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Overview of Topics
• Basic Phenomenology and Concern
• Origin of Electromagnetic Pulse

– Gamma Rays, Compton Electrons, Lorentz Force
• Electric Field Interaction

– Current Induction, Wire Coupling, Calculation Methods
• Simulations

– Polarized Simulators, Pulsed Power, Field Sensors
• Field Penetration

– Mechanisms, Equivalent Sources, Transmission Lines
• Electronics Effects

– Damage, Upsets, Modeling
• Some Research Topics



Electromagnetic Pulse Interference To Electrical Systems

Current Will Be Induced On 
Power Lines And Propagate 
Into Buildings

Accurate Models Are Used To 
Estimate Induced Current

Ambient And Electrical Line 
Penetration Into Buildings Can Be 
Modeled

Electrical Stress At Outlet Is 
Uncertain Due To Variation Of 
Ingress Element Characteristics 
(Transformers, Switches, Wire 
Installation, Loads)

Monitoring And Control 
Electronics Are Expected To 
Be More Vulnerable To Power 
And Signal Line Current

Strain Levels Of Electronics 
Can Be Modeled Or Measured
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HEMP Generation*†‡

• Expanding spherical gamma 
ray source impinges upon the 
atmosphere creating Compton 
current of electrons

• Earth magnetic field creates a 
(evB) tangential Compton 
current component Jt, and to a 
lesser extent asymmetrical 
gamma distribution 

Burst

γ - photon

atmosphere

e-

ion+

scattered 
γ - photon

Bearth

Jt ‐ tangential 
Compton current

2∂(rEt)/∂r+Z0(rEt)=-Z0(rJt) 

*Karzas, W.J. and Latter, R.; Physical Review, vol. 137, No. 5B March 1965
†C.L. Longmire; IEEE Transactions AP, vol. AP‐26, No. 1, January 1978
‡R.A. Roussel‐Dupre; IEEE Transactions EMC, vol. 47, No.3, August 2005



HEMP Generation II
• Fγ ~ e-r/λa/4πr2 (gamma flux)

• Fe = Fγ Rmf/λs (recoil electron flux)

• Jr= radial Compton current     (determine from Fγ)

• Jt  JrRmf/2RL (RL=mev/eB) 

• 2∂(rEt)/∂r+Z0(rEt) = -Z0(rJt)  (HEMP Et-field)

•  = eNeµe (Neelectron density, µeelectron mobility)



Atmospheric Conductivity Considerations

Free electron removal
e + O2

+ O + O
e + N2

+ N + N
Ion removal
O2

‐ + O2
+ + (O2 or N2)  O2 + O2 + (O2 or N2) 

O2
‐ + N2

+  O2 + N2

S‐rate of production electron‐ion pairs
dNe/dt = S‐k1Ne‐k2NeN+ Ni ‐ densities
dN+/dt = S‐k2NeN+‐ k3N+N‐ Ne, N+, N‐ ki – rates
dN‐/dt = k1Ne‐ k3N+N‐
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Hypothetical HEMP Waveform

E() = E0(-)/[(-i)(-i)] – Fourier Transform
E() = (E0dπ/)e(+i)tp/sin[(+i)π/] – Fourier Transform

E(t) = E0(et ‐ et)u(t); 

E(t) = E0det/(1+e(t‐tp)); d= scale factor



• Ezinc = E()sinө0[e-ihk0sinө0 – RHe+ihk0sinө0]eizk0cosө0=A0eizk0cosө0

• RH = [(k4/k0)2sinө0–{(k4/k0)2 – cos2ө0}1/2]/[(k4/k0)2sinө0+{(k4/k0)2 – cos2ө0}1/2]
• Z0 = [µ0/2πi]Arccosh(h/b),   h  b,    Z2 = [µ0/2πi]ln(b/a)
• Z4  ‐i µ0H0

(1)(k4h)/[2π k4hH1
(1)(k4h)], h  b

• Ye = ‐i  Ce, 1/Ce  {((h/he)/C0 + 1/C2)2 – ((b/he)/C0 + A2/C2)2}1/2, h  b
• C0 = 2π0/Arccosh(h/b), h  b, C2 = 2π0/ln(h/a),   he={h2 – b2}1/2
• A2 = 0.7(1‐a/b)[(2 ‐ 0)/(2 + 0)](1‐he/h),   
• Y4  ‐iπ(4 + i4)k4hH1

(1)(k4h)/H0
(1)(k4h), h>b

• k42 =2µ0(4 + i4/) – soil parameters

Incident Field – Wire Above Ground Coupling*

Transmission Line:  (d2/dz2 + kL2)I = ‐YEzinc , kL2 = ZY, Z = Z0 +Z2 + Z4, 1/Y = 1/Ye + 1/Y4

*L.K. Warne and K. C. Chen, Long Line Coupling Models, SAND2004‐0872, Unlimited Release.

I() = YA0eizk0cosө0/(kL2 – k02cosө02)    Infinite Wire



Wire Coupling Results*
I(t) = 1/π∫cos(t)Re{I()}d + 1/π∫sin(t) Im{I()}d

0

∞

0

∞

Isc = ‐A0(Y/kL)/(kL – k0cosө0) Voc = iA0/(kL – k0cosө0) = ZcIsc

Zc = (Z/Y)1/2  {(Le+ Z4/s)/Ce}1/2
Z = Ze + Z4, Ze = iLe= sLe

Le = L2 + L0
Y4 ∞

Z4/s  (µ0/2π)ln(1+〈1/s〉)/[h(µ04〈1/s〉+µ04)1/2]
〈1/s〉=1/[(t)1/2/F((t)1/2) – 1], 

F = Dawson’s Integral

*Warne and Chen,  loc. primo. cit.



Coupling into a Building Outlet



Baum’s Singularity Expansion Method (SEM)

n and Res. G0(r,n) provide insight,
only coupling coefficients are calculated

Response of a scatterer
requires evaluation for 
each incidence field

_ _

C*
R(r,t) = 1/2π∫V0 ()G0(r,)e‐itd

Scatterer Contribution

Incident Source

R(r,t) = ‐i∑ V0(n) [Res. G0(r,n)]  e‐int
_

n

_

SEM decomposes the source and scatterer contributions into natural resonance 
frequencies n , coupling coefficients, and natural modes Res. G0(r,n)‡

C* ‐ G0(r,) and V0() is regular in the upper half complex  ‐plane.  
‡G0(r,n) pole locations in the lower complex ‐plane, the contour C (see inset),
used in the Fourier transform, is modified to include poles and branch cuts†.
† S.W. Lee and B. Leung, Interaction Notes, IN 96, February 1972. † †F.M. Tesche, Interaction Notes, IN 102,  April 1972.

natural modes  n = Re n+ iIm n

(oscillation period) (attenuation)

[c] ‐ coupling vector, [Z(s)]T[c]=0, [Z(s)] – impedance matrix
[Z(s)][I(s)]=[V(s)] (I and V are response and source vectors)
[Z(s)][I(s)]=0 determines natural frequencies

coupling coefficient 

††I(t) = ∑ V0(s)[c][c ]T est
Computational Version   



SEM Method Integral Equation

Comparison of SEM and Integral Equation Methods
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HEMP Simulators



Generic Pulsed Power Circuit for Simulators

Simulator Load

CM

RM LM

CP

RP LP

ZA

Main Marx Bank 
Capacitive Storage

(power supply charge)

Peaking Capacitor 



Measurement Sensor B‐Dot*

*C.E. Baum, Sensor and Simulation Note 41, May 1967. 



Measurement Sensor E‐Dot*

*C.E. Baum, Sensor and Simulation Note 91, July 1969. 
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Exterior to Interior Penetration of HEMP

EMP 
Environment

Surface Currents 
and Charges

Apertures Line 
Penetrations Antennas Diffusion



Transmission Line Equations 
for Interior Response

∂V/∂z + ZI = V’(z, s) = jµ0(h/πR0
2)mHsc

∂I/∂z + YV = I’(z, s) =  j0(h/πR0
2)mEsc(Z0/Zc)

∂Vn/∂z + ZnmIm = V’n(z, s)

∂In/∂z + YnmVm = I’n(z, s)
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EMP Induced Semiconductor Based Electronics Failure Modes

• Junction Thermal Damaged
‐ Heating creates a low impedance shunt 
due to re‐solidified melt

• Interconnection Device Metallization
‐ Thermal damage due to melt, splatter, 
gapping (open circuits)

• Second Breakdown
‐ Reversed biased junctions
‐ Thermal runaway due to severe 

current, materials defects high fields



Thermal Modeling Damage Mechanisms in Semiconductors

• Planar Heat Flow
– Wunsch‐Bell (1968)

• Spherical 3‐D Analysis
– Tasca (1970)

• Numerical Computation 
Surface Electric Field  
– Gentry (1964)

∂/∂x(κ∂T/∂x) – ρCp ∂T/∂t

T = Q/(4π)1/2 ∫[e-(x-x’)2/4(t-t’)) /(t-t’)1/2]dt
P = A(πκρCp)1/2 t -1/2 [Tm – Ti] (also see Gentry 1964)

P = {4πa3ρCp/3 + 4πa2(πκρCp)1/2 t -1/2 + 8πaκt/3} [Tm – Ti]

2U(x,y) + qN(x,y)/ = 0



Simplified Model for Device Failure Power and Current Levels* 

Diodes, Transistors, Integrated Circuits

VF = VB + IFRB

Input Terminal Failures for 1µs

PF = At‐B

RBI2 + VBI – PF = 0

*C.R. Jenkins and D.L. Durgin, “EMP Susceptibility of Integrated Circuits,” IEEE 
Transactions on Nuclear Science, Vol NS‐22, No. 6, December 1975.



Upset/Interference Considerations

• Switch Activation
– Relays
– On/Off Transformers

• Logic State Changes
– Active
– Stored

• Operational Real‐Time Interference
– Communications, Control
– Resets



Some On‐Going Areas of Research
• Civilian Response to EMP Event

– Alternative Communications, Media Information
– Protection Strategies, Replacement Hardware

• In‐the‐field shielding measurements
– Instrumentation Approaches
– Transfer Function Measurements

• Analyses Studies
– Data Extrapolation to Differing Environments
– Statistical Response Trends, Materials Properties

• Laboratory Characterizations 
– Terminal Protection Measurements
– Box Level Electrical Stress/Strain Response Thresholds




