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FOREWORD 

The Division o f  Electric Energy Systems (EES) o f  t he  United States 
Department of Energy (DOE) has formulated a program for  the research and 
development of technologies and systems for  the assessment, operation, 
and control of electric power systems when subjected t o  electromagnetic 
pulse (EMP), The DOE/EES EMP program p l a n  i s  documented i n  a DOE report 
entitled, "Program Plan f o r  Research and Development ob Technologies and 
Systems for  Electric Power Systems Under the Influence o f  Nuclear 
Electromagnetic Pul ses, DWNBB-003, May, 1983. The research 
docurriented i n  this Oak Ridge National Laboratory (ORMB) report was 
conducted under program plan elements E l ,  "EEMP Surge Characterization 
and Effects" and E2, "EM? Assessment Methodology Devel oprnent and 
Testing. 'I 

The research documented i n  this volume considers electric power 
system models and methodology appl icable t o  explore the interaction 
between nuclear surface burst electromagnetic pulse (SREMP) and civil ian 
electric u t i l i ty  systems. The results o f  this work will be used i n  
subsequent phases of the research program t o  simulate such interaction, 
t o  assess the poss ib le  consequences and t o  explore relevant mi t iga t ion  
techniques. - 

All data pertaining t o  SREMP environments have been obtained from 
pub1 ic domain documents and unclassified source materials. Such 
information is presented herein for illustrative purposes only and does 
not  represent actual weapon characteristics or maximum threat 
enwi ronments. 

This document i s  Volume 4 o f  a four volume series t h a t  describes an 
EElP assessment methodology for civilian electric power systems. 
Volume l i s  an Executive Summary, Volume 2 discusses high-altftude EMP 
(HEMP), Volume 3 discusses MHD-EMP, and Volume 4,  this document, 
discusses nuclear surface burst, source region EMP (SREMP). 

ii  i 
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STUDY TO ASSESS THE EFFECTS OF NUCLEAR SURFACE BURST 
ELECTROMAGNETIC PULSE OW ELECTRIC 

POkdER SYSTEMS 

J. R. Legro 
M. C. Abi-Szrnra 
A. R.  Hileiman 
F. N. Tesche" 

ABSTRACT 

The surface burst of a nuclear device, w i t h i n  the continental 
United States, can expose nearby portions o f  the civilian electric 
ut i l i ty  system t o  transient, source region electromagnetic pulse 
(SREMP). This  threat is  i n  add i t ion  t o  any coincident, non-SREEilP d a m g e  
t o  the system due t o  craterization, fireball, b las t  wave and radiation. 
The unique properties o f  the civilian electric power system, such as i t s  
complex electrical interconnection over a vast geographic area , strongly 
suggests t h a t  a separate SREMP assessment methodology should be prepared 
w i t h  specific focus on the power system. 

This volume documents a preliminary research effort to :  ( I )  
investigate the nature and coupling of the SREMP environment to elelctric 
power systems, (2)  define the attributes of system response, and (3) 
document the development o f  a unified methodo1 ogy t o  assess eqsli pment 
and systematic vulnerability. 

The research, t o  date, does not include an attempt to  quan t i f y  

power system performance i n  an SREWP environment. This eSforS has been 
t o  develop the analytical tools and techniques necessary t o  perform such 
assessments a t  a later time. I t  is anticipated that the SREW 
methodology will be incorporated into a comprehensive EMP assessment 
process t o  investigate to t a l  system risk. 

*LuTech, Incorporated, Lafayette, CA 
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1. INTRODUCTION 

In recent years, there has been a growing awareness on the part o f  
the electric ut i l i ty  industry and relevant government agencies 
concerning the potential impact of electromagnetic pulse (EM?) on t h e  
civilian electric power system. The concern has primarily focused on 
the impact of very early-time transient el ectromagnetic fie1 ds produced 
by the b u r s t  o f  a nuclear weapon outside the earth's atmsphere. The 
EMP phenomena i s  not limited t o  this high-altitude burst scenario. 
Spatially local EMP signals are also produced i n  and around the surface 
b u r s t  o f  a nuclear weapon. This  type o f  electromagnetic transient has 
been defined under the term: source region electromagnetic pulse 
(SREMP) . 

Since the United States electric power network o f  generation, 
transmission and distribution may be exposed t o  SREMP phenomena, i t  i s  
of  critical importance to.  national security t h a t  a methodology be 
developed t o  assess the vulnerability o f  electric power systems t o  t h i s  
unjgwe, externally imposed, el ectromagnetic transient environment. ibe 
creation o f  such an assessment technique would enable a l l  interested 
parties t o  quantify the potential SREMP risk t o  existing systems and 
explore m i t i g a t i n g  strategies. SREMP assessments have been performed 
f o r  other types of electrical systems such as found i n  military weapon 
and communication facil i t ies.  The unique properties o f  the  civilian 
electric power system, such as  i ts  complex electrical interconnection 
over a vast geographic area strongly fndjcates t h a t  a separate SREMP 
assessment methodology should be prepared w i t h  specific focus on the 
el ectric power system. AI 1 EMP method01 ogy developments beg? n with an 
appreciation of the nuclear source region. 

An elementary definition o f  the "source (deposition) region" is: 
t h a t  space related t o  or surrounding a nuclear burst where an electro- 
magnetic pulse (EMP) i s  produced. W i t h i n  t h e  source region, t h e  inita'al 
EMP generation mechanism can be understood from the C~npton process. 
T h i s  physical model is dominated by the production o f  gama raddation 
(y-radiation) from the weapon i tself  and from weapon produced neutrons 
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and t h e i r  i n t e r a c t i o n  w i t h  a i r  and ground mate r ia l s .  The c o l l i s i o n  o f  
,amma photons and a i r  molecule: l i b e r a t e s  high-energy free Compton 
( r e c o i l )  e lec t rons  moving away f r o m  t h e i r  parent ions .  Add i t iona l  
i n t e r a c t i o n s  between t h e  Compton e lec t rons  and the  atmospheric 
environment creates an e l e c t r i c a l l y  conductive medium o f  low-energy 
(secondary) e l  ect rons and pos i  t i v e h e g a t i v e  i o n  p a i r s .  The r e s u l t  o f  
la rge-sca le  charge separat ion i s  t h e  c r e a t i o n  o f  a s t rong r a d i a l  
non-radiated e l e c t r i c  f i e l d  w i t h i n  the  source reg ion.  

Arty asymmetry o f  t h e  source reg ion,  due t o  environmental 
parameters, w i l l  r e s u l t  i n  a n e t  r a d i a t e d  EMP t rans ien t .  These 
t r a n s i e n t  f i e l d s ,  created by t h e  charge motion w i t h i n  the  source region, 
w i l l  a lso  e x i s t  ou ts ide  t h e  reg ion.  Such asymmetry can be produced by 
1 )  an a i r / e a r t h  bourldary (sur face burs ts ) ,  2 )  v a r i a t i o n s  i n  atmospheric 
dens i ty  (m id -a l t i t ude  burs ts )  and 3) the  space/atmospheric i n t e r f a c e  i n  
combination w i t h  t h e  e a r t h ' s  geomagnetic f i e l d  ( h i g h - a l t i t u d e  bu rs ts ) .  

The assessment of r i s k  t o  t h e  e l e c t r i c  u t - : l i t y  power sysf-ern due t o  
EMP must i n i t i a l l y  cons ider  t h e  t h r e a t  t o  power system components 
loca ted  w i t h i n  the  source reg ion  and t h a t  t h r e a t  associated w i t h  power 
system components loca ted  ou ts ide  t h e  source reg ion  bu t  exposed t o  t h e  
rad ia ted  EMP t r a n s i e n t  f i e l d s .  For a nuc lear  weapon b u r s t  whose o r i g i n  
i s  e s s e n t i a l l y  ou ts ide  of t h e  e a r t h ' s  atmosphere, t h e  source reg ion  i s  
created a t  an a l t i t u d e  between 20 and 40 k i lometers  above the  e a r t h ' s  
surface. Since none o f  t h e  e l e c t r i c  power system i s  loca ted  i n  t h i s  
source reg ion,  t h e  system t h r e a t  i s  l i m i t e d  t o  t h e  rad ia ted  EMP f i e l d s .  
The i n i t i a l  t r a n s i e n t  phenomena associated w i t h  the  above rad ia ted  
f i e l d s  has been defined as  ear ly - t ime "high-a1 t i t u d e  electromagnetic 
pulse" (HEMP) ,  This  i n i t i a l  HEMP i s  imned ia te ly  fo l lowed by an i n t e r -  
mediate-time HEMP due t o  sca t te red  gamma photons and i n e l a s t i c  gammas 
from weapon neutrons. A t  much l a t e r  times, t h e  quas i - s ta t i c  t r a n s i e n t  
of  the same event has been de f ined a s  "magnetohydrodynamic-electro- 
magnetic pu lse"  (MHD-EMP). Assessment methodologies requ i red  t o  i n -  
ves t iga te  t h e  impact o f  HEMP and MHD-EMP on e l e c t r i c  power systems a r e  
presented i n  separate volumes o f  t h i s  r e p o r t .  



3 

For a nuclear burst whose origin i s  located within the earth's 
atmosphere, where the source region does not intersect the surface 
and/or the electric power system, the threat t o  the electric power 
system i s  also limited t o  a radiated EMP field. The greater symmetry o f  
this source region results i n  a relatively weak radiated field when 
compared t o  high-altitude and near-surface burst locations. In this 
research effort, the EHP threat associated with a mid-altftude ( a i r )  
burst will not be considered since: I )  the source region and the power 
system location are not coincident and 2 )  the radiated EMP field is  
significantly less t h a n  those associated w i t h  hjgh-altitude QB" surface 
b u r s t  events. 

I t  i s  i n  the case of a surface (or  near-surfxe) contact burst t h a t  
portions of the electric power system can physically exist w i t h i n  the 
source region while tbe remainder o f  the system, t o  some distance, will 
be exposed t o  the corresponding radiated UP transient. Thus, for the 
purpose of this report, source region definition shall be limited t o  
t h a t  associated w i t h  the surface burst o f  a nuclear weapon. 

In contrast t o  high-altitude bursts , wherein the HEMP may 
constitute the only threat aspect t o  the electric power system, surface 
bursts will cause massive physical damage t o  system equipment located 
near the o r i g i n  i n  addition t o  any SREMP exposure. Section 2 of this 
report briefly discusses major surface burst effects other t h a n  SREplP in 
order t o  place the spatial extent of each effect i n  perspective and 
introduces a concept known as "balanced survivability'' for power system 
assessment. Phenomena known as "nuclear 7 ightning" and i t s  potential 
impact on electric power systems is outside the present scope o f  in- 
vestigation and is n o t  considered i n  this report. 

Section 3 presents an overview o f  the physical models associated 
w i t h  the production o f ' a n  EMP within the source region. The spa t ia l  and 
time dependent characteristics o f  the Compton current density (JF) and 
a i r  conductivity ( 0 )  are developed as a prelude t o  field descriptions 
via Maxwell's equations. Within the source region, the total field 
definition i s  shown to  be a function of a radial electric field ( € J ,  a 
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ver t ica l ly  polarized e l ec t r i c  f i e ld  ( E e )  and an a z i  Crthally-orientated 
magnetic f i e ld  (H  >. A t  the source region spatial  bbundary, the radial 
e l ec t r i c  f i e ld  produced w i t h i n  the source region i s  small enough so tha t  
the rad ia ted  f i e l d  beyond the boundary can be defined as a ver t ica l ly  
polarized e l ec t r i c  f i e ld  and an associated magnetic f i e ld  propagating i n  
a i r  over a lossy ground. 

4 

In Section 4 ,  the coupling of SREMP transient f ie lds  t o  power 
system l ines  and f a c i l i t i e s  i s  explored. Knowledge of the coupling 
mechanisms allows for  def ini t ions of the transient overvoltage/over- 
current surges induced on illuminated conductors w i t h i n  and outside of 

the source region. I t  is  shown tha t  surges induced w i t h i n  SREMP 
illuminated areas can propagate via transmission and dis t r ibut ion 
networks to  affect  equipment beyond the illumination boundary. 

A comprehensive methodoJogy i s  documented i n  Section 5 to  assess 
The methodology cantains the impact o f  SREMP on e l ec t r i c  power systems. 

a recommended format fo r  s -face be s t  e f fec ts  envirohmental def ini t ian 
and includes the potential impact o f  non-SREMP threats  as well as 
potential SREMP equipment damage and system operational upset. 

In Section 6,  power system models and analysis techniques, relevant 
t o  surface burst/SREMP assessment, a re  presented. T h i s  section also 
includes a description o f  dig i ta l  computer codes needed t o  perform a 
system-wide study. 

The report concludes w i t h  a summary o f  recommended areas o f  
additional research t o  refine bo th  the environmental definit ion and 
assessment methodology. 

The investigation, t o  date ,  does not include any attempt t o  
quantify power system performance i n  a surface burst/SREMP environment a 

T h i s  Phase I e f fo r t  has been directed t o  the development of too ls  and 
techniques necessary t o  perform such assessments i n  subsequent phases. 
The development o f  a validated methodology is the prerequisite t o  
consistent and meaningful risk assessment. 
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2. SURFACE BURST EFFECTS 

2.1 Introduction 

In the event of a surface (or near surface) burst o f  a nuclear 
weapon, those elements o f  the electric power system near the burst p o i n t  
will receive massive physical damage i n  addi t ion to  illumination by 
transient source-region EMP (SREMP) fie1 ds .  Any real i s t ic  assessment of 
the SREHP threat t o  power systems must place this singular aspect o f  the 
burst i n  the context of the entire range o f  threats. 

This section of the report briefly discusses the major initial 
damage aspects o f  the  surface burst. In add i t ion  t o  the spatial eharac- 
terization o f  the source region, parameters o f  interest include: 

o Spat ia l  extent o f  craterization 
Q Fireball and thermal radiation 
8 Blast wave phenomena 

This report does n o t  attempt t o  quant i fy  the physic81 damage t o  
affected portions o f  the power system due t o  the above parameters. The 
potential spatial extent o f .  such damage is presented i n  order t o  place 
the spa t ia l  aspects o f  SREMP illumination i n t o  context. 9 The primary 
reference f o r  burst effects, a s  discussed, is The Effects of Nuclear 
Weapons-1977 [I] .  Parameters are calculated by use of the nuclear bomb 
effects slide-rule computer provided w i t h  the above reference. 

For those faci l i t ies  and systems destgned t o  w i t h s t a n d  the total 
range of nuclear surface burst effects, the principle o f  "balanced 
surv ivabi l i ty"  i s  an important concept. Briefly stated, thi is principle 
requires t h a t  the subject system i s  hardened t o  withstand a l l  weapon 
threats, including SREMP, t o  a level a t  which the system w i i l l  continue 
t o  perform i ts  intended function(s). The civilian power system, a s  
presently constituted, has not been specifically designed t o  wjthstand 
the blast effects of a surface nuclear weapon. W i t h i n  some radial 
distance from the bur s t ,  the power system will be destroyed and/or 
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otherwise damaged t o  the point where the impacted section can no longer 
perform i t s  intended function(s). The SREMP threat  becomes s ignif icant  
only f o r  that  area outside of the damage zone, where SREMP const i tutes  
the major mechanism for  additional damage and/or system operation upset. 
The methodology developed in th i s  report will use the principle of 
"balanced survivabili ty" to  bound the spat ia l  l imits  o f  SREMP risk 
assessment for  e l ec t r i c  u t i l i t y  systems. 

2.2 Blast Craterization 

The surface (or near surface) burst of a nuclear weapon will cause 
s ignif icant  craterization i n  the earth d i rec t ly  beneath, and t o  some 
distance away from, the burst point. This physical effect  i s  enhanced 
by a larger radius of  ejected material surrounding the cra te r .  As a 
f i r s t  approximation, the extent of craterization i s  a function o f :  

(I, height o f  burst 
e weapon yield 
e soi? conditions 

The crater izat ion is maximum for  a burst a t  the surface of the 
The depth and radius of the c ra te r  will be greatest  fo r  wet soil ear th.  

(wet so f t  rock) and l ea s t  for dry hard rock.  

As i l lus t ra ted  in Figure 1 and tabulated i n  Table 1 ,  fo r  a given 
he igh t  of bu r s t  and soil  conditions, the amount of craterization i s  a 
function of weapon yield.  The data presented i n  Table 1 assumes an 
intermediate so i l  condition and a surface burs t  a t  sea level.  

An obvious conclusion can be drawn; tha t  elements of the power 
system resident a t  a distance less than o r  equal to  the radius of 
ejected material (RE) will be completely destroyed by this e f fec t  alone. 
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BURST 1 
EJECTED MATERIAL I 

I 

Fig. 1. Physical dimensions o f  interest due 
to surface burst craterization effects. 

Table. 1 

APPROXIMATE CRATER DEPTH, RADIUS AND EJECTED MATERIAL 
RADIUS FOR NUCLEAR SURFACE BURST 

Weapon Crater Crater Materjal 
Yield Depth (D) Radius (RA) Radius (RE) 
(W (k te rs )  {Meters (Meters) 

1 .o 8.1 19.3 40.3 
10.0 16.7 35.4 77.3 

1oQI.o 32.2 67.6 153.0 
500.0 57.5 112.7 247.5 

1000.0 61.2 135.2 289.8 
1 0,000.0 125.6 287.8 644.0 
20,000.0 151.3 354.2 772.8 
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2.3 Fireball and Thermal Radiation 

Surface bur s t  damage t o  systems proximate t o  the point of burst 
will also occur due to  the formation o f  the f i reba l l  and the e f fec ts  o f  
thermal radiation. The physics associated w i t h  t h i s  phenomena i s  a 
complex issue; b u t  as  a f i r s t  approximation, the extent of physical 
damage i s  a function o f :  

0 height of  burst 
0 weapon yield 
a atmospheric conditions 
8 combustion properties o f  materials 

For the surface burst, the prompt source of thermal radiation i s  i n  
the form of X-rays which are  absorbed w i t h i n  a very short distance from 
the burst point. The energy is then re-emitted from the f i r eba l l  as  a 
secondary thermal r a d i a t i o n  i n  the u l t rav io le t ,  v i s ib le ,  and infrared 
spectra. As a func t ion  of time, the in te r ior  temperature a f  the 
f i rebal l  decreases steadily while the surface temperature i n i t i a l l y  
decreases and then increases fo r  a period of time before it continuously 
f a l l s .  T h u s ,  there are  two surface temperature pulses. The second 
pulse contains almost a l l  of the thermal energy. The relationship o f  
these two thermal pulses is shown as Figure 2. 

Extreme temperatures are  developed a t  the surface of the f i r eba l l .  
An example of the temperature variation as a function of time i s  shown 
as Figure 3.  The data i s  taken from a 20-kiloton weapon yield.  

Of d i rec t  interest i n  our investigation is the maximum radius of 
the f i reba l l  and the time to  maximum surface temperature of the second 
pulse. Table 2 depicts this information as a function o f  weapon yield.  
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I 5 .  
TIME AFTER BURST 
( RELAJIVE SCALE) 

18 

Fig.  2. 
o f  emission for thermal radiation [lJ. 

Time dependence f o r  the fireball rate 
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IOf 

IO4 

TIME AFTER BURST 
(SECONDS) 

Fig.  3. F i r e b a l l  surface temperature 
v a r i a t i o n  as a f u n c t i o n  o f  t i m e  [ I ] .  
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Table 2 

APPROXIMATE FIREBALL RADIUS AND ELAPSED TIME TO 
MAXIMUM SURFACE TEMPERATURE AS A FUNCTION OF YIELD 

Weapon Yield F i  reball Radius Elapsed Time 
(W ( Mete r s ) (seconds) 

1 
18 

100 
500 

1080 
10 ,000 
20,000 

90 
22 0 
550 

1030 
1370 
3380 
4500 

0.043 
0.13 
0.310 
0.60 
0.80 * 

2.10 
2.80 

As w i t h  the craterization parameter, surface power system 
components w i t h i n  o r  near the fireball radius will sti f fer complete 
destruction. Any direct, incrementa? damage due t o  SREMP, for 
components i n  this location, is not considered. 

2.4 Blast Wave Phenomena 

The surface burst physical effect t h a t  can result i n  the largest 
area o f  damage to power system elements i s  the blast wave phenomena. 
The expansion of hot gases in the fireball causes a shock wawe t o  form 
i n  a i r  and propagate outward from the burst p o i n t .  For any structure, a 
difference i n  a i r  pressure on separate surfaces of t h a t  structure can 
produce a force and t h u s ,  a damaging or destructive effect. The blast 
wave eTTect can be quantifieti as the var ia t ion  in t ime  and distance o f  

the overpressure as a function o f  weapon yield.  

A t  the shock front, the  maximum value o f  the phenomena is defined 
by the term maximum (peak) overpressure expressed in units of 
Newton/meter2 ( N / m  ). For many structural types, the degree of damage 
depends cm the drag  force associated w i t h  the s t rong  winds accompanying 
the passage of the shock wave. This effect i s  defined by the term 
dynamic pressure expressed i n  the same u n i t s .  The dynamic pressure is 
proportional t o  the square of the wind velocity and t o  the density o f  

the a i r  behind the shock wavefront. 

2 



I n  order  t o  i l l u s t r a t e  t ime dependent concepts associated w i t h  t h e  
,b las t  wave, one can consider an observer l o c a t i o n  a t  some d is tance from 
t h e  bu rs t  p o i n t .  A s  shown i n  F igure 4, f o r  some pe r iod  o f  t ime be fore  
t h e  shock wa l l  a r r i v e s ,  pressure remains a t  atmospheric s teady-state 
cond i t ions .  A t  t h e  t ime o f  a r r i v a l ,  t h e  r e l a t i v e  va lue o f  atmospheric 
pressure and t h e  magnitude o f  dynamic pressure can be modelled by a step 
increase. This  p o s i t i v e  phase i s  character ized by a s t rong wind blowing 
away from t h e  b u r s t  p o i n t .  

A t  some l a t e r  t ime, t h e  wind ceases t o  blow away f rom t h e  b u r s t  and 
changes d i r e c t i o n  such t h a t  a negat ive overpressure ( suc t i on )  phase i s  
experienced. S t i l l  l a t e r  i n  time, a change i n  wind d i r e c t i o n  again 
occurs and wind blows away from the  b l a s t .  Th is  l a s t  e f f e c t  may be due 
t o  the  expansion o f  a i r  caused by an increase o f  temperature a t  t h i s  
t ime. 

I t  i s  impor tant  t o  note t h a t  t h e  magnitude a f  t h e  dynamic pressure 
always remains p o s i t i v e  since, by d e f i n i t i o n ,  t h i s  pressure i s  an 
absolute fo rce ,  a measure o f  t h e  k i n e t i c  energy o f  a c e r t a i n  volume o f  
a i r  behind the  shock f r o n t .  

Another important aspect o f  t h e  shock wave associated w i t h  t h e  
surface bu rs t  i s  t h a t  t he  i n c i d e n t  wave and r e f l e c t e d  wave are always 
merged such t h a t  a s i n g l e  shock wave i s  formed as shown i n  F igure 5 .  

Near t h e  surface, t he  wave f r o n t  i s  e s s e n t i a l l y  v e r t i c a l ;  t h e  t r a n s i e n t  
winds behind t h e  f r o n t  w i l l  blow i n  a ho r i zon ta l  d i r e c t i o n .  

Damage t o  power system components as a r e s u l t  o f  t he  b l a s t  wave 
phenomena w i l l  occur due t o  t h e  overpressure (dynamic pressure) o f  the 
event and debr i s  c a r r i e d  a long w i t h  t h e  event by the  wind. A f i r s t  
approximation as t o  t h e  s p a t i a l  ex ten t  o f  damage can be obtained from 
the q u a n t i f i c a t i o n  o f  maximum dynamic pressure and maximum wind v e l o c i t y  
as a func t ion  of peak overpressure. Th is  in fo rmat ion  i s  tabu la ted  f o r  
se lec t  values i n  Table 3. 
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Fig.  5. A i r  shock wave o r i e n t a t i o n  
f o r  a surface nuc lear  b u r s t  [l]. 



Table 3 

PEAK OVERPRESSURE, DYNAMIC PRESSURE AND WAXIMUM 
WIND VELOCITY IN AIR AT SEA LEVEL F,OR IDEAL 

SHOCK FRONT 

Peak Overpressure Peak Dynamic Pressure Maximum Wind Velocity 
( N/m2 1 (psi ( N/m2 1 ( P s i  1 (km/hour) ( m i  1 es/hour) 

330.0 3,345 2,073 1 .379x14  200.0 2.275~70~ 6 
6.895~1 O4 100.0 8.483 X I  o4 123.0 2,278 1,415 
6.895~1 O4 10.0 1 .517x103 2.2 473 294 
3.448~1 O4 5 .O 4 I 1 37x103 0.6 262 7 63 

I .379x10 2 .o 6.895~10 0.1 113 70 
2.41 3x1 o4 3 .5  2 ” 069x1 o2 0.3 193 120 

Fmm the parameters shown in Tab7e 3 ,  it i s  reasonable t o  conc7~l~de 
t h a t  p o 4 w  system equipment, located a t  or above the surface o f  the  
earth, which experiences a peak overpressure greater than or equal t o  
3.5~10 N/m (5 psi)  will a’lrrost certainly sustain sow damage such t h a t  
the equipment will no longer perform i t s  intended funct ion(s).  This 
conclusicln i s  supported by tes t  data obtained i n  1955 a t  the Nevada Test 
Range [I]. 

4 2  

In  the Nevada test(s) a 69-kV substation and a distribution l i n e  of 
s o w  fourteen wooden poles was -placed a t  the 3.5~10‘ N/m* ( 5  p s f )  
distance expected from a 30-kiloton weapon burs t .  Recorded damage 
included: I )  the collapse o f  the 69-kV subtransmission tower, 2), down 
and damaged wooden d i s t r i b u t i o n  poles, 1 ines , d i s t r i b u t i o n  transformers 
and 3) damage t o  substation batteries, housing, 4-kV regulators and 
other equipments. At that time, t h e  damage restoration time was 
assessed a t  a few days using material normally stocked by an electrfc 
ut i l i ty .  I t  i s  interesting t o  note t h a t  this estimate seems t o  assume a 
radiation f a l l o u t  level low enough such that the work cou’ld be performed 
i n  a safe manner. 

I t  seems reasonable t o  assume t h a t  as the peak overpressure seen by 
the power system decreases, t h e  probability of damage will also 
decrease. Based on system design parameters for transmission and 
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dis t r ibut ion systems [2,3], an argument can be made :t, fo r  a radial 
distance from the burst  where the peak overpressuie is greater than 
2 .4~10 N/m (3.5 ps i )  and  corresponding winds o f  193 km/hour (120 
miles/hour) or  greater,  any above ground components, in t o t a l ,  will be 
damaged such tha t  the system will no longer operate. A reasonable 
estimate for  the largest  radial distance where any damage can occur may 

4 2  be the 1 .4~10  N/m ( 2  psi) pressure ring. 

For the surface burst, the radial distance of equal peak 
overpressure, the arrival time o f  tha t  pressure and the duration a re  
strong functions of weapon yield. These parameters, for  select  values 
of peak overpressure, a r e  tabulated in Table 4. 

4 2 

Review o f  the above data indicates t h a t ,  regardless o f  weapon 
yield,  the 3 . 4 ~ 1 0  N/m ( 5  psi) radial contour is  always significantly 
greater than the corresponding f i reba l l  radius and the extent of ejected 
material from the c ra te r .  T h u s ,  the spat ia l  area o f  di rec t  damage can 
be unde-stood from the peak .overpressure data a i d  distances for  

4 2  

above-ground systems. This concept i s  graphically depicted as 
Figure 6. 

2.5 Source Region Spatial Characterization 

The spatial  extent of the nuclear surface burst source region i s  an 
important . 3rameter for power system assessment. In the open 
l i t e r a tu re ,  general l imits  have been described [6,7] which place a lower 
bound, expressed as the radial distance from the burst, a t  three 
kilometers (low-yield weapon) and an upper bound between f ive and six 
kilometers ( h i  gh-yiel d weapon). 

I t  i s  important t o  note tha t ,  fo r  any SREMP assessment, the "sire" 
of the source region has practical meaning only i n  the context of a 
specific problem and physical assumptions. Boundary estimates may be 
derived from SREMP physical arguments based on: 1 )  the radial distance 
a t  which the e lec t r ica l  conductivity o f  a i r  (a) does not r i s e  beyond a 
certain magnitude, 2 )  the  radial distance a t  which the peak Compton 
current density (J:) has a maximum lower l imi t ,  o r  3 )  the radial 



Table 4 

RADIAL D I S T A N C E ,  ARRIVAL TIME AND DU3IATIOEd FOR 
SELECT PEAK OVERPRESSURES AS A FUNCTION OF 

WEAPON FIELD 

Peak Radial Arri va7 
Overpressure 0 i stance Time 

(N/m2) (psi)  (h) (seconds ) 

3 . 4 ~ 1 0 ~  5.0 0.443 0.8 

1 .4~10  2.0 0.773 1.7 
2 . 4 ~ 1 0 ~  3.5 0.547 1.4 

Ourati on 
(seconds ) 

0.3 
0.4 
0.5 

3 . 4 ~ 1 0 ~  5.0. 0.934 2.7 
2 . 4 ~ 1 0 ~  3.5 1 .I59 3.0 
1 . 4 ~ 1 0  2.0 1.642 3.7 

IO 
10 
10 

0.6 
0 .8 
l .O 

3 . 4 ~ 1 0 ~  5.0 2.033 3.6 
2 . 4 ~ 1 0 ~  3.5 2.496 6.0 
1 . 4 ~ 1 0 ~  2.0 3.542 8.0 

7 00 
100 
180 

7.3  
1.5 
2.0 

3 . 4 ~ 1  Q4 
2 . 4 ~ 1  O4 

4 1 .Ax10 

5.0 
3.5 
2.0 

3.462 
4.267 
6.118 

6.0 
10.0 
14.0 

500 
500 
500 

2 . 3  
2.6 
3.5  

4 3 . 4 ~ 1 0  
2.4xl6 ' 
I .4x1 o4 

A 
1006 
1000 
1000 

5.0 
3.5 
2.0 

4.347 
5.313 
7.728 

8 .O 
14.0 
17.0 

2.8 
4.0 
4.5 

10,000 
10,0130 
10,0100 

5.0 
3.5 
2.0 

9.338 
1 I .750 
16.905 

75.0 
30.0 
35.0 

5-8 
9.0 

10.0 

3 . 4 ~ 1  
2 . 4 ~ 1  O4 
I .4x104 

20,000 
20,000 
20,000 

5 .O 
3.5 
2.0 

11.934 
14.813 
20.930 

20.0 
35.0 
45.0 

7.5 
72.0 
14.0 
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RADIAL DISTANCE FROM BURST 
( ARBITRARY UNITS) 

Fig. 6. 
fireball and shock wave r a d i a l  contours. 

Spatial relationship o f  e jec ted  material, 



distance (ro) beyond which the peak magnitude of the transient electric 
f ie7d (E ) decreases as a (r'l) function. These physical phenomena are  
discussed i n  Section 3 o f  this report. 

Pk 

Based on information obtained from Jones [15], and certain 
assumptions of Peak Compton current and a i r  conductivity, a number of 
source region boundary estimates, are plotted as Figure 7. The p l o t  
includes select contours o f  peak overpressure as a function o f  weapon 
yield. The indicated distances for the source regfon should be 
considered as nominal ranges. Review o f  this data set suggests t h a t ,  
for  yields above 10 ki lotons,  alternate physical assumptions tend  t o  
result in similar estimates o f  distance for a given yield. 

In order t o  explore the relationship between peak overpressure 
contours and source region distances, Figure 8 was constructed showing a 
composite conjecture o f  source region spatial characterization and 
2.*xlO N/m (3.5 psi) peak overpressure f o r  yields from 100 kilotons t o  
'10,000 kilotons. In this range, the available da ta  strongly suggests 
t h a t  the source region radial distance i s  always less than 'the pezk 
overpressure dlstance and the separation between the two'effects may 
tend t o  increase i n  some relationship directly proportional t o  yield. 

4 2  

2.6 Summary 

In this section, a select group of nuclear surface burs t  weapcin's 
effects have been presented t o  place the spatial extent of the EMF 
source region i n  some perspective. Based on t h e  principle of "b3laoced 
survivability," i t  may n o t  be constructive t o  assess the direct threat 
due t o  SREMP alone i n  those geographic areas where the  electric power 
system will ultimately suffer massive damage due t o  other weapon's 
effects. The corresponding assessment methodology will require, as an 
i n p u t ,  knowledge o f  the following spatial parameters: 

o 
Q Crater radius 
o Ejected material radius 

Geographic location o f  the burst 
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8YMBOL ,?MAMETER 
PEAK OVERPRE88UR€=1.4 X lo4 NIm2 12 PSI) + ~ ~ 1 C f 5 M H 0 S / m  

0 EpkmEoro / r  

PEAK OVERPRESWRE&?.4 X i o 4  NIM 2(3.5 pal) 

PEAK OVERPRESSUREZ3.4 X 104 Nlm2 (6  p s i )  

WEAPON YIELD 
(KILOTONS) 

Fig. 7.  
characterization and select  peak overpressure distances 
as a funct ion o f  weapon yield,  

Conjecture of nominal source region spatial  
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e Fireball radius 
e EMP source region radius 
e Select peak overpressure radii 

To illustrate the use o f  the above parameters i n  an assessment 
methodology for civilian electric ut i l i ty  systems, the approximate 
spat ia l  relationships f o r  a one-megaton surface burst are shown as 
Figure 9. The geographic location of the burst will define those 
elements of the power system di rec t ly  affected. For abave-ground 
components , the approximate radial distance o f  non-SREMP damage could be 
determined b j  the distance associated with the peak overpressure r a d i i .  
In this example, the source region radial distance i s  less than the  
3.4~10 N/m ( 5  psi) peak overpressure. As discussed i n  Section 4 o f  
this report, the SREMP threat may then be expressed, for  overhead lines 
penetrating or  traversing the source region baundary , as an induced 
surge, formed on the line w i t h i n  the region and propagating outside the 
region. The SREMP radiated field may then be used t o  determine 
addi t ional  interaction with power system elements located ou t s ide  the 
source region. 

4 2  
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8. I 0.5 1.0 5.0 10.0 

CRATER P 1-1 EJECTED MATERIAL 

FIREBALL I 
I EMP SOURCE REGION I 

PEAK OVERPRESSURE a 3.4 x 104 N/& ( spsi) 1 
PEAK OVERPRESSURE 3 2.4 X IO4 N/m2 ( 3.5 p s i )  I 

PEAK OVERPRESSURE >, 1.4 X IO4 N/m ( 2 p s i  1 I 

, , I ,  I 1 I I 1 1 1 I  

0. I 0.5 1.0 5.0 i( 
RADiAh DISTANCE FROM B U e T  

(KILOMETERS 1 

Fig. 9. Approximate spatial relationship o f  selected 
weapon ef fects  distances f o r  a one-Megaton surface burst.' 
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3. SREMP ENVIRONMENTAL DESCRIPTION 

3.1 Introduction 

The development of SREMP environmental conditions necessarily 
begins w i t h  the physics associated w i t h  gama radiation (y-radiation) 
and weapon neutrons produced i n  the nuclear burst and concludes w i t h  an 
understanding o f  the non-radiated f i e l d s  within the region and the 
radiated f i e lds  outside the region. Concepts of the Compton process are 
discussed i n  order t o  explore the spat ia l  and time character is t ics  o f  
the Compton current and a i r  conductivity. These parameters serve as 
variables for  Maxwell's equations whereby the natures of  a radial 
e l ec t r i c  f i e ld ,  polar e l ec t r i c  f ield and corresponding azimuthal 
magnetic f i e ld  a re  defined. 

The field characterization o f  a symmetric source region is  
i n i t i a l l y  developed as a prelude t o  discussion of the surface bu r s t ,  
asymmetric soarce region of in te res t .  The physical geometry i s  based 
upon a spherical coordinate system of independent variables r ,  8 ,  and $ *  

By convention, t h e  r = constant surface is a hemisphere, in the a i r ,  
centered a t  the b u r s t  or igin,  the 0 = constant surface is  a cone and the 
4 = constant surface is a plane. The base vectors ( r ,  0 ,  4 )  are defined 
as mutually orthoginal u n i t  vectors perpendicular t o  the respective 
constant surfaces and p o i n t  i n  the direction o f  increasing coordinate 
values . 

h n h  

Unless otherwise noted, the development cdntained herein i s  

strongly based upon the theory of Longmire documented i n  THE EMP 
INTERACTION HANDBOOK [SI as  issued by the Air Force hleapons Laboratory 
(AFWL). The discussion concludes w i t h  a summary o f  important f ie ld  
issues necessary t o  understand coup1 i n g  t o  power systems e 

3.2 Compton Current and Air Conductivity 

The SREMP environment begins w i t h  the physics associated with gamma 
radiation emission f r o m  the weapon. T h i s  prompt gamma pulseo in the 
radial direction out of the burst, has a rise time o f  several narao- 
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seconds (ns) and decays i n  a few tens o f  nanoseconds. Additional gammas 
are formed by neutron emission f r o m  the burst. These neutrons interact 
w i t h  the a i r  or ground to  produce inelastic gammas and capture ganmas. 
In add i t ion ,  fission product gamas are emitted by weapon debris 
following t h e  beta decay of fission fragments. Table 5 shows the 
approximate average energies and effective absorpt ion lengths, i n  a i r ,  
of gamma source components beyond 200 meters from the b u r s t  o r i g i n  [8]. 

Table 5 

APPROXIMATE AVERAGE ENERGIES AND EFFECTIVE 
ABSQRPTION LENGTHS IN AIR OF GAMMA SOURCE COMPONENTS 

Energy Absorption length 
Component (MeV 1 ( gm/crn2) 

Prompt 1.5 40 
Air Inelastic 4.0 52 
Ground Capture . 3.0 .38 
Air Capture 6.0 58 
Fission Fragment 1 .O 37 

The b u r s t  emission of gamas interacting w i t h  a i r  molecules i s  the 
primary mechanism o f  free electron production and i s  defined by the term 
Compton Process. As shown i n  Figure 70, an incident gama ray can 
strike an a i r  molecule producing a positive (parent) ion and a Carripton 
( r e d  1 ) free el ectron (s ) . The once-i ncident gama i s  scattered whi le 
the Compton electron(s) lose energy via collisions w i t h  other a i r  
molecules. A t  sea level, this electron energy lass will b r ing  the 
Compton electron t o  rest w i t h i n  a distance o f  a few meters. In the 
process, secondary el ectron/ai r col? isions have produced many secondary 
eJectron/ion pairs (-34 MeV per ion pair) .  

The movement o f  Compton electrons is defined as the Cornpton current 
density (J:). 7he charge separation generates an electromagnetic field 
(Er). Th is  concept i s  illustrated in Figure 11. The charge-separation 
model depicts the nonradiated (radial ) electric field produced by 
positive and negative charges separated by the Compton Process. A t  
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PA1 RS ... 

SCATTERED 
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F ig .  10, The Compton Process. 



27 

THIN SHELLOF 
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L 

Fig. 17. Charge separation model i l l u s t r a t i n g  
the creation o f  the radial electric f j e l d  (E,) 
v i a  the Cornpton Process. 
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early times, the heavier, positively charged parent ions remain almost 
stationary while the Compton electrons form a thin shell a t  some radia l  
distance away from the burst. 

The quantification of the Compton current density (JF) i n  the 
radial direction, a t  a distance ( r )  from the burst, can be developed 
from an estimate of the gamma number f l u x  (Q ) a t  this distance as :  

Y 

- r/ Xa 
c - 2 

where: 

@ = gamma number f l u x  (gammas per u n i t  area per unit time) 
ha = absorption length 
r = radial distance from burst. 

Y 

In  conformance with the model , i t  i s  evident t h a t  a steady gamma 
number f l u x  (a ) w i ’ !  produce a .steady number f l u x  o f  Xompton electrons 
(4,) in the same raaial direction by the relation: 

Y 

where: 

= electron number f lux (electrons per unit area per unit time) @E! 
Rmf = mean forward range of the electron(s) 

As = scattering mean free p a t h  o f  the gammas 

By definition, the Compton current density ($1 i s  equal t o  the 
electron number flux @e such t h a t :  

The Compton current density can also be developed from a concept 
of gama energy f l u x  (Q*), expressed in units o f  gamna-MeV/cm 2 -second 

Y 
as : 
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(3 ." @* 
-Y Y 

A r ad ia t ion  dose rate o f  7 rad/second approximately corresponds t o  
a gamma energy f l u x  of 2x70 gamma-MeV/m -second f o r  gamma rays i n  the 7 
t o  3 MeV range. Using this value and equation ( 3 ) ,  the Compton current 
density i n  terms of dose rate ( D e )  can be expressed as: 

9 2 

-8 4; = 2x10 De 

where: 

2 = Compton current derisity (amperes/meter ) 
= Dose rate (rads/second) 

Jr 
De 

Thus, a relationship can be established between the magnitude of 

the Compton current density and the weapon and neutron produced gammas. 
Since, a t  sea level, the effective lifetime o f  a Compton electron is a 
few nanoseconds, the waveform o f  the Compton current densi ty , wi I 1 be 
approximately the same'as t h e  gama f l u x .  

The earth's geomagnetic field can deflect Compton electrons such 
t h a t  generally there will exist Cornpton currents i n  directions other 
t h a n  t h a t  of the incident gamrna(s). For a surface-burst source region 
development, this effect i s  small and has been omitted in n i i s t  models. 
T h i s  simplification is justified by the fact t h a t  a t  sea-level, the 
Larmr radius (RL) o f  Compton electrons i n  t h e  geomagnetic field is up 
t o  100 meters which i s  much longer t h a n  the corresponding mean free p a t h  
o f  the electron ( R m f )  of a few meters. The traverse, geomagnetically 
deflected Compton current density is: 

I t  is  irrgortant t o  note t h a t  this simplification is valid f o r  
surface bursts and cannot be made for  high-altitude bursts. In f a c t ,  i n  
the  hjgh-altitude source region (30 kilometers) the deflected (traverse) 
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Compton current density i s  the principle source o f  the HEMP signal. A t  
this a l t i tude ,  the rsmt: approach the RL value. The traverse Compton 
current density i s  a principle mechanism o f  HEMP, 

As depicted i n  the  Compton process model, Compton electrons can 
make secondary electron/isn pairs i n  col l is ions w i t h  other atoms. The 
pairs resu l t  i n  a time-change of air  conductivity w i t h i n  the saurce 
region. Characterization o f  the electron/ion p a i r s  i n  terms o f  e lec t r i c  
conductivity (0) allows for the definit ion o f  a conduction current as 
8, where is the e l ec t r i c  f ie ld  created by the charge separation 
model. 

E, 

The calculation of  the a i r  conductivity (0) as  a function o f  time 
is a complex issue since both electrons and ions contribute t o  the 
conductivity b u t  the mobility o f  the electron i s  much greater than tha t  
of the parent ion. Simple approximate relationships have been 
developed [8] t o  express electron (ion) densi t ies  ( N e )  i n  terms of an 
ionization source (S,) and appropriate production constants ( K )  for  a 
source whose production ra te  rises as: 

( 9 )  
at se --e 

The electron density, f o r  simple eases,  can be described by: 

Ne = Se/(cx f K) 

For a source which f a l l s  more slowly than t-', the l a t e  
time ion densi t ies  can be expressed as :  

Ne = Ne = 

The mobility (u,) of an electron 

q 7 - k -  (9) 

is defined as the r a t i o  of i t s  

d r i f t  velocity t o  the e l ec t r i c  f i e ld  causing the d r i f t .  A t  early times, 
when the e l e c r o n s  dominate the conductivity, the a i r  conductivity i s :  
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where : 

-e = electron charge 
u = electrical conductivity 

I f  Ne i s  defined by Equation (8), i t  can be shown [SI that electron 
conductivity i s  related t o  the dose rate (De) as: 

I x~ o - ~  
a+K De c f =  

where : 
u = electrical conductivity (mhos per meter) 

0, = dose rate (rads/second) 

c1 = rise (+) or  decay ( - )  rate o f  the ionization 

K = electron attachment rate (sec-' 

3.3 Symmetric Source Region SREFlP Fie1 d Characterization 

In order t o  understand 'the nature o f  the source region radiated and 
non-radiated e3 ectromagnetic f i e 1  ds, the spherical ly  symnetric geometry 
for a source region can be used t o  explore the nature of the radial 
electric f i e 1  d (E,.). Know1 edge of the Compton process, Compton current 
density (J:) and a i r  conductivity (a) allows for the solution o f  

Maxwell 's equations expressed a s  follows: 

I 

3H 
. A a t  + V x E r = O  

+ V x H  = J ; + a E ,  aEr 
-€o at Q, 
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The spherically symmetric geometry is a c lass ic  case where, i f  the 
magnetic f i e ld  (H ) is  i n i t i a l l y  zero, the term aH / a t  o f  Equation (12) 
,will remain zero i f  the e l ec t r i c  f i e ld  (E,) is  curl-free.  In  this case: 

Q, 0 

a H  
Q, a t  = V x E r = 0  

The absence of any magnetic f i e l d  ( E r  f i e ld  cu r l )  resul ts  i n  a 
purely radial E-field w i t h i n  the source region which can be expressed by 
Equation (13) as :  

C - aEr I- oEr = -Jr o a t  6 

Outside of the source region (JF = 0 ) ,  no f i e ld  will exist. T h i s  
i n s i g h t  is reinforced by an appreciation o f  the geometry o f  a total  
symnetric source region via a charge-separation model. T h i s  geometry i s  
shown as Figure 12. 

The total  time solution to  Equation (15) can be understood i f  
elapsed time is  d i v i d e d  into three segments for  investigation. A t  very 
early times, the value of the conduction current term (dr) is  small and 
may be neglected. In this time region, the solution to  (15) is: 

Since the Compton current (J;) exhibits an exponentially rising 
function w i t h  respect t o  time, Equation (16) indicates t h a t  the radial 
e l ec t r i c  f ield (E,) behaves i n  a l ike  manner. 

A t  some mid-time, the conduction current term may became comparable 
t o  the displacement current term. After this time, when the 
displacement current term is  so small t h a t  i t  may be neglected, the 
solution o f  Equation (15) approximates: 
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Fig.  72. Charge separation m d e l  for a 
perfectly symmetric source region. 
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E, = - J; = E, - 
a 

Saturation occurs, E, becomes constant a t  some value E,. For a 
Cornpton current defined by Equation (5) and an air  conductivity defined 
by Equation (11) one obta ins :  

The f i e l d  is  expressed i n  volts per meter. For most cases of 
in te res t  K<a, therefore: 

A t  l a t e r  times, the displacement current remains neglectable. The 
Er f i e l d  follows ES. The increasing dominance o f  ion conductivity 
resu l t s  i n  a decay of Es approximately as  

3.4 Surface Burst Source Region SREMP Field 
Characterization 

Precise solutions for  the transient e l ec t r i c  and magnetic f i e lds  
w i t h i n  and outside o f  the surface-burst source region demand the use o f  

complex, multi-dimensional f i n i t e  difference codes t o  solve Maxwell's 
equations f o r  a l l  points i n  a volume around the b u r s t .  In  addition to  
the physical models necessary to  define the Compton current density, 
other s ignif icant  issues include 1 )  spatial  and time dependent nature o f  
a i r  conductivity, 2) lossy ground ef fec ts ,  and 3 )  magnetic t u r n i n g  
effects  due t o  the surface magnetic f i e l d  ( H  ). Fundamental work by (b 
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Longmlre [SI has resulted in a set  o f  analytic expressions f o r  SREMP 
produced by the surface burst. T h i s  physical model consists of three 
main phases. The initial (wave) phase has some similarity t a  the 
symmetric source region a t  ear ly  times before saturat ion.  

This i s  followed by a diffusion phase and a quasi-static phase. 
Crevier and Pettus [IO] have combined Longmire's phases in a single 
expression for approximate calculations. Additional work by Crevier and 
Kalasky [ l l ]  has produced a single-dimension code (MODELC) ta  calculate 
fields a t  any point on the earth's surface for times up t o  IO micro- 
seconds. The MODELC code a lso  includes approximate correctional terms 
for lossy ground and magnetic turning effects. 

In order t o  assess SREMP effects on electric power systems, field 
characterization can be divided into three main issues, 1)  the spatial 
and time dependence of the non-radiated fields w i t h i n  the source region, 
2)  the spatial boundary o f  the source region, and 3 )  the spatial and 
time dependence o f  the radiated fields beyond the source region 
boundary. 

The following subsections explore these issues. 

3.4.1 Field Characterizations W i t h i n  the Source Region 

As indicated previously, the electromagnetic fields of interest 
within the source region are 1 )  the radial electric field (E,), 2 )  the 
polar electric field (Ee), and 3)  the magnetic field (H ). In order t o  
present the mathematical development, i t  i s  convenient t o  adopt a 
spherical coordinate system. Above the surface, Maxwell Is equations 
become : 

@ 
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(23)  
a - ( s i n  o H ) 1 

r s in e ae 8, 
f dr  f J; = 

aE r 
E -  o a t  

This caord inate system i s  shown i n  F igure  13, where the  angle 8 i s  
exaggerated for graphic c l a r i t y .  The concept of an outgoing f i e l d  (F), 
an incoming f i e l d  (G)  and a retarded t ime ( r )  are  a l s o  def ined such 
t h a t  : 

F = r(Ee f c B $ ) (24) 

In Equations (24), (25) and (261, the  constant "c" denotes the  
speed o f  l i g h t .  

Previous i nves t i ga t i ons  [8,11] have made the f o l l o w i n g  assumptions 
a t  e a r l y  times, when the magnitude o f  a i r  c o n d u c t i v i t y  i s  l ess  than 
ground c o n d u c t i v i t y  : 

C C J, <.< Jr 

Based on t h e  above assumptions, Equations (21)  and (23) s i m p l i f y  t o  
become : 
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X 

Fig. 13. Spherical coordinate system 
for source region f ie7d characterization. 
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= Go = 377 ohms 
zO 

If  one assumes, i n  a manner similar t o  the symmetric source region 
case, t h a t  the conduction term (ZooEr) i s  very small compared t o  the 
displacement term [8], equation (31 ) further reduces t o :  

The physical interpretation o f  Equations (30) and (33) i s  t h a t  the 
F f ie ld  i s  located near the ea r th ' s  surface and spreads upward as i t  
propagates outward. E, has the same physical interpretation as the 
symmetric source region case. 

I t  has been shown [ l l ]  that  Equations (30) and (31) can be written 
i n  the form of a diffusion equation where the outgoing  f ie ld  F i s  
related t o  the integral of JF weighted by the diffusion o f  the sources 
over distance. When a i r  conductivity reaches the same magnitude as 
ground conductivity, the G f i e ld  can no longer be neglected. I t  has 
been shown t h a t  the G f i e l d ,  a t  t h i s  time may be approximated as :  

A set  o f  equations has now been developed t o  solve for  F and G(or, 
equivalently, for Eo and B ) on the surface a t  a distance r from the 9 
burst point. 

In the diffusion phase, the conduction current f a r  from the ground 
tends t o  flow radially back t o  the burst p o i n t  opposite the Compton 
current.  Near the ground, except i n  those regions where the a i r  
conductivity i s  higher than  the ground conductivity, the conduction 
current tends t o  flow into the ground and then back t o  the burst p o i n t .  
Thus, i n  this phase, the surface current is just equal t o  the Compton 
current flowing a t  some distance 6, from the surface. 6, can be t h o u g h t  
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Fig.  14. Source region characterization 
during diffusion stage. 
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of as an a i r  "skin depth.'' A graphic representation o f  this phase i s  
shown as Figure 14. 

For this diffusion phase, i t  has been shown 1113 t h a t  the s k i n  
depth can be expressed as: 

ga = 2 B oa Po 

c 6 = Jr / I J: d.r'  

The magnetic field becomes: 

I f  one assumes t h a t ,  
can be neglected and t h a t  

(35 1 

( 3 6 )  

i n  this phase, the displacement current term 
aEr i s  uniform over 6,,  the surface magnetic 

field can'be obtained directly from Maxwell's Equation (12) as:  

The above equation i s  fo r  a lossy ground condition. I f  the ground 
was perfectly conducting ( E r  = 0 )  Equation (38)  reduces t o  Equation 
(37). The physical interpretation o f  lossy ground i s  t h a t  the surface 
current i s  modified by the presence of the conduction current i n  a i r  
t h a t  tends t o  cancel part of  the Compton Current. 

A t  radial distances close t o  the burst, a self-consistent 
complexity i s  introduced by the fact t h a t  the strength o f  the surface 
magnetic field may be such t o  "turn" a Compton electron from a radial 
p a t h  and t h u s  introduce a traverse ( 0 )  component in the Compton current. 
Previous investigators have shown [ l l ]  t h a t  a f i r s t  order correction can 
be made where the @-component i s  modelled as:  



where: 

I3 = magnetic field in Telsa 
= magnetic field a t  whjch the forward electron 

‘g range and electron Lamor radius are approximately 
equal 

A generalized time waveform for a surface burst radial electric 
field (E,) and the  corresponding azimuthal magnetic field (B ) i s  shown 
as Figure 15. The shape o f  the E, field has similarity t o  the symmetric 
source region case. The time t o  peak may be on t he  order o f  50 
nanoseconds. The magnitude of E, may vary from IO4 t o  10 volts per 
meter. A t  early times, the shape of the B field can be approximated 
as: 

@ 

6 

cp 

B$ - eat’2 

The peak will occur near the peak o f  the Compton current. A t  later 
times, the B field may vary only as the square root o f  the ganima flux. Q 

The time and spatial characterization of parameters of Interest 
withiin the source region are complex issues. Longmire [21] has 
presented computational results o f  1 ) a i r  conductivities, 2 )  azimuthal 
magnetic fields, 3 )  vertical electric fields and 4 )  radial electric 
fields for nomjnal ten kiloton and one megaton weapons. The relevant 
graphs are depicted as Figure 76 t o  Figure 19 o f  t h j s  report, The 
calculations o f  Longmire should -- not be interpreted as ‘‘hard da ta”  b u t  
are presented here solely t o  i l lustrate the nature o f  the transient 
phenomena. 

EMP investigators often f i t  analytic approximations t o  simulated 
results t o  faci l i ta te  subsequent research such as field coupling to  
conductors w i t h i n  the source regfon, An example o f  t h i s  technjgwe can 
be found i n  Graham [I21 where the object was t o  calculate the induced 
surge formed on an above-ground d i s t r i b u t i o n  line. 
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TIME (SECONDS) 

Fig. 15. 
B i n  the surface burst source region. 

General time waveform f o r  E, and 
$ 
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Time, seconds 

a ) '  ,Air Conductivity 

b) Magnetic F i e l d  

Fig.  16. 
phenomena due t o  70-kT weapon (nominal). 

Longmire [27] calculation o f  transient 
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Fig.  18. 
phenomena due t o  7-PZT weapon (nominal). 

Longmire [2lf calculation o f  transient 
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3.4.2 Source Region Spatial Boundary 

W i t h i n  the source region for  a given weapon yield,  the f i e l d  
msgnitudes decrease a s  a function o f  distance from the  burs t  po in t .  
T h i s  effect  can be observed i n  the Longmire data. A t  some boundary, the 
magnitude of the radial  e l e c t r i c  f i e l d  is such t h a t  f i e l d  characteri- 
zation beyond t h i s  point i s  described a s  a radiated ''far" field.  A 
model of this concept i s  shown a s  Figure 20. A t  elevations on or above 
the ear th ' s  surface, where the height of interest is much less t h a n  the 
boundary radius, previous investigators have depicted the radjated 
electric f ie ld  a s  a polar f i e ld  ( E e )  whose orientation is  parallel t o  
the z-axis (e-O), having a corresponding azimuthal magnetic f ie ld  (I3 ) 
with a direction o f  propagation (n) paral7el t o  the x-axis outward 
from the burst, For a perfectly conducting ground, f ie?d  magnitude i n  
t h e  radiated region i s  set t o  decrease l inear ly  w i t h  increasing distance 
from the boundary. 

cp 

I t  i s  obvious t h a t  the above selection o f  a source region boundary 
distance i s  somewhat arb i t ra ry  since the radial  electric f i e ld  does not 
suddenly go t o  a zer0 value. Such a boundary may be established by 
arguments based on some level o f  a i r  conductivity o r  dose production o f  

the weapon. The value o f  such a model for  system analysis i s  t h a t  the 
t w o  d i s t inc t  areas can be evaluated by techniques more applicable t o  
each. As discussed i n  Section 2.6, the boundary concept i s  very useful 
i n  comparing the to t a l  spatial  extent of th rea t  f o r  a variety of surface 
weapon effects .  

3 . 4 . 3  Radiated Field Characterization 

In the previous subsection, the radiated ''far" f i e l d  has been 
discussed as  a ver t ica l ly  polarized electric f ie ld  (Ee) propagat ing 
outward from the bur s t .  T h i s  f ield can be expressed i n  a rectangular 
coordinate system as E, w i t h  propagation i n  a positive x direction. The 
coordinate xo Is the source region boundary. If the wave i n  afr i s  
assumed t o  propagate as though the earth was a perfect conductorl EZ can 
be expressed i n  the frequency domain as: 
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2 ( A X I S  OF SYMMETRY) 

I 
SOURCE REGION 

RAD IATEO ?=AS' 
FIELD AREA 

Fig .  20. Source region model depicting region boundary 
and characterization of vertically polarized electric field 
in the  radiated "far" region. 
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where: Ao(w) is a frequency dependent function and x>xo. 

This approximation i s  conservative since a finite (lossy) 
conducting ground wi 11 cause attenuation as a function of propagational 
distance. This effect has been examined by Lee [13] b u t  i s  not 
incorporated i n this character1 z a t  ion.  

For the purpose  of this report, the presence o f  a finjtely 
conducting ground will give rise t o  a horizontal (Ex) C O I ~ I ~ Q I I W I ~  o f  the 
radiated field whose value a t  the surface i s  related to  the tangential 
magnetic field (H ) through the surface impedance as: 

Y 

Noting that H =E / Z  we have: y z 0' 

e-j kx E X ( ~ , ~ , u )  = '=- zs A,(w) y-- 
% 

(44) 

where 2, is the impedance of free space. I t  can be shown t h a t ,  f o r  a 
horizontal f i e l d  a t  a height ( h )  where h i s  much less than  the radius of 
the source region (Xo)a the Ex field component a t  h can be expressed as: 

One could now look at the r a t io  o f  the horizontal t o  vertical field 
components expressed as: 



The r e s u l t s  of Equation (46) are p l o t t e d  i s  Figure 21 f o r  t h ree  
values o f  ground conduc t i v i t y .  Also inc luded i n  t h i s  f i g u r e  i s  a p l o t  
o f  EQUat iOn (46) where the ( a + j w )  term is used. I n  both cases the  
r e l a t i v e  d i e l e c t r i c  constant i s  s e t  a t  a value o f  10. A t  f requencies 
below one megahertz, where P>WE t h i s  change i s  inconsequent ia l .  Above 
t h i s  frequency, t he  d i f fe rence i s  evident.  However, s ince the  present 
form of Equation (46) permits eas ier  computations i n  the  t ime domain, 
t he  approximation o f  OCjw=u i s  kept w i t h  the knowledge t h a t  f i e l d  
waveform components above one megahertz, are a t  best ,  approximate 
values . 

Equations (41) and (45) develop the  re la t i onsh ips  between the  
v e r t i c a l  and ho r i zon ta l  components of t he  e l e c t r i c  f i e l d .  If the  E, 
f i e l d  a t  the  source reg ion  boundary i s  known, the  f i e l d  components a t  an 
a r b i t r a r y  d is tance x>xo can be developed from the  expressions: 

Since the exponent ia l  term i n  the  above equat ion accounts only f o r  
a s h i f t  of t ime o r i g i n ,  t he  equations i n  the  t i m e  domain become: 

I n  order  t o  examine the  above mathE-:iatical concepts f o r  rad ia ted  
e l e c t r i c  f i e l d  components, a pub l i c  domain desc r ip t i on  o f  an EZ f i e l d  a t  
a source reg ion  boundary was const ructed from in fo rmat ion  avai labe i n  
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Fig. 21. R a t i o  o f  horizontal t o  vertica1 
SREMP radiated e l e c t r i c  f i e l d  components. 
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B e l l  Systems research [7]. The appl i c a b l e  parameters f o r  t h i s  example 
are  shown i n  Table 6. 

Table 5 

BELL PARAMETERS FOR A VERTICALLY POLARIZED ELECTRIC 
FIELD (Ez)  AT A SOURCE REGION BOUNDARY 

PARAMETER DESCRIPTION 

= 1600 vo l ts /meter  

= 6000 meters 

CJ = 0.01 mhos/meter 
E = 10.0 

5 Peak Magnitude 
T ine Domain Waveform Figure 22 
Source Region Boundary 
Height Above Ground 
Ground Conduct iv i t y  
Re la t i ve  D i e l e c t r i c  Constant 

xO 
h = 18 meters 

9 
r 

Given the above data, t he  magnitude and t i m e  domain waveform f o r  
t he  E, and Ex companents o f  t h e  rad ia ted  e l e c t r i c  f i e l d  can be 
ca l cu la ted  f o r  d is tances grea ter  than o r  equal t o  the  source reg ion  
boundary (x,). F igure 22 dep ic t s  t h e  EZ t ime domain waveform a t  6,000 
meters (x,) and 10,000 meters. As expected, t he  waveforms e x h i b i t  an 
xo/x dependence w i t h  inc reas ing  d is tance from the  burs t .  F igure 23 
dep ic ts  the  corresponding Ex component a t  the  same spa t ia l  loca t ions .  
As i nd i ca ted  by Equation (50), Ex ( t )  e x h i b i t s  a very sharp sp ike a t .  
tarly times due t o  the  aE,/at term, b u t  the  magnitude i s  much l e s s  than 

the  corresponding E Z ( t ) .  F igure 24 presents t h e  frequency content o f  
t he  t ime domain waveforms of t h e  prev ious two f i gu res .  

A second examination was made us ing  an u n c l a s s i f i e d  nominal 
rad ia ted  ground-burst EMP waveform o f f e r e d  by Radasky and Smith [14]. 
This a r b i t r a r y  waveform, shown as F igure 25, was scaled w i t h  the  Be71 
parameters [7] f o r  peak magnitude and zero cross ing.  Ground 
c o n d u c t i v i t y  was kept a t  0.01 -,hos/meter. The r e s u l t i n g  E, and Ex t ime 
domain wavefcrms, a t  6,000 ana 10,000 meters, a re  shown as Figures 26 
and 27.  

- 
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h = 10 METERS 
%= 6000 METERS ( X O )  

X= 10,000 METERS 

-2ooo 
IO 20 30 40 50 EO 70 

TlME ( MICROSECONDS ) 

Fig. 22. Hypothetical time domain waveforms f o r  the  
E, radiated f ie ld  component based on Be71 parameters [7]. 



54 

h 

lr w 
c w 

-E 
\ c 

:* 
w ! 5  
0 > 
v 

90 

80 

70 

60 

50 

40 

x) X =  l0,OOO METERS 

20 

IO 

0 

-10 

X -5 6000 METERS ( X O  1 

-20' rb i o  3b 4'0 42 $0 ; 
TIME ( MICROSECONDS 1 

Fig. 23. 
Ex radiated field component based on Bell parameters [SI. 

Calculated time domain waveforms f o r  the 
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Fig. 24. 
and E radiated field components based on Bell 
paramiiiiers t71. 

Frequency domain plot f o r  hypothetical E, 



In order t o  explore the sens i t iv i ty  of the Ex component t o  ground 
conductivity, the Radasky time domain waveform was used for  CT =Q,001 
mhos/meter. The resu l t  i s  shown as Figure 28. I t  i s  important to  note 
tha t  the order-of-magnitude change in ground conductivity resulted in a 
three-fold increase i n  the E x ( t )  peak magnitude when compared t o  the 
0.01 mhos/meter case, 

9 

The above use of a vertical  e l ec t r i c  f i e ld  peak magnitude o f  1,600 
volts per meter should not be construed a s  an expected value nor an 
upper bound on this parameter. The bongmire calculation, shown as 
Figure 19(b) indicates a peak magnitude exceeding 5,000 vol ts  per meter 
a t  a distance of 10,000 meters. Extreme care must be taken t o  quantify 
the temporal and spat ia l  definit ion o f  the radiated f i e l d  under well 
defined scenarios. 

3.5 Summary 

As discussed i n  t h i s  section, SREMP descriptions resu l t  from an 
extremely complex interaction between specific weapon yield and the 
local physical environment. Knowledge o f  weapon gamma production and 
the  Compton process can be used t o  develop the t ransient  f i e l d  
characterizations of interest e 

Typical SREMP characterizations d i v i d e  the SREMP f i e l d  environment 
into two d is t inc t  areas separated a t  a spatial  boundary. W i t h i n  the 
source region boundary, the SREMP fields a re  considered to  be 
non-radiating and consist  o f  radial and polar e l ec t r i c  f i e lds  and 
azimuthal magnetic f i e lds  defined under a spherical coordinate system. 
These f i e l d s  will couple w i t h  power system c i r cu i t s  and equipment 
located above and below the ea r th ' s  surface. Accurate estimation of the 
f i e lds  a t  a l l  spatial  locations requires the use o f  complex, m u l t i -  
dimensional f ini te  difference codes operating on Maxwell ' s  equations. 

The spatial  boundary of the source region becomes an  extremely 
important parameter since, a t  and beyond this distance, SREMP f i e lds  can 
be characterized by a ver t ica l ly  polarized e l ec t r i c  f i e ld  propagating 
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0 

F i g .  25. Typical time domain wavefom o f  Radasky 
and Smith [I41 for SREMP radiated E, fjeld. 
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X =6000 METERS ( X o )  

1000 

rg -0.01 MHOS/ METER 
h = I O  METERS 

I I I I 
IO 20 30 40 50 

TIME ( MICROSECONDS) 

F ig .  26. 
r a d i a t e d  f i e l d  component f o r  t he  Radasky [le] shape 
and Be71 parameters. 

Typ ica l  t ime domain waveforms for EZ 
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b g  = 0.01 MHOS/METER 
h = IO METERS 

x = I0,ocpO METERS 

IO 21) 30 
TIME (MICROSECONDS) 

Fig.  27. Typical time domain waveforms f o r  E 
radiated f i e l d  component for the Radasky shap8 and 
Bell parameter for CT 9 =0.01 rnhas/meter. 
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300 

Qb = 0.001 MHOS/ METER 
h = I O  METERS 

225 

X= 6000 METERS ( X o )  

150 
X = t0,OOO METERS 

75 

0 

- 75 
TIME . MICROSECONDS) 

F i g .  28. Typical time domain waveforms for Ex radiated 
f ie ld  component f a r  the Radasky shape and Bell parameter 
for a =0.001 mhos/meter. 

g 
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away from t he  b u r s t  attenuating a t  l e a s t  as  the inverse o f  t h e  radial  
distance. Lossy ground creates a surface tangential component of  this 
radiating field.  Both the vertical and horizontal components may excite 
power systems c i r c u i t s  and components l oca ted  a t  some distance beyond 
the  source region boundary. 

I t  is important t o  note that ,  unlike HEMP characterization, there 
are no public domain "canonical" transient f ie ld  descriptions ascribed 
to SREMP. Rigorous coupling analysts requires weapon speci f ic ,  
multi-dimensional f ie ld  descriptions w i t h i n  t h e  source region and a t  
least, a complete description o f  the radiated f i e l d  a t  the source region 
boundary. In t he  next section, discussion of SREMP coupling t o  the 
power system explores the relevant set of required field and induced 
surge parameters for c iv i l ian  power system assessments. 
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4. SREMP COUPLING TO POWER SYSTEMS 

4.1 Introduction 

In the previous section, an overview o f  the transient 
electromagnetic f i e lds  associated with surface burst SREMP has been 
presented. Power system assessment requires a different perspective 
t h a n  tha t  normally associated w i t h  other SREMP evaluations. The vast 
majority of previous investigations have been concerned w i t h  the SREMP 
threat  to  mili tary systems. Typical o f  these investigations, w i t h i n  the 
source region, i s  the characterization of surges expected to  occur a t  
entry points t o  a hardened f a c i l i t y  or weapon system via underground 
cables, above ground dis t r ibut ion c i r cu i t s ,  and communication antennas, 
Based on the principle of balanced survivabi l i ty ,  quantification of the 
SREMP threat w i t h i n  the source region i s  extremely important, since the 
faci 1 i ty under eval uat ion i s  otherwi se  hardened to  perfom i ts  intended 
function for  a l l  cases except a d i rec t  strike. 

This  same principle o f  balanced survivabili ty,  applied t o  c iv i l ian  
e l ec t r i c  u t i l i t y  systems, indicates a different  set of concerns. Since 
the system was never designed to  survive the weapon effects  w i t h i n  a 
c i rcular  radius corresponding to  the  source region, i t  is  not 
constructive to evaluate SREMP e f fec ts  direct ly  on the system w i t h i n  
this area. The important issues then become: 

e The threat  associated w i t h  e lectr ical  surges formed 
w i t h i n  the source region and propagating ou t  of that  
region v ia  overhead and underground l ines  and cables. 

e The threat associated w i t h  the SREMP radiated f i e ld  i n  
the form o f  surge t ransients  induced on power system 
elements located outside the source region. 

e System operational capabi l i ty  and response 
physical destruction of power system elements w i t h i n  the 
spatial  radius of  di rec t  damage. 
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Given the above considerations, a logical place t o  define SREW 
induced surges and SREMP radiated field i s  a t  a source region spatial 
boundary appl  icabf e for power system assessment. 

As a prelude t o  methodology development, this section discusses 
representative time and frequency domain characteristics o f  SREMP 
induced surges, defined a t  the source region boundary, for source region 
penetrations of interest. The discussion continues w i t h -  an evaluation 
o f  surges induced by the radiated field. 

The section concludes w i t h  a summary of recommendations for the 
environmental specification o f  surface burst SREMP and other  surface 
weapons effects necessary t o  perform power system risk assessment. 

4.2 Electromagnetic Field Coupling W i t h i n  The 
Source Region 

W i t h i n  the source region, a l l  computatfonal techniques for 
calculating coupling o f  SRENP fields to  above and below ground power 
system lines and cables begin with an expression o f  Maxwell‘s equations 
such as  Equations (12)  and (13)  of this report. The specific SREMP 
environment, i n  terms of required variable definitions (Compton current, 
a i r  ionization rate, etc.) necessary t o  solve the above equations, are 
normally supplied by the sponsor agency. A t  this p o i n t ,  the analysis 
focuses on the selection o f  a computational method t o  be used t o  develop 
a characterization of the induced surge a t  a p o i n t  o f  interest, based on 
reasonable assumptions. Specific problems have k e n  solved rasing: 1) a 
s t r i c t  analytical approach as offered by Longmlre [Itj], 2) large, 
rrulti -dimensional finite-difference codes operating directly on 
Maxwell ‘ s  equations [l l , l7] and  3 )  such equations expressed i n  trans- 
mission line form and solved by digital techniques [l2]. The appla’ca- 
b i l i t y  o f  each approach, for a specific problem, continues t o  be a topic 
of extensive discussion w i t h i n  the EMP research community. 

The discussion i s  most intense for  the analysis o f  above ground 
lines physa’cally located deep w i t h i n  the source region. Research by 
JAYCOR [I71 suggests t h a t  the early time response (less t h a n  a rnfcro- 
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second) +or such l i n e s  can be h i g h l y  dependent on t h e  d e t a i l s  o f  t he  
s p a t i a l  and t ime  cha rac te r i za t i on  o f  a i r  conduc t i v i t y .  For t h i s  case, 
t ransmiss ion 1 i n e  ca l cu la t i ons  do no t  agree we l l  w i t h  f i n i t e  d i f f e r e n c e  
so lu t i ons .  I nves t i ga t i ons  by Graham e121 suggest t h a t  h i s  t ransmiss ion 
l i n e  approach may be a good approximation o n l y  when the  a i r  c a n d u c t i v i t y  
i s  small, such t h a t  t he  s k i n  depth o f  t h e  a i r  i s  g rea te r  than t h e  he igh t  
o f  the  l i n e .  I n  t h i s  regard, Graham pos tu la tes  tha t ,  f o r  surges t o  
propagate ou t  of t he  deep source region, t h e  s k i n  depth must be on the  
o rde r  of t h e  e- fo ld ing  d is tance o f  t he  a i r  conduc t i v i t y ,  t y p i c a l l y  on 
t h e  o rde r  of hundreds o f  meters. For the  ana lys is  o f  power system 
l i n e s ,  s ince t h e  e- fo ld ing  d is tance may be much grea ter  than the  he igh t  
o f  any l i n e ,  surges coupled w i t h i n  h i g h l y  conducting s p a t i a l  areas o f  

t h e  source reg ion  do not propagate a u t  of t h i s  area. Therefore, t h i s  
s t imu lus  may no t  a f f e c t  the  cha rac te r i za t i on  o f  surges p red ic ted  by 
t r i n s m i s s i o n  l i n e  c a l c u l a t i o n s  f o r  those areas where such a technique i s  
v a l i d .  Such an area e x i s t s  f o r  f i e l d s  coupled near tb;. edge o f  t h e  
source reg ion.  

Recent i n v e s t i g a t i o n  o f  bur ied cab le  systems 6191 ind i ca tes  t h a t  
so lu t i ons  obta ined by t ransmiss ion 1 i n e  and f i n i t e - d i f f e r e n c e  ca l cu la -  
t i o n s  a r e  much c lose r  i n  agreement than f o r  t h e  overhead l i n e  cases. 
This agreement may l a r g e l y  be due t o  t h e  cha rac te r i za t i on  o f  s o i l  
c o n d u c t i v i t y  and the  absence o f  t h e  t ime and space domain complex i ty  
i nhe ren t  i n  a i r  conduc t i v i t y .  

I n  the  assessment o f  c i v i l i a n  e l e c t r i c  power systems, t h e  e f f e c t  o f  
t rans ien t ,  electromagnetic f i e l d  cond i t ions  w i t h i n  t h e  source reg ion  can 
be understood by t h e  cha rac te r i za t i on  of coupled surges on l i n e s  and 
cables penet ra t ing  o r  t rave rs ing  t h e  reg ion.  Such l i n e s  and cables 
c o n s t i t u t e  t h e  propagational path by which such surges e x i t  t he  source 
reg ion  p r i o r  t o  system darnage/destruction due t o  o the r  weapon e f f e c t s .  
A cons is ten t  s p a t i a l  l o c a t i o n  cha rac te r i z ing  such surges occurs a t  t h e  
source reg ion  boundary. 



Employing an analytical approach, Longmjre [I61 has calculated 
examples of load current surges expected a t  the entrance o f  a hardened 
facil i ty located 1000 meters from the burst p o f n t  via: 7 )  a buried 
power distribution cable and, 2) an overhead line located 10 meters 
above the surface. The results o f  these calculations are shown as 
Figure 29. The scenario under investigation may not be atypical of a 
large yield weapon event. I t  is interesting t o  note t h a t  the surge 
current associated with the overhead line peaks somewhat earlier i n  time 
and a t  a higher magnitude when compared t o  the buried cable. T h i s  
effect may be due t o  the fact t h a t ,  for the majority of the distance, 
a i r  conductivity i s  smaller t h a n  ground conductivity. The intense SREMP 
fields generated close t o  the source are seen by the overhead line a t  an 
earlier time. 

Graham [I21 has calculated the surge current across a 0.1 ohm 
impedance a t  the end of a 2500 meter overhead line located a t  a height 
of 10 meters above the surface. His result i s  shown as Figure 30. In 
this representation, no line flashover i s  assumed t o  occur. For power 
systems analysis, the significant p o i n t s  o f  interest o f  this result are 
as follows: 

Q 

o 
e 

The incorporation of Eg effects are seen t o  decrgase the peak 
magnitude of  the surface due t o  field cancellation. Barnes [I81 has 
suggested t h a t  the above surge might  generally be represented as a 
double exponential waveform, for some distance greater t h a n  2500 meters, 
as: 

Current surge peak magnitude (Ee = 0) approximately '180 
k i  1 oamperes . 
Time to  crest greater t h a n  250 microseconds. 
Significant low frequency energy content. 

- T t  - , - A t )  I = Io ( e  
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(SECONDS) 

Fig. 29, Longmire example [16] of  transient surge current 
for a overhead l ine  and an underground cable, each 1000 
meters i n  length, i n  a nuclear surface burst source region. 
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TI M E  
(SECONDS) 

Fig. 30. 
i n t o  a 0.1 ohm load located a t  the end of a 2500 meter long 
overhead line i n  a nuclear surface burst source region. 

Graham calculation [IZ] o f  transient surge current 
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= 180.3 kiloamperes 
I O  2 

where 
T = 3.8 x 10 sec-' 

3 
h = 2.0 x 10 sec-I 

I n  summary, power system assessment f o r  t h a t  p o r t i o n  o f  t he  SREMP 
environmental d e f i n i t i o n  w i t h i n  the  source reg ion  may be f a c i l i t a t e d  by 
t h e  cha rac te r i za t i on  o f  a "reasonablell worst case surge formed w i t h i n  
and propagating o u t  o f  t h e  reg ion  v i a  l i n e s  and cables. For these 
power system elements, t he  cha rac te r i za t i on  may take the  form of a 
Norton equ iva len t  source placed a t  t he  source reg ion  boundary. This  
concept i s  shown as F igure 31. The quest ion remains as t o  t h e  va lue o f  
t h e  source impedance (Z,) app l i cab le  t o  the  model. One might reason 
t h a t ,  s ince t h e  a i r  c o n d u c t i v i t y  w i t h i n  t h e  reg ion i s  high, Z, may be 
represented by a value of a few ohms. Th is  imp l ies  t h a t  a surge on the  
l i n e  which i s  i n c i d e n t  t o  t h e  reg ion boundary from t h e  e x t e r i o r  w i l l  be 
r e f l e c t e d  with some a t tenua t ion  and propagate back i n t o  t h e  g r i d .  An 
a l t e r n a t e  view i s ,  because the  a i r  c o n d u c t i v i t y  i n  the  source reg ion  
does no t  change ab rup t l y  a t  t he  boundary, an i n c i d e n t  cu r ren t  surge, 
once penet ra t ing  t h e  region, w i l l  perceive a va r iab le  l i n e  impedance due 
t o  the  s p a t i a l  dif ference i n  a i r  conduc t i v i t y .  Such va r iab le  d i s t r i -  
buted load ing  of t h e  l i n e  has been noted t o  minimize r e f l e c t i o n s  , i n  
s i m i l a r  problems i n v o l v i n g  t r a v e l i n g  waves on antennas [ZO]. Thus, a 
reasonable s e l e c t i o n  f o r  t h e  source impedance ( Z s )  may be the  charac,- 
t e r i s t i c  l i n e  impedance (Zc).  Assumptions o f  t h i s  type should be 
f u r t h e r  explored i n  subsequent phases o f  t h e  research e f f o r t .  

4.3 Radiated F i e l d  Coupling Outside The Source Region 

As developed i n  Section 3 of t h i s  repo r t ,  the  second major aspect 
af surface bu rs t  SREMP i s *  t he  i l l u m i n a t i o n  o f  t he  power system by the  
SREMP rad ia ted  f i e l d .  Un l ike  an i n c i d e n t  f i e l d ,  i n  t h e  form o f  a plane 
wave, t h i s  rad ia ted  f i e l d  has a magnitude which decreases w i t h  
inc reas ing  d is tances from the  event. This i nd i ca tes  t h a t  power system 
e x c i t a t i o n  by t h i s  f i e l d  becomes weaker as a func t i on  o f  d is tance.  
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a )  Physical Configuration 

OVERHEAD 
LINE 

1 

b) Equivalent Model Circuit 

, 

Fig.  31. Representation o f  the current surge Formed with in  the  
source region on an overhead l ine  by a Norton equiva lent  source 
located a t  the source region boundary. 
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Power system l ines  and cables penetrating the source region can be 
excited by b o t h  transient f i e l d  environments, wf le  those power system 
components located completely outside the source region will be direct ly  
excited only by the radiated f i e l d .  

For t h e  purpose o f  t h i s  report, the development o f  overhead l ine  
response t o  SREMP radiated f i e lds  will begin w i t h  an idealized geametry 
as  shown in Figure 32(a). A semi-infinite l i ne  of height ( h )  and 
character is t ic  impedance (Zc )  i s  assumed t o  penetrate the source region 
of a nuclear surface burst. The source region i s  assumed to  extend i n  a 
symmetric manner t o  a distance (x,) meters. The l ine  penetrates the 
source region a t  t h i s  point; outside the region, the l ine extends 
radial ly  away from the burst. The earth i s  considered t o  have 
homogeneous e lec t r ica l  conductivity ( a  ) mhas/rneter and a d i e l ec t r i c  
constant E = E E The surge current induced on the l i ne  segment w i t h i n  
the source region i s  denoted by the term I,. The radiated f i e l d  i s  
assumed t o  be characterized a t  the source region 2oundary (x,) a 5  a 
ver t ical ly  polarized transient e l ec t r i c  f i e ld  (EQ) propagat ing radially 
away from the burst. The vertical  component of the radiated e l ec t r i c  
f i e l d  i s  assumed t o  propagate w i t h  the f ree  space propagation constant 
along the air-earth interface. The excitation o f  the l ine  by the 
radiated f ie ld  i s  due t o  the tangential component (Ex) along the l i ne ,  
as well as by the vertical  e lec t r ica l  f i e ld  (EZ) a t  both ends o f  the 
l ine .  In the present discussion, only the contribution o f  the 
horizontal e l ec t r i c  f ie ld  t o  the l i ne  response i s  considered. In an 
actual assessment o f  SREMP e f fec t s  on a pwer systf i~,  both corqonents o f  
the e lec t r i c  f i e ld  must be considered. 

9 
9 0' 

The physical configuration of the above example i s  translated into 
an equivalent c i r cu i t  as  shown i n  Figure 32(b ) .  The source region has 
been modelled by a Norton source o f  magnitude I1 located a t  the boundary 
(x,). The source impedance is assumed t o  be equal t o  the character is t ic  
l i ne  impedance. I t  is important t o  sote tha t  there is a difference 
between the short c i r cu i t  current source I1 and the surge current 
denoted as Io i n  Figure 32(a). In t h i s  discussion the short c i r c u i t  
current on the l ine will always be taken as the equivalent source ( I 1 ) .  
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a) Physical Configuration 

f =o 

b )  Equivalent Model Circuit 

Fig.  32. 
circuit for an overhead line excited by SREMP. 

Physical geometry and electrical equivalent 
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As developed i n  Section 3 ,  the tangential e l ec t r i c  f ie ld  exciting 
the l ine outside the source reg ion  may be expressed as :  

where yo  = j w / c  and the term EZ ( x o , 0 9 ~ )  i s  a known vertical  e l ec t r i c  
f i e l d  defined a t  the source region boundary. 

The open c i r cu i t  voltage of a l ine o f  length L excited by a se t  of 
distributed voltage sources (V;(()) along i t s  length may be calculated 
as: 

where p i s  the reflection coefficient a t  the source end of the l ine  a t  
c=o (x=xo) and y i s  the complex propagat ion constant for the l ine .  For 
a matched termination, t h i s  reflection coefficient i s  zero and the above 
expression reduces t o :  

Since the distributed voltage source Vk(<) i s  actually the 
tangential e l ec t r i c  f ie ld  along the  wire, we have: 



73 

'Note t h a t  the exponential phase term accounts for propagation t i ne  
delays o f  the incident f i e l d  along the l i ne ,  w i t h  t = 0 being chosen t o  
occur a t  x = xo (or 5 = 0). 

The first  term i n  this equation involving the square root accounts 
for  the effects  o f  the lossy earth on the horizontal e l ec t r i c  field 
exciting the line, while the second term takes i n t o  account the 
spherical nature o f  the radiated f i e l d  f r o m  the surface burst. As 
mentioned i n  Section 3,  the square root term i n  Eq. (55) is really only 
am approximation t o  a more complicated expression given by: * 

Figure 21 shows the r a t io  o f  Ex/€z computed as  a function o f  frequency 
from Eq. (52) as a function o f  frequency both w i t h  and without the 
square root approximation. As may be noted, fo r  frequencies above 10 
MHz for conductivities greater than 0.01 mhos/mter, the results are 
identical .  The degree o f  accuracy o f  the  approximation degrades 
somewhat for conductivities on the order 0.001 mhos/meter. 

In the time domain, the implication o f  this approximation is  t h a t  
the calculated time domain results will be identical for stgnals having 
r i se  times up t o  about 0.1 ps. Any fa s t e r  rising SREMP waveform'will 
experience errors  i n  the coupl ing  t o  the line if  the approxinate form o f  

the exciting e l ec t r i c  f ie ld  is used. In such cases, the use o f  the more 
accurate re la t ion for the f ie ld ,  together w i t h  a numerical faur ier  
transform to obtain time domain data would be needed. 

It is interesting to  note the e f f e c t  of the second term i n  Eq. (52) 
i n  relation to  the f i r s t .  From Fig.  21, the smallest ra t io  of the 
component o f  E / E  due t o  the ground conductivity effects  is on the 
order o f  about 2x10 . Considering a line having a hefght  of lorn and 
being located a t  a distance of krn from the burst ( a t  the source region 
boundary), the ra t io  of Ex/E, due only t o  the second term i n  the 
equation is  equal t o  the r a t i o  o f  the l i ne  he igh t  t o  the observation 
distance, o r  7 . 6 ~ 1 0 - ~ ,  a value which  is  less  t h a n  tha t  for  the earth 

2 - 3  
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conductivity corn, lent. As the observation p o i n t  ~ v e s  away From the 
source region boundary, this second term becomes F. \-n smaller, and may 
be neglected i n  relation t o  the f i r s t  term in E q .  (52). O f  course, as 
the conductivity of the earth approaches inf in i ty  or as the frequency o f  
the e l ec t r i c  f ie ld  spectrum approaches zero, the f i r s t  term vanishes, 
and the only component to  the horizontal e l ec t r i c  f ie ld  a r i ses  from the 
second term. 

For the normal range o f  parameters considered f o r  the earth,  i t  i s  
possible t o  neglect the second term i n  E q .  (55), and the result ing 
distributed voltage source AI the l i ne  then becomes: 

For cases where the conductivity and/or frequency do not permit the 
neglecting o f  the second term i n  E q .  (55) a; i n  t e simplification of 
the square root term, a more generalized expression for  the distributed 
voltage source can be developed. 

Use o f  the move expression 

0 

or 

i n  Equation (54) yields:  

Shift ing the time origin so t h a t  t = O  occurs a t  the end of the l ine  
at x=xo+L (or 5 = L)  by multiplying Equation (58) by exp(yoL), the f inal  
expression fo r  the open c i r cu i t  voltage a t  the end of the l ine  may be 
expressed as:  
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Unlike the case o f  incident plane wave excitation, t h ~  above 
integra? cannot be evaluated analytically. Thus, numerical methods must 
be employed t o  obtain a solution. 

In a similar development, the open circuit voltage (Voc) at some 
distance (x,+L) down the line caused by the Norton current source (1,) 
located at x=xo can be expressed by assuming a distributed voltage 
excitation o f  the form. 

The use o f  the above expression in Equation (54) yields: 

If a simplification i s  made such t h a t  the characteristic impedance 
of  t h e  line (Zc) is assumed t o  be a constant in the Srequency’domain, 
the short circuit current at distance (xo+L) on the line can be 
determined by dividing Equation (59) or (61) by t h e  value o f  t h e  
characteri stic impedance. 

4.3.1 Example o f  Radiated Field Line Excitation 

In order t o  understand the time domain characteristics o f  SREMP 
radiated field induced surges on the overhead line under discussion, 
Equation (59) was solved numerically to obtain transient open circuit 
voltages for differing line lengths from 1 kilometer to 200 kilometers. 
The input data used f o r  this computation are shown in Table 7. 
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Table 7 

PARAMETERS FOR OVERHEAQ LINE CALCULATION OF 
OPEN CIRCUIT VOLTAGE INDUCED BY SREMP RADIATED FIELD 

Parameter 

Vertical Fiel d Peak Magnitude 
Vertical Field Time Domain Waveform 
Horizontal Fiel d Time Domain Waveform 
Source Region Boundary 
Line Length 
Line Characteristic Impedance 
Line He igh t  Above Ground 
Ground Conductivity 

Bescri p t i o n  

Ep = 1600 volts/meter 
E, = Figure 26 
E, = Figure 27 
Xo = 6000 meters 
L = (variable) 
Z, = 400 ohms 
h = 10 meters 
a = 0.001 mhos/meter 
9 

Based on the above parameters, a numerical Fourier transform was 
taken o f  the hori=--ntal f i e ld  time domain waveform (Figure 28) to  obtain 
the excitation sc crum E x ( w )  used i n  Equation (59) .  The open c i r cu i t  
voltage spectrum Vo,(w) was then calculated fo r  several lengths of l ine.  
Time domain resul ts  V o c ( t )  were then calculated by performing an inverse 
Fourier transform. 

The resul ts  of the above simulation a re  summarized as follows: 

o The maximum open-circuit voltage d i d  n o t  occur for  the 
longest length o f  l ine .  In t h i s  simulation, the maximum 
occurred fo r  a l ine  length of 5 kilometers. On a 
normalized base where 1.0 per-unit is equal t o  the 
largest  open-circuit voltage c r e s t  magnitude the,  resul ts  
are tabulated below: 

Line length Voc Crest Magnitude 
(Kin) (per-uni t )  

1 .o 
2.0 
5.0 

10.0 
20.0 
50.0 

100.0 

0.4 
0.6 
I .o 
0.7 
0.5 
0.2 
0.1 
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For shorter lines the temporal waveform of the voltage 
more closely resernb’les that o f  the exciting waveform and 
is approximately equal t o  the product o f  the line length 
and the incident radiated electric field. As line length 
increases, the effects o f  propagation dispersion become 
increasingly important as does the l / r  attenuation o f  the 
local incident field. 

Q Frequency analysis of the  transient overvoltages 
indicates t h a t  the responses for shorter lines appear t o  
be scaled versions o f  the excitation. As the line 
becomes longer, higher frequency attenuation occurs and 
the spectra has mre of a lower frequency nature. 

The time t o  crest of the transient overvoltage is sig- 
nificantly longer than HEMP excitation and i s  on the 
order of conventional power system l i g h t n i n g  models. 

The above results offer direction as t o  the important cri teria t o  
be incorporated i n  the methodology. For a particular line, the over- 
voltage profile must be developed for the entire line length t o  
determine the location o f  t h e  peak value. In addition, estimates o f  
enclosure shielding effectiveness based on h i g h  frequency HEMP assump- 
tions must be re-examined in light o f  the spectral content of the SREMP 
radi ated field . 
4.3.2 Arbitrary Line Orientation Outside The Source Region 

Up t o  this point, the development and numeric calculations have 
assumed a conducting overhead 1 ine orientated radially w i t h  respect t o  
the source region. The response o f  such a line i s  known t o  provide t he  
worst case estimate of line response due t o  the fact t h a t  there is a 
progressive bufld-up of voltage (or  current) on the l ine when the 
incident f i e l d  propagates i n  the same direction as  the line. O f  some 
importance is the excitation o f  arbitrarily orientated lines, 
located outside the ‘source region, which are excited by the SREMP 
radiated field.  The development geometry for this case is shown as 
Figure 33. A nuclear surface burst i s  assumed t o  be located a t  the 
coordinate o r i g i n  and is described by a source region rad ius  (ro) w i t h  
a radiated vertical electric field Ez(ro) a t  this poin t .  The 
overhead line i s  assumed t o  start a t  some point P1 located a t  [xI ,yII .  
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OVERHEAD LINE 

SOURCE REGION 

Fig. 33,  Orientat ion o f  an a r b i t r a r y  overhead 
l i n e  located outside the source region (plan view). 
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The other  end of the line is a t  po in t  P p  located a t  [x2,y2]. The 
.variable represents the distance along the line from PI t o  P2 where 

, c=L, nominally taken t o  be the " l ine length."  A t  any p o i n t  P on t h e  
'line, there i s  a local u n i t  vector 5 i n  the direction o f  the l i ne  and a 
radial vectsr r from the burst location t o  point P on the l ine.  The 
angle between these two vectors i s  defined as 9. 

The open c i r c u i t  voltage a t  point P2 can be obtained by 
Equation (54). The load impedance a t  point Pl is assumed t o  be equal t o  

the 7ine charac te r i s t ic  impedance. Again, the propagation constant y 
for the l i ne  is a function of line and ground properties and i s  a 
dispersive function o f  frequency. 

The dSstri buted voltage sources required t o  solve Equation (54) 
consists of the tangential e l ec t r i c  f i e ld  a t  any position a long  the l i ne  
and may be expressed as: 

The above equation is slight7y different from Equation (56) i n  t h a t  
radial coordinates have been used i n  place of the x spat ia l  coordinates 
and tha t  there is a ( r & )  term t o  account for  the projection o f  t he  
horizontal ( rad ia l )  f i e l d  on the line. Similar t o  Equation (561, the  
second term in the d i s t r i b u t e d  source which i s  di rec t ly  proportional t o  
t he  vertical  SREMP f i e ld  i s  very small and i s  not inc luded in 
Equraiti on (62). 

In t h i s  developtrier&, i t  i s  convenient t o  define the time origin 
(t=O) such tha t  i t  occurs a t  point P2. T h i s  i s  accomplished by 
multiplying Equation (62) by a phase factor o f  exp(yor2) , resulting i n  
the following expression f o r  t h e  d i s t r i b u t e d  sources: 
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Inserting this expression into Equation (54) yields the following 
relation for the open c i r cu i t  voltage a t  P2: 

where the dependence of r on the variable 5 has been shown expl ic i t ly .  
As before, the integral i n  Equation (64) cannot be performed 
analytically,  so numerical methods must be used. 

Equation (64) is a general expression fo r  any a rb i t r a r i l y  
orientated l ine .  In the case of the radial ly  orientated l ine where: 

r = x  
0 0  

r*= Xof L 

r = x0+ 5 
A h  

r ' € , = l  

Equation (64) reduces t o  a form identical to  Equation (54). 

In order t o  i l l u s t r a t e  the effects, o f  changing the orientation o f  
the overhead l i n e ,  the simple case o f  a straight l i ne  o f  length L,  
outside the source region, and having an angle of 3 w i t h  the x axls ,  
was evaluated. T h i s  case geometry is shown as Figure 34. The ease 
parameters were the same as  the previous examples. Point P ,  was taken 
to  be just outside the source region boundary. The results of this 
simulation a re  summarized as follows: 
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V 

a )  Plan View 

LINE 

b) Section View 

Fig.  34. Geometry o f  an a r b i t r a r i l y  or ientated,  
s t r a igh t ,  overhead line outside t h e  source region. 
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e For the same length o f  li.ie, the peak amp1 tude decreases 
as 8 increases due to :  1 )  the decrease i n  the tangential 
component o f  exciting f i e ld  along the l ine (r.E; term) and 
2 )  the incident f i e ld  and the voltage wav 1s on the l ine 
now have a larger phase difference. On a normalized 
base, for  a l i ne  length of 5 kilometers, the resul ts  are 
tabulated bel ow: 

Orientation Angle V,, Crest Magnitude 
(degrees) (per-unit) 

0 1 .o 
30 
60 
90 

0.5 
9.2 
0.7 

0 As the angle increased, the maximum peak amplitude occu~*s 
a t  a greater distance from the source region. In a i l  
cases, however, t h i s  maximum is less  t h a n  the value 
obtained on the radial ly  directed l ine.  

Preliminary calculations,  t o  date,  suppor t  the contention tha t ,  the 
case of the radial ly  directed l ine  serves a s  an upper bound estimate for 
arbi t rary l ine  response. 

4.4 Summary 

The SREMP associated w i t h  a surface nuclear burst i s  a localized 
environment w i t h  respect t o  a large interconnected e l ec t r i c  u t i l i t y  
g r i d .  As developed i n  t h i s  section, coupled surge characterization t o  
overhead l ines  and underground cables can be calculated from a knowledge 
o f :  1 )  the transient electromagnetic f i e lds  formed within the source 
region and 2 )  the time domain waveform of  the ver t ical ly  polarized 
e l ec t r i c  f i e ld  radiated outside the source region. For the purpose o f  
research concerning the response o f  c iv i l ian  e lec t r ic  u t i l i t y  systems t o  
SRC T ,  environmental definit ions are necessary a t  the spatial  location 
of the source region boundary for  b o t h  the surge induced w i t h i n  the 
source region and characterizatian of the radiated f i e ld  a t  the 
boundary. 
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Numeric evaluation based on environments obtained from previous 
research indicate t h a t  1 ines and cables which experience the greatest 
excitation are those which are spatially orientated radially to the  
burst and also penetrate (traverse) the source region boundary. These 
components w i  '1 '1 experience both the 1 arge , re1 a t $  vely 1 ow frequency 
surges propagating o u t  of the source region p l u s  an additional 
excitation due t o  the radiated f i e ld .  The magnitude o f  the source 
region contribution may dominate system response. 

Power system elements physically located outside the source region 
bowndary will be directly illuminated only by the radiated field. 
Calculations indicate t h a t  there may exist a critical line l e n g t h  f o r  
whrich the radiated field induced surge magnjtude is maximum. 
Orientations other t h a n  radial to  the bur s t  and increasing distance of 
the component from the source region boundary will reduce the surge 
magnitude a t  a paint o f  interest. 

I t  has been the authors' intent t o  discuss the nature o f  SREMP 
induced surges us ing  only unclassified, pub1 ic domain informatton.  Such 
ca'lcui a t ions  are necessary to  understand and develop an applicable 
methodology t o  assess the effects of this phenomena. I t  i s  recognjted, 
however, t ha t  numerical resail t s  may constitute a national security 
issue. For example, pending revisions t o  security classification 
guidelines, such as DOD instruction 5210.58 (Rev.) entitled, "Electro- 
magnetic Pulse (EMF) Security Classification Guide (U)" may preclude the 
use o f  calculations of the voltage, current and energy induced on lines 
by surface bursts i n  the public domain, even when derived from ua- 
classified nuclear sources and non-system-chaaracteristic geometries. 
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5. SREMP ASSESSMENT METHODOLOGY 

5.1 I n t r o d u c t i o n  

This sect ion discusses the  development o f  a s t ruc tu red  process t o  
assess t h e  ef fects  o f  SREMP on c i v i l i a n  e l e c t r i c  u t i l i t y  systems. The 
nature o f  a nuc lear  sur face b u r s t  i s  such t h a t ,  i f  EMP d i d  no t  e x i s t ,  
t he  c i v i l i a n  u t i l i t y  system may s t i l l  be severe ly  a f f e c t e d  by: 
1 )  i n i t i a l ,  phys ica l  damage t o  t h e  system near t h e  bu rs t  l o c a t i o n  w i t h i n  
tens o f  seconds, 2) system exposure t o  h igh  l e v e l s  o f  prompt, i o n i z i n g  
rad ia t i on ,  3 )  nuclear  1 i g h t n i n g  and 4)  long-term operat ional  impairment 
due t o  consequential fa7 l o u t  pa t te rns .  The methodology contained he re in  
i s  focused t o  i nves t i ga te  t h e  add i t i ona l  r i s k  due t o  electromagnetic 
pulse associated w i t h  t h e  event. Since EMP i s  a prompt, t r a n s i e n t  
environment occur r ing  w i t h i n  t h e  f i r s t  second a f t e r  t h e  burst ,  
s imulat ions evaluated by t h i s  methodology encompass an elapsed per iod  o f  
r e a l  t ime no t  longer  than ten  seconds i n t o  the  event. A complete 
assessment of  a l l  e f fects  o f  nuc lear  surface bu rs t ( s )  on t h e  c i v i l i a n  
e l e c t r i c  u t i l i t y  system i s  beyond t h e  scope o f  t he  EMP research program. 

A key assumption embedded i n  t h i s  SREMP methodology i s  t h a t  t h e  
s p a t i a l  ex ten t  o f  t he  source reg ion  formed around the  b u r s t  o r i g i n  i s  
contained w i t h i n  the  s p a t i a l  rad ius  o f  non-EMP phys ica l  dama,ge. For 
c i v i l i a n  power system assessment, t h i s  assumption appears t o  be 
reasonable f o r  weapon y i e l d s  above 10 k i l o t o n s .  Smaller weapons may 
requ i re  the  development o f  a modif ied methodology t o  account f o r  a 
source reg ion  l a r g e r  than the  s p a t i a l  rad ius  o f  phys ica l  damage. 

The methodology ac know7 edges th ree  d i s t i n c t  t r a n s i e n t  env i  ronments 
produced by the  nuc lear  surface bu rs t .  I n  terms o f  s p a t i a l  coverage, 
t h e  smal lest  o f  these environments i s  t h e  source reg ion.  The t h r e a t ( s )  
f o r  eva lua t ion  a re  t r a n s i e n t  e l e c t r i c a l  surges formed on l i n e s  e x c i t i n g  
t h i s  region. These surges propagate away from the boundary i n t o  the  
g r i d  p r i o r  t o  phys ica l  damage t o  t h e  l i n e .  The t h r e a t  o f  i n t e r e s t  i s :  
1) consequential damage t o  equipment and f a c i l i t i e s  beyond t h e  
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sousce/physical damage region proximate t o  the burst and 2 )  system 
insta'bil i t y  caused by system protective reaction t o  such surges. 

The second environment, also spatially local i n  area, i s  the region 
o f  in i t ia l ,  direct damage. The methodology incorporates this t h r e a t  by 
acknowledging: 1 ) the time-progressive destruction o f  t he  power system 
i n  this area, 2 )  the relevant loss of generation and/or load and, 3 )  the 
system protective reaction t o  isolate this damaged portion o f  the grid 
from the rest  o f  the system. 

The t h i r d  transient environment, spatially greatest i n  terms o f  the  
nuclear surface burst, i s  t h a t  portion o f  the system illuminated by t h e  
radiated (free) fields outside the source regfon. The questions and 
concerns associated with this phenomena are methodologically quite 
similar t o  those associated w i t h  HEMP investigation. 

Preliminary analysis o f  the nature of these three environments 
strongly suggest t h a t  the order o f  assessment proceed a5 follows: 

e Investigation o f  SREMP radiated (free) field interaction 
w i t h  the g r id .  

8 Evaluation o f  the consequences of surge propagatjon on 
lines intersecting the source region boundary. 

6 Incorporation of non-EMP physical damage i n  time sequence 
of events. 

An overview o f  this assessment progression is shown a5 Figure 35. 
Recursive power system load flow/stabil i t y  simulations are incorporated 
t o  investigate the magnitude and extent o f  system disturbance. 

The rnethodol ogy has been intentional ly structured t o  explore t he  
impact of nuclear surface b u r s t  EMP on civilian electric ut i l i ty  systems 
as an unclassified research project. The distinctions drawn between 
d i  f ferent  threat envi ronrnents and the devel opmen'c o f  envi ronmental 
parameters have intentionally been defined w i t h  the unclassified 
objective i n  place. 
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DEFINE NUCLEAR SURFACE 
BURST AND POWER SYSTEM 

I N I T I A L  CONDITIONS 
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ASSESSMENT FOR L I N E S  

AND F A C I L I T I E S  

SOURCE REGION SURGE 
ASSESSMENT FOR L I N E S  

AND F A C I L I T I E S  

6 
NON-SREMP I N I T I A L  DAMAGE 

ASSESSMENT( S)  FOR L I N E S  
AND F A C I L I T I E S  

P 1 POWER SYSTEM STATE 
ASSESSMENTS 

- S T A B I L I T Y  

SREMP THREAT ASSESSMENT 
EVALUATION 

Fig. 35. 
assessment f o r  civilian electric utility systems. 

Overview o f  methodology for SREMP 
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5.2 Assessment Initial Conditions 

The methodology must necessarily begin w i t h  a definition o f  the 
electric ut i l i ty  system of interest and the event. As developed 
previously in this report, t he  nuclear surface burst environments are 
specified as follows: 

o Location o f  the event (burst or ig in) .  

a Temporal and spatial characterization o f  the non-EMP 
init ial  damage area, expressed i n  terms of radial 
distances from the o r i g i n .  

B Spatial definition of the applicable source region 
boundary expressed a s  a radial distance from the or ig in .  

4 Temporal characterization of the induced electrical 
surges on lines intersecting the source region boundary. 

Temporal characterization o f  the radiated (free) electric 
field deffned at; t.he source region boundary. . 

In contrast t o  transient EMP environments created by high-altitude 
nuclear events which can directly excite vast areas o f  the national 
power system, EMP envi ronrnents associated w i t h  surface nuclear events 
are local i n  extent. A spatial shift of a few kilometers i n  the assumed 
location o f  the burst may result i n  significantly different assessments 
for otherwise identical scenarios. This dependence on lcrication i s  
illustrated in Figure 36. In this example, a nominal surface burst is  
assumed t o  occur near the Phoenix metropolitan area. The solid circle 
indicates the spatial extent o f  the source region, the shaded c i r c l e  
indicates the extent o f  non-SREMP init ial  damage and the dashed 
p e d  meter defines a nomi nal d i stance fo r  rad ated f i  el d assessment. 
These weapon parameters are shown superimposed on a power system map 
indicating major transmission lines and generation and faci l i t ies ,  

For the bur s t  location shown, except for local power d i s t r i b u t i o n  
elements w i t h i n  the shaded circle, the init ial  excitation o f  the g r i d  i s  
illumination by the radiated field. A t rans la t ion  of burst location 20 
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r ... 

Fig.36. 
(solid c irc le ) ,  non-SREMP initial  damage (shaded circle)  and 
radiated f ie ld assessment area superimposed on an arbitrary 
power system grid. 

Conjecture o f  nuclwr surface burst source region 
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kilometers south will place the Westwing 345-kV substation i n  both the 
source region and damage area. An alternate shift i n  location 20 
ki'lometers East has the same impact on the Arizona Public Sesrviice (APS) 
345-kV transmission circuits and the United States Bureau of 

Reclamation (USBR) 230-kV circuit. The inclusion o f  a majos 
transmission circuit and/or facility within the source region may have 
significant impact on total system response. 

For the purpose o f  this methodology, the spatial and temporal 
characterization of the initial non-EMP damage are formed from the 
phenomena o f :  I) craterimation, 2) fireball fornation and 3)  propaga- 
tion o f  the peak-overpressure shock wave as functions o f  time and 
distance from the origin. Phase I research strongly suggests that the 
maximum spatial extent of such damage is practically established by the 
3.5 psi peak-overpressure boundary. 

Spatial definition o f  the applicable source region spatia? boundary 
as a function of weapon yield has been developed in previous sections of 

this report. This definition is key t o  the  segregation o f  electrmag- 
nett'c phenomena as t w o  distinct environments for the purpose o f  

assessment. 

Electromagnetic coup1 ing to above ground and underground. 1 ines 
intersecting the source region boundary is represented by the temporal 
characterization o f  the formed surge on the line o f  interest, at the 
boundary. An individual surge is defined graphically or in closed 
mathematical form as a time-domain open-circuit voltage and short- 
circuit current a t  a node established by the 1 ine-boundary intersect. 
The surge is assumed t o  exist in commn-mode on all individual 
conductors, propagating away from the boundary into the grid via the 
conductor(s). For the purpose of unclassified research, such surge 
definitions may be "canonical" i n  the sense that the same surge is 
predicated to exist on each line o f  interest neglecting the physical 
orientation or construction of the line within the source region. The 
research may be facilitated by the  development o f  t ~ o  "canonical" surge 
definitions. The first for all above-ground lines and an alternate for 
all below-surface cables. 
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As developed previously i n  this report, a practical location t o  
define the attributes of  the radiated (free) field i s  also a t  the source 
region boundary. The definitions take the form of the time domain 
representation o f  the vertical electric field a t  this location, 
Attenuation i s  modelled as a function o f  l / r  where ro i s  the radial 
distance of the source region boundary and rwo. T h i s  definition allows 
for the conservative estimation of the field a t  any spatial location of 
interest. 

A t  this time, i t  is  anticipated t h a t  weapon environmental 
definitions for any scenario will be jointly developed by the Phase 11 
research team and ORNL for discrete assessments. The a b i l i t y  t o  perform 
even preliminary assessments i s  str ictly dependent on the sponsoring 
agencies ability t o  issue the minimum set of environmental definitions 
i n  an unclassified manner. 

Once the  location and physical parameters of the nuclear surface 
burst have been defined in any scenario, a systemic descriptior o f  the 
ut i l i ty  grid of interest must also be defined. T h i s  description 
includes definition of the load f low and connectively a f  the g r i d  just 
prior t o  the event. This i s  the ini t ia l ,  operational "state" of the 
system. Another key parameter i s  the size of the grid necessary 'for 
assessment. Prel iminary investigation suggests t h a t  the burst l o c a t i o n  
and thus, t h a t  portion of the grid contained within the source region, 
may be more significant than the effective distance o f  i l luminat ion by 
the SREMP radiated field in the determination o f  i n i t i a l  system size. 
For example, a surge coupled t o  the end of a long transmission circuit 
within the source region can propagate hundreds of kilometers down the 
line t o  impact the remote substation. Another issue addressed in later 
elements of the methodology is  t h a t  the localized impact of the event on 
a large, interconnected system may cascade i n t o  a regional problem due 
t o  stabil i t y  concerns. 

The initial "state'# of the system i s  necessary, b u t  not sufficient 
t o  exercise the methodology. Detailed facility and line da ta  is  
required to  perform both the radiated field and the source region surge 
elements of the assessment. 



5.3 SREMP Radiated Field Analysis 

The init ial  EMF' threat environment evaluated under the t o t a l  
methodology i s  the interaction o f  the power system gr id  and the SREMP 
radiated field outside the source region. Since the basic nature o f  the 
environment i s  a propagating "free field," the applicable methodology is 
identical t o  t h a t  required for  HEW research. T h i s  methodology is 
developed i n  Volume 2 o f  this report series and i s  n o t  duplicated here. 
Although the same processg questions and concerns are applicable t o  both 
phenomena, there are significant qualitative differences between 
early-time HEMP and SREMP radiated field environments. Key distinctions 
are shown in Table 8. 

Preliminary calculations of the transient overvoltage, a t  an 
arbitrary location o f  interest on an overhead 1 ine, strongly indicate 
that  the time t o  crest and the decay t o  the  f i r s t  time constant can be 
represented by existing l ightning impulse waveform definitions [22]. 
The degree o f  correlation i s  sufficient such t ha t  existing power system 
equipment design statist ics based on 1 ightning bzsic insulation levels 
( B I L )  can be applied i n  the estimation o f  g r i d  response. 

Al though  the protective relaying schemes, and comunications/con- 
trol aspects of the  ut i l i ty  system have not been intentionally designed 
with respect t o  EMP fields, the general question o f  electromagnetic 
interference (EMI) and electromagnetic compatibility (EHC) o f  subsystems 
has long been a concern t o  power system engineers. W i t h i n  a trans- 
mission substation, normal operation o f  breakers and disconnect switches 
can produce intense, local transient fields. Recent measurements o f  

this environment [23] has been conducted by Texas A&M University on 
behalf o f  the Electric Power Research Institute (EPRI). The incorpora- 
t i o n  of electromagnetic shielding for  digital computer systems a t  
selected control centers located i n  substations has also been 
documented [24]. 

Since the SREMP radiated field i s  a spatially local environment 
when compared to  the possible extent o f  system HEMP coverage, i t  would 
be useful, from an analysis p o i n t  o f  view, to  estimate the distance away 
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Table 8 

RADIATED ELECTRIC FIELD COMPARISON 

Parameter Early-Time HEMP 

Base Definition Canonical waveform 
i n  public domain 

SREMP 

No canonical 
wa vefo rm 

Peak Amp1 i tude 50- kV/m 1 O-kV/m 

Spatial Variance "Smile" diagram model 1 / r  attenuation 
r>ro 

Polarization Horizontal and vertical  Vertical Model 
spa t i a l ly  dependent 

Rise Time 3x1 O-' seconds 5x1 0-7 seconds 

Duration seconds seconds 

Energy Content Significant a t  megahertz Significant a t  
frequencies kilohertz fre- 

quencies 

from the bu r s t  o r i g i n  beyond which the f i e ld  amplitude i s  no greater 
than normal system noise. Preliminary calculations suggest t h a t  
vertical  e l ec t r i c  f i e l d  strengths o f  l e s s  than 500 volts per meter for 
power equipment and 100 volts per me-ter f a r  protection and control 
c i r cu i t s  may bound the area.  In context w i t h  the assumptions o f  the 
methodology, i .e. a l / r  attenuation, these perimeter locations can be 
obtained. For example, an i n i t i a l  f i e l d  magnitude of  2000 volts per 
meter a t  a source region boundary 5 kilometers from the burst would 
place the 500 volt per meter boundary a t  25 kilometers and the 100 volt 
per meter boundary a t  100 kilometers. It i s  anticipated tha t  spatial  
estimates of  this type will be validated as  part o f  the Phase 11 
research. 

A t  the conclusion of t h i s  element of the total  methodology, the 
system ' 'state'8 is characterized to  include the effect  o f  the radiated 
f ie ld .  The next process i s  the incorporation o f  the source region surge 
exiting the region boundary. 
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5.4 Source Region Surge Assessment 

Under the defined set o f  initial conditions, EMP interaction w i t h  
lines intersecting the source region boundary are simulated by formed 
surges propagat ing o u t  of the region. Therefore, this element o f  the 
total methodology is  not  concerned w i t h  transient field coupling 
phenomena o r  free field illumination of faci7ities. The focus is now on 
the interaction o f  the surge and the power system. 

As discussed i n  Section 4 o f  this report, applicable representa- 
tions o f  the waveform indicate a rise time o f  hundreds o f  microseconds 
and a decay with a time constant o f  several milliseconds. T h i s  
waveshape i s  quite similar t o  t h a t  defined for power system switching 
impulse c223. Thus ,  an existing methodology can be adapted t o  develop 
the system response. An overview o f  this methodology i s  shown as 
Figure 37. The initial "stale" o f  any line o r  facil i ty is  the "state" 
after the interaction o f  t h a t  element and the radiated field. 

Given t h a t  the  waveshape o f  the surge i s  similar t o  t h a t  defined 
fo r  switching impulse, the prospective crest and the energy contained i n  
the surge far exceed anything experienced by the system in normal 
operation. For example, a 500-kY transmission c i r cu i t  may theoretically 
experience a peak trans1en.t overvoltage of 4.0 per-unit of operating 
voltage (high-speed reclosing w i t h o u t  breaker pre-insertidn resistors), 
while the overvoltage found in the suurce region surge may be an order 
o f  magnitude above this level. 

Once t h e  "initial state" of the line i s  known, the peak overvoltage 
along the l i n e  i s  calculated out  t o  the first subs ta t ion .  Any station 
arrester may operate; this operation tends t o  reduce the transient 
overvoltage over the entire system. However, i n  opersting, an 
individual arrester energy cagabi l  i t y  may be exceeded. The mit iga t ing  
effect o f  arresters i s  a function o f :  I )  the type o f  arrester (silicon 
carbide or metal oxide), 2 )  the number o f  arresters installed on the 
line and/or i n  the station and,  3)  the degree i n  which the arresters 
share the total available current. 
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MODEL STAT€ 

I ~ CALCULATE OVERVOLTAGE 
ALONG LINE 

COMPARE VOLTAGE TO 
SWITCHING C R I T I C A L  

MODIFY MODEL TO 
INCLUDE FLASHOVER 

I CHARACTERIZE SURGE 
AT STATION ENTRY 

6 

I CHARACTERIZE SURGE ON I LINES OUT OF STATION 

F ig .  37, Overview o f  source region 
surge assessment methodology. 
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Arrester operation does not  necessarily eliminate the possibility 
o f  line flashover. Voltages on the line must be monitored t o  determine 
if the switching impulse critical flashover (CFO) of the line is  s t i l l  
exceeded. 

The methodology must then address the transient overvoltage 
experienced by equipment w i t h i n  the substation. Power transfomws are 
o f  special concern since 1 )  i f  the basic switching level (BSL) of the 
transformer i s  exceeded transformer damage may occur and 23 transformer 
winding connection will determine i f  the surge will propagate t h r o u g h  
the transformer. 

Source region surges encountering ungrounded winding coglfi guration 
(wye, delta o r  star) will see an effective common mode open circwft 
configuration regardless o f  the secondary winding configuration. If the 
surge side winding i s  grounded, b u t  the secondary i s  delta c~nnected, 
the comon-rode surge will not propagate beyond the transformer. The 
current flowing in the delta connection must be calculated i n  order t o  
assess the probability of transformer damage due t o  short-circuit type 
mechanical forces. 

In the case o f  wye grounded primary and wye secondary connections, 
the surge will couple through the transformer and further analysis is 
required t o  define the limit' of propagation. For transformers 
containing delta connected tertiary windings, a special concern i s  of 

note. The tertiary i s  usually designed only t o  withs tand  30 t o  40% o f  
shor t  circuit currents (on the transformer rating base). Failure t o  
monitor the current in this winding may lead t o  mis-assessment o f  the  
possible transformer damage. 

The analysis i s  recursive for each line intersecting the  source 
region boundary. T h i s  portion o f  the methodology concludes w i t h  an I 

assessment o f  the damage and "state" change o f  these 1 ines. 
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5.5 System S t a b i l i t y  Analysis 

A t  the conclusion of the source region surge analysis, the 
real-time o f  the system is several milliseconds after the burst. The 
system state a t  this time i s  known based on: 1 )  estimates o f  EMP 
damagelmisoperation and 2)  f a u l t  conditions requiring system protective 
operation. In a d d i t i o n ,  the methodology now acknowledges the non-EMP 
damage associated w i t h  the surface burst. Such damage cannot be assumed 
to  occur a l l  a t  the same time. As discussed i n  Section 2 af this 
report, above-ground lines and faci l i t ies  located a t  the 3.5 psi 
boundary may not  experience direct damage until several seconds after 
the burst. 

Fur the purpose of this methodo7ogy, such damage may be divided 
in to  two areas, one established by the fireball radial distance p l u s  an 
outer perimeter establ i shed by peak-overpressure greater than 3.5 psi 
Systemic damage t o  the power g r i d  o u t  t o  the fireball radius i s  added t o  
the post-EMP system state t o  form the i n p u t  data  simulation case for a 
transient stability study. An overview o f  this methodology i s  shown as 
Figure 38. Ihe study simulates a few seconds o f  elapsed time,' I f  the 
system remains stable; 1) a new load f l o w  i s  computed, 2)  peak over- 
pressure damage is added and 3 )  a new s t a b i l i t y  run is  accomplished, A 
practical limit t o  this study may be out  t o  ten seconds after the event. 
The stability analysis i s  terminated and the system state is 8 

characterized. 

]if the system does n o t  remain stable during t h e  initial stability 
r u n ,  a concluding assessment i s  made o f  system state. 

5.6 Summary 

The methodology presented herein considers the f i r s t  ten seconds o f  
a nuclear surface burst as a set o f  three distinct threat environments, 
separated by time. The assessment process incorporates known power 
system analysis techniques combined w i t h  a paral le l  methodology 
developed for HEMP assessment. 
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DE7ERMINE SYSTEM STATE 
A K E R  SREMP ASSESSMENT 

c 

P 
I PERFORM 

STABILITY STUDY 

COMPUTE NEW 

I 4 INCLUDE ADDITIONAL 
# W E W  3APASE 

DETERMINE SYSTEM STATE 
A7 END OF ASSESSMENT 

Fig.  38. Overview of  system stability 
assessment methodology. 
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The initial i r ; t  o f  the  nuclear surface burst is a strong 
function of locatior . e e ,  what por t ion  o f  the grid can undergo initial 
nan-EMP damage andi source region surge exposure. Although distri  - 
bu t ion  systems near the burst origin can expect t o  undergo extensive 
damage, perhaps more severe t h a n  the transmission network. From a 
systemic viewpoint, the methodology focuses on loss o f  generation 
capacity and the transmission network. 

The methodology does not  extend in time long enough t o  address 
system manned restoration a t  some p e r i o  o f  time after t h .  evrnt .  
Determination of the system state and facility status 10 seconds after 
the burst can be extrapolated i n  time with the inclusion o f  other weapon 
effects. From a long term perspective, the u t i l i t y  g r i d  near the burs t  
location may very well be abandoned and a new grid will be formed t o :  
1 )  bypass the affected area and 2 )  service new load centers. I n  this 
context, the methodology presented herein serves as a pre?ude t o  such a 
to ta?  assessment. 
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6. SREW COMPUTER CODES AND MODELS 

6.1 Introduction 

The methodology divides the total assessment o f  nuclear surface 
burst SREMP i n t o  three distinct phases: 7 )  radiated fjeld assessment, 
2)  SOUT'CE! region surge assessment and 3 )  system stability assessments 
incorporating physical damage. From a power system analysis perspec- 
tive, each o f  the three phases requires different sets o f  digital 
simulation codes and models. 

In contrast t o  early-time HEMP simulation, where the coupling of 

the radiated field to  the system produces very high frequency surges, 
the coupled responses, expressed i n  terms o f  open-circujt voltages 
(short-circult currents) due t o  the SREMP radiated field, a t  a p o i n t  of 
interest has a time dependence i n  the same range as lightning phenomena. 
Thus ,  the models required on the simulation can be directly adapted from 
conventional lightning models. This similarity greatly facil i tates the 
simulation since the  models and strength data have been previously 
validated i n  lightning research. 

of 
On 

sw 

SLI 

A complimentary analysis can be drawn w i t h  respect t o  the waveshape 
the source region surge and surges generated by breaker operation[s) 
power systems. Study techniques and system models developed for 

tching surge analysis can be applied t o  SREMP surges. 

The fact that the system disturbance is generated by a nuclear 
face burs t  environment(s) develops a different set o f  i n i t i a l  

conditions, but does not change the use of conventional system 
assessment techniques such as short-circuit, stabif i ty,  and load f low 

studies . 
This section describes the requirements o f  additional digital codes 

and models needed t o  perform the to ta l  assessment descrjbed above. 
However, since most models required, by virtue o f  the similarity o f  

SREMP induced waveforms t o  7 ightning and switching transients, a r e  well 
documented [25,26,27] only a few are presented here. 
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6.2 Simulation Codes 

Three different  types of computer codes a re  needed to  assess the 
impact of SREMP on c ivi l ian power systems. These are:  

Q Program to compute the excitation of e lec t r ica l  
conductors by SREMP radiated f i e ld .  (Field Excitation 
Program) 

e Program t o  propagate source region surges into networks. 
(Transients Program) 

e Program t o  evaluate power system response(s) following 
the SREMP effects .  (Load Flow, System Stabi l i ty ,  and 
Short-circuit Analysis Programs) 

The  Field Excitation Program (FEP)  determines the open-circuit 
voltage (Thevenin source) a t  locations o f  in te res t  beyond the source 
region boundary. The coupling algorithms can be deve?oped from the 
relevant equations presented in Section 4 o f '  this report. The program 
should have the following capabi l i t ies :  

Simulate the incident e l e c t r i c  f i e ld  a t  any f a c i l i t y  and 
along any l i ne  physically located beyond the source 
reg! on boundary. 

Model propagation constants 6=atjB for  different  types of 
l ines  and feeders, where a and are the respective 
attenuation and phase constants. 

Model multi-conductor 1 ines including neutral and 
overhead ground w i  res 

Incorporate corona e f fec ts  on the propagation of the 
vo1 tage waves. 

Include frequency dependent grounds. 

Include the dependence of l i ne  spat ia l  orientation. 

Model the terminating impedance of the line, a t  both 
ends, by any arbi t rary load. 



101 

A computer code has been developed i n  Phase I of this project t o  
evaluate the open-circuit voltages due t o  radiated fields along a sfngle 
conductor above earth. T h i s  program forms the basis  for the FEP 
assessment code to  be completed i n  the Phase I1 research. 

A transients program i s  needed fo r  simuKation o f  the propagation o f  
the source region surge i n  the power system as well as for the 
assessment o f  damage to  station equipment by the radiated field 
transient overvoltages. The Electromagnetic Transients Program 
(EWP) [28,29] i s  adaptable t o  f i 7 7  this requirement. T h i s  program i s  
recommended due t o  wide use and acceptance among el ectri c u t i  1 i t y  
companies. Section 6.3 of this report descritaes some o f  the models 
needed i n  conjunction w i t h  t h i s  program. 

The load flow and stabil i ty programs needed t o  simulate the 
operational impact of SREMP on power systems can be accomplished by 
exfsting computer codes, e.g. WESTCAF. In contrast to  MHD-EMP investi- 
gat ion ,  no special model need t o  be added t o  these programs. A short- 
circuit program i s  also needed t o  evaluate the system equivafents 
required as an input t o  load flow and s t a b i l i t y  codes. E x i s t i n g  codes 
can be used w i t h o u t  modification. 

6.3 Simulation mdels 

Network models are required t o  match the frequency response o f  the 
elements they represent. The  prospective size of the systems t o  be 
studied i n h i b i t s  the use of extremely detailed models f o r  every element 
in the analysis o f  large power systems. Hence, adequate'but approximate 
models are needed. As examples t o  the above, this section describes 
some o f  the we1 l known model s for power transformers, distribution 7oads, 
and transmission/distribution lines. 

6.3 .l Transformer Models 

The voltages which appear on the secondary (or  tertiary) terminals 
o f  transformers due t o  surges on the primary terminals are conposed o f  

four  components [30]. 
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li E l e c t r o s t a t i c  component. 

A Electromagnetic component. 

e O s c i l l a t o r y  component i n  t h e  pr imary winding which 
i n i t i a t e s  a corresponding o s c i l l a t i o n  i n  t h e  secondary 
and t e r t i a r y  w i  nd i  ngs . 

e Second o s c i l l a t o r y  component produced i n  t h e  secondary 
and t e r t i a r y  winding. 

Figure 39 dep ic ts  a t r a n s f e r r e d  surge through a transformer. The 
i n i t i a l  sp ike (A )  i s  t he  e l e c t r o s t a t i c  component, t h e  dashed l i n e  ( B )  i s  
t h e  electromagnetic component and the  s o l i d  l i n e  o s c i l l a t i o n  i s  due t o  
t h e  osc i  11 a t o r y  components. 

The magnitude and shape o f  t he  vo l tage t r a n s f e r r e d  by the  e l e c t r o -  
s t a t i c  coup l ing  i s  dependent on: 1 )  t h e  f r o n t  o f  t he  SREMP induced 
open-c i rcu i t  vo l tage a t  t h e  primary te rmina ls  o f  t h e  transformer, 2 )  the  
nature and impedance o f  t he  load connected t o  the  secondary and 3 )  t he  
capacitance d i s t r i b u t i o n  w i t h i n  the  transformer. A few tenths o f  a 
microfarad capacitance added t o  the  secondary te rmina ls ,  a low ohmic 
load, o r  s t a t i c  p l a t e s  ( i n t e r n a l  sh ie lds )  a l l  a c t  t o  reduce t h i s  
component. 

The magnitude o f  t h e  o s c i l l a t o r y  components a re  usua l l y  small 
compared t o  the  electromagnetic component and can be neglected i n  most 
p r a c t i c a l  cases. However, they  should be inc luded f o r  a complete 
assessment o f  SREMP. 

The va lue o f  t he  coupled electromagnetic component i s  a f unc t i on  
o f :  1 )  t ransformer t u r n s  r a t i o ,  2)  leakage impedance, and 3)  the  
connected impedances t o  winding terminals ,  and 4)  t h e  waveshape o f  SREMP 
induced open c i r c u i t  vo l tage.  It has been shown through f i e l d  and 
labo ra to ry  measurements [30] t h a t  t h e  maximum overvol tage obta ined 
through the  electromagnetic coup1 i n g  on t h e  unsurged winding cannot 
exceed EIN, where El i s  t h e  magnitude o f  t he  surge on t h e  surged winding 
and N i s  t h e  tu rns  r a t i o  o f  t h e  unsurged t o  t h e  surged windings. 
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The electrostatic coupling, a s  mentioned above, i s  linited by and 
+ i s  a function o f  the capacitance distribution i n  the transformer. 

Hence, the overvoltage on the unsurged winding can be much greater t h a n  
El N e  

High frequency models for transformers, necessary for radiated 
field assessment, can be very complex. Detailed derivatjons o f  these 
power transformer models have been documented [253. In addition t o  
these "classical" mdel s, Vance [333 indicates that additional elements, 
such a s  winding assymmetry and bushing inductance need t o  be incorpora- 
ted for the analysis o f  EMP (more typically HEMP) induced voltages. The 
usefulness o f  any model i s  a strong function o f  available, measured data 
developed by the equipment manufacturer o r  electric u t i 1  ity. 

For network analysis, approximate models f o r  radiated field/trans- 
former analysis can be the elementary circuit shown as Figure 40. In 
many digital simulation studies performed by Westinghouse i t  has been 
shown t h a t  such models duplicate the transformer behavior i n  the 

frequency range associated w i t h  the radiated field. When the efectro- 
magnetic circuit is added t o  the capacitive model, the composite model, 
shown as Figure 41 i s  obtained. A refinement o f  the composite model 
should allow resistances R1 and R2 t o  be frequency dependent t o  reflect 
higher losses a t  h i  g h w  frequencies. Although this frequency dependence 
has not  been used for typ-ical lightning studjes, i t  i s  recommended fo r  
t h i s  research program. 

For source region surge simulation, i t  i s  anticipated t h a t  
transformer electromagnetic cougl i n g  plays a major role i n  surge 
transfer across the windings. Standard models now used to  represent 
transformers for switching studies 00 transient network analyzers (TNA) 
or digital programs are applicable. Transformer core sa tu ra t fon  should 
be modeled. The inclusion of capacitances, while preferable, i s  not 
essential since, i n  this case, the electrostatic component i s  o f  
secondary importance compared t o  the electromagnetic component. 
Figure 42 depicts a typical model for a three-winding transformer 
appl icabl e for studying the electromagnetic transfer of the source 
region surge. 
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A 

Fig. 39. Typical surge voltage 
transferred through the transformer. 

R F SURGE 

Fig. 40. Electrostatic model for a transformer 
for the analysis o f  the radiated f ie ld effects ,  



105 

Fig. 41. 
the analysis o f  the radiated field effects. 

Complete model o f  a transformer for 

e Fig. 42. Model for  a three winding transformer f o r  
the analysis o f  the source region surge effects. 
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6.3.2 Representation o f  Loads 

' Alternate circuit models have been developed for  the representation 
Some of these models are 

Previous Westinghouse experience has shown t h a t  the 
- series-parallel circuit {model 3 )  yields the best results f o r  h i g h  

' o f  system loads for d i g i t a l  transient studies. 
shown as Figure 43.  

frequency sirnu 1 a t  ion. 

6.3 .3  Frequency Dependence o f  Line Parameters 

Frequency dependent line models have been developed and implemented 
on the EMTP [34,35]. Validation o f  these models has shown good 
correlation w i t h  actual field measurements. I t  i s  recommended t h a t  
select use of these models be incorporated for SREMP assessments o f  

uti1 i t y  systems. Prel iminary assessments may employ frequency 
independent line msde1s t o  obtain a f i r s t  estimate of interaction. 

6.3.4 Corona and Ground Mode Propagation 

The practical effect of corona and ground mode propagation i s  t o  
retard the front of the wave and,  dependent on the wave-tail, decrease 
the crest magnitude o f  voltage surges propagat ing over electrical 
conductors. For source region surge simulation, preliminary 
calculations and knowledge o f  switching surge propagation strongly 
suggests t h a t  l i t t l e  mitigation will result even over long lines. For 
example, simulation of a 300/3000 us surge was placed i n  common mode on 
each o f  the phase conductors o f  a 132-kV transmission line. For this 
surge waveshape, a ground mode surge impedance of 632 ohms and a 
resistance of 53 ohms were used. A t  a distance o f  100-km the surge 
voltage was attenuated by 9% while the front was retarded by 70 ps. In 
conventional switching surge simulations, the combined attenuation and 
retardation are small and can be normally neglected. 

The same results cannot be expected f o r  surges induced by the 
radiated field. Simulations o f  lightning surges h a v i n g  short fronts and 
t a i l s ,  and preliminary calculations performed as part o f  this research 
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program indicate a significant reduction i n  magnitude by t he  inclusion 
o f  simplified corona models on lines o f  interest. I t  is recornended 
tha t  corona be included as part o f  t h e  radiated f ie ld  simulations, bu t  
may not be significant f o r  source region su rge  mit igat ion.  

6.3.5 Surge Arrester Model s 

Two arrester technologies are incorporated i n  the uti1 i t y  system 
grid: metal or minc-oxide (ZnO> and t rad i t iona l  s i 1  icon-carbide ( S i G ) .  

Models of  both technologies are required t o  perform transient 
simulations. 

The Sic  design has a non-linear Sic block i n  series w i t h  a gap 
structure, as  shown in Figure 44. Flashover of  the gap i s  a Function o f  

b o t h  the magnitude and rate-of-rise of  the voltage t o  ground. Models 
for S i c  arresters consist o f  t h e  voltage dependent f?ashovcr gap i n  
series w i t h  a non-1 i near resi stor. Source regSon surge assessment 

characteristics are applicable for radiated field assessment. 
employ switching surge flashover characteristics. L i g h t n i n g  

Some ZnO arresters are modeled by nonlinear resistors w i t h  or  
w i t h o u t  a gap depending an the manufacturer. The volt/current (VI) 
characteristic for the model of ZnO arrester fo r  t he  radiated field 
studies are taken directly from the manufacturer's da ta .  For the source 
region surge studies, one may extrapolate t he  VI characteristic from the 
VI characteristics given for  8x20 impulse and the singular switching 
irqulse pr~tecifve level supplied by the rnanufactuwr far the $5~90 
surge. 

6.3.6 Rota t ing  Equipment 

The transient equivalent circuits o f  generators and motors are 
cornplex combinations o f  inductance and capacitance which represent not 
only the impedance o f  windings t o  ground, bu t  also the coupling between 
coils and turns. These circuits can and have been altered to  less 
complex circuits when considering different applied waveshapes. 
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Fig.  43.  Models used f o r  d i s t r i b u t i o n  loads.  
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F i g .  44. Model for a S i c  arrester. 



In a power system, two transient events are presently studied t o  
analyze the required machine protection: 

o Lightning, where the surge voltage arrives a t  the machine 
terminals through a transformer, or is directly 
transmitted t o  the machine by cables or lines [30,31,32]. 

B Switching, where the surge i s  created by a circuit 
breaker located adjacent - t o  the machine - a t  the - same 
vel t a p  1 eve1 . 

Originally, only the lightning event was studied, since i t  was 
assumed t h a t  lightning would produce the worst electrical stress on 
machine t u r n  and ground wall insulation. More recently, i t  has been 
found t h a t  the switching produced by the circuit breaker can produce 
steeper fronts (0.1 t o  0.2 ps) t h a n  l i g h t n i n g .  The machine equivalent 
circuit required when a steep wavefront surge impinges on a machine is 
complex and presently i s  being InGestigated through tests and 
theoreticaI development [36,37j. 

For machines connected through transformers t o  the system , surge 
arresters on the high-voltage side o f  the transformer provide protection 
for b o t h  the lightning surge and f o r  switching surges generated on the 
high-voJtage system. Machines directly connected ( through cables o r  
lines) usually have surge arresters and possibly capacitors applied a t  
the machine terminals. 

The two types of  surge voltages produced by the nuclear surface 
burst  require different types o f  equivalent circujts. For the 
long-front, long-tail source region surge, the usual method of 
presenting the machine by i t s  subtransient reactance can be used. 
However, f o r  the surge produced by the radiated field, which somewhat 
resembles lightning impulse, a more detailed circuit i s  requfred. In 
the past, the machine has k e n  successfully modeled simply by its surge 
impedance [38]. T h i s  same external representation can be employed for  
radiated fie1 d assessment. 



I 6.3.7 Line Insulation 

An important aspect of EMP assessment of c iv i l ian  e l ec t r i c  u t i l i t y  
systems i s  the study of l ine  insulation performance in response t o  EMP 
surges. Line flashover culminating i n  a f a u l t  condition requires the 
power system t o  undertake an immediate protective action; i .e. ,  c i r cu i t  
breaker or fuse operation t o  c lear  and/or isolate  the affected portion 
o f  the g r i d .  

For 1 ine insulation systems, the insulation strength i s  normally 
expressed in terms o f  the Cri t ical  Flashover Voltage ( C F O ) .  By 
defini t ion,  CFO i s  not  a deterministic value; the voltage corresponding 
t o  CFt? i s  the 50% probability s t a t i s t i c  associated w i t h  a dis t r ibut ion 
of i: dlation strength. For any given insulation system, the basic 
know1 19% of the strength dis t r ibut ion for  a given s t r e s s  has been 
deterrni ned from t e s t  programs e 

For switching surge study, the switching CFO is  a strong function 
of the physical condition of the l ine  (wet or  dry, degree o f  contamina- 
t i o n )  as well as the polarity and waveshape of the surge. These e f fec ts  
are  depicted i n  Figure 45 for  a 500-kV l ine  design [39]. This figure 
shows the e f fec t  of the wavefront on the CFO for  wet and dry conditions, 
positive and negative polarity.  I t  i s  important t o  note that  the 
U-shape curves indicate a c r i t i c a l  wavefront exists which resu l t s  i n  a 
min imum insulation .strength. Wet conditions decrease the CFO more for  
negative t h a n  posit ive polarity.  Wet, positive polarity produces the 
lowest CFO values. 

I t  i s  a lso important t o  recognize the difference i n  insulation per- 
formance between lightning and switching surges w i t h  respect t o  CFO. 
Figure 46 shows, f o r  dry, positive polar i ty  and c r i t i c a l  wavefront the 
respective performance a s  a function of horizontal s t r i ke  distance. 

Test research i n  the area of switching surge flashover 
phenomena [39] has shown tha t  insulation strength dis t r ibut ion 
(flashover dis t r ibut ion)  Cali be approximated by a cumulative Gaussian 
distribution of two parameters. The __. mean forms the definit ion o f  CF0 



Fig. 45. Effect o f  wavefront on switching CFO [39]. 
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and the coefficient o f  variat ion norma11 expressed in percent of the 
CFO. The term "withstand voltage" (V,) i s  defined a t  three standard 
deviations below the CFO. This concept is shown as ,Figure 47. As 
shown, the probability o f  flashover fo r  a crest voltage equal t o  the 
withstand voltage is 0.135%. 

When the statistical distribution of the stress i s  known, in 
addition t o  strength d a t a ,  the probability t h a t  the stress will exceed 
the strength can be evaluated. This technique is graphically shown as 
Figure 48. This approach forms the basis of current insulation system 
designs based on probabilistic methods. 

6.4 Summary 

Embedded within the methodology described i n  this report are 
necessary assumptions, applicable t o  civilian power system assessments, 
based on the nature of the SREMP associated w i t h  nuclear surface bursts. 
Prel iminary calculations o f  the respective transient avervoltages due t o  
the source region surge and radiated field excitation strongly indicate 
t h a t  existing power system analysis techniques can be used t o  assess 
SREMP effects on ut i l i ty  systems. 

Additional code development i s  required t o  fully develop the field 
excitation program f o r  radiated field assessment e The Electromagnetic 
Transients Program (EMTP) can be used with the addition o f  corona models 
and specific equipment models drawn from the existing "building-block" 
format of the program, The EMTP i s  directly applicable t o  the 
sirnulatian of source region surge propagation. 

The ability t o  perform meaningful nuclear surface burst EMP 
assessments, in the p u b l i c  domain may be predicated more on the 
availability of the necessary environmental descriptions (and the 
uncertainty contained therein) and less on the power system assessment 
technique required t o  perform the assessment, 
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Fig. 47. Comparison o f  CFO and withstand 
voltage (V3)  [39]. 
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Fig.  48. Graphic depictiom o f  stress-strengh analysis 
used t o  determine the probability o f  flashover [39]. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

Phase I research t o  investigate the effects of  nuclear surface 
burst SREMP on the civilian electric ut i l i ty  system suggests t h a t  the 
SREMP environment alone may place the directly illuminated por t ion  o f  

the system a t  some risk, Such risk i s  in addition t o  the impact o f  
non-SREMP effects due t o  the burst. The nature o f  the SREMP threat can 
be understood i n  terms of  transient surges induced on the system w i t h i n  
the source region, and o f  t he  transient electromagnetic field. tha t  
illuminates the system for some distance beyond the saurce region. In  
preparation for Phase I1 prel iminary risk assessment, a methodology 
applicable t o  electric power systems has been developed. This 
methodology anticipates the necessary environmental and power system 
da ta  bases, coupling response mechanisms, and power system analysis 
techniques necessary t o  conduct quantitative assessments, 

In the areas of SREMP environment81 definitions, power system 
response, methodology development, and system analysis, the follawing 
conclusions are reached: 

1. A nuclear surface burst will produce significant 
transient electromagnetic environments i n  add i t ion  t o  
other direct b l a s t  effects. Based on a principle o f  
"balanced survivability," power system assessment must 
consider a l l  initial aspects of the burst since, f o r  a 
given radial distance from the burst, the power system 
will be destroyed and/or damaged by burst effects other 
t h a n  SREMP. 

2. Within the source region, transient electrical surges 
will be coupled t o  and propagate via  overhead lines and 
underground cable systems penetrating o r  traversing this 
region. These physical interconnections f o r  surge propa- 
gat ion will result in surge interaction w i t h  the 
remaining power system prior t o  destruction o f  the g r i d  
located within the  region. Preliminary investigation 
suggests t h a t ,  for weapons o f  interest, the radial 
distance of the source region may be less than o r  equal 
t o  the radius of direct physical damage. Specific threat 
distances are a strong function of weapon design and 
deployment . 
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3.  Phase I research suggests t h a t  a practical and reasonable 
location t o  define the source region transient surge is 
a t  the source region boundary. Previous investigations, 
published i n  the p u b l i c  domain, indicate t h a t  the 
time-domain waveform for such surges, defined a t  t h i s  
boundary, may e x h i b i t  a time t o  crest greater than 250 
microseconds and a f a l l  t o  half-value on the order of 
several milliseconds. Such a time domain waveform has 
great s imilar i ty  t o  switching surge phenomena experienced 
on exis t ing power systems. The peak magnitude o f  the 
surge, defined a t  the source region boundary, may be on 
the order o f  100 kiloamperes t o  300 kiloamperes o f  
short-circuit  current. For power system simulation, the 
source region surge may be modelled by a Norton 
equivalent source located a t  the boundary o f  the region. 

4. In addition t o  the above surges, formed w j t h i n  the source 
regi on,  the el ectric u t i  1 ity system w i  11 be i 11 umi nated 
f o r  some distance ‘beyond the region by a rada’ated, 
transient electromagnetic f ield.  This radiated f i e l d  i s  
characterized by vertical  polarization and radial  propa- 
gation outward from the b u r s t .  Previous investigations, 
published i n  the public domain, indicate t h a t  the 
radiated f i e l d  time-domain waveform may exhibit  an 
i n i t i a ?  t ime t o  crest 01;) the order of  a microsecond w i t h  
an i n i t i a l  zero crossing w i t h i n  tens o f  microseconds. 
The in i t ia l  peak magnitude o f  the electric f i e l d  a t  the 
source region boundary may be on the order o f  several 
kilovolts per meter. Beyond the source region, the peak 
vo?tage decreases a s  l / r  f o r  increasing distance. 

5. Preliminary calculations,  perfomed as p a r t  of the Phase 
I research e f for t ,  indicate t h a t ,  f o r  lines radial ly  
directed t o  and outs ide  o f  the source region, there may 
exist some c r i t i c a l  length of line a t  w h i c h  the peak 
open-circuit voltage i s  maximum. Based on the radiated 
f i e l d  example presented i n  th is  report ,  a maximum open- 
circuit  voltage a t  an approximate distance o f  5 kilo- 
meters beyond the source region boundary was noted. 
Calculations a l so  indicate tha t  f o r  a given distance the 
coupl ing is maximeam f o r  the radial  line and decreases f o r  
a l l  other angles of  incidence. 

6. For overhead l ines exposed t o  surges formed within the 
source region and illuminated by the radiated f i e l d  
beyond the region, the source region surge may dominate 
line and system in i t i a l  response. 
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7 .  Existing power system analysis codes, such as EMTP and 
WESCAT", can be modified and/or direct ly  incorporated 
w i t h i n  the SREMP assessment methodology. Additional 
d ig i ta l  code development will be required t o  t rans la te  
the SREMP radiated f i e l d  environment t o  system i n i t i a l  
t ransient  response. 

The Phase I investigation of SREMP interaction with the e l ec t r i c  
power system has revealed several areas of additional research required 
to  perform preliminary risk assessments. The investigations should be 
accomplished a s  an early part o f  the Phase I1 research e f for t  prior t o  
such assessments. 

The recommendations for  additional research are : 

1 .  Detailed development of' SREMP and other applicable 
nuclear surface burst e f fec ts  i n  the form o f  a unified 
environmental definit ion d i rec t ly  applicable fo r  c iv i l ian  
e l ec t r i c  u t i l i t y  system analysis. T h i s  report suggests 
t ha t  a practical spat ia l  'oeation for  the SREMP 
characterization is a t  the source region boundary. The 
above development should be a coordinated e f fo r t  of the 
Defence Nuclear Agency and Oak Ridge National Laboratory 
w i t h  assistance from the Phase I research team. 

2. Research a s  to  the appropriate source region terminating , 

impedance f o r  app l  icable 1 ines and cables. Present 
assumptions range from a short-circuit  termination t o  
representat ion by the appropriate character is t ic  
impedance. I t  i s  recognized tha t  the best assumption may 
be a time-dependent value for this impedance. 

3 .  Additional research a s  t o  an integrated EMP environmental 
description applicable t o  investigations which consider 
simultaneous or time-spaced, j o in t  high-altitude and 
surface burst events. 
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