, 8:30am - 12:00am, Bldg 363, DNA Conf Bm, East

FPaper No.
4-FA-T

4~ 3h~4

b-3A~5

4o 3A=6

b Bhm7

4-3A-8

4~34~9

SIMULATOR PULSERS

CHAIRMAN: IAN SMITH, PHYSICS INTERNATIONAL
SIMULATION TECHNOLOGY: SECTION 4, SESSION 3A

Title

Invited Paper: EMP Simulators, John C.
Martin, Atomlic Weapons Research
Eegtablishment

Invited Paper: Some Aspects of Pulsed
Power for EMP Simulation, Ian Smith, PI

Compact, Ultva-High Density Marx Geperator,
Capt D. M. Strickland and Capt W. L,
Beatherly, AFWL

Inductively Coupled Current Injection
Pulsers Theory and Practice, 7. O,
Summers, EG&G, Inc., and R. A. Hays, AFWL

Effects of Coaxial Cables on Fast-Risetime,
High-Voltage Pulses, . A. Frost and D. B.
Westenhaver, EG&G, Inc.

Development of High Voltage Damped
Sinusoidal Generators, A. DeCouteau, R. C.

Dyer and W. E. Spencer, Boeing Aerospace Co.

Design of Power Amplifiers for Dispersed
EMP Simulation, H. T. Buscher, EG&G, Inc.

6-1/2 Megavolt Fast Rise BMP Simulator
Pulser Design (TEMPS}, H. Aslin, PI

Repetitive 250 KV EMP Simulation System,
F. Champney, PI

29

Page No.
228

232

233

234

235

236



27 Sep 73, 8:30am ~ 12:00am, Bldg 363, DNA Conf Rm, EHast

SGEMP SIMULATION I
CHAIRMAN: K. §. H. LEE, THE DIKEWOOD CORP.
STMULATION TECHNOLOGY: SECTION 4, SESSION 3B

Paper No. Title Page HNo.
L-3B-1 flectron Beam Simulation of Imternal 238

EMP (LEMP) in Scaled System Models,

$. Schneider, McDonnell Douglas Astro-
nautics Co., and R, Little, Simulation
Physics, Inc.

4-3R-2 Pulsed Electron Beam Generation and 239

Characterization for IEMP Simulation,
R, G. Little, Simulation Physics, Inc.

30



27 Sep 73, 1:30pm - 5:00pm, Bldg 363, DNA Conf Rm, East

Paper Ne.
4—4A-T

bebA-2

4-4A=3

belipty

4-bA5

SGEMP SIMULATION II

CHAIRMAN: K. S. H. LEE, THE DIKEWOOD CORP.

SIMULATION TECHNOLOGY: SECTION 4, SHSSION 4A

Title

Some Preliminary Design Considerations
for a SGEMP Simulator for Satellites,
D. F. Higgins, C. L. Longmire and M. A.
Megsier, MRC

The Effective Radii Approximation for the
Capacitance of a Body Within an Enclosure,
R. W. Latham, Northrop Corporate Labs.

Capacitance Bounds for Geometries
Corresponding to an Advanced Simulator
Design, M. I. Sancer, Northrop Corporate
Labs.

Eiectron Trajectories in the Vicinity of a
Wire Mesh Placed Parallel to a Perfectly
Conducting Ground Plane, D. E. Jones,

$. H. Gurbaxani, UNM

Study of a Charged Wire Grid for Reducing
Electron Backscatter in EMP Satellite
Simulators, F. M. Tesche, Science
Applications, Inec.

31

Page No.
241

242

243

244

245



27 Sep 73, 1:30pm - 5:00pm, Bldg 363, DNA Conf Rm, Hast

SIMULATOR SPECIFICATIONS, MEASUREMENTS AND TESTING
CHATRMAN: WALT WARE, KAMAN SCIENCES CORP.
SIMULATION TECHNOLOGY: SECTION 4, SESSLION 4B

Paper HNo, Title Page No.,
G bB-1 The Quality of EMP Simulation in and 247

Near the Source Region, W. R. Graham, Jr.,
and R. R. Schaefer, RDA

4-4B-2 Tha Technique of Electromagnetic Scale 248
Modeling for EMP Simulation, J. A. Kreck, HDL

4=4B-3 EMP Testing of Buried Conduits, H. A. 249
Roberts, E. Seijo and F. J. Agee, HDL

bh=4B~4 CW Technology Applications Summary, 230
M. K. Bumgardner, BG&G, Inc.

b4-4B-35 Testing Laboratories, R. Gaynor, Martin 251
Marietta Aerospace

4-4B-6 Vertically-~Polarized Dipole (VDP) EMP 252
$imulation Facility, J. C. Giles, EG&G, Inc.

fm 4 BT E. M. Pulse Propagation Over Ground, H. 253
¥owles, Denver Research Institute

32



SELECTED EMP SYSTEM~LEVEL CONSIDERATIONS
CHAIRMAN: A. A. COOPER, SANDIA LABORATCRIES
CLASSIFIED SESSIMN C-l4

Paper No, Title Page No.
C-1b-7 Source Region EMP Simulator Applications, 255

Specifications and Feasibility, R. R. Schaefer,
R&D Assoclates

33



5, HARDENING TECHNOLOGY - Page 254

Chairman: Jere Dando
Harry Diamond Laboratory

34



26 BSep 73, 8:30am - 12:00am, Bldg 414, Conf Rm 3, West

Paper No.

S~14-~1

3=14=2

5elh-3

Se-lAmb

5=1h=5

5-1A-5

5-14~7

5=-1A-8

Gl fG

5-14~10

GENERAL HARDENING TECHNIQUES
CHATRMAN: ROBERT POHL, B&D ASSOCIATES

HARDENING TECHNOLOGY: SECTION 5, SESSION 1A

Title

A CW Technigque for Locating Electromagnetic
Flaws in a Buried Conduit, Mark A. Dreger
and D. B. Westenhaver, EG&G, Inc.

Transient Upset Toleration as an EMP Hardening
Technique, W. R. Graham, R&D Asscciates

Limitations of "Seam Sniffer” Techniques to
Estimate Shielding Effectiveness over a Bread
Frequency Range, J. Bridges, V. Formanek and
P. Toulios, IIT Research Institute

NEMP Interface Fault Detection Technique,
¥. Frankevsky, H. Mathers, J. Cifersky, IBM
Electronics Systems Center, J. Sawyer,
Braddock, Dunn and McDonald, Inc.

The Analysis of Critical Circuit Chains,
Charles A. Ramsbottom, GTE-Sylvania

Electromagnetic Pulgse (EMP} Hardening of a
Receiver, Bernard Zendle, Naval Ordnance
Laboratory

Hardening the Heavy Lift Helicopter, R. J.
Tillery, Naval Weapons Evaluation Facility

Effects of Burst EMP Outages in Communication
Systems, Dr. H. M. Gates, PBraddock, Dunn and
MeDonald, Ine,

Interactive Graphics as a Tool for System
Response Prediction, E. B, Dean and J. L.
Franklin, Naval Ovdunance Laboratory

Double One-Sided Tolerance Technique for
Determination of Circuit Probability of
Failure to Huclear Environments, Vincent K.
Jones, Boeing Aerospace Co,

35

Page No.
258

259

260

261

262

263

264
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26 Sep 73, B:30am - 12:00am, Bldg 414, Conf Rm 3, West

Paper Ho.
5-1B-1

5-18-2

5-18~3

PROTECTIVE DEVICES I
CHAIRMAN: BOB POHL, R&D ASSOCIATES

HARDENING TECHNOLOGY: SECTION 5, SESSION 1B

Title Page No.
Key Suppression Device Parameters for EMP 269

Hardening, D. L. Durgin and R, M, Brown,
Braddock, Dunn and McDonald, Inc.

Transformer Isolation for EMP, Paul Measel, 270
Boeing Aerospace Co.

Dynamic Surge Arrestor Models for Use im 271

Weapon Systems Transient Studies, Jonny
Andersen, Boeing Aerospace Co.

36



26 Sep 73, 1:30pm - 5:00pm, Bldg 414, Conf Rm 3, West

PROTECLION DEVICES II
CHAIRMAN: VIC VANLINT, INTELCOM RAD TECRH
HARDENING TECHNOLOGY: SECTION 5, SESSION 24

Paper No. Title Page Ko.
S5=2h=1 Spark Gap Devices for Electromagnetic Pulse 273

(EMF) Protection, Roger Brown, Potomac
Research Inc., Joseph R. Miletta, Raymond E,
Parsons, Harry Diamond Laboratory

Swihe2 Rew Solid State Techniques for Electromagnetic 274
Pulse Protection, Gerhart K. Gaule and Paul R.
Laplante, USA Electronics Technology & Devices
Laboratory

5-2A~3 Characteristics and Applications of Metal Oxide 275
Varistors for EMP Hardening, Dante M, Tasca and
Jeseph C. Peden, General Electric Company, and
John W. Beilfuss, Harry Diamond Laboratory

SwZ b= Theory of Operation of Spark Gaps for EMP 276
Hardening, Wilhelm H. Kapp, Joslyn Electronic
Systems

5~24-5 Component Evaluation for Terminal Protection, 277

R, L. Williams, Jr., Harry Diamond Laboratory

37



26 Sep 73, 1:30pm - 5:00pm, Bldg 414, Conf Rm 3, West

EFFECTS OF EMP TRANSIENTS ON SEMICCGNDUCTOR DEVICES
CHATRMAN: VICTOR VAN LINT, INTELCOM RAD TECH
BARDENTING TECHMOLOGY: SECTION 5, SESSION 2B

Paper No. Title
5-28-1 Investigation of Second Breakdown in Semi-

conductor Junction Devices, Robert J,
Minniti, Jr., McDhonnell Douglas Astronautics
Company

5282 Susceptibility of Semiconductor Devices to
Pulse Power Damage, Norman 5. Cohn, Naval
Ordnance Laboratory

5-2B-3 Investigation of Electromagnetic Pulse (EMP)
Radiation Effects on Electroexplosive Devices
{FEDs), George W. Bechtold, Waval Ordnance
Laboratory

5-28~4 Damage Thresholds of P-N Junction Devices by
a Current Pulse Method, Marcella C. Petree,
Naval Ordunance Laboratory

5=28~5 Modeling of EMP Induced Resistor Damage,
T. H, Lehman, Dr. K. 8. Kunz and G, J.
Rimbert, Braddeck, Dunn and McDonald, Inc.

5=2B~6 Modeling of Failure in Semiconductors Due to
Complex Transients, Dante M. Tasca, Joseph C.
Peden, General Electric Company, and Joseph
Miletta, Harvy Dizmond Laboratory

5=2B~7 On the Necessary and Sufficient Condirdions
(Thresholds} for Damage of Semiconductor
Junctions from Electrical Tramsients,
B. Kalab, Harry Diawond Laboratory

38

Page No,
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27 Sep 73, 1:30pm ~ 5:00pm, Bldg 414, Conf Rm 3, West

EMP HARDENING TECHNIQUES
CHAIRMAN: BYRON GAGE, BOEING AEROSPACE COMPANY
HARDENING TECHNOLOGY: SECTION 5, SESSION 34

Paper No. Title Page No,
5=34-1 Invited Paper: System Considerations for BMP 287

Hardening, G. E. Morgan, Rockwell International

5w34~2 Invited Paper: Engineering Analysis of Cable 288
Shields, E. F. Vance, Stanford Research Institute

5-3A~3 To Be Announced 289

a9



27 Sep 73, 1:30pm - 5:00pm, Bldg 414, Conf Rm 3, Weat

EMP INTERACTION TECHNIQUES/SHIELDING

CHATRMAN: BYRON GAGE, BOEING AEROSPACE CO.
HARDENIHG TECHNMOLOGY: SECTION 3, SESSION 3B

Paper No. Title Page Ho.
5-38-1 Connector Leakage into Shielded Cable, Setsuoc 201

Dairiki, Stanford Research Institute

5=38-2 Transfer Characteristics of Power Service 292
Transformers, Robert T. Bly, Jr., Stanford
Research Institute

5-3B-3 EMP Penetration through Imperfectly Conduct- 293
ing Gaskets in Hatches, Part 1. Quasi-Static
Solution, T. H. Shumpert, The Dikewwsod Corp.

5=-38~4 Triple Braid Cable Model, John Palchefsky, Jr., 294
General Electric Company

5-3B~5 The Effect of Weld Defects on RFI Shieiding 295
Effectiveness, Kenneth W. Carlson, US Army
Corps of Engineers, Construction Engineering
Research Laboratory

5=3B-6 EMP Shielding by a Steel Liner, W. A. Robinson, 296
TRW Systems Group

5387 Transmission of Electromsgnetic Waves Through a 297
Pair of Parallel Wire Grids Including the Rec~-
tangular Mesh Limit, James R, Wait and David A.
Hill, Institute for Telecommumication Sclences,
Office of Telecommunications

5-38~8 Time-Domain Computer Models of Thin-Wire 298
Antennas and Scaitersrs, J, A, Landt, E. K.
Mililer, and ¥, J, Deadrick, Lawrence Livermore
Laboratory

5=3B=9 Some Comparative Numerical Computations on Wire 299

Scatters, Chalmers M. Butler and Donald R, Wiltonm,
Imiversity of Mississippl

40



27 Sep 73, 1:30pm ~ 5:00pm, Bldg 413, Conf Rm 1, West

SELECIED EMP INTERACTION AND HARDENING SUBJECTS
CHAIRMAN: D, MEREWETHER, MISSION RESEARCH CORPORATION
CLASSIFIED SESSION C-1B

Paper No. Title Page No.
C-1B-1 Attenuation of EMP/IEMP Pulse Effects through 301

Low-Density Materials with High Electrical
Conductivity, S. Schneider, P. H. Duncan,
K. Burkhard, McDonnell Douglas Astronautics

41



6. SYSTEM LEVEL CONSIDERATIONS SECTION - Page 302

Chairman: Dr. William R. Graham, Jr.
R&D Associates

42



25 Sep 73, 1:30pm - 5:00pm, Bldg 414, Conf Rm 3, West

SYSTEM-LEVEL CONSIDERATIONS FOR GROUND AND OCEAN SYSTEMS

Paper No,
6-1-1

6-1-2

6-1~-3

6-1-4

f=1-5

6-1-6

6-1-7

6-1-8

6-1-9

6-1-10

CHATIRMAN:
SYSTEM LEVEL CONSIDERATICNS:

Title

Invited Paper: EMP and Naval Systems. N.
Taslitt, E. Rathbun, NOL

On a System Representation for Well-Posed
Identification, Lt D. R. Audley, Aerospace
Research Labs.

The Component Connection Model in Systems
Identification, Analysis and Desigp, R. E.
Saeks and S. R. Liberty, Texas Tech
University

A Strategy for Large EMP Model Analysis,
D. S. Becker, GTE-~Sylvania

A Simplified Approach for Verifying the EMP
Hardness of Extensive Hardened Ground
Facilities, H. T. Hendrickson, J. C. Lambert,
C. H. Rockwood, A. Rudzitis and K. E. Spencer,
Boeing Aercspace Co.

TACKFIRE System EMP Analysis, S. Stepanoff,
Litton Systems

Modeling the EMP Excitation of a Complex
Power System, D. R. Bernotski, Boeing
Aerospace Co.

The Direct Determination of 83 Node Vulner-
abiiity, G. B. Lamers, A. G. Brandstein,

D. A. Finley, E. Marx, J. €. Ingram and

T. A. Tumolille, HDL

'In Formatic' as a Vylnerability Assessment/
Prediction Tool in C° Systems: The Prompt
Data Bank (FDB), G. B. Lamers, A. G.
Brandstein, T. A. Tumoiillo and D, A. Findley,
EDL

C3 Node/Network Simulation in an EMP Environ-
ment, G. B. Lamers, A. G. Brandstein, J. C.
Ingram and E. Marx, HDL
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6-1-11
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6-1-15

6-1-16

Title

Facility Response Prediction Code, W. W.
Cooley, Boeing Aerospace (o.

Electrical Modeling of EMP Interactiom with
Autovon Switching Centers, A, Rudzitis,
Boeing Aerospace Co.

Functional Response Predictiom, D. W.
Mahaffey, Boeing Aerospace Co.

RES-1 Test of a MINUTEMAN Launch Facility,
D. R. Reed, Boeing Aerospace Co.

EMP Hardness Quality Assurance Tests, A.
Hamway, D. D. Abbott and E. D. Knowles,

Boeing Aerospace Co.

The History and Status of EMP Documentation
as Related to Systems Work, W. C. Hart, MRC
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Faper No.
6~2-1

b-2-2

6~-2-3

b 24

6=2~5

6-2~6

6-2-7

6-2-8

629

6-2-10

6-2-11

SYSTEM LEVEL CONSIDERATIONS:

ATRCRAFT AND MISSILE SYSTEM-LEVEL CONSIDERATIONS

CEATRMAN: MAJ WILLIAM ADAMS, DNA

Title

Invited Paper: Continuous Monitoring of
the EMP Sensitivity of Systems, B. Cikotas,
AFWL,

Invited Paper: Aeronautical B-1 EMP Evalu-—
ation Model, J. V. Locassc, J. 8. Matyuch
and B. J. Stanly, Rockwell International

Electromagnetic Systems Modeling, A.
Sankaranarayanan, TRW Systems

Effects of Prior Knowledge on Bayesian
loplications of Experimental Data, C.
Aghley, AFWL

The Sandia Laboratories/AFWL In-Flight EMP
Handbood, J. A. Cooper, Sandia Labs.

Technique for Deriving EMP Specifications for
Aeronautical Systems, B. Gage, Boelng
Aerospace (o. and J. Schwarz, BDM

Development of an EMP Specification for
Aercnautical Weapon Systems, R. F.
Brandon, W. E. Hutchinson and §. W.
Kormanyos, Boeing Aerospace Co.

TACAMO Electromagnetic Pulse (EMP) Program,
D. €. Keoury, NCL

Electromagnetic Pulse (EMP) Data Management,
E. J. Nicosia, NOL

An Organized, Six Step Approach to System
EMP Vulnerability Assessment, M. A. Skinner,
Formerly AFWL

Determination of System Probability of

Failure From Subsystem Probabilities of
Failure, M. A. Skinner, Formerly AFWL
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6-2-12 Production Hardness Assurance in MINUTEMAN, 332

Capt G. L. Fjetland, SAMSO/Norton

6=-2~13 Autopilot EMP Susceptibility Evaluation, 333
T. C. Lunn, McDonnell Douglas Astronautics

6-2-14 Hardening the System, D. J. Adams, Martin 334
Marietta Aerospace

6-2-15 Modeling of the GRC-106 Receiver for EMP 335

Analysis, E. W. Weber and P. P. Toulioes,
IIT Research Institute
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SELECTED EMP SYSTEM-LEVEIL CONSIDERATIONS
CHAIRMAN: A. A. COOPER, SANDIA LABORATCRIES
CLASSIFIED SESSION C-1a

Paper No. Title Page No.
Celh-] EMF Response of UHF Phased Array Antenna to 337

Field Strengths < 1 kV/M, U. Cocca, R. C. PFries,
and L. C. Humphrey, General Electric Company

CmEAn2 EMF Response of UHF Fhased Arrav Antenna to 338
Field Strength < 25 kV/M, U. Cocca, R. €. Fries,
and L. €. Humphrey, General Electric Company

C=1A-3 The AWACS Surveillance Radar Antenna in a High 339
Altjtude Threat Level EMP Environment, D. E.
Grimes and T, P. Henry, Westinghouse Systems
Development Division

C=1h~4 System Level EMP Vulperability and Hardening 340
Assessment, A. Venditti, MeDonnell Douglas
Astronautics

C-14-5 Analytical and Experimental Techniques Emploved 341

in the EMP Evaluation of the LANCE Missile
System, R. A. Pfeffer and B. G. Mueller, Harry
Diamond Laboratory

C-14-6 System Level IEMP Vulnerability Assessment, 342
S. Schmneider, McDonnell Douglas Astronautics
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1-1~-1
DEVELOPMENTS IN EMP THEORIES
Dr. Conrad Longmire
Mission Research Corporation
This paper is a brief discussion of recent advances in
capabilities for calculating EMP environment from nuclear ex-
plosions at low and high altitude in the atmosphere, together

with a summary of current developments and outstanding problems.
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1-1-2
GLANC~Physics and Results

Robert M. Hamilton, Rebert N. Marks, William A. Radasky

Mission Research Corporation

GLANC is a computer code for obtaining the solution, by finite
difference methods, of Maxwell's equations in one space dimension and
retarded time, for the electromagnetic fields produced by a nuclear
burst near or on the ground. The fields are calculated in the air, in
the ground, and on the ground-air interface. The approximations in
GLANC are such that the field calculations are valid for early times
and for distances less than about one kilometer; however, another
version of the code, called GLANC-L, utilizes expanding space and time
meshes to compute the fields to approximately 10 psec. The yield of
the nuclear device determines the maximum distance for which the
approximations are valid. The field components considered are Bx’ Ez,
and Ey in rectangular coordinates. In the ground the electrical
conductivity is normal constant in time and space. The source (Compton)
current in the ground can be different from zero to zero. The ground
current is always set to zero when the height of the nuclear burst
above the ground is zero. The conductivity in the air is found by
solving the "air-ion" equations, which take account of gamma-induced
ionization, electron attachment to 02, and electron-ion and ion-ion
recombination. Transport of gamma rays in the air is handled by
prescription, using attenuation lengths and buildup factors. The
sources in the air for the currents and ilonization are determined by
any of three methods: (1) injection of Compton electrons and solution
of their equations of motion; (2) using the LEMP fits to Compton
current and ionization rate as function of the fields; (3) by simply
making the Compton current and ioaization rate proportional to the
gamma flux, without field reaction. GLANC~-L, the late time code,

calculates the sources in the air using either {2) or (3) above.

21



GLANC-Physics and Results (Cont'd)

Caleculations from the one-dimensional low-altitude EMP code, GLANC,
are presented. Close-in predictions are illustrated including self-
consistency. The ability of GLANC-L to calculate to late-times is
also described. The effect of considering X-ray and neutron ioniza-

tion in the calculations is shown from a comparisom point of view.
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1-1-3

LEMP~1~~Phyaics and Results

William A. Radasky, Conrad L. Longmire, H. Jerry Longley

Mission Research Corporation

LEMP-1 is a computer code for obtaiming the solution, by finite
difference methods, of Maxwell's equations in two space dimensions and
retarded time, for the electromagnetic fields produced by a nuclear

burst on the ground. The field components considered are B®5 E ., and

5*
Er in the usual spherical coordinates. These fields are calculated

in the air, in the ground, and on the ground-sir interface. In the

ground the electrical conductivity is constant in time and space,

and the source current is zero. The conductivity in the alr is

found by sclving the Yair~ion" equations, which take account of gamma
induced ionization, electron attachment to QZ’ and electron~ion and ion-
ion recombination. The source current in the air is the Compton recoil
current produced by gamma rays, the source and transport of which are
given by a fairly general and flexible prescription. The back-action

of the fields on the air conductivity and the source current is treated.
The ocutput from LEMP-1 can be used in a separate subroutine to calculate
the fields deep inm the ground. This subroutine, which accounts for the
frequency-dependence of the ground parameters (conductivity and dielectric
constant), solves the electromagnetic problen in the time-domain.

Calculations from the two-dimensional ground burst EMP code, LEMP-1, are

presented. Selected waveforms from the LEMP-1 iibrary are shown



LEMP-1-~Physics and Results (Cont'd)

including more recent LEMP-1 calculationms. Special attention is given

to the vertical currents and fields enhanced by the self-consistent

treatment of Compton electrons.
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I-1-4

GROUND BURST EMP

S. J. Dalich

Science Applicationsz, Inc.

Capt J. Morgan

Alr Force Weapons Laboratory

Results of calculations using the SCX Cede, & two-dimensional
ground burst EMP code, are presented. The results are presented in both
the time and frequency domains. The assumptions, approximations, and
sources used in obtaining these results are discussed. This discussion
includes effects considered in obtaining both gamma and neutron induced

sources, as well as assumptions concerning weapon parameters.
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i~1-5

THE LATE~TIME EMP ENVIRONMENT

£. R. Parkinson
SAI

W. R. Graham
R&D Assoclates

An approximate method for predicting the late-time above ground
PMP enviromment produced close to a near-—surface nuclear explosion is
described. The method permits the use of independent general time and
space~dependent distributiomns of current and conductivity, subject only
to the constraint of azimuthal symmetry about the burst point.

The initizl conditions for the late-~time solution can be obtained
from early-time field predictions such as those produced by the two
dimensional explicit finite difference code EC.

The advantage of the methed described in this paper over explicit
finite difference techniques is primarily one of calculational feasi-
biliry. TFor reasons of mumerical stability, the maximum time incre-
ment At permissible with finite differencing techniques is generally

limited bv the Courant conditiom
Atibts < 1/e,

where Ax is the space Iincrement and ¢ is the speed of light. The
method described inm this paper uses a numerical method that is entirely
implicit, and time increments are not limited by the Courant conditiom,
making the use of large time steps possible. Accuracy is not sacrificed
by using these large time steps, since the values of the fields change
only slowly at late times.

Predictions of the implicit method have been compared with an
analytical sclution develeped previously for an analytically convenient
current and conductivity distribution. Fields which have been calcu-
lated to a time on the order of ome second using more realistic source
distributions are discussed.

For the present calculation, the simplifying physical assumption
that late-time filelds are determined by a field diffusion process in

which conduction currents dominate displacement currents is made.
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1-1-6

CNE-DIMENSTONAL, CIOSE-IN, SELF-CONSISTENT,
GAMMA-INDUCED BMP FIELDS: TPREDIMINARY RESULTS

Chris W. Jones

The Dikewcod Corporation

Preliminary results of CLASP (Close~In, Low-Altitude, Self-
Consistent Eplse) are presented which show the effects of self-
conszistency on close-in, gamma-induced HMP fields. CLASP allows
for a completely self-consistent trestment of the Compton elec-
trons in g close-in envivomment. The multiple scattering of the
Compton electrons may be treated either by an obliguity factor
or by the random selection of scattering angles from the expected
scabttering distribution. Results are also included which show
the effect of the inclusion of electron-ion scattering effects

in the calculation of electron mobility in close-in caleulations.
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1-1-7

NEAR SURFACE BURST

E. R. Parkinson and R. €. Knight

Science Applications, Inc.

A near surface burst code, presently being developed, will be
discussed. Important considerations include choice of cocrdinate system,
the form of the E. M. field equations, the differencing scheme applied
to the field equations, and the boundary conditions to be imposed. A
number of cholces appear feasible in each of these areas, and certain
alternatives will be compared. The requirements that are expected to
be most significant in determining the approach finally adopted include
accurate handling of ground reflections, inclusion of dielectric and
conductivity structure in the earth and air, and compatibility with far-

field extrapolation schemes,
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1-1-8
ESTIMATION OF INDUCED SURFACE CURRENTS FROM A CLOSE-IN BURST *

Reger €. Kennedy
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

Abstract - Section ¢. Unclassified

An approximation is discussed by which estimates can be simply made of
currents induced on metallic bodies from a close~in nuclear burst.

The approximation assumes a fast-rising electric field followed by a
gamma-ray induced air conductivity. The diffusion approximation is
applied to Maxwell's equations, and after a simpie transformation on

the time ariable, the diffusion equation takes on a simple form.

tnitial value conditions are ignored and the current tima-history results
entirely from boundary conditions. For the situation considered here,
skin depths become small enough so that the boundary conditions apprepri-
ate to a plane are applied. The resulting expression for the induced
current has been compared with more complete calculations for a sphere.
some numerical examples are presented to illustrate this comparison.

g

This work was performed under contract FO4701-70-C-0137.

59



1-1-9

CLOSE-IN POWER LINE COUPLING

Kurt A. Graf
Stanford Research Institute
Menlo Park, California

Calcuiations have been made to evaluate EMP coupling to power lines
when air conductivity effects are important. The plasma distribution along
the power line was considered to vary spatially and temporally, so it was
not possible to obtain analytic solutions for situations of interest, A
computer program was developed that provided simultaneous numerical sol-
Gtion of two first-order differential equations describing the spatial and
temporal variation of current and veltage on the non-uniform transmission
line. In the calculation, the parameters of the line, and the incident
coupling signal were varied spatially and temporally. Calculations have
been made showing coupling to a lossy tramsmission line for a number of
cases of interest. In one set of calculations, the line was considered
jocated from 800 m to 2000 m from a ground burst, and the signal through
a load 2000 m from the burst was determined. It was found that the peak
signal through a load 2000 m from a ground burst was influenced primarilly
by the portion of the power line on which the peak electron density was
iess than about 1010 cmm3 {the éorresponding conductivity was 10_‘ mhos/m) .
Thus for all practical purposes, it is valid when caleulating coupling to

e

concentrate on the "far" and intermediate’ zones, and ignore the "near'

zone where electron densities are much larger.
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1-1-10
Y. B. Yu, Communication and Systems Division, GTE Sylvania, 189 "B" Street
Needham Height, MA 0219k,

R. 5. Chu, Advanced Development Laboratory, Equipment Division, Raytheon
Company , Wayland, MA.

J. H. Terrell, Thermo Magnetics, Inc., Woburn, MA.

Excitation and Propagation of a Signal Between Two HEigh Leakage Trans-

migzion lines with Time Dependent Inductances and Conductances, ®

ABSTRACT

We present & model for the excitation and rropagation of a signal on a
high leakage transmission line with %time dependent inductance (L(+) ) and
conductance { G(t} }. A current source uniformly excites a length of uhc
line {knowr as line 1\ whose enviromment iz represented by I.(t) and C.
Line 1 is open-ended to the left and terminates at a Juqctlon beyond wﬁlch
the environment iz chaTacterized by Lg(t‘ and G,(t). This part of the
line (known as line 2) extends from the Junetion to infinity. Since line
1 is a high leakage line, the effect of the double reflected voltage and
current intc the junction can be neglected. {Double reflected here means
that the reflected voltage and current at the juncition travels backward
To the open end and is reflected by the open end to the Junction again).
This permits us to make the calculation in 4 steps: (1) Solve the inci-
dent voltage and current Tor an open-ended semi-infinite line with a uni-
formly distributed current source up to the junction to the right; (2)
Solve for the reflected volbage and current at the Junction in terms of a
semi-infinite line to the left; {(3) Find the voltage and current for

line 2 considered to be a semiminfinite line to the right; (4} Match
boundary condition at the junction of line 1 and 2.

In the nuclear detonation environment, the problems of coupling the radis-
Tions into the electronic systems frequently come up with this kind of trans—
mission lines. As examples, we apply the results to the problems of the
above ground power line subject to the EMP and TIMP excitations, and the
current flowing on the IF ground strap following K-ray excitation on the
security antenna housing.

* VWork has been dons at the GTE Sylvania
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1-1-11
Cheng Meng Wu
GTE SYLVANTA COMMUNICATION SYSTEMS DIVISION

ABSTRACT: POWER LINE PENETRATIONS IN A NUCLEAR ENVIRONMENT

This paper describes calculations to predict the voltages at the input
to a facility from a nuclear environment (normalized ground burst) on
the primary power penetration. A typicai-gite power-line entry con-
figuration with the resulting "loops" and the conduits associated with
the local take—off at the facility penetration was used. It was
modeled as a time-varying lumped-parameter network driven by EMP source
voltages along the line and TEMP source currents within the conduit.

The main feature of the paper is the treatment of the ionized alr
effects as a plasms line whose node position changes with time as the
air conductivity changes during the threat pulse.

The calculations consider several directions of arrival of the nuclear
threat, both non-icnized and ionilzed insulated wire, and the conduc~
tivity of the air inside the conduit. Details of the model and of the
calculations are given. Results are plotted for easy interpretation
and comparison, to show the relative importance of the various sources.
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1-1-12
David P. Flocd - John Terrell
GTE SYLVANTA COMMUNICATION SYSTEMS DIVISION

ABSTRACT: CLOSE-IN COUPLING EFFECTS ON SITE-TYPICAT CONFIGURATIONS

This paper discusses the predicted coupiing to buried and above~ground
structures from the radiation components of a close-in nuclear evenb.
beveral generic models are described which encompass typical struc-
tures, conduits, and cables at hardened installations. The computa-
tions make use of a variety of closed form and numerical integration
techniques.

Coupling levels are predicted based on environmental levels of ex—
posure. Current and voltage waveforms are shown for representative
configuration which include:

a) buried insulated conductors

b) exposed conduits with power wiring
c) wiring fixture boxes

d) exposed high-voltage power lines

Orders of magnitude are shown Tor evaluation with field pickup effects.
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1-1-13

Theoretical Analysis of a Conducting Body

Immersed in an EMP Source Region

Charles Tse Chin Mo

R & D Assoclates
Santa Monica, Califorania 90403

ABSTRACT

We investigated the problem of a conducting body immersed in air and
illuminated by a y-ray flux. In this EMP source coupling region, the
charge, the current, and the field at the conducting body are of
interest. We formulate a scheme of solving this problem by carefully
decomposing the problem into its various basic aspects concerning the
effects of the incident y-rays only, of the driving Compton electron
current, and of the ionized air conductivity. Each effect is geparately

examined and their combined effects when put together are obtained.

Then a simple special case concerning an infinitely-conducting and
infinitely-dense finite cylinder illuminated by a "steady” stream
of v-rays is solved. This provides physical insights into the EMP
source region effects and illustrates the scheme of theoretical

analysis for more complex problems.
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1-2-%

Non~Linear Propagation of Satellite EMP

in the D-Region of the Ionosphere

Lt William A, Seidler, Il and Capt Gary Knutson

Ailr Force Weapons Laboratory

The D-reglon of the ionosphere has been found to act as a high
pass filter. The high altitude EMP produces electron heating in the
D-region, increasing the collision frequency. This produces an
absorptive mechanism for low frequencies. A Boltzman formulation is
solved self-consistently with the one-dimensioral wave equation.
Discussion of the parameters of the model, applicability of the model,

and results for a "worst case' enviromment will be presented.
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1-2-2
PROPAGATED EMP FROM TANGENT BURSTS
Capt G. H. Canavan
Capt L. A. Wittwer
Capt J. E. Brau
1Lt A. E. Greene
Alr Force Weapons Laboratory
Tangent bursts are high altitude events in which the gammas

directed just above the earth's limb, in descending through air of
higher density, produce a radiated EM pulse which propagates out
through the ionosphere on the other side of the point of tangency.
The threat calculations reported here are based on the AFWL CHEMP
codel for self-consistent calculations or radiated EMP, modified by
the inclusion of a swarn treatment2 of secondary and ionospheric
electrons. The region of applicability of this swarm treatment has
been determined by a separate M-C calculation. By carrying the
calculations all the way from the burst point, down into the source
region, and back into the E region on the way out we are able to
account fully for the D region heating, the increased absorption and
cascading it produces, and the increased cutoff frequency which
results, The code calculations are compared with analytic treatments,
and are evaluated for sensitivity to the ambient ionospheres used.
1. L. A, Wittwer, J. E. Brau, G. . Canavan "CHEMP: A Code for Self~
Consistent Calculations of High Altitude EMP" AFWL/DYT (Presented at

the EMP Phenomenclegy Review Meeting, AFWL, 3-4 May 73).

2. D. ¥, Higgins, C. L. Longmire, and A. A. 0'Dell, MRC R-54 (Feb 73).
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Capt Leon A. Wittwer
AFWL/DYT
1-2-3
Satellite EMP from Buried Bursts

The buried burst is a previously unexplored geometry in
which the upward directed gammas from an exospheric burst, in
interacting with air of ever decreasing density, produce a strong
propagated EM pulse with a large angular coverage. The threat
calculations reported here are based on the AFWL CHEMP codel,
modified by the inclusion of a swarm treatment2 of secondary and
ionospheric electrons to replace the collision dominated con-~

ductivity which fails badly in the high altitude source and

heating regions of the buried burst.

1. L.A. Wittwer "CHEMP: A Code for Self-Consistent Calculatiomns
of High Altitude EMP" AFWL/DYT (this symposium) .
2. D.F. Higgins, C.L. Longmire, and A.A. 0'Dell MRC R-54

(Feh 73).
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1-2-4

PRELIMINARY CALCULATIONS OF THE GAMMA INDUCED EMP FROM
A BURST BURIED IN THE ATMOSPHERE

Chris W, Jones
The Dikewood Corporation

William E. Page
Air Force Weapons Laboratory

Preliminary results of the gamma induced EMP resulting from a
burst buried in the atmosphere are presented, The air condactivity is
treated using a swarm calculation and the compton currents are treated in
a self-consistent mamner. The fields code can be used to propagate the

pulse outside the source region.
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1-2=5
Michael A. Messier

Mission Research Corporation

THE SATELLITE EMP ENVIRONMENT: PROPAGATION THEORY

To date the EMP environment at satellite altitudes has been
calculated in an almost routine manner using linear propagation theory
and several physical and mathematical approximations. These methods
are reviewed and their validity discussed, relative to the larger pro-
blem of enviromment uncertainty and system vulnerability. Recent calcu-
iations which indicate the importance of considering non-linear effects

are shown.
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1-2-6
Abgtract submitbted for the Joint Flectromagnetic
Pulee Technlcal Meeting at the Air Force Weapons Laborateory

Kirtland Air Force Base, New Mexico, 25-27 September 1973

4 MODEL OF THE EMP ENVIRONMENT SEEN BY A SATELLITE

A& model of the PMP enviromment seen by a sgteliite;, D. A, Dahlgren

and C. H. Vittitoe of Sandis Laboratories, Albuguerque, New Mexico.
An empirical model has been developed to estimzite the worsti-case
external electromegnetic pulse incident upon a satellite. Faceis of
the model include estimates of the weapon asymmetry signal, the high-
Ititude radiated EMP, stmospheric refraction, reflection by the
earth's surface, lonospheric dispersion, and varistion due to wegpon
yield as well as due to orientation with respect to the earth's
geonagnetlic fdeld. The model is used in 3 satellite vulnerability
medel that caleulates probabilities of various weapon envircnments
gt the satellite, with given burst-position and given satellite
orbit. The relation between the position of the satellite in its
orbit and the timing of the burst at its given position can be taken
to be random. Reguired integrations around the orbit demand rapid

complter estimaies of the EMP. The FMP model and some of the results

are desgcribed.

71



1-2-7
The Proposed Satellite EMP Environment Criteria

by

Lt William A. Seldler
Air Force Weapons Laboratory

Developments in the models of EMP generation have caused
changes in the old criteria levels. The factors which went
into the development of the proposed criterla and 1ts impact
on system environments will be discussed. Included for in-
spection but not part of the criterion are effects of non-
linear propagation in the D-reglon of the ionosphere and
burste located in the source reglon.
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1-2-8
Joint Electromagnetic Pulse Technical Meeting
25-27 September 1973, Albuduerque, New Mexico
Abstract of Proposed Paper, {Chairman, Mr. John Darrah, AFWL (EL))
TITLE: Soviet Research in Nuclear EMP

CLASSTFICATION OF PAPER: Secret

CLASSIFICATION OI' ABSTRACT: Unclassified

A qualitative analysis is presented of Soviet work in the
following areas: the basic physics of EMP generation, air
chemistry in a nuclear burst envivomment, coupling of EMP fields
into systems and measurement of the time dependence of electric
fields in the source region. Parallels are drawn between Soviet

and U.S5. EMP work and basic differences are discussed.
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1-2-9
Myron W. Krapp

Lawrence Livermore Laboratory

EMP Sopurce Characteristics Experiment
on an Underground Nuclear Event.™*

Under sponsorship of the Advanced Research Project Agancy,
the Lawrence Livermore Laboratory conducted an EMP experiment
as an add-on to an underground nuclear event. The experiment
was the first, and only one, in a planned series of axperiments,
the purpose of which was to document the characteristics of
EMP signals generated by various underground nucliear events
in order to provide checks for theoretical modeis under
development. A major program goal was to establish how specific
event geometries affect the signals generated. For this first
experiment, two separate EMP source mechanisms were considered:
that due to an asymmetric gamma ray distribution resulting
from shielding and geometry constraints in the vicinity of
the device, and that due to currents induced on the line-of-
sight pipe. The as-fired geometry differed significantiy
from the planned geometry; hence the instrumentation was not
ideally located to sort out the two mechanisms. Nevertheless,
signals characteristic of the two mechanisms seem to be appar-
ent in the data. An impulsive (10 MHz) cemponent of the signal
is probably due to the asymmetric gamma distribution. A ring-
ing component (1 MHz) has been attributed to currents on the
LOS pipe.

*Work done under the auspices of the U.S. Atomic Energy
Commission.
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TIME-DEPENDENT NEUTRON AND SECONDARY +v~RAY WEAPOW OUTPUT
INCLUDING COMPLETE COLLISION KIRETICS *

T. A, Gabriel
Oak Ridge National Laboratory

A version of MORSE has been developed to incorporate the scattering
effect of vapid radial expansion and of high temperature associated with
the detonation of a nuclear device on the neutron and gamma~ray leakage
spectra. The particular nuclear device considered in these calculations
is of the Tamborine type, and the time-dependent system description was
obtained from a VERA calculation performed by 5°. A1l of the neutron and
gamma-ray transport calculations were accomplished using a modified version
of the time-dependent Monte Carlo code MORSE.' The main changes made to
MORSE were (1) modifications of the standard spherical geomeltyy rvoutines
to accommodate a time~dependent geometry, (2) modifications of the cross
section modules to account for the time-dependent density, and {3) the
addition of transformation routines for handling the transformations to
and from the rest system and the moving target nuclei at each collision.
The coupled neutyon and gamma~ray cross sections {75N~18G,P3) were obtained
through the use of the code AMPX,2:2

Y. Al Straker, et.al., "The MORSE Code - A Multigroup Neutron and
Gamma-Ray Monte Carlo Transport Code,” Oak Ridge National Laboratory
Reporit OENL-4585 (1970).

°N. M. Greene, et.al., "AMPX: A Modular Code System for Generating
Coupled Multigroup Neutron-Gamma Libraries From ENDF/B," ORNL-TM-3706
{AMP¥-1), To Be Published.

3The author wishes to thank Mr. John E. White of the Oak Ridge
National Laboratory for the processing of the coupled neutron and g Amma-
ray cross sections.,

#
This work funded by Defense Nuclear Agency Frogram Under Subtask PEGSQ.
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LATE-TIME ELECTRIC FIELD INTENSITIES FROM NUCLEAR BURSTS

R. D. Hiil
General Research Corporation, Santa Barbara, Calil. 93105

ABSTRACT

Two aspects of the electric field intensities induced at late
+imes after detonaticng of surface and near-surface bursts have been

studied recently under ONR sponsorship.

The first aspect concerns the production of Iightning discharges
that have been observed in a number of cases following nuclear bursts.
From our analysis this phenowmenon appears to result from a strong
polar-angle field component which is generated, certainly at late times,

by a ground burst.

The second aspect concerns the interpretation of data which have
recently been released in the open literature [JGR 197271 and which
describe strong static electric field intensities generated by rising
nuclear debris clouds. These data have been reanalyzed and an inter-
pretation of the source of the strong dipole electric moments of debris

clouds will be proposed.
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A REVIEW OF EVALUATED CROSS SECTICON DATA
FOR ATR AND GROUND CONSTITUENTS

by

P« G« Young

Los Alsmos Scientific Lsboratory, University of Californis
Los Alamos, New Mexico 8754k

Abstract

During the past few years the Defense Nuclear Agency has sponsored
a radiation transport program that has the goal of substantially
reducing uncertainties in predictions of radiation enviromments. Tme
portant aspects of the program have been to provide new cross section
measurements directed particularly at areas of ignorance in the data
for several important maeterials and to meintain up-to-date cross
section evaluations that fully incorporate the new experimental infor-
mation. As a result, significant improvements have been made in
recent years in the availability and accuracy of evaluated dats for a
number of materials, particularly in the ares of gamms ray production,

In the present paper & review is given of the status of evaluated
cross section data for common air and ground constituents including
Cy Ny Gy ALy, 81, Ca and Fe. Particular emphasis is given to the air
materials and to recent improvements in gamms ray production dataé.
Comparisons of presently available evaluated data with the results
of extensive new experimental measurements are given, and summeries of
estimated errors in the evaluated data are presented. The increased
accuracy of cross sections for other processes, such as neutron inele
astic scattering end charged-particle production, that results from
the improved gamms ray data 1s discussed. In addition, likely future
trends in the evaluated data sets for air and ground constituents sre
cutlined.

*
Work supported by the Defense Nuclear Agency under Subtask PC1O2
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EMP PEAK FIELD CALCULATIONS WITH THE HEMP/B CODE
BY

William E. Page
Air Force Weapons Laboratory

Calculations of early time high altitude EMP have been done uging
more detailed models for determining the conduction and Compton currents
than those used in older HEMP calculations. The methods used in HEMP/R
to account for Compton electrom kinetics and ionization buildup are

discussed. Recent calculations of EMP from Stockpile and from "Worst

Case” sources are described.
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William A. Radasky

Mission Research Corporation

THE HIGH-FREQUENCY EMP PRODUCED FROM HIGH-ALTITUDE BURSTS

Due to the increasing interest in the high-frequency (above
100 MHz) Electromagnetic Pulse (EMP), studies have been made employing
recent CHAP code predictions of EMP. These predictions have bheen com-
pared to the present high-altitude criterion, and significant differences
are evident. This paper will present a study of the variation of the
high-frequency EMP with such variables as weapon output, height of burst,

weapon yield, and electron cascading.
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CBAP-~Physics and Results

H. Jerry Longley and Conrad L. Longmire

Mission Research Corporation

The CHAP ("Compton High Altitude Pulse”) computer code calculates
the electromagnetic pulse (EMP) produced by the gamma rays from high
altitude nuclear bursts. It is designed to be accurate in the first
few microseconds of retarded time. Consequently oanly unscattered and
once-scattered prompt gamma rays are considered. Compton recoil
electrons are injected at frequent time steps, with weight proportional
to the gamma flux and the air density, with the Klein-Nishina angular
distribution. Their equations of motion are solved, taking into
account the geomagnetic field and the EMP fields, and also their slow-
ing down and multiple scattering by the air. The total Compton electron
current is accumulated. The ionization produced by the Compton recoil
electrons and by cascading due to the electric field (air "'breakdown')
is accumulated, and allowed to decay by attachment to 02. The
electrical conductivity is determined from the electron density and the
electric field. With the Compton current and air conductivity so
determined, Maxwell's esquations are solved, first in the single ray
approximation in which only radial and time derivatives are retained,
and angular derivatives are dropped. An an option, after solving Maxwell's
equations on three rays clesely spaced in angle, the full Maxwell
equations, including the angular derivatives, are resolved in a perturba-
tion treatment to find the first order effect of the angular derivatives.
As other options the user can: Use a delta function or a continucus
function for the gamma pulse; either include or not include the EMP fields
in the equations of motion of the Compton electrons. Many physical
parameters and computational parameters can be chosen at will. Results
from the CHAP EMP code will be given. Several specific calculations

will be presented.
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LHAP~Physics and Results

H. Jerry Longley and Robert M. Hamilton

Mission Research Corporation

LHAP is a computer code for calculating the EMP produced by the
prompt gammas from a high-altitude nuclear burst. It is based on the
far plane approximation, which assumes that the earth is flat and also
that the nuclear burst occurs above the atmosphere at an infinite
distance away and has an infinite yield., These assumptinns imply that
the resulting gamma ray front will be planar, and therefore the sources
and the resulting fields will be functions only of the height along the
gamma ray front and the retarded time. This approximation allows LHAP
to be accurate to about 100 usec of retarded time. The sources in LHAP
must include both the first scatters of the gamma rays and at late
times the multiple scatterings. The first scatters are calculated
analytically in LHAP, since the number of mean free paths at any
altitude is known. The subsequent {multiple) scatters are calculated
in a Monte Carlo Code called LHAP-S. LHAP adds the currents and the
jonization rate calculated in LHAP-S to the quantities it calculates
due to the first scatters. The resulting total delta function currents
and ionization rate are folded with the time history of the gamma ray
output to obtain the sources for Maxwell's equation. The results from
four LHAP problems and 2 comparison of LHAP and CHAP will be given.

The four LHAP problems are identical except that they calculate the
electromagnetic £fields and sources (EMP) in four different directions

from a muclear burst.
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SENSITIVITY OF SELF-CONSISTENT CALCULATICNS OF
HIGH ALTITUDE EMP TO TREATMENTS OF CASCADING,
SCATTERING, AND PRECURSOR IONIZATION

Capt G. H. Canavan, Capt J. E. Brau, Capt L. A. Wittwer

Air Force Weapons Laboratory

The AFWL CHEMP codel for self-consistent calculations of high
altitude EMP is used here to assess the energetic consequences of
seli~consistency, with particular attention to the alteration of
the radlated electromagnetic pulse. Parametric studies indicate
the sensitivity of the radiated fields to gamma spectrum, angular
distribution of Compton electrons, scattering, cascading, and
source region conductivity. The latter point is elaborated on
through predictions of the reduction of radiated fields by small
amounts of precursor ionization in the scurce region. System

sensitivity to these alterations ie briefly discussed.

1. L. A. Wittwer, J. E. Brau, G. H. Canavan, "CHEMP: A Self-Consistent
High Altitude EMP Code", AFWL/DYT (presented at the EMP Phenomenology
Review Meeting, AFWL, 3-4 May 73).

83



1-3-6
Michael A. Messier

Mission Research Corporation

MAGNETOHY DRODYNAMIC EMP

Tt is known that magnetic field fluctuations, which can be
measured over large areas, exist for times on the order of a hundred
seconds after a high altitude burst. Even though a generally accepted
theory for the generation and propagation of these disturbances has not
been developed, it is possible to estimate their magnitude and general
characteristics. From this information, the electric fields generated
at the air-ground interface can also be estimated. These fields are of
interest for two rTeasons: ({1} they may pose a threat to long cable
systems and (2) they provide information on the low frequency content of
high altitude EMP. The purpose of this paper is tc bring these problems
to light and stimulate investigation into this relatively unexplored

region of EMP phenomenclogy.
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An Estimate of High Altitude
Neutron Induced EMP

by

Capt Gary R. Enutson
Alr Force Weapons Laboratory

and

James Marks
Selence Applilcations, Inc.

Curve fits of the EMP sources produced by scattered gamma
rays and neutrons at sea level were scaled to a Sprint weapon
burst altitude. The geomagnetic turning effect was included
by dividing the tetal current into three components accord-
ing to the angle between the radial direction and the direction
of the geomagnetic field of the earth. The late-time gcaled
sources were added to a dilirect beam gamma source and the filelds
were calculated using the two-dimensional code HAPS. Results

are presented for a Sprint yleld of gamma rays and neutrons.
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Evaluation of High-Altitude EMP Data (U)

by

G, B, Carpenter, H., G. Heubach, and G. H. Price

Stanford Research Institute
Menio Park, California

ABSTRACT

(U} Electromagnetic pulse (EMP) data from the 1958 and 1962 high-
altitude nuciear test series ave examined and their compatabillity with
theoretical models of the signal-generation process based upon the high-
frequency approximaiion is assessed., A general description of the
observed signal behavior in the low-frequency regime, for which thig nmodel

hecomes inaccurate, is also given.
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RESEARCH IN TWO-DIMENSIONAL CODE TECHNIQUES
FOR CALCULATING THE EMP ENVIRONMENT DURE
TO HIGH ALTITUDE BURSTS

W. T. Wyatt, Jr.
USA Harry Diamond Laboratories
Washington, D.C. 20438

Recent work is described dealing with the develop~
ment ¢of a two-dimensional (plus retarded time) approxi-
mation to the vector wave equation for the electric field,
in the case of EMP generated by a high altitude nuclear
burst. A finite difference method is used to solve four
coupled partial differential equations, for charge density
and electric field intensity, in a prolate spheroidal
coordinate system. Due to the large number of terms in
these second-order equations (about 100 terms), a soft-
ware approach is used to generate a sparse matrix repre-
gsentation of the difference equations at each time step.
The matrix is reduced to upper triangular form by a Gauss
algorithm for band-structured matrices, to obtain the
electric field and charge density at each time step.
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The Effect of Nuclear-Coulomb Electron
Scattering on High Altitude EMP Sources

by

Capt Gary R. EKnutson
Alr Forece Weapons Laboratory

and

Capt John Morgan
Adr Force Weapons Laboratory

A Monte Carlo electron transport code was used to
calculate the EMP sources produced by monoenergetic electrons,
by a Compton scatter distribution of electrons, and by a
photcelectric scatter distribution of electrons. The effects
of nuclear-coulomb electron scattering, of the continuous
slowing down method of electron energy 1oss, and of electron
turning in the geomagnetic fleld of the earth were incliuded
in the calculations.

Analytic results were obtalned from the source routines
of two AFWL one-dimensional EMP codes. The older HEMP 11
routine includes an approximate methoed of electron slowing
down and one average value electron in one direction. HEMP
B sources include an improved slowing down model and the
option of two electron scatter approximations based on small
angle scatter theory; one based on an average obliquity of the
@istribution, and the other based on a random gselection of

scattering direction.,

The Monte Carlo results are compared to the analytilc )
source of HEMP TI and HEMP B for a typilcal weapon gamma time

history.

28



I~3-11

CALCULATIONS OF LATE TIME CGAMMA RAY INDUCED EMP

by

William E. Page
Air Force Weapons Laboratory

Arne A. Henden
The Dikewood Corporatiocn

James A, Marks
Science Applications, Incorporated

EMP source calculations have been extended to late times (100 usec)
by means of y-ray Monte Carlo calculations coupled with a Compton
electron analysis. Preliminary field calculations based on one and two
dimensional models have been compared. A descripticen of the calculation

and comments on the preliminary results will be given.
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HIGH ALTITUDE EMP

Dick Knight

Science Applications, Inc.

The high altitude EMP environment problem is discussed, with
emphasis on the two-dimensional HAPS code. The physics including the
assumptions and approximations used in both the source and field codes
will be treated.

Results of calculations made with HAPS will be presented. A
comparison will be shown on the HAPS calculations and results produced
by the one-dimensional code, HEMP as well as the two-dimensional code

B.
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A NUMERICAL EXAMPLE OF THE EFFECT OF ATMOSPHERIC SCATTERING
ON PREDICTED EMP ENVIRONMENTS

C. M. Crain
The RAND Corporation

As outlined by Bookerl the neglect of atmospheric scatter of
Compton electrons causes the predicted amplitude of the pulse from a
single detonation to be significantly overestimated with the over—
estimation being related teo the height in the atmosphere at which the
Compton electrons are produced. ¥For detonations which follow scon
after an initial detonation scattering gives rise to still another
pulse amplitude reduction factor. This facter is due to an increase
in relative effectiveness of the secondary electrons created by the
earlier detonation in absorbing the EMP signal produced by subsequent
detonations because of an increase in height of the effective source.

Both of these effects are illustrated numerically in this note.

1. Booker, H. G., "A Rough Outline of the Effect of Atmospheric scat-
tering Below 50 Kilometers on Electromagnetic Radiation by Compton

Electrons," Draft WN, The Rand Corporatiom, 1973.
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CALCULATION OF THE EARLY-TIME X-RAY GENERATED EMP
NEAR A HIGH-ALTITUDE SPARTAN WEAPON BURST

A. A. 0'Dell, C. L. Longmire, and D. F. Higgins

Mission Research Corporation

The c¢bjective of this study was to estimate the x-ray generated IMP
in the vicinity of a high altitude SPARTAN weapon burst. The calcula-
ticns reported here are based on a self-consistent analytical technique
described in an earlier report.

The electric field is assumed to be primarily radial: thus the
time rate of change of this radial field isg directly proportional to
the total current density. The effects of external fields and
atmospheric anisotropy were neglected in the source current calculations.
Therefore, only a local {non-propagating) radial electric field was
generated in these calculations. The current density is divided into
two parts. The primary current Is produced by the high-energy photo-
electrons created by the X-ray flux of the weapon. The secondary
current is due to the low-energy ionization electrons. A swarm theory
treatment relating the average electren energy, number density, and
drift velecity is used to deal with these low-energy secondaries., The
swarm theory treatment ls somewhat unusual in that instant thermaliza~
tion of the secondary electroms is not assumed. Instead, the temperature
of the electron swarm is expressed as a function of time in a differential
equation. As a pet result five coupled differential equations are

obtained which must be solved te find the radial electric field. The

1. D. R. Higgins, C. L. Longmire, and A. A. 0'Dell, "A Method for
Estimating the X-Ray Produced Electromagnetic Pulse Observed in the
Source Region of a High-Altitude Burst,"” Mission Research Corporation
Report MRC~R-34, Feb 1973 (Praft Repoxt}.
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CALCULATION OF THE EARLY-TIME X-RAY GENERATED EMP
NEAR A HIGH~ALTITUDE SPARTAN WEAPON BURST (Cont'd)

absolute magnitudes of the electric field and other key parameters

are calculated at selected observer positions in the atmosphere and are
presented graphically as functions of time for each observer positionm.
These results are interpreted by the utilization of various approximate
analytical procedures to verify the overall behavior of the calculated
solutions and to provide check-points for selected limiting cases.
Certain parameter sensitivity calculations were also included in this

study.
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PREDICTIONS FOR PLATED WIRE
MEMORY RESPONSE TO SGEMP

L. D. Singletary
TR Systems Group
Redondo Beach, California

The purpose of this work was to perform a pre-test analysis specifically
for the Northrop 2-mil plated wire memories to be placed in the Dido Gueen
underground test. However, the work was also dirvected, in addition to the
above specific objective, toward (1) Identification of the chief mechanisms
by means of which the information in the memory may be destroyed or its
operation interfered with, {2) Determination of the influence of tunnels or
gaps on the IEMP generated in the memory, {3) Determination of the failure
Tevels expected for the Northrop memories. This information was to be used
to medify the test design as regards the Northrop memories and also to
extrapolate where possible to effect test design recommendations for the
othey memories under study in the underground test, and (4) Derivation,
where possible, of some scaling Taws for velating the results of Dido Queen
to the actual threat environment. The work included definition of worst
case conditions for the Dido Queen test, support of design and planning of
test instrumentation, and identification of possible failure mechanisms,
This required a review of the Dido Queen environment, decumentation of
memory subsystems to be studied, and the design of test cdsseties.

This paper contains a description and documentation of the plated wire
memories to be exposed to Dido Queen. The paper presents an analytical
approach, and includes a review of the Dido Queen environment. It also
discusses a number of computer codes at TRW which were used to calculate
the photon transport, electron emission. electromagnetic fields and trans-
mitted electron curvents. The computer codes used included X-RAY, a photon
transport code; PICS, a semiempirical electron transport code applicable to
all media; SPALE, an electric field code: and SCAN, a code which calculates
the electric field as a function of air pressure in the memory. Th
importance of the tunnels in the memory and the significance of whether they
are vacuum or partially air filled is discussed. An inspection of the sub-
system was made for significant coupling regions in worst-case orientation
of the memory to the nuclear radiation.

A comparison of all the possibie mechanisms for energy coupling into the
vy was made.  The current flow produced in the sense wires and word
s due to the coupling of generated electromagnetic fields into the wires
ther inductive coupling or by direct field effects on the magnetic
ins of the plating was considered as well as the effect of photon irrad-
on produced by dirvect charge or electron transfer.

The paper will present the conclusions which state that the replacement cur-
rents generated in the memory appear to be the dominant mechanism for “bit
disturbance”. Next in importance is the effect of the genarated magnetic
fields on the magnetic domains. Finally, the inductively coupled magnetic
fields must be considered. The latter mechanism may be more important for

a side illuminration of the memory. However, then the replacement current
effect would in general be reduced and the fields would be smaller at the
edges of the memory due to the smaller exposed area.
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TWO-DIMENSTONAL, TIME-DEPENDENT COMPUTER CALCULATIONS OF
CURRENTS AND FIELDS IN A CYLINDRICAL CAVITY FOR TEMP CONDITIONS

F.P. Wenaas, E.P. dePlomb, and A.J. Woods
INTELCOM RAD TECH

An evacuated cylinder with conducting walls is irradiated from the
end by an axially symmetric photon source. Photo electrons emitted from
the surfaces to the inside of the cylinder produce electric and magnetic
fields which in turn act on the electrons. Flectric and magnetic fields,
potentials, and currents are caiculated within the cylinder as a function
of time. These gquantities are obtained by utilizing the 2-D, time
dependent IEMP computer program, TEDTEM-RZ.

The TEDIFM-RZ code calculates this problem using emitted electron
spectra and angle distributions obtained from srandard emission codes.
The emission eleciron sSpace, €NETgy, angle, and time diztributions are
inputs to the code. The Green's function technique is employed for the
electric fields, and the particles are moved by appropriate force
egquations. A summary of calculations performed using TEDIEM-RZ will be
given which includes effects of geometry, current level, and electron
spectrum on fields and currents within the cylinder. Alsc, a moxe
detailed analysis of results of back emission and reflection of electrons
from cavity walls will be presented.

Simplified TEMP calculations are generally done using emission of
electrons in the forward divection enly. Also, electrons are usually
assumed to "stick' to the cavity walls when they hit them. Studies
have been conducted in which electrons were emitted in the backward
direction and also allowed to be reflected from the cavity wails. The
results show that these effects can be important under certain conditicns
of interest in IEMP. Results of the studies will be presented.

&
This work was sponsored by the Defense Nuclear Agency under
Contract DNAOG1-72-C0090.
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TWO DIMENSIONAL, TIME DEPENDENT COMPUTER CAL%ULATIONS
FOR SGEMP ABOUT A CONDUCTING SPHERE’

E. dePlomb, E.P. Wenaas, and A. Woods
INTELCOM RAD TECH

The new SGEMP code, TEDIEMS, calculates electromagnetic fields,
surface currents, return and escape currvents due to photecemission and
backscattering from a conducting sphere in vacuum.

Emission current levels and energy distributions are obtained from
existing emission codes. Particles of charge are used to represent
the emission, return, and escape currents. A quasi-static Green's
Function method is used to calculate the electric fields at each time
step. A relativistic equation of motion for the kinetics is used.

Results from a large number of realistic sample problems are
summarized. The limitations and advantages of the quasi-static
approach are discussed and useful generalizations are presented for
the range of problems in which this code is applicable.

*
This work was sponsored by the Defense Nuclear Agency under
Contract DNAGOL-72-C0090.
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COMPUTER SOLUTIONS OF IEMP PRESSURE EFFECTS, N
INCLUDTING SPATIAL, TEMPORAL, AND ENERGY DEPENDENT PROCESSES

E.P. Wenzas, E.P. dePlomb, T.N. Delmer, and A.J. Woods
INTELCOM RAD TECH

The computer code, SPARKP, dis utilized to calculate pressure effects
upon current transmission and electric flald dissipation in a one-
dimensional parallel plate geometry. Spatial distributions and energy
dependent cross sections are computed in detail at each time step.
Caleulational technmiques include combining a "particle” calculation for
primary electron motion and a "continuum” model for the background
plasma. Primary electrons are emitted from the cavity walls by photo-
emission, and secondary electroms are produced in the gas by collisional
ionization.

Calculations are presented which show the effect on fields and
transmitted currents due to gas pressure, emission current level, and
plate spacing. These results are summarized and shown to compare
favorably with experimental work at two different simulation facilities.

&
This work was sponsored by the Defense Nuclear Agency under
Contract DNAQQ1-72-C-D090.
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ABSTRACT
CLOSE-IN RADIAL ELECTRIC FIELD PULSES

Stanley Schneider
¥uelesy Vulnersbility and Hardening
MeDonnell Douglas Astronaubtics Company

& slmple analytic trestment of the close~in radisl electric field produced
by x- and gamma ray pulses st various altitudes and separations from

the bursts is made. The calculation treats the time varying electric
susceptibility and conductivity induced in the air by the radiation for
levels of contenporary interest. The strong field back resction on the
rhotoelectric and Compton electrons sre discussed and trested for fluence

varamebers of intsrest.

Two types of analyses are done: (1) time dependent treatment of the
Sommerfeld formule for the electric field produced by relstivistie
particles generalized to the ionized medium, and (2) saturation fields
caleculated from the time dependent induced electric susceptibility

and conductivity snd the emitted electron currents corrected for the back

field reaction on the electron motion.

This paper is recommended for presentation in technical area a (Environment}

and will be classified Secret Restricted Dats.
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Orlando Lopez

Kaman Sciences Corporation

PHOTOCURRENTS AND SELF CONSISTENT FIELDS
IN CAVITIES - ALR PRESSURE EFFECTS

When a pulse of photons impinges upon a cavity, elec-
trons arve emitted from the cavity walls. If the electron
transit time is of the same order as the characteristic time
of the fields and the potential induced inside the cavity
is of the same order as the energy of the electrons, the
resulting problem has to be solved self consistently. If,
in addition to these complications, the cavity is not fully
evacuated, the effect of secondary electrons has te he con-
sidered. Secondary electron currents can neuttralize the
space charge fields, thereby increasing the transmitted
current and causing higher magnetic fields inside the

cavity.

In this paper, we present a method to effect a dynamic
self-consistent solution to the problem. This is achieved
by an application of the particle-in-cell (PIC}) method used
for plasma simulation(l}. By following the time evolution
of the potential and the electric field (and monitoring the
position and magnitude of the potential minimum) in a one
dimensional cylindrical calculation, a clear physical pic-
ture of the physics of space charge neutralization is
obtained. Results for a fully electromagnetic, three dimen-
sional calculation will also be presented and compared to

underground test data.

(1} R. L. Morse in Methods of Computational Phys.,
Vol. 9, Academic Press, N.Y., N.¥Y., 1970,
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John P. Roberts, Harry Diamond Laboratories
Thomas M. Jordan, Experimental and Mathematical Physics
Consultants, Inc.

The Effects of Coherent Scattering and Polarization on Photon Fluence
and Absorbed Dose in Three Model Geometries

The study at Harry Diamond Laboratories of photon transport
and absorption at deep penetration distances and their effects on
Compton source currents and lonization rates has resulted in an
examination of two basic photon interactions usually not considered
significant; namely, coherent scattering and polarization of pho-
tons. Significant changes in fluence and absorbed dose were noted
when selected calculations including and omitting these effects
were compared.

Using the FASTER IXI Monte Carlo radiation transport code,
correlated calculations for a 1-MeV photon point source were made
for an infinite air geometyy containing an aluminum sphere with a
point detector at its center. The distance from source to detector
wag 1 km in air with a density equivalent to an altitude of 50 km.
Calculations were made for three medel geometries in which the ra-
dius of the sphere was varied to be 25 om, 50 cm, and 100 c¢m. For
sach geometry three sets of data were obtained. These were: a
calculation set that did not include coherent scattering and polari-
zation effects, a second set that included form factors for coher-—
ent and inccherent scattering, and a third set that included not
only the form factors for coherent and incoherent scattering but
alsc accounted for the effects of polarization of multiply scattered
photons from an unpelarized source,

The most significant differences due to consideration of these
effects were noted for the model geometry containing the 100-cm
radius aluminum sphere. Comparison of the results for this geome=
try for the three sets calculated showed that the largest differ-
ences existed hetween the first set, which did not include coher—
ent scattering or polarization, and the third set, which included
both. The value in the third set of the photon number fluence at
the point detector in the center of the aluminum sphere was 23
percent lower than the number fluence value in the first set. Also
the energy fluence at the detector for the third set was 10 per-
cent less than the energy fluence result calculated for the first
gset. Finally, for an aluminum absorbed dose response the dose at
the point detector for the third set was 17 percent less than the
dose for the first set. From the differences shown above we con-
¢lude that consideration of coherent scattering and polarizaticn
effects in determining fluence and dose is necessary.
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RADTAL EMP CALCULATIONS

Philip J. Hext
Iockheed Migsiles and Space Company, Inc., Sunnyvale, Californis

A self-consistent method is used for caleculatling the time varistlon
of the radial BP field and of the alr conductlvity in the vicinity of a
nuclear burst. The fundamental integro-differential equation lg derived
and solved numerically. In general, the approximstions used, such as
neglect of the geomagnetic field, are such as to yileld an upper Jimit to
the actual radizal E field. However, the imporitant influence of the
instantansous electric field in reducing the range of the Compton elec-
trons and thus of the resultant primary charge separation is included in
the calculations, as well as the field-dependent attachment and ave-
lanching rates. The gamna ray spectrum is resclved Into a Finite number
of energy intervals {currently 10}, and the attenuation within each
interval is calculated along the slant range between burst and observer
for any angle of eleveation. By using algebraic eguations to closely
approgimate the variations of many parameters {air density, gemma pulse
shape, gamma mean free path, attachment and avalanching rates} over
appropriate intervals of their independent variables {altitude, time,
energy, field), it becomes possible to obtain prompt solutions with an
electronic calculator such as the HP 98004 with extended range.
Example curves showing electric field and air conductivity versus tinme
will be vyresented. The rapid increase of conductiviiy with avalanching
is particularly effective in limiting the pesk field attained. For
high yields and close distances, the electric fleld decays much more
rapidly than the conductivity, but for low yields anﬁ/or greater dis-
tances the converss may be true, having & vather small residual fisld
which decays very slowly.
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ELECTROMAGNETIC FIELD OF CHARGED PARTICLES EMITTED
FROM THE EXTERNAL SURFACE GF A CONDUCTOR

Kelvin Lee
Dikewood Corporation, Westwood Reseatrch Branch
Los Angeles, California

In calculating the external system—generated EMP of photoelectrons
emitted from the surface of a conductor it is convenient, from hoth

the mathematical and physical viewpcoint, to first split the field into
its irrotational and solenoidal part. For non-rvelativistic electrons
the Irrotational part of the field can be obtained with sufficient
accuracy by solving an appropriate quasi-electrostatic problem and

the solenocidal part by solving an appropriate guasi-magnetostatic
problem. A valldity criterion on the quasi-static solutions can be
established by solving a canonical problem rigorously as well as
approximately. The canomlcal problem dnvolves an electron orbiting

a perfectly conducting sphere. The rigorous solutions for the induced
surface currents and charges on the sphere are compared numerically
with the quasi-static solutions, thus establishing validity criteria

in terms of the electron's kipetic energy and distance from the sphere.
These quasi-static solutions can be generalized to arbitrary motions
while the rigorous sclutions cannot. For arbitrary-shaped conductors
the integral-equation approach can be employed for the two guasi-static
problems. The investigation has so far been limited to the calcularion

of the Induced surface currents and charges on a perfect conductor with

[

he trajectories of all electrons specified.
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Spherically Symmetric IEMP
{harge and Field Distributions

Donn . Shankland

4ir Force Institute of Technology
Wright~Patterson AFB, Ohio

Abstract

The charge and field distributions for imwardly emitted electrbns
in 8 spherical geometry are obtained by solving the Viasov eguation by
the method of characteristics for arbitrary {smooth) emergy spectra.
Asymptotic forms ave derived for Maxwellian distributioms, and time-de-
pendence is discussed. As the total current increases, a sheath is
observed to form just inside the shell, partially screening the interior.
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X-RAY INDUCED CURRENTS ON A METALLIC SPHERE

R. Stettner and D. F. Higgins

Missicn Research Corporation

A numerical solution of the time dependent Maxwell's equationsg is
described for low energy x-rays incident on a metallic sphere., The
solution is non-selfconsistent, assuming that the photoelectric current
source is unaffected by the electric fields it produces. The variation
of the currents and charge on the sphere and currents leaving the
sphere are described in intervals of time which are a fraction of the
time required for light to cross the sphere. The error made in
celculating the surface currents by neglecting the finiteness of the
velocity of light is also discussed. Results are presented for time
varying low energy x-ray flux densities, with a black body energy

spectrum, impinging on a metallic sphere.
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A SURVEY OF THE STATE~CF~THE-ART OF FAST SINGLE
TRANSIENT ANALOG TO DIGITAL CONVERTER TECHMIQUES

Ralph E. Partridge
Los Alamos Scientific Laboratory
Analog to digital converters and associated memories are being
used with increasing frequency for fast single transient wavelorm
recording where application of the conventional oscilloscope and
camera approach is not feasible, This paper veviews the recording
processes in fundamental terms, surveys recent developments in

techniques, and discusses potentially applicable new technologies.
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ABSTRACT

2wl he?
EVALUATION OF AN ANALOG-TO-DIGITAL RECORDING
SYSTEM FOR USE IN EMP DATA ACQUISITION
R. R. Creason and J, €. Wirth

Braddock, Dunn and McDonald, Inc.

An evaluation program is currentiy being implemented at the
ARES facility during which the performance of an AFWL-procured
analog-to~digital pulse recording system (Tektronix 7912) will be
evaluated. The evaluation will consist of three phases. During the
first phase, the performance of the basic A~D system will be
evaluated to determine resolution, accuracy, noise susceptibility,
writing characteristics, etc. During the second phase, the A-D
system will be tied into a NOVA 1200 computer to assess interface
compatibility and to develop acguisition and processing software.
Puring the third phase, the A~D system will be used with the NOVA
in an operational configuration, This configuration consists of the
A-D system located in the ARES screen rcoom, the NOVA 1200 jocated in
the ARES data trailer and a Tong interconnecting data cable. The
objective of this third phase Is to define and correct deficiencies

in an operational configuration with a real EMP environment.
This paper will report the results of the above efforts and will

provide recommendations for integration and use of A=D recording

systems in EMP data acquisition systems.
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SINGLE TRANSIENT ANALOG TO DIGITAL CONVERSION SYSTEM

John D. Parks, US Army, Harry Diamond Laboratories

Abstract:

Analysis of complex single transient waveforms may be simplified
by converting the amplitude vs time trace of the function inte digi-
tal format for analysis by computer programs. A system for converting
an ocscilloscope single sweep, the photograph of an oscilloscope trace
or the plot of a single valued function to digital format is described.
The apnlications and advantages of using this system in the analysis
of test data from EMP tests are outlined.
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by Dr WiTliam R. Graham, RDA
and Chris Ashley, AFWL.

Abstract

Estimation of Errors in Calculating Transfer Functions from Pulse Data

Analysis of responses of linear systems, or of linear
subsystems within larger systems, to fransient stimuli commenly
involves the concept of transfer functions. Estimation,
verification, and use of these transfer funciions often entails
measurement of transient stimuli and transient systiem response.
These data are then digitized and processed numerically %o
produce the transfer function. The measurement and digitization
processes are usually the most important sources of error in
the transfer function measurement. CLonciusions drawn about
the systems being analyzed are correspondingly in error., The
purpese of this paper is to discuss some ways of estimating
the magnitudes of the important errors in the data reduction
process and to show how errors in the transfer function are
related to errors in that process.

111



2=-1A=5

Jiunn S, Yu, Boyd D, Boitnott and Robert L. Hutchins
Braddock, Dunn and McDonald, Inc,/ARES

STATISTICALLY IMPROVED SPECTRUM PAST 100 MHz OF EMP ENVIRONMENTAL
DATA AND STATISTICAL ANALYSES IN THE TIME DOMAIN

The EMP at ARES are monitored by sensors placed near the working volume,
The sensors? outputs are displaved on oscilloscopes after passive
integrators, Pictures are then taken of the scopes' traces for per-
manent records and for digitizations to guantify EMP characteristics

in both time~ and frequency-domains. This paper is concerned with
fundamental statistical procedures through which desired informations

are estimated with associated standard deviations,

Simuitaneously recorded traces of fast~ ans slow-sweeps are consistently
digitized n times. Their arithemetic means are estimated as functions
of time, and the associated standard deviations are shown to increase
in proportion with the trace's rates of change., Fourier transforms

are performed for each of the n digitized traces to obtain complex
arithemetic means for spectral densities. Associated standard devia-
tions in freguency~domains are piotted to show their variations with

the spectral densities. Results from using slow-sweeps alone are shown
to have lower-confidence estimates in the higher fregquency region,
Rejatively high-confidence spectral densities are obtained for fregquen-
cies as high as 115 MHz for ARES EMP when proper time-tyings are

performed for fast- and slow-sweeps.

The technigues presented here are straightforward and useful. Although
they are not studied for reducing systematic errors that might result
from improper processing, they are shown to have effectively reduced

random errors and improved earlier techniques employed at ARES,
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DR. DAVID LEZE
and
1/LT DAVID AUDLEY

will speak on

AN ALTERRNATE SYSTEM REPRESENTATION

F O R ANALY Z2ING EMP DATA

witTid ERROR BOUNDS

ABSTRACT: AN ALTERNATIVE TO SYSTEM REPPESENTATION BY TMPULSE RESPONSE
{OR TRANSFER FUNCTION) 1S INTRODUCED. AN ADVANTAGE OF THE
NEW REPRESENTATION 1S A COMPUTABRLE ERROR ESTIMATE ON SYSTEM
RESPONSE.  NUMERT CAL METHODS BASED ON THIS REPRESENTATION
ARE APPLIED TO "GREEN BOX" DATA AND TO MM IN-PLACE DATA.
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MUTUAL INDUCTANCE CURRENT PROBE DEVELOPMENT

W. Reed Edgel
Albuguerque Division, EG&G, Inc.

ABSTRACT

This paper describes Mutual Inductance Current Probes (I-dot
Sensors) developed for the Air Force Weapons Laboratory. The probes
are amnular ring-shaped devices, with aperture diameters ranging from
0.1 to 2 meters, The sensor's output is proportional to the first-time
derivative of the total current through the aperture. The theory of opera-
tion, design, and construction of the sensors are discussed.

Developmental testing of these sensors yielded data concerning
step function response, sensitivity dependence on off-axis current posi-
tion, sensitivity verification, and time domain reflections. These tests
and test resulis are discussed.

Current probe applications and guidelines are presented, along

with descriptions of new types of current probes under development,
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AN ELECTRO~OPTIC EMP E-FIELD SENBOR

Glen J. Morris

Albuquerque Division, EG&G, Inc.

ABSTRACT

An electro~optical meodulator, consisting of a Pockels cell
and an analyzer, is an excellent transducer for measuring electric fields.
Such a system, which possesses good sensitivity and extremely wide band-
width, can be made. The Pockels-cell sensor is based on the Pockels
effect, in which the presence of an electric field causes induced bi-
refringence in a suitable crystal. With the addition of a quarter-wave-
plate analyzer, it is possible to modulate the irradiance of a laser
beam passing through the crystal in accordance with the electric field
applied to the crystal. In usual applications, the electric field within
a Pockels—cell modulator is produced by a potential difference applied
to a pair of electrodes attached to the crystal. In the EMP applicaticn,
the electric field is produced by a simulator. A Pockels-cell moduiator
located within the EMP field will respond to that field. There is no
need for any connections to the crystal. The crystals used are dielectric
in nature, and cause minlmum field perturbatioms. A three-axis sensor,

capable of measuring both field strength and direction, is feasible.

116



2-1B-3

SOURCE LGOP CALCULATIONS FOR B-DOT SENSOR

James L. Harrison
Albuquerque Division, EG&G, Inc,

ABSTRACT

An "electrically-small” B-dot sensor, having an eguivalent area
(Aeq) of 10 square meters, has been developed for the Air Force Weapons
Laboratory. The sensor is a 50-turn loop, employing several advanced

grounding and shielding techniques to enhance the high-freguency perfor-

mance.
This senscr has been designed to permit ifs operation as g self-

integrating sensor. In this mode of operation, the sensor's H-field sengj-
tivity is related to an equivalent length {ﬁecg}ﬁ which can be adjusted to a

convenient mumber without changing the equivalent area,
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CHARACTERISTICS OF THE DRI SPHERICAL E-FIELD SENSOR
Mike Shields
Denver Reseaych Institute
University of Denver
Denver, Colorade 80210

A requirvement for an electric field sensor capable of map-
ping transient electromagnetic fields in the kilovolt per meter
vange led to the development of an Instrument package contained
within a 25 inch diameter spherical shell., A radially mounted
stub antenna serves as the electric fleld sensor,

The theoretical open circult response for an incident plane
wave iz obtained by reciprocity for linear and sinusoidsl antenna
current distributions, The response a3 a funetion of the angle of
inecidence and as a function of the ratioc of probe length to sphere

diameter are presented and dlscussed,
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A Multiple Purpose, Low Reactance EM Field Sensor

BY U. Cocca, R.C. Fries, and L.C. Humphrey
General Electric Company, Syracuse, New York
The following outline is for your review and considera-
tion for presentation at the Joint EMP Technical Meeting
25-27 September 1973. This outline should not be released
for public use until approval is received from CGeneral
Electric Cempany.

QUTLINE:
I. An EMP instrumentation technigue for characterizing a
paraliel plate transmission line EMP simulator.
1. Separately Measures E and B fields
2. Measures their algebraic sum as it depends on
the direction of propagation.
L. Novel (Directional coupler) sensor design
Versatility in operation

1
2. True derivative respanse to less than 1 dB over
3 Six octave frequency range
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OMNI-DIRECTIONAL B-DOT SENSOR DEVELOPMENT

W. Reed Edgel
Albuguerque Division, EG&G, Inc.

ABSTRACT

This paper describes an omni-direction B-field sensor developed
for the Air Force Weapons Laboratory. The sensor consists of three,
mutually -perpendicular B-dot loops. It produces an output in response o
a changing B-field in any direction. The sensor is used primarily for a
trigger for EMP data acquisition systems, although it is also possible to
use it for quantitative measurements of the magnitude and direction of the
B-field. The paper discusses the theory of operation, design, and con-
struction of the sensor; and it discusses prototype testing and test results.

Applications and guidelines are alsc presented.
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TRANSFER IMPEDANCE ACROSS INTERFACES
CONTAINING CONDUCTIVE GASKETS®

A, Eckersley
Boeing Aerospace {o., P, 0. Box 3999
Seattle, Washington 98124

Abstract - Section e. Unclassified

Conductive gaskets are often used as a means of electrically bopding to-
gether metallic parts which form the outer conductor or shield of a sys-
tem. A test method and procedure was developed to permit comparative
evaluation of gaskets alike In shape but differing in conducting material
oresent in the elastomer. The test method permits measurement of a direct-
ly meaningful quantity; namely, the transfer impedance added to that of a
coaxial system by the gasket, using the same type of surfaces interfacing
the gasket ag in the proposed application,

A unique test fixture will he described; basically, two coaxial cavities
coupled by the gasketed interface under test. A description of measure-
ment methods includes verification testing with d-¢ instrumentation, to
supplement measurements of transfer impedance up to 50 MHz. Measurement
capabilities in the tens of microhms region can be achieved provided pre-
cautions, to be described, are taken to ensure coupling is exclusively

by the interface under test.

Some test results will be presented, which can be explained in terms of
the nature of the conducting materials in the gaskets, such as distri-
buted particles, wire mesh, and expanded metal.

* This work was performed under Contract FOL701-69-C~0198.

122



F. N. Holmguist

THW Systems Group

Redondo Beach, California
PRV,

Measurement of Complex Conductivity of the Ground
at Low Frequencies at Various Depths

The penetration of EMP signals into the ground and the propagation of sig-
nals on buried conductors are determined to a Targe extent by the ground
conductivity and dielectric constant. These parameters vary from site to
site, with frequency, depth and climatic conditions. At present, these
parameters - expressed here in terms of the complex conductivity - are not
adequately known. A method is proposed for in situ, low freguency measure-
ments of the real and imaginary components of the ground conductivity by 1
means of a small conductivity probe developed for probing tenuous plasmas.

In this application the probe is lowered to depth inside a plastic pipe
driven into a similar diameter hole in the ground. The probe consists of
three equally spaced, coil-wound, coaxial, ferrite toroids. Solencidal
electric field lines produced by oscillating magnetic flux in the two outer
driving toroids thread through the three toroids and thence around through
the plastic pipe and the surrounding ground material. When the probe axis

is horizontal, i.e. perpendicular to the pipe axis, the conducting and polar-
izable ground results in an oscillating charge distribution in the ground
regions just outside the ends of the probe. In effect, the probe acts like

a transformer. The ground current, together with that portion of the dis-
placement current which threads through the central toroid, serves as a
single primery turn on the central detecting toroid. The amplitude and phase
of the voltage on the coil of this toroid determine the complex conductivity
of the ground. The effect of the pipe must be taken into account. Satis-
factory probe operation depends on obtaining a suitably smail or null signal
when the ground is not in close proximity. This is accomplished by cancelling
out the ever present voltages from unwanted coupling before lowering the
probe or, more probably, when the probe is at depth and rotated 90° so that
its axis is paraliel to the pipe axis. The microvolt signals are measured
with a phase sensitive Tock-in voltmeter. Predicted capabilities and limita-
tions of the probe will be discussed.

]“A Conductivity Probe for Tenuous Plasmas," Fred N. Holmquist, AIAA Journal,
Yol. 7, No. 2, February 1969, pages 205-210.
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THE SMART TEST SYSTEM
by

G. 8. Parks, Jr.
Stanford Reseaych Institute
Menlo Park, California

The term 'smart’ has been applied to this proposed frequency-
domain test system because the use of a minicomputer as the system
controller makes possible a system which can make decisions while per-
forming a test. An inherent additional advantage is that the same
minicomputer can carry out data processing, providing, within minutes,
finished results which usually are not available until much after the
tests are completed.

The elements of the system, nearly all of which are commercially
available, are described and performance specificaticns are discussed.
The gpecific types of decisions to be included in the software are
examined on the basis of data quality and confidence.
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MEASUREMENT OF INSTRUMENTATION CARLE SHIELDING

M., K. Bumgardner
Albuguerque Division, EG&G, Inc,

ABSTRACT

It is very often necessary to install instrumentation cabling /cur-
rent probes for the testing of EMP, EMR, or RFI induced currents on/or
within a test vehicle in such a manner that they are inaccessible during
testing. As a resulf, the current probe cannot be removed from the wire
or cable to determine the induced noise present in the original measure~
ment setup. A technique normally used to determine the order of magnitude
of induced noise is that of installing a "dummy'" current probe. If all of
the cables and connectors in the inaccessible region have the same shielding
integrity as the "dummy' probe, then the measurement obtained on the
dummy probe and its cable is representative of the noise on all of the cur-
rent probes and their respective cables.

This paper describes a technique to ensure that all of the instru-
mentation cables have a shield integrity within +6 dB of the "dummy''
probe's cable. The basic principle of this technique is a transmission line
that is formed between the outer shield of the cable to be tested and an
insulated wire that is spiraled along the cable. This transmission line is
terminated in its characteristic impedance (usually 150 chms) and provides
a uniform axial current distribution, IS&’ along the cable shield, which is
measured by a current probe. The voltage on the test cable's center con-
ductor, Vo’ is measured in a 50-ohm termination at the recording end of

the cable, and can be used to determine shield effectiveness,
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ABSTRACT

NANOSECOND TIMING IN AN EMP ENVIRONMENT

A number of high speed Time Delay Generators, Fanouts, Time Interval
Meters,Trigger and Marker Generators,etc,are discussed with emphasis

on those characteristics that are unique to EMP applications. High

spead optical inputs and cutputs in addition to electrical inputs and
outputs allow Tight pulse triggering thus eliminating RFI pickup on
coaxial cables.EMP enclosures with self contained batteries enable
operation in 200 KV/Meter fields. The design of the units is conservative
to ensure reliable operation in actual field conditionsand over
operating temperatures from 0 to plus 135 degrees F. The stability

and accuracy of the units vary from x .05 nanoseconds to = 3 nanoseconds
depending on range,extremes of temperature,etc.

CARL VESPA
NANOFAST,INC
476 W. ERIE ST.
CHICAGG,ILL.
60610
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PICOSECOND INSTRUMENTATION FOR A 100:1 ELECTROMAGNETIC
SCALE MODEL OF EXOATMOSPHERIC EMP

Joseph A. Kreck, US Army, Harry Diamond Laboratories

Abstract:

Time domain measurements on 2 scale model ranpe become ex-
tremely difficult when the pulse risetime of responses is on the
order of 100 picoseconds. A successful effort to use a sampled
data approach (equivalent time domain} has resulted in some in-
teresting developments in pulse generating and sensing instrumen-
tation.

This paper discusses generating a 70 picosecond risetime pulse
by means of an impedance match reed relay and the subsequent ra-
diation of this pulse with maximum fidelity. Current probes, a
balun, and field sensors were developed to receive this fast sipnal,
A discussion of delay lines used in the sequential sampling tech-
nique shows that "fastest is not always best.'" Finally, some
results from a2 scale model simulation using this instrumentation
will be presented.
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ACTIVE INTEGRATOR
R, M, Brown and J. L. Welis

BRADDOCK, DUNN AND MUDONALD, INC.
ALBUQUERGUE, NEW MEXICO

ABSTRACT

The BDM Model BRC~2LA Active integrator is a wideband, solid state
ampiifier empioving a passive RC network and an active amplification
network. The instrument was designed and developed for the specific

purpose of improving the guality of EMP data by providing gain and
impedance matching.

Compared to the other integrators, the BRC-2Z5A Integrator offers
considerably less signal attenuation and does not require operation (nto
a high impedance level. Since the Active Integrater uses an isolation
amplifier stage, there are no changes in the RC integration time constant
due to external output connections. The BRC-254 features a 25 micro-
second time constant and an amplification of 35 dB. 1t {s compact, port-
able and self-powered, and employs a rechargeable, voltage regulated
internal supply and active soiid state components. it also features an
externally actuated, internal calibraticn circuit. Since the integrator
package is double-shielded, no protective enclosure is necessary for
proper operation in open EMP environments.

The active integrator is a unique instrument, providing nanosecond
integration of the time derivative field and current signals from sensor
measurements in EMP research environments. The device is particularly
useful in applications where a low voltage pulser is providing the EMP
or where the nonprincipal field components of an EMP are being measured.
With the use of appropriate attenuators, signal levels up to values in
the kilovolt range can be integrated by the BRC-Z5A.
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OPTOELECTRONIC AND PNEUMATIC ISOLATION TECHNIQUES

This paper describes a variety of techniques which have been successfully
employed on the Minuteman EMP Test Programs for isolation of test instru-
mentation From the networks under test and from the test environment.
These techniques have been applied to both CW and pulse instrumentation
systems.

Transfer functions of large distributed networks must be measurad where
the netwiork input and output ports are separated by distances which make
accurate measurements difficult by conveniicnal technigques. leasurements
extenc cver very wide bandwidths and over very large dynanic ranges.
Enormous errors can be incurred unless great care is taken to avoid
ground loops and inadvertent modification of the network by the presence
of instrumentation signal and power leads.

These problems have been eiiminated through the use of proper instrumen-
tation shielding, optozlectronic coupling of ali instrumentation signal
paths and through the use of compressed air as tne prime power source
for all critical instrumentation.

4 wideband ootical data link is described that provides for differential
mode, phase-equalized transmission of 5 nanosecond risetime pulse data.
Dynamic range is 34 dB. A forerunner of this equipment, used for stepped
CW testing at discrete frequencies from 10 kHz te 100 MHz provided a
dynamic range agreater than 125 dB. Also described ave narrowband {3 kHz)
optical Tinks that use audio or logic modules to transmit volce, control
signals or digital data over 200 feet. Transmitier and receiver assans
hiies are powered oy small air-driven alternator modules. Other spaciat
nurpose signal and power isolation devices are also giscussed.

This work was partly funded under Air Force Contract F04701-72-C-0Z10D.
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A 250-MHz MICROWAVE SYSTEM

Donald L, Trone

Albuquerque Division, EG&G, Inc.

ABSTRACT

A 250~-MHz bandwidth microwave telemetry system utilizing
dielectric waveguide (DWGQG) was developed. Performance specifications
include a dynamic range in a 100-Hz bandwidth of 88 dB, bandwidth of 250
MHz, and a dielectric waveguide range of up to 100 feet. The design is
based on previous microwave systems designed and fabricated for EMP
data acquisition. Primary alterations in design are; the elimination of
a TWT, detector biasing to achieve linearity, critical matching and tuning
of a balanced modulator, and the use of wideband video amplifiers.
Temperature stability measurements on the input-to-output transfer func-

tion of the system were made using 80 feet of dielectric waveguide.
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500 MHz TRANSIENT DATA TRANSMISSION SYSTEM

R. R, Creason and J. C. Wirth

Braddock, Dunn and McDonald, Inc.

The measurement of transient response data in an EMP environment
requires transmission of the data to a remote isolated area for
recording and processing. The bandwidth of the transmission of data
over distances up to 150 feet with a video bandwidth of 10 KHz to
500 MHz.

The system consists of a portable double shielded battery
powered transmitter of approximately | ft3 volume. The transmitter
consists of a video attenuator, coaxial switch, calibration generator,
modulator, Gunn oscillator and waveguide output flange. The unit
includes voltage regulators and pneumatically operated switches for
power and calibration control. The video input is 50 ohm coaxial.

Transmission of the data to the receiver is by dielectric waveguide,

The receiver used with this system consists of a waveguide input,
attenuator, tunnel diode detector, microstrip switch, video amplifier
and associated power supplies and microstrip switch drivers. The
receiver includes an RF level meter which may be switched in to
monitor and set the RF input to the detector for optimum linearity.
The input attenuator also permits adjustment of detector input level
to compensate for various waveguide lengths. Longer waveguide runs
can be used with some loss in signal to noise ratio. Optimum power
input to the detector is approximately -5dBm. The output impedance

is 50 ohms and maximum video output level is approximately 5 dBm.
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A CIRCULAR FLUSH PLATE DIPCLE D~DOT SENSCR
by
Thomas 0. Summers

EGE&G, Inc.

The expected characteristics of a circulax flush plate Dipole
are described in SSN 98 and 88N 106. This sensor is a circular plate
coplanar with a conducting plane, but dsolated from It by a narrow
slot. Under Alr Force contrach, 2ensors nave been built and tested.
This paper compares expected performance with laboratory measurement.
Performance degradation associated with practical design constraints

are described alomg with empirical soluticm to some of the problems.
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DIFFRACTION OF AN ELECTROMAGNETIC PLANE WAVE

THROUGH A NARROW RECTANGULAR APERTURE

By

M. R. Wilson

Abstract

Numerical results are presented for the Suzukil approximate solution
to a problem of plane wave diffraction through a narrow rectangular aperture.
By assuming the width of the slot to be small, Suzuki obtains an analytic
expression for the aperture electric field. We calculate the frequency
domain fields behind the slot by Gaussion numerical integration over the
aperture. The latter vesults are compared with an analytic dipole approxi-
mation to the diffracted fields. Finally, we obtain through numerical
transform techniques, the time domain diffracted fields in response to

an incoming transient plane wave.

lsuzuki, M., "Diffraction of Plane Electromagnetic Waves by a Rectangular
Aperture,'" IRE Trans. on Antennas and Propagation, V-AP4, 1956.
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Diffraction of Planar Electromagnetlc Waeves by & Slot

R. D. Jones

EMR/EMP Division
Sandis Iseborastories
Albuguergue, KM

ARSTRACT

An undersianding of the basic mechanisms by which an elsctro-
wagnetic signal penetrates an aperture in & ghielded enclosure is
prerequisite to the Investigation of EMP interaction with devices
and subsystems. OF all the aperture conflgurations that eould be
consgidered, the two-dimensionsl slot in & conducting screen is
probably the most elementary. In fact, this particular aperiure
1g one of the few shapes for which an exact solution cen be gpecifiad.
tnfortunately, the solutions teke the forw of very slowly convergent
series 1f the characteristic aperture dimensions exceed oue or two
vavelengths of the incident wavelength. However, by the use of
asymptotic edge-wave methods and the prineiple of superposition, 1t
ig possible to write a very simple code to compute the diffracied
far field. Results obtained using this code are in reasonable
agreement with experimental microwave measurepents made in the

Sandis Iaboratory anecholc chamber.
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FIRST DISCUSSIONS IN GENERALIZING BABINET'S PRINCIPLE
IN TWC DIMENSIONS

by

M. P. Fry*
J. P. Heckl
L. F. Libelo
Naval Ordnance Laboratory
White Oak, Silver Spring, Marvland

ABSTRACT: We present our first investigations to thoroughly
understand Babinet’s principle for electromagnetic diffraction
gnd the resulte of our initial efforts to extend the principle
beyond 1ts usual range of application. Proof is given that

the principle in its present forw is Invalid for the general
open, two dimensional, Infinitely thin, perfectly conducting
surface containing apertures. Our proof is independent of

the type of incident wave {plane, cylindrical, parabolic, etec.)
and its state of polarization. The only case in which the
present Babinet's principle holds is the conventional one of

an infinite plane. Recent investigations for a series of initial
and complementary problems of particular shapes with apertures seem
to imply the existence of a more generalized form. However, this
phase of the work is gtill in the early stages of development.

*present address: Institut Fur Theoristische Physik Der
Universitat Graz
Graz, Austria

NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND

JUNZ B 973
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SCATTERING BY THE LONGITUDINALLY SLOTTED CONDUCTING CYLINDER

John N. Bombardt
USA Harry Diamond Laboratories
Washington, D.C. 20438

Louis F. Libelo
US Naval Ordnance Laboratary
White Oak, Marvliand 20910

We present the results of investigating the response of
very long, thin walled, axially slotted, conducting cylinders
to normally incident plane wave irradiation polarized paral-
lel to the cylinder axis. Utilizing field expansions, which
satisfy the boundary conditions on the cylinder, integral
equations for surface current as well as aperture electric
field distribution were derived. Numerical results for the
solutions of these integral equations have been obtained for
extensive ranges oI the physical parameters: wavelength,
cylinder radius and slot size. Previously unknown reguire-
ments on the scattering coefficlents at the wavegulde eigen-—
freguencies have been developed and these will be discussed.
The calculated slot electric field is in close agreement
with results obtained by others over their range of wvalidity
and is an improvement over their results everywhere else.

We present back scattering cross-sections for a large range
of the ratio of radius to wavelength for slots varying from
very narrow through the half-cylindrical mirror to the
cylindrical ribbon. The behavior of the resonances as the
slot widens will be discussed. For very narrow slots we
present the first analytic results for the resonances which
agree with experimental data.
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Orlando Lopez

Kaman Sciences Corporation

EMP COUPLING THROUGH A FLUSH MOUNTED
COAXIAL APERTURE - VARIATIONAL CALCULATION

The coupling of EMP through the exposed multiconductor
umbilical connector modeled as a flush mounted annular slot
antenna with a connecting cable has been a subject of re-
cent interest{l). The work of Chang and Harrison(l) con—
siders the case where the incident electric field does not
lie on the plane of the aperture and the cable is long
enough so that the TE and TM modes are completely atten-
uated. In cases of interest the cable is short and the
incident polarization is such that the incident electric
field lies on the plane of the aperture. (That is, the TEM
mode is not excited). In this note we formulate the problem
via a variational method similar to that used by Levine and
Schwinger(z) for the analysis of diffraction by a circular
aperture. The frequency response from 6x106 Hz to 4x108 Hz
{for several angles of incidence) of a coaxial aperture
which is mounted flush on a perfectly conducting plane, is
obtained for the case in which the incident electric field
lies on the plane of the aperture. A generalization of the
method in order to include finite dimensions of the body on

which the connector is mounted is discussed.

(1) D. C. Chang and C. W. Harrison, IEEE Trans. on
EMC, Volume EMC-13, #1, Feb 1971, pp 14-18.

(2) H. Levine and J. Schwinger, Comm. on Pure and App.
Math., Volume 3, p. 355 and ff, 1950.
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BACKSCATTERING FROM A CIRCULAR PLATE
BY WIRE MESH MODELING *

Juang~Lu Lin, Walter L. Curtis & Mervin €. Vincent
Roelng Asvrospace Co., P. 0. Box 3999
Seattle, Washingtcn 98124

In the study of wvulnerability and hardening of an aerconautical system
subject to an incident electremagnetic pulse {EMP), one is often con-
fronted with solving the problem of scattering by apertures. A numer i-
cal technique was recently developed by Lin, Curtis and Vincent, deter~
mining the aperture field distribution bv solving the complementary
problem of the diffraction of a conducting plate modeled by a wire mesh,
As an initlal verification for the wire mesh model chosen, the far zone
field 1s used to calculate the radar crosg sections which are then com-
pared with measurements made with 2 series of wodals consisting of both
wire mesh and conducting plate. 8ince the technique mentioned above is
suceessful in treating the case of a rectangular plate,an effort is now
made to oxtend this technigue to a circular plate in a hope that the
same technique mavy be applied to the scattering probiem with apertures
of irregular shapes.

Consider a perfectly conducting circular plate of radius a moedeled Intc

wire mesh cowposed nrimarily of square grid with side & and wire radius

T dius a. A plane electromagnetic
-

o encircled by a civeular loop of ra
wave wirh E{1) field parali=l to t e the plate is acsuned te Le
incident on the plate at an arbitrary angle Humerical examples In-
clude the echo arsas plotted as a function of incidence angle for & and
# polarization at ka=4 where k is the wave number of free space, The
caleulated values are then compared with the theorerical and experimenta
results given by Mattson. {The theoretical resullhs were obtained
numerically on the basis of Flammer's exact golution.) It is found that

L . P e %
25 are almost bhe

the numerical results for a wire mesh model with VAT
aame as those of a solid plate 7or swmall incidence angles oW
ever, they tend to deviate as § increases. This tendency is reascnable
considering the difference between the discrete distribution in the
wire mesh and the continuous distribution of current on the solid con-
ducting plate as was found in the wire mesh model and the sclid conduct-
ing vectangular plate, Radar cross sactions of a circular plate are
also calculated as a function of plate size, a/), for the normal
incidence case, he calculated values compare well with numerical and
experimental results presented by Richmond, in which his measurements
were bascd on a solid conducting plate and his numerical results derived
from a differcent wire mesh model with considerable more elements.

< -
ER N s Tanel N P
(‘,’..,L.'J > o

n the Air Force ¥eapsns Laborateory, Xirtland

I8 -

% Thig work was suppnrie y
fervico, Contract F2R601-72-C-N0Z8.

AFH, Albuquerguc, Naw
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O EMP EXCTTATIONS OF CAVITIES
THROUGH BMALL APERTURES
by
KENNETH C. CHEN
ATR FORCE WEAPONS LABORATORY
The problem of ftransient excitation of cavities by EMP fields through
small apertures is studied based on Bethe's theory., This theory is
extended in two respects: one 1s the study of damping due to the aperture
on the cavity fields, and the other includes s procedure for calculating
electric and magnetic polarizabilities of & small plane sperture with an
arbitrary geometrical shape. The First extension is achieved through the
use of & seif-consistent scheme, which requires the field at the aperture
to be the sum of the external and cavity fields. The comparison of the
damping due to the conductivity and that of the aperture is made. In the
second extension, calculations of a rectangular aperture is made, and =

simple numerical scheme is described.
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JEMP COUPLING TO CABLES I

15T
BY DIFFUSION THROUGH THE SEIN #*

IDE AN ATRCRAFT
iE
Donald E. Young
Boelng Aerospace Company, P. 0. Pox 3899
Seattle, Washington 98124

The EMP courpling to a cable dnside of an aircraft or missile is estimat—
ed by considering the aircraft fuselage or missile as a finite length
cylindrical metal shell. Insilde the shell is a single wire cable run-
ning parallel to but not necessarily on the cylindrical axis. The cable
is leaded at one end and open circuited at the other end.

The exterior surfa vent and the internal fields of thin metallic
shells consist of minant medes, a dipole mode and a loop mode.

The field strengths at the inside shell wall due to the exterior loop
current are ddentical for the spherical sghell and the Infinite cylindri-
cal ghell ard they are assumed to be the same for the finite cylindrical
shell. The interior fields due to the dipole currents are determined by
a transfer function from the exterior dipole current. The dipole current
is found by the method of moments, After the interior fields of the
finite cylinder are determined, the open circuit voltape and the short
cireuit current can be found by considering Lhe cable and shell zs a
transmigsion line and using the reciprocity thoorem.

Humerical results indicate that the loop current fields dominate for
typical afrcraft dimensions except at the cylinder axis where the
toop fields vanish, The effect of decreaasing the shell thic :

decreage the attenuation at all freguencies, particularly g
frequencies. Thig s ! { main by increossing the
[ o 1,

ening the timas of the

Yeapons Laboratorwy,

supportead )
: i, Lontract I‘296C‘1-~?2-~C~0028e
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SIMPLIFIED MODELING OF TYPICAL AIRCRAFT CABLES

Jerry M. Carter and Walter L. Curtis
Boeing Aercspace Co., P. 0. Box 39399
Seattle, Washington 98124

This paper presents some of the results from a study®* of EMP coupling on
typical aircraft cables. One purpose of that study which covers the
material presented here was the development of simple models for predict-
ing the equivalent circuit of any individual wire within the cable. The
type of cable used in this study is typical of those found in existing
aircraft and consists of bundies of insulated wires with cne or more
branches in the cable. Measurements were taken on several different
configurations up to 12 meters long containing one or two branches mount-
ed 2 inches above a flat metal ground plane and terminated with resist-
ive Ioads including opens and shorts. The test cables were excited at a
single point with a voltage common to each wire in the cable and measure-
ments of open circuit voltage and short circuit current were made on
individual wires over a frequency range of .1 to 32 MHz. Results are
presented comparing the measurements with calculations from several
different models of the cable systems for borh voltage and impedance.

One simple model considered which shows surprisingly geod results related
the equivalent Thevenin voltage to the common mode current on the cable
and includes a simnle single line model for commen mode current. Also
presented for comparison are calculations on a compliete N-wire model of
the cable systems using the computer code TRAFFIC.

Detailed conclusions are given for each of the models studied. In gen-
eral it is shown that all the models show correlation to major variations
with frequency except that in some cases the N-wire model was necessary

to correctly model the low freguency behavior. Severail important recom-
mendations developed by this study are presented. An important one is the
determination of limitations in the uniform N-wire line model because the
cables are really not uniform.

P

* This work was supported by the Air Force Weapons Laboratory,
Rirtland AFB, Albuguerque, New Mexico, Contract F29601~72-C~0028.
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MODELING OF CONTROL~LAY CABLES, CONNECTORS,
AND RACKS USTNG LUMPED PARAMETFERS®

Harold Rehkopf
Boeing Aerospace Co., P.0. Box 3999
Seattle, Washington 98124

This paper describes a procedure of developing lumped-parameter models for both
symmetrical and unsymmetrical configurations of conductors and shields wirh an
outer shield. The technigues described are used for modeling the cables in the
Minuteman ground equipment. The required laboratory measurements are described
and the basic formulas for determining cable parameters are explained. Wheneve:
symmetyy exists in a cable configuration, it is used to simplify the modeling
process and keep the measurements to a ninimum. A general model is made first,
then it is reduced in size to represent a particular configuration. A computer
program used for modeling the Minuteman Ground Support Equipment cables is pre-
sented to show how it develops the cable model and simplifies it in accounting
for spare conductors, conductor grouping, shield grounding, and the handling of
thru-braid ccupling.

Cable connectors are included in the model. The method of treating the inner
shields within the connector shell affects the shielding effectiveness and the
resulting cross-coupling in the model.

Comparisons of computer and laboratory transfer functions to verify the models
are presented. The models resulting from this process have the correct veloci-
ties aof propagation and transfer functions for all conductor drive connections.

For modeling bundles of wires in a backplane of a rack, this paper describes
three methods based upon:

1. Electrical Measurement of the Model Parametrers
2. Dimensional tleasurements on the Rack

3. Transfer-Admittance-Functicn lieasurements

The advantages and disadvantages of each method are presented, and an optimum
method, which combines the best features of each, is recommended.

*  This work was supported by the Space and Military Sysrenms Organization,
Norton Air Force Base, San Bernadino, CA. Contract F0O4701-72-C-0210.
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R, M, Whitmer
TRW Systems Group
Redaondo Beach, California

3-1B~4

Response of a Buried Cable to EMP
From a High-Altitude Burst

Although the fields from EMP from a high-altitude burst (HAB) are
weaker than those from a ground burst, they cover such a large area on
the surface of the earth that it is important to know what voltage they
mav produce on the signal wires of a buried communication cahle.

Working in the frequency domain, we find the internal leakage field
in the cable from the incident EMP fields as a product of several trans-
fer functions. Values of these transfer functions for various earth
conductivities and for a typical communication cable appear in the
unclassified EMP literature. We have convolved the transfer function
and the spectrum of the incident pulse to determine core voltages in

the cables,
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MODELS OF TWO-CONDUCTOR LINES & BRAIDED-SHIELD CABLES
FOR EMP INTERACTIOR CALCULATIONS

Felvin Lee
Dikewood Corporation, Westwood Research Branch
Los Angeles, California

Transmission~line equations can be derived to describe the interaction
of a two-conductor line with an incident plane electromagnetic pulse,
where the conductors can have different size [1}]. Two source terms
appear in the equations: a series distributed voltage source and a
shunt distributed current source. The voltage socurce is equal to the
time rate of change of the total magnetic flux minus the flux of the
TEM mode resulting from the terminating impedances of the line. The
current source is proportional to the time rate of change of the charge
induced in one conductor of the line by the incident and scattered
electric fields. Alternatively, this induced charge can be thought of
as being proportional to the open-circuit voltage between the conductors
caused by the incident electric field. TFor all practical purpcses only
one two-dimensional static boundary-value problem need be sclved for
adequately determining the coefficients and source terms in the
transmission~iine equations.

Transmission~line equations can also be derived for a braided~shield
cable by modal analysis. In the case of good shields where only small
hole coupling is considered important the two source terms in the
transmission~line model depend on two parameters that describe the
optical coverage and weave angle of the braid arnd slso on the EMP
induced current on the outer surface of the shield with all apertures

short circuited [ 2], [ 3].

[1] K. S. H. Lee, IN 115,
L2] XK. 8. H. Lee and C. E. Baum, IN 132.
[3] R. W. Latham, IN 118.
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TRANSMISSION LINE MODELINGH

A. M. Erisman
Boeing Computer Services, inc.
Seattle, Washington 98124

in this paper, two models of lossy transmission lines are compared from
the point of view of computation time and accuracy. The goal is the
Norton admittance representation of the transmission line as a function
of frequency. Two approaches are compared. The multisection pi-section
model, reduced to a Norton eaquivalent by a nodal condensaticn process;
and the Yexact' solution computed from the eigenvector transformation of
hyperbolic function of the eigenvalues. [If symmetry among the wires of
the lines is not assumed, then the compariscon involves the nodal con-
densation process of perhaps many pisections {depending on accuracy
requirements, freguency range of interest, and accuracy) with the
eigenvalue eigenvector computation, A recursive algorithm for nodal
condensation is introducad which makes this approach favorable for up to

1000 pi-sections.

% This work was performed under Contract FOW701-72-C-021C.
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EMP Coupling to Power Lines

by
W. E. Scharfman, E. F. Vance & K. Graf

Stanford Research Institute
Menlo Park, California

Abstract

A transmisgsion line model of coupling to power lines has been
developed that shows the effect of ground conductivity, aungle of
arrival, polarizsiion, and power line geometry on the opew clrouitl
wnitage at the end of the line, With this information, and the
characteristic impedance of the line, the current and volltage to
any termination may bhe calculated.

This theory bhas been checked with experimental measurements and
shows guite good agreement wilh measured values of current. The

measurensnis were perforsed uvi scale models of power limesg. The soil

conductiviiy was sppropriately.  The vesults show that, although

the transmission i model 18 not strictly applicable

freguencies of interesi, the orror introduced by thig apprudimation
.,. ¥

is less thon the experimental ervor {( ~ & 10%).

Measurements hove also heen made of the propagation of pulses
down lines showing the effectis of attenuatiom, dispersion, junctions,

bends and spurs. Whers avallsble, theovetical caliculstic have Loen
compared to messured resulits. From these measurvements i1 is soncluded
that transmission line models can adeguately be used To predict propag-—

ation effects.
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ELECTROMAGNETIC PUISE COUPLLING TO POWER LINES*
J. H. Marable
Oak Ridge National ILaborabory
Oak Ridge, Tennessee 37830
ABSTRACT

The electromagnetic pulse-induced current in a single-phase power
line ig calculated by the application of both the electromagnetic scat-
tering and transmission line theories. Scattering theory is used to
caleulate the current induced in an infinite wire with finlte conduc-
tivity by a transient electromaghnetic plane wave. The wire is located
above and parallel tc a non-perfectly conducting ground plane. The
first-order effects of the ground are taken into account by including
the ground-reflected incident wave in the solution of the induced cur-
rent. Transmission line theory is then applied to compute the current
in & line of finite length terminated by an impadance. The source
terms of the transmission line equations are obtained from the results
of scattering theory. By the combination of both the scattering and
transmissicn line theories, the electromagnetic pulse coupling to a
complicated configuration of finite lines with terminating impedance

can be calculatad.

_}é 1 : ] Lg 3 .
Research sponsored by the U.8. Atomic Energy Commission under

contract with the Union Carbide Corporation.
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COUPLING OF TRANSIENT RADIATED FIELDS INTO LINES
by
R. J. Mohr

AllL, a division of CUTLER-HAMMER
Deer Park, New York

Abstract

A convenient analysis technique is derived for predicting the
response of lines {o transient radiated eleciromagnetic [ields such
as the electromagnetic pulse {EMP)} associated with nuclear deto-
nations. Simpiiﬁying assumptions, valid in the freguency range
covered by the significant components of EMP, aillow solution by
means of a simple equivalent circuit. The circuit includes the
effects of line losses and angle of incidence of the arriving field.

Agreement with previously published resulls is shown.
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TWO DIMENSIONAL, TIME DEPENDENT COMPUTER CALCULATIONS OF gURRENTS AND
FIELDS FOR A LONG WIRE PARALLEL TO A GROUND PLANE

A. Woods, E. dePlomb, and E.P. Wenaas
INTELCOM RAD TECHE

A new code, TEDIEM-3, has been developed in the TEDIEM family of
time dependent 2~D IEMP codes. TEDIEM-3 ecalculates electric and
magnetic fields and current transmission for the geometry of a long
conducting wive parallel to a ground plane and connected te it by an
arbitrary load.

The space, energy, angle, and time distributions of emission
current are arbltrary. The Green's function technique is employed
to determine the electric fields at each time step and finite "particles™
of charge represent the primary current. Time dependent guantities of
interest such as electric and magnetic fields, potential, charge and
current demsities are calculated.

Results are presented for the effect upon transmitted currents
and electromagnetic fields of varying geometries, incident photon
spectra, the load impedance, and the intensity of primary emission.

% )
This work was sponsored by the Defense Nuclear Agency under
Contract DRADOI-~72-C00%0.
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REFLECTION AND TRANSMISSION OF A TRAVELING WAVE AT A
TRANSMISSION LINE - POWER TRANSFORMER JUNCTION*

James K. Baird
Health Physics Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Digtributed constant models are uged to calculate the reflected and
transmitted components of a delta furction traveling voltage wave enter-
ing a power transformer winding from a transmission line. The solubion
is presented in terms of line integrals of functionsg defined in the
frequency domain or slternatively in terms of convolution integrals in
the time domadin. Tt 1s shown how the models may be used to apply to the
cases of traveling waves launched on the transmission line both by #MP
and by lightning. Unpublished experimental work of Fmberson and Emerle
ig reported which shows the onset of distribubed constant behavior above
4 MHz in the transfer function of a 3 kVA power transformer. L

The distributed constant model of the transformer winding includes
the effects of the winding inductance, the capacitance of the winding to
ground, and the mutual capacitance of adjacent turns.Z The model ig
meant to apply to one winding of a single phase power transformer. The
affect of the other winding and its connections ig dgnored. The distri-
uted consgtant model of the tranamission line is the familiar one for
which the phasge wvelocity ig independent of frequency. The transformer
winding model has a phase veloeity which decreases with increasing fre-
qgquency before becoming imaginary at the resonant frequency of the fank
circult formed by the winding inductance and the mutual capacitance
between turns. Both transmisgsion line and the winding are assumed to be
semi-infinite in extent so that waves reflected from terminaticns other
than their mutual junction may be ignored. Aside from the necessary
dependence upon pesition and time, the solutions for the reflected and
transmitted waves are shown to depend upon & single parameter, which is
a simple function of the cirecuit constants of the line and the winding.
A digcussion ils given of the mathematical difficulties which arise when:
(1) the winding is regarded as being finite in extent; (2) the variation
of the winding inductance with space is included; and (3) the presence
of the secondary winding and its connections is taken intec account.

*
Research sponsored by the U.S. Atomic Energy Commission under
contract with Union Carbide Corporation.

. ¢. Buberson and %. Emerle, "EMP Suscepbibility Tests,” TITRI
Project No. 6216, Final Report for Period 29 October 1971-1 March 1972,
prepared for Oak Ridge National Taboratory, April 1972.

2K- W. Wagner, "The Penetraticon of an Blectromagnetic Wave intoc a

Coll with Winding Capacitance, "Hlektrotechnik und Maschinenbau, Vol. 33,
1915, pp. 89-92. Also (a) P. A. Abetti, "Bibliography on the Surge Per-
formance of Transformers and Robabing Machines ~ Second Supplement,”

AIEE Transactiong Vol. 83 pt. TIT (Power Apparatus and Systems), August
1964, pp. 855-858; (b) B. Heller and A. Veverka, Surge Phenomena in
Electrical Machines, T1iffe RBooks Ltd., London, 19683 (e¢) L. V. Bewley,
Traveling Waves on Transmission Systems, Dover Publications, New York 1951.
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EFFECTS OF RESISTIVITY ON THE CURRENT
INDUCED IN AN INFINITE WIRE AND PROPERTIES OF
THE TWO-DIMENSIONAL GREEN FUNCTIONS

Egon Marx
USA Harwy Diamond Laboratories
Washington, DC 20438

We consider a plane wave incident on an infinite cylinder of finite
conductivity, and compare the induced current with that induced in a
perfectly conducting cylinder. In particular, we consider an incident
pulse that decays exponentially with time.

For a perfectly conducting cylinder, the late-time behavior of the
induced current is a very slow decay proportiomal to 1/logt. In a re-
sistive cylinder, the late~time behavior is that of the incident wave,
in this case a decreasing exponential. If the conductivity is suffi-
clently large, we expect to find a regioen in time where the 1/logt
behavior dominates.

In the case of oblique incidence, the current induced in a perfectly
conducting ¢ylinder diverges when the angle of incidence, wmeasured
between the direction of propagation and the wire, tends to zero.

For finite conductivity, this current tends to zerc with the angle.

These two differences illustrate the importance of the order in
which the limits oo and 0 or 8+0 are taken.

We also exhibit some properties of the Green functions for the two-
dimengional Helmholtz equation. It is known that they correspond
either to incoming or cutgoing waves, but for a complex constant the
former decay exponentially with the distance from the source while the
latter increase exponentially. Both solutions are unsatisfactory on
physical grounds, but the latter can be more easily related to a
physical situation.

A study of the energy balance shows that the energy propagating at
larger distances comes from an infinitely remote source and is deflected
outwardly; this hypothetical source also corresponds to fields in-—
creasing exponentially with the radius. We show that there is a region
where the normal 1//R dependence of the field predominates before the
exponential growth sets in, and this corresponds to a meaningful radi-
ation field.
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DISTRIBUTED EXCITATIOR OF LINEAR RECIPROCAL CONDUCTOR SYSTEMS

David F. Strawe
Boeing Aerospace Co., F.0. Box 3999
Seattle, Washington 9812ﬁ

Electromagnetic excitation of linear reciprocal conductor systems is
formulated in the frequency domain in terms of multiterminal Th venin
equivalents. Options and ambigueties in the definition of the "“incident
field” are discussed. Conditions for multi conductor systems to he des
cribable as wmeliti conductor transmission lines (MTTY are given. Special
forms of Thevenin crnen circuit voltage For MUT's are given. MOT formu-
lations using the inhomogensous tele raphers eguations are presented,
with their limitations, for both single source and double source {series
voltage and shunt current sources) models. The equivalence of these mo-
dels Is established.

3

e

£

4

This work was supported by the Space and Military Systems Organization
Norton Air Force Base, San Bernadino, CA. Contract FO4701=75-C-02 10,
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PARAMETRIC STUDIES OF EMP COUPLING WITH
MULTICONDUCTGOR TRANSMISSION LINES

Janis Klebers
USA Harry Diamond Laboratories
Washington, D.C. 20438

The matrix formulation describing electromagnetic field
coupling with a set of parallel conductors is applied to study the
EMP response of complex multiconductor transmission lines. Capaci-
tive and inductive coupling parameters are determined by analytical
approximations and by measurements for a seven conductor trans-
mission 1ine. A reference conductor is chosen, and the currents
and voltages are computed In the terminating load impedances. The
changes in response due to parametric variations in transmission
iine characteristics and illumination angles are presented. Appli-
cation of the matrix method to the prediction of EMP response in
complex cables employed in present day systems is discussed.
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Sidney Frankel

Sidney Frankel & Associates

hbstract
Responss of Quasi-TEM Multiwire Transmission Lines to Externel

Fields

The behavior of & multiwire transmission line, operating in a
nearly=TEM mode in response to an exterral monochromatic field, is evale
uated by solving the inhomogeneocus, first-order differential egquaticns
of the line through the use of laplace transforms. Since; for & uniform
line,; the singularities of these transforms consist only of poles, the
inverse transforms are readily evaluated by the method of residuese The
poles of the transforms are the square roots of the eigenvaluss of the
line characteristic matrix, the multiplicity of asny pole being generslly
equal to that of the corresponding elgenvalue.

The laplace=transform attack appsars to afford some advantage in
directness of solution; and; for at least one imporitent class of problems,
in reduction in sclution complexity compared to conventional procedures.

Multiple poles, resulting from the presence of degenerste mcdes,
present no special problems; they are handled inm s matrix extension of
gtandard procedures for such poles.

When & number of poles are nearly equal, computetional errors due
to matrix illeconditioning are avoided by expanding transform intsgrands
in laurent series around sn "average" pole. The solution is in the form
of an infinite series whose rate of convergence incresses with decrease

in dispersion of the sipenvalues.
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R. Pabst and J. Cretella
GTE SYLVANIA COMMUNICATION SYSTIMS DIVISION

ABSTRACT : ANALYTICAL AND EXPERIMENTAIL PROCEDURES FOR
DETERMINING MULTICONDUCTOR LINE PARAMETERS

In any analysis to assess the vulnerability of an electronic
system to a nuclear attack, the multiconductor cable proves
to be one of the most significant collectors of electro-
magnetic energy. To determine the electromagnetic pulse
response of any multiconductor line, the primary parameters,
R,L,G and C must be obtained. This paper presents two new
procedures, one analytical and one experimental, which over-
come some difficulties encountered in using conventional
techniques.

The analytical approach obtains the primary parameter values
from a description of the cross-sectional geometry of a
system of parallel conductors and is based, in part, on
modified geometric-mean-distance formulations for inductance.
The procedure has been automated in GROK, a user-oriented
computer program that offers a variety of outputs to facili-
tate further processing. A principal advantage of this
analytical approach is that a test sample of a cable is not
necessary; only its dimensional specifications are needed.

Accurate measurement of multiconductor cable inductance and
capacitance coefficients is difficult., The standard procedure
is to measure the equivalent input capacitances between all
pairs of conductors, and the phase velocity, in order to
determine the inter-element capacitances and inductances.
This procedure is very time consuming and not very accurate.

We present a mnew procedure which represents a direct extension
to a well-known single-frequency technique for measuring the
constants of a two-conductor line. It consists of measuring
the input impedance between all possible pairs of conductors
under both open-circuit and short-circuit load conditions.

It then processes these quantities to yield the primary
constants, phase velocity, and characteristic impedances of
the line, as well as the shield transfer impedance. The
advantages of the method are that it is unnecessary Lo measure
the phase velocity on the line, and that all measurements are
taken at a single frequency,

The parameters for several cables have been determined in
accordance with the above procedures. Data is presented
illustrating that both the analytical and experimental
procedures yield parameters which are in very close
agreement with those specified by the cable manufacturers.
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Dr. R. A. Hubbs Dr. C. D. Maldenado

Manager, Engineering Member of the Technical Staff
Rockwell International Corp. Rockwell International Corp.
Autonetics Division Autonetics Division

Multiconductor Transmission Line Theory And Experimental Verification

This paper develops a complete theory of uniform, multiwire trans-
mission lines of arbitrary configuration. The developed equations
include the complementary solution {electrical mode) as well as the
particular integral solution {radiation mode}. Hence, they are
applicable to the study of multiconductor Tines subjected to either
distributed or point-source EMP radiation, as weil as to the study of
cables subjected to stimulus only at the ends. Although these solutions
are applicable to multiconductor cables of arbitrary symmetry, the
probiem of cbtaining the principal coordinate system which is necessary
to uncouple the system of equations is by no means a trivial task.
However, explicit solutions to this problem are obtained for two
special cases: For cables with ring symmetry and for lossless cables
of uniform but arbitrary symmetry.

The developed theory is compared with experimental data for specially
constructed 2 and 4 wire, ring symmetric cables in a conduit. Transfer
functions up to 100 MHz for direct- and cross-coupling in these cables
are measured for various resistive terminations from short circuits to
1200 €. It was found necessary to model the stray reactance in the
termination loops including the Toop inductance, the stray capacitance to
ground and the effective shunt capacitance of the carbon resistor in order
to get the best agreement between theory and experiment. Excellent agree-
ment was obtained for the direct-coupling transfer functions. The c¢ross-
coupling transfer function data comparisons were reasonable but by no means
perfect. While the characteristic signature of the theoretically predicted
cross-coupling data was evident in the experimental data, the two often
differed by as much as 10 db. Possible causes for these differences are
discussed in the paper.

Appiications of this theory to EMP coupling problems of interest are
discussed. The motivation for applying both the ring symmetric and the
Tossless line theories to real EMP problems are discussed in a qualitative

manner.
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TRANSMISSION LINE MODELS FOR USE WITH CIRCUIT/SYSTEM ANALYSIS PROGRAMS

J. 1. Lubell and S. M. Melzer
TRW Systems
Redondo Beach, California

Interest in system level computer-aided transient analysis of systems
required to operate in electromagnetic pulse environments is increasing.
In order to predict system transient response, it is important to include
transmission line models in the system models. The purpose of this paper
is to describe new techniques for modeling multiconductor transmission
1ines in a manner consistent with the SCEPTRE computer program. The
methods are amenable to modification for use with other available analysis
programs. The approach taken has been to develop computationally effi-
cient and accurate terminal models of multiconductor cables which can be
inserted into overall system models. The models developed can be Joaded
at both the source and load ends with arbitrary nonlinear loads.

To develop transmission 1line models for use with computer-aided
circuit/system analysis programs, it is necessary to transform the partial
differential equations used to describe transmission lines to ordinary
differential eguations of a form compatible with the available analysis
programs. The approach developed is called the orthonormal function
method. The general concept of the orthonormal function method is to
derive a set of ftransfer functions in the lLaplace transform domain relat-
ing forward and backward traveling waves on the line to voltages and
currents at the source and load ends of the 1ine, approximate the transfer
functions with Laguerre polynomials, and represent the resulting rational
polynomials in the time domain with state variable differential equations.
To accomplish this, a change of variables is used with the transmission
line equations to develop the appropriate transfer function equations.

The resulting transfer functions contain hyperbolic functions, and in
order to represent them in the time domain, it is necessary to approximate
them with a truncated series. An orthonormal set of Laguerre polynomials
was chosen for this purpose. The orthogonality property allows convenient
computation of weighting coefficients fo minimize least square error.

For multiconductor transmission lines with the Tines coupled to each
other, the transmission line equations can be brought into uncoupled form
through a change of variables by defining modal voltages and currents.

From this point of view, an n-conductor line behaves Tike n separate two
conductor lines, and the solutions are coupled only by source and load
boundary conditions which convert the modal quantities to terminal voltages
and currents. Thus, the multiconductor model is n two conductor models
connected by boundary condition circuits.

SUMMARY

The orthonormal function approach to modeling multiconductor trans-
mission lines provides the capability for modeling the response of systems
which contain cables using available computer-aided circuit/system analy-
sis programs. The technique is computationally efficient and accurate and
can be used to predict EMP system response.

+This research was sponsored by the Defense NucTlear Agency and monitored
by the Air Force Weapons Laboratory.

*
Aerospace Corporation, ET Sequndo, California.
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THE SCOPE AND TECHNIQUES OF EMP INTERACTION
Carl E. Baum
Air Force Weapons Laboratory

In recent vears EMP interaction has come of age. This paper
first considers what the EMP interaction problem consists of and
how it relates to other EMP technical areas.

There are various mathematical and hybrid mathematical/experi-
mental techniques for obtaining analytical and/or numerical results
which quantitatively establish the various appropriate imteractiom
parameters. These techniques treat not only the actual obtalning of
numbers, but the organization of the information into convenient and
logical categories. The various techniques can be elther "exact" or
approximate, the approximate tecilmiques belng appropriate for special
regimes of frequency and/or time.

One of the most important goals for the EMP interaction discipline
is the division of the interaction of EMP with a complex system into
different “"levels" of EMP interaction. This division can be thought
of as an EMP interaction chain or seguence. The total interaction
problem is then considered to approximately consist of several sub
problems, each of which is studied separately. The results of the sub
problems are then combined to give an approximation to the total EMP

interaction problem.
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TC BE ANNOUNCED
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Dr. R. M. Searing 3-3B-1

Member of Technical Staff
Rockwell International Corp.
Autonetics Division

A theoretical analysis has been performed for the magnetic coupling
of EMP induced surface currents into a flush mounted microwave horn al-
timeter. The analysis develops simplified models of the altimeter, ex-
amines the effects of the horn geometry, and considers the effect of the
hole in the conductor perturbing the surface currents which drive the
horn aperture.

Experimental measurements were performed by driving the antenna
flush mounted in one plate of a parallel plate transmission line in the
frequency range 1 - 100 MHz. A standard magnetic Toop with the same
area as the effective loop in the altimeter was used as a control, and
the relative coupling measured in both amplitude and phase. With the
horn oriented for maximum response, the measured coupiing was 4% {-14 d8)
as compared with a predicted coupling of between 5 - 7%. With the horn
oriented for minimum response, the coupling was <~ 40 dB or nearly the
noise level of the measurement system.

The analysis results, which correlate well with the test data, indi-
cate a previously neglected mechanism for significant EMP energy coupling
to flush mounted antennas on both aircraft and missiles. The EMP field
peaks far below the usual frequencies considered for exciting the antenna
in 1ts pass band. The resulting EMP induced voltages will, in general,
produce voltages of sufficient magnitude o cause permanent damage to

unprotected receiver components.
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QUASI-STATIC ANALYSIS OF EMP COUPLING
TO A HORN ANTENNA

James I, Prewitt
David L. Wright
The Dikewood Corporation
Albuquerque, New Mexico 87106

ABSTRACT

This paper considers the below-band response of a
horn-type aperture antenna, The antenna is modeled by a
spheroidal cavity whose aperture is coplanar with an infinite
ground plane. The model discussed in this paper permits
variation of depth-to-width ratio in order to approximate
the shapes of different horn antennas, A quasi-static
solution of Laplace's equation is given for the electro-
static or magnetostatic problem. The electrostatic probiem
is appropriate for horn antennas excited by stubs; the
magnetostatic problem for loop-excited horns, The solu-
tion is carried out for a representative type of horn and
results are discussed.

168



INTERACTION SECTION
Session 3C
Wednesday Afternoon 26 September 1973

Chairman: €. W. Harrison, Jr.
General Electro-Magnetics

169



3-3C-1

A Simple Procedure for Estimating
the Current Induced on Cylinder-Llke
Conductors ITlluminated by EMP

by

Clayborne D. Taylor

Department of Electrical Englneering
Mississippl State Unlversity
Missisasippl State, Mississippl 39762

ABSTRACT

It is shown that for a class of g¢ylinder-~like con-
ducting objects a set of simple analytical formulas may
be used to cbtaln the Iinduced currents when the cbhbjects
are illuminated by EMP. First the conducting cbject is
represented by a right circular cylinder. Thus the
object must at least be similar to a cylinder. If the
cross section of the cylinder-like conducting object
varles over the axlal length (as for a prolate spherold
for example) then an average radius is used. Simple
formulas are presented for the axial current, the
frequency of the late time current oscillation and the
damping constant of the late time current osclllations.
The foregoing formulas are valid only for thin cylinders,
i.e. when L€>>32, where L is the total axial length and
a the average radius.
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THE EARLY TIME RESPONSE OF THE LOW-FREQUENCY VERTTCAL
RADIATOR TO A TRANSIENT ELFCTROMAGNETIC PLANE WAVE*

P. R. Barnes
Civil Defense Research Section
Health Physics Division
Oak Ridge National ILaboratory
Oak Ridge, Tennessee 37830
ABSTRACT
The vertical tower radiator commonly used in low-frequency (L)

transmitting-antenna systems ig idealized by a semi-infinitely long,
perfectly conducting, circular cylinder erected perpendicular to a
perfectly conducting ground plane. The cylinder is separated from
the ground plane by a finite gap. The Norton equivalent current
source for the cylindrical antenna is obtained from the exact sclu-~
tion of the electromagnetic interaction of an infinite cylinder in
free gpace and a transient plane wave. The Norton equivalent admit-
tance is cbtained from the exact solution for an infinite cylinder
excited by a uniform distributed scurce. The time domain solution
of the infinite antenna is applied to the finite antenna for carly
times, i.e., times before the reflections from the ends of the finite
structure have effect. The early time behavior of the current induced
through a typical IF antenna load by an incident field with g double

exponential time higtory is obtained.

*Research sponsored jointly by the Air Force Weapons TLaboratory
and the U.S. Atomic Energy Commission under contract with the Unicn

Carbide Corporation.
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Vagco C. Martins
IXOR INCORTORATED

Transmitting and Receiving Tmpulse Responses of Selected Straight Wire
and Aperture Antennas with and without Reflectors

Thie paper presents the transfer function and impulse resgponse rela-
tionships, and their experimental wverification, of gelected straight wire
and aperture antennas in their transmitting and receiving modeg, for all
points in space, with and without associated reflectors. Thesge antenna
types include monopoles and dipoles, wvariations of the TEM horn, back-to-
back TEM horns where radiation oub of the sgideg is of interest, and
large angled bicones.

The development of the relationships are based upon expressing the
surface current (in the case of the straight wire radiator) and aperture
voltage {for the aperture radiators) as a function of time and position
over the radiating surface. These relationsghips were transformed into
the frequency domain and operated on bto obtain the respective magnetic
and electric vector potentials., Performing the appropriate curl opera-
tion on these potentials produced the desired radiated field resulis.

The receive mode relationship then followed by the method of reciprocity.

The verification of these relationships was obtained by fabricating
the antennas and parabolic reflectors in verious sizes, and exciting
them with impulse-like voltage and incident field sources for the
respective transmitting and receiving modes. The results demongtrate
that the measured woveshapes can be predicted quite accurately with
their magnitudes within a few percent,

The confirmed relationships presented in this paper should be
applicable to the design of special purpose similators, and wide banded
field sensors since it provides ftransient and CW information. The
relationships also apply well to the EMP interaction and coupling aresd
gince the impulse response of an antenna may be convolved with the EMP
threat to obtain the antenna’s terminal response.
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*
EMP RESPONSE OF CIRCULAR LOOPS

W. Dennis Swift
INTELCOM RAD TECH

The current induced on a circular loop illuminated by an EMP is
determined using the method of moments. The time~domain results
indicate the excitation of dipole and higher order multipole modes as
well as the circulating current mode. A comparison of the moment method
results with those for a simple, low-frequency, small loop model is made.
This comparison indicates that the low-frequency model can be used to
estimate the actual peak loop current for large loops. The effect of
regsistive loading is included.

%
This work was sponsored under AFWL Prime Contract F29601-72-C~0124,
Computer Sciences Subcontract SC 0124-4.
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BAND LIMITED APPROXIMATIONS OF DIPOLE ANTENNAS WITH
A FINITE NUMBER OF CRITICAL FREQUENCIES*

by:

P.P. Toulios and E.W. Weber
TIT Research Institute
10 West 35th Street
Chicago, Illinois 60616

A dipole antenna, being a distributed parameter net-
work system, has an infinite number of critical frequen-
cies (poles and zeros) of its effective length and input
impedance. For purposes of computer analysis of the
response of an antenna to EMP, a band limited approxi-
mation with only a finite number of critical frequencies
is normally adequate.

One advantage of the band limited approximation is
that it leads directly to a lumped parameter network (LPN)
representation of the distributed system. Such a network
can be used in the transient analysis of nonlinear systems
attached to the distributed portion of the system using
computer programs such as SCEFTRE.

A band limited approximation uses only a finite
number of critical frequencies. These critical frequen-
cies must be adjusted in value to make the frequency
response of the band limited approximation agree with
that of the distributed system. It is shown that, in
many cases, a4 simple parameter adjustment procedure is
adequate for curve fitting. This procedure adjusts the
poles to obtain coincidence of the maxima of the frequency
response and the zeros to obtain coincidence of the
minima.

*This work is supported by Harry Diamond
Laboratories (Lab. 1000}, Woodbridge, Virginila,
under Contract DAAG39-72-C-0192.
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Computer Analysis of the Fan Doublet Antenna*
F. J. Deadrick, E. K. Miller, and J. A, Landt

Lawrence Livermore lLaboratory
Livermore, California

The EMP response of the fan-doublet, an HF-VHF communications
antenna which resembles a bow tie viewed from broadside, has been
measured by Harry Diamond Laboratory using a biconic simulator which
produces a peak field strength at the antenna of 5,600 v/m. Compu-~
tations for comparison with the experimental data were performed,
modeling the antenna with an integral equation approach in the
frequency domain and Fourier transforming the data to the time domain
to determine the antenna's transient response. Results were obtained
for the antenna located in free space and over a finitely conducting
ground plane, the Tatter employing a modified image approach based
upon the Fresenel plane wave reflection coefficients to model the
antenna-ground interaction. In both cases the exciting field was
assumed to be a plane wave at broadside incidence, having an estimated
electric field based upon near ground measurements of the tangential
magnetic field.

Results of the calculations will be presented for comparison with
the measurement. The effect of the ground reflected field will also
be demonstrated., Possible refinements in the computer model to more
realistically analyze the antenna-biconic system will be discussed.
Finally, a simple method to estimate the antenna current wiil be shown.

*Work parformed under the auspices of the U. S. Atomic Energy Com-
mission,
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APPLICATION OF SINGULARITY EXPANSION METHOD TC THE LOOP ANTENNA

K.R. Umashankar and D.R. Wilton
University of Mississippil
University, Mississippl 38677

and

R.F. Blackburn
Air Force Weapons Laboratory
Albuquerque, New Mexico 87118

Using the Singularity Expansion Method (SEM) Introduced
by Baum, a study has been made of conducting wire loops. It
is shown that the modal currents are just the exponentlal
functions in the Fourier series representation of the current.
Corresponding to each modal current, there are an infinlite
number of complex resonant frequencies, whose location in the
complex frequency plane suggests three sgeparate categories of
resonant frequency or pole types. The [irst category contains
only one pole; the second, a finlte number of poles; and the
third, an infinite number of poles appearing 1in a layer ex-
tending to infinity.

An asymptotic formula for the "transfer function” between
the excitation and the current response enables one to find
the singularity expansion of the current. Furthermore, 1t
permits location of the layer poles and thelr residues for
large complex frequencies. 1% can then be shown that the
convergence of the singularity expansion in the compleX
frequency plane is relatively slow. Nevertheless, one still
obtains good time domain results with but a few poles except
for very early times.

An extensive parameber study of the poles and their

residues permits a time domain analysis of the loop anftenna
over a wide range of loop parameters.
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TRANSIENT SCATTERING BY AN L-WIRE USING THE
SINGULARITY 'EXPANSION METHOD

D.R. Wilton and K.R., Umashankar
University of Mississippi

University, Mississippi 38677

As a simple model for calculating the transient scatter-
ing of an aircraft, an L-shaped wire is analyzed using the
singularity expansion method (SEM). The integral equation
for the induced current is a Hallen-type integral equation
which differs slightly in form from Pocklington-type
equations used previously. As a result, certain differences
in the form of the singularity expansion of the current
appear for early times. Using moment methods, the integral
equation is solved numerically for the complex resonant
frequencies, the corresponding modal currents and charge,
and coupling coefficients for a number of configurations
of the L-wire.

It is found that both the radii and the relative lengths
of the arms of the L-wire have a significant effect on the
damping constant associated with the complex resonances.

The modal currents remaln essentially sinusoidal, however,
for all resonances which are essentially oscillatory.

The introduction of a ground plane causes a splitting
of the free-space vesonant frequencies or poles of the
current expansion in the complex freguency plane. As the
height of the L-wire above the ground is varied, various
secondary poles appear to orbit about the free space poles.

Time-domain calculations have been made for an L-wire
excited by a step-function plane wave. The results com-
pare favorably with those obtained from the Fourier
inversion of frequency domain data.
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Surface Currents Induced on Structures
Attached to the Wing of an Adrcraf:

M.I. Sancer
Northrop Corporate Laboratories
Pasadena, California

Abstract

The wing of an aircraft is modeled as an elliptic cylinder and the
dyadic Green's function is employed to obtain a vector integral equation
only over the attached structure to calculate the surface currents
induced by an incident EMP. In order to calculate the eight components
of the dyadic Green's function the following problems inveolving the
Mathieu functicns were studied: 1) the rate of change of the Mathieu
functicns to determine the appropriate number of integration points to
compute integrals; 2) the analytic removal of integrable singularities:
3) the termination of infinite integrals: and 4) the termination of
infinite sums.

The frequency range over which numerical results can economically
be obtained is discussed in conjunction with the modeling and zoning
of the attached structure. Some pertinent numerical results are

presented.
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CURRENT AND CHARGE DISTRIBUTIONS ON AIRCRAFT

Walter L. Curtis
Boeing Aerospace Co., P. 0. Box 3899
Seattle, Washington 98124

This paper describes the interaction between an incident EMP and the
overall external structure of an aircraft. The technique used is to
model the aircraft with straight sections of cylinders which include
representations for the swept wing and tail structure of the aircraft.
Assuming only axial currents on each section, the model is solved
numerically using WIRANT, a computer code utilizing a moment method
based on point matching and pulse expansion functions. This approach is
standard and is discussed only briefly to bring out the assumptions
that have been used for this application. Calculations have been made
on several different configurations which include the aircraft in free
space by itself and connected to a second aircraft for refueling and
with the aircraft sitting on the ground. Results are presented show-
ing both current distribution and charge distribution for plane wave
excitation at different incident angles, polarizations and frequencies.
Also presented are typical results in the time domain when the inci-
dent wave is a double exponentiai pulse.

This work was supported by the Airforce Weapons Laboratory
Kirtland AFB, Albuquerque, Wew Mexico, Contract F29601-72-C-0028
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C. U. Benton
University of California, Los Alsmos Bcientific Laboratory

A. N. Phillips
University of Californis, Lios Alamos Scientific Laboratory

H. W. Buchanan
Denver Regsearch Ingiitute

H. M. Fowles
Denver Resesrch Institute

DETERMINATION OF THE EMP ENHANCEMENT FACTOR

ABSTRACT

EMP signals recorded on a C-135 aircraft are discussed with re-
spect to the difference in amplitude and phase characteristics from
that of a free space signal. The enhancement factor is defined as
the ratic of the normalized amplitude of the aircraft signal to the
normalized amplltude of close-in gensors for & 2 MV pulsed antenna
system. Three different close-in sensors were used to measure Tields
in excess of 1C kV/m. The radiation pattern was mapped in azimuth
ant elevation by the aircraft and the close-in sensors. The enhance-
ment factor and the time rate of change of the EMP signal is seen to
vary signifficantiy with aircraft attitude znd position.
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THE SINGULARITY EXPANSION METHOD APPLIED
TO DETERMINE CUBRENT AND CHARGE INDUCED ON
INTERSECTING THIN CYLINDERS

T. T. Crow, B. D, Graves, and C. D. Tayloxr
Mississippi State University
Mississippl State, Mississippi 39762

Recently the singularity expansion method was developed for treat-
ing general scattering problems. Using the technique one may deter—
mine directly the matural or rescnant frequencies of a conducting
scattering object and the current distributions associated with

these resonances. The time domain response of the induced currents
on a conducting scatterer appears simply a summation of exponentially
damped sinusoids, the amplitude of each being determined in a
straight-forward manner.

The starting point for the subject study is the Pocklington-type
integro-differential equation for the current distribution induced

on a structure of intersecting thin cylinders that arxe solid con-
ductors with flat end faces. However to derive the integro-differen-
tial equation certain consideraticns are made. The cylinders are
required to be thin and the Kirchhoff current law is enforced at
intersections of cylinders.

To apply the singularity expansion method the aforementioned integro-
differential equation is cast into matrix form by using the method

of moments. If a sinuscidal pulse expansion is used for the curxrent
distribution then no numerical integrationsg are mecessary.

The behavior of the resonant frequencies has been studied as some of
the parameters of the problem have been varied; e.g. the crossirg point
of the cylinders, the ratio of the cylinder lengths, the length/radius
ratio of the cylinders.

The problem of intersecting cylinders has also been formulated and studied
for one set of geometric factors including the effects of a perfectly
conducting ground plane by means of image theory. While the same numerical
techniques are applicable to this problem, interesting new effects are
ohserved due teo the presence of the ground plane,
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A COMPARISON OF MEASURED AND PREDICTED CURRENTS

ON PIPE MODELS OF AIRCRAFT STRUCTURES

By

J. Roger Hill

Captain Peter A. Swan

Abstract

The currents and charge densities induced on L-wire, crossed dipole
and aircraft configurations due to the VPD environment were calculated
using the method of moments. These quantities were predicted both with
and without the presence of 2 perfectly conducting ground plane at the
appropriate location. The predicted quantities were compared with those
measured in the pipe experiments, and agreement was found to be quite
good in amplitude for both predictions, although the predictions without
a ground plane produce wave forms which agree more closely with those
measured. It was concluded that the poorer quality of predictions with
the ground plane may be due to losses in the actual ground plane at the

VPD facility.
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INTERACTION OF CYLINDRICAL POSTS AND CLOSE IN

EMP ENVIRONMENTS

By

D. E. Merewether

Abstract

Due to nonlinearities in air conductivity the EMP environment
exclting a structure mear a nuclear burst can be influenced by the

presence of the structure itself,

In this presentation we shall discuss two dimensional EMP field
calculations in the presence of a cylindrical post. We shall illustrate
when the interaction is important and how it affects currents induced
on the post. Comparison with responses computed from an incident E(t)
and o({t} will he made.
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COMPARISON OF COUPLED RESPOHSE DUE
TO DISPERSED AND NOM-DISPERSED EMP ENVIRONMENTS

R. L. Hutchins

BRADDOCK, DUNN AND MCDONALD, INC.
ALBUQUERQUE, NEW MEXICO

ABSTRACT

This paper compares the dipole response when excited by the
dispersed EMP environment to that produced by the non-dispersed
high altlitude EMP fields., This comparison is useful for planning
proper instrumentation and test procedures for systems fo be tested
in the simulated dispersed EMP environment.

The induced center current of a conducting cylinder with =0
was considered, This current was characterized in the time domain
by the dipole’s impulse response, Step funciion response data in
the Sandia EMP Handbook was fitted with a damped sinusoid. The
derivative of this step function gives an approximate dipole impulse
response that will yield accurate results for peak amplitude cal-
culations.,

The non~-dispersed environment was characterized by & double
exponential waveform. The response to this environment was computed
by analyticalliy convelving the double exponential with the dipole
impulse response.

The dispersed environment was described in the time deomain
by its envelope and instantaneous frequency. Analytic expressions
were available for the instantaneous frequency while the envelope
data was in the form of a tabular listing. The dipole center current
from this environment was alsc obtained by convolution. Use of the
principie of stationary phase allowed this computation to be
performed manually.

Both the dispersed and non-dispersed envircnments were scaled
such that their spectral amplitudes were equal at 100 MHz., Then
the response due to the two types of environments was plotted as
a function of the dipole resonant frequency. For resonant frequencies
in the approximate range of 200-500 MiHz, the peak induced responses
in thHe two cases were essentially equal. For dipole resonant
frequencies less than 200 MHz, the calculations show that the
dispersed environment results in responses up to four times that
produced by the non-dispersed environment,
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A COMPARISON OF CW AND EMP TEST DATA

Werner J. Stark
Harry Diamond Laboratories
Washington, DC

ABSTRACT

The current induced at the center of a conductor parailel to a
finite conductivity ground plane was measured using both Electro-
magnetic Pulse (EMP) and Continuous Wave (CW) technigues. Measure-
ments were made for several conductor lengths and for various
heights of the conductors above ground.

The two types of data were compared by Tirst transforming the CW
data into the time domaln to determine the impulse response; the
response to an incident EMP was then computed using the convolution
integral. An excelient agreement of the two types of data was
obtained when the measured incident EMP was used in the convolution
integral for computing the EMP response.
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EMP Interaction With a Thin Cylinder Above A Ground Plane
Using The Singularity Expansion Method

T, H. Shumpert
Applied Research Group
The Dikewood Corporation
Albuquerque, New Mexico 87106

Abstract

The singularity expansion method is employed to determine
the transient response of a thin-wire scatterer arbitrarily oriented
above an infinite perfectly conducting ground plane. An integro-
differential equation is formulated for the current on the scatterer
in terms of the complex frequency, s = g +jw. The method of
moments is used to reduce this integro-differential equation to a
gystem of linear algebraic equations, The singularity expansion
method i then applied to determine the exterior natural resonances
of the scatterer, the natural modes associated with these resonan-
ces, and finally, the transient response of the scatterer to a unit
step incident wave. The analytical and numerical techniques used
to obtain the various terms in the singularity expansicn repre-
gentation of the transient response are discussed, and results are
presented for several different orientations of the scatterer with
respect to the ground plane,
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SEM APPROACH TO EMP INTERACTION CALCULATIONS FOR CERTAIN SYSTEMS

Lemnart Marin
Dikewood Corporation, Westwood Research Branch
Los Angeles, California

In order to fully understand the effects of the nuclear EMP on different
systems 1f is necessary to calculate transient electromagnetic
interaction of a plane wave and a variety of differently shaped bodies.
The recently developed Singularity Expansion Method (SEM) [1,2] has
proven to be an effective method to numerically investigate and
physically interpret transient electromagnetic scattering from finite
bodies. One of the advantages of SEM is that it provides a means of
characterizing the electromagnetic properties of 2 body with a set of
complex numbers (the natural frequencies} and twe sets of modal
functions. These quantities are uniquely determined by the body itself
and do not depend on the incident field. Once these quantities are
known a wide variety of scattering problems can be solved without
having to solve any boundary-value problems.

The systems analivzed here are somewhat idealized in that the shapes of

the bodies are taken to be prolate spheroids and circular eylinders in
free space or above a ground plane. The scolution of these problems

will, however, give a rather accurate estimate of the currents and

charges induced on the surfaces of systems such as a missile when

subject to a nuclear EMP. The solution of the problem of one cylinder
above ground also makes it possible to quantitatively estimate the
interaction of a missile and the wave guiding structure of a transmission-
line tfype EMP-gimulator such as ARES and ATLAS.

The analysis is based on the magnetie~field integral equation simplified
to account for rotational symmetry [ 3~5). The natural frequencies and
modes are calculated for a wide range of values of the parameters
describing the geometry. The step-function response of the system is
constructed from the natural modes in the same way as in network theory,
and the result is presented in the form of graphes for the time history
of the current and charge at different positions of the scattering body.
It is found that for moderate and large times only a few modes are
needed to accurately describe the response of the system [ 3]. It is
also found that the interaction cf a body with the ground and/or a
simulator structure can be accounted for by a simple shift of the
natural frequencies of the body. The loci in the complex frequency
plane of a few natural frequencies are presented with the distance
between the body and the ground as a parameter.

[1] ¢. E. Baum, (1971, IN 887.
[2] L. Marin and R. W. Latham, (1972, IN 92).
[3] L. Marin, (1972, IN 119).
[4] L. Marin, (1973, SSN 176).
[5] L. Marin, (31971, SSN 136).

i8¢



3-4B-5

AN ALTERNATIVE FORMULATION FOR A CLASS OF THIN
BODY SCATTERING PROBLEMS ARISING IN EMP ANALYSIS

R, Mittra, W. A. Davis and Y. Rahmat-Samil
University of Illipois
Electromagnetics Laboratory
Department of Electrical Engineering
Urbana, Illinodis 61801

In EMP analysis one is often interested in computing the time-domain
response of electrically thin scatterers, such as sensor booms, and
apertures is thin plates with or without a backing wall. Typically
these problems are solved by first carrying ocut the computation of
the induced current, or the scattered field, in frequency domain,

and subsequently Fourier transforming these quantities wia the use

of the FFT algorithwm. The upper frequency limit of this computation
is determined by the pulse shape of the incident wave and this fre-
quency is often in the resonance region. As 1s well known, the use
of the conventional E-field iIntegral equation technique for solving
these electrically thin scattering problems is limited by the matrix.
size associated with the problem. Also, the E-integral equation con-
tains differential operators that may lead Lo numerlical instabilities
unless properly interpreted.

In this paper we describe an alternate formulation for electrically
thin, flat orxr circular cylindrical structures. For the aperture the
equation reduces to a form that is simpler, and moreover, the kernel
of the integral has an uncoupled form. This allows one to handle
larger structures {or higher frequencies) than possible via the con~
ventional integral equation approach.

For the cylindrical structure, decoupling of the kernel is again pos-
sible, ar least for cne of the current componenis. A&lso, the resuli-
ing equation is no longer plagued with numerical instabdllities as in
the case of the conventional integral equation.

Wumerical results illustrating the use of the alternate equatioms for

the aperture coupling and diffraction by a finite, hollow cylinder
are included 4in the paper.

190



Dr. D. A. Still 3~4B~7

Member of Technical Staff

Rockwell International Corp.

Autonetics Division

The Application of Relatively Theory to External Coupling Problems

This paper presents a technique based upon the theory of general
relativity and applies it to external coupling problems. The technique
is applied to a case in which a non simple conducting geometry is illu-
minated by some given electromagnetic field. The geometry can be mapped
te a simple geometry (such as a dipole) for which solutions can be ob-
tained. The electromagnetic field becomes a spatially distorted field
in this new coordinate system. The response of this simple geometry to
this distorted field can then be computed using existing technigues and
the response can then be mapped back to the real system of interest.
This makes it possible to obtain the antenna response of relatively com-
plex bodies.

The mapping technigue makes use of the tensor properties of the
electromagnetic field as expressed through the Minkowsky field tensor.
The current and charge densities form a four vector contravarient first
rank tensor. These tensors can be mapped from one system to another
using appropriate transformations.

Several examples are presented for complex problems where this
technique can be applied. One consists of a configuration of bent wires
iltuminated by a plane wave field. These wires are mapped into a system
in which the wires appear as a dipole antenna. The response of this
dipole is then computed for the distorted field in this coordinate system.
Examples for other problems where this technique could be employed are

also presented.
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ARSTRACT

ECTES AND ELECTRUOMAGNETIC

SHADOWIHG EFE
R PHEWOMENA ON A MISGILE

TRANSFE

H. Thomas
Nuclear Vulnerability and Hardening
MeDonneil Bougles Astronautices Company

During the test of the Spartan missile at the ARES EMP test facility

two groups of results vere obitained which, when isolated from questicns
of missile vulnerability, are of interest as experimentsal date for come-
parison with previously developed analyses. Measurements of skin current
snd interior cable current were carried out around the periphery of the
missile when in a vertical position, with the vertical E-field vector

parallel to its axis.

A variation around the missile periphery is in agreement with the theory

of antenna shadowing developed by T. T. Wu. On the “shadowed" side of

the missile gomt dizcrepancy exists. A second group of regoits Ilnvolves

%

4

[

omparison of the measured frequency swnectra of currents recorded in
certein interior cables with the dominant skin current resonant frequencles.
These show the first and second stage missile resonances clearly reproduced
on interior cabdling. fThey also support the validity of an approximsate
Kirchoff-type analysis, using skin current rescnances for calculating

the excitation of the cable by field leaksge through the missiie joints.

The transfer of skin current resonance frequencies to interier cabling

was clearly cobserved in measurements on the first and second stages

of the missile, which might te considered eylindrical dipoles (skin current).
Measurements on the isolated third stage could not be made, but cable
measurenents do not show a strong enhancement of the third stage dipols

frequency.

This paper Is recommended for inclusion in technical sarea ¢ {Interaction

and Coupling) and will be classified ConTidential.
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C~-1B~-3
ENHANCEMENT OF EXHAUST PLUME ELECTRICAL CONDUCTIVITY
BY AN ELECTROMAGNETIC PULSE

Mack W. Dowdy
Jet Propulsion Laboratory, Pasadena, Ca.

George W. Bechtold
Georgia Institute of Technology, Atlanta, Ga.

ABSTRACT

The effects of a high level, short duration electromagnetic
pulse on the electrical conductivity of a solid propellant rocket
exhaust plume have been studied using a simplified analysis. The
complex plume gas is replaced by a three component gas system.
Transient response of plume conductivity was calculated assuming
three stages of relaxation which were energy limited. Tncreases
in either pulse magnitude or duration results in an increase in
peak plume conductivity and favors formation of a higher conducti~
vity repgion near the plume boundary.
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C—1B~4
POSEIDON EXHAUST PLUME INTERACTION WITH NEMP (U)

. R. W. Sutton
Kaman Sciences Corporation

High performance motor exhaust plumes, such as those
of the POSEIDON motors, are calculated to have non-equi-
librated e” concentration that tends to enhance macro-
scopically measured electrical conductivity. The conduc—
tive plume is many times longer than the missile structure
and one might expect serious perturbations to the response
of the missile on interaction with the nuclear electro-
magnetic pulse. It is predicted that structural currents
in the aft portion of the structure can be appreciably
increased, and that the response pulse is considerably
tengthened. This poses possible problems for the elec-
tronic systems on board.

The basic approach to evaluating the significance of
thig EMP current enhancement in the POSEIDON has been
similation of the plume by electrical analog methods
during proof testing; however, predictions of free-field
currents have been made and compare reasonably well with
the simulated currents.
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EMP COUPLING TO SATELLITES (U)

E. E. C'Donnell
Kaman Sciences Corporation

Theoretical predictions of EMP coupling regquire the
environment (E}, a coupling factor {C}, and a mathematical
product of environment and coupling. Thus, the current
induced at a specific location is frequently expressed as

[e]

I(t) = 5= B(w) C(w) e **F an (1)
- OO
Since E is usually specified, and numerical Fourier trans-
form techniques are well known, the difficulty lies in

determining the coupling factor.

For satellites, however, the integral (1) includes the
ionospheric dispersion term

,<L 2 2 L )
i = W W - = W=t
c o) C

which has the effect of causing the phase of the integrand
to vary extremely rapidly with freguency, so that normal
numerical integration techniques cannot be used. For slowly
varying coupling factors, the resulting integral can be
solved by the Method of Stationary Phase (MSP). MSP cannot
be applied, however, if the coupling varies rapidly with
frequency, as in the case of a filter near resonance.

axXp

(2)

In this paper, the integral (1), with the dispersion
term {2}, is converited to the form

2
. {8L/27) e i A 2
J = elF(Z)J[ [G(Z+2w’§) elR(£+2HVX{lelF (z)-2n"x dx (3)
é VX

which is of the formyf‘G(x) e™™¥3x and can be evaluated
uging Filon's method Sample calculations on actual satel-
lite hardware will be shown.

This technigque suggests a method of qualifying a space-
craft for EMP without an actual dispersed pulse simulator.
The coupling factor could be determined empirically by ex-
posing the satellite in an existing simulator such as ALECS
or ARES. The current induced by the dispersed field could
then be computed, using the algorithm described in the paper.
Spacecraft hardness could be determined by injecting these
currents at the package level.

This type of program is now in progress. Experimental
and theoretical results will be described.
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ABSTRACT

PLUME CONDUCTEIVITY AND MISSILE
SKIN CURPENT ENHANCEMENT

Stanley Schneider
Nuclear Vulnersbility and Hardening
MeDonnell Douglas Astronautics Company

Tne enhancement of the plume conductivity by the gtrong EiP pulse and

the subsequent slteration of the induced skin current on the missile is
b leB

mhos/m. The increase in conductivity due to ionization by the free

shown. Typlcal plumes have pesk conductivities of sbout 107

electrons sccelerated by finite electric field pulses is calculsated.
The calculation allows for the competing energy absorbing non-ionizing

processes (e.g., molecular dissociation).

An spproximate trestment of the skin current integral equations indicates
& conductivity of about 1 mho/meter is needed to significantly alter

B T e B S I + 3 - b L P
a8 SXIn cusrent distribution on the mizszile,

A related estimate is then made of the air breskdown of the strong EMP

field at variocus altitudes.

This paper 1s recommended for presentation in technical ares c {Interaction

and Coupling) and will be classified Confidential.
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Obscure Cable Pick-Up Mechanisms
by
J.E. Bridges
TIT Research Institute

10 West 35th Street
Chicago, Illinois 60616

Abstract — Confidential
Paper - Confidential
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Joint EMP Technical Meeting
{Kirtland Air Force Base, New Mexico 8§7117)

TRANSIENT RADIATION FROM A STEP VOLTAGE EXCITED
RESISTIVELY LOADED LINEAR ANTENNA

by

Dipak L. Sengupta and Yu-Ping Liut
The University of Michigan Radiation Laboratory
2435 Hayward St., Ann Arbor, Michigan 48105

ABSTRACT

The transient radiation from step voltage excited linear antennas loaded
non-uniformly and continuocusly with resistance ave investigated by numerical
means. The antennas considered are thin eylinders excited symmetrically at
the centers by slice generators. The loading is assumed to be symmetrical
and it increases continuously towards the end-points of the antenna, By solving
numerically a modified Hallen's integval equation appropriate for the loaded
antenna, the current distribution on the harmonically excited antenna are
obtained for different values of the loading and for different frequencies., The
transfer functions of the antenna and the spectral densities of the radiated
waveforms are obtained as functions of frequency and loading, Finally, the
time dependent waveforms radiated by the antenna are obtained by using the
Fast Fourier Inversion technique. The effects of the different antenna para-
meters on the radiated waveforms are investigated. Some of the results are
compared with available analytical results. The implications of the results in
the design of a pulse radiating dipole antenna are also discussed.

* now with INTELCOM . Radiation Technology, San Diego, California 92138,
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ON THE LATE TIME BEHAVIOR OF FIELDS
RADIATED FROM A CRITICALLY DAMPED,
RESISTIVELY LOADED, LINEAR EMP SIMULATOR

by

F.M. Tesche
Science Applications, Inc.
Berkeley, California

ABSTRACT

The late time characteristics of the transient
fields radiated by a linear EMP simulator are dictated
primarily by the overall length of the simulator and by
the presence of any impedance loading along the simulator.

One method for analyzing the behavior of such
simulators is to use the Singularity Expansion Method
(SEM). In this method of analysis, it is possible to
define precisely what is meant by a "critically damped
antenna".

This paper outlines the method of analysis for
treating this class of problems and then presents numerical
results for the unloaded simulator, as well as for three

different types of resistive loading.
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Joint EMP Technical Meeting
(Kirtland Air Force Base, New Mexico 87117)

TRANSIENT RADIATION FROM RESISTIVELY LOADED
TRANSMISSION LINES AND THIN BICONICAL ANTENNAS

by

H. E. Fostert and C-T. Tai
The University of Michigan Radiation Laboratory
2455 Hayward St., Ann Arbor, Michigan 48105

ABSTRACT

This paper presents a theoretical analysis of the radiation and reception
of transient electromagnetic signals by resistively loaded transmission lines
and thin biconical anfennas. The resistively loaded transmission line analysis
supplies a basis for the study of transients in antennas.

The transient analysis is done by means of the method of Fourier trans-
form. The Fast Fourier Transform technigue of truncating series of sinusoids
provides some economy where numerical computations are needed for the
transformations,

For discretely loaded lines it is shown that an inverse distribution of
resistance is optimum, based on criteria of maximizing current on the trans-
mission line while mizimizing reflections.

For a step voliage excitation, the resulting current waveforms along
the line and the transient radiated fields are analyzed. The transient field of a
thin biconical anfenna in its transmitting mode and its transient response in its
receiving mode are also analyzed via the vector effective height function of the
antenna.

+now with Rockwell International, Anaheim, California 92803.
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TRANSMISSION LINE MODEL OF RADIATING DIPOLE
WITH SPECIAL FORM OF IMPEDANCE LOADING

David L. Wright
James F, Prewitt
Applied Research Group
The Dikewood Corporation
Albuquerque, New Mexico 87106

ABSTRACT

This paper congiders the far-field radiated waveform and field
pattern from a long, thin, cylindrical antenna in the transmission line
approximation when driven by a voltage generator of waveform Vagul(t)
where u(t) is the unit step function., The antenna is loaded with an im-
pedance which is taken to have the form

y 2w S(w)

27 TR

where h is the antenna half-length, { ig the absolute value of the dis-
tance measured along the antenna from the cenfer, Zeo is an approxi-
mate antenna characteristic impedance based on that of a long, thin
biconical antenna, and 8w} is a complex function of freguency, Ana-
lytical and numerical solutions for the far field pattern and waveform
are discussed. In particular, the effects of resistive with parallél
inductive loading are discussed.
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ON THE EARLY TIME TRANSIENT RADIATION
FROM ONE OR MORE SOURCES OF FINITE DIMENSIONS
ON A LINEAR EMP SIMULATOR

by
F.M. Tesche
Science Applications, Inc.

Berkeley, California

ABSTRACT

One technique for simulating a nuclear EMP so as to
study its effects on various systems is to pulse excite a
linear antenna. This radiates electromagnetic fields
whose early time characteristics are highly dependent
upon the localized source geometry, and whose late time
behavior depends primarily on the resistance loading
of the linear antenna.

In this papar, the early time radiated fields from
one or more source gaps of finite width are presented.
By assuming that the antenna extends to infinity, the
oscillations in the late time response, caused by reflec-
tions at the antenna ends, are suppressed. One very
useful geometry for the source region is the biconical
section, which has been investigated by other investigators.
By using a fixed number, N, of discrete source bands, it
is possible to approximate the biconical field. This
will be discussed and a comparison made with the actual

biconical field.
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Input Admittance of an Infinite Cylindrical
Antenna Having a Biconical Feed

M.I. Sancer
Northrop Corporate Laboratories
Pasadena, California

Abstract

An expression for the input admittance is derived which has all
of its singularities analytically removed in order to make it accessible
for numerical computation. This expression is derived by using two
different representations of the azimuthal magnetic field, one valid in
the bicone region and the other valid in the region external to the
infinite cylinder. The expression for the magnetic field in the bicone
region is a modal expansicn with coefficients that are to be determined.
It is shown that the input aémittance is simply related to the first
two coefficients in this expansion. The method of obtaining these
coefficients essentially relies on equating the tangential magnetic
and electric fields corresponding to each representation of the azimuthal
magnetic field over a surface that is in a region where all representations

are wvalid.
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Electromagnetic Fields Near the Center of TORUS

. Chang
The Dikewood Corporation
Albuguerque, New Mexico 87106

Abstract

A mode theory is introduced to derive the solutionsg for
the electric and magnetic fields near the center of TORUDS,
The field is decomposed into various Fourier modes which
depend only on the coordinate system being chosen, FEven if
the antenna properties are unknown, one may still calculate
the Fourier modes which are independent of source distribu-
tion and independent of the frequency dependent loading im-
pedance. As the loading impedance and source function are
determined, one can compute the excitation factor of each
mode, which is related to the current distribuiion on the
antenna, Loaded with a uniform resistance, the frequency
response with a delta-function source and the transient be-
havior of the fields with a step-function excitation are shown
for various cases, The possibility of extending the mode
method to other symmetiric types of antenna is also discussed,
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THIFS
(TRANSPORTABLE, ELECTROMAGNETTC PULSE STMULATOR)
WILLIAM PTTTY

USA HARRY DIAMOKD LABORATORIES
WASHINGTON DC 20438

TEMPS (Transportable Ilectromagnetic Pulse Simulator) is a
complete system designed to provide a threat related test cap-
ability for exo-atmospheric burst FMP testing of surface svstems.
Under the sponsorship of the Defense Nuclear Agency (DNA) the
Dlectromagnetic Lffects laboratory of the Harrv Diamond Lahoratop-
ies has developed the TIMPS and is presently responsible for its

operation.

The TIMPS facility consists hasically of a high voltase pulse
generator, antenna system, antenna support structure, data acquisi~
tion and analysis system and necessary support systems to these
prime functions. Tt has the capability of being transported, erected
and operated on remote sites with a minimm of user support. ‘the
facility will provide the user an IMP test capability that pre-

viously was technically and economically unavailable.

CLASSITICATION U
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TEMPS ENYIRONMENT
FUGENE PATRICK

USA HARRY DIAMOND TARCRATORIES
WASHINGTON DC 20438

The electromagnetic environment generated by the THPS simulator
is described. In particular, the simulator's performance capabllities

and the envircerment in the normal test area are presented.

The simulator's performance capabilities are described in terms
of output variations as observed at a range of 50 meters as the
simulator's controls are varied throush their range of operation.

The pulse variation is seen to be no greater than 5%.

The normal test area is that space bounded by + 15° radials about
the simulator's centerline and a range of 100 meters from the antenna.
The envirormment in this area is described by a field map of the electric
and magnetic field components. Along the centerline it is seen that
the fields simulate a plane wave and that the free field follows a

1/R distance dependence.

CLASSIFICATION U
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EMPRESS Simulation Facility

I. N. Mindel

IIT Research Institute

10 West 35 Street
Chicago, Illinois 60616

W. C. Emberson

Naval Ordnance Laboratory
White Oak

Silver Spring, Maryland

The EMPRESS (Electro Magnetic Pulse Radiation Environ-
ment Simulator for Ships) at Solomons, Maryland, is a sub-
threat level simulator developed for performing coupling and
susceptibility studies of electrical/electronic systems aboard
ships. Two aspects of the Navy's problem dictated the design
configuration. These were the world wide deployment of Navy
ships and the targeting scenarios. Based on these require-
ments a simulation facility was required that could generate
both vertically and horizontally polarized waveforms, and pro-
vide a near uniform field distribution over a large area.

The resulting design is a radiating wave type simulator
which in the vertically polarized mode of operation utilizes
a 100 foot high inverted conical monopole antenna top loaded
by a 1300 foot transmission line to minimize ringing and pro-
vide the low frequency components of the pulse. In the hori-
zontally polarized mode the 1300 foot transmission line is
terminated at both ends and driven at the center by a biconic
section, which also houses the pulser, as a dipole antenna.

This paper discusses the design considerations for the
simulation facility antennas, high voltage (2 MV) pulser, and
the high voltage terminations when operated in the horizontal
mode. Further the paper presents data on the fields produced
by the facility (field mapping data) and the field instrumen=-
tation developed for mapping these fields.

The final topic covered by the paper will be the use of
the facility for testing shipboard systems and other systems
on the land area, and the possibility for testing of airborne
systems on a fly~by-approach. The instrumentation and other
facilities available will also be discussed.
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ELECTROMAGNETIC PULSE RADIATION ENVIRONMENT STMULATOR
FOR SHIPS

by

Edwin R. Rathbun
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ABSTRACT: EMPRESS (Zlectromagnetic Pulse Radiation Environment
Simulator for Ships) is a test facility designed to provide a
threat related capability for testing electronic systems aboard
active ships from the fleet. This facility is located on Point
Patience, a point of land which extends into the Patuxent River

at the Solomons Branch, Field Division, Naval Ordnance Laboratory,
near Solomons, Maryland. Ships as large as DLG class may be
moored in deep water adjacent to this facility for testing.
Actually, tests of coupling configurations, ships, and alrcraft
have been performed since the Fall of 1972,

EMPRESS is capable of operating in two modes. One mode radiates
a vertically polarized field; the other radiates a horizontally
polarized field. Two to three days are vequlred to convert
between modes. The configuration for generating vertically
polarized fields consists of a pulse generator which drives the
apex {near ground plane) of a top loaded conical antenna. The
base {upward part) of the 30~meter high conical antenna is
connected to a fringe field line. The far end of this line is
terminated through 300 ohms te ground. The field radiated to
the working area 300 meters offshore is a double exponential
pulse with a peak greater tham 2,000 volts/meter and a zero
crossing of ~ 200 nanoseconds, When horizontally polarized fields
are desired, the pulser is converted from a conic structure to a
biconic structure. This Increases its length to 4.27 meters.
The pulser is then installed in the center of the 305-meter long
fringe field line 30 meters above the ground. Both ends of the
line are terminated to ground; the conic antenna is not used.

In this configuration the radiating system becomes a biconic
dipole antenna. High frequency components are radiated by the
biconic section; the lower freguency components are radiated by
the dipolar arms. The field radiated to the working area is
dependent on height above the water due to the water reflectiom.

The pulse generator used is the Pulspak 8,000 designed by Pulsar
Assoclates, Inc. It consists of a low inductance Marx generator
assembly which charges a mylar—dielectric peaking capacitor and

then connects to the load structure via a two-megavolt gas dielectric
switch, The Marx generator is composed of fifty Marx stages
separated by pressurized spark gaps. The stages are charged in
parallel to a maximum of 44 Kv, then fired in series by reducing

the gap pressure.
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ATRBORNE MAPPING OF THE HORIZONTAL EMPRESS
by

David C. Koury
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ABSTRACT: The horizontal electromagnetic pulse radiation
envirvonment simelator for ships (EMPRESS) was mapped at
altitudes between 500" and 2000" above the line using a
self-contained horizontally polarized direct E-field probe
provided by the Denver Research Institute. This work was
performed in July 1973 in support of TACAMO sircraft
electromagnetic pulse (EMP) tests.

This paper reports on the methods and results of this mapping.

: I q_,
| RELER \SED
NAVAL ORDNANFE:LA

WHITS oy BORATORY Q
. MARYLAND
JUNZ 5 7973

MT’@

eusLe At orry |

213

CLASSIFICATION: Unclassified



STMULATION TECHNOLOGY SECTION
SESSION 2A
Wednesday Afternoon 26 September 1973

Chairman: Dipak L. Zengupta
University of Michigan



4-2A-1

Numerical Analysis of a Transmission Line
EMP Simulator

Keith M. Soo Hoo, The Aerospace Corporation

A theoretical model is defined for an EMP simulator for testing
EMP effects on high altitude satellites. The simulator is comprised
of three parallel plate transmission line sections. The first and third
sections are tapered to accomodate respectively a generator and a
terminating resistor. This problem is analyzed in the frequency
domain over those frequency components which are known to contri-
bute most significantly to a typical EMP waveform.

The analysis uses a numerical technigque to solve the basic
problem of an unknown current distribution on a curved, tapered
strip, excited by a known electric field. The unknown current is
solved by the method of moments using triangular basis functions. To
check the computer program, input impedances were computed for the
strip dipole and the triangular dipole. It is shown that these solutions
compare quite favorably with experimental results. Variations in the
solutions are also demonstrated for these same cases when edge singu-
larities are not taken into account in the analysis.

For the transmission line simulator, computed input impedance,
VSWR, power dissipated in the terminating resistor, and the power
lost to radiation are presented as a function of frequency. It is shown
that at the higher frequencies the simulator becomes a good radiator,
The computed current was also used to calculate absolute field distri-
butions in any region of interest. The evolution of higher order modes
1s demonstrated by this calculation.

For a given set of simulator dimensions, computer costs and
Core storage increase rapidly with frequency. Computer costs can be
kept to within reasonable limits by making use of reciprocity, geo-
metrical symmetries, and simplifying assumptions. The maximum
frequency is therefore determined by the maximum available core
storage. A quantitative discussion is given of this high frequency
limit and its relationship to simulator dimensions.
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TRANSIENT FIFLDS OF PARALLEL-PLATE SIMULATORS

Lennart Marin
Dikewood Corporation, Westwood Research Branch
Log Angeles, California

Cercain types of EMP simulators make use of a parallel-plate trans-
mission line as a guiding structure for the electromagnetic field.

For many types of cylindrical transmission lines the field distribution
of the TEM mode 1s nearly uniform over a significant portion of thelr
cross section. Therefore, the TEM mode provides a good approximation

to the free-gpace nuclear FMP. The TEM wmode propagates at all frequencies
but for higher frequencies, higher-order modes can also propagate

and may become important. In many cases it is desirable to launch

fast rising pulses on these simulators. In deing so many higher~

order modes may be generated and could introduce undesirable effects.

To develop a guantitative understanding of the relative importance

of the higher—order mode contribution the transient response of a
simulator comsisting of two parallel wires is investigated. Each wire
is fed by a step voltage generator. One reason foy investigating this
particular problem is that we can find an explicit solutiom of a
transient problem with the assumption that the diameter ol each wire
ig small compared to the distance between the two wires. It is
believed that many properties of the higher-order modes that can exist
on this simulator are shared by the higher-order modes that can exist
on other simulators such as the ATLAS simulator.

The analysis is based on a solution of the Maxwell equations which can
be obtained by emploving Laplace transform methods [1]. The field can
be represented by an integral and a sun in the time domain. Each term
in the sum can be thought of as due to a mode. One mode is the TEM
mode and it propagates with the speed of light. The propagation
constants of the other modes are complex, i.e., each mode is attenuated
as it propagates along the line. The fregquency variations of the
nropagation and attenuation constants of some of these modes are deter-
mined for different values of the radiuvs-to-separation ratio of the
wires.

The time history of the current at different positions on the two wires
is caleculated when each wire iz excited by a step~voltage source. Two
different modes of excitation are considered (1) the two voltage
generators have opposite polarity {push-pull; and (2) they have the
same polarity {(push-push). It is found that the current on the wires
can be described accurately by the TEM mode alone after one transient
time or so between the wirves. This, of course, means that transmission
Yine theory is applicable for times larger than the transit time across
the structure.

11 i, Marin, {1873, 53N 173).
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A TECHNIQUE FOR COMPUTING THE MODE SPECTRUM COF
4 PARALLEL~PLATE WAVEGUIDE WITH SIDE COPENINGS
T. Itch and R. Mittra
University of ILllinois
Electromagnetics Laboratory
Department of Electrical Engineering
Urbana, I[llinocis 61801

The finite-width, parallel plate waveguide finds use as ag EMP simu-
lator for measuring the scattering characteristics of an objact. To
recover reliable data from the measurements in this type of device,
it i1s idmportant to have the knowladge of its modal characteristics.

in this paper, the mode spectrum of a finite-width parallel plate
waveguide is investigated using an semi-analytical technicue, which
is numerically quite efficient. 1t is assumed that the two plates
are of identical width %, and are symmetrically located st x = + b.
The guide is infinite along the y axis which is taken to be the pri-~
mary direction of propagation.

The first step toward analyzing this structure is to view it as a
closed waveguide with impedance walls at z = 0 and -2, Because the
original structure is an open one, the impedance of these fictitiocus
walls has both real and imaginary parts, though it is almost reactive
for well-guided modes, viz., the modes that are propagating predomi-
nantly in the y-direction. The Iimpedance description of these walls
may be cobtained by following a method due to Vajnshtejn for solving
the Fabry-Perot resonator problemgla2

Gnee the impedance representation of the fictitiocus walls has been
determined, the transverse resonance condition may be applied in a
straightforward manner to compute the complex propagation constants
along the y~direction.

Numerical results have been obtained for some lower order TMqm modes
(with respect to z) where g and m are the modal indices associated
with the field variation in the x- and z-directions, respectively.
The results indicate that for the same ¢, the phase constants of the
well-guided modes do not critically depend on m. On the other hand,
the attenuation constants, though small, increase with increasing m.

REFERENCES

1. L. A. Vajmshtejn, "Open resonators for lasers,” JETP Soviet
Physics, Vol., 17, pp. 709-719, September 1963.

2. T. Itoh and R. Mittra, "Rescnance Conditions of Open Resonators
at Microwave Frequencies,'" submitted to IEEE Trans. Microwave
Theory and Techuniques.
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IMPEDANGCES AND FIELD DISTRIBUTIONS OF CURVED
PARALLEL-PLATE TRANSMISSION-LINE SIMULATORS

Ton K. Liu
Dikewood Corporation, Westwood Research Branch
Los Angeles, California

In the design of parallel-plate transmission-line simuelators, it is
degirable to achieve a maximum working volume, inside which the electric
field of the TEM mode iz required to have a prescribed wniformity. In
this report the use of curved parallel plates in the design of such

4

simulators is considered [1].

The configuration studied in detail is that of two symmetrically located,
circular plates biased at equal but opposite potentials. The problem

is analyzed by means of conformal transformations. The optimum field
uniformity is determined by varying the angle that the plates substain
at the center of the structure. It is found that the optimum angle

is 900. Field distributions and impedances of this type of simulator

are obtained and graphed.

[1] Tom K. Liu, "Impedances and field distributions of curved
parallel-plate transmission-line simulators,”" Sensor and
Simulation Note 170, February 1973,
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James E. Faulkner
NDRC

THE EFFECT OF MODULE SYNCHRONIZA TION

ON THE FREQUENCY DOMAIN OUTPUT WAVEFORM

Assume a pulser array of n modules, The purpose of the study
is to determine how synchronization affects the frequency content of
the waveform, The physical model assumes the modules act independ -
~ ently of one another and that each module makes an identical contribution
to the waveform, Denote the waveform with synchronization and the
waveform without synchronization by V(t} and V'(t) respectively where
t is time measured from some fiducial, Denote the Laplace transforms
of V and V' by V{s) and V'(s) respectively where s = 2w if is the

L.aplace transform variable. The function é(s) is defined by

g(s) = V'(s)/V(s) (1)

Under the conditions of the model, é(s) takes the simple form
- I e"'Stk

{3} = 1 7 2

g(s) o (2)

where t) is the firing time of the k'th module., 'The t)'s are defined in
such a way that if each module fires at its proper time, t = 0 for all k.
Thus 1- | g(2 T if} | is the fractional loss at frequency f of the frequency
domain waveform {measured in volts /meter/hertz, for example}. The
study includes different values of n and different distributions for the
tix's. For a given probability distribution of the ik's, the problem is

deterministic for infinite n but probabilistic for finite n.
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IMPEDANCES AND FIELDS OF A PLANAR ARRAY
WITH SOURCES TRIGGERED IN A PLANE-WAVE SEQUENCE

Tom K. Liu

Dikewood Corporation, Westwood Research Branch
Leos Angeles, California

In certain types of transmission~line tvpe EMP simulators, the socurces
are arranged to form a planar array. With proper trigpgering sequence

of the sources, the source array launches a plane wave in a desired
divection., This can cervtainly be achieved for frequencies such thar
the spacings between adjacent array elements are small compared with

the free-space wavelengith. Early time performace of the far fields
from this type of source array has been investigated by Baum [1]. Here,
an analysis is presented for a particular source array structure which
one can deteymine explicity its performance for a broad frequency vange.
Pxplicit expressions for the currents on the source sheet, driving-
point impedances, and radiatcion fields are derived. The behavior of
grating lobes is also investigated.

The configuration under study is a periodic planar array of wire antennas.
Taking the periodicity of the structure and the plane-wave triggering
seguence inito considervation, the magnetic vector potential is obtained
in the Fourier Transform domain. This potential can be re—expressed

in a space~harmonic form. The quantities of interest, namely, the
currents and the radiation field are derived from the expression for

the wvector potential.

The expressions show that the main lobe is the only one that contributes
to the far field at low frequencies {(and consequently at late time)}.
This main lobe is a TEM plane wave propagating in the desired direction.
Grating lobes occuy at higher frequencies, and their directions are

frequency dependent.

[1] €. £. Baum, Private Communication, April 1973.
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Performance of an Admittance Sheet Plus Coplanar
Flanges as a Matched Termination of a
Two~Dimensional Parallel-Plate Transmission Line

A.D, Varvatsis
Northrop Corporate Laboratories
Pasadena, California

Abstract

The reflections of a monochromatic TEM wave or a step-function
TEM puise from an R, admittance sheet terminating the transmission
line are calculated. These reflections can be minimized by determining
the value of R through a low-frequency argument whereas the choice of
L requires a parametric study fer various values of L. Both the
perpendicular and sloped admittance sheet cases are considered. For
the latter case the reflections were caleculated in a region where the
usual transmission line ™™ modes exist, that is, everywhere except within
the triangular domain formed by the sloped admittance and the lower
plate. Parametric plots for wvavious walues of L and the inclination
angle & are presented of the fisld components of the reflected TEM
and first four TM modes in both the frequency and time domain. The
advantages and disadvantages of sloping the admittance sheet and the

effect on the choice of L are discussed.
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K.K. Chan, L..B. Felsen, S, T. Peng and J. Shmoys
Polytechnic Institute of Brooklyn, Farmingdale, NY 11735

Diffraction of a Pulsed Dipole Field at a Bend
in a Perfectly Conducting Sheet

One type of parallel plane simulator is fed by a tapered trans-
mission line that connects the parallel plate region to a localized source
region. As a result, the input pulse emitted by the source encounters
a wall bend discontinuity at the junction between the feed and test wave-
guides. In a first step toward analyzing the effect of the junction dis-
continuity on the input pulse, a previous investigationl! has dealt with
the diffraction of a plane unit step pulse incident normally on a bend in
a single, infinite, perfectly conducting plane sheet. The present study
represents a generalization to the case of a spherical incident pulse
which more nearly describes the actual feed situation. The spherical
pulse is generated by a combination of vertical electric and horizontal
magnetfic dipoles located on the sheet and excited in such a manner as
to simulate a unit step plane wave field in the vicinity of the bend, The
analysis proceeds by deriving first an exact closed form solution for
the diffracted field due to an arbitrarily oriented eleciric or magnetic
dipole with impulisive dipole moment. This solution is then integrated
numerically with the temporal source profile required for plane wave
simulation. Numerical results for the various field components are
presented and compared with those obtained previously! for true plane
wave incidence. Various special cases are also discussed,

ID.F. Higgins, " The Diffraction of Electromagnetic Plane Waves by
Interior and Exterior Bends in a Perfectly Conducting Sheet?,
Sensor and Simulation Note No. 128, Air Force Weapons Laboratory,
Kirtland Air Force Base, Jan. 1971,
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Reflection from an Array of Dielectric Posts

R.W. Latham
Northrop Corporate Laboratories
Pasadena, Californis

Abstract

The reflection of a plane wave incident on a two-dimensional array
of infinitely long dielectric posts is investigated. The array ig infinite
in the direction perpendicular to the propagation vector of the incident
wave. This array is considered to be a model of the wooden support
structure of the ATLAS simulators. In accordance with this intended
application, the maximum post diameter is assumed to be small with respect
to both the wavelength of the incident wave and the minimum distance
between posts.

The impedance per unit length of a single post is first defined and
calculated. Next, the sheet impedance of a single infinite vow of
identical posts is defined, and determined in terms of the impedance per
unit length of the individual posts. The reflection from several rows
of posts is then examined. An explicit formula for the reflection
coefficient is obtained for the case where each row of the array is
modelled as an impedance sheet. The limit where the impedance sheet
concept breaks down is pointed out, and a method for extending the simpler

results to this more general case is indicated.
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Joint EMP Technical Meeting
{Kirtland Air Force Base, New Mexico 87117}

PARALLEL PLATE TRANSMISSION IN PROXIMITY
TO AN INFINITELY LONG CIRCULAR CYLINDER

by

5. K. Cho and C-M. Chu
The University of Michigan Radiation Laboratory
2455 Hayward St., Ann Arbor, Michigan 48105

ABSTRACT

The effect of the impedance of a parallel plate transmission line in
proximity to an infinitely long circular cylinder parallel to the plates is inves-
tigated. The investigation is limited to the case of TEM wave propagaticn,
and the equivalent electrostatic problem is solved numerically.

Parametric studies of the impedance for the case where the axis of the
cylinder ig on the center plane befween the plates are carrvied out., The change
in the impedance due to the variation of pertinent geometric parameters is
presented numerically and graphically. The charge {current} distribution on
the plates and the cylinder is also presented.
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Jiunn S. Yu, Boyd D. Boitnott and John C, Wirth
Braddock, Dunn and McDonald, Inc./ARES

MEASUREMENT AND ANALYSIS OF REFLECTED AND DIFFRACTED COMPONENTS AT
ARES AND ALECS

This paper is an attempt to characterize simulator environments at

ARES and ALECS. Because of the lack of a high-voltage "'impulse'
generator for high-resolution capabilities, the EMP-45 pulser at ARES
and the EMP-28 pulser at ALECS are used to probe their environments
that include all possible scattering objects and the termination loads.
Since the electromagnetic environments appear differently when viewed
from different locations, two permanent ''view points' are selected near
the working volume of the simulator to obtain a fairly representative

environmental description.

Both electric (E) and magnetic {(H) field sensors are used simultaneously
to obtain the time-domain EMP, Statistical techniques are employed to
reduce random errors involved in measurements and digitizations. A set
of practical assumptions is then made to define environmental noises

in time~domain. The noises are shown to consist of scattered pulses
that can be identified with various scattering centers of the simulator.
The present analyses show that the ALECS environments exclusive of the
termination section are relatively ''"clean'" when compared with that of
ARES. The effectiveness of termination sections has been described in
both time- and frequency-domains. In addition to complex spectral
densities of E~ and H-fields, the wave impedance of EMP has been obtained
to show clearly the effects of standing waves resulting from the inci-

dence and scattered pulses,

The analyzed results are considered useful in assessing the two simu-
lators' environmental qualities, and in providing design guides for
improved EMP simulators in the future,
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EMP SIMULATORS
J. C. Martin
Atomic Weapons Research Establishment
After a brief review of some of the main developments in

EMP simulators to date, the author gives his personal views as
to fruitful areas of development in the next few years. While
this will be mainly restricted to high voltage post generalors,
mention will be briefly made of some of the difficulties facing
more advanced post energy forces., Despite not being a USA tax
payer, the author will be impertinent enough to suggest areas
where basic research may well repay itself significantly or in-

deed be essential.
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S0ME ASPECTS OF PULSED POWER FOR EMP SIMULATION

Lan Smith

Physics Intermational
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TITLE: Compact, Ultra-High Density Marx Generater

AUTHORS: Capt Daniel M, Strickland
Capt William L. Heatherly

Air Force Weapons Lahoratory

Kirtland AFB, New Mexico
ABSTRACT: A Marx generator with the highest energy density ever achieved
has been developed at the Air Force Weapons Laboratory. The unit, which
operates at Z MV in atmospheric SFﬁ, is 2 m long, stores 18 KJ and weighs
460 pounds. This energy density of 39 joules per pound is significantly
higher than anything previously achieved. The design also incorporates
several novel features: The stage capacitors are 100 KV plastic-cased
units with a density of 100 joules per pound; grading is achieved by a
technique utilizing split grading rings; and a conductive elastomer is
utilized for charging and triggering resistors.

Because of its compactness, light weight, and atmospheric gas insula-
tion this Marx design is ideally suited for a variety of applications such
as bounded-wave and radiating EMP simulators, plasma devices, laser systems,
and electron-beam devices. The modular nature allows the design voltage to
be increased or decreased as necessary,

The unit has a demonstrated erection jitter (10~} of less than 5 nsec
over a three to one voltage range and consequently can be precisely time-

tied to test sequences or other hardware.
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INDUCTIVELY COUPLED CURRENT INJECTION PULSERS
THEORY AND PRACTICE

Thomas O. Summers
Albuguerque Division, EG&G, Inc.

Richard A. Hays
Air Force Weapons Laboratory

ABSTRACT

Current pulses of pre-specified amplitude may be inductively
coupled into cable bundles of unknown impedance using a clamp-on coupler.
A development of the circuit theory behind this type of pulser is presented.
The conditions to be met in achieving independence of injected cable cur-
rent with respect to cable impedance are developed.

In principle, the pulser is quite simple; however, two practical
problems of considerable significance must be solved to fully realize the
advantages of this type of pulser. The first problem, the effective resis-
tance of the switch is important only if slowly decaying ringing waveforms
are the desired output. The problem is solved by appropriate choice of
switch gap length, fill gas, and operating pressure, The second problem
involves the choice of ferrite core material for use in the coupler. The
irade-offs discussed are between coupler size, tolerable cable bundle
impedance, operating frequency, ringing damping constant, price, and
availability versus ferrite permeability and Q.

A model pulser having carefully measured characteristics is
described. The results of field evaluation tests are compared to theoreti-~

cal expectations.
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EFFECTS OF COAXIAL CABLES ON FAST-RISETIME,
HIGH-VOLTAGE PULSES

Charles A. Frost
D, B, Westenhaver

Albuguergue Division, EG&G, Inc.

ABSTRACT

A non-linear phenomena has been observed in coaxial cables
transmitting fast-risetime, high-voltage pulses. This phenomena is
believed to be due o corona that occurs in air spaces within the dieleciric
surrounding the cenier conductor and the cable shield. This paper dis-
cusses the effects of this phencmena, and it presents test results for vari-
ois coaxial cables. The design of a cable to eliminate this effect is dis-

cussed, and the test results on an experimental cable are presented,
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DEVELOPMENT OF HIGH VOLTAGE DAMPED SINUSOIDAL GENERATORS

o

A. Delouteau, R. C. Dyer, W. E. Spencer
Boeing Aerospace {o., P, 0. Box 3999
Seattle, Washington 98124

This paper describes the performance of a unique design for damped sine
pulsers and load coupliing transformers that were developed to satisfy
requirements for hardness testing of electrical/electronic equipment to
the B-1 Avionics EMP specification. in addition to generating the pulse
waveform for bulk cable current injection,

ST oot

it was required that the pulsers drive equivalent cable lvads between
one and one hundred ohms. Two pulse generation alternatives are
examined and discardad:

Lumped constant networks that exhibit excessive radiation
ioss and low Q at high frequencies;

A modulated linear amplifier, that appeared to be relatively
expensive and not available within the desired time frame.

Generation of fairly high amplitude pulses at higher frequencies
(5 -~ 10 MH,) s economically achieved with a cavity resonator configur-
ation. Pulse amplitude is adjustable by controlling cavity parameters

and ocutput attenuation. Inductive coupling of damped sinuscids at high
power {10 - 20 KW) over a .1 - 100 MHz band ontc the transmission line
or cable under test is accomplished with a broadband transformer. Band-

width, coupling efficiency and impedance magnitude matching are optimized
with a split core transformer employing a single-turn primary, Pitfalls
encountered in the design of resonators and transformers are discussed.

This work was supported by The Boeing Company
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DESIGN OF POWER AMPLIFIERS FOR DISPERSED
EMP SIMULATION

Harold T. Buscher
Albuquerque Division, EG&G, Inc.

ABSTRACT

The resulis of an extensive design study are presented. A
review of the state-of-the-art of megawatt-level, dispersed pulse genera-
tion and amplification has been performed, with special attention devoted
to current simulator applications. System tradeoffs and overall design
philosophy are explored for specific, distributed-amplifier configurations
capable of producing threat-level field intensities in existing simulators.
Technology areas requiring further R&D input are outlined with the intent
of realistically estimating risks and alternatives now available in distri-

buted-amplifier design.
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A 6-1/2 MV, FAST RISETIME
EMP SIMULATOR PULSER (TEMPS)

H. Aslin
Physics International Company

The TEMPS pulser drives a terminated horizontal dipole
simulator system conceived and specified by the Harry
Diamond Laboratories, Laboratory 1000, and funded by the
Defense Nuclear Agency (DNA). The pulser represents signi-
ficant advances in the art of high voltage, low inductance

pulser design and fabrication.

The pulser is a bi-lateral Marx generator-peaking
capacitor circuit, switched in series with the load by means
of a self-breaking uniform field, pressurized gas output
switch. The pulser produces a peak output voltage greater
than 6.5 MV rising in less than 8 nsec (10-90%). Pulser
capacity is 2.5 nF yielding into the 120 ohm load a roughly
e~folding pulse tail with decay constant equal to 300 nsec.
Marx inductance is about 0.6 pH/MV; the lowest inductance

Marx design of its type.

The 3.5 MV peaking capacitors are a modular design that
combines compactness with low overall wave impedance, and
low effective series inductance, their length being limited
principally by surface flashover considerations within the

Freon 12 environment.
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REPETITIVE 250 kV EMP SIMULATION SYSTEM

P. Champney
Physics International Company

A repetitive pulse simulator was designed by Physics
Tnternational for use by the Armed Forces Radiobiology
Research Institute, Maryland as a EMP simulator for
biclogical tests. The system delivers 250 kV peak amplitude
pulses at the rate of 5 pulses per second with a 5 nsec
risetime and 5 to 600 nsec 1/e fall time into a paralledl
plate transmission line of approximately 100 ohm impedance.
The fast risetime was preserved between the switch and the
tyansmission line by the use of a transitive region formed
by the energy storage capacitors, which have a wave imped~
ance that matches the line. The peak field within the
transmission line was approximately 450 kV/m. The ocutput
polarity was reversible and the output amplitude adjustable
down to 10 kV peak amplitude. The pulser repetition rate
was adjustable from 0.1 to 7 pulses per second with a single
shot mode available. The pulser was required to be operated
unattended on a round-the-clock basis and therefore had to
be extremely reliable, with a low probability of failure.

To date the pulser has successfully accrued a total of about

T x lO7 shots at maximum voltage.
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ABLYRACT

ELECTRON BEAM SIMULATION OF
INTERNAL EMP (IEMP) IN SCALED SYSTEM MODELS

Stanley Schneider
Nuclear Vulnerability and Hardening
MeDonnell Douglas Astronauties Company

Roger Little
Simulation Physics, Inc.

An analyitic and laboratory study of use of electron beams {35 ns rise time)
in the 10-100 Kev energy range to simulate IEMP effects was performed.
A discussion of the e-beam field generator (sPI-5000 and 2500) used is
included. The characteristics of IEMP simulation importance are discussed

including pulse width, spectral variability and beam aresa.

Experiments using a smell scale cylindrical (4-3/3" dismeter - 2.6" depth)
cavity with variable air pressure and with cables of various shapes were
performed for an electron beam energy of 12 % 7 Kev. A comparison of
theory to experimental resulis is made. The space charge limiting of the
beam is shown at low pressures {.6u Hg in air) and the gradual breskdown

of the space charge barrier as the pressure increases with large pressure
changes (in the 10p - 1004 range). The enhancement and decrease in cable
pickup is shown to depend on the cable geometry as the pressure and hence
the transmitted electron beam current changes. The cable current signatures

are shown to change in a predictable manner as the pressure varies.

Experiments using thin dielectrics in the cavity were performed showing
transmitted besm current enhancement {even in a vagcuum) by a mechanism
related to the breakdown of space charge barrier by air ionization. The
advantages and disadvantages of the electron beam IEMP simulstion technigues

are discussed.

This paper is recommended for presentation as a part of technleal area d

{(simulstion Technology) and will be unclassified.
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PULSED ELECTRON BEAM GENERATION
AND CHARACTERIZATION FOR IEMP SIMULATION

By
Roger G. Little

Simulation Physics, Inc.
Bedford, Massachusetts

Pulsed electron beams with the following range of character—

istics have been generated and characterized for TEMP simulation:

it

18 - 100 Lkev
1 -~ 150 Afem?2
200 - 750 cm?
40 - 150 us.

Electron Mean Energy

H]

Current Density

]

Area

il

Pulse Width at Baseline

The beams are produced using d.c. charged, solid dielectric, pulse
power technology. Thin foil and mesh anodes have been used for ewx-—

tracting the very low voltage electrons from the diode of the generator.

A number of diagnostic techniques have been developed for deter-
mining beam characteristics upon injection into IEMP cavities and
monitoring cavity parameters. Diode current and voltage are
used to construct electron spectra. Deposition profiles at cavity
walls are unfolded for electron energy from which radial electrie

field strengths can be determined. Thin film dosimetry is used for
current density maps. A center conductor probe has been developed

for monitoring filelds at the axis of an IEMP cavity.

This paper elaborates upon these electron beam generation and

characterization techniques and shows representative TEMP cavity data.
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D. F, Higgins, C. L. Longmire, and M. A. Messier

Mission Research Corporation

SOME PRELIMINARY DESIGN CONSIDERATIONS FOR A SGEMP

STMULATOR FOR SATELLITES

One method of testing satellites for SGEMP effects 1s to place
the satellite within a large vacuum chamber and irradiate it with an
incident x-ray pulse. This paper discusses some preliminary design con-
siderations for such a system. A bremsstrahlung x-ray source spectrum
is calculated and absorption in the target and tank window are considered.
Photoelectric production processes and their relations to the vacuum
requirements are discussed. Various factors related to the vacuum tank
size (e.g. DC capacitance, cavity modes, etc.) are also considered.
Finally, techniques for minimizing the escape of photoelectrons from the

tank walls and damping the resonant modes of the cavity are discussed.
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The Effective Radii Approximation for the Capacitance of =z
Body Within an Enclosure

R.W. Latham
Northrop Corporate Laboratories
Pasadena, California

Abstract

A study is made of the effective radii approximation to the
electrostatic capacitance between a metallic body and a metallie
enclosure within which the bedy is contained. This approximation
consists ¢f a recipe for calculating the radii of two spheres equivalent
to the body and the enclosure and then using the formula for the
capacitance between two concentric spheres. Tt is applicable when the
body is at the minimum capacitance position within the enclosure.

The study includes derivations of the order of magnitude of the
error of the approximation as the size of the boedy approaches zero,
both in the general case and in the cases where either the body or the
enclosure is truly spherical. The accuracy of the approximation is
also illustrated by a number of particular examples for which precise
numerical calculations are feasible.

Methods of calculating the equivalent radii of enclosures are
discussed, and a couple of examples of such calculations are mentioned.

Ways of bounding the equivalent radii of enclosures are also considered.
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Capacitance Bounds for Geometries Corresponding to an
Advanced Simulator Design

M.T. Sancer
Northrop Corporate Laboratories
Pasadena, California

Abstract

The capacitance bounds obtained in this work are the capacitance
values between surfaces that can be inscribed within or circumscribed
about the actual surfaces corresponding to an advanced simulator design.
This method of obtaining bounds allows one to compare the capacitance of
certain geometries without even naking a numerical calculation; however,
numerical calculations can readily be performed for arbitrary geometries.
To augment our method of obtaining bounds, we determine the capacitance
between two nonconcentric spheres. This capacitance is in the form of
an infinite series and it is numerically summed and plotted. A closed
form approximation to this series is alsc obtained and its accuracy is
demonstrated by plotting it for the same range of parameters that were

used for the plots of the numerical sum.

243



h-bA~4

EIECTRON TRAJECTORIES IN THE VICINITY OF A WIRE MBSH
PLACED PARALIEL TO A PERFECTLY CONDUCTING GROUND PLANE

Donald E. Jones and Shyam H, Gurbaxani¥

The University of New Mexico
Albugquergue, New Mexico

Tn this paper we present the results of theoretical and numerical
analysis of the electrostatic field distribution and electron trajectories
in the vicinity of wire mesh plsced parallel to a perfectly conducting
ground plane. This three dimensional problem was developed using
superposition of two two dimensional gecmetries in the simplified
version of line charges. The problem was generalized by congidering
finite diameter parallel cylinders as well as finite dismeter cross-
wire mesh using expangion in ortho-normal functions. The'parametric
study includes consideration of various kinetic energies, angles of
departure, wmesh apertures, etc. Significent results using staggered
multiple cross grids will also be presented. FPinally, the ubtility
of such geometries as effective traps for maltienergetic charged

particles will be discussed.

¥Presently at the University of California, Lawrence Livermore Laboratory.
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Study of a Charges Wire Grid for Reducing

Electron Backscatter in EMP Satellite Simulators

.M. Tesche
Science Applications, Inc.
Berkeley, California

ABSTRACT

This paper presents a brief study of a wire grid de-
signed to reduce electron backscatter within an EMP satellite
simulator. The grid, which is maintained at a constant potential,
is modeled by an infinite number of thin c¢ylinders which are
located parallel to a perfectly conducting plane at zero
potential. The distribution of potential around and away from
the grid 1s shown for one particular grid geometry, as are the
trajectories for electrons being emitted into the grid region
from the ground plane. Curves showing the fraction of
electrons escaping to infinity as a function of the angle of
departure and the initial kinetic energy are presented for
various grid geometries and an indication as how to use this

data in subseguent investigation is cutlined.
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THE QUALITY OF EMP SIMULATION
IN AND NEAR THE SOURCE REGION
W. R. Graham and R. R. Schaefer

R&D Associates

Various types of EMP simulators have been constructed and even
more have been designed to simulate the FEMP enviromment found in and
near the source region of a near-surface nuclear explosion. In this
paper the general characteristics of the source region are first des-
cribed. Various electro-magnetic coupling phenomena which could affect
gystems which must survive the close-in nuclear environment are then
reviewed. The similarities and differences between the modes of coup-
ling driven by the source region enviromment and by various types of
simulators are then compared. It is shown that while certain modes of
coupling can be accurately excited by field simulators, additional modes
of coupling are excited in the source region. It is concluded that
considerable care must be exerciszed in relating the results of EMP

field simulation experiments to predictions of close-in EMP coupling.
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THE TECHNIQUE OF ELECTROMAGNETIC
SCALE MODELING FOR EMP SIMULATION

Joseph A. Kreck, US Army, Harry Diamond Laboratories

Abstract:

The paper to be presented summaries the successful 100:1
scale modeling experiment conducted at Harry Diamond Laboratories,
Washington, D.C., in conjunction with DNA and DCA.

An electromagnetic scale model is a reduced size simulation
of a veal system where all physical properties are modified ac-
cording to a "scale" transformation. The reduced size simulation
gives significant cost savings and allows great flexibility in
guantitative and qualitative measurement. It will be shown that
accuracy and confidence levels are not among the scale parameters.

Briefly, the scope of this paper covers:

(1) the theory of scale modeling; it's credibility; qualitative
vs. guantitative data;

{2} when scale modeling can and should be used {as opposed to
analytics or full scale simulation); a tool for extrapolating data
from other sources;

(3} evolving a transformation from full size to scale; the
important scale factors;

{4) approximations;

(5} the results from simulating TEMPS.

CLASSIFICATION: U
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TITLE: (U} EMP TESTING OF BURIED CONDUITS

AUTHORE: Huey A. Roberts, Ph.D., Edmund Seijo,
and Forrest J. Agee, Ph.D., Group 1040
Harry Diamond Laboratories

Buried conduit systems form an integral part of the FMP shielding
in large hardened missile systems such as SAFEGUARD to protect the
communications, control, and power cabling from NEMP effects. In
order to initially verify conduit system hardness and to insure that
it is maintained over the system life, non destructive testing tech-
niques are being developed which will detect and locate flaws which
could adversely affect EMP hardness and measure their impact on sys-
tem hardness. Several testing techniques which have been developed
in the HDL Periodic Integrity Maintenance effort are discussed and
experimental data is presented from measurements takenm on buried
conduits.

CLASSIFICATION:
SECTION:
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CW TECHNOLOGY APPLICATIONS SUMMARY

M. K. Bumgardner
Albuquerque Division, EG&G, Inc.

ABSTRACT

CW evaluation techniques are being used throughout the EMP com-
munity as the means for more accurate predictions of currents and voltages
at eritical points within a complex system. The increasing applications of
this CW technology are due primarily to the improved accuracy and engin-
eering data content of the system transfer functions that are provided by
CW. Further, the flexibility and adaptability of radiating and bounded-wave
test systems makes CW a preferred choice over pulse-test systems for
characterizing the response of linear systems. Hardware, procedures,
data acquisition, and processing technigues have been developed to the point
that CW systems deserve consideration for application to any EMP vulner-
ability and assessment program, This paper discusses the capabilities and

limitations of both radiating and bounded-array CW systems.
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Testing Laboratories

Richard Gaynor
Martin Marietta Aerospace
Orlando, Florida 32805

All systems have to be tested for their survival in at least some natural
and man-created environments. EMP and lightning environments are the subjects
of interest of our electromagnetic pulse testing laboratories.

System designers use such laboratories for testing subsystems and small
systems to full environments, but reguire the use of government facilities to
test large complete systems to full environments. The forcing functions are
given by specification or by laboratory data.

Cur experience covers testing in a long~wire facility, current injection
facilities and some government-owned facilities. Subiject systems have been
tested under the field environment, submitted to current pulses and damped
sine wave current pulses. Finalized techniques are submitted with their
capabilities, confidence levels, and limitations.

The impact of the other electromagnetic environments upon the testing
process is discussed so that a comprehensive testing program 1s derived.

Problems not-yet-currently addressed, such as:

- Accuracy of threat definition

- Margins of test signals

- Confidence in data acguisition

- Overdesign margins

- Reliability of a system under threzt condition
are briefly covered in the perspective of the testing philosophy.

Laboratory capabilities are discussed as function of those factors o
bring to the EMP community's attention laboratery classification in relation

to the requirements imposed on the systems.
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VERTICALLY-POLARIZED DIPOLE (VPD)
EMP SIMULATION FACILITY

J. C. Giles
Albuguerque Division, BEG&G, Inc.

ABSTRACT

The VPD facility was designed and constructed for the AFWL by
EG&G in 1971 and has been in use since that time for testing the effecis of
EMP on USAF aeronautical systems, The simulated electromagnetic pulse
ig produced by discharging a maulti-megavolt pulser into a resistively-loaded
monopole antenna over a conducting ground plane. The pulser /antenna sys-
tem provides field strengths of up to 6 kV /m at the center of the test area,
with pulse risetimes of less than 5 nanoseconds. The resistive ioading of
the antenna is designed to eliminate current reflections at the top of the
antenna and, thereby, to provide a good approximation to an exponentially
decaying waveform. The antenna is a flared cone design, which provides
optimum impedance matching to the high-voltage pulser and enhanced low-
frequency radiating performance.

The EM fields at several positions about the antenna have been
measured and found to be in basic agreement with existing analytical models
for such antennae. Near-field radiation terms have been studied, as have
variations in peak field strength and risetime with radial distance, azimuthal
angle, and height above the ground plane.

The facility includes two instrumentation bunkers that are used
for operating the high-voltage pulser, the EM environment monitoring
instrumentation, and diagnostic measurement equipment. The latfer

inchudes several X-band microwave data transmission links,
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E.M. PULSE PROPAGATION OVER GROUND

Howard Fowles
Denver Research Institure
University of Denver
Denver, Coloradeo 80210
Maxwell's equations for the fields radiated by a vertical
dipcle over finitely conducting ground are solved numgrically in
the frequency domain for plane and svherical earth geometries in
order to specify the amplitude and phase characteristics of a
groundwave propagation channel, The propagation channel impulse
regponse function is ehtained in the timﬁ=domain by Fourier inver-
sion. The calculated response functions are used in the convolution
integral to predict the waveforms at distant field points for a glven
source pulse. The inverse problam of correcting recorded wave forms
for propagation effects is accomplished by deconvolution techniques
once the propapgation response function is specified,
These methods have been used to determine the fields radiated by
the DRI EMP simulator as a function of elevation angle from B=Dot loop
measurements made near ground level, The calculated fields are come

pared with free field measurements obtained with the DRI Spherical

E=Field sensor,
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Richard R. Schaefer & Junme 1973
R & D ASSOCTATES

Post Office Box 3580

Santa Monica, California $0403

SOURCE REGION EMP SIMULATOR APPLICATIONS, SPECIFICATTONS AND

FEASIBILITY

Abstract

Existing EMP simulators de not apply to the exposure of
systems and system components in the EMP source region. The range

of applications of source rvegion EMP simulation and the means of

[¥al

achieving source region simulation, both underground and in the
laboratory, are discussed. Specifications for vaiid simulation in
terms of photon flux intensity, spectrum, pulse shape, arca, total
energy, and ambient atmosphere characteristics are formulated.
Finally, the feasibility of simulation in terms of existing tech-

nology is discussed.
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A CW TECHNIQUE FOR LOCATING ELECTROMAGNETIC
FLAWS IN A BURIED CONDUIT

Mark. A Dreger
D. B. Westenhaver

Albuquergue Division, EG&G, Inc.

ABSTRACT

Buried conduits are often used to route signals between critical
defense complexes. Flaws, which decrease the electromagnetic shielding
of these conduits, can exist from numerous reasons -~ including improper
assembly, rusted or deteriorated joints, rupture from freezing, and break-
age from excessive overburden. This paper presents a technique used to
identify and locate an electromagnetic leak. A swept CW signal is used
to excite the conduit, and a signal on a sense wire inside the conduit is
used as a monitor. Transfer functions of amplitude define the magnitude
of the leaks, while the phase data is used to determine flow location,

Multiple leaks can often be identified and located with this technique.
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TRANSIENT UPSET TOLERATION
AS AN EMP HARLDENING TECHNIQUE
W. R. Graham

R&D Associlates

Both transient circuit upset and permanent component damage can
preduce serious malfunctions in modern electronics equipment. Although
the issue is not yet clear, it may be possible to design and select
components which have a much higher threshold to permanent damage than
to transient upset. If this proves to be possible, then a degree of
EMP hardness would be achieved through designing systems to be com-
pletely insensitive to the effects of transient circuit upset.

A number of techniques have been developed for rendering circuits
insensitive to transient upset. However, the capabilities, limitations,
and penalties of these techniques are not widely known to the EMP
community. Only in rare instances have these techniques been integra-
ted into a system design so thoroughly that the resulting overall sys-
tem was insensitive to transient upset.

In this paper the characteristics of the developed techniques for
tolerating transient upset are described, various overall system
design approaches are discussed, and the relation of specific upset

toleration techniques to the system design apprecaches are illustrated.
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LIMITATIONS OF "SEAM SNIFFER' TECHNIQUES TO ESTIMATE
SHIELDING EFFECTIVENESS OVER A BROAD FREQUENCY RANGE

by:
J. Bridges, V. Formanek, and P. Toulios
IIT Research Institute
10 West 35th Street
Chicago, Illinois 60616

The limitations,advantages of '"Seam Sniffer' tech-
niques are of interest to those within the EMP community.
This widely used technique was initially designed to
locate the more common defects in the walls of shielded
enclosures during construction. Because of its success
in this application, it has been suggested as a system
for qualifying enclosure performance over the entire
frequency range of 10 kHz to 15 GHz. The "Seam Sniffer”
relies only on a 95-kHz, highly localized magnetic field
penetration sensor, and the extrapolation of this single-
frequency magnetic field measurement to other frequency
regions is to be regarded with considerable caution by
those considering this as the only test method for
shielded enclosure performance.

Extensive theoretical analyses and laboratory
experiments were conducted fo evaluate the use of the
"Seam Sniffer” technique for signals in the high fre-
quency band and higher. Results show the ''Seam Sniffer”
to be a reliable tool for checking out enclosure perform-
ance during construction, if used with care. The "Seam
Sniffer" may locate some, but not all, classes of penetra-
tions or defects of the enclosure walls. The ''Seam
Sniffer" will locate a bad seam only if care is taken so
that the main current flow is largely perpendicular to
every seam. The "Seam Sniffer' will not locate small
holes. For the higher frequency regions, the ''Seam Sniffer"
indications are not generally indicative of the many pos-
sible coupling modes into an enclosure. The most trouble-
some coupling modes from a "Seam Sniffer' viewpoint are
those associated from the quasi-static electric field pick-
ups, from waveguide below cut-off defects, or from cross-
field guasi-static magnetic to electric mechanisms.

In conclusion, past experience indicates that the
"Seam Sniffer"” can be a very useful tool to assure proper
assembly during fabrication of an enclosure. This is true
only because it detects the bulk but not all of the more
commonly occurring enclosure construction defects. Some
of the non-detectable enclosure defects can be of great
significance from an EMP hardening viewpoint. Therefore,
the technique should not be used for final acceptance
test purposes.
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NEMP INTERFACE FAULT DETECTION TECHNIQUE

by

F. Frankovsky, H. Mathers, J. Cifersky
IBM Electronics Systems Center
Owego, New York 13827

J. Sawyer
Braddock, Dunn and MeDonald
Vienna, Virginia

ABSTRACT

NEMP — induced effects which could cause system malfunctions dictate the need
for a NEMP Detector (NPD) to initiate circumvention of these effects within
mission-critical subsystems. This NPD is capable of classifying and register-
ing a NEMP effect al a threshold level which is directly correlated to a possible
circuit functional failure, or "upset” level. The essential elements of the de-
tector include a driver and receiver, connecting eabling, a RC network, a Hi~
Speed Schottky Register, a detection alarm and a reset capability., The detec-
tion technique is unique in that it is located at the hardware level and requires
no calibration because it is within the actual /0 circuits.
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Charles A. Ramsbottom
GTE SYLVANTA COMMUNICATION SYSTEMS DIVISION

ABSTRACT: THE ANALYSIS OF CRITICAL CIRCUIT CHAINS

The derivation of upset thresholds of selected "critical”
circuits is an integral part of an assessment program
designed to determine EMP effects on an electronic systemn.
Circuit analysis, whether computer-aided or not, is one
technique by which the thresholds can be derived.

The critical civcuits are in general not the interface
circuits, but are connected to interface circuits by an
identifiable chain of civcults.

The analysis of this chain of circuits, to determine
characteristics of the input signal required to cause
upset ¢f the critical oircuit, forms the topic of this
paper.,

When derived for the entire chain rather than for the
interface circuit or critical circuit alone, the threshold
characteristics include the transmission requirements of
the chain, and therefore are wmore accurate than those for
the single circuit alone. The concept of the chain of
circuits also permits inclusion, if desired, of intermal
control levels toc simulate the time window for which the
circuit is critical.

Since the circult operation within the chain is usually
non~1linear, the chain analysis lends itself to solution
by available codes, such as SCEPTRE.

The paper describes the composition of the chains, the
handling of branches to the wain chain, the modeling of
the chains, the significance of transient responses of
the cirvcults in the chain and their contribution to the
threshold charactevristics., The advantages of the chain
approach over the single-circuilt approach are discussed
with examples given in which an intermediate circuit
within the chain is a significant factor in the
determination of the threshold,.
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ELECTROMAGNETIC PULSE (EMP)} HARDENING OF A RECEIVER

by

Bernard Zendle
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ABSTRACT: The particular receiver obtained for EMP hardening
contained an old design antenna overload protection circuit (AOPC),
The response time of the old AOPC is too long to be effective
against EMP. 1t was decided that a zener diode - blocking diode
clipping circuit conpected across the AOPC input would be useful

in limiting a fast EMP tramsient. As it turned out, the newer

AOPC being designed at that time contained such a zener diode -
blocking dlode clipping circuit to limit short duration (50-60
miiliseconds) radioc frequency (RF) power overloads. The 1N4148 blocking
diodes in this new on AOPC clipping circuit were found to have
marginal power dissipation capability for EMP protection as well

as inadequate power dissipation capability for the intended function
of limiting the short duration RF overloads. Based on laboratory
measurements of threshold power damage levels of various diode
replacement candidates; EMP field tests on clipping circuits, spark
gaps, and the entire receiver system; and clipping effectiveness
tests on clipping circuits modified with various blocking diodes;
suggestions are made for improving the EMP protective capability of
the present clipping circuit in the new AOPC., The clipping circuit
at the same time will have adequate power dissipation capability
with respect to its intended function of protecting the receiver
against short duration RF overloads.
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MR. R. J. TILLERY

ADVANCED TECHNOLOGY DEPARTMENT
NAVAL WEAPONS EVALUATION FACILITY
KIRTLAND AIR FORCE BASE, NEW MEXICO

Hardening the Heavy Lift Helicopter
ABSTRACT

The design of the Army heavy 1ift helicopter (HLH)
is assessed to determine the inherent hardness to the
effects of electromagnetic pulse (EMP) resulting from a
nuclear burst. Methods of improving hardness are
addressed. Information contained was developed from
design practices and criteria originally prepared for
the B-1 program. The recommendations should be con-
sidered as a possible means of achieving hardness, and
net an absolute solution to complex requirements. A
balanced, total systems approach which includes harden-
ing can aid the prime mission of the Army heavy 1ift
helicopter (HLH), even when nuclear weapons threats
are not present, because hardening reduces susceptibility
to all undesirable electromagnetic energy.
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SECTION e HARDENING TECHNOLOGY

EFFECTS OF BURST EMP OUTAGES
IN COMMUNICATION SYSTEMS

Dr. H. M. Gates

BRADDOCK, DUNN AND MCDONALD, INC,
ALBUQUERQUE, NEW MEXICO

ABSTRACT

EMP generally has dramatic effects on communicatijons. Short of
permanent damage to the physical systems, EMP can cause devastating
interrupts on the communication channels whether they are cable
systems, RF links, or combinations of cable and radio. Exoatmospheric
EMP, for example, can conceivably blanket CONUS communications with a
wide range of outages. Back of the envelope calculations reveal that
high data rate digital systems will lose not just one or two messages,
but entire files of data with high probability that these data are
extremely critical in light of the fact that a nuclear war is elther
imminent or in process.

System planners often revert to retransmission of the lost critical
data. The penalty for such a philosophy is message delays far in excess
of what can be tolerated,

This paper discusses, surveys, and compares technigues developed
very recently in information coding theory which detects and corrects
digital channel burst errors like EMP. Channel errors in communica-
tion systems can be corrected using a number of rather simple approaches
which result in minimum message delays and date processor overhead.
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INTERACTIVE GRAPHICS AS A TOOL FOR SYSTEM
RESPONSE PREDICTION

by

E. B. Dean and J. L. Franklin
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ABSTRACT: 'This paper will discuss the potential of using system
response prediction codes such as SCEPTRE, NET-2, and CIRCUS IT
under control of interactive graphics for predicting electromagnetic
pulse (EMP) generated system response. A five to ten minute

film or slide show of the computer aided network design by interactive
graphics (CANDIG) system developed at the Naval Ordnance Laboratory
will be shown. CANDIG allows the engineer to perform circuit and
system analysis with a computer simply by drawing his schematic on

a cathode ray tube. With this system the engineer has the computer
under his control without the need for programming knowledge. The
timesaving features, the data management features, and the overall
flexibility of CANDIG will be discussed.

NAVAL ORDNANCE LABORATORY
WHITE Cax, MARYLAND

JUNZ 51973

PUBLIC AFFAIRS OFHCE
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DOUBLE ONE-SIDED TOLERANCE TECHNIQUE FOR
DETERMINATION OF CIRCUIT PROBABILITY OF
FATLURE TO NUCLEAR ENVIRONMENTS =

Vincent K. Jones
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

This paper is concerned with the general problem of determining proba-
bitity-cf-failure versus nuclear-enviromment-magnitude data, with con-
fidence statements, for circuits and components of electronic systems.
The specific problem addressed is that of obtaining the statistical
assessment statements from data derived utilizing small sample destruc-
tive testing technigues. The technique developed incerporates statis-
tical small sample theory as well as one-sided tolerance analysis
methods. It is shown that, after determining the sample mean (x) and
the unbiased sample standard deviation (s) from the threshold data
obtained during the small sampie testing, two one-sided tolerance
bound curves can be constructed. The lower bound probability-of-
failure versus nuclear-environment-magnitude curve is developed from
(E.,P) data pairs where £, = x + K(n,P,v}s and K(n,P,y) is the one-
sided tolerance factor fof sample size n, proportion 100P%, and
confidence coefficient v. The upper bound probability-of-failure
versus nuclear-environment-magnitude curve is developed from (F.,
{1-0}) data pairs where E. = x - K(n,Q,y)s. A derivation is prévided
proving that the two bounding curves provide a confidence band with
confidence ceefficient equal to {2y-1). An example illustrating the
technique is provided for a generalized nuclear environment.

s
e

This work was performed under Contract F04701-70~C~0C137.
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KEY SUPPRESSION DEVICE PARAMETERS
FOR EMP HARDENING

D. L. Durgin and R. M. Brown

BRADDOCK, DUNN AND MCDONALD, INC.
ALBUQUERQUE, NEW MEXICO

ABSTRACT

The electrical transients induced by EMP exhibit unique character-
istics which differ considerably from transients associated with other
phenomena such as lightning, switching, and circuit malfunctions. The
suppression techniques developed to handle more common transients, though
not necessarily the same devices, can be used for EMP damage protection.
The suppression devices used for circuit level EMP protection are refer-
red te as Terminal Protection Devices (TPD). Little detailed data des-
cribing the response of TPD's to EMP related transients have been pub-~
iished, While most vendors publish specifications for TPD performance,
there is iittle standardization of parameters and TPD response models
are not available. This lack of parameter standardization has resul ted
in & proliferation of test data that is sometimes conflicting and often
not directly comparable. This paper derives and/or defines a consistent
set of parameters based on EMP circuit hardening requirements and on
measurable component parameters. Three sets of parameters pertaining to
pertinent TPD functional characteristics were defined as follows:

e Standby Parameters
e Protection Parameters
& Failure Parameters
These parameters are used to evaluate a representative sample of

TPD's and the results are presented in matrix form fo faciltitate the
selection of devices for specific hardening problems.
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TRANSFORMER ISOLATION FOR EMP

Paul Measel
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

The isolation provided by power transformers of a wide range of power
ratings is of significant concern in the evaluation of the EMP impact

on circuits and systems. For purposes of analysis a particular value

of isolation has been assumed. To assess the validity of this assumption
the common mode rejection of several transformers ranging in size from a
small instrument unit to a 10 MVA commercial powsr substation transformer
was tested using both pulse and C. W. technigues. The frequency range
utilized was between 1kH_ and 100 MH_. Transforms and transfer functions
were computed for the pu%se tests. The effectiveness of Faraday shield-
ing was examined and was observed to range between approximately 5 dB and
30dB depending on the particular transformer and frequency. The voltage
rransfer ratio for several transformers was found to be approximately
~-100dB8 at 1kH, rising through several resopances to as little as approxi-
mately -10dB above IMH, in some cases, which is significantly less than
the value generally used, Two-port admittance parameters were estabiished
and compared to common models. Significant deviations from a model were
found in the region of the resonances.

% This work was performed on Contract DACABY-72-C-0002,
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DYNAMIC SURGE ARRESTCOR MODELS
FOR USE IN WEAPON SYSTEMS TRANSIENT STUDIES

Jonny Andersen
University of Washington and Consultant to
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

Gas filled electrical surge arrestors (£SA's) have dynamic performance
capabilities which provide protection against transient overvoltages

in sensitive systems design. There are numerous types of ESA's com-
mercially avaiiable. The Launch Facility of the Minuteman system
centains four different arrestor types. In spite of their physical
differences, their electrical hehavior is fairiy similar. it is,
therefore, possibie to develop a unified modeling strateqy for trans-
lating carefully designed laboratory experiments into egquivalent circuit
models suitable for computer aided analysis. The main objective of the
paper is to present such a sirategy.

Toward this end, the modelting effort is divided into two parts. First,

a low level ESA model is developed (in some cases by computer aided
optimization techniques). This model represents the dynamic behavior

of the ESA in the absence of a breakdown (firing). Then superimposed

on the low level model in a model representing the non-tinear behavior

of the ESA gap during breakdown. The gap is modeled by a non-linear
resistance representing a near infinite resistance (insulation resistance)
to a circuit while unfired and a2 near short circuit (discharge resistance)
when fired. In addition, various dynamic elements representing gap
parasitics are included. Perhaps the most notable characteristic of the
gap model lies in its ability to account for ESA 'wovershoots' occurring
with the arrestor driven by voltage excitation functions in the kile-
volt per nano-second range. This is a crucial parameter of any good

ESA model and of critical importance to a designer who is using the gap
for protecting sensitive components. Extensive laboratory data on the
impulse ratios of the variocus ESA's (the ratio of the firing voltage due
to an applied voltage pulse with a high rate of rise and the d.c. firing
voltage) is used to arrive at a statistical gap model representing the
correct formative time lag before firing.

Finally, modei verification data is presented showing good agreement
between experimental test results and computed results,

A
e

This work was performed on Air force Contract FO4701-72-C-0210,
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SPARK GAP DEVICES FOR ELECTROMAGNETIC PULSE (EMP) PROTECTION

Reger Brown
Potomac Research Inc
Mclean, Virginia

Joseph R. Miletta
Raymond E. Parsons
US Army, Harry Diamond Laboratories
Washington, DC

The advantages and disadvantages of using spark gaps for Electro-
magnetic Pulse (EMP} protection are reviewed and practical appti-
cations are discussed. The results of pulse tests on various spark
gap devices are presented. The tests were conducted to determine
device turn-on times, rate of rise for breakdown device degradation
levels, and quench under dc and ac bias. The frequencies for the
ac bias ranged from 60 and 400 Hertz for normal power applications
to 30 MHertz for communication equipment application. Recommend-
ations are made for standard device manufacturer specifications

for EMP applications.

Q!assification_g
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"New Solid State Techniques for Electromagnetic Pulse Protection”

(Gerhart K. Gauvle' and Paul R. Laplante

USA Electronles Technology & Devices Laboratory, ECOM
Fort Mormouth, New Jersey

Pield-induced, rapid switching of the bulke-impedance has been dis-
covered in severasl near-=insulators in recent years. In 1969, the
author initiated a study of these "bi-conductors”, which formed the
active part of novel solid state "switch" prototypes. The outstanding
tolerance of some of the switches for current surges suggested their
application to protect sensitive components from dangerous electro-
magnetic pulses.

Particular serious problems arise at inputs of communicetions and
surveillsnce systems connected to large antennas or long transmission
linegs. A sharp electromagnetic pulse (AP} of high energy content may
he induced in such a large structure as the result of a nuclear ex-
plosion. The TMP energy must be prevented from reaching the sensitive
parts of the eguipment by means which have no significant effect on
normal opersations. A conventional "transient suppressor”, while
adequate for the protection of the power inputs, is not suitable for
RF signal inputs mainly because of its high "off" state capacitnace,
Co, which would reflect or otherwise distort the signal. Closer
analysis shows that IMP protective devices should be rated according
to the ratio IS/CO, with Iy representing the maximum tolerated surge
current, 'Distributed" devices with high I¢/C, ratios normally func-
tion as part of the distributed capscity of an RF system, causing no
significant perturbation. IMP energy is induced in many parts of an
FF system nesrly simultaneously, sc that the "threshold voltages" of
several of the protective devices are exceeded. The EMP energy is
thus absorbed or deflected at several points and its concentration,
vie echo and other effects, in any part of the system is prevented.
Since several protective devices share the EMP energy, thelr Joule
heating is reduced accordingly. TI% can be further reduced by using
devices with low "on" voltages and thus absorbing most of the EMP
energy in ballast resistors and in the RF structure itself. The
latter also serves as large hest sink.

A distributed protective scheme as outlined here will continue to
operate, and to protect, after the loss of one protective device, pro=
vided the latter has the "fail-safe” characteristic to remain "open”
after having absorbed an oversize surge. The system can thus be opbie
mized to cope with many "average” surges as well as with a few, im-
propable, "worst case” surges.

It is shown that gaseous or semiconductor junction threshold
switching devices do not provide the combination of Teatures necessary
for the MP protection of RF systems. Various metal oxide materials
are promising candidates. Results to date concerning the best of
these materials are discussed.
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CHARACTERISTICS AND APPLICATIONS OF METAL
OXIDE VARISTORS FOR EMP HARDENING®

DANTE M. TASCA AND JOSEPH C. PEDEN
GENERAL ELECTRIC COMPANY. SPACE DIVISICN
VALLEY FORGE. PENNSYLVANIA

JOHN W, BEILFUSS
U:S. ARMY. HARRY DIAMOND LABORATORIES. WASHINGTON., D.C.

This paper describes the significant electrical characteristics and
protection device applications of a new high energy electrical transient
suppression device known as a "Metal Oxide Varistor®. This device offers
a unigue property of highly non-linear resistance (varistor) and larcge
energy-abscrbing capability. The metal oxide varistor, when connected
in an electrical circult, exhikits, over a wide current range, a power
law relationship between the current {iI) flowing through the material
and the voltage (V) across the terminals. This relationship is in the
form: T = (V/C)2, where C and n are constants, reflecting composition
and geometry parameters, and are primarily a bulk property of the
material. The material iteself is bipoclar in that the non-linear re-
sistance characteristic holds for both positive and negative polarity
current. Further, the bulk properties of the material provide an in-
herent high-energy-absorbing capability, because energy dissipation is
evenly distributed throughout.

These properties make this material an extremely attractive candi-
date as a surge suppression device in power systems and as a pretection
device against high~freguency electromagnetic pulse-induced electrical
transients. The high nonlinearity of the metal oxide varistor enables
it to perform in a manner similar to back te back zener diodes in
circult protective functions., Because its electrical characteristics
are a function of bulk material properties, the geometrical design of
the material as a surge protection device is also guite flexible. The
material can, therefore, be made in the form of cylinders, disks, dough-
nuts, squares and so forth, and its desirable electrical characteristics
can still be maintained.

The conduction characteristics of the varistor material are depen-
dent on the current density through the material and the material thick-
ness between conducting electrodes. For a given current density the
voltage clamping level of the device can be linearly increased or de-
creased simply by linearly increasing or decreasing the amount of
varistor material between conducting electrodes. The metal-oxide-varis-
tor material response itself is also suited for fast surges and
electromagnetic pulse protection applications. Turn on or delay times
have not been observed for rapid rise time pulses of amplitudes up to
200 amperes with 0.5 to 1 nanosecond rise times. Excellent agreement
between the experimental data and the idealized material response model
was obtained. A considerable amount of experimental data has been
developed to characterize the material degradation as a function of
high energy electrical pulses for pulse widths from 200 nanoscconds to
150 microseconds. Also, cother material characteristics such as
switching speed, capacitance, temperature stability, etc., have been
defined and will be presented. Hardening applications currently being
studied will alsc be summarized.

*This work was sponsored by the BElectromagnetic Effects Laboratory of
the U. 8. Arvmy, Harry Diamond Labs under Contract No. DAAG39-72-C-0179,
DASA M PR Subtask 71-~302.
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Wilhelm H. Kapp
Josiyn tlectronic Systems
Goleta, California

THEORY OF OPERATION OF SPARK GAPS FOR EMP HARDENING

{lassification: Unclassified

ABSTRACT

Modern gas filled spark gaps provide a valuable tool for EMP
hardening of electrical systems. This paper discusses the
theory of operation of spark gaps, compares their characteris-
tics with those of other surge protection devices and presents
- guidelines for their proper application and installation.
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COMPONENT EVALUATION FOR TERMINAL PROTECTICN

R. L. Williams, Jr.
USA, Harry Diamond Laboratories

A number of commercially available components have been
tested for suitability as terminal protection devices. This
survey included spark gaps, filters, avalanche diodes and var-
ious other semiconductor components. Square pulses of 50ns and
500ns duration and up to 11KV in amplitude, with rise times of
about 2-4ns, were applied to the devices. Response time and
enerpy leakage were recorded for each test. Insertion loss and
approximate failure level were measured for each device. A
comparative evaluation of all devices tested will be given.
Some simple combinations of devices will also be discussed.

CLASSIFICATION:
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Robert J. Minniti, Jr. - Electronics Engineer, Dept. E411
McDonnell Douglas Astronautics Company - East

INVESTIGATION OF SECOND BREAKDOWN IN
SEMICONDUCTOR JUNCTION DEVICES

ABSTRACT

An important effect of the EMP is the inducement of large voltages
across and currents into a junction type device. For sufficientiy high
magnitude (induced} pulses the junction device will be driven info a
second breakdown mode. If this mode is sustained at high power levels
faiture of the junction will occur.

In the past several models have been advanced in an attempt to
describe the second breakdown and failure phenomena. These models have
shortcomings in that they do not describe the phenomena fully or
accurately. This paper presents two models that describe second break-
down as a thermal problem. They are extensions of Wunsch's thermal
model and overcome the shortcomings of prior models. They lead to
mathematical formulations that accurately predict the delay times
befare the onset of second breakdown for various power levels applied
to the device. The power-time relationships are found to have three

1

distinct areas of dependencies. The power is proportional to t ' for

-1/2 far intermediate

very short delay times; it s proporftional to t
delay times and is constant for Jong delay times. The various areas
are found to be related to easily obtained device parameters,

The formulation is obtained in series form and subsequently simpii-
fied. The simplified forms are then used to predict the time delay
before onset of second breakdown for a given power applied to a junction
device. This formulation accounts for geometrical variations between
devices, and is in closed form, thereby, greatly increasing the utility
of the formulation. The B-E junctions of three transistors, each having
different geometries, were tested and found to follow the predicted
values. Also, a theoretical prediction is made and compared to data
obtained elsewhere for a dicde with a 100 volt reverse breakdown

voltage. 279



5~2B~2

SUSCEPTIBILITY OF SEMICONDUCTOR DEVICES TO PULBE POWER DAMAGE

by

Norman S, Cohn
Naval Ordnance Laboratory
White Oak, Silver Spring, Marvliand

ABSTRACT: A wmethod for determining the susceptibility of semiconductor
devices to damage from an electromagnetic pulse {EMP} is describad. The
method can be used as a nondestructive screening test. It is based on
the increase in junction reverse breskdown voltage with temperature

and can be used te £ind the most EMP resistant devices of a given device
type. The junction is pulsed with a constant current pulse of desired
width and of amplitude sufficient to cause Junction heating, but safely
below the burnout level, {which must be independently determined) so as
not o stress the device., The increase in breakdown voltage due to the
remperature rise divided by the room temperature breakdown voltage
(ABV/BV) is determined. Care is taken not to include the so-called
walk-~out phenomenon, space charge effects, etc, in the messurement.

To apply the test, a portion of the device samples must be pulsed at

the threshold burnout level. The experimental results are that those
devices with high and low values of {ABV/BV) are resistant to pulse
power damage, while those with intermediate values are more susceptible
to pulse power damage. 7The range of those (ABV/BV) values associated
with susceptible devices is determined, and devices with higher or

lower values of {ABYV/BV) are accepted. These results can be derived
with the aid ¢f a model which assumes current constrictions to occur in
low resisrivity filaments through the junciion. The assumptions of the
model are approximately valld up to thae very high temperatures which
cause permanent junction damage. While previous investigatorslﬂ have
developed methods to determine the most EMP resistant device types, the
present results provide a test to detevrmine the most EMP resistant
devices within a given device type. Also, in contrast to other test529
short pulse width tests can he run directly, with no need for extrapclation
from longer pulse width data.

1 D, C. Wunsch and R, R, Bell, "Determination of Threshold Failure
Levels of Semiconductor Dicdes and Transistors Due te Voltage Pulses,”
IEEE Trans. Nuc. Sci. 153, 6, pp. 57-69, Dec 1968.

D, M, Tasca, J. C. Peden, and J. Miletta, ”Nondestructlve

Screening Test for Thermal Second Breshdewapr-iBEE-Transy sel. 19,
6, pp. 224-259, Dec 1972. Rr ASED
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INVESTIGATION OF ELECTROMAGNETIC PULSE (EMP) RADILATION EFFECTS ON
ELECTROEXPLOSIVE DEVICES (EED'S)

by

George W. Bechtold
Naval Ordnance Laberatory
White Oak, Silver Spring, Maryland

ABSTRACT: The EMP effects on EED'S have been investigated, The
investigation was performed in two parts: (1) A variety of EED's
were tegted in the EMP field produced by a high level EMP simulator:
(2) data of the physical and electrical characteristics were
coliected along with typical applications of the particular EED's.

The testing was performed at the Electromagnetic Pulse Radiation
Environment Simulator for Ships (EMPRESS) Facility at Solomons,
Maryland. Tor these tests the pulser and simulator cone assembly
were oriented to produce a principal electric field in the vertical
direction. The normal mode cf operation was to fire the pulser

to produce an electric field of = 50 KV/meter and a magnetic field
of 133 amperes/meter at the test location. The EED's were irradiated
in various test configurations to evaluate both their failure
threshoid levels and their most susceptible failure modes. The
results of this testing are discussed in some detail together with
some broad pguidelines for the design of EMP hardened EED's.
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DAMAGE THRESHOLDS OF P-N JUNCTION DEVICES BY A CURRENT PULSE
METHOD

by

Marcella C. Petree
Naval Ordnance Laboratory
White (ak, Silver Spring, Maryland

ABSTRACT: In the most common method of determining damage
thresholds of junction diodes and transistors, a square-topped
voltage pulse of reverse polarity is applied to the p-n junction
of dinterest in series with a limiting resistor. At the damage
threshold the p-n junction goes into second breakdown, and
permanent damage results if the power input is allowed to continue.
The limiting resistor is usually mode comparable to the resistance
of the avalanching diode, so the power applied remains more or
less constant. The constant-power method of pulsing has the
advantage that the onset of second breskdown is indicated by a
sharp drop in diode reverse voltage and a simultaneocus increase
in current, But the process of switching into the diode's
negative registance mode is both very fast and very destructive.
The current increases to the point where far more than threshold
damage is done. Post-damage electrical meagurements can do little
or nothing to establish a thresheld damage probability cure.
Instead, the comstant—power pulsing gives a go-no-go power level,
below which no damage occurs and above which the diode is destroyed.
No use is made of the fact that a continuous range of damage can
be observed, going from subtle subthreshold effects to complete
melting. Better results, in establishing a threshold damage level
with some degree of confidence, can be achieved by pulsing the
p-n junction inte its negative resistance regime with a constant
current source. The diode voltage drops from a high veltage
turn—-on point to a static operating point, and the current is not
allowed to increase. This type of pulsing is less destructive and
permits meaningful post-damage electrical measurement. The threshold
damage level of a transistor type, at a given pulse width, can be
arrived at by plotting percent degradation of gain on probability
paper as a function of pulse power. The percent degradation in
reverse breakdown voltage of a diode can be used as its damage
indicator., At the high avalanche currents needed to produce
damage by submicrosecond pulses, the resistance of the device is
only a few ohms. Then a transmission line pulser with a
characteristic impedance as low as 50 ochms can be used. In practice,
a device is placed in series with the termination resistor of the
transmission line, and pulse of the order of 100 veolts is sent
down the line. The device i rapidiy switched into its low
impedance mode by the excessive voltage during the pulse visetime.
puring the remainder of the pulse, the device causes only a slight
mismatch to the line and yet receives a gonstamt=c
I
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MODELING OF EMP INDUCED RESISTOR DAMAGE
T. H. iLehman, Dr. K. §. Kunz and G. J. Rimbert

BRADDOCK, DUNN AND MCDONALD, INC.
ALBUQUERQUE, NEW MEXICO

ABSTRACY

Low power precision resistors are found in increasing number in
state-of-the-art circuit design. Limited tests have shown that these
devices are susceptible to damage at the pulse power levels associated
with EMP. This work represents an evaluation of the response of these
resistors to short time duration, high energy pulses. [ncreasingly
sophisticated heat flow models for the resistor failure mechanism were
derived and compared against experimentally obtained data.

Five resistor types, namely metal film, carbon film, metal oxide,
carbon composition and wire wound were examined using pulse generators
of the Velonex 350, or BDM SN/SPG-200 type. Data was taken at pulse
widths of 0.1, 1.0, 10 and 100 psec with stepped power levels until
failure occurred. The theoretically derived models all assumed that
resistor degradation is related to melting of the resistive material.
Boundary value solutions to the heat flow equations were found for three
configurations:

(1) An infinite thin cylindrical shell of resistive
material.

{2)  An infinite thin cylindrical shell of resistive
material encasing an infinite cylinder of substrate.

(3)  The same as (2) except that the resistive material is
spiraied.

The more sophisticated of these models are shown to agree quite well

with experimental data. They provide a detailed understanding of the re-
sistor with respect to EMP induced failures.
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MODELING OF FAILURE iN SEMICCONDUCTORS
DUE TO COMPLEX TRANSIENTS

Dante M. Tasca and Joseph C. Peden
General Electric Company, Space Division
Yaliey Forge, Pennsylvania

Joseph Miletta
US Army, Harry Diamond lLaboratories
Washington, DC

The failure levels of many semiconductor devices have been estab-
tished by testing representative samples to high tevel rectangular
pulses. This data has been used to determine the parameters in the
thermal second breakdown {burnout) model for each device type.
These models were then used to predict the failure of components in
circuits subjected to induced EMP transients. This paper examines
the assumptions made in employing a predictive faliure model estab-
lished from rectangular pulse data to the failure of devices to
complex waveshapes and presents the results of a study to deveicp
an analytical methodology for the prediction of semiconductor burn-
out for complex transients from test data obtained from rectangular
pulse failure experiments.

Semiconductor burnout experiments were conducted on diode, trans-
istor, JFET, MOSFET, and microcircuit devices for a variety of
power pulse waveforms including single square pulses, bipoiar
damped sinusoids, as well as for a number of different bias con-
ditions. The pulse width range investigated was from 3 nanoseconds
to 300 microseconds. These experiments formed the data base for
the identification and analytical modeling of the various device
failure modes, and for the correlation between the various wave-
forms.

Preliminary conclusions of the study indicate that the device
failure threshold levels due to various waveforms can, in general,
be modeled and correlated with square wave data by use of the
appropriate model. Certain exceptions and their impact are dis-
cussed in Dr. Kalab's paper.
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ON THE NECESSARY AND SUFFICIENT CONDITIONS (THRESHOLDS) FOR
DAMAGE OF SEMICONDUCTOR JUNCTIONS FROM ELECTRICAL TRANSIENTS

B. Kalab
Harry Diamond Laboratories
Washington, DC 20438

Experiments are discussed which showed that a junction device
(INLTLB) whose condition for reverse failure was considered to con-
form to the presently accepted thermal damage models can exhibit
"threshold' powers for failure differing by almost two orders of
magritude. Random samples of 10 devices from a controlled marnu-
facturing Tot were pulsed In the reverse direction with sguare
pulses of T0usec widht. A single pulse from a high impedance pulse
source could damage the junctions involving a pulse power of oniy
Z2.5W.  Applying full cycle square pulses of i0usec half cycie width,
the first half cycle forward biasing the junction, it was found

that when the power of the forward biasing pulse was about 50-7¢
percent of that required for forward failure, the junction present-
ed & very low impedance to the immediately foliowing reverse bilas-
ing pulse and could dissipate, during this pulse, a power of 165W
without degradation of the reverse breakdown voltage. The magni-
tude of the Y“power for failurs', determined by the conventional
method of step-stressing, was found to be 12.5W {with an error of
approx. 30 percent). The implication of these effects for EMP
vilnerability analyses is briefly discussad.

CLASSTFICATION U
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SYSTEM CONSIDERATIONS FOR EMP HARDENING

G. E. Morgan

Rockwell Intermational Corp.
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Engineering Analysis of Cable Shields
by
B, F. Vance

Stanford Research Institute
Menlo Park, California

ABSTRACT

A review of the current state ©f the art in cable ghield analysis
will bhe presented from an engineering viewpoint. The transfer inmpedance
and transient rvesponges of tubular shields will be used to introduce
cable shielding analysis concepts. Comparisoms of the computed and
measured internal voltage waveforms will be given., This introductory
material will be followed by a discusgsion of leaky ghields, such as
tape-wound and braided-wire shields. The concept of a transfer admit~
tance to account for electric field penciration of the shield will be
introduced, and engineering approximations ito the transfer impedance
and transfer admittance of braided wire shields will be given in terms
of weave paramelers. The variation of the transfer impedance and
admittance with weave parametierz will be described, and the analytical
results will be compared with experimentsl data. Directiomngl effects
assoclated with electric and magnetic field penetration and those
associated with dispersion will also be discussed.
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CONNECTOR LEAKAGE INTO SHIELDED CABLE

by
Setsuo Dairiki

Stanford Research Institute
Menlo Park, California

ABSTRACT

Connector leakage equivalent circuit model, its application to the
design of the measuring equipment, and analysis of the results are dev-
eloped to obtain parameters that describe leakage transfer impedance.
Connector leakage transfer impedances in a fabricated multi-conductor
shielded cable were obtained with a mating connector in which all the
terminals are shorted together and coaxially connected to a 50 ohm input
cable of a wide-band oscilloscope,

An eguivalent circuit model for a Junction of two concentric

coaxial lines coupled by a small aperture forms the basis for a conmnector
leakage model, where equivalent shunt current and series voltage sources
represent connector leakage into a coaxial line from currents flowing on
its exterior surface, Measurement data and interpretation based on the
model indicate that the shunt current source may be ignored., The equival-
ent series voltage source has a component proportional to the derivative
of the current flowing on the exterior of the coaxial line,

Pulse measurements offered a simple and a rapid method of determining

connector leakage impedances. The rise time of the pulse generator was
tailored to assure that the oscilloscope would exhibit the waveform of
differentiated pulses without degradation while using a relatively low
voltage pulse generator, Pulse generator connections to the cable con-
sisted of two clamps straddling the connector joint to be measured.
Pulse measurements on a fabricated cable system show multiple reflections
from many cable branching and terminations. Nevertheless, connector leak-
age impedances are obtained easily from the observed waveforms by visually
applying high pass and low pass filtering analysis to the waveforms.
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Tygusfer Characteristics of Power Service Transformers
by
Robert T. Bly, Jr.

Stanford Research Institute
Menlo Park, California

Abstract

Laboratory tests of the transfer and transient response character-
istics of five typical powerline service transformers and their normal
protective circuitry (e.g., lightning arrestors --— three styles} show
that the transformers can be roughly characterized as bandpass filters
in the 10 kHz to 50 MHz freguency band, with a -6 dB "passband' extending
from ~200 kHz to ~20 MHz. Although the test group included new and used
transformers (made by three different manufacturers) of both 25 and 50
KVA ratings, CW transfer and pulse tpangient data obtained from them are
quite similar, with variations in level that are typically less than Two
to one.

High-level drive tests show that the lightning arresters afford
considerable protection. No damage to {or flashover within} the trans-
Formers has been observed for {primary-side) drive levels as high as
590 KV. The arrestors, which typically flashover {i.e., coperate in
their normal protective mode) at ~40 kV, also serve to limit the peak
secondary output voltage observed (worst case was 25 KV across 100 o).
Removal of the arresters resulted in primary bushing flashover at ~100 kV.
Efforts to simulate service drop EMP pickup by driving from the secondary
side resulted in secondary bushing flashover at drive level of 40 kV.
None of the tests appear to have inflicted any lasting damage to either
transformers or arresters,
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EM P Penetration Through Imperfectly Conducting
Gaskets in Hatches., Part . Quasi-Static Solution

T. H. Shumpert
Applied Research Group
The Dikewood Corporation

Albuquerqgue, New Mexico 87106

Abstract

A guasi-static solution technique is employed to de-
termine the fields which penetrate an imperfectly conducting
gasket surrcunding a circular hatch in a conducting plane,
According to the guasi-static approximations, the dimengsions
of the hatch and gasket are very small compared tc the wave-
length of the incident field., The current induced on the con-
ducting gasket i8 considered as a new equivalent source for
determining the penefrated fields, These penetrated fields
are then used to define an overall shielding effectiveness
parameter. Numerical results are presented for the pene-
trated fields at various positions in the region near the gasket,
and an attempt is made to determine the position or positions
where maximum penetrated fields occur. These guantitieg
are calculated for geveral gasket dimensions and conductivities,
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TRIPLE BRALD CABLE MODEL

By John Palchefsky, Jr.
General Electric Company
Re=entry and Envirommental Systems Division

Multi-layered braid is a popular shielding approach for cables where
FMP protection must be flexible, lightweight, and worxrkable. TFor omne

or twe wavelength cables from one to 100 MHz, the method of braid
termination strongly controls the attenuation of outer shield currents
with respect to common mode currents om the inner core. The shield's
attenuation can be modeled by a coupled set of transmission lines which
are driven by sources at the termination joints. Different resonance
patterns are detectable when the cable is installed in a laboratory test
set and in a system. The model shows the resconance patterns to be a
function of the loads formed at the cable connectors from pins to case.
Further analysis shows that there are limitations to the removal of
core resonances by impedance matching and that resistive terminations
in the laboratory may even desensitize attenuation respomse to faults
in the shield termination. In addition, the currents on the cores of
branched cables exhibit sensitivity to the phases of currents on each

branch.

This paper develops a triple braid cable model for a practical cable

and shows how the model is exercised to relate the cable's laboratory
test performance to its actual system performance. Data from laboratory
and field tests are discussed and related to the model. Application

of the modeling technigue to a branched double braid cable is indicated.
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The Effect of Weld Defects on RFI Shielding Effectiveness
by

Kenneth W, Carlson
U.S. Army Corps cf Engineers
Construction Engineering Research Laboratory

To date many specifications for electromagnetically shielded
facilities have required that weld seams be 100% defect-free although
almost no data is available to support this. Such high levels of
guality control are expensive and time consuming. An investigation was
performed to determine the effect of weld defects on the shielding
effectiveness of ghielded enclosures containing welded seams. More
specifically, the amount of shielding degradation as a function of type
and size of weld defects in Electromagnetic Pulse (EMP) shielded
enclosures was desired for RFI frequencies of 10 KHZ cvo 10 GHZ.

Defects were intentionally implanted in welded ll-gage steel panels.
The panels were then tested in a high quality RFI-sealed shielded
enclosure to ascertain the RFI attenuation characteristics of the defect.

Preliminary results of this investigation have shown that weld
seams need not be 1007 defect-free to afford adequate shielding effective-
ness as is now required. Indeed, many harmiess defects, with respect to
shielding effectiveness, may now be precipitating expensive and time
consuming weld repairs unnecessarily. Corresponding to the possible
relaxation of the present strict weld quality reguirements, this
investigation indicated that there is some defect size level at which
the shielding effectiveness characteristics of the weld seam become

critical. More data is needed to quantitatively define these levels.
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W. A. Robinson
5-3B-6 TRW Systems Group
Redondo Beach, Catifornia

EMP Shielding by a Steel Liner

The EMP protection of many systems is furnished in part by a
shielded enclosure of steel, For the case of shielding against large
cyrrent densities lasting for times of milliseconds, the saturation of
the magnetic properties becomes the dominant influence in the shielding.

Numerical soltutions of the magnetic field penetrating steel have
been obtainad using a one-dimensional nonlinear diffusion eguation.
The Rayleigh and the Froelich-Kennelly relations are used to approxi-
mate the actual magnitization curves of the steels. The results show
the fields inside the shielded region are particulariy sensitive 1o
the late time behavior of the external fields and the peaks in the
internal fields can occur significantly later than the end of the
external siagnal.
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"Transmission of Electromagnetic Waves Through a Pair
of Paralle]l Wire Grids Including the Rectangular Mesh Limit"

by
James R, Wait and David A, Hiil
Institute for Telecommunication Sciences
Office of Telecommunications

U. S. Department of Commerce
Boulder, Colorado 30302

The motivation for the study was to establish the validity of
representing a finitely-conducting wire mesh screen by an equivalent
thin homogeneous sheet. To this end, we formulated the boundary
value problem of two non-intersecting grids (whose wires were mutual~
ly perpendicular) for a plane wave at arbitrary incidence. The
separation between the two grids was allowed to vanish in order to
characterize the wire mesh limit. The coupled set of equations were
solved numerically by matrix inversion and by a perturbation scheme,
The results indicated that the transmitted waves were elliptically
polarized for obligque incidence, but in certain limiting cases the

depolarization vanishes,

Abstract for AFWL Joint Electromagnetic Pulse Technical Meeting,
25-27 September 1973,
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Time-Domain Computer Models of Thin-Wire
Antennas and Scatterers*

J. A. Landt, E. K, Miller, and F. J. Deadrick

Lawrence Livermore Laboratory
Livermore, California

The transient responses of various thin-wire antennas and scatter-
ers have been studied through the numerical solution of a time-dependent
electric field integral eguation. The solution is set up as an initial
value problem and proceeds via time stepping. This is a generally more
efficient approach for determining the transient response of wire
objects than fregquency domain solutions which are Fourier transformed to
cbtain transient characteristics. The time~-domain solutions have been
verified by comparisons with other solutions for structures such as the
linear dipole, circular ring, conical spiral, and V-dipole. In addition
to providing wide-band frequency domain information via Fourier transfor-
mation, the time-domain solutions permit the temporal development of the
currents and charges to be followed, which permits ready demonstration
of reflections from junctions or ends of wires, the effects of loading,
phase dispersion of the current waves as they travel along the structure,
and structure resonances.

The characteristics of several other structures is considered in
addition to those above, with the aim of providing insight into their
EMP response characteristics. Attention is devoted to methods of data
presentation which efficiently ultilize the large amount of information
which the time domain solution yields and to exploiting this data for
problems of practical interest. These studies show, for example, that
a current saturation occurs when a long wire {(in free space) is 11lumi-
nated by a short pulse plane wave. Insight gathered from the time-
domain solution of this problem has lead to a simple method of esti-
mating the maximum current on the wire,

*Work performed under the auspices of the U. S. Atomic Energy Com-
mission. 268
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SOME COMPARATIVE NUMERICAL COMPUTATIONS ON WIRE SCATTERS

Chalmers M. Butler and Donald R. Wilton
Department of EE
University of Mississippi
University, Mississippi 38677

Numerous persons have reported studies of thin wire
antennas and scatterers, and typically, such analyses are
based upon numerical solutions of lntegral equations of either
the Pocklington (E field) or Hallén (magnetic vector - elec-
tric scalar potential) type. Various basis sets have been
used for representatlon of the wire current, the unknown to
be determined in either type 1ntegral equation. The par-
ticular basis set employved in a given case usually is se-
lected to favor one, or a weighted combination, of the
following: Capacity to represent well the unknown current,
amenability to attendant numerical calculatlons, and readlw
ness of convergence to solutions. Presented in this paper
is an lnvesthatlon of the use of the two types of equations
mentioned above in conjunction with several selected hases
to emphasize the efficiency of numerical solutions. Effi-
ciencies of these solution technigues/basis sets are de-
lineated, and the claims of the authors are supported by
volumlnous data showing c¢urrent distributions on stralqht
and L-wire scatterers. Deficiencies are discussed in de-
tail and schemes for overcoming them are presented, Finally,
a very close relationship between Pocklington and Hallén
equations is pointed out and a solution technique embodying
desired features of each if described.
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C-1B-1
ABSTRACT

ATTENUATICH OF EMP/IEMP PULSE EFFECTS
THROUGH LOW-DENSITY MATERIALS WITH
HIGH ELECTRICAL COMDUCTIVITY

5. Schneider, P. H. Duncan, ¥. Burkhard
Nuclear Vulnersbility and Hardening

McDonnell Douglas Astronautics Company

A technique to markedly diminish electromagnetic {(EMP) fields using & low-
density material with high electrical conductivity was developed and tested,

A thin, cylindrical cavity (pillvox) was current pulse injected, and the

s

pulse magnetic field produced is measured by Moebius loops. The pillbox

wes then filled with a low-density aluminum material with an insulator
separating it from the cavity walls. The test was repeated showing a grester
than 40:1 reduction in fields just 2-5/8 inches from the injection line.

The test was repeated with a faster pulse, showing an even larger attenus—
tion factor (100:1) in accord with theory. The test was repested with the
foam in good electrical contact with the cavity walls, and no messurable
megnetic fleld is observed. The observed pulser noise level wsas on the

P
. R 2} . .
order of 10 of the injection level.

The tests [(empty cavity, foam insulated from wall, and feam in electrical
contact with the wail) were repeated using the FX-25 flash x~ray machine
at MDAC. Bubstantially the same reductions were seen in lsboratory current
injection tests. The mechanism underlying the suggested field reduction
technique was verified, and studjes to determine how this technigue could

be utilized in various systems were conducted.

g 2

Inls paper 1s recommended for presentation &s a part of technical area e

(Hardening Technology) and will be slassified Confidential.
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EME AND NAVAL SYSTEMS

N. Taslitt and E. Rathbun

Naval Ordnance Lab
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6-1-2

O A SYSTEM REPRESENTATION FOR

WELL-POSED TDENTIFICATION

An 1npat/outuut repres;ntatloa (the - renresontatlon} for linear,
time-invariant svstems is discussed. The identification of this repra-
sentation is mathematically well-posed in many cases, Thus its determina-
tion is often relatively insensitive to certain experimental wnicertainties,
Quite generally rational error-in-identification bounds can be found.

The 1li- pOdeﬁebS of impulse response identification is demonstrated,
thus enhancing the usefulness of the A-representation as an aitcrndto
model for physical systems which can only be determined by experiment
or from input/output records. Among the practical considerations
investigated are the effect of input and output wncertainties (noise)
in the identification experiment, and the treatment of the case when
only discrete data are available. The problen of finding miniral
rcallzatzonb and the interpretation of tiis method relative to other
metiods are discussed. Finally, the application of this representation
is considered in EMP threat prediction with hard error bounds provided
on the predicted threat. Tor this particular problen the anrlluable
case of the A-representation turmns out to be what is classlaallv nown
as the ramp response representation,
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THE COMPONENT CONNECTION MODEL IN SYSTEMS
IDENTIFICATION, ANALYSIS AND DESIGN

Richard E. Saeks Stanley R, Liberty
Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409
ABSTRACT
This paper presents a recently developed mathematical systems model

which has impact on computer aided design and analysis techniques. This
impact comes about via the computatioral efficiency allowed by the model
structure. The model is structured so connection information is purely
algebraic in the variables of dynamical components. It appears that
this model structure will Tead o new identification techniques which
will be particularly applicable to integrated circuitry. Uses of the

model in fault isolation and trending technigues are also included.
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6-1-4

David 8. Becker
GTE Syivania Communication Systems Division

ABSTRACT: A STRATEGY FOR LARGE EMP MODEL ANALYSIS

In analyzing the effects of EMP on a large physical system, it is
often necessary to model the system in terms of large numbers of elec-
trical network elements. The number of elements reguired may well De
larger than the capacity of any available computer network simulation
program, so that the problem must be divided into smaller parts and

solved in some sequential manner.

The problem is made even more difficult if non-linear elements
are present in the model, if distributed excitations are present on
cables, or if "feedback loops" exist within the circuit diagram. It
may also be a consideration that more than one environment (i.e., set
of driving sources) is to be applied to the model, and it is thus de-

girable fo minimize redundant computaticn where possible.

This paper describes an analysis strategy which GTE Sylvania has
evolved in its EMP studies of very large systems. The strategy pre-
supposes the availability of a set of typical software packages for
transient, frequency domain, transmission line and other network sime
ulation tasks. Rules for efficient division of the network into parti-
tions are given, and a convoluticn technique for integrating non-
linearities into an oversell calculation is described. Alternate
methods for incorperating distributed excitations along cables are
also provided. These principles allow the setting up of a series of
calculations to obtain the desired results with a minimum of compuba~

tion.
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A SIMPLIFIED APPROACH FOR VERIFYING THE EMP
HARDNESS OF EXTENSIVE, HARDENED, GROUND FACILITIES

H., T, Hendrickson, J. C. Lambert, . H. Rockwood,
A. Rudzitis, K. E. Spencer
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

Present day sensitive equipments are susceptible to upset and/or damage

by EMP pulse energy, either conducted to the equipments on interconnecting
hardwire circuitry or by direct induction from the incident fields. Ef-
fective protection of the sensitive equipments can be achieved by shietd-
ing of the equipments and interconnecting circuits, and through use of
isolation devices {e.g., filters and Faraday shielded transformers) to
reduce conducted transients. Large ground based instaliations have been
designed to incorporate these types of EMP protection.

This paper addresses the task of providing an EMP hardness verification
for an extremely large and complex ground based installatien. The basic
approach which is presented utilizes successively increasing detail on
areas of remaining tncertainity; an approach which provides economical,
timely verification of portions of the system that exhibit hardness by
a large margin. The initial analytic effort surveys and ranks all of
the components of the system and screens out for additional study these
which are potentially susceptible to EMP transients {either conducted
or field). 1n order to further reduce the amount of analytic effort,
the paper describes how functicnal sub-systems are grouped so as Lo
take advantage of similarities and redundancies within groups.

EMP flow-paths within each group are then identified for theoretical
analysis. At each step of the hardness verification, conservative judg-
ments and error bands introduced so as to minimize the overall effort.
If under, such conservative analysis hardness verification cannot be
achieved, the analysis is reiterated using more detailed and less con=
servative methods. [t is shown how the analytic results lead to test
recommendations and how the test results may be folded back into the
hardness verification process.

LA
~

This work was supported by the U. S. Army Corps of Engineers,
Hunisville Division, Huntsviile, Alabama, Contract DACAB7-72~-C-0002.
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6-1-6
Serge Stepanoff

Data Systems Division
Litton Systems, Inc.

ABSTRACT

TACFIRE System EMP Analysis

The methodology of the BMP survivability - vulnerability analysis of

the TACFIRE System is presented.

he TACFIRE System consists of data processing hardware, software,
and associated data entry, display, and control devices that are
hecessary to automate the Field Artillery functions selected by the

ATy

The system physically consists of man-transportable equipments in
envirommental aluminum "transit cases'™, and associated cabling

and power sources. It is capable of being configured in a variety
of ways, including being mounted in a shelter, or in the open as in

a tent or a cave.

The analysis attempts to take into account the various unique EMP
related problems posed by this highly mobile tactical data brocessing

Systen.

An overview of the analytical and computer techniques used to pre-

dict the following is givens

1. FPenetration of the eguipment cases by EMP eneray and sube-
sequent induction onto internal wiring.

2. Induction of transients onto system cabling.

3. Effects of the EMP induced transients on circuits.

4. Special problem areas, i.e., antennas and eguipnent case

apertures are treated.

The result of the analysis is a system vialnerability assessment and

recommendations for EMP hardening.
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MODELING THE EMP EXCITATION
0F A COMPLEX POWER SYSTEM*

Dennis R. Bernotski
Boeing Aerospace Co., P.0. Box 3839
Seattle, Washington 98124

Transmission iine theory is applied to the problem of modeling the EMP
excitation of the Power System of a Minuteman Launch Facility. The use
of Thevenin equivalent circuits for the overhead powerlines for both com=-
mon and differential mode with plane wave excitation is presented. Com-
puter comparisons between the excitation of common and differential mode
voltages are shown for various angles of incidence and for both vertical
and horizontal polarization.

The method used for modeling the load impedances at the main power dis-
tribution panel is presented along with impedance measurements from typ-
ical iaunch facilities. The overall gquality of the model of the power
system for a Wing T Launch Facility dis verified by using measured data
taken at the site with the Horizontal RIS Antenna,

* This work was supported by the Space and Military Systems Organization,
Norton Air Force Base, San Bernadino, CA. Contract FO4701-72-C-0210.
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THE DIRECT DETERMINATION OF C°’ NODE VULNERABILITY

Guillermo B. Lamers
Alfred G. Brandstein
David A. Finley
BEgon Marx
John C. Ingram
Thomas A. Tumolillo

A new and more valid definition of vulnerability for
¢?® systems is derived and displaved. Traditional EMP
testing procedures only allow the computation of this
guantity by indirect, ill defined and rather complex
algorithms. As a result, HDL has designed and construc-
ted an instrument to directly measure the mecessary
parameters for the determination of vulnerability. The
theory and construction of this instrument, the communi-
cation Monitor and Control System (CMCS), will be described.
In addition, the interrelation between the CMCS'
CONNSEPT simulators will be exhibited.

CLASSIFICATION: Unclagsified
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YIN FORMATICY AS A VULNERABILITY
ASSESSMENT/PREDICTICHN TOOL IN C*® - SYSTEMS:
THE PREMPT DATA BANK (PDB)

Guillermo B. Lamers
Alfred G. Brandstein
Thomas A. Tumoiillo

David A. Finley

This paper describes a hierarchical set of multi-
level EMP Data Banks, designed and implemented by
HDL to provide instantaneous, low overhead, arbitrarily
complex, and arbitrary order cross-correiations between
observed vulnerabilities and stored electromagnetic and
functional response data. The architecture of the system
is set up as to allow for dynamic restructuring of data
sets by means of total interaction with application soft-
ware, CONNSEPT simulation, and specially designed hard-
ware monitoring systems (CMCS).

Due to general purpose algorithms, the PDB is a
uszeful tool for the definition of minimum essential
factor spaces for CP-node vulnerability surfaces. The
PDB will be discussed, and sample results will be dis-

playved.

CLASSIFICATION (1)
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C® NODE/NETWORK SIMULATION IN AN EMP ENVIRONMENT

Guillermo B. Lamers
Alfred G. Brandstein
John C. Ingram
Egon Marx
USA Harry Diamond Laboratories
Washington, D.C. 20438

This paper is concerned with the predictions on
AUTOVON NODE/NETWORK performance, as derived from gen-
eral purpose stochastic simulation models. The perti~
nent cemputer codes were developed, validated, and
exercised by the U.S. Army Harry Diamond Laboratories.
The computer codes are capable of simulating the ‘true-
to~life' functioning of the network and the individual
nodes, to arbitrary level of detail, both under normally
operating, as well as under the most general stressed
conditions. The network stresses which are accounted for
in the models fall into two broad classes: (a) indepen—
dent performance degradation, which may range from selec-
tive functional misbehavior to catastrophic failure, for
any {or all) nodes, functional and/or hardware components
of nodes, or node complexes, within the network. (b)
Sudden, localized, and/or distributed surges in the
traffic level with arbitrary priority profile.

The codes allow for detailed tracing of individual
calls through the normally functioning or stressed net-
work, as well as for the calculations of detailed traffic
statistics at any or all sets of functional and/or hard-
ware component within the system. In view of their
generality, the codes are also useful for hardware/soft-
ware optimization studies. Results of sample runs will
be displaved and discussed.

CLASSIFICATION (11)
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6-1-11

FACILITY RESPONSE PREDICTION CODE

William W, Cooley
Boeing Aerospace Co., P. 0. Box 39399
Seattle, Washington 98124

The Facility Response Prediction Code, FRESCO, is being developed
for the analysis of EMP interaction with and coupling into large
electronic systems. The work is sponscred by DNA for the joint
DNA/DCA Program for EMP Testing (PREMPT). The code is an extension
and generalization of that developed and used on the Minuteman in-
place program. The code, FRESCO, is modular, expandsble and user
oriented; code modules for Environment, Penetration Coupling Paths,
Critical Components, and Functional Response can be run either
singly or together for system analysis.

Many other computer procedures have been developed for portions of

the EMP system analysis task. These codes usually have shortcomings
either in the size of network, system, or circuit analyzed or in the
level of detail available in the solutions. FRESCO contains nested
and linked job steps, or code modules, so that the calcuiated cutput
of one module can provide both data and proaram control to succeeding
programs. This type of linked coding has evolved at Boeing to the
present code. Elements of the code are an Executive code, the Auto-
mated Assessment System {AAS); Numerical Analysis procedures, freguency
domain transfer functions (TRAFFIC): time domain {(CIRCUS); and Fourier
Transform;~(FFT); and a Supporting Library of subroutines for special
purpose calcuiation. Specific systems arve analyzed by means of model
iibraries that contain the physical and geometric descriptions.

This paper provides the detailed discussion of the code organization

and iibrary contents.

Supported by Defense Nuclear Agency, Contract DNA-001-72-C-0236.
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ELECTRICAL MODELING OF EMP
INTERACTION WITH AUTOVON
SWITCHING CENTERS

Arnold Rudzitis
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

Analytical procedures have been developed to analyze EMP interaction
with communication facilities. The predicted coupling to cabling and
exposed wires are direct application of antenna and transmission |ine
theories. The resulting anaiyses® are combined into a computer code
FRESCO which has been used to calculate the EMP response of the Polk
City AUTOVON Switch.

Based on an electrical analog for EMP coupling into facility cables,
code is developed for the penetration paths from the penetrations to
circuit components within equipment racks. The patrameters of the
analog include cable orientation with respect to major sources, cable
interconnections, shielding, eguivalent transmission line impedances,
and terminating loads. The core wires contained within the cables,
are analyzed by means of the Boeing developed TRAFFIC program which
is capable of solving large linear networis.

Parallel to the analytical effort, an experimental program using the
trapsportable EMP Simulator (TEMPS) is supported by DNA/DCA to deter-

mine AUTOVON hardness. The results obtained from TEMPS measureaments
compare favorably to analytical results.

supported by Defense Nuclear Agency, Contract DNA-GO1-72-C-0236.
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FUNCTIONAL RESPONSE PREDICTION®

Derek W. Mahaffey
Boeing Aerospace Lo., P. 0. Box 32939
Seattle, Washington 98124

A functional analysis, coupled with the predicted electrical
response of the Polk City, Florida, AUTOVON Switch, has been used
to determine the functional response of the system. Parameters,
which describe the performance of the system have been identified
and caiculated.

A functicnal analysis was made to identify compopents which are
eritical to switch operation. Margins-of-safety to damage and
upset of representative samples of these components were calculated
using computer code with component electrical threshold values for
damage and upset entered as parameters. Those components which

had small or negative margins-of-safety were further analyzed to
sredict an average probability of upset or damage. The types of
service provided by the switch were analyzed and the functional
response to damage or upset was determined for ecach type of service,
The response of the facility can be described in terms of the pro-
bability and duration of the occurrence of specific types of mal-~
function.

The paper contains a description of the procedures which were used
to cajculate the probabilities of damage and upset and also dis-
cusses the Polk City AUTCVON functional analysis and the method of
cajculation of the response parametars.

(o
FXy

This work was sponsored by Defense Nuclear Agency, Contract
DNADCI-72-C-0236.
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RES I TEST OF A MINUTEMAN LAUNCH FACILITY®

Dale R. Reed
Boeing Aercspace Co., P.0. Dox 399

Seattle, Washington 98124

This paper describes the RES I test at Wing IV, LF E~09 conducted bo-
tween 28 August and 21 September 1972. The helicoprer borne vertical

and horizontal polarized simulators illuminated the site From two ranges,
three elevation angles and eleven azimurhs. The resulting signals were
measured on the power lines leading inte the site, on test poinfs inside
the buried Launch Support Building and on penelrations and critical cir-
cults inside the Launcher.

The assessment of the Minuteman WS133-AM Launch Facilities is dependent
upen a knowledge of the azimuthal, and elevation angle dependence of the
Ssystem response as well as the varlatioms in this response that result
from different polarizations in the incident EMP. Assessment is also
dependent upon the development of a model of the Launch Facility that is
capable of producing the measured responses so that system responsas in

hostile environments not amenable to test simularion can he predicted.

The vpﬁcfnfc objectives of the test were:

a. To determine the divectional and polarization dependence of the res-
ponse of the Launch Facility, excluding any contributions produced
by power line pickup.

b. To determine the directional and polarization dependence of the res-
ponse of the power line pickup.

¢. To determine the relative level of the power line coupling into the
Launch Facilicy.

d. To determine the relartive

o)

during the Terminal Count Down {(TCHY mode when t
and the upper umbilical is still connected.
€. Tc obtain data to verify the ~09 power line models and the powe

network coupling to other penetrations in the LSE.

evel cof the launcher closure De;etrution
i

The paper will present the rationale behind the selection of the speci-
fic test points, the azimuthal and elevation angles, and the ranges.

Typical reference and down hole signals will be shown with comments on
repeatibility and frequency content.

* This work was supported by the Space and Military Systems Organization,

Norton Adir Force Base, San Zernadino, CA. Contracr FO4701-70-0-0016.
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EMP HARDNESS QUALTITY ASSURANCE TESTS

A. Hamway, D. D. Abbott, E. D, Knowles
Boeing Aerospace Co., P. 0. Box 3935
Seattle, Washington 98124

This paper discusses technigues that can be employed to assure that EMP
hardness, designed into weapen system elements, is maintained through
hardware fabrication, assembly, acceptance test, and instailation in a
typical manufacturing and field installation cycle. Included in the
discussion are evaluation tests, gualification tests, cuality assurance
acceptance tests, and system installation tests.

Fvaluation tests are conducted to determine the most eccnomical means of
sglving the technical problem--essentialiy value engineering, These
tests for some items may include extensive pulse and insertion 10ss

O tests
while cthers would involve only simple insertion loss measurement

g
5
3.
Qualification tests demonstrate that the productiocn article meets all the
requirements of the eguipment specification. The tests, in generai,
require direct signal injection for determination of insertion loss and
assurance of no circuit impact or dawmage. Injected signals can be high
or low voltage damped sinusoids, double exponential puises, or (W, in
ranges from 10 Hz to 100 Mrz.

Quality assurance tests may be performed on a sampling basis to provide
cornfidence that hardness reguirements are not compromised in the course
of manufacture of the production articles and are usually Timited to
Tow-volitage direct-drive pulses and CW insertion loss tests, principally
to provide assurance of hardness similarity between identical units.
System tests provide assurance that essential WP hardnaess feaiures of
the installed system are not compromizsed as a resull of workmanship
during installation. Signals are injected into seiected drive noints
and resuiting signals at selected receive points are measured to verify
that insertion losses provided by system filters and cable routing ave
satisfactory. Signals are less than 500v RMS CW in the range 10 kHz to
50 MHz, and usually are limited to 5 - 10 frequencies injected
sequentially.

LED]
i
o
L)

This work was performed under Minuteman Contract FO4701-72-C-210D.
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William €. Hart

Mission Research Corporation

THE HISTORY AND STATUS OF EMP DOCUMENTATION

AS RELATED TO SYSTEMS WORK

The history of EMP deccumentation is traced to early test reports
by Haas, Malik, Wimentz and others. Later theoretical work of about 1958-
1962 1s summarized including Russian (Kompaneets), British (Popham,Taylor,
et al), French (DeLloue), and United States (Bethe, Longmire, Karzas, Latter,
Suydam and others). The first organized attempt to document EMP research
is described -- the 1964 summer working groups at SRI and GE TEMPO, The
results of documentation efforts in the late 1960's are reviewed. These
inciude the first edition of the DNA EMP Handbook: the beginning of the
AFWL EMP note series; the conception and development of the EMP course;
the EMP computer code survey; the SRI data tapes:; early attempts at IMP
movies; the LEMP 1 library; the AFWL tech file; symposium proceedings, etc.
The effect of the past work in EMP documentation on systems
interaction work is discussed and the current status of EMP documentation
and information sources is outlined incliuding: the note series; EMP handbooks
(the In Flight handbook, Environment Handbook, IEMP Handbook, SGEMP Hand-
bock]); movies; the EMP course and seminars; the open literature:; and
systems technology rveports. Future needs are reviewed and recommendations

made for improvement of systems EMP documentation programs.
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CONTINUOUS MONITORING OF EMP SENSITIVITY OF SYSTEMS
by

Breonius Cikotas
Air Force Weapons Laboratory

This paper deals with the need for hardness assurance in EMP
hardening of systems. Discusses some proceedures which can be used
to implement EMP hardness assurance. Describes a Shielding Integrity
Monitoring System and 1ts application for continuous monitoring of the
EMP hardening level of a system. The Shielding Integrity Monitoring
System conslets of a transmitter which drives a shielded system
externally and intermnal receivers which monitor the transmitted signal

levels and provide an indication of EMP sensitivity of the system,
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G--2-2
B-1 EMP EVALUATICN MODEL
J. V. Locasso, J. S. Matyuch, B. J. Stanly
Rockwell International Corp.

To assure that EMP hardness of the B-1 Adircraft is achieved,
it was essential to begin an evaluation early in the system develop-
ment. This will greatly aid in identifying what data is nissing,
where the data is uncertain, and what work needs to be done in the
future.

Skin current responses, point—of-entry transfer functions and
cable responses for the B-1 have, in many cases (references included),
been predicted individually. A combinative model which can tie the
pieces together and synthesize an overall prediction was required.

Esixting modeling technigues were unacceptable for a number of
reasons. Existing techniques required a very large amount of data
processing time and the associated expense. They are not amenable to
large numbers of runs required to incorporate design changes,
parameter changes, new and superior data, or parametric investigations.

The selected model approach utilizes a transfer function approach
to EMP analysis. A system model can be envisicned as a large
collection of transfer functions and a topology involving serial
and parallel paths that connect them together. Thls paper will
describe the details of this approach.

This work was performed under contract F28601-72-C-0037 for

the Air Force Weapons Laboratory.
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ELECTROMAGNETIC SYSTEMS MODELING

A. Sankaranarayanan
{Arun Sankar)
TR Systems
Redondo Beach, California

Maxwell's equations describing electromagnetic systems are linear.
This enables one to construct a model of an eleciromagnetic system having
certain properties at a given wave length, which will have the same
properties at another wave length provided all Tinear dimensions are

1)

conditions which an electromagnetic system model should satisfy either

scaled appropriately. In his classic paper ’, Sinclair had derived

to be a practical absolute model (quantitative) or to be a practical
geometrical model (qualitative). He arrived at these results by making
use of fundamental units, Maxwell's equations and some physical facts.

This paper shows that SincTair's results can simply be obtained by
reatizing the relativistic covariance of Maxwell's equations which
manifests the facts that (1) space and time are on the same footing and
occur as a four-vector Xu’ (2) and electric and magnetic fields are
parts of the single six component antisymmetric field strength tensor
va. The theoretical and physical limitations of simulating systems by
scale modeling are considered. A brief analysis of why measurements of
some quantities (e.g. radiation pattern) are more reliable than the
measurements of some other quantities [e.g. impedance] for the above
models is given. Finally, the influences of non-linearities of systems
on the simulation models and measurements are considered.

The effects of using scale models for analyzing systems for electro-
magnetic pulse vﬁ]nerability, survivability and hardening are considered
and the relative advantages and disadvantages of this type of approach are
also discussed. The scale model approach becomes very necessary for EMP
studies of large systems such as very low frequency transmitter/veceiver
stations which may spread out over 1,000 square miles. The scale modet
approach can also be used to simulate electromagnetic pulse, say due to
a high altitude burst, with high frequencies, arbitrary polarization and
angles of arrival; information such as these has been useful in determine
ing worst case conditions and in validating analyses.

V6. Sinclair, Proc. I.R.E. 36, 1364 (1948)
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by Chris Ashley, AFWL.

Unclassified.

Abstract

Effects of Prior Knowledge on Bavesian Implications of Experimental Data

EMP System Design and Assessment Notes 2, 3, 12, and 14
discuss calculation of confidence in system reliability from
experimental data. Those notes all assumed that information
concerning what fraction of the population was "good” was
available from no other socurce thanp sampiing a subset of the
population., Formulas were derived for confidence that the
fraction was within a specified interval given the size of the
sampie subset, the fraction of the subset which was found to
be "good", and minimal information about the structure of the
population and how the sample subset was selected from the
pepulation.

However, sometimes information about population reliability
may be available from sources other than just this kind of data.
Such additional information can be combined with the information
from experiment to yield improved calculations of confidence in
system reliability. The purpose of this paper is 10 present a
way of doing this. Specific examples are worked out to illustrate
the consequences for interpretation of test results. As one of
the exampies, numerical results are presented showing how prior
knowledge affects the amount of uniformly successful testing
required in order to attain a given confidence in a given
reliability.
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The Sandia Laboratories/AFWL In-Flight EMP Handbook
J. A. Cooper
Sandia Laboratories

Abstract

Sandia Laboratories has recently published, with AFWL
support, an in-flight EMP Handbook. The handbook provides
analytic data on various electromagnetic pulse effectg
(mostly in parametric and normalized form}, hardening and
clrcumvention information, and material on instrumentation

and test technigues.

¥or analysis, EMP response can generally be broken down
into four basic factors, and each provides a topic for a
chapter in the bock. These are: 1)} the raesponse of a
missile or aircraft as an antenna or scattering structure,
which results in exciting currents flowing on the metal skin;
2} the antenna response of holes, cracks, cables and con-
nectors mounted on the aircraft or missile, which allows
energy to penetrate to the vehicle interior; 3) coupling of
signals within cables and packages, which allows energy to
be transmitted to sensitive electronic circuits: and 4} the
response of the electronics to these signals, which may

result in electronic "upset" or component damage.

In this paper, the content of the EMP Handbook is
described, and an example problem is pursuad in order to

illustrate the utility of the information.



6-2-6
TECHNIQUE FOR DERIVING EMP SPECIFICATIONS
FOR AERCNAUTICAL SYSTEMS

Byron P. Gage
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124
and
J. J. Schwarz
Braddock, Punn & McDomnald, Inc,
First National Bank Bldg East
Suite 1707, 5301 Central Ave. N.E.
Albugquerque, New Mexico 87108

The design of EMP hardened weapons systems requires eatablishing EMP
performance specifications. The specifications apportion the system
hardness to individual hardening levels (e.g., shields, filters, limiters,
etc.). An obvious trade exists between the degree of protection versus
functional parameters such as cost, weight, reliability, etc. Even when
this takeoff is made and the target hardness level is established, the
ind{ividual specifications can be selected to achieve a functionally
optimized hardened design. This paper presents an approach to obtaining
an optimum set of EMP hardening specifications for a given aeronautical
weapons system,

Two types of specifications are treated. The first for uncontrolled
parameters. These are paramelters whose values are fixed by weapons
system design for which it is not feasible to Impose controls in order
to assure EMP hardness. The most important of these parameters is the
coupling to exposed cabies. These parameters are estimated experimen-
tally and statistical techniques are used to develop a specification
with a given confidence level.

The second type of specification applies to parameters that camn be
readily controlled to achieve a given EMP hardness level. These include
the protection characteristics of shields, filters and limiters, and
circult failure thresholds., ¥For a given set of functiomal requirements,
these controlled parameters can be traded to optimize a functional
requirement {e.g., cost, weight, etc.}. An example is provided to show
the application of the methodology to a simplified weapon system.

This work was supported by the Air Force Weapons Laboratory, Kirtland
AFB, Albuguerque, New Merico, Contract F29601-72~C-0028.
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DEVELOPMENT OF AN EMP SPECIFICATION
FOR AERONAUTICAL WEAPON SYSTEMS

R. F. Brandon, W. E. Hutchinson, S. W. Kormanyos
Boeing Aerospace Co., P. 0. Box 3999
Seattle, Washington 98124

Specifications for all new weapen systems require that the system con-
tinue to satisfy mission completion reguirements after exposure to a
specified nuclear electromagnetic pulse. This paper presents a concept
for the development of cost effective protection design specifications
for the electrical/electronic (E/E) equipment used in the weapon system.
The preliminary results of applying this concept to the specification
development of a representative aeronautical weapon system are inciuded.

A two-tier approach is utilized to achieve the following: a) characterize
the interior EMP environment incident on E/E eguipment, b} assess the EMP
susceptibility of E/L equipment, ¢) define the EMP protection designs
requived to reduce the incident environment to levels equal to or less
than the susceptibility Jevels, and d) verify by analyses and tests that
the designed protection has been achieved.

The first tier effort, resuliing in preliminary EMP E/E ecuipment design
specifications, is conducted before detaiied desiogns are available in
order to establish a baseiine for the program organizations to use as a
common design geal. These preliminary specifications result basically
from & {rade-off of two parameters: a) preliminary estimates of time
histories of the EMP-induced voltage, current and power levels at the
E/E eouipment terminals; and b} preliminary estimates, based on the
design data in hand at the time, of the failure thresholds of the criti-
cal components (transistors, diodes, integrated circuits) within the

E/E equipment. The vesultent preiiminary specifications were those
tevels just below that which would severely impact E/E equipment designs
and s1i11 be achievable with fuselage and/or cable shield designs.

The second tier effort as the design matures, includes detaiied EWP
coupling analyses and full scale model tests in an EMP simulator to:

a) verify that the specified levels at the E/E equipment terminals will
not be exceeded; b) identify the need for, and recommend specific addi-
tional shielding to the fuselage and/or cables to Vimit the EMP-induced
transients to a level below the specified values; and ¢) verify the EMP
environment determined by analysis.
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This work was nerformed under Contract F33
in
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TACAMO ELECTROMAGNETIC PULSE (EMP) PROGRAM
by

David C. Koury
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ARSTRACT: The TACAMG aircraft is a C-130 outfitted to provide a very
low freguency (VLF) communication link between land-based and
sea~basad communication systems, The aivcraft employs long trailing
wires to perform this functlon in addition to solid-state message
processing equipment., The TACAMO EMP program has been established

ro evaluate mission performance in an EMP environment, to harden

the system as required, and to verify the hardness,

Flight tests using the Naval Ordnance Laboratory's Electromagnetic
Pulse Radiarion Environment Simulator for Ships {(NOL's EMPRESS)
Facllity and the Alr Force Weapons Laboratory’'s (AFWL) helicopter-
supported horizontal Radiating Electromagnetic Pulse Simulator (RES)
have been completed and the program thus far has progressed to the
analysis of this data. The TACAMO aircraft was alsc tested briefly
in the AFWL Vertical Polarized Dipole (VPD) Facility.

This paper presents the methods and results for these low level
coupling tests.

CLASSIFICATION: ‘inclassified
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ELECTROMAGNETIC PULSE (EMP) DATA MANAGEMENT

by

E. J. Nicosia
Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland

ABSTRACT: The importance of efficient and accurate dara management
in EMP testing will be discussed. Data management includes the
verification, reduction, and processing of all data taken during
the testing program including both free field inputs as well as
system configuration and response. Specific applications to the
TACAMO aircraft test will bhe discussed. Computer codes have baen
developed to assist in the data management function and these will
be presented. The application of these codes to the different
simulators used in this program will be shown.
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Mitchell A, Skinner
Alr Force Weapons Laboratory

An Organized, Six Step Approach to System
EMP Vulnerability Assessment

To ensure an organized approach the EMP vulnera-
bility assessment of a deployed system, a method of
six steps has been developed that yields a gquantitative
assessment of the deploved force survivability,

The six steps used in this assessment approach
are:

Identification of system critical equipment,

2. Tdentification of mission critical circults
in each critical equipment,

3. (Construction of an Assessment Matrix to
identify available data,

4. Extrapolation of sub-threat level test data
to threat-level,

5. Calculation of individual, system probability
of survival curves, and

6. Determination of force survivability from
individual system survivabilities.

The details of these six steps with an application
to a strategic missile system are explained in this
report.
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M.A. Skinner
AT Weapons Laboratory

Determination of System Probability of Failure
from Subsystem Prcbabilities of Failure

This note presents a method for determining a system probability
of failure when the probabilities of failure of individual subsystems
are known. The note shows how to obtain upper and lower bounds on
the system probability of failure when the means by which subsvstem
failures combine fo produce & system failure are not known. The note
also develops a "nominal" probability of failure for the case where

the individual subsystems operate independently to preduce a system
failure.
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PRODUCTION HARDNESS ASSURANCE IN MINUTEMAN

by

Captain Gerald L. Fjetland
Space and Missile Systems Organization

The procedures and techniques for controlling the ﬁardness
features of weapons system improvements through the manufacturing,
assembly, and installation phases of development are presented. The hard-
ness assuvance program is based upen the utilization of existing controls
to prevent degradation of hardness wherever possible. Through a system-
atic review of details of equipment design and production techniques,
the relative importance of a particular feature to hardness is deter-
mined and the effectiveness of existing production controls is evaluated.
Where existing quality control and other manufacturing controls are found
to be inadequate, they are either modified or new procedures are developed.
The new and modified procedures considered include training, process

controls, parts screening, tests and measurements.
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AESTRACT
AUTOPILOT EMP SUSCEPTIBILITY EVALUATIOR

T. C. Luan
Nuclear Vulnerability and Hardening
Mebonnell Dougleas Astronautics Company

MDAC is nesring the completion of a major nuclear vulnerability and
hardening program which has been underway Tor the last four years. One
phase of this program has involved an investigation of the Spartan auto-
pilot's susceptibility to EMP effects. This paper willl present test and
analysis techniques and simulation hardware which were used to 855888

the susceptibility of subsystem blackboxes. While the work was performed
for a specific EMP waveform and blackbox subsystem, the basic hardware
end techniques can be used in determining blackbox susceptibility to
general transient currents (e.g., EMP, REMP, IEMP). Testing of the suto-
pilot demonstrated the inadeguacy of present circuit analysis technigues,
in the ares of EMP response, which addresses interface circuits only.
Standard techniques do not employ high freguency models of components,
ner do they consider the fact the energy may be delivered to buried
compenents by electromagnetic coupling rather than conduction. The test
results show that buried circuits can be more susceptible than interface
circuits. As & result, an alternate method for analyzing burnout suscepti-

bility will be given. Topics to be covered include the following:

1. The role of analysis in a susceptibility test program.

investigative testing to supplement feilure level testing.

[&W]

(@8]

Selection of critical components and circuits for evaluation.

=

Development of cable to component coupling models for high
frequencies.

5. High level transient generation equipment and techniques for
upset and burnout testing on active units.

G. Confidence levels in susceptitility test results.

Ihis paper should be included in technical area d (Testing Technigques),

and will be unclassified.
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Hardening the System

D. J. Adams
Martin Marietta Aerospace
Orlando, Florida 32805

The primary EMP effort at the system level is to determine what the
worst-case forcing functions look like at the subsystem interfaces. These
are the inputs to the designers who must provide adequate protection, com-
patible with the functional requirements of the systen.

Two classical examples cover most of the practical cases of transverse
field induced forcing functions: coupling through long cables, and coupling
of the carrier body inducing a forcing function in the internal circuitry.
Tdealized forcing functions (e.g., EFF) and practical testing forcing
functions diverge in theilr time history, wut the overall effort satisfies
the requirements, and usually provides an excellent verification of system
hardness.

The overall engineering concept of the cable/circuit reaction to the
outside environment is defined and the most relevant features brought to the
attention of designers so as to limit rheir hardening efferts te realistic
requirements. The impact of such concephts upon testing plans and procedures
is discussed for long and short cable runs suspended above, layed on and
buried in the ground. Parallel considerations are discussed for aircraft,
migsiles, and terrestrial carriers responses. Testing approaches are pre-
sented which determine the rescnances of the carrier. The actual testing
of subsystems with injection devices is described and the recommended
instrumentation detailed.

Unclassified data is presented to show present achievements of our

laboratories.
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MODELING OF THE GRC-106 RECEIVER FOR EMP ANALYSIS®
by:

E.W. Weber and P.P. Toulios
1IT Research Institute
10 West 35th Street
Chicago, Illincis 60616

The RF amplifier and first mizxer of the GRC-~106
recelver were modeled for the purpose of a computer sim=
ulation of the behavior of this receiver when subjected
to antemna coupled EMP. The antenna was modeled using
a lumped parameter network (LPN) model.

Two major difficulties arose in the computer
simulation of the receiver. These are: obtaining ade-
guate information to model the receiver circuits, and
the long rumming times on SCEPTRE for the simulation. In
the first case, the information provided in Technical
Manuals is inadeguate to accurately model the circuit,
since such information as self and mutual inductances,
inductor Q's, filter circuits, and crystal parameters
are frequently missing. The long running times on SCEPTRE
are the result of the program following the ringing fre-
quencies in the tuned circuits. For an RF stage tuned
to 30 MHz, this may require SCEPTRE to follow a hundred
or mere cycles of the 30 MHz ringing in order to obtain
the envelope of the transient response.

The results of the computer simulation are compared
to the wave shapes measured in the receiver when the
antenna/receiver system was exposed to the fields of the
LiT Research Institute Crystal lake Simulator and the
Harry Diamond Laboratories Woodbridge FMP Simulator.

*This work is supported by Harryv Diamond
Laboratories (Lab. 1000), Woodbridge, Virginia,
under Contract DAAG39-72-C-0192.
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C-1A-1
EMP Response of UHF Phased Array Antenna to
Field Strengths < 1 kV/M

BY U. Cocca, R.C. Fries, and L.C., Humphrey
General Electric Company, Syracuse, New York
The following outline is for vour review and considera-
tion for presentation at the Joint EMP Technical Meeting
25-27 September 1873, This outline should not be released
for public use until approval is received from General

Electric Company.

OUTLINE:

I. Simulation of EMPat laboratory test facility

1. Input source characteristics
2. Spectral conteat of source
5. IExtraneous signals induced in measurement cables
4. Antenna corientation effects
5. Spectrum analysis of EMP field
iI. Results of UHF phased array antenna exposed te simulated
EMP.
1. Time and frequency domain analysis and test programs
Z. Response data on radar control electronics
5. IMP assessment of UHF phased array antennas
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EMP Response of UHF Phased Array Antenna to
Field Strength < 25 kV/M

BY U. Cocca, R.C. Fries, and L.C. Humphrey
General Electric Company, Syracuse, New York
The following ocutline is for vour review and considera-
tion for presentation at the Joint EMP Technical Meeting
25-27 September 1973. This outline should not be released
for public use until approval 1s received from General
Electric Company.

QUTLINE:

I. High Voltage EMP simulation results

1. Input source pulse generator - time and frequency
domain data

2. Fields within parallel plate transmission line
simulation as a function of location

3. Time and frequency domain response of UHF phased
array antenna dipoles and radar control electronics

II. Analysis and test program

1. Spectral analysis of low repetition rate EMP
2. Field evaluation using E and B field sensor
3. Error analysis
4, TInvestigation of non-linear effects
5. Measurement of maximum coupled voltage and energy
into radar system
I1T1. Comparison of analytic assessment techniques with

measured data for evaluating EMP coupled into UHF
phased array radar antenna.
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JOINT ELECTROMAGNETIC PULSE TECHNICAL MEETING

Classification of Presentation: SECRET RESTRICTED DATA

Authors: Demnis E. Grimes, Radiation Effects Technology
Thomas P. Henry, AWACS Systems Engineering

Organigzation: BPEngineering Department N
Westinghouse Systems Development Division
Baltimore, Maryland 21203

Proposed Paper Title: The AWACS Surveillance Radar

Antenna In A High Altitude Threat
Level EMP Envirorment (U)

ABSTRACT

(U) The AWACS Surveillance Radar employs a large planar array
antenna which may be exposed to high altitude threat level EMP,
The antenna and peripheral equipment is described and a worst
case analysis of its reponse to the specified double exponential
approximation of the external field is presented, Several different
angles of incidence and steering angles are considered and the
associated system response analyzed. The protection techniques

which are incorporated in the AWACS Radar system are discussed,
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ABSTRACT

SYSTEM LEVEL EMP
VULNERARILITY AND HARDENING ASSEBSMENT

A1 Vendittil
Nuclear Vulnerability and Hardening
McDonnell Douglas Astronautics Company

McDonnell Douglas Astronsutics Company initiated a progran to evaluate
the EMP vulnerability of the Spartan missiie in 1969 as a part of the
overall Spartan nuclear vulnerability and hardening program. This EMP
vulnerability assessment program addressed all phases of operstion {rom
ground installation through target intercept. Vulnerability evealuation
included analytical predictions of the ground and missile equipment
response to EMP, eguipment susceptibility analysis, coumponent suscepbi-
pility testing, subsystem analysis and response testing, snd finally
system level testing at the ARES facility. This program is near comple-
tion snd much of the results are documented in a series of technical
reports. This paper summarizes the overall program resulis. An appraisal
of the techniques used on this program is made ©o help gulde future

system vulnerability and hardening programs.

This paper is recommended for inclusion in technical srea T (System

Level Considerations) and will be classified Secret Restricted Data.
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ANALYTICAL AND EXPERIMENTAL TECHNIQUES EMPLOYED
IN THE EMP EVALUATION OF THE LANCE MISSILE SYSTEM

R. A, Pfeffer and H. G. Mueller

Harry Diamond Laboratories

ABSTRACT CLASSIFIED
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ABSTRACT

SYSTEM LEVEL IEMP VULNERABILITY ASSESSMENT

Stanley Schneider
Nuclear Vulnerability and Hardening
McDonnell Douglas Astronsutics Company

The results of a major NV&H program to assess the hardness of a specific
missile system to IEMP effects will be discussed. In order to evaluate

the system response and suscepbibility to this complex radiation environ-
ment, a multi-phase program was carried out. The respvonse phase addressed
the bulk cable current expected in the system wiring by = series of coupled
analytic and test studies. The sugceptibility phase addressed the problenm
of blackbox upset and buraout to the predicted pulse waveferm. ‘The response
wes then compsred to the susceptibility test results to yield a vulnera-
bility statement. The response program included enalytic work (theoretical
ané npumerical) on the electron emission induced by the radiation, the space
charge limiting of the electrons, and the breaskdown of the space charge
barrier ss a function of radiation pulse width and air density excitation
of the interior cavity fields and the coupling to cables. Four classes of
response verification testing were employed to appralse the validity of the
analysis. These inciude (1) missile cavity current injection testing (CIT),
(2) flesh x-ray testing (MR), (3) underground testing {ugr), and (L)
electron beam simulation (e~beam). The detalls of these various testing
procedures, their adventages and disadvantages, and correlation to pre and

posttest predictions will be discussed in this paper.

A comparison of the susceptibility snalysis with the blackbox susceptibility
data developed using high level current injection technigues is shown.
Additional hardening technigue studies, suggested by the snalytic and

response verification test results, were pursued and are discussed.

This paper 1s recommended for presentation as a part of technical ares T

{System Level Considerations), and will be classified Becredb Restricted Data.
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