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A. Applications to Experimental Data
B. Panel Discussion

IN-3  Apertures and Cavities ED 103
A. Apertures
B, Cavities

EN-2  Surface Burst EMP EB 165
A, General Considerations
B. Close-in Coupling

WEDNESDAY MORNING, JUNE 7. 0830-1150

IN-4  Transmission Line Modeling ED 101
ST-1  HMardness Validation and Confidence ED 103
A. Hardness Design and Verification
B. Probabilistic Aspects
ST-2  Data Processing Techniques gD 104
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IN-7  Antennas ED 103
SN-2 Simulation Technolcagy ED 104

A. Paraliel Plate Simulators
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WELCOME
TO
ALBUQUERQUE

On behalf of the conference commitiee, the IEFE Joint Chapter: AP-S,
S-MTT, and G-EMC, the Department of Electrical Engineering and Computer
Science of the University of New Mexico, and the cooperating profes-
sional and governmental groups, I would like fo welcome all the
conference attendees to NEM 1978, I would particularly like to thank
the conference commities for all the hard work they have done fto make
NEM 1978 a successful conference.

The previous NEM was hald in 1973. Since the purpose of an NEM is to
be a broad-ranging conference covering the entire spectrum of nuclear
EMP related technology, and since this is the only major type of con~
ference devoted primarily to this subject, it was felt that another
such conference was perhaps overdue. Besides providing a cross-
fertiTization of ideas in the EMP community, an NEM also serves to
bring the EMP community together to renew old acquaintances, introduce
new members of the EMP community to the "old salts” and to the current
state of the art, and provide an cccasional kilometer stone {going
metric you know} in summarizing the current state of the art. With
the recent publication of the Joint Special Issue on the Nuclear
Electromagnetic Pulse {IEEE Trans. Antennas and Propagation, January
1978, and IEEE Trans. Electromagnetic Compatibility, February 1978)
providing a written review of the move basic and established aspects
of EMP technology, this conference (NEM 1978} is in a position to pro-
vide a forum for launching some of the newer techrology that is Jjust
beginning to be discovered.

So T wish you a1l a most productive conference. There are some

exciting new ideas to be explored. Some progress has been achieved,
and with everyone's help much more can be achieved.

(ol E 7o

Dr. Carl £, Baum
Conference Chairman
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TECHNICAL PROGRAM

TUESDAY MORNTNG
June 6, 0830-1210

SINGULARITY EXPANSION METHOD-I
Session IN-1
Educatfon Class Room Building
Room 101
Chairman: Don Wilton
University of Hississippi

A. General Considerations Page No.

1. Puaohing the Mystendes of Coupling Coefficients 22
0830  .in the Singularnity Expansion Method, by R.
Mittra and W.L. Xo, University of Illinois,
Urbana, IL

2. Pseudosymmetiic Eigenmode Expansion fon the 23
0850 Magnetic Field Tntegral Equation and SEM Con-
sequences, by M.I. Sancer, A.D. Varvatsis and
S. Siegel, TDR, Inc., Los Angeles, CA

3. An SEM Interpretation of Skin Cwuient Infection 24
0910 Testing of the Transdieni Scatiering Response of
an O0bject, by L.W. Pearson, University of
Kentucky, Lexington, KY

4. On the Singulanity Expansion Method Applied to 25
0930 Horizontal Crossed Wines Over a Ground Plane,
by T.T. Crow and C.D. Taylor, Mississippi State
University, Mississippi State, MS

B. Circuit Applications

5. Realizibility Considenations in Consfhucting 26
D950  Equivalent Circwits from the SEM Sefution, by
B.K. Singaraju and C.E. Baum, Air Force Weapons
tab, Kirtland AFB, WM

1010 Break

6. Singufarnities of the Tmpedance Function of Thin 27
1030 Cylindnical Anfennas Bused on a Perfunbaiion
Method, by C.-T. Tai and $.K. Cho, University
of Michigan Radiation Lab, Ann Arbor, MI

7. A Network Medel fon the Biconical Antenmna, by 28
1050 C.B. Sharpe and C.J. Roussi, University of
Michigan Radiation Lab, Ann Arbor, MI

&, Cirewdt Appavach to the Fowmulation of CMP 29
1110 Interaction Probfems, by K.S.H. Lee, Dikewood
Industries, Inc., Los Angeles, CA



COMPOSITE MATERIALS AND DEVICES
Session SH-1
Fducation Class Room Building
Room 103
Chairman: J. Pnilip Castillo
Air Force Weapons Laboratory

A. Composites Page No.

1, EMP Shielding and Advanced Composite Mateilals, 30
D830 by K.F. Casey, Kansas State University.
Manhattan, KS

7. Boundary Connecition Supermatrices and tlectro- 31
0850  mangnetic Shieflding Calculations, by K.F. Casey,
Kansas State University and C.E. Baum, Air Force
Weapons Lab

3. External and Infesnal NEMP Coupling fo a 32
0910 Graphite Epoxy Composite Alncragf, by R.A.
Perala, K.M. Lee and R.B. Cock, Mission
Research Corp., Albuquerque, KM

4. Composdite Plates - Thein Swiface Curnent and 33
0930 Charge Densities, by C.L. Andrews, State Univer-
sity of New York, Albany, NY, D. Divecha, G.
Bechtold and L. Libelo, Haval Surface Weapons
Center, White Oak, MD

5.  Efectromagrefic .Propenties of Nommetaliic Com- 34
0950 posdite Matenials, by J. Birken, Naval Air Systems
Command, Washington, D.C.

1010 Break
4. FElectromagnetic Scattering by Advanced Composife 35
1030  Bodies of Revolution, by R. Kao and K.K. Mei,
University of California, Berkeley, CA

B. Devices

7. EMP Measwrements of Composite Panefs Mounted On an
1050  Afuminum Cyfinder, by G. Bechtold, J. Hunter and
L. Libelo, Naval Surface Weapons Center, White
Dak, MD

§. HANAPZ: An Impontant New Dimensdion in IMP 36
1110 Damage Azaessment, by R.N. Randali, P.A. Young
and U.R. Alexander, BDM Corp., Albuquerque, NM

9. lUnderstanding Second Breakdewn, by A.L. HWard, 37
1130  US Army Electronics Research and Development
Command, Adelphi, MD

10. Avalanche Osciffations and Second Breakdoun, 38
1150 by A.L. Ward and C. Fazi, US Army Electronics
Research Command, Adelphi, MD



0830

2.
0850

3,
0510

0930

0950

1010

6,
1030

1050

1110

1130

10.

1150

MEASUREMENT TECHNIQUES
Session MT-1
Education Class Reoom Building
Room 104
Chairman: Ralph Partridge
Los Alamos Scientific Laboratory

A. Sensors

Hollow Spherical Dipoke (HSD) Sensonr Nean a
Ground PLane, by G.D. Sower, EG&G, Inc.,
Albuguergue, NM

Asympiotice Conical Dipofe [ACD) Senscn Develop-
ment, by G.D. Sower, EGAG, Inc., Albuquerque,
M

Broadband, Sensitive and Non-Dispernsive Sensors
for Trhansient EMP Measwriements, by M. Kanda,
National Bureau of Standards, Boulder, CO

Recent Develfopments . Radiation Hardened
Sensons fon Use Inside a Nuclear Source Region,
by G.D. Sower and J.A. Camilli, EG&G, Inc.,
AMbuguergue, MM

Bispherical Dipole (BSD) D-DOT Sensor, by G.D.
Sower, EG&G, Inc., Albuquerque, NM

Break

A Sampling Technique fo EMP Response Measurements,
Centre d'Edtudes d'Gramat, Gramat, France

B. Telemetry and Recording

Development and Test of Small Passive Current
Honitorns fon EMP and Lightning Testing, by A.J.
Mullen, Boeing Company, Seattle, WA

A New Phase-Refenenced, Continuous Wave [CW)
Measurement and Anafysis System, by R.E. Strayer,
dr., W.J. Stark and C.A. Berkley,Jdr., US Army
Electronics Research and Development Command,
Adelphi, Mb

Recent Developments in Wideband Michowave Data
Communication Sysfems, by G.D. Sower, FGAG, Inc.,
Albuguerque, NM

Developments in Fiben Optics Data Links, by M.K.
Gruchalla, EGA&G, Inc., Albuquerque, NM

Page No.
39

41

42

43

44

45

46
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0830

0850
0910
0930

0950

1010

1030

1050

HIGH ALTITUDE EMP
Session EN-1
Education Class Room Building
Room 105
Chairman: Wiiliam Karzas
Research and Development Assaciates

The EMP Environment Due fo Newtrons from a High
Altitude Nucfear Source, by W.E. Page, Air Force
Weapons lLab and R, Knight, Sandia Labs,
Albuguerque, NM

Pain Production Effects on High-Abiitude EMP,
by D.A. Rieb and C.W. Jones, Dikewood Industries,
Albuguerque, MM

EMP Reflection grom a Moving Conductivity Front,
by H.J. Price and C.L. Longmire, Mission Research
Corp., Santa Barbara, CA

Scaling Long-Distance MHD/EMP Effects: Prelim-
Anany Evaluation, by L. XKohlberg and J.H. Terrell,
GTE Sylvania, Inc., Needham Heights, MA

Experimenial Tavestigation of the Absorption of
Enengy From an EMP by a Plasma With a High
Coflision Frequency, by A. Cavalli, R.N. Carlile,
and W.A. Seidler, University of Arizona, Tucson,
AZ

Break

Obsenvation of Low Frequency Enengy Tail Following
in the Wake of an EMP tmerging grom a Plasma, by
R.N. Carlile, A, Cavalli and W.A. Seidler, Univer-
sity of Arizona, Tucson, AL

Surface EMP Effects in the High-Aliifude X-Ray
Source Region, by W.E. Page, Air Force Weapons
Lab and C.W. Jones, Dikewood Industries, Inc.,
Albuquerque, NM

Page No.
48

49

50

51

52

53

54



1.
1330

2.
1350

3.
1410

4.
1430

1453

TUESDAY  AFTERNOON
June 6, 1330-1710

SINGULARETY EXPANSION METHODR-II
Session IN-2
Education Class Reoom Building
Room 10%
Chairman: Raj Mittra
University of I11inois at Urbana

A. Applications to Experimental Data

TLE-Posed and Well-Posed Problems {n System
Identification, by T.K. Sarkar, Harvard
University, Cambridge, MA, J. Nebat and

b.D. Weiner, Syracuse University, Syracuse, NY
and F.K. Jain, University of South Florida,
Tampa, FL

Application of Prony Method fo SGEMP Data
Analysis, by V.A.J. van Lint, Mission Research
Corp., La Jolla, CA and J.L. Van Blaricum,
Mission Research Corp., Santa Barbara, CA

Pole Measwrements fon the ATHAMAS T Pdipe Test,
by T. Cordaro, University of New Mexico,
Albuguerque, NM

Pencdl~of-Function Method --- Better Than The
Wienen Filten?, by T.K. Sarkar, Harvard Univer-
sity, Cambridge, MA, J. Nebat and D.D. Weiner,
Syracuse University, Syracuse, NY and V.X. Jain,
University of South Florida, Tampa, FL

Break

B, Panel Discussion

Page No.
55

56

57

58



1330

1350
1410
1430

1450

1510

1530

7.
155¢
1610

1630

APERTURES AND CAVITIES
Session IN-3
Education Class Room Building
Room 103
Chairman: Lennart Harin
Dikewood Industries, Inc.

A. Aperiures

Low-Frequency Magnetic Fleld Penetration Into a
Cockpit Via Windshields, by K. Mei, EMtec Engin-
eering, Inc., Berkeley, CA, K.S5.H. Lee, Dikewood
Industries, Inc., Los Angeles, CA and K. Chen,
Air Force Weapons Lab, Kirtland AFB, NM

An Experdmental Study fon the Use of Lhe Bethe
Hole Theory for Wires Behind Apestures, by J.N.
Brittingham, ¥.d. Deadrick and B.L. Lager,
Lawrence Livermore Lab, Livermore, CA

Interaction of a Ground EMP With a Circulan
Aperture £n an Inginite Conducting Screen, by
H.J. Fletcher and A. Harrison, Eyring Research
Institute, Provo, UT

Fields in a Rectangublar Cavity Excited by a
Plane Wave on an EL&Lptical Apenfure, by H.J.
Fletcher and A. Harrison, Eyring Research
Institute, Prova, UT

EMP Penetnation Through Doon/Hateh Seams, by
K.C. Chen, Air Force Weapons Lab, Kirtland AFB,
MM and K.S.H. lLee, F.C. Yang D1 kewood Indus-
tries, Inc., Los Ange]es,

Break

B. Cavities

A Cost-Effective Technique for Evaluaiing Shiedd-
ing Effectiveness of Enclosures, by H.S. Cabayan
and F.J. Beadrick, Lawrence Livermore Lab,
Livermore, CA

Generie Study of Adnchagt Avionics Bays/
Electaonics Compartments, by L-W. Chen,
Dikewood Industries, Inc., Albugquergue, NM

Transients {n Coaxial Waveguides with Discon-
tinuities, by M.G. Harrisen and C.M. Butler,
University of Mississippi, University, M5

Diffusive ELectromagnetic Penetnation into
Cawities, by G. Bedrosian and K.5.H. Lee,
Dikewood Industries, Inc., Los Angeles, CA

Page MNo.
59

60

61

62

63

64

65

66

67



7.
1330

1350

Z

1410

SURFACE BURST EMP
Session EN-2
Education Class Room Building
Room 105
Chatrman: Convrad L. Longmire
Mission Research Corporation

A. General Considerations

Gamma-Ray Induced Compion Currents in the
Ground, by H.J. Price and C.L. Longmive,
Mission Research Corp., Santa Barbara, CA

Improved LEMP Oufen Boundarny with Findte Ground
Conductivity, by H.J. Price and H.J. Longley,
Mission Research Corp., Santa Barbara, CA

Prefdiminany Charactenization of the Very lafe
Time IMP Effect, by D.D. Babb, Dikewood
Industries, Inc., Albuquerque, NM

B. Close-in Coupling

An Tmplicit CLose-TIn Coupling Algondithm, by
R.L. Knight, Sandia Labs and J.L. Orman,
Dikewood Industries, Inc., Albuguerque, NM

Status of AFWL UGT Anafysis Techniguas, by
J.A. Marks and C.W. Jones, Dikewood Industries,
Inc., Albuquergue, NM

Break

Specdal Compuitatlional Meihods, by E.R. Parkinson,
Science Applications, Inc., San Diego, CA

Calowbation of the Transmission Line Parametfens
for a Powen Channel Confaining Two Conducting
Reedfs, by K. Granzow and R. Asbury, Dikewood
Industries, Inc., Albuquerque, NM

Sofution of the Transmizsion Line Problem foi a
Power Channel Containing Twe Conducting Rails,

by R. Asbury and K. Granzow, Dikewood Industries,
Inc., Albuguergue, RM

Predictions of the Nonlinear Response of Buiied
Cables CLose Zo a Nucfean Bunst, by G.E.
Merewether, Electro Magnetic Applications, Inc.,
ATbuquerque, HM

Page No.
68

69

70

71

7z

76



0830

0850

0910

0930

0950
1010

b.
1030

1050

WEDNESDAY MORNING
June 7, 0830-1150

TRANSMISSION LINE MODELING
Session IN-4
Education Class Room Building
Room 101
Chairman: Edward Vance
SRI International

Hulticonductor Transmission Line Anafuysis

for EMP Applications, by T.XK. Liu, LuTech,
Inc., F.M. Tesche, Science Applications, Inc.,
Berkeley, CA and C.E. Baum, Air Force Weapons
Lab, Kirtland AF3, WM

Multiconductor Transmission Line Response: A
Comparnison cf Thepretical and Experdimental
Results, F.M. Tesche, S.K. Chang, Science
Applications, Inc. and T.K, Liu, LuTech, Inc.,
Berkeley, CA

Experimentol Chanacterization of Muliiconductor
Transmission Lines in Inhomogenecus Media Using
Time Domain Technigues, by A.K. Agrawal,
Mission Research Corp., Albuquerque, MM

Time Domain Analysis of Multiconductor Trans-
mission Lines with Branches {n Inhomogeneous
Media, by A.K. Agrawal, H.M. Fowles, L.D. Scott
and L..T. Simpson, Mission Research Corp.,
Albuquergue, NM

Singfe-Line Modeling Versus Mulii-Conducton
Modeling, by M.L. Vincent and M.R. Borden,
Boeing Merospace Company, Seattle, WA

Break

On the Electromagnetic Field Excitalion of
Unshielded Mufticonduetor Cabfes, by C.D. Taylor,
Mississippi State University, Mississippi State,
MS and J. Philip Castillo, Air Force Weapons Lab,
Kirttand AFB, #M

An Improved Tramsmission Line Medel fon Buiied
Tnsulated Cable, K.M. Lee and J.M. Hamm, Mission
Research Corp., Albuquerque, NM

10

Page No.
77

78

79

80

81

82

83



HARDNESS VALIDATION AND CONFIDENCE
Session ST-1
Education Class Room Building

Room 103
Chairman: Gene Morgan
Autonetics
A. Hardness Design and Verification Page No.
1. Validating EMP Hardness of the Minuteman Launch 84

0830‘ Fac{lities, by Capt R.I. Lawrence, SAMSO, Norton
AFB, CA, R.E. Freeman, TRW, Norton AFB, CA and
A. F. Zeuthen, TRW, Hi11 AFB, UT

2. Handness Evaluation in the Profotype Phase: The 85
0850 Approach o Lhe TACAMO EMP Assessment Test (TEMPAT),
by R.W. Sutton, Science Applications, Inc.,
McLean, VA

3. Conductive Pulley Assembly fon EMP Handening of 86
0910 Controf Cable Penetnations, by J.R. Thomas,
Boeing Aerospace Company, Seattle, WA

4. Hardness Assunance and Verlfication: Quantifying 87
0930 Propen Tesi and Redesdgn Investments, by M.L.
VYan Blaricum and J.P. Hawxhurst, Mission Research
Corp., Santa Barbara, CA

B. Probabilistic Aspects
of System Hardening

5. Statistical Relaticnship Bedween Tesiing and 88
0950  Predictions of EMP Interaction, by C.T.C. Mo,
R & D Associates, Marina del Rey, CA
1010 Break

6. Reliability-Confidence Algonithms fonr Assessing 89
1030  Complex Systems, by C. Ashley, Air Force Weapons
Lab, Kirtland AFB, NM

7. A Struetwied Approach tv Test Point Selection 90
1050  4or an EMP Sysiem Tesi, by W.H. Cordova, Rockwell
International, Albuquerque, NM

§. Comments on the Selection of EMP Design Margins, %1
1170 by J.V. Locasso, Rockwell International, Anaheim,
CA

9, £3 fngineening: The Struggle fon Combat Readiness 92
1130 in an Efectromagnetic Worndd, by R.J. HaisImaier,
Naval Surface Weapons Center, White Oak, MD

11



0830

2.
0850
0910
0930

0950

1010

1030

DATA PROCESSING TECHNIQUES
Session ST-2
Education Class Room Building
Room 104
Chairman: Werner Stark
Kaman Sciences Corporation

Practicaf Aspects of Employing Trnansient Tigit-
Azation and Reconding Systems fon Fleld Tesd
Proghams, by J.A. Keller and D.L. Endsley,
EG&G, Inc., Albuguerque, NM

Large EMP Data Acquisition/Anafysis Systems, A
Brief Histony and Ypdate, by C. Hansen, L.
Stockero, J. Tausch, BDM Corp., Albuquerque, MM
and R. Nethers, Air Force Weapons Lab, Kirtland
AFB, NM

EMP Data Processding Ennon Analysds, by T.R.
Wilson, EG&G, Inc., Albuquerque, NM

Deterministic Ewron Analysis as a Test Planning

and On-Sife Analysis Tock, by J.F. Prewitt, K.S.

Kunz and L.D. Scott, Mission Research Corp.,
Albuquerque, HM

Applying Digéital Signal Analysis Techniques Lo
Digdiized EMP/SGEMP Wavedeams, by T.L. Brown,
J.P. Martinez, Dikewood Industries, Inc., and
B.K. Singaraju, Air Ferce Weapons lLab, Kirtland
AFB, NM

Break

Data Sigral to Moise Ratie Estimated by the
Moment Method, by R.L. Hutchins, BDM Corp.,
Albyquerque, NM

12

Page No.
93

o4

95

96

97

98



0830

0850
0310
0930
0950

1010

1030

1050

.
110

1135

LIGHTHING PHENOMENA AND RELATION TO EMP
Session LT-1
Education Ciass Room Building
Room 105
Chairman: Gary Price
SRI International

Lightning Wavegoim Measuwiement, by C.L. Lennon
and T.0. Britt, Kennedy Space Center, Florida

A Test Technigue forn Measuning Natwial and
Sdimubated Lightning Phenomena, by L.C, Walko
and X.J. Maxwell, Technology/Scientific
Services, Inc., Dayton, OH

Test Data from Netwral and Simulatfed Lightaing
Phenomens, by K.J. Maxwell, L.C. Walko, Tech~
notogy/Scientific Services, Inc., Dayton, OH
and R.K, Baum, AFFDL, Wright-Patterson AFB, OH

The Egfect of Sodl Conductivity and Inswlation
Dielectrie Stnength Upon Lightning Damage to
Buhied Insufated Cabfes, by R.A. Perala, Mission
Research Corp., Albuguerqgue, NM

Lightning Effects on Adn Force EMP Instrumenta-
fion, by C.B. Moore and G, Aulich, NM Institute
of Mining and Technology, Socorro, NM and J.
0'Neil? and E. Breen, Air Force Weapons Lab,
Kirtland AFB, NM

Break

Mindimizing Lightning tifects on an ELectromagnetic
Signat Defecion, by C. Yespa, Nanofast Corp.,
Chicago, IL and J. 0'Neill and E. Breen, Air Force
Weapons Lab, Kirtland AFB, NM

Electnomignetic Coupling Analysis of a Leanfet
Adnoraft in a Lightning Envinownent, by J.C,
Corbin,Jdr., AFFDL, Wright-Patterson AFB, OH and
D.F. Strawe, Boeing Aerospace Company, Seattle,
WA

A High Voftage Teat Faclldty fon Future Lightning
Test Requitements, by W.G. Butters, McDonnell
Aircratt Company, St. Louis, MO

A Review of the Literature on Lightring and
Lightning Protection as Refated fo EMP Harndening,
by W.C. Hart, Mission Research Corp., Santa
Barbara, CA

13

Page No.
99

100
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102

103

104

105

106
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1330

2.
1400

3.
1430
1500

1530

1600

WEDNESDAY  AFTERNOON
June 7, 1330

PLENARY SESSION
Session P-1
Student Union Building, Grand Ballroom
Chairman: John Darrah
Air Force Weapons Laboratory

Histony of the Development of Understanding of
the EMP Envinomment, by W.J. Karzas, R & D
Associates, Marina del Rey, CA and C.L. Longmire,
Mission Research Corp., Santa Barbara, CA

United Kingdom V.iews and Experience on Nuclear
EMP, by R. Qats, Atomic Weapons Research Estab-
lishment, Aldermaston, Berkshire, England

The Role of Academia in the Development of EMP
Technology, by R. Mittra, University of I1linois,
Urbana, IL

Break
£ the Status of EMP as a System Level
?a?ﬁﬁéﬁ? gé J. Darrah, Aér Force Weapons lLab,

Kirtland AFB, NM and W. Graham, Research and
pevelopment Associates, Marina Del Rey, CA
French Tnvestigations Refated te the External
Efectromagnetic Response of Adrcragt, by
Colonel Crosnier, Centre d'Etudes d'Gramat,
Gramat, France

14

Page No.

108

109



0830
0850
03910

0930

0950
1010
b
1038
7.
1058

1110

THURSDAY  MORNING
June 8, 0830-1150

EXTERNAL THTERACTION MODELING
Session IN-5
Education Class Room Building
Room 101
Chairman: Andrew Poggio
Lawrence Livermore Laboratory

The Interaction of an Arbithary EM. Pulse With
a Conducting Cylinden of Infinife Length, by I.L.
Galion, Atomic Weapons Research Establishment,
Aldermaston, Berkshire, England

Mverview of a Pata Base foi Engineeting Predic-
tlons of EMP External Coupling, by R.M. Bevensee
and L.C. Martin, Lawrence Livermore Lab,
Livermore, CA

Matnix Iteration in Method of Moments, by J.
Moore, Atomic Weapons Research Establishment,
Aldermaston, Berkshire, England

Interaction of Fulf-Scale Tesi Objects in an
NEMP Simulator Environment, by J4.S. Yu, C-L. J.
€hen, Dikewood Industries, Inc., Albuguerque,
NM and J.P. Castille, Air Force Weapons Lab,
Kirtland AFB, NM

Fomubation of Efectromagnetic Pulse External
Interaction Above a Lossy Eanth : Companison of
Humesrdcal Results with Expendmental Date fon
the Specdal Cases ¢f Free Field Interaction and
Interaction Above a Pernfectly Conducting Ground,
by M.I. Sancer, S. Siegel and A.D. Varvatsis,
TDR, Inc., Los Angeles, CA

Break

Estimating the Bufk Surface Curntent of Fat Cyl-
indens Due to an EMP, by J. Bishop, Royal
Aircraft Establishment, Farnborough, Hants,
England

Calewfation of Swijace Cwrent Distaibutions on
Adnchagd Structunes, by F.G.L. Garthwaite, T.W.
Armour and J. Moore, Atomic Heapons Research
Establishment, Aldermaston, Berkshire, England

Stick Model Chanactendization of the Externat
Electromagnelic Interaction of Adrcragt, by
G. Bedrosian, Dikewood Industries, Inc., Los
Angeles, CA
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0830

0850

g910

0930

0954

1010

1030

1050

1110

1130

SIMULATION TECHNOLOGY
Session SN-1
Education Class Room Building
Room 104
Chairman: Fred Tesche
Science Applications, Inc.

Evaluation of Tupes 3A and 3B Sysiem Response
Extrnapolation Usding Experimental Data, by J.F.
Prewitt, Mission Research Corp., D.E. Merewether,
Electro Magnetic Applications, Albuquerque, NM
and C.E. Baum, Air Force Weapons Lab, Kirtland
AFB, NM

Implementation of the 3C Extrapolation Method-
ofogy fon the EC-135 Adnenadt, by C.F. Juster
and B.J. Stanly, Rockweil International, Anaheim,
CA

On the Location of POEs Using Transmission [ine
Measunements, by F.M, Tesche, Science Applications,
Inc. and T.K. Liu, LuTech, Inc., Berkeley, CA

Small EMP Simulator Based on Balanced Efec-
tde and Magnetic Dipole Moments, by J.5. Yu,
C-L. J. Chen, Dikewood Industries, Inc., Albug-
uerque, HM and C.E. Baum, Air Force Weapons Lab,
Kirtland AFB, NM

Propagation Along a Rectangulan Bonded Wine Mesh
Loecated Ouer the Ground, by D.A. Hi1l and J.R.
Wait, Institute for Telecommunication Sciences,
Boulder, CO

Break

Efectromagnetic Equivalence of a loaded Wite
Cage as Companed fo a Hoffew Cylfinder, by K.R.
Unashankar and C.E. Baum, Air Force Weapons Lab,
Kirtiand AFB, HNM

ATHAMAS 1 (HPD) PuBser Asynchronism and £€5
Effects, by K.S. Kunz and J.F. Prewitt, Mission
Research Corp., Albuquergue, NM

Horizontally-Polanized Dipofe [HPD} Pulser
(HAG-TT} Variabitity, by D.L. Endsley and J.A.
Keller, EG&G, Inc., Alhuquerque, KM

HEMP S.imulator/Communication Facllity Interacition,
by A.L. Whitson and W.E. Scharfman, SR Inter-
national, Menlo Park, CA
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0830
0850
3.
0910
4.
0930

Q%50
1010
1430

1050

SYSTEM GENERATED EMP-I
Session IN-6
Education Class Room Building
Room 105
Chairman: Gerard Schiegel
Research and Development Associates

Magretic and Electaie Contributions to Quasd-
Static SGEMP and Scaitered Eleciromagneiic
Fieleds, by W.J. Karzas and C.T.C. Mo, R & D
Associates, Marina del Rey, CA

Predictions of Cwuvients on a Modelf Satellite
Expesed o X Rays, by J.L. Gilbert and R.W.
Macgurn, Missien Research Corp., Santa Barbara,
CA

fligh-Enengy Electron-Beam Charglng and Breakdown
Effects in Diefecitnics, by T.M, Flanagan, T.K.
Gregory, D.C. Osborn and R.H. Stahl, JAYCOR,
De? Mar, CA

A Situdy on Elecinon Backscatten Contrel fon a
System Generafed Efectromagnefic Pulse {SGEMP)
Faeility, by W.A. Seidler, Spire Corp., Bedford,
MA

Measunements and Caleulations of SGEMP Structunal
Cunnents in a Sateflite Modef, by R.H, Stahl, D.C.
Osborn, and T.A. Tumolilie, JAYCOR, Del Mar, LA

Break

Plasma Trapping of SGEMP, by W.F. Hobbs and J.i.
Gilbert, Mission Research Corp., Santa Barbara,
CA

Panel Discussion
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1330

1350
3.
1410

1430
1450

1510
1530
1550
5.
1610

1630

THURSDAY ~ AFTERNOON
June 8, 1330-1650

EXPERIMENTAL EXTERIOR INTERACTEON
Session 5T-3
Fducation Ciass Reoom Buitding
Room 101
Chairman: Clay Taylor
Mississippt State University

Demonstration of EMP System lLevel Flight Testing,
by R.W. Sutton, Science Applications, Inc.,
Mclean, VA

TACAMO Poe CLoswrie Evafuation by FLight Testing,
by R.W. Sutton, Science Applications, Inc.,
MclLean, VA

EC-130 Scale Model EM Response Measuwrements, by
V.V, Liepa, University of Michigan Radiation
Ltab, Ann Arbor, MI

Comparnison of Scale Model Measurements with EMP
Field Test Dafo for the TACAMO C-T30 Adlrcragd,
by E.E. 0'Donnell, Science Appiications, Inc.,
Colorado Springs, CO

Surgace Curnents and Cable Viltage Tnduced by
Hanmonie Efectromagnetic Waves Tnoddent on an
Adnenagt, by L. Hoglund, T. Karlsson and H.
Persson, Swedish Defense Research Institute,
Sundbyberg 4, Sweden

Break

Comparison of Measured and Calewlated Externalk
Coupling Dafa for the EC-135, by W.D. Prather,
Air Force Weapons Lab, Kirtland AFB, KM

Results of the AFWL/TACAMO Experimentaf Progham,
by J.P. Castillo, Air Force Weapons Lab, Kirtland
AFB, NM and Capt Michael Havey, Defense Nuclear
Agency, Washington, D.€.

Sunface Field Measurements on Scale Models in the
Time Domadin, by F.J. Deadrick and A.J. Poggio,
Lawrence Livermore Lab, Livermore, CA

EMP ~ An Wtnasondic Simufation?, H.S. Hayre,
University of Houston, Houston, TX
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ANTENNAS
Session IN-7
Edycation Class Room Buiiding
Room 103
Chairman: Chen-To Taj
University of Michigan Radiation Laboratory
Page No.
1. EMP Response of an HF Anfenna by Usding Measured 142
1330 Taansmit Propenties of the Antenna, by W.J.

Stark, US Army Elactronics Research and Devel-
opment Command, Adelphi, MD

?. Adrenaft HF Antenna Response in APD/UPD, by P.J. 143
1350  Dowling, Science Applications, Inc., Colorado
Springs, CO
3. Responses of the HF Fixed-Wire Antennas cn fhe 144
1410 E-4 and EC-135 Adlrcaagt, by L. Marin and G.
Bedrosian, Dikewood Industriss, Inc., Los Angeles,
CA

4. EMP Response of an Adrcraft with o Thalling Wine 145
1430 Antenna Deplogyed, by W.L. Curtis, Boeing Aerospace
Company, Seattle, WA
5. Transdent Respenses Induced on a Log-Penicdic 146
150 Antenna by an Efectromagretic Pufse, by K.M. Lee,
Mission Research Corp., Albuquerqgue, NM

1510  Break

6. Response of Scattferens in Complex Envinonments, 147
1530 by H.S. Cabayan, E.K. Miller and J.T. Qkada,
lLawrence Livermore Lab, Livermore, CA
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1330

1350

1410

1430

1450

1510

1530

1550

1610

1630

STMULATION TECHNOLOGY
Session SN-2
Education Class Room Building
Room 104
Chairman: Kelvin S. H, Lee
Dikewcod Industries, Inc.

A, Parallel Plate Simulators

Some Open Questions in Open Wavegudide Probfems,
by R. Mittra, A. Rushdi and S.MW. Lee, University
of I1iinois, Urbana, IL

Measured Efectrin Fields <n a Model Simulatonr,
by D.J. Blejer and R.W.P. King, Harvard Univer-
sity, Cambridge, MA

Spatial Medal Filtens for Suppression of Non-TEM
Hodes An Parablel Plate Simulatorns, by D.V. &Giri,
Science Applicaticns, Inc., Berkeley, CA and C.E.
Baum, Air Force Weapons Lab, Kirtland AFB. NM

Seff~Cansistent Forpulation of Scattering Problems
in a Simubator Envirowment, by L.B. Felsen, Poly-
technic Institute of New York, Brocklyn, HY

Tnvestigation of the Refated Electromagnelic
Behavion ¢f the French Bounded Wave CITHAR
[EMP Simufator), Centre d'Etudes d'Gramat,
Gramat, France

Break

B. Conical Electric Bipole Simulators

A Simple Technique for Obfaining the Mean Fiefds
of Ebectnic Dipobe Antennas from thedin Fan Fields,
by B.K. Singaraju and C.E. Baum, Air Force Weapons
Lab, Kirtland AFB, NM

The Analysis of Loaded Anfenna Structures, by D.R.
Wiltton and 5.M. Raoc, University of Mississippi,
University, MS

The AFWL Verticallfy-Pofarized Dipofe 11 (VPD-IT)
EMP Simubation Facility, by J.C. Giles and T.A.
Nana, EGAG, Inc., Albuguerque, MM

Charaeteristics of Vertlcally-Polanized Dipole
Antennzs, by J.C. Leib, EG&G, Inc., Albuquergue,
NM
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2.
1350

1410
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1450

1510

6.
1530

1550

.
1610

SYSTEM GENERATED EMP-II
Session IN-8
Education Class Room Byilding
Room 105
Chairman: Jim Gilbert
Mission Research Corporation

Compandison of Four Theatments of Space-Chaige
Limiting, by B. Goplen, Mission Research Corp.,
Albuquerque, NM

Analytical Efectnicat Models of Duxf-Spun Satef-
Lite Intenions fon Mode Prediction, by M.L. Van
Blaricum and R. Stettner, Mission Research Corp.,
Albuguergue, HM

PIMBS-TY, by C.A. Aeby, Air Force Weapons Lab,
Kirtiand AFBE, NM

Equivalent Surface Cwirents and Thein Possdble
Use gon SGEMP S.imubation, by G.A. Seely, Science
Applications, ILnc., Albugquevrgue, HM

Cwtent Transporit i a Diefectrde Lined Cavity,

by W.A. Seidler, Spire Corp., Bedford, MA,

B. Goplen, Mission Research Corp., Santa

Barbara, CA and W.R. Thomas, Science Applications,
Inc., Albuguergue, WM

Break

SGEMP Response of an X-Band Waveguide, by K.
Schwartz, General Eilectric Company-TEMPQ,
Santa Barbara, CA

Al Pressune Dependence of Photon Induced Cable
Response, by M.L. Price, V.A.J. van Lint, Mission
Research Corp., La Jolla, CA and A.M. Chodorow,
Mission Research Corp., Albuquerque, NM

The tffect of Dielectrnic Charging on tLhe SGEMP
Response of Spacecnaft, by E.P. Wenaas and A.J.
Woods, JAYCOR, Del Mar, CA

21

Page No.
156

157

158

159

160

161

162

163



PROBING THE MYSTERIES OF COUPLING COEFFICIENTS IN THE
SINGULARITY EXPANSION METHOD

R. Mittra and W. L. Ko
Electrical Engineering Department
University of Illinois
Urbana, Illinecis 61801

The proliferation of different types of coupling coefficients
in the singularity expansion method has reached a stage where it
sometimes presents a problem of considerable magnitude. A user who
is not conversant with the fine points of Type-l, 2, X and @

(or whatever other coupling coefficients that might be proposed in
the future) can find it rather difficult to decide which type of
coefficients to use under a given set of circumstances and whether
an 1ncorrect choice would introduce substantial errors.

One of the distinguishing features of the Type-1 coupling
coefficients is the so-called Yturn-on" time, which is taken te be
the time when the incident pulse first reaches the scatterer, say
t=0. The implicatien of this choice of the turn-on time is that in
the process of computing the response waveform, the spatial integra-
tion is carried out over the entire surface of the scatterer
beginning with the time t=0, and without allowing for the causal
time delay. Following this procedure, one finds that the Tvpe-~l
SEM representation yields a response sipnal expressible in the form
I Ap exp {spt}, where A, are independent of time. However, the other
types of coupling coefficients, which introduce various degrees of
time delays for the spatial integration result in a representation
where the coefficients are time-varying, at least before t=7, where
T is the transit time of the incident wave as it sweeps past the
scatterer. This important difference between the nature of Ap in
the different types of coupling immediately raises the fundamental
question: "Can these different types of coupling formulas all be
correct, and do they vield identical results in the final analysis
in spite of the obvious differences in their forms?" We may further
ask, "Since the Type-~1l form is the more desirsble one from the point
of view of equivalent circuit representation computation of the
surface current on the scatterer, as well as for the evaluation of
the far fields radiated by this current, could we find a way to
avoild using the more complex form for the coupling, e.g., Type-2,
without paying a penalty?”

Tn this paper, we examine both of these questions and show,
in the first instanmce, that the conventional use of the Type-1
coupling ccefficient can indeed be subject to errors, except perhaps
in trivial cases.

The second and perhaps the most significant contribution of
the paper is to develop a new representation of the incldent field
rhat allows one to use the Type-1 coupling formula in a correct
manner such that the final results for the surface current and other
desired quantities are consistent with those derived via the use of
other types of coupling formulas.
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Pseudosymmetric Eigenmode Expansion for the Magnetic

Field Integral Equation and SEM Consequences

Maurice I, Sancer
A.D. Varvatsis
Scott Siegel

TDR, ING.
Los Angeles, CA 90049

ABSTRACT

An eigenmode expansion for the magnetic field integral equation
(MFIE) is derived which eliminates the requirement that an adjoint
sclution be explicitly sought. Instead, an orthogonality relation is
determined which only involves the eigenmodes of the original MPIE
operator. To promote confidence in the validity of the expansion, two
analyses based on the expansion are presented which lead to known
results. Tirst, the expansion is applied to the problem of determining
the surface current density induced on a perfectly conducting sphere
by a plane wave and the known solution for this problem is duplicated
by the expansion. The second analysis shows that for a general
perfectly conducting body, the sigenmode expansion coefficient evaluated
at the purely imaginary frequency corresponding to an interior resonance
is zero. This result is necessary in order to relate the eigenmode
expansion to SEM.

Viewing the SEM as a change of representation of the eigenmode
expansion intended to facilitate the inverse Laplace transform of
that expansion and taking advantage of our detailed sphere calculations,
we obtained an important SEM result. We found that MFIE class 2
coupling coefficients give the wrong answer for the sphere. This
result caused us to examine class 2 coupling coefficients corresponding
to the electric field integro-differential equation (EFIDE). We
examined the symmetric eigenmode expansion corresponding to that
equation and found that FFIDE class 2 coupling coefficients also
give the wrong answer for the sphere, Finally, we present numerical
results that utilize our pseudosymmetric expansicn and illustrate
the capability of determining SEM quantities by patch zoning the
MFIE.
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"AN SEM INTERPRETATION

OF SKIN CURRENT INJECTION

TESTING OF THE TRANSIENT
SCATTERING RESPONSE OF AN OBJECT"

1. Wilson Pearson
Dept. of Electrical Engineering
University of Kentucky
Lexington, KY

Recently [1], the Naval Surface Weapons Center, White Ozk Lab,
introduced a test scheme whereby transient skin currents are exclted
on an aircraft at rest over conducting ground by directly attaching
a pulse generator to the surface of the structure. This alternative
simulation technique has been termed Skin Current Injection Testing
(SCIT). An anaylisis of data taken in this way on an A-6 aircraft
indicates that certain of the resonant features of this structure are
discernable from SCIT data.

Tn this presentation, we interpret the phencmenclogy of SCIT
testing in terms of the Singularity Expansion representation for the
current on the scatterer. It is shown that, indeed, the SEM resonances
dominate in the response are contained in SCIT data and are, in prin-
ciple, obtainable through Prony-type data analysis methods. Some
guidelines are given to the allowable coupling mechanisms between the
generator and the object so as to minimize corruption of the object
resonance by the generator appendage. The possibilities and limita-
tions which come to play in relating SCIT measurements directly teo
threat response are discussed. The possibility for performing SCIT
measurements at the scale model level is discussed. The scale model
measurements offer the potential of guiding full-scale system testing
g0 as to narrow the data window required and hence reduce test costs.

REFERENCE
L. G. W. Bechtold, "Comparison of Predicted and Measured Aircraft

Skin Currents', EMP Coupling Analysis and Validation Seminar,
Air Force Academy, July 20-22, 1976.

#This work was sponsored by ONR Contract No. NOOQOL4-77-G-0362.
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ON THE SINGULARITY EXPANSION METHOD APPLIED
TG HORIZONTAL CROSSED WIRES OVER A GROUND PLANE

by

Terry T, Crow
Clayborne D. Tavlor

Mississippi State University
Mississippi State, MS 39762

Plane wave illuminatiocn of horizontal crossed wires {crude
mwodel of an alreraft) over a ground plane is considered. And a
parametric study of the singularity-expansion-method parameters
is performed,. Using a numerical sclution technigue the natural
frequencles, natural modeg and coupling coefficients are obtained
as the geometrical parameters are varied for a perfectly conduct-
ing ground plane. Also corresponding results are obtained from
an approximation derived from transmission line theory. A lossy
ground plane is considered in the transmission liune formulation
as well as a perfectly conducting ground and limited results are
obtained for a single wire. Time domain results are presented
for a unit step Incident pulse.
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REALTZABILITY CONSIDERATIGNS IN CONSTRUCTING
EQUIVALENT CIRCUITS FROM THE SEM SOLUTION

8. K. Singaraju and C. E. Baum
Air Force Weapons Laboratory
Kirtland AFB, NM 87117

In complex freauency plane there are various equivaient repre-
sentations for an electromagnetic coupling problem. In the singu-
tarity expansion method {SEM} the response can be written in terms
of the s plane singularities such as poles, branch cuts, etc.

Circuit models can be constructed from the singularity expansion
method representation which have the advantage of providing physical
insight, computational convenience and low cost laboratory simulation
among others. Both open circuit and short circuit boundary value
problems can be treated in this fashion.

We have shown in an earlier work that it is possible to con-
struct simple equivalent circuit representation from the SEM solution.
In the present work, we nvestigate the conditions under which an
equivalent circuit is realizable for a general problem and discuss
an example.
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THE UNIVERSITY OF MICHIGAN

SINGULARITIES OF THE IMPEDANCE FUNCTION OF .
THIN CYLINDRICAL ANTENNAS BASED ON A PERTURBATION METHOD

C.~T. Tai and $.K. Cho
Radiation Laboratory
Department of Electrical and Computer Engineering
The University of Michigan
Ann Arbor, Michigan 48109

ABSTRACT

In a classical paper by Schelkunoff the impedance function of a
cylindrical antenna was found by treating the cylindrical antenna as
a non-uniform biconical antenna. We have modified Schelkunoff's
caiculation by using an average characteristic impedance correspond-
ing to that of an inscribed biconical antenna. From the physical
reasening, as supported alse by the induced EMF method, such a
choice should yield a better approximation. The singularities of
the impedance function is then found by a numerical analysis. In
contrast to Tesche's result based on the integral equation method
[IEEE Trans. AP-2Z1, p. 53 (1973)] we found only two layers of zeros
of the impedance function, corresponding to the poles of the input
current function. While the first layer of the zeros is very similar
to Tesche's the second layer does not resembie his higher-order
tayers. The work is now being extended to antennas of other shapes,
such as prolate spheroidal antenna and rhombic antennas. An outline
of this research will be described in this paper, including a re-
formulaticn of the integration of the differential equations per-
taining to the theory of non-uniform transmission Vines.

*This work was supported by the National Science Foundation under
Grant ENG-75-17867 and by the Air Force Office of Scientific
Research under Grant 77-3358.

paclr2278
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THE UNIVERSITY OF MICHIGAN

A NETWORK MODEL FOR THE BICONICAL ANTENMA

C.B. Sharpe and C.J. Roussi
Radiation Laboratory
Department of Electrical and Computer Engineering
. The University of Michigan
Ann Arbor, Michigan 48108

ABSTRACT

Tai [1] has shown that the input impedance at the center of a
biconical antenna can be represented as a section of uniform trans-
mission line terminated in a frequency-dependent admittance Yy. The
latter s a complicated transcendental function and dees not Tend
itself to standard expansion techniques from which a network model
may be derived. This paper presents a direct synthesis method from
which a ladder network of the form shown below may be constructed
from calculated values of Re[V {j»)].

c ¢ c
2 3 4
— - - - |
-+ 3 H : . 2 R
oo L1§ Lz{ bne Ln%%

Realizability is guaranteed by imposing the energy conservation
principle and by utilizing the minimum phase character of the scat-
tering parameter Spo(s}. The approximation prohlem involves least-
square curve-fitting by a polynomial followed by a facterization
step. The desired parameters of the network model are then obtained
via the application of a straight-forward algorithm. Representative
exampies are presented.

c
I

f1] Tai, C.T., "The Theory of Linear Antennas®, Chapter 8, R.W.P.
King, Harvard University Press, Cambridge, Mass. (1956).

pac022278
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CIRCUIT APFROACH TO THE FORMULATION OF EMP
INTERACTION PROBLEMS

K.5.H. Lee
Dikewood Industries, Ing., Westwood Research Branch
1100 Glendon Avenue, Suite 1436
Los Angeles, California 90024

The circuit approach is essentially a low-freguency method
useful for wavelengths much greater than the overall dimensions
of the system under consideration. When this assumption holds,
the electrical response of the system can be described by the
conventional circuit theory. This theory is expressed in two
laws, the so-called Kirchhoff's current and voltage laws. These
two laws take extremely simple mathematical form, namely, the form
af algebraic and ordinary differential equations. TFor this reason
the circuit approach quickly leads to simple and physically
interpretable results. Besides the analytical ease with this
approach, the circuit concept is a powerful toel for gualitative
thinking, often shedding valuable light on the many electromagnetic
interactions taking place within a complex system,

In this paper we will first discuss the relationship of
Kirchhoff's circult theory to Maxwell's field theory starting from
Maxwell's equations in integral ferm. 7This relationship is then
re-examined from the customary viewpoint of the electrical engineer
through the use of vector and scalar potentials. We then procead to
derive the cirecuit properties of an object in infinite space with
the aid of the complex Poynting theoren expressed in terms of
current and charge densities on the external surface of the object.
With this theorem the positive real (p.r.) characteristics of the
driving-point impedance or admittance can be proved, the resonance
condition c¢an be established, and the damping of each resonant
(ratural) wode by radiation can be calculated. This rheorem also
leads, at the low~frequency limit, to the concept of energy Ffunctions
in terms of which the Kirchheff voltage law can be re-derived by the
bagrangian method. To end this paper we will briefly discuss the
equivalent circuit representaticns of discontinuities in an otherwise
uniform transmission line or waveguide, and the circuit description
of the dynamic behaviors of several different kinds of modes, such
as the waveguide modes, the cavity modes, the leaky modes, and the
natural modes,
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E M P SHIELDING AND ADVANCED COMPOSITE MATERTALS
Kendall ¥, Casey, Department of Electrical Engineering, Kansas State
University, Manhattan, KS 663506

The use of advanced composite materials in aircraft construction
1s increasing and will continue to ilncrease, since these materials
possess a substantial strength/weight advantage over metals. In fact,
advanced composites are expected to comprise 40% by weight and 80Z outer
surface coverage of the F~18 fighter. Since these new materials are not
as effective as metals in electromagnetic shilelding, it is important to
assess the electromagnetic behavior of advanced composites In order to
determine the increased shielding burden which may need to be borne by
internal aircraft cabling and electronics.

In this paper we review some recent work on electromagnetic model-
ing of advanced composites and present data on electromagnetic field
penetration of compesite panels and of hollow bodies made of advanced
composites, Two principal genera of materials are considered: graphite-
epoxy composites, which behave like conductive media with conductivities
in the vicinity of 10% mho m~!; and "screened" boron-epoxy composites,
which consist of a non~conductive anisotropic dielectric panel with a
bonded wire-mesh screen embedded in one surface. The electromagnetic
behaviors of these two types of advanced composites are very different,
since the graphite-epoxy composite acts as a low-pass filter ia the
frequency domain, while the screened boron-epoxy composite has a high-
pass characteristic. Furthermore, these behaviors are modified when an
enclosed region is considered, because of the "low-pass' character of
hollow bodies at frequencies below their internal and external resonances.
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BOUFDARY CONNECTION SUPERMATRICES AND ELECTROMAGNETIC SHIELDING
CALCULATIONS

Kendall F. Casey, Department of HElectrical Engineering, Kansas State
University, Mankattan, KS 66506, and Carl E. Baum, Air Force Weapons
Laboratory, Kirtland AFB, NM 87117

A boundary connection supermatrix (BCS) is a matrix-of-dyadics
operator which relates the tangential components of rhe electric and
magnetic fields on one side of a planar shield structure to those on
the other. The shield may be made up of many layers with sheet
impedances between them; alseo, each layer can be inhomogeneous and/or
anisotropic. The operator itself canm be expressed as a product of
operators of two separate types: these resemble the translation and
refraction operators of geometrical optics.

The BCS can be developed for planar shields and then applied to
the study of shields which are not planar, if their radii of curvature
are large in comparison to their thicknesses. The usefulness of the
BCS lies in the fact that it can greatly reduce the complexity of
electromagnetic boundary-value problems involving complicated multi-
layer shield structures, since it takes the shield structure auto-
matically into account.

The BCS which has been described can be thought of as being an
electromagnetic analog of the transmission matrix of two~port network
theory, and it pessesses properties similar to those of the T-matrx.
Furthermore, alternate forms of the BCS exist which are analogous to
other two-port matrices, e.g., the impedance and hybrid matrices.

In this paper we discuss the construction of the 3CS and certain of
its properties and limiting forms, and we present illustrative examples
for some common shields. In addition, we discuss the formulation of
integral equations for scattering and penetration of hollow bodies
whose boundaries are described by the BCS.
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EXTERNAL AND INTERNAL NEMP COUPLING 70 A
GRAPHITE EPOXY COMPOSITE AIRCRAFT*

R. A. Perala, K. M. Lee, R. B. Cook
Mission Research Corporation

P. 0. Box 8693
Altbuguerque, New Mexico 87108

Because of their high strength-to-weight ratios, graphite-epoxy
composite materials are finding increased usage in aircraft structural
design, especially for aircraft skins. Two important issues relating to
EMP coupling to a composite aircraft are addressed in this paper. The
first issue concerns external coupiing., Previous external coupiing cal-
culations for metallic afrcraft have assumed the aircraft to be a perfect
conductor. This is eguivalent to assuming the aircraft skin surface
impedance Zs to be zero. The problem relating fo external coupling is
therefore t0 determine Zs for composite skins and then to determine what
effect this has on external coupling. The second issue concerns internal
coupling. For composite skins, the problem 35 to determine diffusion
through the skin and the induced voitages and currents on internal cables,
and compare with the coupling levels induced via other FOEs.

The properties of the graphite-epoxy composites are first discussed
and the appropriate surface impedances are deduced. Numerical resultis
are presented for externally induced surface current densities for various
surface impedances. The effects of the cowposite material on the external
coupling are examined. This is accompiished by using a three-dimensional
finite-difference method of calculation of the induced responses exterior
to the composite aircraft. From these results, we conclude that no dis-
cernible difference exists for external coupiing results for aircraft skins
having surface impedances between 0 and 1 ohm, and less than 6% difference
in peak value is evident for a surface impedance of 10 ohms.

Numerical results obtained for external responses are then used to
find the internal electromagnetic fields by making use of the surface
transfer impedances. These internal fields ave then used to calculate the
short circuit currents and open circuit voltages induced on the internal
cables. From the refative magnitude of these levels with respect to the
levels induced via other POEs, a judgement is thereby made of the signifi-
cance of diffusion coupling versus aperture coupling. The diffusion fin-
duced levels are found to be generally less than those associated with
aperture or antenna coupling, but they are still significant and cannot
be ignored in aircrafti hardening.

Fiork sponsored by Wright Patterson Air Force Base undey contract F33§35~
77-C~5169, under subcontract 13-34695C to Grumman Aercspace Corporation.
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"Composite Plates -~ Their Surface Current and Charge Densities”

by €. L. Andrews, State University of New York at Albany,
D. Divecha, G. Bechtold and L. Libelo, Naval Surface Weapons
Center, White Qak, Maryland

Modern composite materials are appearing as components of a large,
and ever grewing, number of important civilian and military systems.
Conseguently, detailed knowledge of the response of these materials to
EMP, 1ightning, microwaves, etc., s becoming increasingly more signi-
ficant., To help fil11 this need we have initiated a number of experimen-
tal studies. In one of these studies we have irradiated a set of thin
square plates, each of a different type of composite, and measured both
the induced surface charge and surface currents over both the front and
rear faces. Each composite plate was then replaced by an aluminum plate
of jdentical dimensions and the measurements were repeated. This
provides a simple means for comparison of the respanse of the composites
to that of the well known material aTuminum, In addition the response
characteristics of the different composites can also be compared to one
another,

We shall show resulis obtained for three different types of com-
posites each made into a square plate cne wavelength on a side. Two of
these composites are of the metal matrix type and the third consists of
graphite fibers in tape form in oriented layers 1in epoxy. This is the
so-called type 35-06-1. One of the metal matrix composites is fabricated
of silicon carbide, 25% by volume, in 2024-atuminum alloy by standard
power metaliurgic techniques. The second consists of graphite fibers
formed into the composite by liquid infiltration and hot pressing in
201-aluminum atioy.

We shall very briefly outline our other related studies on
electromagnetic characteristics of composites.

33



Flectromagnetic Properties of Non-Meballic
Conmposite Materials! An Area Yhere Confusion Abounds. 4An
Area which requires Fundamental Changes in EMP Analysis

John A, Birken
Naval Air Systems Command
Waghington, DC 20261

Non-metalic composite materials have been used to a minor
degree in the P-14 and P-15 aircraft, The F-13 and AVE8B
aircraft dencte the major potions of the aireraft structure
being built with a non-metallic material, Total composite
material construction are belng considered for aircraft for
the 199C timeframe, Only within the last year has adequate
electromagnetic data besen collected which allows initial
predicticon of composite alreraft susceptability.

The dota reveals graphlite/epoxy (g/e) éomposite material

magnetic shielding (SH) transparent below 0.2z progressing

to opagueness by 100 "Mz, The sparce data regarding electric
shielding (8,.) of a one dimensional jeint (linear joint

between metaE and graphite/epoxy sections) and a two dimensional
joint {doors and access panels) shows the inverse - SE

decreases as fregquency increases,

Due %o the tendency of describing things in the simplest
termg, many incorrect notions abound about the very complex
array of factors thal constitute the electromagnetic prop-
erties of the many comoosite materials. Some of the primary
parameters that determine the electromzgnetic behavior of
conposite materials are.

MATERIAL (graphite/epoxy, boron/epoxy, Kevlar and
fiberglass are the most common. Their
shielding properties respectfully diminish.)

MATERIAL LAY-UP CR WEAVE (layers of parallel strands
of graphite are far more suscepitible than
layers with fibers at 0,=45,+45,-90...degreas)

FREQUERCY

JOINT STRUCTURE (typical joints diminish g/e conducbi-
vity 1000X while well designed expensive
Joints diminish g/e conductivity 50X.)

EMP induced voltages and currents on wires in sn all aluml-
pun alrframe, in an all g/e airframe, and in an aluminum/
graphite/spoxy airframe with different type Joints will be
discussed, lMoment codes whiech account for composite material
frequency dependent intrinsic parameters {conductivity, perme-
ability and permittivity) have had initlal development. Tests
are currently underway to corroborate code output. The EMP
comimunity may ne longer develop codes for only metals or |
dielectrics whieh will not be applicable to fubure composite
airframed.
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ELECTROMAGRETIC SCATTERING BY ADVANCED COMPOSITE BODTES OF REVOLUTION
H. Kao and K. K. Mei

Department of Electrical Engineering and Computer Sciences
and the Electronics Research Laboratory
University of California, Berkeley, California 94720

Abstract

The electromagnetic scattaring by advanced composite bodies of
revolution can be effectively computed using unimoment technique [1].
The unimoment method decouples the interdior and exterior regions
asscciated with scattering or radiation problems. The interior
region completely encloses the advanced compogite medium., FTor the
axial symmetric medium, the advanced composite can be characterized
by the permittivity tensor of the form

€ > 0
_ rr rz
g = |z 0
Tz ZZ
1] 0
g

Maxwell's equations can also be reduced to two coupled scalar partial
differential equations [2}. With the appropriate funetional for the
variational formulation found, a finite-element algerithm is generated
for the interior solution of the flelds. The scattered field in the
exterior region can be analytically represented by a truncated series
expansion having unknown coefficients. By enforcing continuity
conditions, the unknown scattering coefficients are obtained.

References
[1] K. K. Mei, "Unimoment Method of Solving Antenna and Scattering

Problems," IEEE Trans. Antennas and Propagation, vol. AP-22,
pp. 760-766, Nov. 1974.

[2] ™. A. Morgan, S. K. Chang, and K. K. Mei, '"Coupled Azimuthal
Potentials for Electromagnetic Fileld Problems In Inhomogeneous
Axially Symmetric Media,' ICEE Trans, Antennas and Propagation,
vol. AP-25, pp. 413-417, May 1977.

Research sponsored by the National Science Foundation Grant ENG/6-22295.
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HANAPZ2: An Important New Dimension in EMP Damage Assessment*

R.N. Randall, P.A., Young and D.R. Alexander
The BDM Corporation
2600 Yale Blvd. S.E. 87106
Albuguerque, New Mexice

HANAPZ {Hardness Assessment and Network Analysis Program) is a
steady state frequency domain circuit analysis computer code which
has the capability to compute the EMP-generated current and voltage
required to burn out & semiconductor junction isolated from the input
by an ejectrical network. The Tatest version was developed from the
original code HANAP authored by Lt. R.A. Hanner fovmerly of AFWL/ELA.
Among the features incorporated in HANAPZ are an improved damage cal-
culation method, the latest semiconductor damage models or the provi-
sion for using experimental data, and the abiiity to monitor component
arcing.

In the past. two methods were avaiiable for determining circuit
hardness to electrical overstress damage. One method, manual analysis,
is tedious, error prone and subject to the judgement of the analyst.
The second option, use of large computer codes such as SCEPTRE and NET-2,
is unwieldy, time consuming, expensive and oriented more toward TRE
analysis.

HANAPZ helps remove the tedium and errors of manual analysis with-
out the costs and difficulty of a large circuit analysis code. HANAPZ
is easy to use, reguires 1ittle computer processing time, and is ess-
entially self-documenting. The analyst interacts with the code to
assure correct, reascnabie solutions. The code aliows the user to ana-
lyze more complex circuits than is possible with manual anaiysis and to
reduce the number of simplifications necessary. This capability is
especially important in the analysis of frequency selective circuits
and in the assessment of the damage effects of high frequency (>1MHz)
EMP signals.

HANAPZ has been used to analyze many different circuit types and
it has proven cost competitive with manual analysis technicues. In-
ciuded ameng these circuit types are various broadband and frequency-
selective communications circuits. HANAPZ has proven extremely useful
in the case of freguency selective circuits. Both digital and analog
control circuits have been analyzed including a serveamplifier. The
out-of-band response of a transformer has been simulated in HANAPZ
during the analysis of a power regulator circuit. The upset of a relay
circuit has even been predicted using HANAPZ,

Many of the anaiyses mentioned above could not have been performed
accurately without the use of HANAPZ or a more sophisticated code. In
addition, HANAPZ has enabled the analyst to inciude significant para-
sitics in his analyses. This has been important in resolving discrep-
ancies between nigh freguency test data and analysis. In several in-
stances, HANAPZ has yielded excellent agreement beiween simulation and
test.

*This work sponsored by the Air Force Weapons Laboratory (ELA} under
contract F29601-76-C-0116 monitored by Mr, R.A. Hays.
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UNDERSTANDING SECOND BREAKDOWN

A. L. Ward
US Army Flectronics Research & Development Command
Harry Diamond Laboratories
Adelphi, Maryland 20783

Although it is well known that damage of semiconductor junction
devices from EMP pulses is generally initiated by second breakdown,
the basic processes leadlng to second breakdown are little understood
and controversial. This paper is a critigue of some published models
and a summary of the author's model and results. Only the reverse
biased diode is considered.

The critical process in second breakdown is the transition from
uniferm current flow to a filamentary channel. This is often explained
by the junction temperature exceeding the temperature for naximum
rasistivity for that doping. This has two fallacles: (1) resistivity
is defined only when the current density is proportional to the field.
in the depletion region the carrier velececities are saturated and have
less temperature dependence than does the low field mobility, (2) a
decrease of resistivity will not cause the current to constrict into
a filement (a negative differential resistivity is required for current
constriction). A second explanation of second breakdown is that the
thermal generation current at the junction temperature quenches the
avalanche current. Again there are two fallacies: (1Y recombination
rather than thermal generation occurs in the depletion region of a
diode at current densities well below second bhreakdown, even at
temperatures well above second breakdown. Moreover, the recombination-—
generation lifetime is small compared to the transit time across the
depletion region {approximately 107 g permicron). However, thermal
generation does occur in the highly doped, low field bulk regions and
the thermal injection current is multiplied by avalanche into the
negative—differential~resistivity current regime. (2) quenching the
avalanche current in itself cabnot lead to an increase in current.
Higher fields are required for the same avalanche multiplication factor
at higher temperatures, but higher thermal injection currents eventu-—
ally reduce the required multiplication factor and space charge pro-—
duces a more efficient field distribution and a drop in voltage with
current Incredse.

Instead of the above criteria, and many variations thereof, it is
proposed that the best simple, but general, criterion is that the
mobile majority carrvier density exceeds the doping density of the diode.
(Since the velocity is saturated in the depletion region the corres-
ponding current is readily calculated at each temperature.) This
eriteria reflects the onset of a saddle-shaped field distribution and
the initiation of double avalanching, leading to a negative differential
resistivity.

Results of second breakdown calculations for diodes with a wide
variation of doping densities {intrinsie to 10L7em™ ) and diode widths
(less than 1 um to over 20 um) will be presented. Good agreement
between the calculated the published experimental current vs. voltage
and power to breakdown ws. pulse length will be presented for a few
cases.
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AVALANCHE OSCILLATIONS AND SECOND BREAKDOWN
A. L. Ward and C. Fazi
US Army Electronics Research and Develepment Command
Harry Diamond Laboratories
Adelphi, Maryland 20783

In the course of EMP vulnerability studies on the four-wire hand set
used in the AUTOVOR System, avalanche oscillations were observed in the
reverse-biased TIDF606A diode (equivalent to 1N645) at stresses just
below second breakdown, Oscillations were nmoted in the VHF/UHF range;
current amplitudes greater than 1 A and valtage excursions of 30 V
were opbserved. Earlier, computer studies! of second breakdown in the
IN4148 have shown various modes of avalanche oscillation at different
current levels and load lipes. In fact, avalanche cscillations have
been computed for doping levels from intrinsic to 10617en3 and for
diode widths from 1 to 20 um, which is the entire range of computation.
Oscillations were later also cobserved in the laboratory with the 1NA148
but at a lower amplitude than the 1N645 equivalent. TRAPALT oscilla-
tions have been reported® for the Fairchild FD-300. One concludes
that avalanche oscillations are quite prevalent in commercial diodes
and should be considered in any assessment of EMP vulmerability of
systems. This generated RF could couple internally to other parts of
the circuit and by itself cause upset, or in combinaticn with other
components of the EMP transients cause upset and/or burnout.

One mode of avalanche oscillation that has been computed and ob-
served is the relaxation mode. The time for a capacitor C to charge
through a resistance R from Vi, to VB (breakdown) at an applied voltage

Vo is
V0 B Vmin
T = RC 1n( el )
Vo B

Neglecting the breakdown time, it can be shown (using the excellent
approximation that 1n{l + =) = 0.8¥x for ® < 10) that the frequency

of a relaxing diode is given by (Jﬁ__:_ﬁ_
o)

f = Const. 8

2

¥RE
This equation has been verified by computer calculations over two
orders of magnitude of R and C. The oscillations observed in the
laboratory have been shown to be of the relaxatioun type since their
frequency varies inversely with v (C includes the diode capacitance).
Both calculations and experimental measurements have shown that the
frequency of IMPATT oscillations decreases as the temperature rises,
Since frequency changes can be measured much more accurately than
voltage changes, the change of frequency is a superior diagnostic toel
to voltage changes as a measure of the junction temperature of a
reverse—-biased diode.

Tt is anticipated that computer calculations for the 1N645 diede
will be presented at the conference for comparison with laboratory
measurements,

Ia. 1. Ward, "MULTIPATT and Other Avalanche Oscillations in Silicon
Diodes," Proc. 6th Bien. Cornell Elec. Eng. Couf., Aug. 77, pp. 269-278.

22, 3. Chaffin and E. P. ErNisse, "A Poor Man's TRAPATT Oscillator,"
Proc. IEEE (letters) vol. 38, Januvary 70, pp.173-174.
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HOLLOW SPHERICAL DIPOLE (HSD)} SENSOR
NEAR A GROUND PLANE

G.D. Sower
BGE&G, Inc.
1404 San Mateo, S.E.
Albugquerque, NM 87108

The sensitivity of a Hollow Spherical Dipole D-dot sensor in
free space is well known, being just 3nr® with r the sensor radius.
An interesting problem occurs when such a sensor is brought in close
proximity to a conducting surface, such as a ground plane; what is
the resultant effect on the sensitivity of the HSD? To solve this pro-
blem we use bispherical coordinates in the quasistatic {low {requency)
case to obiain the charge distribution on the sphere induced by the
EM fields for a fixed sphere-plane separation. We then integrate
this charge over each half of the sphere ¢ obtain the charge separa~
tions and thus the induced current output. The boundary value solu-
tions to the bispherical coordinates are expressed as converging
series solutions, and the integration is performed numerically. The
resuliant charge distribution on the sphere is shown for a particular
value of separation, and the enhancement value of the sensitivity is
stated. The variation of enhancement value with separation is also
shown, which can give the needed correction factor if a sensor is
used near a condueting surface.
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ASYMPTOTIC CONTICAL DIPOLE (ACD)
SENSOR DEVELOPMENT

G.D. Sower
EG&G, Inc,
1400 San Mateo, SBE
Albuguerque, NM 87108

A family of D-dot sensors has been developed vsing the theory
of Baum presented in Sensor and Simulation Note 72. If we hypo~
thesize a line segment of uniform charge per unit length necrmal
to a conducting ground, we can generate the equations for the
equipotential surfaces surrounding it. These surfaces will be
"raindrop" shaped, with a point at the place where the line touches
the plane. They will also bear azimuthal symmetry. If we now
make a sensing element in the shape of one of these equipotential
surfaces, in particular that surface which at its apex 1s asymp-
totic to a cone of 50-ohms characteristic impedance so that we
can transition smoothly inte a 50-ochm output ccaxial cable, we
have generated the ACD senscr. The equations governing the equi-~
potential surface allow us to calculate the equivalent charge
height and the capacitance and thus the sensor sensitivity, A
line of these sensors has been built, frgm the ACD-1 with an
equivalent area (sensitivity) of 1 x 10~ square meters (0.220
inch high element) to the ACD-5 with a sensitivity of one square
meter (22 inch high element). Both ground plane and double-sided
free-field versions have been built and tested., These ACD sensors
have a much smaller sensor capacitance, and thus greater bandwidth
than the HSD D-dot sensors, and are now replacing them in many
applications.

*This work was supported by contracts F19601-75-C-0085, F29650-
77-90259, and F29650-77-35363 for the AFWL.
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BROADBAND, SENSITIVE AND NON-DISPERSIVE SENSORS
FOR TRANSIENT EMP MEASUREMENTS

Motohisa Kanda
Hlectromagnetics Division
National Bureau of Standards
Boulder, Colerade 80303

The purpose of this paper is to introduce broadband, sensitive and non-
dispersive sensors for transient electromagnetic pulse {EMP) applications.
Antenna structures which are able to analyze the transient BEMP need to be
inherently broadband and non-dispersive. The new sensors proposed are a
resistively loaded linear dipole and a resistively loaded TEM horn. The
receiving transient EMP responses of the resistively loaded Iinear dipole
and the resistively loaded TEM hoxn are investigated theoretically and
experimentally using the FFT technique.

For omnidirectional measurements of transient EMP, one such sensor which
has been successfully fabricated is an antenna which consists of three
orthogonal dipoles with continuously tapered resistive loading. The
receiving characteristics of the resistively loaded antenna indicate that
the impulse shape of 70 ps duration is well preserved due to its excellent
llnear amplitude and phase response over a broad frequency range.

In another effort to attain increased directivity or increased antenna
gain, a TEM horn with continuously tapered resistive loading has been
censidered as a breadband and non-dispersive senscr. With proper con-
tinuously tapered resistive loading, the veceiving characteristics of the
tesistively loaded TEM horn 1s flat to + 3 dB for the frequency range
from 20 MHz to 6 GHz.

The theoretical and experimental results presented here indicate that the
receiving transient responses of these antennas can be analyzed very well
theoretically. S8ince their receiving transient responses are well
behaved they should find wide applications as standard receiving antennas
for the measurements of fast, time varying, EMP with minimal pulse—shape
distortion due to nenlinear amplitude and phase characteristics.
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RECENT DEVELOPMENTS IN RADIATION HARDENED SENSQORS
FOR USE INSIDE A NUCLEAR SQURCE REGIOWN*

G. D. Sower and J. A. Camilli
EG&G, Inc.
1400 San Mateo, S. E.
Albuquerque, NM 87108

In the past two years EG&G has designed and developed for the
Air Force Weapons Laboratory a number of new sensors for measurement
of electromagnetic quantities in the nuclear source region. This environ-
ment is very inhospitable for these measurements and causes interesting
problems in the design of sensors**. Sensors for measuring magnetic fields,
electric fields, conduction currents, and emission currents were designed,
built, and used fo experimentally study the System Generated EMP (SGEMP)
effects on a model of a satellite in a recent underground nuclear test. Data
provided by the sensors agreed well with pre-test predictions although some
anomolous resuits were observed with the Parallel Mesh Dipole (PMD)
E-field sensors. The PMD design was subsequently upgraded for better
high-voltage characteristics. Ancther underground SGEMP experiment will
be conducted soon; sensors have been built for this experiment. EG&G also
has developed 2 number of new sensor degigns for an EMP experimernt on this
upeoming underground nuclear test.

One of these sensors, the Inside Moebius Mutual (IMM) inductance
sensor, also provides a fast-rigetime, nonperturbative means of measuring
the total current in a beam of charged particles. IMM sensors have been
developed for the Los Alamos Scientific Laboratory for beam current mea-
surements.

*Work supported by U. 8. Air Force under contracts F29601-76-C-0034 and
F2969-T7-C~0055.

**Baum, et al, ""Sensors for Electromagnetic Pulse Measurements Both
Inside and Away from Nuclear Source Regions"”, [EEE Transactions on
Antennas and Propagation, Volume AP-26, No. 1, Jamnmary 1978
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BISPHERICAL DIPOLE (BSD) D-DOT SENSOR

G.D. Sower
EG&G, Inc.
1404 San Mateo, S.E.
Albuquerque, NM 87108

A new type of sensor has been developed for measuring EMP
fields. This sensor measures the time rate of change of the displace-
ment vector D = €R in the same manner as the widely used HSD
{Hollow Spherical Dipole) D-dot sensors, and like the HSD its sensiti~
vity is well known in terms of its geometry; i.e., it is "calibrated by
a ruler'”, The BSD senscr consists of a conducting sphere above a
ground plane, suspended by its electrical connector post. The bound-
ary value solutions to the field equations are readily obtained by
means of the bispherical coordinate system. The solutions obtained
for sensor capacitance, induced charge, sensitivity, etc., are in the
form of series solutions which converge rapidly for even small
shpere-plane separation, The accuracy of the solutions is dependent
only upon the number of terms retained in the expansions.

The fabrication of the BSD sensors is very easy, requiring
only a metal ball and a connector with a protruding center pin. Sev-
eral sizes have been assembled and tested, with test results agreeing
with theory to within the accuracy of the test equipment. Performance
is comparable or better than any other D-dot sensor type, including
the new ACD (Asympiotic Conical Dipole) sensors.
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Development and Test of Small Passive Current Monitors for EMP
and Lightning Testing

A. J. Mullen, Ph. D

The Boeing Company

P. 0. Box 3999 M/S 42-35
Seattle, Washington 98124

Our laboratory has experimented with a variety of small, inexpensive
manitoring devices to Tearn how a large number of test points can

be monitored to obtain a small ameunt of information at each point.
The investigation was begun to consider the problem of monitering
thousands of test points on an aircraft during a short EMP test
program. It was expanded when questions concerning lightning effects
on aircraft became interesting.

Two sensors, a wire current sensor and a skin current sensor were
investigated and two signal processing circuits, one completely
passive, the other requiring only a 1% volt battery were employed.
Sensitivity and frequency response were measured. These devices
were designed to obtain and retain one bit of information, whether
or not a pulse of a specified amplitude occurred.

The first device consisting of a magnetic toroid pickup transformer
coupled through a diode bridge to a computer core used as memary,
see Fig. 1, detected and retained peak currents as low as ten
amperes from damped sine pulses over the frequency range from

10 KHz to 10 MHz.

ol <o

Figure 1

A surface current probe with the same signal processing was insensi-
tive, sensing only 70 or more amperes per inch. The second signal
processing circuit consisting of two dariington transistors driven
by a 15 volt battery was ccenstructed, Figure 2. This device was

sensitive to 5 amperes per inch.
D(‘ 5| 0| é@g
— & e
Preliminary design of a more complex circuit to measure pylse

Figure 2
height to eight bit accuracy has been completed and conceptual
design for an even more ambitious effort, a real time miniaturized
transient recorder has been considered.

A1l of these designs as well as the results of test are presented
in the paper.
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A NEW PHASE~-REFERENCED, CONTINUOUS
WAVE (CW) MEASUREMENT AND
ANALYSTS SYSTEM*

R. E. Strayer, Jr., W. J. Stark
and C, A. Berkley, Jr.
US Army Electronics Research and
Development Command
Harry Diamond Laboratories
Adelphi, MD 20783

Harry Diamond Laboratories has utilized and improved its W test
facility over the past six vears. The present automatic network anal-
yzer system is a direct result of experience gained using a simple,
manual system. : Cost, accuracy, and ease of operation and maintenance
were the eriteria used to establish our present system,

We pgive a detailed description of the facility, including the
transmit antennas, the network analyzer, and the interface between
these units and an HP Programmabie Calculator, {The network analyzer,
designed and built specifically for the facility, employs sampling
techniques which allow the probes to be located in test areas remote
from the processing center.) We also describe the operation of the
test facility to determine transmit and receive properties of antenna
systems and discuss our method for obtaining time-domain equivalent
circults for the case of EMP excitation., We illustrate the applica-
tion of the facility by showing the results obtained for several com-
munication systems,

#This work was funded by the Department of the Army under Project No,
1W162118AHT7S,

Yarark, W. J.s "A Comparison of CW and EMP Test Data," Jeoint EMP Tech-
nical Meeting (NEM 1973): Proceedings, Volume ITI, DNA 36Q6P-3, June
1975.
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RECENT DEVELOPMENTS IN WIDEBAND MICROWAVE
DATA COMMUNICATION SYSTEMS

G.D. Sower
EG&G, Inc.
1404 San Mateo, 5. E.
Albuquerque, NM 87108

Microwave data links continue to be one of the best systems
for telemetering data out of EMP environments. In response to the
challenge from other types of data Hnks, principally fiber optic
cables, the state of the art in the microwave systewms is being con-
tinually improved. Past developments include the DLT-1 and the
DLT-2 systems, both of which have now been in use for over two
years. The DLT-1 is an improvement in the standard line of micro-
wave systems, with a smaller transmitter package and improved
system specifications, operating over up to 100 meters of dielectric
waveguide (DWG). The DLT-2 system is a quite different type of
system in that the microwave power source has been located in the
receiver unit rather than in the transmitter, and is directed down
the DWG to the transmitter for modulation. This results in a much
lower battery capacity requirement and in a significantly smaller
transmitter package, about the size of a one pound coffee can, with
significantly extended battery life. The system specifications are
also better than the DLT-1, bul the DWG length is limited to about
15 meters, acceptable for some EMP and SGEMP testing.

More recent developments with improved modulation and de-
modulation schemes have led to significant improvements in the micro-
wave systems’' performance. Bandwldths of the DLT-1 and DLT-2 sys-
tems have been increased from the 130 to 180 MHz to the 350 to 400
MHz range, without any degradation in the dynamic range. The size
of the transmitter packages has not been reduced, but the lower power
requirements and the smaller size of the improved microwave compo~
nents allows for larger battery packs with extended operating times.
Another recent development is that of a balanced modulator micro-
wave lransmitter. The prototype tested shows a common mode re-
jection ratio of 50 dB to both fast and slow pulse inputs, and possesses
a bandwidth of 350 MHz. This particular package has no amplifiers,
attenuators, or calibration pulse generator in it, and so requires no
batteries (totally passive) and is only about the size of a large "tuna
fish" can. It can connect directly to the output connector of free-field
EMP sensors and provides an absolute minimal perturbation of the
environment. Other recent developments include remotely controlled
attenuators which operate over low frequency fiber optic cables or
over the microwave carrier chamnel of the DLT-2 type systems, thus
eliminating the need for preumatic controls.
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DEVELOPMENTS IN FIBER OPTICS DATA LINKS

M.X. Gruchalla
EG&G, Inc.
1404 San Mateo, S. E.
Albugquerque, NM 87108

EG&G began development of optical data links utilizing fiber
optic cables in mid-1976. Since that initial system, EG&G has pro-
duced a number of high-technology systems designed to meet specific
customer requirements.

Fiber optic systems research at EG&G has been directed to
four major areas: sources, detectors, fibers, and amplifiers.,

LED and LASER diode sources have been investigated and
systetns built using both. The optical detectors used have either been
PIN or Avalanche devices depending on the specific system require-
ments. Numerous different fiber types and cable configurations have
heen used. These range from high-loss Galileo 19-fiber material to
single fiber cables from DuPont and Corning, A lack of availability
of wideband feedback amplifiers in the industry lead to an amplifier
development effort. The result of that development is a wideband
transimpedance amplifier used exclusively in all EG&G optical data links.

All systems delivered to date by EG&G have been custom de-
signed systems tailored to the specific mechanical and electrical re-
quirements of the customer. Increasing customer interest in an off-
the-shelf system has lead to the development of the EG&G ODL-2 opti-
cal data link. The ODIL~-2 is a 10 kHz to 130 MHz system operating with
100m of single fiber cable. Both transmitter and receiver are self-
contained units with internal batteries for a nominal 8 hour continuous
operating time. The receiver contains an integral battery charger for
charging both the transmitter and receiver batteries. The transmitter
has both single-ended and balanced inputs, internal calibration generator
and an integral manual attenuator. The transmitter package is a steel
cylinder 4.5 inches in diameter and 6 inches long designed for opera-
tion in EMP fields up to 100 kV/m.

Present work in optical data acquisition systems is directed
toward extending bandwidth and dynamic range as well as incorporating
remote control features and interfacing to the IEEE 488 bus (HP GPIB).
A gystem bandwidth exceeding 250 MHz over a 15 meter optical fiber
has been demonstrated.
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THE EMP ENVIRONMENT DUE TC NEUTRONS FROM
A HIGH ALTITUDE NUCLEAR SOURCE

William F. Page, AFWL/ELT
Richard Knight, Sandia Laboratory

ABSTRACT

The usual early-time EM pulse generation by a high altitude nuclear
source is primarily due to prompt gamma ray interactioms within the
atmosphere. MNeutrons alsce Induce electrical scurces (distribution

of currents and ionization) within the atmosphere. These neutron
induced sources occur on a time scale long compared to prompt gamma
effects and produce a later—time (lower frequency) EM signal. Calcu-
lation of the genmeration of the neutron induced sources is described.
The associated EMP environments have been computed by finite difference
solution of Maxwell's curl equations using the two~dimensional computer
code HAPS, Alterpate calculations based on an integral representation
of the fields in terms of the sources have alsc been comsidered. The
time and frequency domain character of this EMP enviromment has been

determined for a generic neutron source.
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PAIR PRCDUCTION EFFECTS ON HIGE-ALTITUDE EMP*

D. A. Rieb
C. W. Jones
Dikewood Industries, Inc.
1008 Bradbury Drive, 8.E.
University Regearch Park
Albuguergue, New Mexico 871086

The effects of pair production on the source terms and
electric fields due to a high-altitude burst have been
investigated. Compton scattering is normally treated
in environment codes at observer altitudes of 20-50
kilemeters. Calculations have been completed for mono-
energetic 1.5 and 7 MeV sources, as well as for a hypo-
thetical spectrum, which included the injection of
sample electrons and positions due to pair production
and Compton scattering. Modifications to the resuiting
sources and fields are evaluated.

3
This work supported by the Air Torce Weapons Laboratory
under Contract No. F29601-76-C-0148.
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EMP REFLECTION FROM A MOVING COMDUCTIVITY FRONT*

H. J. Price and C. L. Longmire
Mission Research Corporation
735 State Street
Santa Barbara, California 93101

The gamma rays from a high-altitude nuclear burst interact
with the atmosphere and create a downward-moving conductivity fromt
traveling at the speed of light. It is possible then that the up-
ward-moving EMP from the ground reflection of one nuclear burst can
be reflected from the downward-moving conductivity due to a second
nuclear burst. A question has arisen concerning frequency enhancement
of EMP reflected in this way. It is the purpese of this paper to
investigate the magnitude and time variation of the reflected wave.

Since the moving conductivity travels at the speed of
light, it is not difficult to show that if the conductivity were an
infinite step (analogous to a perfectly-conducting, moving surface)
the reflected EMP, regardless of the incident waveshape, would be
an impulse. TIn effect, the moving surface integrates the incident
pulse to create the reflection and considerable frequency enhance-
ment can occur.

In the actual situation, the conductivity is finite and
varies with time, space, and the net electric field, so that analysis
of the time-variaticn of the veflected wave is considerably more
complex. By use of Maxwell's equations in retarded time, and by
means of linear combinations of electric and magnetic fields to
separate inward and outward moving waves, an analytic solution 1is
obtained. It will be seen from the analysis that the magnitude of
the reflection is still related to the time integral of the incident
pulse; however, the time variation of the reflection is strongly rTe-
iated to the time variation of the conductivity. Although some
frequency enhancement occurs, the amplitude of the wave reflected
from the conductivity front is small compared with that of the
uwpward-moving incident wave,

* This work was supported by the U.S5. Air Force under Contract
F29601-77-C-0020.
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Scaling long-Distance MHD/EMP Effects: Preliminary Evaluation

Ira Kohlberg and J. H. Terrell*
GTE Sylvania Incorporated
Communications Systems Division
Needham Heights, Massachusetts 02194

The effects of the Tong-time MHD/EMP signals proeduced by a nuclear
detonation is of importance to long-line cable systems. Terrestrial
magnetic field disturbances can cause shutdown of these long-lines.
Initial interest has focused on single burst evaluation of MHD/EMP sig-
nals where cable systems are close to the sub-detonation point. Hore
recently, interest is being focused on Multi-burst MHD/EMP effects, where
strong reinforcement of these long duration sigrals may occur. This is so
even though the peak magnetic field (B ) from a single detonation ob-
served at iong distances may be Jow. E]though the prediction of the
MHD/EMP magnetic field waveform for a single burst is not yet adeguately
understood, it may be necessary to develop system assessments for a
multi-burst environment in which numerous events occur at leng distances.

This paper describes an approximate time-domain scaling technique
which relates the electric field at the earth's surface to weapon para-
meters, geophysical conditions, and distance between detonations and
observer, The principal aim of this work is to illucidate the important
physical parameters which contribute to the long-distance magnetic wave-
forms and related electric fields. Referring to Starfish data where long-
distance magnetic field waveforms are similar with quasi-periods (T.)
ranging from 2-10 seconds, it is shown that a two-layer earth condugtivity
model is sufficient for predicting electric fields, in contrast to using
more complex 3-layer earth models necessary for longer-periods associated
with magnetic storms. The use of the two-layer earth model permits an
analytic time-domain expression to be derived for the peak electric field
in terms of B , T , conductivities of the first and second subsurface
earth layers,"and’thickness of the first layer., Application of the model
te Starfish data appears to give results which are in reasonable agree-
ment with measurements. Limitations of the model are also discussed.

In addition to the earth coupiing aspect of the problem, the scaling
of B is developed. Based on an impulsive electromagnetic source model
(dem@nstrated using a theory of plasma expansion in a magnetic field} and
the Starfish data observed at long distances, an approximate formula is
developed for B as a functien of local Alfven velocity V,, yield-to-mass
ratio of the we@pon, and great circlie distance. The depeﬁdence of ¥, on
altitude, sunspot number, and time-of-dzy then provides the dependenfe of
Bm on these parameters.

* Consultant to GTE Sylvania Inc.
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EXPERIMENTAL TNVESTIGATION OF THE ABSORPTION OF ENERGY
TROM AN EMP BY A PLASMA WITH A HIGH COLLISIOMN FREQUENCY

A. Cavalli, R. N. Carlile, and W. A. Seidler*
The University of Arizema

In previous work reported elsewhere, we have observed experimentally
the propagation of an electromagnetic pulse {simulating an EMP) through
a plasma, This work has been done in a machine constructed especially
for this purpose in The University of Arizoma Plasma Laboratory. Im
this initial work, we observed the absorption of energy from this pulse
by the plasma over a distance of about 3 pulse lengths and the resulting
change in the pulse wave shape. The parameters of the plasma were such
that collisions plaved no significant role. A theory was developed by
one of us based on the swarm model, which predicted the experimental
results to about *20%. In this paper, we report om a continuation of
this work into the regime where collisions are important. We find that
a much larger fraction of the pulse energy is absorbed from the pulse in
a distance of about 1.5 pulse lengths. Considersble distortion of the
pulse wave shape occurs. The ability of the swarm model to predict this
behavior will be discussed.

*
Permanent address: Spire Corporation, Bedford, Massachusetts 01730,
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OBSERVATTON OF LOW FREQUENCY ENERGY TAIL FOLLOWING
IN THE WAKE OF AN EMP EMERGING FROM A PLASMA

R. M. Carlile, A, €Cavalli, and W. A, Seidler®
The University of Arizona

In an experimental device at The University of Arizona Plasma
Laboratory, the propagation through a plasma of an electromagnetic
pulse (simulating an EMP) may be studied. Recent observations have
shown that a significant amount (10-20%) of the initial energy of the
pulse exits the system on a time scale much longer than the time dura-
tion of the EMP., Typically, we observe the EMP emerging from the
plasma followed by a signal that persists for about 25 times the rise
plus fall time of the initial pulse. The frequency spectrum of this
energy tail has a maximum frequency at least an order of magnitude
lower than the maximum frequency of the initial pulse. This experi-
mental evidence indicates that a plasma mechanism exists which couples
energy from the pulse into low frequency modes. Care has been taken
to distinguish between signals attributable to eystem gecometrical and
impedance mismatches, and those directly attributable to plasma effects.
We emphasize that this data is very preliminary, and that the mechanism
for energy conversion has not vet been idepntified.

*
Permanent address: Spire Corporation, Bedford, Massachusetts 01730.
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SURFACE EMP EFFECTS IN THE HIGH-ALTITUDE
¥~RAY SOURCE REGION

W. E, Page
Air Force Weapons Laboratory (ELT)
Kirtland Air Force Base, New Mexico 87117
C. W. Jones
Dikewood Industries, Inc
109 Bradbury Drive SE
University Research Park
Albuquergque, New Mexico 87106
Preliminary results of cne-dimensiocnal studies of the EMP effects near
surfaces exposed to ¥X-rays at high altitude are reported. These studies
treat the electrons emitted from the surface due to the incident
X-rays, as well as the surrounding plasma. This plasma may be one that
exists before the X-ray pulse arrives, or that generated by the
scattering of the X-ray produced phete electrons in the 50-100 kilometer

altitude regime. The plasma is treated using a swarm model. Preliminary

studies of fon effects are alsc reported.
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1LE~ POSED AND WELL~-POSED PROBLEMS IN SYSTFM IDENTIFICATION

Tapan K. Sarkar
Gordon Mc¥ay Laboratory, Harvard University
Canbridge, Mass, 02138

Joshua Nebat and Donald D, Weiner
Department of Electrical Engineering, Syracuse University
Syracuse, New york 13210

Vijay K. Jain
Depatment of Electrical Engineering, University of South Filorida
Tampa, Florida 33620

The objective of this paper is to demonstrate how different formu-
lations published in literatures regularize the ill-posed system
identification problem. The different techniques presented shall
include the different Wiener filters and the various stochastic
extensions of the ill-posed system identification problem. The latter
include Maxirmm Entropy Spectral Analysis, Maximam Likelihood
Estimation and The Minimur Variance Method.

[For details please see Scientific Report No. 2 on Air Force
Cotract F33615-77-0-2059, Air Force Weapons Laboratory, Decerber
1977. 1
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LICATION OF PRONY METHOD TO SGEMP DATA ANALYSIS*
V.A.J. van Lint

MISSION RESEARCH CCGRPORATION
P.0. Box 1209
l.a Joila, California 92038

M.L. Van Blaricum

MISSION RESEARCH CORPORATION
P.O. Drawer 719
Santa Barbara, California 93102

A method based or the Prony algorithm® has been applied to
find the modes and amplitudes of response to electrical and photon ex-
citation of various satellite-like structures.

Whereas the method can clearly find the correct modes in per-
fect data vrecords (those free from the effects of the driver term and
noise), there is a legitimate question whether the Prony fit to a noisy
data record includes the modes that would exist in the absence of noise??3,
As an alternative to a mathematical proff of unigqueness, we made use of the
fact that the same modes should appear in data records for different sen-
sors under a single excitation, and in some cases for various excitations.
The method was applied first to find the modes (poles in complex plane}.

A validated set of modes deduced from various records was then used to
find the excitation amplitudes (residues) for each excitation and sensor.
The same method was applied to the output of finite-difference calcula-
tions to predict the response.

Examples of the application of the method to known waveforms,
with and without superimposed random noise, electrical excitation, and
photon test data wiil be shown.

The techniques used to enhance the visibility of the actual
poles (as distinct from noise artifact poles) were;

1. Proper pre-smeothing of data

2. Over determining the fit (excess of points over poles})

3. Safe interval between driver and fit time window

4, Choice of data window wide encugh to represent at Teast
one cycle of lowest beat frequency.

References

1
F.D. Hildebrand, Introduction to Mumerical Analysis, pp378-382,
McGraw Hill, New York, 195b6.

2
M.L. Van Blaricum, R. Mittra, IEEE Transactions.on Ant. & Prop.
AP-23, 777 (1975).

3
E.K. Miller, D.L. Lager, UCRL 52328 (1977).

¥ This work performed under Contract DNAOO1-77-C-0009.
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ABSTRACT

POLE MEASUREMENTS FOR THE ATHAMAS I PIPE TEST
BY
T. CORDARO
University of New Mexico

Albuquerque, NM 87131

During the pipe test at the ATHAMAS 1 facility, the current
density response of a metal cylinder to EMP was recorded.
Accerding to the singulaity expansion method, this transient
response can be characterized by pcles and residues con-
tributed by the cylinder and by the incident field. Poles
and residues have been calculated for both the response and
incident field. Some poles can be identified as correspond-
ing to natural modes of the pipe. Others match the incident
field poles. Most poles in the incident field are shown to

be due to ground reflection.
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PENCTI~OF-FUNCTION METHOD ~——- BETTER THAN THE WIENER FILTER ?

Tapan K. Sarkar
Gordon McKay Laboratory, Harvard University
Cambridge, Mass, 02138

Joshua Nebat and Donald D. Weiner
Department Of Electrical Engineering, Syracuse University
Syracuse, New York 13210

Yijay K. Jain
Departgent of Electrical Fngineering, University of South Florida
Tarpa, Florida 33620

The pencil-of-functon method reqularizes the ill-posed system iden-
tification problem with respect to the location of the poles and not
with respect to the measured waveform as is done in current system
identification methods. It is because of this reason it is possible
not only to estimate the error inthe location of the poles but also
the statistics about the pole locations given the statistics of the
noise. Numerical results shall be presented to demonstrate this
claim.
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LOW-FREQUENCY MAGNETIC FIELD PENETRATION

INTO A COCKPIT VIA WINDSHIELDS
by
K. Medl, EMtec Engineering, Inc., Berkeley, CA

K. 5. H. Lee, Dikewood Corp., Los Angeles, CA
K. Chen, AFWL, Kirtland AF8, NM

When the surface current densities induced by the auclear
electromagnetic pulse {(EMP) on the exterior of an aircraft are
known, it is possible to find the fields induced inside the air-
craft, This analysis is concerned with the fields or surface-
current densities induced inside an aircraft cockpit. The con-
figuration of an aircraft cockpit leads naturally to the analysis
of electromagnetic cavities. For EMP interactions, the cockpitcs
are undersized cavities; i.e., thelr linear dimensions are far
below the lowest order resonant wavelength. Since the cockpits
are not completely closed, the penetration of the low-frequency
components actually dominates. The mathematical analysis of
the low-frequency magnetic components of cavity excitation via
aperture has been given by Lee, Yang and Chen (ref. 1). The
objective of this dnvestigation ig to apply the analysis of Lee,
et al., to specific cockpit configurations, in particuelar, the
cockpit of an E~4 aircraft.

In the process of computing the low-~frequency fields inside
the cavity, it is necessary to find the normal component of the
magnetic fields at the aperture of the cavity or the windows of
the cockpit. We have chosen an equivalence current method to
estimate H,, the normal magnetic field. This approach yields
the distribution of the H,, which is more significant than the
usual magnetic polarizability g5 especially in the cockpit
study where the apertures, or windows, while small compared to
wavelength, are not small in comparison to the linear dimensioms
of the cavity.

The generic study of a finite, semicircular cone is given,
because this geometry best describes the cockpit of an E-4 air-
craft. The results of this study are all expressed in terms of
simple elementary functions such as transcendental functions,
exponentials, polynomials or f£ractional powers of the variables
or parameters. Specific results are given for an E-4 cockpit.

1. Lee, K.8.H., F.C. Yang and K.C. Chen, "Cavity Excitation via
Apertures,’ AIP Memos, Memo 12, February 1977.
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AN EXPERIMENTAL STUDY FOR THE USE OF THE BETHE HOLE
THEORY FOR WIRES BEHIND APERTURES *

J. N. Brittingham, F. J. Deadrick, D. L. Lager
Lawrence Livermore Laboratory
Livermore, California 94550

The Bethe hole theory was originally developed to model electro-
magnetic coupling through electrically small apertures in planes., In
the assessment of EMP vulnerability, this theory is presently used to
model aperatures in three dimensional bodies and planes with wires
behind the aperatures. This use of the Bethe hole theory has not been
validated. In this paper, two theoriss (developed by previous authors)
that use Bethe hole theory to find the current on a wire behind an
aperture in a plane and a wire at the center of a cylinder with aperture
are used to predict experimental results.

The experimental measurements were obtalned at the LLL Transient
Range facility. These measurements were conducted for a wire behind an
aperture in & plane and a cylinder. The effect of varying the aper-
tures' shape and sizes along with the wires distance behind the aperture
were studied in the case of the plane. In the case of the cylinder the
affect of varying the aperture shapes and size along with the cylinder's
diameter were studied. For some cases the numerical and experimental
results are in good agreement but in others the agreement is wvery poor,

¥This work was performed under the auspices of the U.S. Department of
Energy under contract #W-Th0S5-ENG-L48 and sponsored by DNA Subtask
RO9QAXEBOSBE, Work Unit T6: Experimental Coupling Model Verification for
Generic Structures,
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INTERACTION OF A GROUND EMP WITH A CIRCULAR
APERTURE IN AN INFINITE CONDUCTING SCREEN

by

Harvey J. Fletcher and Alan Harrison
Eyring Research Institute
1455 West 820 North
Provo, Utah 84601

When EMP strikes the earth the transmitted wave is atten—
uated due to the conductivity of the earth and the shape
of the Ei“P is altered. The boundary conditions at a
circular aperture are different than at an aperture in
air. G.H. Price describes the ground wave in a paper,
“Subsurface HEMP Field Calculations," (AFWL Theoretical
Note #232}. Using a Fourier Transform and neglecting

the high frequencies, an approximation is made for the
wave in the presence of an infinite unbroken conducting
screen. Then, a circular aperture is assumed with free
space on the shadowside. Oblate sphercidal cocrdinates
are used to find a potential on the shadow side of the
aperture. Because of the conductivity of the earth, the
magnetic field is not the gradient of a potential on the
incident side of the aperture. However, a particular
solution is found which when added to the general solution
is sufficient to satisfy all the boundary conditions.
Simple analytical expressions are given for the fields on
the screen, along the axis, in the aperture and for

large distances from the aperture.
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FIELDS IN A RECTANGULAR CAVITY EXCITED BY
A PLANE WAVE ON AN ELLIPTICAL APERTURE

by

Harvey J. Fletcher and Alan Harrison
Eyring Researxrch Institute
1455 West 820 North
Provo, Utah 84601

Leigh-Wel Chen has given expressions for the fields in
rectangular cavity ("On Cavity Excitation Through Small
Apertures,” AFWL Interaction Note #45). He assumes

that the frequency is small and the aperture is small

and the aperture is symmetrically placed in the center

of the cavity. Other authors have found complicated
expressions for the diffracted fields of a circular
aperture. In this paper we derive relatively simple
expressions for the fields due to an elliptical aperture
and then find the fields excited in a rectangular cavity
by these fields. The frequency is assumed small so that

a quasi-static approach is used. Tables are given for the
fields along the axis, on the screen and in the aperture.
The screen is illuminated by a wave of arbitrary orien-
tation and arbitrary polarization. The aperture is in
arbitrary position and arbitrary orientation in the
cavity. The integrals involve Bessel Functions of
fractional order which can be readily evaluated. There

is no assumption of far fields so that the dipcle approxi=-
mation is not used. Eence, the fields are good in the
neighborhood of the aperture. To avoid infinite resonances,
a non-perfect conducting wall is assumed. The response to
a simple model of EMP is given in terms of a Fourier
Integral.
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EMP PENETPATION THROUGH DOOR/HATCH SEAMS

Kenneth €. Chen
Air Force Weapons Laberatory
Albuquerque, New Mexico 871%i7

K.8.H. Lee and F.C. Yang
Dikewood Industries, Inc., Los Angeles, Californiz 90024

The solution of the problem of electromagnetic pulse (EMP)
penetration through the seams of a door or hatch is constructed
from the solution of the complementary problem of a loop with the
ald of Babinet's principle. The complementary loop problem is
solved by the asymptotic antenna method in which the expansion
parameter is 2 2n {(loop's perimeter/loop's wire radius). Thz
effects of hinges, latches and conducting gaskets are also treated.
For electrically small seams magnetic and electric peolarizabilities
are presented, while for seams of arbitrary electric size maximum
magnetic flux penetration is calculated.
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A COST-EFFECTTIVE TECHNIQUE FOR EVALUATING SHIELDING
EFFECTIVENESS OF ENCLOBURES *

H. 8. Cabayan and F. J. Deadrick
Lawrence Livermore Laboratory
Livermore, California QL4550

The determination of the shielding effectiveness of metal enclo-
sures is essential for formulating an effective hardening program for
the interior system electronics. A well designed shielded enclosure
provides the first envelope of protection against the incldent free
fields. Too often, an inadequate knowledge of the shielding provided
by the enclosure may lead to the costly practice of overhardening the
interior system. Iu this paper, we describe a simple cost-effective
technique thab we use at LLL for evaluating shielding effectiveness of
enclosures. We will also present some preliminary test results con-
cerning the behavior of the shielding properties as the "fill factor"
changes ("fill factor" is the percentage of the volume inside the
enclosure randomly filled with metal equipment racks). These results
¢an be significant in evaluating internal coupling behavicr of communi-—
cations facilities.

The method basically relies on scale model tests of wire mesh
epnclosures. In order to demonstrate this capability, an empty wire
mesh box was tested at the Transient Range at LLL. The box is made of
copper wire mesh (#40) and is 2 £t. by 2 f%. at its base and 1 I,
high. The ambient vector fields (both B and H) are measured with
appropriate probes at three different locations in the box. The time
histories are Fourier transformed snd the shielding properties for
various vector orientations are evaluated as a function of frequency.

The previous measurements are repeated for fill-factor values of
ol and 32%. The Prony Peles (i.e., natural modes of the physical
system) of the responses are evaluated in order to examine their
migration in the complex freguency plane as & function of fill factor.

From the results we have so far, the following conclusions can be
made:

1. Predictions based on comparing peaks of transient responses

overestimate the shielding effectiveness; a frequency domain

gnalysis is necessary.

5. The internal fields peak st those freguencies that correspond

to the resonant frequencies of the box; predictions based on test

procedures such as in MIL-STD-285 will overestimate the shielding
capabilities of enclosures.

3, There iz marked improvement in shielding properties with

increasing fili-factor.

4, The largest field components inside the enclosure correspeond

to those having the same polarization as the incident field.

5. Tt is possible %o extract the Prony poles from the data. How-

ever, no noticeable trend is observed with changing values of

fill-factor,

Flhis work was performed under the auspices of the U.8. Department of
Energy under comtract #W-T405-ENG-48 and sponsored by DNA Subtask
ROOQAXEBOSS, Work Unit 76: Experimental Coupling Model Verification
for Generic Structures.
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GENERIC STUDY OF AIRCRATT AVION;CS
BAYS/ELECTRONICS COMPARTMENTS

Leih-Wei Cheén

Dikewood Industries, Inc.
1009 Bradbury Drive, 5.E.
Albuguerque, New Mexico 87106

This report presents twe theoretical medels for the alr-
craft avionics bhays/electronics compartments. The first model
is a large rectangular cavity excited by the electromagnetic
pulse (EMP) field via small hatch door cracks. The second
model deals with the EMP energy coupling into an aperture-
backed rectangular cavity through the avionics-bay-door slits
which have dimensions as large as the cavity size. By solving
the quasi-static boundary-value problem and utilizing the
eigenfunction method in the calculation of the penetrant cavity
magnetic field through aperiures, simple transfer functions
in predicting the EMP field coupling to cables inside the
avicnics bays are hence obtained.

e
This research was sponscred by the Air Force Weapons Laboratory,
Kirtland AFB, New Mexico.
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Transients in Coaxial Waveguldes with Discontinuities
by

Michael G. Harrison
Chalmers M. Butler

Integral equatiom formulations are developed for the radial component
of electric field at the discontinuities introduced by placing an annular
septunt {disk} on the inner conductot of a coaxial waveguide and by placing
choke-like wave constrictions within a coaxial waveguide. The formulations
for the electric field include the dominant mode and an infinite series of
higher—order modes. A procedure is employed to obtain rapid comvergence of
the resulting Bessel function series and numerical solution technigues are
employed to obtain a solution for the electric field component. The field
digtribucion in the vicinity of the discontinuity may be caleulated from
the electric field soluticon. Values for the capacitance and impedance imtro-
duced by the discontinuities are obtained. These values are compared to
results presented in Marcuvitz's Wavepuide Handbook which were obtained by
Julian Schwinger and associates who solved similar integral equations using
variational techniques.

The transient response of the two discontinuities to a sguare pulse
input is ohtaimed by Fourier integral techniques. These calculations are
compared to results obtained by time domain reflectometer measurements on
actual structures. It is possible to use the analytical/numerical techniques
employed here to treat a variety of coaxial waveguide discontinuities. Such
work should ultimately lead to the capability to analyze the responses pro-
duced by injecting transient waves into somewhat complex cavities by means
of coaxial cables.
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BIFFUSIVE ELECTROMAGNETIC PENETRATION INTOG CAVITIES

G. Bedrosian and K.S8.H. Lee

Dikewood Industries, Inc., Westwood Research Branch
110C¢ Glendon Avenue, Suite 1436
Los Angeles, California 90024

Electromagnetic energy can penetrate into a cavity not only
through apertures in the cavity surface, but also by means of
diffusion through the cavity walls. The diffsuive penetration
comes about because the conductivity of the walls, albeit high,
is not infinite., At low frequencies for which the wall thickness
is less than the skin depth, the diffusion mechanism is known to
be an effective means for penetration by the magnetic field, while
penetration by the electric field is negligibly small by comparison.
At higher frequencies for which the wall thickness is larger than
the skin depth, most of the incoming electromagnetic energy is
shielded out by reflection and attenuation lesses due to the cavity
walls., Thus, diffusion penetration is of concern mainly for the
low-frequency magnetic field,

In this paper the physics of shielding by a metallic enclosure
will first be considered at an elementary level. Simple working
formulas will be given, both in frequency and time domain, to
calculate the cavity fields fer certain simple-shaped enclosures.
These simple formilas will then be generalized sc as to be
applicable to generval-shaped enclosures. Finally, the great
difference (order of 100 dB) in shielding effectiveness between
enclosures and planar slabs will be discussed.
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GAMMA-RAY TMDUCED COMPTON CURRENTS IN THE GROUND=

H. J. Price and ¢. L. Longmire
Mission Research Corporation
735 State Street
Santa Barbara, California 93101

Camma rays entering the ground from above induce Compton
currents in the ground. In addition, some of the Compton electrons
leave the ground and create an electron flux moving away from the
surface. Both the ground currents and surface currents are
important in estimating EMP effects within the ground and at the
surface.

The Compton electron fluxes have been calculated by a modi-
fied Monte Carle procedure for gamma-ray energies in the range 0.75
MeV to 6.0 MgV and gamma-ray entrance angles from grazing incidence
to vertical incidence.

It has been found that the currents can be approximated
by simple analytic expressions as a function of both gamma-ray energy
and incidence angle. These empirical expressions greatly ease the
computational burden when EMP calculations are performed.

* This work was supported by the U.S5. Air Force under Contract
F29601-77-C-0026.
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Improved LEMP Outer Boundary with Finite*
Ground Conductivity

H. J. Price and H. J. Lengley
Mission Research Corporation
Santa Barbara, CA 93102

LEMPZ is a computer code which calculates the electric and magnetic
fields resulting from a surface burst. In the pasi, the numerical solu-
tion was obtained by a finite difference aporoximation to Maxwell's
equations in the air and ground. This solution was carried out to a
radius sufficiently large that the source currents and air conductivity
were essentially zero. Beyond this radius, the fields were obtained
analytically, on the assumption that the ground conductivity was infinite.
This assumption overestimates the high-freguency content of the fialds
outside ¢f the source region.

An znalytic method has been devised which incorporates ground con-
ductivity. The electromagnetic fields resulting from multipoles located
at the origin are chtained analyticaily by Sommerfeld's method for a
finitely conducting half space. The amplitude of the multipecles is
determined from a Legendre expansion of numerically calculated fields
exterior to the source region.

A finite-difference method has also been devised to treat finite
ground conductivity.

*This work was sponsored by the Defense Nuclear Agency under Contract
DNAOOT-78-C-0141.
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PRELIMINARY CHARACTERIZATION Og THE
VERY LATE TIME EMP EFFECT

David DI}. Babb
Dikewood Industries, Inc.
1009 Bradbury Drive, S.E.
Albuquerqgue, New Mexico 87106

A preliminary survey of the very late time FMP effects has
beer conducted. Most of the extant work concerns high al-
titade bursts, but it appears that for relatively hard sys-
tems that might be subject to direct attack on fixed sites,
that ground and low altitude bursts would determine thelr
survivability eriteria, at least for the ground installa-—
tions. In particular, this seems to be true for

ground systems when only very late time EMP is considered.
This paper will attempt to establish that thesis in a pre-
liminary fashion. Certain hand calculations of the magneto-
telluric effect of ground bursts wiil be presented in evi-
dence. Some values for the short circuit curreant and the
open circuit voltage are calculated for two types of loops
in the vieinity of a ground burst. The horizontal loop is
a circular lecop in the ground plane with the burst at the
center of the loop. The vertical loop is a wire in the
ground plane going out from the burst point and grounded

at the outer end. The loop is closed by the ground cur-
rents. Crude time histories of the short circuit current
and open circuit voltage are presented. These solutions
are for negligible ground conductivity as far as its ef-
fect on the magnetic field is concerned. However, effects
of finite conductivity on the field perturbation are dis
cussed in the light of a solution for infinite ground con-
ductivity. Some ideas for further study will be offered.

E
This work supported by the Air Force Weapons Laboratory
under Contract No. F28601-76-C-0148.
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AN IMPLICIT CLOSE-IN COUPLING ALGORITHM*

R. L. Knight
Sandia Laboratories, Albuguerque, MM 87115
J. L. Orman

Dikewood Industries, Inc, . Albuquerque, NM 87106

An explicit finite difference code, A3D, was developed a number
of years ago to solve the EMP close-in coupling problem. The al-
gorithm used in the code is based on second-order accurate spatial
derivatives throughout the mesh and at all boundary surfaces. The
time derivatives, however, are curvently calculated using an expli-
cit, first-order accurate exponential finite difference scheme.
Singe the Courant condition must be satisfied to ensure stability
of the difference equations, this method of time derivative evalua-
tion is extremely vestrictive for many problems of interest.

This situation has been improved by the development of a new
finite difference scheme that is fully implicit and s uncendition-
ally stable so that the time step can ba determined by the accuracy
required to resoive the physics problem under consideration rather
than by stability requirements. The new calculation retains the use
of second-order accurate spatial derivatives and, in addition,
employs second-order accuvate exponential time differencing.

To facilitate the solution of the implicit equations, anh opera-
tor-splitting technique has been used to reduce the calculation to
an alternating direction, implicit scheme. The vesulting algebraic
squations are tri-diagonal and are solved by the well-known two-
pass method.

After writing Maxwell's eguations in operator form in curvilin-
ear coordinates and splitting the operators into simpler tractable
operators, one finds that, due to the source terms, the resulting
operaters are not commutative. This has two impiications: First,
the operators must be applied in the proper sequence. Second, a
second-order error is introduced into the finite difference calcu-
lation. If left uncorrected, this error was found to introduce
bounded oscillations into the calculated electromagnetic fields.

A method was discovered to remove this error from the calculation,
thereby removing the numerical oscillations in the fields.

A two-dimensional code has been written to test the method.

The code is unconditionally stable and compares very well with a
two-dimensional version of A3D.

*This work supported by the United States Air Force Weapons Laboratory.
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STATUS OF AFWL UGT ANALYSIS TECHNIQUES*

J. A. Marks, Consultant

C. W. Jones
Dikewood Industries, Inc,
1009 Bradbury Drive, S.E.
University Research Park
Albuquerque, New Mexico 87106

Various technigues have been developed and refined at AFWL
over the last few years for use in the analysis of several
underground nuclear test events. These include various
means of specifying source terms; one-, two-, and three-
dimensional environment calculations; and multi-~dimensional
coupling analysis for various geometric configurations.
This paper describes methods used to facilitate some typi-
cal ecalculations (boundary conditions, treatment of small
structures, etec.) and summarizes the present capabilities
and limitations in this area. A majority of this work is
based on the use of the AFWL codes CLASP(1-D) and A3D

(2 and 3D).

E
This work supported by the Air Force Weapons Laboratory
under Contract No. F29601-76-C-0148
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SPECTAL COMPUTATIONAL METHODS

E. R. Parkinson

Science Applications, Inc.
1200 Prospect Place

San Diego, Califormia 92037

The wsual approach £o numerical sclution of the e.m.
field equations is, of course, the well-known "leapfrog"
finite-difference scheme. Alternative methods include im-
plicit solutions of conventional finite-difference equations
and chavacteristics methods. Advantages of these Latter
methods include better stability and more physical orienta-
tion of the problem formulation. The implicit scheme is
similar to the explicit "leapfrog" method, but all fields
are defined at the same times. Ordering the differenced
form of the field equations and the unknown fields in some
reasonable fashion creates a coefficient matrix for the un-
known fields which is large, but whose elements are identi-
cally zero outside a comparatively narrow diagonal band.

The system of equations so represented can be solved by
Gaussian elimination methods in which only the in-band
elements need be considered. The computational labor in-
volved in the implicit method is, in fact, large. For
moderately sized grids, however, the large permissible time-
step size balances this cost,

Characteristics methods for solving systems of hyper-
bolic partial differential equations requires integration on
curves or surfaces associated with the propagation of wave-
fronts. The process of "integrating along characteristics"
is attractive from a physical standpoint because Lt is con-
nected with notions of causality, and attractive from a
numerical standpoint because the original partial differen~
tial equations take on the form of convenient relations for
the variations of fields along the directions of character-
isties. 1In one dimension, the characteristics are families
of straight lines and the characteristic equations have the
form of ordinary differential equations. An analogous re-
sult appears for the three-independent-variable EMP problem,
except that the characteristic equations involve derivatives
in two directions along 2-d characteristic surfaces.

The characteristic equaticns that replace the original
set of field equations can readily be differenced. The sets
of fmplicit equations obtained are solved by standard
methods, and are sometimes more satisfactory, because of the
causality considerations implicit in their development, than
equations generated by more straightforward use of the orig-
inal field equations.

Details of the above two special merhods are presented
in the paper, together with a comparison of computational
results, for an example geometry that might be encountered
in a UGT coupling problem.
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CALCULATION OF THE TRANSMISSION LINE PARAMETERS
FOR A POWER CHANNEL CONTAINING
THO CONDUCTING RAILS*

Ken Granzow
Ray Asbury
Dikewood Indusiries, Inc.
1009 Bradbury Drive, S.E.
University Research Park
Albuquerque, New Mexico 87106

The transmission line parameters, inductance, capacitance,
characteristic impedance, and the speed of light, were
solved for a power channel with two conducting rails along
the inside. The parameters were found for the channel both
filled with air and partially filled with dielectric. Solu-
tions were obtained through a matrix approximation to the
appropriate Fredholm integral equation of the first kind.

In addition, magnetic and electric field coupling Iactors
were calculated for the inner rails.

The dielectric was simulation by an equivalent surface
charge density. This charge density was calculated by
dividing the channel and rail surfaces into a finite num-
ber of linear unit charge densities and summing the effects
of these charges on single sections of the dielectric
surface.

The eleciric field coupling parameter is the ratic of the
electric flux from infinity which terminates on the inner
rails to the total electrie flux. The magnetic Tield
coupling parameter expresses the magnetic flux that links
each of the conductors per unit of curreni on the channel.
In addition, a dimensionless quantity which relates the
air conductivity, o, to the transmission line parameter

G was calculated.

¥
This work supported by the Air Force Weapons Laboratory
under Contract No. F29601-76-C-0148.
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SCLUTION OF THE TRANSMISSION LINE PROBLEM
FOR A POWER CEANNEL CONTAINING
TWO CONDUCTING RAILS*

Ray Asbury
Ken Granzow
Dikewood Industries, Inc.
1009 Bradbury Drive, S.E.
University Research Park
Albuguergue, New Mexico 87106

The Boltzmann form of the Transmission Line (TEM) egua-
tions describe the behavior of forward and backward mov-
ing volftage waves. Moving down a ftransmission line in
finite steps, the Boltzmann equation yields the attenua-
tion of the wave over the (time and space) step, the re-
fiection of ihe wave over the step, and accounts for the
source terms at each location. This technique allows for
load impedances anywhere along the line as well as any
desired termination impedance. A subroutine has been
written which solves these equations in a stepwise fashion.

Once the transmission iine parameters (L, C, Zg and c)
and the external field-coupling parameters have been cal-
culated, the response of the line to any source can be
readily obtained. Results for a typical calculation
will be presented.

*This work supported by the Air Force Weapons Laboratory
under Contract No. F29601-76-C-0148.
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PREDICTIONS OF THE NONLINEAR RESPONSE
GF BURIED CABLES CLOSE TO A NUCLEAR BURST*

f. E. Marewether, Electro Magnetic Applications, Inc., P.0. Box 8482,
Albuquerque, New Mexico 87198

ABSTRACT

Close to a nuclear burst, intense fields can alter the response
of buried cables by causing puncture of the dielectric sheath on an
insuiated cable and by driving the soil itself inte a nonlinear
conductance mode.

In this paper, the transmission line formulation of the buried
cable problem is reviewed, the expected effect of dislectric puncture
and s031 nonlinearities on the cable parameters is described and,
finally, predictions are presented in which analytical models of
the nonlinear cable parameters are utitized in a real time finite-
difference computer code to illustrate the expected response of
buried cables.

From the parameter studies presented, the most significant

noniinear effects are determined and the principal sources of
uncertainty in the predicted responses are isolated,

*This work was sponscred by the Air Force Weapons Laboratory
under contract F29601-77-C-0020 through Mission Research Corporation,
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MULTICONDUCTOR TRANSMISSION LINE ANALYSIS FOR
EMP APPLICATTONS
by

T. K. Liu, LuTech, Inec.
F. M. Tesche, Science Applications, Inc.
C. F. Baum, AFWL

Continued interest in the EMP interval interaction ares has
led te the development of & technique for amalyzing the behavior
of a complex network of interconnected multiconductor transmis-
sion lines, subject to transient excitation. Using the concept
of a linear graph, the transmission line neiwork can he repre-
sented by a number of transmission tubes connected at various
junctions. These are analogous to the branches and nodes of a
conventional circuit, except that in the transmission line case,
each tube may consist of N individual wires, and a junction
represents the connection of many individual wires.

On each tube, the conventional multiconductor transmission
line thecry can bhe applied to derive relationships between forward
and backward propagating current {or voltage) waves. At each
junction of the network, forward and backward waves may be related
by current {or voltage) reflection coefficients, whieh are func-
tions of the line parameters and interconnections. With both sets
of relationships, an overall matrix eguation for the currents at
every wire of each tube, at each junction can be derived. Known
as the BLT equation, this equation can be solved at a number of
fraguencies tec obtain the transient response of the network by
Laplace methods, or SEM concepts may be employed.

This paper will discuss in more detail the abowve concepts,

illustrate the form of the BLT equation for some simple networks,
and indicate directions of future work in this area.
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MULTICONDUCTOR TRANSMISSION LINE RESPONSE: A COMPARISON
OF THEORETICAL AND EXPERIMENTAL RESULTS
by

F. M. Tesche, Science Applications, Inc.
§. K. Chang, Science Applications, Inc.
T. K. Liu, LuTech, Inc.

In a companion paper by T. K. Liu, et al., an analysis tech—
nique for determining the time harmonic response (and also the
transient response, using transfoxm metheds) of a general, multi-
conductor transmission line network has been described. In order
to verify that the amalysis and the corresponding numerical
methods are correct, a number of simple network configurations
have been exsmined and will be discussed in this paper.

The verification of the accuracy and validity of the analysis
for more complicated, multiconductor networks employs experimental
data provided by Mission Research Corp., in Albuquerque. The MRC
data, which clearly exhibit the multi-velocity nature of wave
propagation on the multiconductor tine, correlate very well with
similar data calculated using the multiconductor network theory.
These data comparisons will be illustrated and reasons for the
minor discrepancies between the theoretical and experimental
results will be suggested.
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EXPERIMENTAL CHARACTERIZATION OF MULTICONDUCTOR
TRANSMISSION LINES IN INHOMOGENEOUS MEDIA
USING TIME DOMAIN TECHNIQUES

Ashok K. Agrawal®
Mission Research Corporation, P.0. Box 8693, Albuguercgue, NM 87108

An effective method for the time domain characterization of lossless
multiconductor transmission l1ines with $nhomogeneous dielectrics is pre-
sented. Lines of this type are characterized by multiple propagation
modes with unequal velocities. Time domain reflectometrv is used to obtain
the characteristic impedance and the modal velocities of the line. The
pulse or step function response of the line is used to obtain the modal
ampiitudes which in turn determine the velocity matrix. The apnropriate
multiconductor transmission Tine equations involving inhomogeneous dielec-
trics are solved to obtain the per-unit-length inductance and capacitance
matrices in terms of the characteristic impedance and velocity matrices.
The method is concise and complete and identifies the propagation medes in
a way that permits direct physical interpretation of the results. The ex-
perimental results for a four-conductor transmission line are presentad and
are found to be in good acreement with independent freguency domain measure-
ments within the accuracies of the measurements.!

*This work was applied towards graduate course work at the University of
New Mexico.

‘Fowles, H. M., A, K. Agrawal, L. D. Scott and L. T. Simpson, Cable Para-
meter Study, Final Technical Report, Mission Research Corporation, to be
nublished.
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TIME DOMAIN ANALYSIS OF MULTICCNDUCTOR
TRANSMISSION LINES WITH BRANCHES IN INHOMGGEREOUS MEDIA

A. K. Agrawal, H. M. Fowles, L. D. Scott and L. T. Simpson
Mission Research Corporation, P, 0. Box 8693, Albuquerque, New Mexico 87108

An effective method for computing the time domain response of Toss=
Tess multiconductor transmission lines with branches in a cross-sectionally
inhomogeneous dielectric media is presented. Lines of this type are
characterized by multiple propagation modes having different velecities.
The theory of wave propagation on lossless multiconductor transmission
1ines with inhomogeneous dielectrics is used to obtain the modal amplitudes
on the uniform sections of the line. The scattering matrix for the junction
is used to compute the transmitted and refiected waves in the different
branches at the junction. Each mode arriving at the junction excites
multiple modes in a1l branches. The method described in this paper identi-
fies all propagation modes in a1l branches of the line and leads to the
direct physical interpretation of the results. The method is general and
can be applied to either partially or completely nondegenerate cases.
Experimental results for a six-conductor transmission line having a single
branch are found to be in good agreement with the results computed using
the described methoed.
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SINGLE-LINE MODELING VERSUS MULTI-CONDUCTOR MODELING

Merton L. Vincent
Michael R. Borden

Boeing Aercspace Company
P.0O. Box 3999
Seattle, Washington 98124

Over the years modeling of EMP interaction with complex systems

have been refined in an attempt to reduce uncertainties in

response predictions. While much progress has been achieved in
areas such as external coupling, environment, and penetration
coupling (inciuding apertures) one area still remains difficult:
internal interaction. Modeling large complex cable systems, which
frequently exist, with techniques that assure great accuracy

(such as complete n-wire models} becomes unfeasible. In particular,
data collection for accurate input parametars to the n-wire model

is most unfeasibie,

This paper presentis an alternative to this dilemma which, for the
particular application addressed here (an aircraft cable system},
is no worse than a muiti-conductor solution with simplifications
forced by constraints of time and manpower. Predictions will be
shown, using a single-line medel, for a cable system representative
of a small segment of an aircraft internal cable system. These
predictions will be overlayed on test measurements along with
n-wire modei predictions for this cable. Measurements show
considerable detail in resonances due to multimedes. The n-wire
model predicts great detail, but with 6 to 20 dB lack of comparison
due to the inabiltity to input model parameters that exhaustively
characterize the cable system. The single-line model also compares
within 6 to 20 dB but with much less resonant detail. For this
particular application the two modeling approaches appear to be
comparable in their ability to predict the interaction on the cable.
The computer usage was approximately a factor of 10 less for the
singie-Tine solution and the analyst time was less. A modeling
approach that would combine the capabiliity of the n-wire modei to
depict only major multimodes and the simplicity of the single-line
model with minimal input and computer usage would be an asset to
the EMP community.
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ON THE ELECTROMAGNETIC FIELD EXCITATION
OF UNSHIELDED MULTICONDUCTOR CABLES

by

Clavborne D. Taylor¥®
J. Philip Castillo%*

*Mississippi State University
Mississippi State, M5 39762

**AFWL/ELT
Kirtland AFB, NM 87117

Certain simple unshielded multiconducter cables are con-
sidered to be illuminated by electromagnetic plane wave fields.
Using three independent formulations-quasistatic ecircuit
theory~- a study of the currents that are introduced in the
terminations is made. Questions of accuracy,

ranges of wvalid-
ity and general trends are addressed.
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An Improved Transmission Line Model
For Buried Insulated Cable

K. M. Lee and J. M. Hamm
Mission Research Covporation
Albuguerque, New Mexico 87108

The problem of coupTing to buried insulated cables has been
of interest in the EMP community for several years. At Eresent,
modal solutions® and equivalent transmission line models®:? have
been developed. Existing transmission line models do not agree
with the modal solutions over the wide frequency range of interest
to EMP analysts,

The research reported here describes a transmission line model
which agrees quite well with the modal solutions, and which is very
simple and inexpensive to use. The model enables the evaluation of
each separate element in the incremental eguivalent circuit and al-
lows a more accurate estimation of the dielectric voltage. The re-
search is an extension of recent work in insulated linear antennas.®

A simple extension of this work is also applied to the problems
of eccentric insulated antenna and of a wire over a ground plane.

TChodorow, A. M., Coupling Models for EMP Analysis of Seafarer Buried
Cables, Mission Research Corporation, AMRC-R-87, August 1975.

Zvance, E.F. (SRI), DNA Handbook, Chapter 11, "Coupling to Cables,”
(Revised), Defense Nuclear Agehrcy, December 1974.

*King. R. W. P., “The Insulated Conductor as a Scattering Antenna in
a Relatively Dense Medium," TEEE Trans. Ant. & Prop., Vol. AP-24,
No. 3, pp. 327-330, May 1976, )

*lea, K. M., T. T. Wu and R. W. P. King, “Theory of an Insulated

Linear Antenna in a Dissipative Medium,” Radio Science, Vol. 12,
No. 2, pp. 195-203, April 1977.
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"ABSTRACT"
Validating EMP Hardness
of the Minuteman Launch Facilities

Authors: Capt Robert [. Lawrence, SAMSO/MHRH, Norton AFB, CA
Mr. Robert E. Freeman, TRW, Norton AFB, CA
Mr. A. Fred Zeuthen, TRW, Hiil AFB, UT

This paper presents the system testing approach required to
validate the EMP Hardness of the Minuteman ICBM Force. The In-
Place EMP Validation Program is the final phase of a three-phase
EMP program for the MM ICBM Force.

The first phase implemented in 1968 was the Assessment Pro-
gram whose objective was to determine if the fielded MM force was
survivable to EMP threats and what hardening would be required.
The foliowing phase was the hardening program and was conducted
in conjunction with the MM force upgrade. The purpose of the
hardening program was to prevent the propagation of current
transients from various threats into protected areas of the
launch facility. The approach utilized included EMP surge pro-
tection, decoupling, filtering, shielding, circumvention, and
subsystem hardening. The final phase of the validation program
commenced in 1972 and is to be completed in June 1978. The
purpose of the validation program is muiti-fold: substantiate
the survivability of the upgraded force to EMP threats, develop
mathematical models, make survivability predictions and provide
a baseline of data and test procedures for hardness maintenance.

The paper presents the system Tevel methods of conducting
the validation program. Discussion will include the determina-
tion of critical circuitry and fragilities, field test methodoiogy,
test data analysis, extrapolation technigques, and assessment
methodology. Specific examples relating to latest system tests
conducted at the Wing VI Launch Facilities at Grand Forks AFB,
Korth Dakota will be presented.
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HARDNESS EVALUATION IN THE PROTOTYPE PHASE:
The Approcach to the TACAMO EMP
Assessment Test (TEMPAT)

R. W, Sutton
SCIENCE APPLICATIONS, INC.
16561 O0ld Meadow Road, Suite 600
Mclean, Virginia 223101

TEMPAT 1 was conducted during the summer of 1977
Tor the purpose of determining what hardening might be
reguired, The TACAMO system tested is a proiotype of
a modification which increases the communication
capabllity of the system. The AFWL horizontally and
vertically polarized dipole facilities were used,

The hardness was eveluated by sampling the coupled
bulk currents at mission critical boxes; extrapolating
these to appropriate levels and configurations; and
comparing to threshold bounds measured by current
injection. An error analysis was used to define an
adequate system design margin., Test points not sampled
are assumed to be in the same distribution as the sampled
points so that the tail of the sampled distribution
could be used as a measure of system hardness.
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CONDUCTIVE PULLEY ASSEMBLY FOR EMP
HARDENING OF CONTROL CABLE PENETRATIONS

John R, Thomas
Boeing Aerospace Company
P. 0. Box 3999
Seattle, Washington 98124

Contrel cables that penetrate an airplane hull provide a
strong coupling mechanism to bring EMP energy inside a
shielded region. The importance of this penetraticon type
was demonstrated in Boeing direct drive tests and in

EC-135 tests in AFWL simulators. Several hardening methods
were considered for the E-4B airplane. One practical problem
encountered is the length of cable travel--up to 60 inches
in the case of the rudder trim cable. Conductive pulley
assemblies were developed to solve this problem and provide
a path of Tow inductance L and resistance R to ground at the
pressure hull. An extensive laboratory program was under-
taken to demgnstrate the adequacy of these devices.

Design analysis was based on a linear R-L circuit model of
the pulley assembly. This simple circuit was incorporated
as a hardening fix in the over-all computerized coupling
model and a parametric study was carried out to evaluate
maximum allowable values of R and L.

Farly testing showed that the resistance of the rolling
tubricated contact surfaces in the pulley assembly was
nonlinear, decreasing with increasing current. Data will

be presented to show this effect in direct current and pulsa
measurements made while the control cable was driven in a
reatistic motion cycle. Static measurements of the transfer
impedance {R and L) were made with network analyzer and
miliichmmeter instrumentation. Also, mechanical measurements
were made to evaluate breakout drag force of the pulleys.

Many different designs (ir terms of materiais, bearings,
springs to tension the pulleys) were tested. Mechanical
requirements for low drag Ted to choice of a ball bearing
assembly on an axle. A standard airplane control system
steel bearing with conductive lubricant within a raceway
pressed inte an aluminum pulley was found to provide satis-
factory performance. Twoe types of design were used: a twin
idler pulley assembly to be installed at the pressure bulk-
head and & replacement pulley assembly for use where control
cables change direction at the penetration. The production
model idler pulley assembly was put through a complete
environment qualification test. Resuylts of these tests and
comparisons with model calculaticns establish the adequacy
of the pulley design and construction.
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HARDNESS ASSURANCE AND VERIFICATION:
QUANTIFYING PROPER TEST AND REDESIGN INVESTMENTS

M. L. Van Blaricum
J. P. Hawxhurst

Mission Research Corporation
P. 0. Drawer 718
Santa Barbara, CA 83102

The EMP test planner is charged with the responsibility for what
to test, to what level, and with what equipment. He 1s required to
define the value of the test in terms of what change in hardness con-
fidence will occur if implemented. He often feels compelled to suggest
a design modification which would result in a higher confidence hard-
ness in lieu of testing. Thus, the test planner must be an expert in
EM and circuit theory, reliability analysis, test hardware, sSystem
design and analysis-~and rescurce allocation methodology.

EMP test planning requires identification of the critical system
elements and their failure modes. Since the purpose of the test is to
determine actual hardness reliability and confidence, pretest analysis
must be quantified on the basis of less than firm estimates. Conclu-
sions must then be reached based upon sensitivity analysis., Failure
mode effects and criticality amalysis {FMECA) is a formalized technique
which is applicable to this problem. Its procedure is based upon net-
work analysis, and uses logic diagrams and failure probabilities to
derive system fazilure sensitivities. The important application of this
process is mot in quantifying the system failure likelihood based upon
firm subsystem reliabilities, but in identifying changes in system
failure likelihood as a function of subsystem failures--sensitivity.
Comparison of such sensitivities to subsystems allows identification
of eritical EMP paths and the high priority EMP tests.

Suggestions for elimination of these critical paths by redssign
are guantitatively justifiable based upon relative costs of testing
versus design modification costs as a result of such deliberations.

Important to note is the tendency on the part of the design
community to parailel important functions to provide peacetime
reliability and availability through redundancy. Such a procedure
can result in decreased EMP hardness confidence since it also provides
redundant points-of-entry, of which a failure in any one causes system
failure,

This paper shows why the FMECA techniques are an essential tool

for hardness assurance and validation, how they are best applied, and
some interesting results of successful application to a DoDl c3 systeim.

87



Statistical Relationship Between Testing and

Predictions of EMP Interaction

Charles T. C. Mo
R & D Associates
Marina del Rey, California 90291

Investigating the general relationship between EMP testings
and predictions, we first show that such a relationship must
be statistical in nature due to the many uncontrollable and
uncertain elements and the shear complexity of the problem.
Then, we devise a theoretical framework that decomposes the
overall problem into a number of different stages. For each
stage, we identify the input information required, delineate
the output information produced, and cutline the nature of
the effort needed. In particular the methodology used is
explicitly specified and the difficulties encountered, of
both physical and mathematical origins, are pointed out.
While we have suggested ideas and commented on the extent of
efforts needed to resolve some of these difficulties, in this
report we can merely indicate others as being open guestions.
In short, for the general EMP testing-prediction problem we
have spelled out the ingredients needed to arrive at a final
assessment and have outlined the ideas and procedures for
making use of these ingredients.

To the part of the statistical relationship between EMP coup-
ling test data and prediction results, we have devoted a
detailed effort. Based on a linear model that links the sub-
system level black box points to their dominant points of
entries (POE), we have developed a statistical formalism that
enables one to calibrate the uncertainties in the theoretical
(analytical or computational} prediction capability by the
uncertainties in the test data under simulated EMP environ-
ments. Thus, the calibrated prediction capability then will
be used to predict, with guantified estimates of confidence
levels and intervals, the statistical behavior of the system
responses at that subsystem level to a threat EMP stress.
Following this formalism, we use a simplified example to illus-
trate how the procedures are applied and implemented. In the
examnple test data and prediction results are statistically
compared and aggregated to yieid an EMP coupling assessment
that has gquantified confidence measures. Such a coupling
assaegsment, combined with the other subsequent ingredients
outlined in the general theoretical framework, could be used
either forwardly to facilitate the overall assessment or back-
wardly to specify the amount of hardening required for improv-
ing the unsatisfactory coupling parts.
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Reliability-ConTidence Algorithms
for Assessing Complex Systems

Chris Ashley
Air Force Weapons Laboratory
Albuquerque, New Mexico

ABSTRACT

Consider the question of whether the threshold of failuve of a
given system is greater than a specified level of siress {the threat)
expected in a certain harsh environment. Suppose it is proposed that
the difference between the threshold and the threat is at least M dB
{M for margin). It fs reasonable te ask what is the probability that
this proposition is true. Suppose i1t is further proposed that this
probabiltity is greater than or equal to a certain value R. Then we
say the reltability of the first proposition is R. (If M = 0 then R
is also the reliability of the system at that stress level.)

In statistical terms, [R,1] is a confidence interval for the
binomiat (or hypergeometric) parameter p. A further question is, what
is the confidence level to be associated with this confidence interval?
In the actual assessment of a complex system only incomplete data is
ever available from which to estimate the reljability R. Moreover the
data which is available is usually contaminated by errvor from several
different sources. Consequently the confidence {(R) warranted by any
proposed value of R > 0 must in actyal practice always be less than
unity. This confidence level is rigorousiy calculable as a function of
the experimental data (and other supplementary information) available
to support the estimates M and R. When this confidence is calculated,
it is in practice often found to be sufficiently less than unity
(typically .9 or less) to require that the confidence level accompany
any advertising of the estimates M and R.

For these reasons the algorithms used to calculate C{R) from
experimental data are very important in the assessment of systems.
For complex systems, RC (reliability-confidence) algorithms have
improved considerably in the past few years. However, they stili
contain theoretical weaknesses. Further work is reguired to eliminate
these weaknesses.

This paper examines RC algorithms currently in use for EMP
assessment of complex systems. It discusses the weaknesses of these
algorithms, and describes further work needed in this area.

15F78
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ABSTRACT

2 STRUCTURED APPROACH TO TEST POINT SELECTION
FOR AN EMP SYSTEM TEST

By Mr. William H. Cordova, Rockwell International, Nuclear
Effects Engineering, 3636 Menaul Blvd N.E., Suite 211, Albuguerque,
New Mexico

This paper examines the mechanics of structuring an EMP
system test with emphasis on the test point selection process.
With the realization that EMP system test programs differ in terms
of goals and objectives, three categories of test program are
examined. These are: (1) an Analysis Support and Model Verifi-
cation System Test Program, (2} A Hardness Assessment Related
Test Program, and (3) A Hardened System, Hardness Verification
Test Program. Programmatic differences are examined in detall as
related to the test program structure and alternately as related
to the test design and test point selection. Although the approaches
discussed apply, in general, to the design of most EMP System
Test Programs, the subject material is inclined towards aircraft EMP
test programs.

Many variables aflfecting the test program design and test
point selection process are examined., Among these are: test
program objectives, test vehicle consideraticns {e.g., surface
coatings, surface materials, equipment and cable layeouts, etc.),
system modes of operation, configurations/orientations, experiment
categories, types of measurements, zimulation facilities, instru-
mentation system and limitations, data acquisition rates, deter-
ministic test variables, configuration controls, and test controls.

The material presented shows how a structured test program
requires a thorough knowledge of how the test data is to be applied
to satisfy the program objectives and also requires an under-
standing of the mechanics of running a test. The importance of
kest point selection algorithims and pricritization schemes is
exemplified.
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ABSTRACT

COMMENTS ON THE SELECTION OF EMP DESIGN MARGINS

By J. V. Locasso; Rockwell International Corporation,
3370 Miraloma Avenue, P.0. Box 4192 (Mail Code GB17),
Anaheim, California 92803

It is generally necessary to select design margins
fairly early in an EMP hardening program in order to provide
concrete goals for the equipment designers. Once selected,
few considerations have more significant and long lasting
impact on the hardening program than the design margins.

The availability of high quality design techniques
and design solutions means nothing if too low a margin
requirement renders them apparnetly unnecessary. Conversely,
cost, weight, and possibly reliability penalties accrue to
programs with too high a margin requirement. Despite their
importance, design margins to date have been picked judge-
mentally without the benefit of any but the most cursory
analysis.

This paper attempts to identify the major factors
which enter into the selection of design margins. It pre-
sents one view of how these factors add up to a design
margin. An attempt is made to identify those factors which
can be quantified in a typical program and those which most
probably cannot.

It is believed that part of the variation in view-
points on design margins stems from differing, but unspoken,
treatment of the basic factors noted above; this leads to
unnecessary disagreements which vanish when communication is
more complete, This paper begins the process of identifying
these factors so that the true issues in selecting design
margins can be better highlighted.
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E3 ENGINEERING
THE STRUGGLE FOR COMBAT READINESS IN AN ELECTROMAGNETIC WORLD

Robert J. Haislmaier
Naval Surface Weapons Center

Electromagnetic environmental effects {ESJ influence the combat
effectiveness of all land, sea, ang air deployed electronic systems.
Therefore, it is imperative that E” be addressed adequately in the life
cycle of mititary systems so as to ensure continued operation:in a~
giutted, and sometimes hostile, electromagnetic world.

For some years problems of radio frequency interference [RFI) and
electromagnetic interference (EMI) have prevented electromagnetic com-
patibility (EMC) of electronic systems with their environment. Safety
of ordnance (HERO), fuels (HERF}, and of people (RADHAZ) are important
when it is necessary to be and to operate in the vicirity of high power
transmitters. Electronic systems and weapon systems also exhibit spe-
cial electromagnetic vulnerabilities {EMV) when near such transmitters.
Lightning has long been a threat to be reckoned with. In this nuclear
age, the electromagnetic pulse (EMP) is still another threat to the sus-
tained mission effectiveness of military systems. From the standpoint
of electronic system performance, each of these are but specialized
manifestations of a composite electromagnetic environment in which a
sytem must function. Taken as an ensemble, the cgmposite environment
produces electromagnetic environmental effects (E™) which impair in
some manmer the functioning of electronic systems.

Over the past several ¥egTs the Navy has been trying to understand
how to better control these E- in a cost-effective manner. Under orders
of the Chief of Naval Material, the TESSAC (Tactical Electromagnetic
Systems Studies, Action Ceuncil), chaired by the Head, Tactical Electro-
magnetic Program Office (ELEX-093), set up six technical teams to survey
the status of our ability to umnderstand the environment, to engineer and
to test for system operability in that enviromment, and to procure and
maintain systems with assured operability. The technical teams surveyed
the E~ specialty areas of EMC, EMV, EMP/Lightning, Safety, ECCM, and
Power Systems. Summary reports were synthesized from these specialty
surveys, including: a iynopsis of current capabilities and deficiencies;
a plan for achieving E” engineering in the acquisition cycle; a plan for
RED needed to make up identified deficiencies in technology, testing
capability, specifications and standards, and personnel training; and a
plan for monitoring and maintaining comtinuing operability of electronic
systems during their deployment and use.

E3 engineering is the combined application of B> specialties so as
to achieve sustained system performance in a composite electromagnetic
envirvonment. This does not mean that the various electromagnetic spe-
cialties are to be melded into one. Rather, it implies the integration
and coordinaticen of the application of their technelogies. Such an
effort has some very definite implications for EMP in the future in the
Navy, and for those who are engaged in EMP related research and engi-
neering.
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PRACTICAL ASPECTS OF EMPLOYING TRANSIENT
DIGITIZATION AND RECORDING SYSTEMS FOR
FIELD TEST PROGRAMS*

J.A. Keller and D.L. Endsley
EG&G, Inc.
1400 San Mateo IE
Albuguergue, NM 87108

The AFWL Data Acguisition System for BMP Tests (DASET) re-
presents a significant improvement in field test data gathering
and recording capability.

The use of this system for seven months for recording data
from the AFWL llorizontally-Polarized Dipole (HPD) Upgrade Testing
Program has provided extensive experience which can benefit future
users of this type of automated digital recording system.

Specifically, the following areas are discussed:

a.
b.
c,
i,
@,

Data recording limitations

Operational data cycle

System self check (auto-cal)

DASET /Microwave characterization (284 test)
Statistical accuracy

Using data acquired during the HPD Upgrade Testing Program,
each area is addressed with emphasis on the inherent system charac-—
teristics and their impact on successful acguisition of quality

test data,

*This work was sponsored by the U.S. Air Force under Contract
F28601-76-C-0064.
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LARGE EMP DATA ACQUISITION/ANALYSIS SYSTEMS,
A BRIEF HISTORY AND UPDATE
CHARLIE HANSEN, LEE STOCKERQ, JAXE TAUSCH, BDM CORPORATION
RAY NETHERS, AFWL

EMP testing in large facilities is usually very expensive and tests
are performed on a very tightly scheduled basts. There has always heen
a lot of interest in improving data acquisition/analysis systems to improve
data reliability, accuracy, throughput and, consequently, lower the cost per
shot. These efforts have been complicated by several unique aspectis of the
EMP testing scenario, specifically:
(1) Physical size of the facilities makes sensor to recarder
traceability difficult;
{2} Several data records must be "time Tied" befere a test point
can be verified;
{3) The werking environment is poor;
{(4) The data acquisition is done at a Tocation physically distant
from data reduction.

Several generations of test systems have evolved over the years to
attack this problem. This paper will give a brief history of this evolu-
tion up to the present "daset/adset" system and show how the varicus systems
performed when judged against the following criteria:

(1) Data Reliability

(a) Traceability

(b) System Calibration/Verification

(¢} Recording Format

(4} qQ.c.

2) Accessibility of Data Base

3) Accuracy

4} Time Between Acquisition and Analysis
5} Human Engineering

{a) Morking Environment

(b) Ease of Cperation
(6) Shots/Day
(7) 0&M Requirements

In addition, the present system will be described in detaii to show how
the data acquisition and analysis facilities have been tied together in a
distributed network of computers, how extensive use is made of software
verification of data, and how human errors are minimized through good system
design.

The paper will end hy discussing possible future system improvements
such as fiber optic data 1inks, CCD recorders, stc.

The test systems described here were developed by and for the Air Force

Weapons Laboratory. Current improvements are being performed under contract
F2e60177C-0014.
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EMP DATA PROCESSING ERROR ANALYSIS*

T.R. Wilson
EG&G. Inc.
1400 San Mateo, 3B
Albuguerque, NM 87108

This paper describes the results of s statistical analysis
of data processing errors associated with electromagnetic pulse
(EMP) test data. Results are presented for both time and fre-
guency domains. Two different sets of data processing procedures
are addressed: thosé associated with the processing of oscillo-
scope data photegraphs, and those associated with the processing
ol data acquired by the DASET (Tektronix R7912 Transient Analvzer)
data acquisition system, Mathepatical models, derived from the
statistical analysis, which estimate ninety (90) percent confi-
dence limits a2t a ninety (90) percent confidence level are pre-
sented., Limitations on data dynamic range imposed by data pro-
cegsing errors are alse discussed.

*Work supported by Contract F29601-76-C-0064 for the AFWL,
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DETERMINISTIC ERROR ANALYSIS AS
A TEST PLANKING AND ON-SITE ANALYSIS TOOL

J. F. Prewitt, K. §. Kunz, L. D. Scott
Mission Research Corporaticn, Albuguerque, New Mexico 87108

The utility of a deterministic error model, developed as a
part of an aircraft test program, is illustrated for system test
planning and analysis. The model's greatest strength lies in its
ability to provide real time error estimates. S5ix sources of mea-
surement error have been identified as being significant contributors
to overall measurement error in a test program with rigorous quality
control [1}. The resulting model has been implemented as a user-
available algorithm on a mini-computer.

For a given set of six user-specified time domain errors,
exercise of the algorithm on a given data set resuits in the cal-
culation and graphical presentation of the frequency-dependent
overall error. The accuracy of the error model has been cross-
checked by comparison with statistically derived error estimates
also obtained as a part of the aircraft test program referred to
above.

Examples of the use of the algorithm are given in two
situations:

1) test planning activities, in which the algorithm is used
to perform trade-off studies between required data fre-
quency bandwidth and quality control constraints, and

2} on-site data analysis during testing, in which the algo-
rithm is used to accept or reject data on the basis of
meeting specified frequenty bandwidth - error Tevel
requirements.

The first situation is illustrated using predicted aircraft
response data, and the second sitwation is fl1lustrated using real
response data taken in the ATHAMAS-I EMP simulator {F-111, SPS, and
TACAMG external response data).

References

1. Scott, L. D., "Deterministic Error Analysis Applied to EMP
Simulator Data Acquisition," EMP Measurement Notes, Note 24,
Air Force Weapons Laboratory, Kirtland Air Force Base, New
Mexico, June 1977.

2, kelter, J., L. D. Scott and 7. Wilsen, "HPD Characterization
Report," Vol. 4, Error Analysis, EG&G, Inc., Albuquerque,
New Mexicop, AL-1295, August 1977.
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APPLYING DIGITAL SIGNAL ANALYSIS TECHNIQUES
TO DIGITIZED EMP/SGEMP WAVEFORMS

* *
Terry L. Brown , Joe P. Martinez ,
and Bharadwaja K. Singaraju**

*Dikewood Industries, Inc.
10069 Bradbury Drive, S.E.
University Research Park

Albuquerque, New Mexico 87106
**Air Force Weapons Laboratory
Kirtland Air Force Base, New Mexico 87117

Experimental data recorded by photographing and digitizing
an oscilloscope trace into coordinate pairs generally con-
tains various errors. One of the more obvious errors oc-
curs in the zero base line shift of the data. This may

be due to the uncertain width of the scope trace, incor-
rectly setting the (0,0) point in the digitization pro-
cess, etc. These errors gravely affect a waveform when
the digitized data is propertioconal to the derivative of
the measured quantity and must be integrated hefore cali-
brations can be made. Some simple and straightforward
methods of integrating, interpclating, and bandpass fil-
tering are applied to sample derivative data, particulariy
the OWL Exploding wire SGEMP experiment, fto better repre-
sent the structure and for more reasonable comparison to
prediction data. Time and frequency domain waveforms of
idealized and experimental signals are presented.
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DATA SIGNAL TQ NOISE RATIQ ESTIMATED BY THE MOMENT METHOD (1)
R.L. Hutchins

The BDM Corporation

2600 Yale S.E.

Albuquerque, New Mexico 87106

Many military systems are tested with EMP simulators not completely
representative of the specified threat environment. In order to esti-
mate the coupled signals in the actual threat, measurements are often
extrapolated with various transfer functions {2). However, the vali-
dity of the extrapolation is critically dependent on the signal-to-
noise ratio of the measurements {3). The purpose of this paper is to
present an analytic method of estimating data signal-to-noise ratios,

The effect of random additive errors introduced by the amalog-to-
digital conversion process cannot be removed by additional data pro-
cessing. Therefore some medel indicating frequency bandwidths with
acceptable signal-to-noise ratios s desired. Unfortunately, straight-
forward mapping of random time deomain errors to estimates of frequency
domain modulus and phase errors presents a formidable analytic problem.
However a simple formulation is available using the statistical method
of moments (4).

The moments method was used to obtain {5) the mean and standard
deviation of the modulus and phase of a Fourier transform, and the
transfer function modulus and phase obtained from two Fourier trans-
forms. The noise model was assumed to be uncorrelated with a zero
mean and a finite second moment. Expressions for the mean and standard
deviation are shown.

A significant finding of the analysis is that the mean of the
moduTus is biased while that of the phase is unbiased. Numerical
examples are presented, A typical result using a damped sine with a
noise standard deviation equal to cne percent of peak Timits the
frequency domain bandwidth below thrae times resonance. The standard
deviation is best interpreted using non parametric statistics since
%n agceptab]e fit to common parametric distributions could not be

ound.

Recommendations for evaluating data contaminated by noise and
means for reducing input noise are presented.

1. Work sponsored by the AFWL under contract F29801-76-0-G075.

2.  Baum, C.E., “"Extrapolation Techniques for Interpreting the Results
of Tests in EMP Simulators in Terms of EMP Criteria", EMP SSN 222,
AFWL, 20 March 1972.

3.  Merewether, D.E., et al, "Characterization of Errors in the
Extrapolation of Data from an EMP Simulator to an EMP
Criterion, EMP SSN Note 232, AFWL, 25 Qctober 1977.

4. Papoulis, Athanasios, Probability, Random Varjables, and
Stochastic Processes, McGraw Hill, T965.

5, Hutchins, R.L., et al, Electromagnetic Pulse Data Reduction
Yariables Analysis Study, BDOM/A-2B5-76-TR-RZ, 20 January 1978.
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LIGHTNING WAVEFORM MEASUREMENT

Carl 1., Lennon
Thomas Q. Britt
NASA IN-TEL-32
Kennedy Space Center
Florida 32899

This paper describes a remote conirolled instrumentation system
that is capable of measuring the current waveform of a lightning
strike, An AFWL CPM-1A current probe was used as a sensor.
The ocutput signal from the sensor was recorded using high speed
digital techniques. The eguipment installation and shielding are
described with the aid of block diagrams and installation photo-
graphs. Lighining current waveforms are shown. along with a
photograph of the actual lightning strike,
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A TEST TECHNIQUE FOR MEASURING NATURAL
AND SIMULATED LIGHINING PHENOMENA

Lawrence G. Walko
Keith J. Maxwell

Technology/Scientific Services, Inc.
Dayton, Chioc 45431

A joint AFFDL/NASA lightning research program was conducted
at Kennedy Space Center in July and August of 1977 as part of
Project Thunderstorm (TRIP-77). A NASA Learjet airvcraft was
instrumented with E and H field antennas, field mills, and skin
current sensors to obtain near field lightning data. Special
cable runs were installed to record induced voltages and currents
within the aireraft. This paper describes the measurement systenm
used to gather in-flight data and the subsequent use of the system
for ground tests. A description of the various sensors on the
aircraft and rheir characteristics are given in relation to the
natural phencmena measured. Im additicrn, the equipment and
generators used for the ground tests te simulate wvarious parameters
of the natural phenomena are described. Comparisens of in-flight
and ground test data are given.
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TEST DATA FROM NATURAL AND SIMULATED
LIGHTNING PHENOMENA

Keith J. Maxwell
Lawrence C. Walko

Technology/Scientific Services, Inc.
Dayton, Chio 45431

Robert K. Baum

Adr Force Flight Dynamics Laboratory
Wright-Patterson Alr Force Base, Ohio 45433

Ground-based lightning simulation test data are compared
to in~-flijight data recorded on a NASA Learjet aircraft under a
" joint AFTFDL/NASA lightning research program. The program
(TRIP-77) was conducted at Kennedy Space Center during July
and August 1977. The relationship between simulated test
data and that obtained in the natural environment are emphasized.
The parameters discussed are the electric field, the magnetic
field, and the aircraft skin currents produced by laboratory
tests and by nmatural lightning. Comparisons are made in both
the time and frequency domains in order to characterize the
lightning/aircraft interaction,
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THE EFFECT OF SOIL CONDUCTIVITY AND
INSULATION DIELECTRIC STRENGTH UPON LIGHTNING DAMAGE TO
BURLED INSULATED CABLES*

R. A. Perala
Mission Research Corporation

P. 0. Box 8693
Albuguerque, New Mexico 87108

Some communication or power systems can have large networks of buried
insuiated conductors, whose total length can approach thousands of miles.
Although they are buried, these cables are still significantly exposed to
cloud-to-ground lightning strokes. With such large lengths of buried
cable in a system, problems associated with the initial cost, development,
and maintenance become significant. Fault isclation and maintenance for
Tong cables may be quite difficult and expensive. It is thus incumbent
upon the system designer to incorporate expected Tightning damage into
his design criteria and maintenance plan.

The problem addressed in this paper is the predicted effects of soil
conductivity and the cable insulation dielectric strength upon cable
damage. The cloud~to-ground tightning stroke peak current is treated in
a well known statistical manner, and thus the expected cable damage is
described statistically.

A rather simple nonlinear time varying circuit model is employed to
calculate cable damage. When a stoke is incident upon the earth, it ionizes
a region (which is roughly hemispherical} near the surface of the earth.

To a first approximation, this region is regarded as an unipotential volume.
If the cable is in this voTume, a potential will develop acrass the
insulation. The size and impedance of the unipotential volume is a function
of the soil resistivity, fts dielectric breakdown, and the time varying
current flowing into this volume from the lightning stroke, and is there-
fore represented as a time varying nonlinear resistor. The cable insulation
forms & time varying coaxial capacitor whose outer conductor is the ionized
5011 pegion, and whose inner conductor is the cabie conductor. A non-
Tinear resistor accounts for the cable insulation breakdown. The cable
characteristic impedance is represented by a resistor determined by well
known methods.

The model s used to predict the expected number of damaging strokes
per 100 miles for cables having insulation dielectric strengths of 210,
558, and 1000 kY, and for soil resistivities ranging from 25 to 1000 ohm-m.
The current which flows down the cable is also predicted,

It is shown that significant lightning protection is provided by
increasing the cable insulation dielectric strength, and that the pro-
tection s a significant function of soil resistivity. Of course, high
voltage cables are initially more expensive, but this cost would have to
be traded off against the reduced fault isolation and maintenance costs.

*Work sponsored by Naval Electronics Systems Command under Contract
NO0039-76-C-~-0089,
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Lightning Effects on Air Force EMP Instrumentation

John Q'Neill, Edward Breen
Air ¥orce Weapons Laberatory, Kirtland AFB
New Mexico
Graydon Aulich and C. B. Moore
New Mexico Institute cof Mining and Technology

Socorro, New Mexico

The effects of nearby lightning on Air Force EMP sensors
are being studied at Langmuir Laboratory near the sunmit of
the Magdalena Mountains of central New Mexico. About 60
thunderstorms develop each summer within a 10 km radius of
the summit and lightning frequently strikes the mountain ridge.
The paths and nature of the discharges are determined by use of
video cameras and recorded onto magnetic tape. The mountain
top is often enveloped in clouds and the flashes are rhen
chscured, Three arrays of low frequency microphones provide

location information on the in-cloud portions of the discharges.

A vertically scanning, 3 om cloud physics rvadar provides a
quantitative digital record of the location and intensity of the
precipitation echoes lying within a2 10 km range of the Laboratory.
Electric and Magnetic field vector changes for each stroke are
recorded wirh high time resolution. Changes in |E| of the order
of 30 kV m~' are commonly recorded for nearby discharges.
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Minimizing Lightning Effects On An Electromagnetic
3ignal Detector
John 0'Neill, Edward Breen

Adlr Torece Weapons Laboratory, Kirtland AR,
New Mexico

Carl Vespa, Nanefast Cor, #16 W. Erie, Chicagae, I11
60810

A detection system is being developed to detect
electromagnetic signals. Because incorrect operation
caused by lightning is a major concern, various designs
are being incorporated in the system to minimize lightning
effects. These include antenna, band pass filters, ampli-
tude selection, protection circuitry, shielding, and power
line isolation. The deployment configuration is also an
important factor. The detection system is being field
tested to determine lightning effects.
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ELECTROMAGNETIC COUPLING ANALYSIS OF A
LEARJET AIRCRAFT IN A LIGHTNING ENVIRONMENT

John C. Corbin, Jr.

Alr Force Flight Dynamics Laboratory
Wright~Patterson Adr Force Base, Ohio 45432

David F. Strawe

Boeing Aerospace Company
Seattle, Washington 98124

As an adjunct of the AFFDL/NASA lightring research pro-
gram (TRIP-77}, an electromagnetic coupling analysis of the
NASA Learjet aircraft was developed and applied to predict and
interpret magnitudes and waveforms of induced voltage and
current transients on selected azircraft cables and circuits.
This paper describes the modeling techniques used to calculate
the external induced skin current density for arbitrary
lightning sources, the penetration fields that produge wvol-
tage sources on interior cables and eircuits, and the circuit
responses to these scurces, Measured in-flight test data
and simulated lightning ground test data are compared with
model predictions.
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A HIGH VOLTAGE TEST FACILITY FOR FUTURE
LIGHINING TEST REQUIREMENTS

W. G. Butters
McDonnell Alrcraft Company
P.0. Box 5316
St. Louis, Missouri 63166

Existing lightning induced voltage tests are defined only for that
part of the lightning stroke that delivers the high current {(up to
20G,000 amps)} to an airframe. This test (called the Transient Analyzer
Test) does not account for induced electronic transients that may appear
in airborne electronics due to the lightning channel E-fields and cther
significant lightning generated transient fields.

In anticipation of the future test specifications that will address
their E~field prechlem, the McDonnell Douglas High Volrage Laboratory has
developed high veltage generators, instrumentation, and test techniques,
te support this type of testing.

Tests have been performed upon simulated airframes to study the
effects of these lightning type of E-field transients upon airframe
wiring and upon composite structures. Data is presented to show the
strong interaction of test configurations with the resultant data.
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A REVIEW OF THE LITERATURE ON LIGHTNING AND LIGHTNING
PROTECTION AS RELATED TO EMP HARDENING

William C. Hart

Mission Research Corporation
735 State Street, P. 0. Drawer 719
Santa Barbara, California 93102

This paper presents a summary of the extensive material that has
been collected and reviewed by the author while engaged in lightning and
EMP studies over the past 5 years. Topics include lightning generation
research, lightning protection techniques and combined lightning and EMP
protection studies. A selected bibliography is provided with a commentary
on the more pertinent references, particularly in the area of terminal
protection devices. Both U.S, and Foreign literature is discussed and a
guide to information sources is provided.

107



THE ROLE OF ACADEMIA IN THE DEVELOPMENT OF EMP TECHNOLOGY

Raj Mittra
Electrical Engineering Department
University of Tllinois
Urbana, Tllinois 61801

The systems engineer assigned to design a military communication
system that is required to withstand certain levels of EMP radiaticn
must have ready access to the necessary teools for relisbly estimating
the EMP penetration and vulnerability of a complex system te a high
level of transient electromagnetic radiation. Although electro-
magnetics is recognized to be a mature field, the DOD management
realized very early that large gaps still existed in the techmolegy
for accurately assessing the EMF vulnerability of practical communi-
cations systems. This, in turn, prompted the defense organizations
to develop a network of contractual arrangements with leading academic
institutions in the U.5., sponsoring basic research in EMP at these
universities. The universities responded by embarking upon an
extensive research program directed toward developing practical tocls
for the designer working in a government or industrial laboratory and
engaged in the task of hardening command, communication and control
systems for the military. Thanks to the tremendous feoresight of the
government planners, these programs were viewed as long-range, and
consequently were ideally suited for the university environment.
Significant advances have been made in the EMP program in the areas
of electromagnetic radiation, coupling, time-deomain analysis and
measurements., What is more, some of the fundamental theories
developed under the basic research programs in EMP have found useful
applications in many other areas! electromagnetic compatability and
lightning protection. The university research laboratory with its
EMP technology program has had vet another salutory effect. It has
given the research students at these laboratories an exposure to
practically significant, real-life problems that require the develop-
ment of innovative, theoretical apprecaches — an excellent training
praocedure that has prepared the students for a post—graduation career.
The AFWL note series, e.g., the Interaction NWotes, are internationally
acclalmed as leading publications in electromagnetics; they are a
testimonial to the high ratio of productivity to research dellars
invested in the program. To summarize, the EMP program has proved to
be mutually beneficial both for the govermment and for the university
and is an excellent example of university contribution to government
projects and long-range DOD support of basic research with application
te military problems.

108



A Review of the Status of EMP as a
System Level Probiem

John Barrah
Air Force Weapons Lab
and

William Graham
Research and Development
Associates

Since modern weapon systems contain thousands to hundreds
of thousands of ping and wire segments, and many more electronic
components than wire segments, it is clear that it can be
extremely difficult and time consuming to understand accurately
what is happening when EMP interacts with the system. Further,
systems are not identical neor static. Electronic modifications
are frequent and sizable, The authors will deal with a view of
the dimensions of the system, questions, problems and strategy
for dealing with it.
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THE INTERACTION OF AN ARBITRARY E. M. PULSE
WITH A CONDUCTING CYLINDER OF INFINITE LENGTIH

I. L. Gallon

A phenomenclogical argument is presented which sugpests that the
current response of the eylinder may be separated into two components,
one proportional to the ineident field, the other preoportiomal to the
integral of the field. 'the §-function response of the cyliader is
developed in transform space and a combination of analytical and
numerical techniques are used to justify the above ideas, which in
this case lead to an approximate §-function (which proves to be
insignificant) plus an approximate step function., The extension to
arbitrary fields then follows by superpesition. The mathematical com-
tent is simplified by considering normal incidence, a simple argument
producing the corxrection for angle. The admitted zero errors in pre-
vious work are fourd to be larger than indicated.
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OVERVIEW OF A DATA BASE FOR ENGINEERING
PREDICTIONS OF EMP EXTERNAL COUPLING*

R. M. Bevensee and L. C. Martin
Lawrence Livermore Laboratory
Livermore, California %4550

A significant number of EMP interaction and coupling
problems involve estimates of EMP-induced signals flowing
into systems on purposeful or inadvertent antennas. Many
such structures have sufficient commonality of form that
certain fundamental or “canonical" models can be used for
engineering estimates of EMP external coupling to the real
structure.

Thiz paper describes an engineering Data Base generated
at the Lawrence Livermore Laboratory and includes & set of
such models with a large amount of data presented in a form
suitable for rapid engineering estimates of coupling levels.
The Base 1s non~specialist, user-~oriented.

The data modules comprising the Base consist of time
and frequency domain data and provide estimates of responses
such as total energy, power, voltage, and current for var-
ious dimensions and loading conditions. The canonical
models include straight wires and loops (in free space and
above ground planes) whips and loops (on boxes and cylin-
ders), and whips in special configurations. Some data is
also presented for representative or scale models {i.e.,
whip on a tank} for comparison. Examples of data presented
in the modules are given.

The Data Base has been generated both experimentally
and computationally. The experimental work was performed on
the Transient Electromagnetics Range at Livermore, while
most of the computations were done with the general purpose
time-domain computer code WT-MBA/ILLIB. Use of both the
Range and the code is described and general capabilities and
limitations are included.

The technigue for obtain various "worst-case" EMP
parameters (incident wave direction and polarizaticn,
antenna length L, antenna size relative to surrounding
gecmetry, load position and impedance, ete.) is discussed.
The philoscphy for a Range model is to approximate the
worst-case load and other parameters, then choose worst-case
ratic of configuration/antenna size, and then maximize the
EMP response of interest relative to resistive load. From
this modular data one can estimate worst-case EMP response
of many real-life systems through external antennas.

The Data Base has been validated for many real-life
antenna configurations relative to field test data.

*This work was performed under the auspices of +the U.S.
Department of Energy under contract #W7405-ENG-48 and
sponsored by DNA Subtask R990Q0AXEB08E, Work Unit 76:
Experimental Coupling Model Verification for Generic
Structures.
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MATRIX ITERATION TN METHOD OF MOMENTS
J Moore

Atomic Weapons Research Establishment
Aldermaston, Reading, Berkshire, RG7 4PR, UK

Some applications of matrix iteration in the method of moments
will be presented. They are designed to save either computer storage
space or computing time, depending on the problem.

(2) 1In order to save storage, only the largest matrix elements,
corresponding to interactions within physically delineated and
(as far as possible) optimally chosen sub~gections of the
scatterer and oceurring in square sub-matrices down the diagonal
of the complete interaction matrix, are stored. The consequent
storage reduction, which can amount to over 95 per cent in some
cases, enables large cbjects to be treated.

The resulting approximate matrix is factorised and a first
approximate solution obtained which gives the currents which
would be distributed over each sub-section in the absence of the
others. The exact solution (for the whole scatierer), correct
to the desired accuracy, is then obtaimed by iteration,
vtilising the minor elements which describe the interactions
between sub-sections. These elements are not stored in core but
recalculated when required in each iteration. Alternatively,
they might be stored on disc. The increase in computing time,
resulting from recaleulation of unstored elements, need not be
large if the number of iterations can be kept down.

{b) Problems in which computing time (but not storage) can be
saved by iteration are:-

(i) a small geometric change to an already~solved system;

(ii) solving for a frequency close to ome for which a
solution is known.

Using (b)(ii) it is possible to proceed through the frequency
domain performing an occasional (necessary) matrix inversion while
obtaining solutions for intermediate frequencies by iteration.

A physical interpretation of iteration in cases {a) and (b) {1}
is derived and the convergence of the scheme considered. A method is
described and applied which improves convergence; this works most
effectively in cases (for example near a resonance) where normally a
large number of iterations would be required.

Several exampies will be demonstrated.
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INTERACTION OF FULL~SCALE TEST OBJECTS
IN AN NEMP SIMULATOR ENVIRONMENT

* * ¥
J. 8. Yu, C-L J. Chen, and J., P. Castilloc

*

Dikewood Industries, Inc.

1009 Bradbury Drive, 8.F.
Albuquergue, New Mexico 87106

*ok
Air Force Weapons Laboratory/ELT
Kirtland AFB, New Mexico 87117

One of the RDT&E activities in NEMP (Nuclear Electromagnetic
Puise) is to predict and measure NEMP-induced responses on the
surface of a test object. Most efforts on prediction are moti-
vated to facilitate empirical measuremenis for verifying
analytical tools. When responrses are adeguately correlatable
between prediction and measurement, they can then be properly
treated as equivalent sources for further studies on the NEMP
penetration toward the complex interior of a test object.

This paper is intended to summarize the results of twoe full-
scale test objects. One is a conducting pipe 10 m in length
and 1 m in diameter. The other is a salvaged version of F-111
alrcraft. Both were tested in the ATHAMAS-I Simulator at KAFB.
Before testing, a predicticon code developed by Richmond was
selected to compute bulk currenis of "thin-wire'" models. Both
the pipe and #-111 were modeled into "thin-wire" structures.
Bulk currents of the models were calculated by assuming that
their illuminating fields are the principal field components
actually measured in the simulator.

The relative simplicity and efficiency of the prediction code
for facilitating optimal instrumentation settings were reached
under a set of assumptions and approximations discussed in
ATHAMA Memos 14 and 15. Evaluation of the predicted and mea-
sured results indicate that they agree to a factor of about
2.5 or better around the first resonances of test objects.
Also for the two test objects studied, the ATHAMAS-I simulator
may be considered as the eguivalent of a"free-space' environ-
ment for the first resonance regions to within a factor of 2.5.
Pertinent examples are numerically compared for the two test
objects, and suggestions for atiempiing to extend the present
conclusions to larger airceraft such as E-3A or E-4 will be made.
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Formulation of Electromagnetic Pulse External Interaction
Ahove a Lossy Barth/Comparison of Numerical Results with
Experimental Data for the Special Cases of Free Field
Interaction and Interaction Above a Perfectly Conducting Ground

Maurice L. Sancer
Scott Siegel
A, D, Varvatsis

TDR, INC.
Los Angeles, Ca. 90049
ABSTRACT

Both the electric field integro-differential equation (EFIDE) and
the magnetic field integral equation (MFIE) for the determination of the
surface current density induced on a perfectly conducting object above a
lossy earth are derived, The resulting equations are then decomposed so
that the source terms and cperators are represented as the sums of three
terms. For either the EFIDE or the MFIE, equating one of the scurce terms
with one of the operator terms describes free field interaction, equating
the gsum of two of the source terms with the sum of two of the operator terms
describes interaction above a perfectly conducting ground, and eguating the
sum of all three source and operator terms describes interaction above a
lossy eartii. In this decomposition, the calculation of any of the source
terms is algebraic for plane wave incidence; however, the calculation of
the third operator term that changes a perfectly comducting earth to a lossy
earth requires the evaluation of Sommerfeld integrals. We assure the compu-
tational tractability of these Sommerfeld integrals by presenting them in
well studied forms.

Finally, we demonstrate the capability of patch zoning the MFIE by
presenting a comparison of numerical computaticns with experimental data.
Urilizing the first term in the described decomposition, calculaticns for
the induced surface current density are compared to the density measured
on exactly the same aircraft model, Utilizing the first two terms, we
compared calculated and measured current densities induced on a finite
perfectiy comducting eylinder above and parallel to a perfectly conducting

ground.
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ESTIMATING THE BULK SURFACE CUREENT OF FAT CYLINDERS DUE TO AN EMP
Dr J Bishop, Bngineering Physics Dept, RAR, Farnborough, Hants, England.

A method is described which estimates the bulk skin current waveform
at the centre of a fat cylinder due to a double exponential B,

The estimate can be made very gquickly from the equations given, the
cylinder dimensions and the electric field parameters. The simplicity
of the method means it can readily be applied without specialised
knowledge, bul with sufficient accuracy for many engineering applica—
tions.

The method iz baged on the observation that the bulk centre current
of cylinders excited b% a step change field strength, iz approxima—
tely a damped sinusoid’'. A4 .damped sinusoid i fitted to the initial
part of the normalized current for a range of cylinder fatnesses,

and this allows the response of any cylinder to be estimated. The
bulk cylinder current due to other excitation functicnms is obtained
from the step function dafa, by formulating the cylinder transfer
function in the complex freguency domain and calculating the time
domain current for the new excitation. A general solution for double
exponential excitation is given, which can easily be applied to any
cylinder and any double exponential EMP. Comparisons with 2 computer
model show” that the peak current can be estimaied to within 204

for cylinder fatnesses ranging from & < (i < 15, A method of
estimating the bulk cylinder current at any posiiion on the cylinder
is given; this is a simple extension of the simusoidal current distri-
bution for thin c¢ylinders.

An extension to the method using the equivalent RLC circuit is showm,
thie enables the dipole open circuit voltage and the current in a
lgaded dipole to be found. The eguivalent cirouwit values are cal-
culated directly from the step function data.

The method is similar fo ihe singularity expansion methed (5.E.M.} in
which the time domain response is given a8 a meries of damped sira-
soids3. In this case only one damped sinusoid is used which is not

an SEM derived result but a curve Tit o the initial part of the step
function response and which the dominant damped sinusoid in the 58K
solution doesntt fif particularly well. The SEM gives exact

solutions whereas this method is approximate, but more simply applied
to different cylinders and waveforms.

1. Ce De Taylor: "On the pulse exciltation of a cylinder in a
parallel Plate waveguide". Sensor and Simulation Note 99,
March 1970,

2. MOD Contract, Mzrooni Research Laboratories, (GEC-
Marconi Electironics Lid., Chelmsford, Bngland.

3. C B Baum: "Emerging technology for transient and broad-band
analysig and synthesis of antennas and scatterers™. Proc IEEB,
Vel 64, No 11, November 1976, PP 1558 -~ 1616.
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CALCULATION OF SURFACE CURRENT DISTRIBUTIONS ON ATRCRAFE STRUCTURES

¥ G L Garthwaite, T W Armour, J Moore

Procurement Executive, Ministry of Defence
Atomic Weapons Research Establishment
Aldermaston

Reading

Berks

United Kingdom RG7 4PR

Surface current distributions on aircraft styuctures have been
calculated by means of the AWRE wire-grid modelling code "CHAOS 37,
This uses the Method of Moments, overlapping triangular basis functiomns
and a Galerkin type solution of the Electric Field Integral Equation,
The program is capable of inverting large dense matrices and up to
750 wire segments may be used, Modelling in considerable detail is
therefore possible, Initial calculations are in frequency - domain
with ready conversion te time-domain depending om the particular
drive function required.

Surface current distributions for move simple geometrical
structure have previcusly been presented, These were compared with
alternative solutions using patches and the Magnetic Field Integral
Equation, and also with experiment, (References {1), {(2)}.

Two aircraft have been studied, the British Jaguar strike-aircraft
with a fixed swept wing and the US F11ll swing-wing fighter-bomber,
In each case the incident plane wave was propagating normally to the
axis of the fuselage with the E~field either parallel or perpendicular
to this axis, Execitation was of the form E(t) = A(e~ot-e”BL),

Results for the F111 have been compared with the finite-difference
caleculations and experimental results published by Holland (3). Wave-
forms are similar in magritude and shape. Fossible future developments
of the current programme will be outlined,

References:—

1. J Moore, T W Armour. ‘'Wire-Grid and Continuous Surface
Comparisons’. Proceedings of National Conference on Electro-
magnetic Scattering. University of Illimois at Chicago
Circle June 15~18 1976, pp 220-221.

2. T W Armour, ¥ ¢ L Garthwaite, J Moore, 'Wire-CGrid and Solid
Cylinders’, Proceedings of URST Symposium, Electromagnetic
Wave Theory, Stanford University, June 20-~24 1977, pp 170-172,

3. R Holland 'THREDE - A Free-Field EMP Coupling & Scattering Code’,

Mission Research Corporation, Albuguerque, New Mexico, USA.
Reference AMRC-R-85,
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STICK MODEL CHARACTERIZATION
OF THE EXTERNAL ELECTROMAGNETIC
INTERACTTON OF AIRCRAFT

G. Bedrosian
Dikewood Industries, Inc., Westwood Research Branch
1100 Glendon Avenue, Suite 1436
Los Angeles, California 90024

This paper presents a simple method for estimating the
external electromagnetic interaction of an aircraft, The aircraft
is modeled by eight thin, perfectly-conducting stick segments
representing the fuselapge, wings, and empennage; the important
glebal features of the external surface of the airecraft are
thereby retained while, at the same time, the mathematical
difficulty of the problem is greatiy reduced. Junction conditions
{continuity of guasi-startic potential and conservation of current)
are enforced om the structure, resulting in 2 small linear system
of equations for the unknown coefflcients in expressions for the
total currents on the stick segments. This system is solved
analytically, and the poles of the solutions occur at the {real)
aircraft resonance frequencies. Radiation losses at the resonances
are calculated by finite, two-dimensional numerical integrations
over the natural modes. The expressions for the segment currents
are then expanded in Mittag-Yeffler series and the poles are
shifted into the complex plane to account for radiation damping.
The total linear charge densities on the segments are found
immediately using the continuity equation. Thus, simple approximate
analytical expressions are cbtained for the external-interaction
transfer functions.

Detailed resuits are presented for the E-4 and EC-135 aircraft.
Comparisons are made with scale model messurements performed at
the University of Michigan. The frequency~domain transfer functions
are transformed analytically to the time domain, and results are
presented for a typical electromagnetic pulse ipcident on the
EC-135.
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EVALUATION OF TYPES 3A AND 3B SYSTEM
RESPONSE EXTRAPOLATION USING EXPERIMENTAL DATA*

J. F. Prewitt, Mission Research Corporation, Albuguerque, NM 87108
D. E. Merewether, Electro Magnetic Applications, Albuguerque, NM 87108
C. E. Baum, Air Force Weapons Laboratory, Kirtland AFR, NM 87117

Testing of an F~111 airframe and the PIPE test object in the ATHAMAS-I
simulator during the Upgrade Program provided a unique opportunity to
evaluate the type 3 simulator-to-free-flight extrapolation methads
created by Baum.! Previcus surface current and charge density measure-
ments had been made on this airframe in the ARES simulator,” and mea-
suremants were made on scale models of the F-111 at the University of
Michigan Surface Field Measurement Facility.® Type 3A (incident field)
and type 3B (surface response) extrapolation functions were formed among
data from the three facilities, both with associated type 3C errors.®

It is found that the principal errors in the extrapolation process are
due to inadequate spectral output of the ATHAMAS-1 and ARES simulators,
Timited dynamic range of the measurements, and the complex structure of
the electromagnetic fields in the ATHAMAS-I simulator. While the first
two sources of error could be reduced with a better quality puiser and
muitipie measurements of the same quantity, the final source of error can-
not be overcome without the yse of type 4 extrapolation (in which the
excitation of each penetration is extrapolated individually).

References

YC. E. Baum, "Extrapolation Techniques for Interpreting the Results of
Tests in EMP Simulators in Terms of EMP Criteria," EMP Sensor and
Simulation Notes, Note 222, Air Force Weapons Laboratory., Kirtland AFB,
New Mexico, 20 March 1977.

4. D. Loucks, et.al., "F-111/ARES Test Support, Vol. 1, Test Description,”
Boeing Aeraspace Co., AFWL-TR-75-134, October 1975,

Y. V. Liepa, "Surface Field Measurements on Scale Model F-111 Aircraft,”
University of Michican Radiation Laboratory, 014449-1-T, September 1977,

"D, E. Merewether, J. F. Prewitt and C. E. Baum, "Characterization of
Errors in the Extrapolation of Data From an EMP Simulator to an EMP
Criterion,” EMP Sensor and Simulation Notes, Note 232, Air Force Weaponhs
Laboratory, Kirtiand AFB, New Mexico, 25 October 1977.

*Work sponsored by Air Force Weapons Laboratory, Albugquergue, New Mexico,
under contract F29601-76-C-0064.
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IMPLEMENTATION OF THE 3C EXTRAPOLATION METHODOLOGY
FOR THE EC-135 AIRCRAFT

C. E, Juster and B. J. Stanly
Rockwell International
3370 Miraloma Avenue
P.0. Box 4192 (Mail Code GBLl7)
Anagheim, CA 92803

This was the first application of the 3C extrapolation methodology
to & system. The extrapolation to eriterion for each alrcraft orienta-
tion was calculated by taking the geometric mean of the extrapolation
ratios which were the ratios of University of Michigan (U of M) scale
model data to aircraft response data. Thus, only four functions (one
for each aircraft/simulator orientation) were used to extrapolate all
the wire currents to the critevion level. This extrapelation methoed
resulted in technically sound computations of system margins and high
confidence error intervals,

Several problems were overcome in developing the mechanics for
implementing the 3C methedology, the more difficult of which are dis-
cussed below. The first problems encountered were the result of
truncared ranges for both the EC~135 measured field data (0.1 MHz to
50 MHz) and the U of M scale model data (2.0 MHz to 20 MHz). The
U of M data were analytically extended on both the low and high fre-~
quency ends to conform to the range of the EC-135 data. In addition,
analytic tails were added to all frequency domain data just prior to
the calculation of a Fourder inverse transform to reduce the effects
high frequency truncation. This rvesulted in high gquality Fourier
inverse transforms.

The use of the geometric-mean method of generating extrapelation
functions resulted in some intevesting facts. The mechanics of the
geometric mean calculation were such that irregularities in amplitudes
were smoothed out, but irregularities im phase were enhanced. In spite
of the lack of good phase information, only a 6 dB uncertainty was
observed in the time domain peak values. On the other hand, the
geometric mean minimized the effects of apparent noise spikes in the
measured field data by virtue of its smoothing characteristic.
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0N THE LOCATION OF POEs USTNG TRANSMISSION
LINE MEASUREMENTS
by

F. M. Tesche, Science Applications, Inc.
7. K. Liu, LuTech, Inc.

The concept of locating points of entry (POEs) in the skin
of an aircraft, through which EMP energy can penetrate, by means
other than a visual inspection, has been under discussion for a
number of years. Candidate techniques include making various
transmission line measurements with the aircraft im an EMP
simulator (such as ARES), using portable or localized simulators
to excite only a portion of the aircraft, and using the concepts
of reciprocilty {as in the "sniff test" concept).

Recent testing of the Navy TACAMO aircraft provided am
opportunity to investigate cmne of the proposed POE search tech-
niques and verify ite usefulness in locating POEs. The method
studied involved making early time, time of arrival measurements
of energy flow on transmission lines within the aircraft to
attempt to locate one or more regions on the line which are
strongly excited by the POEs.

Results of this investigation show that, whereas it is
possible to determine the early time direction of energy flow
on a tramsmission line, it may be difficult to use this method
effectively to locate POEs. The reasons for this conclusion will
be discussed in this paper.
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SMALL EMP SIMULATOR BASED ON BALANCED
ELECTRIC AND MAGNETIC DIPCLE MOMENTS

* % * %
J.8, Yu, C-L J. Chen, and C.E. Baum

*Dikewood Industries, Inc.
1009 Bradbury Drive, 8.E,
University Research Park

Albuguerque, New Mexico B7106

% %
Air Force Weapons Laboratory/NXC
Kirtland AFB, New Mexico 87117

Small EMP simulators are being studied for potential applica-
tion in systems hardness maintenance surveillance. Two basic
types are considered for generating certain EMP fields to lo-
cally iliuminate systems of interest. One is to generate de-
sired fields within the simulator structure. The other is to
produce fields external toc the simulator.

This paper summarizes some analytical results obtained re-
cently Tor a small simulator whose exterior fields are to con-
sist of predominantly those of electric- and magnetic- dipole
moments. By maintaining a proper relationship between the
two moments, the simulator fields can have a uniqgue feature
that is consistent with the P cross M concepit developed in
SSN 125. Briefly, its field is distributed in an axially
symmetric cardiod pattern and is almost purely transverse-
electromagnetic around the axis of maximum radiation. This
desirable feature is shown to be "realiwzable" if the simula-
tor were made vanishingly small.

"Practical” EMP simulators of this type are necessarily of
finite sime, and are electrically large when operated in
nigher frequencies. A parametric study of a transmission-
line type simuiator has been made to evaluate the electric
and magnetic dipole moments based on quasi-static defini-
tions. Higher-order moments have also been evaluated to
study their degradation effects on the unigue property of
pure dipoles.

Some results for enhancing the P cross M condition for rela-
tively "large" simuiators are discussed in the space-time

and frequency domains. Also the relationship between quasi-
static definitions and spherical-harmonic solutions is estab-
lished for the purpose of characterizing analytical perfor-
mance parameters. Possibilities of physically realizing

this type of simulators are also discussed.
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PROPAGATION ALONG A RECTANGULAR BONDED WIRE
MESH LOCATED OVER THE GROUND

DA, Hil1l and J.R. Wait
Institute for Telecommunication Sciences
0ffice of Telecommunications
1.5. Department of Commerce
Boulder, Colorade 80303

A rectangular mesh of intersecting parallel wires located over a
lossy half space has been analyzed using a general Floguet expansion
for the doubly periodic structure. A mede equation for the unknown
propagation constant is obtained by setting the determinant of the
current coefficients equal Eo zero. The mode equation must be solved
numerically, but the convergence is rapid when appropriate current and
charge conditions are applied at the wire junctions.

When the half space is a perfect electric (or magnetic) conductor,
by image theory the model yields the antiasymmetric (or symmetric) wave-—
guide modes of a pair of rectangular bonded wire meshes. The quasi-
TEM mode which is of interest in parallel plate FMP simulators is
analyzed in detail. Numerical results for the propagation comstant and
the field distribution are generated to illustrate the dependence on
the various parameters (mesh dimensions, frequency, direction of propa-
gation, etc.).

When the half space parameters are those of a lossy earth and the
mesh is located close to the earth, the model can be used te study
surface wave propagation over a ground screen. This surface wave is
important in vertical dipole EMP simulators where both the source and
the test cbject are located over the ground screen. Because of the
lossy earth, the surface wave suffers attenuation and the propagation
constant is complex. WNumerical results are generated to fllustrate the
dependence of the phase veleocity and attenuation rate on the ground
screen paramelers.
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ELECTROMAGNETIC EQUIVALENCE OF A LOADED
WIRE CACGE AS COMPARED TO A HOLLOW CYLINDER

K. R. Umashankar
C. E. Baum

Air Force Weapons Laboratory
Kirtland AFB, WM 87117

The varlous types of hybrid simulators used in the study of
electromagnetic pulse and other interaction problems consist of
complex physical geometries. From many practical considerations,
quite often thin wire gride or thin wire cages are emploved to
replace conducting surfaces of the simulators. The rigorous
analytlcal treatwent of the complex simulator geometries is even
more difficult; to understand the nature of the electromagnetic
radiation and the fields generated, simple cancnical geometries
can be used.

This paper discusses a preliminary investigation of the
electromagnetic equivalence of an infintely long loaded thin wire
cage a8 compared to a loaded circular cylinder or a loaded hollow
circular cylinder. For these comparative models using the imped-
ance boundary condition, matrix-integral expressions for the
current induced and scattered fields are obtained, and specializing
them to a concentriec wire cage gives rise to simpler expressions.
Based on the currents induced on the structure and the correspaond-
ing fields radiated, a field equivalence is established to obtain
the eguivalent radius and equivalent sheet impedance of a circular
cylinder. Both the scattering and the antenna problems are con-
sidered as a function of freguency in the gquasi-static and asymp-
totie ranpes. The resules of this study are useful beth in the
analytical and computational nature of the hybrid simulator
problens.
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ATHAMAS I (HPD} PULSER
ASYNCHRONISM AND ITS EFFECTS

K. S, Kunz and J. F. Prewitt
Mission Reasearch Corporation, Albuguerque, New Mexico 87108

Three characteristics of the fields produced by the ATHAMAS I faci-
1ity degrade its simulation capabilities, namely

1. lack of high freguency (520 MHz) repeatability;

2. presence of a spectral "valley" that varies as
a function of position;

3. asymmetric field distributions.

These characteristics have their source in the HAG-II C pulser used tc
excite the ATHAMAS I antenna array. This pulser employs twe symmetric
pulser halves or subsystems, charged to opposite polarity, that are
switched by two symmetrically separated output switches. When these
switches fire synchronously or nearly synchronously (within T ns or less
of each other, an event that occurs approximately once in every 100
shots}, none of the above problems are visible for frequencies up to
250 MHz, the upper limit currently applied to ATHAMAS I operation.

When the switches Tire asynchronously (the majority of shots, approxi-
mately B80%, have asynchronism times ranging from 2 to 6 ns}, all of the
above problems are visible for frequencies well below 250 MHz.

The assertion that the above three field characteristics are the
result of pulser asynchronism is based on the fact that a simpte theo-
retical model of pulser asynchronism, using experimentally derived inputs,
can predict the gross features of all three field characteristics. This
note presents the field characteristics in more detail, develops the
simple asynchronism model, extracts the necessary model inputs, and pre-
dicts the important features of the field characteristics. It concludes
with a discussion of how asynchronism effects 1imit testing and what
measures are available to circumvent the asynchronism problem.
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BORIZONTALLY~POLARIZED DIPCLE (HPD)
PULSER (HAG-1I) VARIABILITY*

D.L. Endsley and J.A. Keller
EG&G, Inc,
1400 San Mateco, SE
Albuquerque, NM 87108

Use of the HAG-II Pulser In support of the AFWL HPD Upgrade
Test Programs produced field reference data for more than 2,000
pulser firings. Analysis of this and other test data has identi-~
fied both short-term (shot-to-shot) and long-term pulser vari-
abilities which are attributable to asynchronous firing of the
two series output switches, variations associated with the pulser
use factor, and variations in peak amplitude which correlate with
pulse risetimes.

Field reference sensor and fest data will be used to demon-
strate these variations. (A separate paper will discuss the asyn-
chronism problem.) The factors inveolved in these variations will
be discussed, and the implications of these variations for future
programs will be presented. DBenefits of improved reference field
measurements will be described.

*This work was supported by fthe U.3. Air Force under Contract
F29601-76-C-0084,
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HEMP SIMULATOR/COMMUNICATION FACTLITY INTERACTION

A, L. Whitson and W. E. Scharfman
SRI International
333 Ravenswood Avenue
Menlo Park, Califormia  Su0Z5

ABSTRACT

Simulators that are used to simulate the IMP threat from high al-
titude nuclear explosions reproduce only a portion of the threat field.
This similated threat field in turn interacts with commnication facil-
ities in a non~threat-liike manner. In order to use simulators in assess-
ment programs, test results must be analyzed to define HEMP surviva-
bility.

Scale modeling has been used to define simulator/site interaction for
specific assessment test programs.t»Z2,3,%,5 Here scale modeling tech-
niques are used to define the interaction with a generic commmications
facility and a horizontal dipole simulator. These results are compared
with zcale model HEMP excitations. In general the results show that for
facility excitations the waveforms for the two excitation methods may be
quite different. However, the spectral content are within a few dB of
each other except when the simulator directly straddles a facility pene-
tration.

The results show that a non—threat field simulator can be used to test
commnication facilities in a HEMP threat menner if the simulator loca-
tion is chosen to minimize non-threat-iike excitations. Applications
will be presented.

“This research was sponsored in part by the Defense Nuclear Agency,
Program Element NWED 62704H.

]‘S. Dairiki, "Study of a Scale Model of A Common Carrier Communication

Station," Final Report, Contract DAEAIS-71-A-020%, SRI Project 2068,
Stanford Research Institute, Menlo Park, California (July 1973).

J. B. Chown, "Polk City Scale Modeling," PREMPT Technical MNote SRI-2Z,
Corrtract DCA100-73-C-0C42, SRI Project 2032, Stanford Research Insti-
tute, Menlo Park, California (March 1973).

J. R. ¥Kreck, "Electromagnetic Scale Model of TEMPS/Polk City Test Con-
figuration,”™ Harry Diamond Laboratories, Adelphi, Maryland (Msxrch 1976).

4A. L. Whitson, "TEMPS Scale Modeling for Delta," PREMPT Technical Note
SRI-1MD, Contract DACIDO-7H-C~0025, SRT Project 3149, Stanford Research
Institute, Menlo Park, California (May 1974).

A, A. Cuneo, Jr., and J. J. Loftus, "Scale Modeling for the Perimeter
Acquisition Radar (PAR) EMP Test," HDI~TR-1761, Harry Diamond Labora-
tories, Adelphi, Maryland (September 1876).
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Magnetic and Electric Contributions to Quasi-Static
SGEMP and Scattered Electromagnetic Fields

William J. Karzas and Charles T. C. Mo
R & D Associates
Marina del Rey, California 90291

In this report, we identify and resolve a basic idfficulty in
finding the system generated electromagnetic pulse (SGEMP)
fields that has caused ambiguities of the same order of mag-
nitude as the fields' leading terms. The difficulty is the
hitherto unrecognized absence of cone condition for determin—
ing the quasi-static electric contribution to the surface
SGEMP fields and its full reconciliation with the magneto-
static corntribution. The results apply as well to any low-
frequency slectromagnetic scattering problems invelving highly
conducting scatterers.

In resolving the difficulty, after exhibiting its existence
and delineating its significance, we conceive and make use of
two mathematical conjectures. One is the decomposition of a
tangential vector field on a two-dimensional closed simple
surface into a "surface-divergenceless", or magretostatic,
part and a "surface-curlless", or electrostatic, part; the
other is the requirement of "surface-curllessness" of a sur-
face current were it to generate a magnetostatic field paral-
lel to the surface on that surface. The first conjecture is
critical to the validity of our methodology and solution.

Tts proof is reduced to the solvability of a generalized wave
equation on a curved surface, unexpectedly the same formal
equation cbyed by the relativistic electromagnetic four-
potentials in a curved spacetime. The second conjecture
simplifies the calculation greatly but is not critical.
Except for some special cases, it is not vroved; but neither
is any counter example found.

With these conjectures, we show that the electric and mag-
netic contributions to the guasi-static fields fall out separ=
ately from the general formalism and reconcile fully with each
other to yield the whole fields. The results are that the
electrostatic part of the surface current is driven by the
driving electrostatic field and is "surface~curlless": the
magnetostatic part is driven by the driving magnetostatic

field component perpendicular to the highly conducting surface
and is "surface-divergenceless"; furthermore, only scalar

field mechanisms are needed to exploit away-from-surface con-
ditions in determining and reconciling the two parts, Finally,
the application and significance of the results are illustrated
by several simple but practically interesting problems. The
illustrations show that the relative amplitudes of the electro-
static and the magnetostatic parts of surface currents (and
thus the ambiguities remcved by obtaining them correctly) vary
from zero to infinity in the cases often encountered.
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PREDICTICNS OF CURRENTS ON A MCDEL SATELLITE
EXPOSED TG X RAYS

J. L. Gilbert and R. W. Macgura
Mission Research Corporation
735 State Street
Santa Barbara, California 93101

In this paper we present calculations of the response of
a scale model of the DSCS-1T1 satellite exposed to X rays under
conditions which result in a high degree of space-charge limiting.
The methodology used in these was to perform one~ and two-dimensional
calculations of the photoelectron motion in the vicinity of emitting
surfaces. Wes then insert the electric dipole moment adjacent to
emitting surfaces and the magnetic dipole moment, created by cire
culatory current flow at the boundary between emitting and non-
emitting surfaces, inte two- and three-dimensional finite difference
electromagnetic models of the model satellite. The electromagnetic
model is a hybrid of straightforward finite difference techniques
on a grid coarse compared to the fine detail of the satellite
structure and local electrostatic and magnetostatic models of gaps
and struts on the satellite. Comparisons between the calculations af
the electromagnetic resonances in the hybrid model and those ob-
served in current injection testing of the model are shown as well
as comparisons between the calculated and observed currents under
X-ray exposure.

* HWork supported by U.S. Air Force under Contract F29601-76-C-0034.
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HIGH-ENERGY ELECTRON~BEAM CHARGING AND
BREAKDOWN EFFECTS IN DIELECTRICS*®

T. M. Flanagan, T. K. Gregory, D. C. Osborn, and R. H. Stahl
JAYCCR, Del Mar, California 92014

A series of experiments to examine the effects of charging dielectric
materials with high-energy electrons was performed at the RADC/HANSCOM AFB
Dynamitron facility, Preliminary experiments with cables indicated that
dielectric breakdown could be induced by high-energy electrons and that the
radiation response cf the cable could be altered somewhat by prior exposure
to electrons. To examine the dielectric phenomena in some detail, slabs of
teflon and fiberglass of two thicknesses were exposed in vacuum to mono-
energetic electrens at varicus energies ranging from 0.5 to 1.2 MeV., The
charge buildup, breakdown, and signals coupled to wires during breakdown
were measured.

Slabs of dielectrics with electrodes on both faces were exposed te
electrons with the back electrode grounded. The front electrode could be
left fleating or could be grounded. The time integral of the current to
the grounded electrede, which is proportional to surface charge density,
was measured in the experiments.

Multiple breakdowns were observed in almost every test condition. The
data indicated that, with the front electrode floating, breakdowns occur with
discharge potentials of 5 to 27 kV. Tests with an external power supply
indiecate that the breakdowns occurred across the surface, With the front
electrode grounded, the discharge potentials exceeded 10° volts,

Coupled currents were measured in a 35-cm-long wire traversing the
vacuum chamber behind the sample holder. The results from the Dynamitron
response and from subseguent lzboratory measurement show that substantial
current can be coupled during this charge.

The results of the experiment can be explained by considering the dep-

osition of charge and the conductivity of the dielectric exposed to a high-
energy electron beam.

*Research sponsored by the Air Force Weapons Laboratory under
Contract F29601-78-C-0012 to Computer Sciences Corperaticnm.
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A STUDY ON ELECTRON BACKSCATTER
CONTROL FOR A SYSTEM GENERATED
ELECTROMAGNETIC PULSE {SGEMP) PACTLITY®
william A. Seidler™”

Spire Corporation, Bedford, MA 01730

The severity of photoelectric emissions from SGEMP test facility
gtructures at the Arnold Research Organization (ARO} 4 meter test
facility is examined. Results are generalized to larger facilities
for fluence levels less than 1073 cal/cm“. Three passive control
techniques are shown to reduce the majority of facility emissions

to acceptable levels and localize the region requiring active control.
Passive controls consist of 1) Coating surfaces with low Z coatings;
(2) Reducing the structure's x-ray cross section; and {3) Collimating
the x-ray socurce. Active emlssion control is shown to be nontrivial
to design. Secondary electrons generated on any charged surface of
an active control grid may accelerate electrons into the test volume
possibly creating a problem more severe than the photoelectric
emission.

* Work supported by Arnold Research Organization

*% Currently employed by Jaycor
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MEASUREMENTS AND CALCULATIONS OF
SGEMP STRUCTURAL CURRENTS IN A SATELLITE MODEL

T. M. Stahl, D. C. Osborn, and T. A. Tumolillo
JAYCOR, Del Mar, California 92014

SGEMP structural currents were measured at various locations on
a simplified reduced-scale model of the DSCS-II spacecraft (huilt at
IRT Corporation) exposed to photons from an exploding-wire source at
the OWL-1I facility at Physics Intermational. The model was designed
to incorporate the principal electrical features of the spacecraft,
The exposures took place in a 4-m-diameter, G-m-long cylindrical
steel tank evacuated to a pressure below 107" torr. Data were taken
at numercus locations on the model in three exposure orientations,
with the model exposed head-on, sideways, and at an oblique angle
relative to the photon direction. The exposure fluence and spectrum
were monitored by a magnetic spectrometer {Ref. 1) and by forward-
biased total emission diodes located at the rear of the exposurs
tank. Typical peak emission currents at the model were in the vici-
nity of 100 amp/m?(AL).

Calculations were performed at JAYCOR with the MEEC-3D computer
code (Ref. 2}. One problem with the exploding-wire source is the
lack of reproducibility of pulse parameters — intensity, time his-
tory, and (to a lesser extent} spectrum, Calculations were there-
fore performed to determine the effects of utilizing the actual
pulse parameters, as opposed to using average pulse parameters,

The difference in the computer interior structural currents was
found to be relatively small; surface currents and fields were more
strongly influenced by pulse-to-pulse variations. This agrees with
the experimental findings.

Reasonable agreement between calculations and measurements was
obtained on peak current and field intensities, The characteristic
structural current signatures observed at various locations on the
model were less closely matched by the calculations.

References

1. M. J. Bernstein, 'Photoelectric Energy Spectra Generated by Low-
Energy X Rays from Intense Plasmas," IEEE Trans. Nucl, Sci. N&-24,
December 1977.

2., T. A. Tumolillo and J. P, Wondra, "MEEC-3D: A Computer Code for

Self-Consistent Solution of the Maxwell-Lorentz Equations in
Three Dimensions,'' IEEE Trans. Nucl. Sci. NS-24, December 1977.

Work spensored by Air Force Weapons Laboratory under prime contract
F29601-76-C-0034, subtasks 34025 and 34027.
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PLASMA TRAPPING OF SGEMP*

W. E. Hobbs and J. L. Gilbert
Misgion Research Corporation
Santa Barbara, CA 93102

In this paper we will present the theory and simulation of
electromagnetic radiation generated by photoelectric emission from
a metal and then trapped near the surface by an ambient plasma. This
analysis has application to missile-radiation ccupling problems din
the X ray depesition region.

For the analytic work the EM fields are described by Maxwell's
equations, the boundary layer as a source current, and the plasma as
a constant density reactive medium, The equations are written in the
retarded time appropriate to the incident X ray pulse. The equations
reduce to a wave equation which may be solved in terms of a Green's
function. When there is strong space-charge limiting the boundary
layer may be assumed to decouple and the solution at the surface may
be written in terms of a simple convolution integral. This gclution
indicated that there will be surface fields and currents which
oscillate with a frequency near the plasma frequency and whose ampli-
tudes decay slowly. This is in sharp contrast with the vacuum SGEMP
analysis® which shows a single pulse radiated off into space.

To consider the nonlinear effects of the plasma in more detail
we have developed and implemented a numerical simulation model. Here
the photo-glectrons are modeled by an ensewble of macro-particies and
the plasma by the cold fluid equations. ¥For cases of interest this
numerical algorithm produces qualitatively the same results as the
anzalytic work described above.

*ork spomgored by the Defense Nuclear Agency (DNA) and monitoved by the
Air Force Weapons Laboratory, Air Force Systems Command, United States
Air Force, Kirtland Air Force Base, New Mexico 87117,

‘Carron, N. J, and C. L. Longmire, "Electromagnetic Pulse Produced by
Obliquely Incident ¥~Rays,” IEEE Trans. Nucl. Sci., N8-23, December
1976, pp. 1897-1902.
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DEMONSTRATION OF EMP SYSTEM
LEVEL FLIGHT TESTING

R. W. Sutton
SCIENCE APPLICATIONS, INC.
1651 03id Meadow Road, Suite 800
Mclean, Virginia 22101

and

D. Koury
NAVAL SURFACE WEAPONS CENTER
¥hite Cak Laboratory
Silver Spring, Maryland 20190

A system level EMP illumination test was completed
on the TACAMO EC-130 aircraft including configurations
with a long trailing wire extended 1000 feet. The EM
field was obtained from the vertically polarized dipole
(VPD) Tacility of AFWL. The free field was determined
by measurements made from a hot air balloon platform.

Surface charge density, current density, internal
caple currents and long wire currents were measured while
approaching and leaving the facility along a radius
vector and broadside. The aircraft was exposed when
positioned approximately 1700 feet out at 3500 feet alti~
tude, Alrcraft position was recorded by ground range
cameras and altitude determined from the copilot's flight
log.

Data obtained indicated that the aircraft response
pole constellation was changed little when the long
wire was extended except for the addition of one peole
pair at 500 kHz reflecting the long wire length. The
long wire did provide drive to all aircraft response
poles as evidenced by clear pulses at 2 usg intervals.
Incident field strengiths were on the order of hundreds
of volts per meter.
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TACAMO POE CLOSURE EVALUATION
BY FLIGHT TESTING

R. W. Sutton
SCIENCE APPLICATIONS, INC.
1651 01d Meadow Road, Suite 600
McLean, Virginia 22101

EMP hardening kits for the TACAMO EC-130 aircraft
were evaluated by comparison of transient current measure-
ments during inflight EMP illumination of the aircraft at
the NSWC horizontal dipole facility at NAS Patuxent
(EMPSAC) both before and after installation.

Field strengths on the order of 3 kV/m were experi-
enced directly over the pulser at 500 feet above sea
level. The wave form of the incident field contains
a null due to reflection of the primary pulse from the
ground.

The data cbtained from the test support the concept
of flight testing for comparative purposes. The
reflected wave problem was not serious in that the
spectral amplitude at the notch and its higher harmonics
did not go to mero because of 1/r attenuation and ground
losses.
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EC-130 SCALE MODEL EM RESPONSE MEASUREMENTS

Yaidis V. Liepa
Radiaticn Laboratory
Department of Electrical and Computer Engineering
The University of Michigan
Amn Arbor, Michigan 48109

ABSTRACT

Much of the infermation about the EM and consequently EMP
response of an aircrafi can be obtained from measurements using
smali scale versions of the target, Such measurements are cap-
able of providing the desired data at the fraction of the cost
of the corresponding full scale measurements, and have the added
advantage of being performed in a carefully controlled EM en-
vironment. It is therefore possible to produce the precise
characteristics of the illumination, as regards divection of
incidence and polarization, and to simulate either a free space
situation or a case of nearby Tossy oy perfectly conducting ground.

Over the last three years we have, at The University of
Michigan, made measurements on scale models of ££-135, E-4, F-111
and are presently making measSurements on EC-130 (TACAMO) and
E-38 (AWACS) models. ATthough tc some exten:t measurements have
almost become a routine, we are continuousiy updating our measure-
ment capabilities, especially as regards the accuracy of the data
and the freguency coverage. A description of the surface field
facility is presented, including the anechoic chamber, the new
20:1 bandwidth il1luminating antenna, the sensors used and the
analog and digital instrumentation, The facility is operated over
225-4250 MHz range and when using, for example, 1:100 scale models,
a 2.25-42.5 MHz full scale coverage is achieved.

Sample measurements are presented for simple shapes such as
spheres and cylinders, but most data is presented for the ££-130
airrraft covering 1.5-58.0 MHz.

pac020678
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COMPARISON OF SCALE MODEL MEASUREMENTS WITH EMP FIELD
TEST DATA FOR THE TACAMC C-130 AIRCRAFT

Edward E. 0'Donnell
Science Applications, Inc.
2860 S. Circle Drive, Ste. 2224
Colorado Springs, CG 80%06

ABSTRACT

In a recent EMP simulation test of the TACAMO C-130 aircraft
performed at the Air Force Weapons Laboratory Horizontally Polarized
Dipcle (HPD) Facility, skin current and charge density measurements
were made at six locations on the fuselage, wings, horizontal and
vertical stablizers. Also, the University of Michigan Radiation
Laboratory obtained charge density and skin current data at corre-
sponding locations en C-130 scale models. These scale model measure-
ments have been extrapolated via Fourier analysis and compared to
the responses obtained in the field test at HPD.

Field test measurements, data acquisition and reduction processes
are described, and results are presented in time and frequency domains.
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SURFACE CURRENTS AND CABLE VOLTAGE INDUCED BY HARMONLC ELECTROMAGNETIC
WAVES INCIDENT On AN AIRCRAFT

Hoglund, L, Karlsson, T, and Persson, H

Swedish Defence Research Institute, Department 3, Box 416,
S~172 04 SUKDBYBERG 4, Sweden

Abstract

Resulis of measurements of surface currents induced on aircraft "Draken"
by vertically polarized, harmonic electromagnetic waves of frequencies
773 kHz and 10.09 MHz are reported and shown to be in good agreement
with simple theoretical estimates. The separation of the current in a
circulating an a capacitive part and its concentration to edges are
discussed, and an equivalent network is used to analyse the influence of
grounding the aircraft, as well as impedance measurements in an opened
grounding wire.

The relative antenna height (relative modulus of induced voltage divided
by strength of incident electric field) was measured for a cable inside
an aircraft, as a function of frequency in the range 2-18 MHz, and the
resulting voltage waveforms are determined for an assumed high-altitude
EMP pulse and a few assumed functions describing the variation of the
phase with freqguency.
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ABSTRACT
COMPARISON OF MEASURED AND CALCULATED EXTERNAL COUPLING

DATA FOR THE EC-135

by
WILLIAM D. PRATHER
Air Force Weapons Laboratoxy (ELTIL)

Kirtland AFB, NM 87117

This paper presents some comparisons between calculated and measured
external coupling data from the EC-135 program. Measurements from
the ACHILLES TI (SRF) simulator and from the scale model experiments
will be included. Data will be presented for free space and ground
based configurations. The effect of the HF wire antennas will be

congildered.
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ABSTRACT

Results of the AFWL/TACAMO
Experimental Program

BY

J. PHILIP CASTILLO
Air Force Weapons Lab (ELT)
Kirtland AFB, NM 87117

AND

Captain Michael Havey
Defense Nuclear Agency {DNA)
Washington, D. C.

This paper presenis some results of an experimental program
with the object of obtaining the EMP response of the TACAMO
aircraft. These experiments included exterior measurements

of current and charge densities using the ATHAMAS I (HPD) to
excite the aircraft as well as scale model measurements,
interior measurements, and measurements on the VLF/LF antenna
during a flyby of the ACHILLES I (VPDI). Time and frequency
domain data plots will be presented together with a discussion
of the measurement techniques used.
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Surface Field Measurements con Scale
Models in the Time Domain *

F. J. Deadrick, A. J. Poggio
Lawrence Livermore Laboratory
Livernmore, California 94550

A series of time domain experiments involving EM
interactions with scale model cylinders, crossed cylinders,
and a 1/100 scale 747 aircraft have recently been completed
at the Lawrence Livermore Laboratory's Transient Electro-
magnetic Range for the Air Force Weapons Lab. The induced
transient surface current and charge densities due to a
330 psec. wide EM impulse were measured at several locations
using miniature field prcbes developed by AFWL. Measurements
were made for the models in free space and in the pressure
of a near-by perfectly conducting ground plane.

The experimental techniques used in making these scale
model tests, the associated processing eguipment, and the
problems encountered in making these measurements will be
discussed in this paper. Results are analyzed in both the
time domains and the frequency domains which show how the
raesponse of the models change as they approach a perfect
ground plane.

The complex natural frequencies in the responses are
also evaluated in order to examine their migraticn in the
complex frequency plane as a function of the ground plane
proximity. These results are compared with previocusly
reported numerical results.

* Thig work was performed under the auspices of the U.S.
Department of Energy under contract $W-7405-ENG-48.
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UEMP - AN ULTRASONIC SIMULATEONZ!

Prof. H. S. Hayre, Wave Prop. Lab - EE Dept.,
University of Houston, Houston, Tex. 77004

Ultrasonic simulation of electromagnetic radiation propa-
gation and scattering has been successfully carried cut for the
last twe decades. Pulse and CW signals have been employed in
radar cross-~section and glint work., Impuise response has also
been simulated. This leads one to suggest that electromagnetic
pulse and its related effect of induction of surface currents,
on the air frames or enclosures of electronic system, and the
subsequent interference and malfunctioning of such systems can
indeed be simulated in controlled laboratory environment at
10 to 25 percent the cost of, and in less than 30-40 percent of
the time, required for actual full scale or mode} electromagnetic
simulation. Surface wave phenomena on air frames, ground effect
of the fuselage, and shadow effects have been successfully simu-
lated for both horizontal and vertical polarization. This further
supports the above premise that ultrasonic underwater simulation
of EMP is indeed a real attractive technique and is worth a try
since every other technique is more expensive, time consuming and
only approximate whereas ultrasonic simulation would be an exact
analog simulation of the full scale case.
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FMP RESPONSE OF AN HF ANTENNA BY
USING MEASURED TRANSMIT PROPERTIES
OF THE ANTENNA%

Werner J. Stark
S Army Rlectronics Research and
Development Command
Harry Diamond Laborateries
Adelphi, MD 20783

The transmit characteristics of an antenna give all the informa-
tion needed for the determination of its receive properties provided
that certain conditions are met on the load and generator. This reci-
procity between transmission and reception applies to antenmnas in free
space, and we show experimentally that it can be extended to electri-
cally long antennas in the presence of a finitely conducting ground.

We measured the radiated CW field from a ground-based, vertically-
polarized HF antenna ovetr the operating frequencies of the antenna. We
use this measured transmit property to compute the transient response
of the log-periodic antemna and show excellent agreement with the mea-
sured transient response,

*#This work was funded by Defense Wuclear Agency Program under Subtask
GITKAXEX475.

lschelkunoff, 8. 4., and H. T. Friis, Antennas Theery and Practice,
John Wiley & Soms, Inc., New York, 1952,

142



AIRCRAFT HF ANTENNA RESPONSE IN HPD/VPD

Patrick J. Dowling
Science Applications, Inc.
2860 South Circie Drive, Ste 2274
Colerado Springs, CO 80906

ABSTRACT

HF antenna measuvements made during the TEMPAT I test in HPD/VYPD
showed characteristic signatures attributable, in part, o non-
Tinear electrical surge arrestor (ESA) response. Significant
correlations exist between antenna-related measurements made in
different test configurations that also appear, in some cases, in
internal cable respense data. This observation may be of value
in plarning tests on other aircraft systems, interpreting test data,
in evaluating HF antennas as points-of-entry and in deveioping
methods of hardening antennas.
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RESPONSES OF THE HF FIXED-WIRE
ANTENNAS ON THE E-4 AND
EC~135 ATRCRAFT

L. Marin and G. Bedrosian
Dikewood Industries, Inc., Westwood Research Braach
1100 Glendon Avenue, Suite 1436
Los Angeles, California 90024

Tn calculating the response of the HF fixed-wire antemmas on
the E-4 and EC-135 aireraft, it is necessary to account for
coupling with the currents and charges on the aircraft surface,
gince the external airecraft resonances accur within the same
frequency regime as the resonances of the antenna. The aircraft
bodies are modeled as conjunctions of thin sticks which, while
not very detailed models, nevertheless exhibit the overall
resonance behavior of the aircraft, The HF antennas themselves
are modeled as transmission lines driven against the aircraflt
fuselages. Analytical expressions are obtained for the effective
heights and the input impedances of the antennas as functions
of frequency. These results are used to find analytical
expressions in the time domain for the e¢pen-circult currents
and short-circuit voltages induced on the H¥ anteannas by a
typical high-altitude nuclear electromagnetic pulse (EMP) .

Sample calculations are presented for both aireraft and for
several angles of incidence of the EMP, It is found that

(1) coupling between two H¥ antennas is very weak, (2) the

input impedance is completely dominated by the transmission line
formed by the antenna wire and the fuselage, and (3) the aircraft
resonances have only a slight effect on the antenna responses.
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EMP RESPONSE OF AN AIRCRAFT WITH A TRAILING WIRE
ANTENNA DEPLOYED

Walter L. Curtis
Boeing Aerospace Co,
P, 0. Box 3999,
Seattle, Wa. 98124

The surface currents and charges due to an incident EMP are found

on a 747 aircraft with a VLF/LF dua? trailing wire antenna depioyed.
The antenna consists of two wires traiting behind the aircraft,

One wire trails straight out from the aft end of the fuselage up

to a kilometer in length and the second wire is attached to the
bottom of the fuselage, trails about 7 degrees below the first and
is up to about 8 kilometers tong. The method of solution involves

a modification of a detailed method-of-moments solution of & wire
grid model of the aircraft by cembining it with a transmission line
sotution for the trailing wires. The solution thus preserves the
details of the aircraft geometry and its connection with the trailing
wires. The paper shows the details of solution and presents some
typical resulis in both the frequency domain and time domain for an
incident EMP.
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TRANSIENT RESPONSES INDUCED ON A
LOG-PERIODIC ANTENNA BY AN ELECTROMAGNETIC PULSE *

K. M. Lee
Mission Research Corporation, P.0.Box 8693, Albuguergue, NM 87108

EMP coupling to a lLog-periodic {LP) anterna can be quite signifi-
cant when the operating frecuency range of the antenna is within the
principal EMP frequency spectrum. Previcus analysis of properties of
LP antenna was conventionally carried out in the freguency demain using
either a circuit-and-array approach' or a wave-propatation approach.?

A recent computer modeling of LP anterna has also been reported.® It
appears to be difficult to use these methods to analyze the problem when
the LP antenna is immersed in a time-varying medium. In this paper, a
time domain approach is introduced that may be used for the transient
analysis of antenna arrays. The method has been applied to calculate
the induced response of a six-element LP antenna(designed for operation
in the frequency range of 30 to 76 MHz) to an incident EMP. The numeri-
cal results are compared with those reported in reference 3 and the mea-
sured data reported in reference 4.

The approach to the problem is outlined as: 1) the exterier pro-
blem, which is cencerned with the coupling between anternna elements, is
treated by using a modified two-dimensicnal finite difference technique
to solve Maxwell's equations in space. UtiTizing apprepriate boundary
conditions, the multiple scattering effects are included at each time
cycle; 2} the interior problem, which is concerned with the coupling
through the transmission line, is treated by solving the Ffamilfar two-wire
line equations in the time domain, with the antenna elements as discrete
loads: and 3) the interior and exterior coupling are related by making
use of Kirchhoff's current and voltage laws at the antenna-transmission-
line junctions. The load to the 1P antenna is. also included in this
manner,

The numerical results calculated using present analysis are seen
to agrre quite well with that calculated by a different method,® and
the measured data given in reference 4.

It is easy to generalize the method repcrted here te calculate the
transient response of LP antenna in a time varying medium. Antenna
arrays other than L.P structure can also be analyzed using this method.

Fork spensored by Harry Biamond Laboratories, Adelphi, MD., under
contract DAAG-39-77-G-0178.

IM.T. Ma, Theory and Application of Antenna Arrays, pp. 316-372, New
York, John Wiley and Sons, 1974.

2R.E. Coilin and F. J. Zucker, Antenna Theory. Part 2, "Log-Periodic
Antennas," R. Mittra, pp. 349-385, New York, McGraw Hill, Inc., 1969.

3¢ J. Deadrick, "Computer Modeling of Log-Periodic Antennas,” lawrence
Livermore Laboratory, UCRL-52372, Dec. 1977.

“W. J. Stark, "Transient Response of a Log-Periodic Antenna Based Qn
Broad-Band Continuous-Wave Measurements," Harry Biamond Laboratories,
HDL-TR-1792, April 1877.
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RESPONSE O BCATTERERS IN COMPLEX ENVIRONMENTS

H. 8. Cabayan, E. K, Miller, J. T. Okads
Lawrence Livermore Laboratory
Livermore, California 9h550

Most BEMP predictions are for isolated objects. In many cages such
predictions are sufficient for EMP hardening purpcoses. The question
often arises, however, as to how the response will change if the object
in guestion is placed within an environment that contains many other
cbjects (scatterers) that are randomly positioned within a volume of
interest. There is then the possibility that a certain asmount of
anhancement of the EMP induced currents and voltages on the object might
ensue. One will be interested to know the degree of enhancement and the
associated probability. In order to study these effects, a simple
experiment was performed at the Transient Range zt LLL. The receiving
properties of a moncpole were evaluated in the inmediate vicinity of
randomly placed monopoles of similar dimensions. The results from this
experiment were deemed to be of interest because of their applicability
to treating--for example--whip antennas on ships, antenna arrays next to
ground communications facllities, and to antenna arrays on planes and
missiles.

A b{.cm long monopole was placed in the center of 1 m x I m grid.
The response of this monopole is measured as ¥ other monopoles are
randomly placed on the grid. For each N, 20 repetitions of random
placements were performed. The set-up was illuminated with a vertical
E-field of 100 psec rise time and 300 peec widbh at half-max.

From this rather initial experiment, some tentative conclusions
can be drawn. In general, some enhancement of EMP induced energy
levels in receptors is to be expected when such a receptor is placed
within a cluttered area; however, the probability of such an occurance
ig low., In fact, the probabllity of enhancement decreases as the
number of scatterers increases. The mean value, on the other hand, is
found to drop monotonicaily as the clutter around the receptor ig
increased. The variance of the responsge also decreases as the numher
of scatters increases. These findings seem reascnable since a random
collection of non-intentional energy receptors {non-intentional
antenna), as might be found arcund a complex ground station, wonld not
be expected to be an efficient antenna array for the EMP.

*This work was performed uader the auspices of the U.S. Department of
Energy under contract #W-T405-ENG-48 and sponsored by DHA  Subtask
ROOQAXEROSE, Work Unit 76: Experimental Coupling Model Verification for
Generic Structures.
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SOME OPEN QUESTIONS IN OPEN WAVEGUIDE PROBLEMS

R. Mittra, A. Rushdi, and 8. W. Lee
Electrical Engineering Department
University of Illinois
Urbana, Illinois 61801

Open patallel-plate waveguides are often used as EMP simulators,
and an understanding of the excitation of fields in such waveguides is
helpful in designing these simulators. The conventional approach for
representing the fields in open structures is in terms of an integral
over the continucus spectrum. Such an integral typically runs along
the branch cut of the integrand of the Fourier transform representa-
tion for the fields, and may be extremely time-consuming to evaluate
numerically., This fact has prompted many researchers to investigate
the possible use of highly efficient, leaky-wave representation for
the field expansion. A systematic procedure for converting the
original continuous spectrum representation for the field in an open
waveguide into a series expansion of leaky-wave modes has been
discussed in a number of publications, including a text by Collin.
However, the continuous spectrum representation for am open,
parallel-plate waveguide comprises an infinite number of branch cuts,
as opposed to a single one for the dielectric slab waveguide discussed
in Collin.

Consequently, for the open waveguide case, it becomes necessary
teo critically ewamine the problem of making the best possible choice
between the infinitely many possibilities for wandering im and out of
upper and lower Riemann sheets, corresponding to the infinite number
of branch cuts in the spectral representation. A therough under-
standing of this problem is a prerequisite for computation of the
leaky-wave poles in the appropriate Riemarn sheets. 1In this paper,
we address ourselves to this important question and present a
systematic procedure for deforming the original path of integratiom
for the continucus spectrum representation. We show exactly in which
Riemann sheet we have to search for the leaky-wave poles and
demonstrate that one of the seemingly obvious choices for the defornmed
contour is alsc the one that would lead to an erronecus resul:.

148



MFASURED ELECTRIC FIELDS IN A MODEL, SIMULATOR

Dennis J. Blejer and Ronold W. P. King
Gordon McKay Laboratory
Hayvard University
Cambridge, Massachusetts 02138

An experimental study of the iInterior electric field of a model EMP
parallel-plate, transmission-line simulater will be discussed, The
dimensions of the structure are chosen to glve a characteristic half-
line impedance of 100 £, Archates Memo 1 cites a height to half-width
ratio of h/az = 1.2335 and & height to length ratio of h/b = 0,9 for a
200 2 full-line impedance, parallel-plate geometry [1]. The study is
conducted at the single frequency f = 626.5 Milz which vields a ground
plane to parzllel plate separation of kh = 4.5% for the model. These
dimensions imply a frequency range in which sinple TEM transmission=-
iine theory does not apply.

Measurements of the electric field are conducted along the ground
plane, the underside of the parallel plate, and throughout the three-
dimensional region comprising the working volume. Diagrams of the
surfaces of constant phase, magnitude, and the standing-wave pattern
are being developed. Measurements of the induced curvent and charge
densities on single and crossed thick cvlinders in the simulator
working volume are also belng conducted. These results will be com=
pared with current and charge densities on cylinders excited by an
ideal plane wave (Kao theory) and by a nearly plane wave field (dipole
and corner reflector).

{1] K. Chen et al., "Archates Design,” Archates Memc 1, July 1975.
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SPATTAL MODAL FILTERS FOR SUFPRESSSION OF NON-TEM MODES
IN PARALLEL PLATE SIMULATORS

David V. Giri, SAI, 2.0, Box 277, Berkeley, CA 94701
and
Carl E, Baum, AFWL/NXC, Kirtland AFB, NM 87117

(W measurements in the ALECS facility [1] have detected what has
been referred to as the 'notch problem'. Specifically, the transfer
function from source to field displays significant nctches at specific
frequencies, e.g., an order of magnitude dip in amplitude around 24
MHz, There appears to be some evidence to believe that this 'notch'
is due to the excitation and propagation of non~TEM mode(s). Tt is
interesting to note that the dispersion distance [2] calculations of
the frequency of a non-TEM mode excitation is also about 24 MHz, All
of these considerations point toward the need for a technique of
suppressing the non-TEM propagating mode(s).

In this paper, we shall present a method of suppression in the
form of a spatially distributed modal filter. The chief requirement
of such a modal filter is that it should essentially be decoupled from
the TEM mode and should load or damp the non-TEM modes. So, if one
places resistors on a TEM equipotential surface [3,4] along the axial
and transverse directions, such a 2-dimensional array will have
minimal effect on the TEM mode. However, for the TE modes, some of
the transverse field couples to the transverse resistors and in the
cage of TM modes, the axial component of the electric field couples to
the axial resistors and scme of the transverse electric field couples
to the transverse resistors. Initially, one may think of locating such
a mode filter in the output section, not too close to the terminator,
since non~TEM modes are evanescent there. It is alse desirable for
such a mode filter to be away from the working volume to avoid its
coupling with the objects, An implicit problem in this context is the
identification of the presence of non-TEM modes in the available ex-
perimental data. Finally, it is to be emphasized that such a filter
has more experimental potential than analytical.

1. J.C. Giles, M.K. Baumgardner, G. Seely and J. Furaus, "Evaluation
and Tmprovement of the CW Performance of the ALECS Facility,"
Volume II, Technical Data, Part 2, AFWL-TR-75-93, September 1975.

2. C.E. Baum, "The Conical Transmission Line as a Wave Launcher and
Terminator for a Cylindrical Transmission Line,” Sensor and
Simulation Neote 31, January 1967.

3. C.E. Baum, D.V. Giri and R.D. Gonzdlez, "Electromagnetic Field
Distribution of the TEM Mode in a Symmetrical Two-Parallel-Plate
Transmission Line," Sensor and Simulatiom Note 219, 1 April 1976.

4. F.C. Yang and L, Marin, "Field Distribution om a Two-Conical-Plate
and a Curved Cylindrical Plate Transmission Line," Sensor and
Simulation Note 229, September 1977,
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Self-Consistent Formulation of Scattering Proklems in a Simulator
Environment

Leopold B, Felsen
Polytechnic Institute of New York, Brooklyn, New York 11201

Many electromagnetfic diffraction problems invelve composite confi-
gurations that comprise the scatterer per se and perturbing environ-
mental effects. Examples are provided by a scatterer placed in a
parallel plane waveguide, as in a simulator, or on or near a ground
surface. In most instances, it is easier to calculate the scattering
properties of the object in isolation than to deal with the composite
geometry, Under these circumstances, it is desirable to formulate
the overall scattering problem in a manner that exhibits separately
the unperturbed problem and then furnishes corrections by self-con-
sistent interaction with the perturbing environment, A general
Green's function formalism to this end is reviewse 1_ It involves the
self-consistent combination of the unperturbed Green's operator and
an interaction operator. Specific application is then made to the low-
frequency scattering by an obstacle placed inside a waveguide environ-
ment such as a simulator., Diffraction by the obstacle in free space
can be characterized in terms of induced electric and magnetic dipole
and higher order multipole moments, which are corrected self-
consistently by accounting for interaction with the induced currentsin
the waveguide walls®, As an illustrative example, results are pre-
sented for a spherical obstacle inside a rectangular waveguide.

1. N. Marcuvitz, " Abstract Operator Methods in Electromagnetic
Diffraction™, Proc, of the Symposium on Eleciromagnetic Waves
(University of Wisconsin Press, 1962},

2. L.B, Felsen and C.L. Ren, ? Scattering by Obstacles in a Multi-
mode Waveguide", Proc, IEE (London} 113 (1966}, p. 16-206,
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A SIMPLE TECHNIQUE FOR OBTAINING THE KEAR FIELDS
OF FLECTRIC DIPOLE ANTENNAS FROM THEIR FAR FIELDS

B. K. Singaraju and €. E, Baum
Air Force Weapomns Laboratory
Kirtland AFB, NM 87117

A procedure has been developed which yields the near field electric
and magnetic components of an axially and lengthwise symmetric electric
dipole if the far field components of the same are known. TIn particular,
it has been shown that if Eg,, i.e., the 8 component of the far field is
known, all other components of the electric and magnetic fields iancluding
their near fields can be determined. This procedure 1s shown to have been
applicable both in time and frequency domains., In frequency domain the
near field components can simply be obtained by integrating the far fields
with respect to time.

An example involving the fields of a resistively loaded dipele antenna
driven by a step function generator is discussed.
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The Analysis of Loaded Antenna Structures

D. R. Wilton and S§. M. Rac
Department of Electrical Engineering
University of Mississippi
University, MS 38677

It is common to use resistive loading for wave shaping and for damp-
ing out waves reflected from structure discontinuities on EMP simulators,
This paper reports on recent work in determining the natural frequencies
and modal current distributions for biconical antenna structures. Both
loaded and unloaded structures are considered.

A recent analysis [1] of a biconical simulator has shown that the
use of discrete loading to approximate continuous loading can introduce
effects not predicted by the uniform loading model. It is thus desirable
to introduce the lumped leoading model at the outset in the design of such
simulators. To this end, a characteristic equation for a loaded struc-
ture with point loading is derived in terms of the poles and modal cur—
rents of the unloaded structure, It is anticipated that this result may
make tractable the multi-variable problem of analyzing a structure with
many discrete loads chosen to simulate continuous loading. It is hoped
that some ingight will alsc be gained into the synthesis problem of using
loading to obtain the desired frequency characteristic.

Reference
{1l D. R. Wilten, "Dynamic Analysis of a Loaded Conical Antenna Over a
Y ¥
Ground Plane," Final Report on Grant No. AFOSR 75~2832, Air Force

Office of Scientific Research, Bolling Air Force Base, D.C., August,
1976.
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THE AFWL VERTICALLY~PQLARIZED DIPOLE IT (VPD-II}
EMP SIMULATION FACILITY*

J.C. Giles and T.A. Dana
EG&G, Inc.
1400 San Mateo SE
Albuguergue, NM 87108

EG&G recently completed the integration and checkout of the
newest of the AFWL EMP simulators, the VPD-II. This facility,
designed by EGRG based on the work of Baum in Sensor and Simula-
tion Note 81 and Baum and EKehrer in ATHAMAS Memo 4, consists of
a resistively-loaded conical antenna over a ground plane. The
antenna is driven by a five-million-Volt marx generator built by
Physics International. A 100-meter diameter area for parking air-—
craft to be EMP tested is centered 100-meters from the anteunna
apex. Pulser control and reference sensor data recording are
accomplished in a van with internal shield room which is parked
in a below-ground bunker to eliminate scattering of the fields
into the test area. Room is alsc provided in this bunker for the
dats recording van (DASET).

This paper describes the theoretical basis for the antenna
design, the calculated currents and voltages on the antenna, the

mechanical design features of the facility, and general facility
aspects. (Field mapping data are presented in another paper. }

*Work supported by Contract F29601-76-C-0049.

154



CHARACTERIBTICS OF VERTICALLY-
POLARIZED DIPOLE ANTERNAS#*

J.C. Leib
EG&G, Inc.
1400 San Mateo, SE
Albugquergue, NM 87108

Since 1970, three resistively loaded vertically-polarized
dipele (VPD) EMP simulator antennas have been designed, built,
analyzed, and measured by LEG&G for the Alr Force Weapons Labo-
ratory (VPD-I and VPD~II) and the Naval Surface Weapons Center
(NAVES-I1). ©Sensor and Simulation Notes 81 and 213 by Baum and
Singaraju provide the basic analytic tools for analyzing antennas
of this peometry. EG&G has extended these analvitic tools to more
closely match the as-built facilities and used them to prepare
waveform predictions at several locations. To evaluate these
prediclions, eleciric and magnetic field measurements were made
at the same or similar locations in the real facilities.

Comparison of predicted and measured waveshapes shows good
agreement and confirms that fields generated by resistively-loaded
conical antennas over a good ground plane are predictable and well-
behaved.

This paper presents an overview of the analytic and experi-
mental technigues, typical predicted and measured waveforms, and
conclusions concerning these three vertically-polarized dipole
facilities.

*Work supported by Contracts F29601-72-C-0018, F29601-76-C-0049,
and NG0OQ21-77-C-0061.
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Comparison of Four Treatments
of Space-Charge Limiting*

B. Goplen’
Mission Research Corporaticn
Santa Barbara, CA 93102

A comparison is made of four different methods of treating space-
charge Timiting for satellite structures. The test object 1s a simple
cylinder, 1-m in diameter and G.75-m in length, exposed end-on to a 2
shake pulse of 5 keV blackbody X rays under conditions resuiting in
high space-charge limiting. AITl calculations are performed with the
two-dimensional SGEMP code, MADZ; results are characterized in terms
of the radiated electric field at a distance of [-m from the cylinder.

The first calculation is a brute-force treatment, i.e., the usual
particle method with a very fine spatial mesh near the cylinder. This
result establishes a standard against which the approximate methods can
be evaluated. The dipole method makes use of a planar one-dimensional
calculation to obtain a prescribed scurce. Using this method, calcu-
Tated radiative fields are too low at the peak by a factor of two, and
are characterized by ringing at late times. The other two methods are
based upon the adiabatic approximatien. In the ordinary boundary layer
method, the steady-state, half-cell voltage is used to subpress cre-
ation of low-energy electrons. For the large mesh size chosen, this
method also gives a radiative result too low by a factor of two. In
the dynamic boundary Tayer method, the half-cell voltage is coupled
to the electromagnetic algorithm. This method gives good agreement
with the brute~force results after dipole saturation; at early times,

a large overshoot results from the adiabatic assumption.

Comparisons are made of the accuracy, cost, and difficulties
associated with each of the methods. Improvements to the dipole and

boundary layer methods are suggested, and fmpiications for three-
dimensional calculations are summarized.

*WGTk supported by U.S. Air Force under contract F29601-76-C-0039.

TWork performed while at Science Applications, Inc.
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Analytical Electrical Models of Dual-Spun
Satellite Interiors for Mode Prediction

M. L. Yan Blaricum
R. Stettner

Mission Research Corporation
P. 0. Drawer 719
Santa Barbara, CA 33102

In trying to understand some of the internal data taken during
the recent SKYNET current injection tests, and the associated photon
experiments, it became evident that some simple analyiic basis was
necessary. The data clearly shows the internal fieids and currents
te be oscillating in time at specific frequencies. This leads one in
a rational way to view internal! responses of satellites—in particular
the SKYNET sateilite-—in terms of modes of the specific satellite
structure.

Here we present the steps we took toward understanding the internal
electromagnetic characteristics of satellites in terms of simple analytic
modal models. Our discussion will be restricted to the first few modes
for axisymmetric excitations of dual-spun-like structures. The method
of analysis will be to begin from very simple, relevant structures and
then increase the structural complexity. Some of the satellite struc-
tures discussed are not completely closed electromagnetically, but contain
gaps which allow the interior of the sateliite to communicate with the
exterior. The areas of these gaps are small, however, in comparison with
the total area of the structure. As a consequence radiation energy losses
from the interior of the satellite to the exterior are small for all the
internal modes reported. The internal responses are therefore manifested
as practically undamped osciliations. This internal situation can be
contrasted with an analysis of the currents on exterior structures where
radiation damping can be appreciable. These gaps and interior struts and
panels essentially load the internal structure of the satellites giving
rise to modal freguencies that can be appreciably lower than one might
expect from the cavity dimensions alone.

Most of the analysis of these lower frequency modes can be made
using simpie lumped parameter circuit models. Detailed Jumped-element
modeling has been used in the past® to determine internal peak currents
in SKYNET but the elements giving rise to the characteristic modes were
not investigated. Loaded transmission line models, however, appear to
more accurately represent the physical situation. In many cases the
accuracy of the lumped parameter models in predicting the resonant fre-
quencies can be estimated by a compariscn of the gap capacitance with
the internal distributed capacitance. The TOM2D finite difference code
was used to validate the analytical models. In addition, the analytical
predictions are compared against actual SKYNET current injection test data.

1 T. A, Tumolillo, “Predictions of Currents on SKYNET, Part I, Notes con
and Application of Lumped-Element Modeling," IRT Corporation,
Intel-RT- 8121-007, January 1975.



PIMBS-II *

CHARLES A, AEBY
AFWL/DYC

KIRTLAND AIR FORCE BASE
ALBUQUERQUE NM 87117

The AFWL is sponsoring development of a Tow-ievel photon source for
System Generated EMP (SGEMP) effects investigations of space systems.
The source employs a 4 module Marx generator with peaking capacitors
feeding unique reflection conmverter X-ray dicdes through Tow inductance
putput switches. Each module is capable of delivering 1,25 MA peak
current to the disde resulting in 110 KV peak accelerating potentials.
The system generates a 350 joule radiation pulse of 65 nsec pulse width
and 30 nsec rise time. Total conversion efficiencies of 0.6% are
attained from 60KJ stored energy and 45KT electron beam energy.

*This work sponsored by the U.S. Air Force under Contract F29601-75-C-0008,
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Equivalent Surface Currents
And Their Possible Use for SGEMP Simulation

G. A, Seely
Science Applications, Inc,
2201 San Pedro NE
Albuguerque, New Mexico 87110

Abstract

Recently {1,2] some of the practical aspects of'tne DIES [i]
concept have been examined, One result [2} is that several electric
dipole positions are needed for accurate simulation.

In this paper, consideration is given to replacement of the
bulk of the external envircmnment by an eguivalent electric surface
current layer [4]. It is demonstrated that a magnetic layer is
not required. Also, it is shown that the current layer is de-
termined entirely by charge motion exterior to the layer.

Results are given for a circular cylinder with a specific
volume current distribution.

1. Tesche, F.M., "Coupling From An Electric Dipole to a Conducting
Sphere," AFYWL Sensor and Simulation Note 234, Sept 1977

2. Seely, G.A., "The Dipole Method (DTES} in SGEMP Simulation,"
AFWL Sensor and Simulation Notes, November 1977

3. Baum, C.E., "Some Types of Small EMP SimuTators,” AFWL
Miscellaneous Simulator Memo 9, Dec 1976

4. Haryington, R.F., Time Harmonic Electromagnetic Fields,
pp 106-110, McGraw-H117, 1661
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CURRENT TRANSPORT IN A DIELECTRIC LINED cavrTy®

W. A. Seidler*
Spire Corporation, Bedford, MA 01730

B. Gopien++
Mission Research Corporation, Santa Barbara, CA 23102

W. R. Thomas
Secience Applications Incorporated, Albuquerque, BM 87110

An electron beam was injected inte a 30 ¥ 15 cm cylindrical aluminum
cavity evacuated to a pressure of 0.1 um. Dielectric materials 0.3 cm
thick (>> electron range) covered the side walls of the cavity. The
electron beam was uniform to 20% over 730 cm?, current density

18 amp/cm?, mean energy 77 keV. With a dielectric lining the cavity
current transported through the cavity increased by a factor of five.
Current risetime decreases by a factor of 2.8 indicative of a threshold
phenomena .

Results of experiments and theoretical predictions imply that a plasma
is released by the dielectric irradiated at an average 10-3 cal/cm®.
This plasma may be produced by the non linear heating of a released
gas layer over the surface of the dielectric by fields near 1.5 x 10
v,/m.

* Work supported by AFWL
+ Currently employed by Jaycor, Del Mar, CA.

++ Work performed while at Science Applications, Inc.
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SGEMP RESPONSE
OF
AN X-BAND WAVEGUIDE

K. SCHWARTZ

General Electric Co— TEMPC
P. 0. Drawer QQ
Santa Barbara, CA 93102

On a spacecraft waveguide connections between an antenna and
a receiver or transmitter are generally considered to be adequate
for protecting the internal electronics from SGEMP fields generated
on the external surfaces. This paper provides an estimate of the
SGEMP seen at a load which is produced by the direct interaction of
the photon flux with the waveguide walls. The analysis indicates
that a differentially induced signal can be produced in the wave-
guide itself. This signal, with the bulk of jts spectrum above the
waveguide cut off frequency, can propagate te a lead at either end
of the waveguide. The model calculations are normalized to a fluence
of one calorie per square centimeter. The peak power delivered to
the load is ~ 3000 watts. The total energy is ~ 4 microjoules. The
power and energy scale as the square of the fluence.
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AIR PRESSURE DEPENDENCE OF PHOTON INDUCED CABLE RESPONSE™

M.L.. Price
V.A.J. van Lint

Mission Research Corporation
1150 Silverado Street
La Jolla, California 92038

A.M. Chodorow

Mission Research Corporation
5601 Domingo Road, N.E.
Albuguerque, New Mexico 87108

A wide selection of coax, pair and multiconducter cables was
exposed to photon pulses from PIMBS 1-A and CASINO. The response of all
cables ivradiated in vacuum could be explained by electron motion across
gapst'. The sign of this signal was negative, corresponding to gaps, be-
tween shield and insulator, in all cables except RG62, which has a delib-
erate gap around the center conductor.

At atmospheric pressure the current was larger and mostly of
opposite polarity. The magnitude tended fo decrease with successive
pulses, remained smaller after one-week undisturbed storage, and was
augmented by mechanical flexing. The current appeared largest at ~ 100
torr pressure in most cables as expected from air conduction in ionized
air. All these features agree with a model in which preexisting trapped
charge is neutralized by air conductivity®®?®. This model does not explain
the sign and the relatively large value of the current after many pulses,
including exposures at ~100 torr in which an asymptotic response is seen
after one pulse.

References

1
D.M. Clement, C.E. Wuller, E.P. Chivington, IEEE Transactions on
Nuclear Science, NS-23, 1946 (1976).

2
B.M. Clement, L.C. Nieisen, T.J. Sheppard, C.E. Wuller, TEEE Transac-
tions on Nuclear Science, NS-24, 2422 (1977).

3 .
V.A.J. van Lint, IEEE Transactions on Nuclear Science, N5-17, No. 6,
210 (1570).

*This work performed under AFWL Contract F29601-77-C-0102Z.
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THE EFFECT OF DIELECTRIC CHARGING ON
THE SGEMP RESPONSE OF SPACECRAFT

E. P. Wenaas & A. J. Woods
JAYCOR, Del Mar, California 92014

The SGEMP response of a satellite can be strongly influenced
by initial charging produced by the natural electron enviromment or
artificial electron enviromment associated with a nuclear burst.
The satellite can be charged as negatively as an entity by the lower
energy portion of the environment (Ref. 1}, in which case the elec-
trons emitted by X rays can be accelerated from the object. The
satellite can also be differentially charged by higher energy electrons
which penetrate spacecraft dielectrics and become imbedded in the
dielectrics {Ref, 2)}. The differential charging can produce large
static fields which can severely perturb the trajectory of electrons
emitted by the x rays and, therefore, perturb the x-ray response.
This effect is particulariy severe for SCGEMP responses within the
spacecraft. Finally, the x-ray pulse could conceivably cause a
spontaneous release of stored charge during or after the x-ray pulse.

The purpose of this paper is to explore perturbation in the SGEMP
response caused by differential charging. Calculations have been
perfermed which describe the build up of charge in dielectric within
the spacecraft interior resulting from both the natural and nuclear
electron environments. The resulting static fields are used as ini-
tial conditions in SGEMP response calculations for selected geometries
to quantify perturbation in the SGEMP response resulting from the
differentially charged dielectrics. Effects of x-ray fluence, spectrum
and time history are explored. The 2-D SGEMP code ABORC is used to
perform the response calculations {Ref, 3).

Finally, calculations are performed in which a dielectric within
an enclosure is initially uncharged and is allowed to charge as a
result of electrons emitted by the x-ray impacting on the dielectric.
Perturbations in the x-ray response resulting from the presence of the
dielectric liner are explored.

References

1. A, Rosen, "Spacecraft Charging by Magnetc-Spheric Plasmas,” IEEE
Trans. Nucl. Sci. NS-23, December 1976,

2. E. P. Wenaas, "Spacecraft Charging Summary and Recommendations,!
AFWL TR-76-178, February 1977.

3. A, J. Woods, et. al., "The Arbitrary Body of Revolution Code
(ABORC) for IEMP/SGEMP," IRT Report 8141-028, July 1976.

Work sponsored by Air Force Weapons lLaboratory under prime contract
F29601-76-C-0034 to Computer Sciences Corporation.
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