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FOREWORD

The Division of Electric Energy Systems (EES) of the 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 to electromagnetic
pulse (EMP). The DOE/EES EMP program plan is documented in a DOE report
entitled, "Program Plan for Research and Development of Technologies and

Systems for Electric Power Systems Under the Influence of Nuclear

Electromagnetic Pulses,™ DOE/NBB-003, May, 1983. The research
documented 1in this 0Oak Ridge National Laboratory (ORNL) report was
conducted under program plan elements E1, "EMP Surge Characterization

and tffects" and EZ, "EMP Assessment Methodology Development and
Testing.”

The research documented in this volume considers electric power
system models and methodology applicable to explore the interaction
between nuclear surface burst electromagnetic pulse (SREMP) and civilian
2lectric utility systems. The resuits of this work will be used in
subsequent phases of the research program to simulate such interaction,
to assess the possible consequences and to explore relevant mitigation
techniques.

A1l data pertaining to SREMP environments have been obtained from
public 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
environments.

This document is Volume 4 of a four volume series that describes an
EMP assessment methodology for civilian electric power systems.
Volume 1 is an Executive Summary, Volume 2 discusses high-altitude EMP
(HEMP), Volume 3 discusses MHD-EMP, and Volume 4, this document,
discusses nuclear surface burst, source region EMP (SREMP).
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ABSTRACT

The surface burst of a nuclear device, within the continental
United States, can expose nearby portions of the civilian electric
utility system to transient, source region electromagnetic pulse
(SREMP). This threat is in addition to any coincident, non-SREMP damage
to the system due to craterization, fireball, blast wave and radiation.
The unique properties of the civilian electric power system, such as its
complex electrical interconnection over a vast geographic area, strongly
suggests that a separate SREMP assessment methodology should be prepared
with specific focus on the power system.

This volume documents a preliminary research effort to: (1)
investigate the nature and coupling of the SREMP environment to electric
power systems, (2) define the attributes of system response, and (3)
document the development of a unified methodology to assess equipment
and systematic vulnerability.

The research, to date, does not include an attempt to quantify
power system performance in an SREMP environment. This effort has been
to develop the analytical tools and techniques necessary to perform such
assessments at a later time. It is anticipated that the SREMP
methodology will be incorporated into a comprehensive EMP assessment
process to investigate total system risk.

*LuTech, Incorporated, Lafayette, CA
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1. INTRODUCTION

In recent years, there has been a growing awareness on the part of
the electric utility industry and relevant government agencies
concerning the potential impact of electromagnetic pulse (EMP) on the
civilian electric power system. The concern has primarily focused on
the impact of very early-time transient electromagnetic fields produced
by the burst of a nuclear weapon outside the earth's atmosphere. The
EMP phenomena 1is not 1limited to this high-altitude burst scenario.
Spatially local EMP signals are also produced in and around the surface
burst of a nuclear weapon. This type of electromagnetic transient has
been defined under the term: source region electromagnetic pulse
(SREMP).

Since the United States electric power network of generation,
transmission and distribution may be exposed to SREMP phenomena, it is
of critical importance to national security that a methodology be
developed to assess the vu]nerabiTity of electric power systems to this
unique, externally imposed, electromagnetic transient environment. The
creation of such an assessment technique would enable all interested
parties to quantify the potential SREMP risk to existing systems and
explore mitigating strategies. SREMP assessments have been performed
for other types of electrical systems such as found in military weapon
and communication facilities. The unique properties of the civilian
electric power system, such as its complex electrical interconnection
over a vast geographic area strongly indicates that a separate SREMP
assessment methodology should be prepared with specific focus on the
electric power system. A1l EMP methodology developments begin with an
appreciation of the nuclear source region.

An elementary definition of the "source (deposition) region" is:
that space related to or surrounding a nuclear burst where an electro-
magnetic pulse (EMP) is produced. Within the source region, the initial
EMP generation mechanism can be understood from the Compton process.
This physical model is dominated by the production of gamma radiation
(y-radiation) from the weapon itself and from weapon produced neutrons



and their interaction with air and ground materials. The collision of
gamma photons and air molecules liberates high-energy free Compton
(recoil) electrons moving away from their parent ions. Additional
interactions between the Compton electrons and the atmospheric
environment creates an electrically conductive medium of low-energy
(secondary) electrons and positive/negative ion pairs. The result of
large-scale charge separation 1is the creation of a strong radial
non-radiated electric field within the source region.

Any asymmetry of the source region, due to environmental
parameters, will result in a net radiated EMP transient. These
transient fields, created by the charge motion within the source region,
will also exist outside the region. Such asymmetry can be produced by
1) an air/earth boundary (surface bursts), 2) variations in atmospheric
density (mid-altitude bursts) and 3) the space/atmospheric interface in
combination with the earth's geomagnetic field {high-altitude bursts).

The assessment of risk to the electric utility power system due to
EMP must 1initially consider the threat to power system components
located within the source region and that threat associated with power
system components located outside the source region but exposed to the
radiated EMP transient fields. For a nuclear weapon burst whose origin
is essentially outside of the earth's atmosphere, the source region is
created at an altitude between 20 and 40 kilometers above the earth's
surface. Since none of the electric power system is located in this
source region, the system threat is limited to the radiated EMP fields.
The 1initial transient phenomena associated with the above radiated
fields has been defined as early-time "high-altitude electromagnetic
pulse" (HEMP). This initial HEMP is immediately followed by an inter-
mediate-time HEMP due to scattered gamma photons and inelastic gammas
from weapon neutrons. At much later times, the quasi-static transient
of the same event has been defined as "magnetohydrodynamic-electro-
magnetic pulse" (MHD-EMP). Assessment methodologies required to in-
vestigate the impact of HEMP and MHD-EMP on electric power systems are
presented in separate volumes of this report.



For a nuclear burst whose origin is located within the earth's
atmosphere, where the source region does not intersect the surface
and/or the electric power system, the threat to the electric power
system is also limited to a radiated EMP field. The greater symmetry of
this source region results in a relatively weak radiated field when
compared to high-altitude and near-surface burst locations. In this
research effort, the EMP threat associated with a mid-altitude (air)
burst will not be considered since: 1) the source region and the power
system location are not coincident and 2) the radiated EMP field is
significantly less than those associated with high-altitude or surface
burst events.

It is in the case of a surface (or near-surface) contact burst that
portions of the electric power system can physically exist within the
source region while the remainder of the system, to some distance, will
be exposed to the corresponding radiated EMP transijent. Thus, for the
purpose of this report, source region definition shall be limited to
that associated with the surface burst of a nuclear weapon.

In contrast to high-altitude bursts, wherein the HEMP may
constitute the only threat aspect to the electric power system, surface
bursts will cause massive physical damage to system equipment located
near the origin in addition to any SREMP exposure. Section 2 of this
report briefly discusses major surface burst effects other than SREMP in
order to place the spatial extent of each effect 1in perspective and
introduces a concept known as "balanced survivability" for power system
assessment. Phenomena known as "nuclear lightning" and its potential
impact on electric power systems is outside the present scope of in-
vestigation and is not considered in this report.

Section 3 presents an overview of the physical models associated
with the production of an EMP within the source region. The spatial and
time dependent characteristics of the Compton current density (Ji) and
air conductivity (o) are developed as a prelude to field descriptions
via Maxwell's equations. Within the source region, the total field
definition 1is shown to be a function of a radial electric field (Er)’ a



vertically polarized electric field'(Ee) and an azimuthally-orientated
magnetic field (H¢). At the source region spatial boundary, the radial
electric field produced within the source region is small enough so that
the radiated field beyond the boundary can be defined as a vertically
polarized electric field and an associated magnetic field propagating in
air over a lossy ground.

In Section 4, the coupling of SREMP transient fields to power
system lines and facilities 1is explored. Knowledge of the coupling
mechanisms allows for definitions of the transient overvoltage/over-
current surges induced on illuminated conductors within and outside of
the source region. It 1is shown that surges induced within SREMP
illuminated areas can propagate via transmission and distribution
networks to affect equipment beyond the illumination boundary.

A comprehensive methodology is documented in Section 5 to assess
the impact of SREMP on electric power systems. The methodology contains
a recommended format for surface burst effects environmental definition
and includes the potential impact of non-SREMP threats as well as
potential SREMP equipment damage and system operational upset.

In Section 6, power system models and analysis techniques, relevant
to surface burst/SREMP assessment, are presented. This section also
jncludes a description of digital computer codes needed to perform a
system-wide study.

The report concludes with a summary of recommended areas of
additional vresearch to refine both the environmental definition and
assessment methodology.

The 1investigation, to date, does not include any attempt to
quantify power system performance in a surface burst/SREMP environment.
This Phase I effort has been directed to the development of tools and
techniques necessary to perform such assessments in subsequent phases.
The development of a validated methodology is the prereguisite to
consistent and meaningful risk assessment.



2. SURFACE BURST EFFECTS

2.1 Introduction

In the event of a surface (or near surface) burst of a nuclear
weapon, those elements of the electric power system near the burst point
will receive massive physical damage 1in addition to illumination by
transient source-region EMP (SREMP) fields. Any realistic assessment of
the SREMP threat to power systems must place this singular aspect of the
burst in the context of the entire range of threats.

This section of the report briefly discusses the major initial
damage aspects of the surface burst. In addition to the spatial charac-
terization of the source region, parameters of interest include:

® Spatial extent of craterization
] Fireball and thermal radiation
) Blast wave phenomena

This report does not attempt to quantify the physical damage to
affected portions of the power system due to the above parameters. The
potential spatial extent of such damage is presented in order to place
the spatial aspects of SREMP illumination into context. The primary
reference for burst effects, as discussed, is The Effects of Nuclear
Weapons-1977 [1]. Parameters are calculated by use of the nuclear bomb
effects slide-rule computer provided with the above reference.

For those facilities and systems designed to withstand the total
range of nuclear surface burst effects, the principle of "balanced
survivability" is an important concept. Briefly stated, this principle
requires that the subject system is hardened to withstand all weapon
threats, including SREMP, to a level at which the system will continue
to perform its intended function(s). The civilian power system, as
presently constituted, has not been specifically designed to withstand
the blast effects of a surface nuclear weapon. Within some radial
distance from the burst, the power system will be destroyed and/or



otherwise damaged to the point where the impacted section can no longer
perform its intended function(s). The SREMP threat becomes significant
only for that area outside of the damage zone, where SREMF constitutes
the major mechanism for additional damage and/or system operation upset.
The methodology developed in this report will use the principle of
"balanced survivability" to bound the spatial 1limits of SREMP risk
assessment for electric utility systems.

2.2 Blast Craterization

The surface (or near surface) burst of a nuclear weapon will cause
significant craterization in the earth directly beneath, and to some
distance away from, the burst point. This physical effect is enhanced
by a larger radius of ejected material surrounding the crater. As a
first approximation, the extent of craterization is a function of:

® height of burst
& weapon yield
& soil conditions

The craterization 1is maximum for a burst at the surface of the
earth. The depth and radius of the crater will be greatest for wet soil
(wet soft rock) and least for dry hard rock.

As illustrated in Figure 1 and tabulated in Table 1, for a given
height of burst and soil conditions, the amount of craterization is a
function of weapon yield. The data presented in Table 1 assumas an
intermediate soil condition and a surface burst at sea level.

An obvious conciusion can be drawn; that elements of the power
system resident at a distance less than or equal to the radius of
ejected material (RE) will be completely destroved by this effect alone.
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Fig. 1. Physical dimensions of interest due
to surface burst craterization effects.

Table 1

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

Weapon Crater Crater Material
Yield Depth (D) Radius (RA) Radius (RE)
(kt) (Meters) {Meters (Meters)
1.0 8.1 19.3 40.3
10.0 16.1 35.4 77.3
100.0 32.2 67.6 153.0
500.0 51.5 112.7 241.5
1000.0 61.2 135.2 289.8
10,000.0 125.6 281.8 644.0
20,000.0 151.3 354.2 772.8




2.3 Fireball and Thermal Radiation

Surface burst damage to systems proximate to the point of burst
will also occur due to the formation of the fireball and the effects of
thermal radiation. The physics associated with this phenomena is a
compiex issue; but as a first approximation, the extent of physical
damage is a function of:

height of burst
weapon yield
atmospheric conditions

D ® O O

combustion properties of materials

For the surface burst, the prompt source of thermal radiation is in
the form of X-rays which are absorbed within a very short distance from
the burst point. The energy is then re-emitted from the fireball as a
secondary thermal radiation in the ultraviolet, visible, and infrared
spectra. As a function of time, the interior temperature of the
fireball decreases steadily while the surface temperature initially
decreases and then increases for a period of time before it continuously
falls. Thus, there are two surface temperature pulses. The second
pulse contains almost all of the thermal energy. The vrelationship of
these two thermal pulses is shown as Figure 2.

Extreme temperatures are developed at the surface of the fireball,
Arn example of the temperature variation as a function of time is shown
as Figure 3. The data is taken from a 20-kiloton weapon yield.

Of direct interest in our investigation is the maximum radius of
the fireball and the time to meximum surface temperature of the second
pulse. Table 2 depicts this information as a function of weapon yield.
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Table 2

APPROXIMATE FIREBALL RADIUS AND ELAPSED TIME TOC
MAXTMUM SURFACE TEMPERATURE AS A FUNCTION OF YIELD

Weapon Yield Fireball Radius Elapsed Time

{kt) (Meters) (seconds)

1 90 0.043
10 220 0.13
100 550 0.30
500 1030 0.60
1000 1370 0.80
10,000 3380 2.10
20,000 4500 2.80

As with the <craterization parameter, surface power system
components within or near the fireball radius will suffer complete
destruction. Any direct, incremental damage due to SREMP, for
components in this location, is not considered.

2.4 Blast Wave Phenomena

The surface burst physical effect that can result in the largest
area of damage to power system elements is the blast wave phenomena.
The expansion of hot gases in the fireball causes a shock wave to form
in air and propagate outward from the burst point. For any structure, a
difference 1in air pressure on separate surfaces of that structure can
produce a force and thus, a damaging or destructive effect. The blast
wave effect can be quantified as the variation in time and distance of
the overpressure as a function of weapon yield.

At the shock front, the maximum value of the phenomena is defined
by the term maximum (peak) overpressure expressed in units of
Newton/meter2 (N/mz). For many structural types, the degree of damage
depends on the drag force associated with the strong winds accompanying
the passage of the shock wave. This effect is defined by the term
dynamic pressure expressed in the same units. The dynamic pressure is
proportional to the square of the wind velocity and to the density of
the air behind the shock wavefront.
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In order to illustrate time dependent concepts associated with the
blast wave, one can consider an observer location at some distance from
the burst point. As shown in Figure 4, for some period of time before
the shock wall arrives, pressure remains at atmospheric steady-state
conditions. At the time of arrival, the relative value of atmospheric
pressure and the magnitude of dynamic pressure can be modelled by a step
increase. This positive phase is characterized by a strong wind blowing
away from the burst point.

At some later time, the wind ceases to blow away from the burst and
changes direction such that a negative overpressure (suction) phase is
experienced, Still later in time, a change in wind direction again
occurs and wind blows away from the blast. This last effect may be due
to the expansion of air caused by an increase of temperature at this
time.

It is important to note that the magnitude of the dynamic pressure
always remains positive since, by definition, this pressure is an
absolute force, a measure of the kinetic energy of a certain volume of
air benhind the shock front.

Another important aspect of the shock wave associated with the
surface burst is that the incident wave and reflected wave are always
merged such that a single shock wave is formed as shown in Figure 5.
Near the surface, the wave front is essentially vertical; the transient
winds behind the front will blow in a horizontal direction.

Damage to power system components as a result of the blast wave
phenomena will occur due to the overpressure (dynamic pressure) of the
event and debris carried along with the event by the wind. A first
approximation as to the spatial extent of damage can be obtained from
the quantification of maximum dynamic pressure and maximum wind velocity
as a function of peak overpressure. This information is tabulated for
select values in Table 3.
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Table 3

PEAK OVERPRESSURE, DYNAMIC PRESSURE AND MAXIMUM
WIND VELOCITY IN AIR AT SEA LEVEL FOR IDEAL
SHOCK FRONT

Peak Overpressure Peak Dynamic Pressure  Maximum Wind Velocity

(N/m?) (psi) (N/m?) (psi) (km/hour) (miles/hour)
1.379x10§ 200.0 2.275x10§ 330.0 3,346 2,078
6.895x10; 100.0  8.481x10; 123.0 2.278 1,415
6.895x10,  10.0  1.517x10] 2.2 473 294
3.488x10; 5.0 4.137x103 0.6 262 163
2.413x10, 3.5  2.06910) 0.3 193 120
1.379x10 2.0  6.895x10 0.1 113 70

From the parameters shown in Table 3, it is reasonable to conclude
that power system equipment, located at or above the surface of the
earth, which experiences a peak overpressure greater than or equal to
3.5x]04 N/m2 (5 psi) will almost certainly sustain some damage such that
the equipment will no longer perform its intended function(s). This
conclusion is supported by test data obtained in 1955 at the Nevada Test
Range [1].

In the Nevada test(s) a 69-kV substation and a distribution line of
some fourteen wooden poles was placed at the 3.5x]04 N/m2 (5 psi)
distance expected from a 30-kiloton weapon burst. Recorded damage
1) the coi]apse of the 69-kV subtransmission tower, 2) down
and damaged wooden distribution poles, lines, distribution transformers
and 3) damage to substation batteries, housing, 4-kV regulators and
At that time,
assessed at a few days using material normally stocked by an electric
utility. It is interesting to note that this estimate seems to assume a
radiation fallout level low enough such that the work could be performed

in a safe manner.

included:

other equipments. the damage restoration time was

It seems reasonable to assume that as the peak overpressure seen by
the power system decreases, the probability of damage will also

decrease. Based on system design parameters for transmission and
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distribution systems [2,3], an argument can be made that, for a radial
distance from the burst where the peak overpressure is greater than
2§4x]04 N/m2 (3.5 psi) and corresponding winds of 193 km/hour (120
miles/hour) or greater, any above ground components, in total, will be
damaged such that the system will no longer operate. A reasonable
estimate for the largest radial distance where any damage can occur may
be the 1.4x104 N/m2 (2 psi) pressure ring.

For the surface burst, the radial distance of equal peak
overpressure, the arrival time of that pressure and the duration are
strong functions of weapon yield. These parameters, for select values
of peak overpressure, are tabulated in Table 4.

Review of the above data indicates that, regardliess of weapon
yield, the 3.4x104 N/m2 (5 psi) radial contour is always significantly
greater than the corresponding fireball radius and the extent of ejected
material from the crater. Thus, the spatial area of direct damage can
be understocd from the peak overpressure data and distances for
above-ground systems. This concept 1is graphically depicted as
Figure 6.

2.5 Source Region Spatial Characterization

The spatial extent of the nuclear surface burst source region is an
important parameter for power system assessment. In the open
literature, general limits have been described [6,7] which place a lower
bound, expressed as the radial distance from the burst, at three
kilometers (low-yield weapon) and an upper bound between five and six
kilometers (high-yield weapon).

It is important to note that, for any SREMP assessment, the "size"
of the source region has practical meaning only in the context of a
specific problem and physical assumptions. Boundary estimates may be
derived from SREMP physical arguments based on: 1) the radial distance
at which the electrical conductivity of air (o) does not rise beyond a
certain magnitude, 2) the radial distance at which the peak Compton
current density (Jﬁ) has a maximum Tower 1limit, or 3) the radial
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Table 4

RADIAL DISTANCE, ARRIVAL TIME AND DURATION FOR
SELECT PEAK OVERPRESSURES AS A FUNCTION OF
WEAPON FIELD

Weapon Peak Radial Arrival
Yield Overpressure Distance Time Duration
(Kt) (N/m?) (psi) (km) (seconds) (seconds)
1 3.4x107 5.0 0.443 0.8 0.3
1 2.4x10% 3.5 . 0.547 1.4 0.4
] raxioct 2.0 073 0.5
10 3.4x10% 5.0  0.934 2.7 0.6
10 2.4x10% 1.159 3.0 0.8
10 1.4x10% 1.642 3.7 1.0
100 3.4x10% 5.0 2.013 3.6 1.3
100 2.4x10% . 2.496 6.0 1.5
100 1.4x10% 2.0 3.542 8.0 2.0
500 3.4x10% 5.0 ©3.462 6.0
500 2.4x10% 3.5 4.267 10.0
500 1.4x10% 0 6.118 14.0
1000 3.4x10% 4.347 8.0 2.8
1000 2.4x10° 5.313 14.0 .
1000 1.4x10% 7.728 17.0 4.5
10,000 3.4x10° 9.338 15.0
10,000 2.4x10% 11.750 30.0 .
10,000 2.4x10% 16.905 35.0 10.0
20,000 3.4x108 5.0 11.914 20.0 7.5
20,000 2.4x10% 3.5 14.813 35.0 12.0
4

20,000 1.4x10 2.0 20.930 45.0 14.0
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distance (ro) beyond which the peak magnitude of the transient electric
field (Epk) decreases as a (r']) function. These physical phenomena are
discussed in Section 3 of this report.

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

In order to explore the relationship between peak overpressure
contours and source region distances, Figure 8 was constructed showing a
composite conjecture of source region spatial characterization and
2.4x104 N/m2 (3.5 psi) peak overpressure for yields from 100 kilotons to
10,000 kilotons. In this range, the available data strongly suggests
that the source region radial distance is always less than the peak
overpressure distance and the separation between the two effects may
tend to increase in some relationship directly proportional to yield.

2.6 Summary

In this section, a select group of nuclear surface burst weapon's
effects have been presented to place the spatial extent of the EMP
source region in some perspective. Based on the principle of "balanced
survivability," it may not be constructive to assess the direct threat
due to SREMP alone in those geographic areas where the electric power
system will ultimately suffer massive damage due to other weapon's
effects. The corresponding assessment methodology will require, as an
input, knowledge of the following spatial parameters:

® Geographic location of the burst
] Crater radius
® Ejected material radius
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@ Fireball radius
® EMP source region radius
® Select peak overpressure radii

To illustrate the use of the above parameters in an assessment
methodology for civilian electric utility systems, the approximate
spatial relationships for a one-megaton surface burst are shown as
Figure 9. The geographic Tlocation of the burst will define those
elements of the power system directly affected. For above-ground
components, the approximate radial distance of non-SREMP damage could be
determined by the distance associated with the peak overpressure radii.
In this example, the source region radial distance is less than the
3.4x104 N/m2 (5 psi) peak overpressure. As discussed in Section 4 of
this report, the SREMP threat may then be expressed, for overhead lines
penetrating or traversing the source region boundary, as an induced
surge, formed on the line within the region and propagating outside the
region. The SREMP radiated field may then be used to determine
additional interaction with power system elements located outside the
source region.,
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3. SREMP ENVIRONMENTAL DESCRIPTION

3.1 Introduction

The development of SREMP environmental conditions necessarily
begins with the physics associated with gamma radiation (y-radiation)
and weapon neutrons produced in the nuclear burst and concludes with an
understanding of the non-radiated fields within the region and the
radiated fields outside the region. Concepts of the Compton process are
discussed in order to explore the spatial and time characteristics of
the Compton current and air conductivity. These parameters serve as
variables for Maxwell's equations whereby the natures of a radial
electric field, polar electric field and corresponding azimuthal
magnetic field are defined.

The field characterization of a symmetric source region is
initially developed as a prelude to discussion of the surface burst,
asymmetric source region of interest. The physical geometry is based
upon a spherical coordinate system of independent variables r, 6, and ¢.
By convention, the r = constant surface is a hemisphere, in the air,
centered at the burst origin, the 8 = constant surface is a cone and the
¢ = constant surface is a plane. The base vectors (;, 5, $) are defined
as mutually ortheginal unit vectors perpendicular to the respective
constant surfaces and point in the direction of increasing coordinate
values.

Unless otherwise noted, the development contained herein is
strongly based upon the theory of Longmire documented in THE EMP
INTERACTION HANDBOOK [8] as issued by the Air Force Weapons Laboratory
(AFWL). The discussion concludes with a summary of important field
issues necessary to understand coupling to power systeims.

3.2 Compton Current and Air Conductivity

The SREMP environment begins with the physics associated with gamma
radiation emission from the weapon. This prompt gamma pulse, in the
radial direction out of the burst, has a rise time of several nano-
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seconds (ns) and decays in a few tens of nanoseconds. Additional gammas
are formed by neutron emission from the burst. These neutrons interact
with the air or ground to produce inelastic gammas and capture gammas.
In addition, fission product gammas are emitted by weapon debris
following the beta decay of fission fragments. Table 5 shows the
approximate average energies and effective absorption lengths, in air,
of gamma source components beyond 200 meters from the burst origin [8].

Table 5

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

Energy Absorption Length

Component (MeV) (gm/cm?)
Prompt 1.5 40
Air Inelastic 4.0 52
Ground Capture 3.0 38
Air Capture 6.0 58
Fission Fragment 1.0 37

The burst emission of gammas interacting with air molecules is the
primary mechanism of free electron production and is defined by the term
Compton Process. As shown in Figure 10, an incident gamma ray can
strike an air molecule producing a positive (parent) ion and a Compton
{recoil) free electron(s). The once-incident gamma is scattered while
the Compton electron(s) lose energy via collisions with other air
molecules. At sea level, this electron energy loss will bring the
Compton electron to rest within a distance of a few meters. In the
process, secondary electron/air collisions have produced many secondary
electron/ion pairs (=34 MeV per ion pair).

The movement of Compton electrons is defined as the Compton current
density (J?). The charge separation generates an electromagnetic field
(Er)‘ This concept is i]]ustrated in Figure 11. The charge-separation
model depicts the nonradiated (radial) electric field produced by
positive and negative charges separated by the Compton Process. At
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early times, the heavier, positively charged parent ions remain almost
stationary while the Compton electrons form a thin shell at some radial
distance away from the burst.

The quantification of the Compton current density (Jﬁ) in the
radial direction, at a distance (r) from the burst, can be developed
from an estimate of the gamma number flux (Qy) at this distance as:

. e-r/xa
o ~ Sy ()
gy
where:
@y = gamma number flux (gammas per unit area per unit time)
Aa = absorption length
r = radial distance from burst

In conformance with the model, it is evident that a steady gamma
number flux (®y) will produce a steady number flux of Compton electrons
(@e) in the same radial direction by the relation:

B = @ R/ (2)
where:
ée = electron number flux (electrons per unit area per unit time)
Rmf = mean forward range of the electron(s)

>
1

scattering mean free path of the gammas

By definition, the Compton current density (Ji) is equal to the
electron number flux ®e such that:

R
J. = a8, =g ¥ Ro¢/ A (3)

The Compton current density can also be developed from a concept

of gamma energy flux (®§), expressed 1in units of gamma—MeV/cmz_second
as:



S
by~ (4)

A radiation dose rate of 1 rad/second approximate1y corresponds to
a gamma energy flux of 2x109 gamma-MeV/mZ—second for gamma rays in the 1
to 3 MeV range. Using this value and equation (3), the Compton current
density in terms of»dose rate (53) can be expressed as:

c -8
Jn = 2x10 Do (5)
where:
J? = Compton current density (amperes/meterz)
D= Dose rate (rads/second)

e

Thus, a relationship can be established between the magnitude of
the Compton current density and the weapon and neutron produced gammas.
Since, at sea level, the effective lifetime of a Compton electron is a
few nanoseconds, the waveform of the Compton current density will be
approximately the same as the gamma flux.

The earth's geomagnetic field can deflect Compton electrons such
that generally there will exist Compton currents in directions other
than that of the incident gamma(s). For a surface-burst source region
development, this effect is small and has been omitted in most modeils.
This simplification is justified by the fact that at sea-level, the
Larmor radius (RL) of Compton electrons in the geomagnetic field is up
to 100 meters which is much Tonger than the corresponding mean free path
of the electron (Rmf) of a few meters. The traverse, geomagnetically
deflected Compton current density is:

Jg = 9% (Ryg/2R, ) (6)

It is important to note that this simplification is valid for
surface bursts and cannot be made for high-altitude bursts. In fact, in
the high-altitude source region (30 kilometers) the deflected (traverse)
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Compton current density is the principle source of the HEMP signal. At
this altitude, the Rmf approach the RL value. The traverse Compton
current density is a principle mechanism of HEMP,

As depicted in the Compton process model, Compton electrons can
make secondary electron/ion pairs in coilisions with other atoms. The
pairs result in a time-change of air conductivity within the source
region. Characterization of the electron/ion pairs in terms of electric
conductivity (o) allows for the definition of a conduction current as
oEr where Er is the electric field created by the charge separation
model .

The calculation of the air conductivity (o) as a function of time
is a complex issue since both electrons and ions contribute to the
conductivity but the mobility of the electron is much greater than that
of the parent ion. Simple approximate relationships have been
developed [8] to express electron (jon) densities (Ne) in terms of an
jonization source (Se) and appropriate production constants (K) for a
source whose production rate rises as:

S_ e (7)
The electron density, for simple cases, can be described by:
Ne = Se/(a + K) (8)

For a source which falls more slowly than t'z, (Siue"st), the late
time ion densities can be expressed as:

Ng = Ny = I/Si/K (9)

The mobility (ue) of an electron is defined as the ratio of its
drift velocity to the electric field causing the drift. At early times,

when the electrons dominate the conductivity, the air conductivity is:

g = -@ Neua (10)
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where:

electron charge
electrical conductivity

4
Q o
T

If Ne is defined by Equation (8), it can be shown [8] that electron
conductivity is related to the dose rate (De) as:

-4
1x107% o (11)

9% &K e

where:
o = electrical conductivity (mhos per meter)
be = dose rate (rads/second)
a = rise (+) or decay (-) rate of the ionization
(sec'])
K = electron attachment rate (sec'])

3.3 Symmetric Source Region SREMP Field Characterization

In order to understand the nature of the source region radiated and
non-radiated electromagnetic fields, the spherically symmetric geometry
for a source region can be used to explore the nature of the radial
electric field (Er)' Knowledge of the Compton process, Compton current
density (Ji) and air conductivity (o) allows for the solution of
Maxwell's equations expressed as follows:

aH
¢ =
Ho 35~ tYVYXE =0 (12)
ok
r _ +C
€, 3%t VX H¢ = Jr + OEr (13)
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The spherically symmetric geometry is a classic case where, if the
magnetic field (H¢) is initially zero, the term 8H¢/at of Equation (12)
will remain zero if the electric field (Er) is curi~-free. In this case:

3

H
n—i == -
o 3t v X Er 0 (14)

M

The absence of any magnetic field (Er field curl) vresults in a

purely radial E-field within the source region which can be expressed by
Equation (13) as:

3E
€ my— *+oE = -d° (15)

0 at r r
OQutside of the source region (J? = 0), no field will exist. This
insight 1is reinforced by an appreciation of the geometry of a total
symmetric source region via a charge-separation model. This geometry is
shown as Figure 12.

The total time solution to Equation (15) can be understood if
elapsed time is divided into three segments for investigation. At very
early times, the value of the conduction current term (OEr) is small and
may be neglected. In this time region, the solution to (15) is:

. t¢qC
E,. (t) = -1/¢, _mfar dt (16)

Since the Compton current (Ji) exhibits an exponentially rising
function with respect to time, Equation (16) indicates that the radial
electric field (Er> behaves in a 1ike manner.

At some mid-time, the conduction current term may become comparable
to the displacement current term, After this time, when the
displacement current term is so small that it may be neglected, the
solution of Equation (15) approximates:



33

SYMMETRIC SOURCE
REGION BOUNDARY

Fig. 12. Charge separation model for a
perfectly symmetric source region.
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Saturation occurs, Er becomes constant at some value Es. For a
Compton current defined by Equation (5) and an air conductivity defined

by Equation (11) one obtains:

2x1078 Do (atKy)

s 10

_4 *
De
all

Eg = 2x107" (atK;) (19)

The field is expressed in volts per meter. For most cases of
interest K<a, therefore:

E, = 2x10" % (20)

At later times, the displacement current remains neglectable. The
Er field follows ES. The 1increasing dominance of ijon conductivity
results in a decay of ES approximately as VSe.

3.4 Surface Burst Source Region SREMP Field
Characterization

Precise solutions for the transient electric and magnetic fields
within and outside of the surface-burst source region demand the use of
complex, muiti-dimensional finite difference codes to solve Maxwell's
equations for all points in a volume around the burst. In addition to
the physical models necessary to define the Compton current density,
other significant issues include 1) spatial and time dependent nature of
air conductivity, 2) lTossy ground effects, and 3) magnetic turning
effects due to the surface magnetic field (H¢). Fundamental work by
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Longmire [9] has resulted in a set of analytic expressions for SREMP
produced by the surface burst. This physical model consists of three
main phases. The initial (wave) phase has some similarity to the
symmetric source region at early times before saturation.

This is followed by a diffusion phase and a quasi-static phase.
Crevier and Pettus [10] have combined Longmire's phases in a single
expression for approximate calculations. Additional work by Crevier and
Kalasky [11] has produced a single-dimension code (MODELC) to calculate
fields at any point on the earth's surface for times up to 10 micro-
seconds. The MODELC code also includes approximate correctional terms
for lossy ground and magnetic turning effects.

In order to 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 within the source region,
2) the spatial boundary of the source region, and 3) the spatial and
time dependence of the radiated fields beyond the source region
boundary.

The following subsections explore these issues.

3.4.1 Field Characterizations Within the Source Region

As indicated previously, the electromagnetic fields of interest
within the source region are 1) the radial electric field (Er)’ 2) the
polar electric field (Ee), and 3) the magnetic field (H¢). In order to
present the mathematical development, it is convenient to adopt a
spherical coordinate system. Above the surface, Maxwell's equations
become:

5H
9% = -1 3_ 1 3
Hy 3% w5 (FEg) + & 55 E, (21)
5E
8 c _ -1 9
€o 5 + OEe + Je R ‘BT;(Y‘Hd)) (22)
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oF
r c _ 1 9
o 5t * OEr ¥ Jr T rsin6 930

e (sin 0 H (23)

5
This coordinate system is shown in Figure 13, where the angle 0 is
exaggerated for graphic clarity. The concept of an outgoing field (F),

an incoming field (G) and a retarded time (t) are also defined such
that:

F = r(E6 +C B¢) (24)
G = r(E8 - C B¢) (25)
T=1t-r/c (26)

In Equations (24), (25) and (26), the constant "c" denotes the
speed of light,

Previous investigations [8,11] have made the following assumptions
at early times, when the magnitude of air conductivity is less than
ground conductivity:

c C

Je < J (27)
G << F (28)
sin 6 = 1 (29)

Based on the above assumptions, Equations (21) and (23) simplify to
become:
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Fig. 13. Spherical coordinate system
for source region field characterization.
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Z0 = po/e0 = 377 ohms (32)

If one assumes, in a manner similar to the symmetric source region
case, that the conduction term (ZOOEP) is very small compared to the
displacement term [8], equation (31) further reduces to:

1 - ¢ .1 3F
i T A

(33)
T 0 r 2r2 39

The physical interpretation of Equations (30) and (33) is that the
F field is located near the earth's surface and spreads upward as it
propagates outward, Er has the same physical interpretation as the
symmetric source region case.

It has been shown [11] that Equations (30) and (31) can be written
in the form of a diffusion equation where the outgoing field F is
related to the integral of Jg weighted by the diffusion of the sources
over distance. When air conductivity reaches the same magnitude as
ground conductivity, the G field can no longer be neglected. It has
been shown that the G field, at this time may be approximated as:

136 , 1 _ -1 3(F-6)
c 7w 2 Ly o (F+6) 2 or - L dg (34)

A set of equations has now been developed to solve for F and G(or,
equivalently, for Ee and B¢) on the surface at a distance r from the
burst point.

In the diffusion phase, the conduction current far from the ground
tends to flow radially back to the burst point opposite the Compton
current. Near the ground, except in those regions where the air
conductivity 1is higher than the ground conductivity, the conduction
current tends to flow into the ground and then back to the burst point.
Thus, in this phase, the surface current is just equal to the Compton
current flowing at some distance ﬁa from the surface. 6a can be thought
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of as an air "skin depth." A graphic representation of this phase 1is
shown as Figure 14.

For this diffusion phase, it has been shown [11] that the skin
depth can be expressed as:

§, =2 B oy (35)
B =J/ S Jp di (36)

The magnetic field becomes:
B, = J% 8 (37)

o r a

If one assumes that, in this phase, the displacement current term
can be neglected and that OEr is uniform over da, the surface magnetic
field can be obtained directly from Maxwell's Equation (12) as:

B, = u (Jﬁ +oE) 8 (38)

¢ 0 a

The above equation is for a lossy ground condition. If the ground
was perfectly conducting (Er = 0) Equation (38) reduces to Equation
(37). The physical interpretation of lossy ground is that the surface
current is modified by the presence of the conduction current in air
that tends to cancel part of the Compton Current.

At radial distances close to the burst, a self-consistent
complexity is introduced by the fact that the strength of the surface
magnetic field may be such to "turn" a Compton electron from a radial
path and thus introduce a traverse (0) component in the Compton current.
Previous investigators have shown [11] that a first order correction can
be made where the 0-component is modelled as:

Jg = Jy. (B/B,) (39)



4]

where:

i

magnetic field in Telsa

i

B magnetic field at which the forward electron

g range and electron Larmor radius are approximately
equal

A generalized time waveform for a surface burst radial electric
field (Er) and the corresponding azimuthal magnetic field (B¢) is shown
as Figure 15. The shape of the Er field has similarity to the symmetric
source region case. The time to peak may be on the order of 50
nanoseconds. The magnitude of Er may vary from 104 to 106 volts per

meter. At early times, the shape of the B, field can be approximated

¢
as:
B, ~ e*t/2 (40)
¢
The peak will occur near the peak of the Compton current. At later
times, the B, field may vary only as the square root of the gamma flux.

¢
The time and spatial characterization of parameters of interest

within the source region are complex dssues. Longmire [21] has
presented computational resuits of 1) air conductivities, 2) azimuthal
magnetic fields, 3) vertical electric fields and 4) radial electric
fields for nominal ten kiloton and one megaton weapons. The relevant
graphs are depicted as Figure 16 to Figure 19 of this report. The
calculations of Longmire should not be interpreted as "hard data”" but
are presented here solely to illustrate the nature of the transient
phenomena.

EMP investigators often fit analytic approximations to simulated
results to facilitate subsequent research such as field coupling to
conductors within the source region. An example of this technique can
be found in Graham [12] where the object was to calculate the induced
surge formed on an above-ground distribution line.
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3.4.2 Source Region Spatial Boundary

Within the source region for a given weapon yield, the field
magnitudes decrease as a function of distance from the burst point.
This effect can be observed in the Longmire data. At some boundary, the
magnitude of the radial electric field is such that field characteri-
zation beyond this point is described as a radiated “far" field. A
model of this concept is shown as Figure 20. At elevations on or above
the earth's surface, where the height of interest is much less than the
boundary radius, previous investigators have depicted the radiated
electric field as a polar field (EB) whose orientation is parallel to
the z-axis (0=0), having a corresponding azimuthal magnetic field (B¢)
with a direction of propagation {n) parallel to the x-axis outward
from the burst. For a perfectly conducting ground, field magnitude in
the radiated region is set to decrease linearly with increasing distance
from the boundary. ‘

It is obvious that the above selection of a source region boundary
distance is somewhat arbitrary since the radial electric field does not
suddenly go to a zero value. Such a boundary may be established by
arguments based on some level of air conductivity or dose production of
the weapon. The value of such a model for system analysis is that the
two distinct areas can be evaluated by techniques more applicable to
each. As discussed in Section 2.6, the boundary concept is very useful
in comparing the total spatial extent of threat for a variety of surface
weapon effects.

3.4,.3 Radiated Field Characterization

In the previous subsection, the radiated "far" field has been
discussed as a vertically polarized electric field (Ee) propagating
outward from the burst. This field can be expressed in a rectangular
coordinate system as EZ with propagation in a positive x direction. The
coordinate Xq is the source region boundary. If the wave in air is
assumed to propagate as though the earth was a perfect conductor, Ez can

be expressed in the frequency domain as:
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e-jkx
EZ (x,w) = Ao(w) " (41)

where: Ao(w) is a frequency dependent function and X>X -

This approximation 1is conservative since a finite (lossy)
conducting ground will cause attenuation as a function of propagational
distance. This effect has been examined by Lee [13] but 1is not

incorporated in this characterization.

For the purpose of this report, the presence of a finitely
conducting ground will give rise to a horizontal (Ex) component of the
radiated field whose value at the surface is related to the tangential
magnetic field (Hy) through the surface impedance as:

EX (x, h=0, w) = ZS Hy (x, h=0, w) (42)

= Jwp  _y/Jwu
ZS \/0+jwe 'x/ o (43)

Noting that Hy=EZ/ZO, we have:

ZS e-jkx
E (x,0,0) = vy Aw) = (44)

where Z0 is the impedance of free space. It can be shown that, for a
horizontal field at a height (h) where h is much less than the radius of
the source region (xo), the EX field component at h can be expressed as:

z ~jkx
E, (x,h,0) = {TS— 2—} Afw) & (45)

One could now look at the ratio of the horizontal to vertical field
components expressed as:

E (x,h,w) : h 46
Eﬁﬁ)"{’l‘?‘;] 46)
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The results of Egquation (46) are plotted as Figure 21 for three
values of ground conductivity. Also included in this figure is a piot
of Equation (46) where the (o+jwe) term is used. In both cases the
relative dielectric constant is set at a value of 10. At frequencies
below one megahertz, where o>>we this change is inconsequential. Above
this frequency, the difference is evident. However, since the present
form of Equation (46) permits easier computations in the time domain,
the approximation of otjwe=c is kept with the knowledge that field
waveform components above one megahertz, are at best, approximate
values.

Equations (41) and (45) develop the vrelationships between the
vertical and horizontal components of the electric field. If the Ez
field at the source region boundary is known, the field components at an
arbitrary distance X>X  can be developed from the expressions:

X

_ %o ~ik(x-x_)
EZ (x,w) < EOZ (XO,O,w)e ) (47)
Eoo) = Qe GuE. (x.00) - N B (x .0uw)| e dk(xX,)
X+ X Jwo z Yo7 X ~"z*"p*’?
(48)

Since the exponential term in the above equation accounts only for
a shift of time origin, the equations in the time domain beccme:

X

£, (x,t) = _2_ Eyp (X,05t) (49)

BEZ

X oty N
E, (x,t) = ;9- %h [; 4/;§f§3 = (x,,0,t') dt :%hEZ (x,t)| (50)

In order to examine the above mathematical concepts for radiated
electric field components, a public domain description of an EZ field at
a source region boundary was constructed from information availabe in
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Bell Systems research [7]. The applicable parameters for this example
are shown in Table 6.

Table 6

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

PARAMETER DESCRIPTION
Peak Magnitude Ep = 1600 volts/meter
Time Domain Waveform Figure 22
Source Region Boundary Xo = 6000 meters
Height Above Ground h = 10 meters
Ground Conductivity og = 0.01 mhos/meter
Relative Dielectric Constant € = 10.0

Given the above data, the magnitude and time domain waveform for
the EZ and EX components of the radiated electric field can be
calculated for distances greater than or equal to the source region
boundary (Xo)' Figure 22 depicts the EZ time domain waveform at 6,000
meters (xo) and 10,000 meters. As expected, the waveforms exhibit an
xo/x dependence with increasing distance from the burst. Figure 23
depicts the corresponding EX component at the same spatial Tlocations.
As indicated by Equation (50), Ex(t) exhibits a very sharp spike at
early times due to the BEZ/at term, but the magnitude is much less than
the corresponding Ez(t). Figure 24 presents the frequency content of_
the time domain waveforms of the previous two figures.

A second examination was made using an unclassified nominal
radiated ground-burst EMP waveform offered by Radasky and Smith [14].
This arbitrary waveform, shown as Figure 25, was scaled with the Bell
parameters [7] for peak magnitude and zero crossing. Ground
conductivity was kept at 0.01 mhos/meter. The resulting EZ and Ex time
domain waveforms, at 6,000 and 10,000 meters, are shown as Figures 26
and 27.
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In order to expiore the sensitivity of the Ex component to ground
conductivity, the Radasky time domain waveform was used for og=0.001
mhos/meter. The result is shown as Figure 28. It is important to note
that the order-of-magnitude change in ground conductivity resulited in a
three-fold increase in the Ex(t) peak magnitude when compared to the
0.01 mhos/meter case.

The above use of a vertical electric field peak magnitude of 1,600
volts per meter should not be construed as an expected value nor an
upper bound on this parameter. The Longmire calculation, shown as
Figure 19(b) indicates a peak magnitude exceeding 5,000 volts per meter
at a distance of 10,000 meters. Extreme care must be taken to quantify
the temporal and spatial definition of the radiated field under well
defined scenarios.

3.5 Summary

As discussed in this section, SREMP descriptions result from an
extremely complex interaction between specific weapon yield and the
local physical environment. Knowledge of weapon gamma production and
the Compton process can be wused to develop the transient field
characterizations of interest.

Typical SREMP characterizations divide the SREMP field environment
into two distinct areas separated at a spatial boundary. Within the
source region boundary, the SREMP fields are considered to be
non-radiating and consist of radial and polar electric fields and
azimuthal magnetic fields defined under a spherical coordinate system.
These fields will couple with power system circuits and equipment
located above and below the earth's surface. Accurate estimation of the
fields at all spatial Tlocations requires the use of complex, multi-
dimensional finite difference codes operating on Maxwell's equations.

The spatial boundary of the source region becomes an extremely
important parameter since, at and beyond this distance, SREMP fields can
be characterized by a vertically polarized electric field propagating
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away from the burst attenuating at least as the inverse of the radial
distance. Lossy ground creates a surface tangential component of this
radiating field. Both the vertical and horizontal components may excite
power systems circuits and components located at some distance beyond
the source region boundary,

It is important to note that, unlike HEMP characterization, there
are no public domain "canonical" transient field descriptions ascribed
to SREMP, Rigorous coupling analysis requires weapon specific,
multi-dimensional field descriptions within the source region and at
least, a complete description of the radiated field at the source region
boundary. In the next section, discussion of SREMP coupling to the
power system explores the relevant set of required field and induced
surge parameters for civilian powér system assessments.



62

4. SREMP COUPLING TO POWER SYSTEMS

4.7 Iptroduction

In the previous section, an overview of the transient
electromagnetic fields associated with surface burst SREMP has been
presented, Power system assessment requires a different perspective
than that normally associated with other SREMP evaluations. The vast
majority of previous investigations have been concerned with the SREMP
threat to military systems. Typical of these investigations, within the
source region, is the characterization of surges expected to occur at
entry points to a hardened facility or weapcon system via underground
cables, above ground distribution circuits, and communication antennas.
Based on the principle of balanced survivability, quantification of the
SREMP threat within the source region is extremely important, since the
facility under evaluation is otherwise hardened to perform its intended
function for all cases except a direct strike.

This same principle of balanced survivability, applied to civilian
electric utility systems, indicates a different set of concerns. Since
the system was never designed to survive the weapon effects within a
circular radius corresponding to the source region, it 1is not
constructive to evaluate SREMP effects directly on the system within
this area. The important issues then become:

® The threat associated with electrical surges formed
within the source region and propagating out of that
region via overhead and underground lines and cables.

) The threat associated with the SREMP radiated field in
the form of surge transients induced on power system
elements located outside the source region.

@ System operational capability and response due to the
physical destruction of power system elements within the
spatial radius of direct damage.
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Given the above considerations, a logical place to define SREMP
induced surges and SREMP radiated field is at a source region spatial
boundary applicable for power system assessment.

As a prelude to methodology development, this section discusses
representative time and frequency domain characteristics of SREMP
induced surges, defined at the source region boundary, for source region
penetrations of interest. The discussion continues with an evaluation
of surges induced by the radiated field.

The section chcludes with a summary of recommendations for the
environmental specification of surface burst SREMP and other surface
weapons effects necessary to perform power system risk assessment.

4.2 Electromagnetic Field Coupling Within The
Source Region

Within the source region, all computational techniques for
calculating coupling of SREMP fields to above and below ground power
system lines and cables begin with an expression of Maxwell's equations
such as Equations (12) and (13) of this report. The specific SREMP
environment, in terms of required variable definitions (Compton current,
air ionization rate, etc.) necessary to solve the above equations, are
normally supplied by the sponsor agency. At this point, the analysis
focuses on the selection of a computational method to be used to develop
a characterization of the induced surge at a point of interest, based on
reasonable assumptions. Specific problems have been solved using: 1) a
strict analytical approach as offered by Longmire [16], 2) large,
multi-dimensional finite-difference codes operating directly on
Maxwell's equations [11,17] and 3) such equations expressed in trans-
mission line form and solved by digital techniques [12]. The applica-
bility of each approach, for a specific problem, continues to be a topic
of extensive discussion within the EMP research community.

The discussion is most intense for the analysis of above ground
lines physically located deep within the source region. Research by

JAYCOR [17] suggests that the early time response {less than a micro-
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second) for such lines can be highly dependent on the details of the
spatial and time characterization of air conductivity. For this case,
transmission line calculations do not agree well with finite difference
solutions. Investigations by Graham [12] suggest that his transmission
line approach may be a good approximation only when the air conductivity
is small, such that the skin depth of the air is greater than the height
of the line. In this regard, Graham postulates that, for surges to
propagate out of the deep source regicn, the skin depth must be on the
order of the e-folding distance of the air conductivity, typically on
the order of hundreds of meters. For the analysis of power system
lines, since the e-folding distance may be much greater than the height
of any line, surges coupled within highly conducting spatial areas of
the source region do not propagate out of this area. Therefore, this
stimulus may not affect the characterization of surges predicted by
transmission line calculations for those areas where such a technique is
valid. Such an area exists for fields coupled near the edge of the
source region.

Recent investigation of buried cable systems [19] indicates that
solutions obtained by transmission line and finite-difference calcula-
tions are much closer in agreement than for the overhead Tine cases.
This agreement may Tlargely be due to the characterization of soil
conductivity and the absence of the time and space domain complexity
inherent in air conductivity.

In the assessment of civilian electric power systems, the effect of
transient, electromagnetic field conditions within the source region can
be understood by the characterization of coupled surges on lines and
cables penetrating or traversing the region. Such lines and cables
constitute the propagational path by which such surges exit the source
region prior to system damage/destruction due to other weapon effects.
A consistent spatial location characterizing such surges occurs at the
source region boundary.
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Employing an analytical approach, Longmire [16] has calculated
examples of load current surges expected at the entrance of a hardened
facility located 1000 meters from the burst point via: 1) a buried
power distribution cable and, 2) an overhead line located 10 meters
above the surface. The results of these calculations are shown as
Figure 29. The scenario under investigation may not be atypical of a
large yield weapon event. It 1is interesting to note that the surge
current associated with the overhead Tine peaks somewhat eariier in time
and at a higher magnitude when compared to the buried cable. This
effect may be due to the fact that, for the majority of the distance,
air conductivity is smaller than ground conductivity. The intense SREMP
fields generated close to the source are seen by the overhéad line at an
earlier time.

Graham [12] has calculated the surge current across a 0.1 ohm
impedance at the end of a 2500 meter overhead line located at a height
of 10 meters above the surface. His result is shown as Figure 30. In
this representation, no line flashover is assumed to occur. For power
systems analysis, the significant points of interest of this result are
as follows:

® Current surge peak magnitude (F.9 = 0) approximately 180
kiloamperes.

] Time to crest greater than 250 microseconds.
s Significant low frequency energy content.

The incorporation of Eg effects are seen to decreaée the peak
magnitude of the surface due to field cancellation. Barnes [18] has
suggested that the above surge might generally be represented as a
double exponential waveform, for some distance greater than 2500 meters,
as:

1=1 (7T - Y (51)
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In summary, power system assessment for that portion of the SREMP
environmental definition within the source region may be facilitated by
the characterization of a "reasonable" worst case surge formed within
and propagating out of the region via lines and cables. For these
power system elements, the characterization may take the form of a
Norton equivalent source placed at the source region boundary. This
concept is shown as Figure 31. The question remains as to the value of
the source impedance (ZS) applicable to the model. One might reason
that, since the air conductivity within the region is high, ZS may be
represented by a value of a few ohms. This implies that a surge on the
line which is incident to the region boundary from the exterior will be
reflected with some attenuation and propagate back into the grid. An
alternate view 1is, because the air conductivity in the source region
does not change abruptly at the boundary, an incident current surge,
once penetrating the region, will perceive a variable line impedance due
to the spatial difference in air conductivity. Such variable distri-
buted loading of the line has been noted to minimize reflections in
similar problems dinvolving traveling waves on antennas [20]. Thus, a
reasonable selection for the source impedance (ZS) may be the charac-
teristic line impedance (ZC). Assumptions of this type should be
further explored in subsequent phases of the research effort.

4.3 Radiated Field Coupling Qutside The Source Region

As developed in Section 3 of this report, the secend major aspect
of surface burst SREMP 1is the illumination of the power system by the
SREMP radiated field. Unlike an incident field, in the form of a plane
wave, this radiated field has a magnitude which decreases with
increasing distances from the event. This indicates that power system
excitation by this field becomes weaker as a function of distance.
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Power system Tlines and cables penetrating the source region can be
excited by both transient field environments, while those power system
components located completely outside the source region will be directly
excited only by the radiated field.

For the purpose of this report, the development of overhead line
response to SREMP radiated fields will begin with an idealized geometry
as shown in Figure 32(a). A semi-infinite line of height (h) and
characteristic impedance (Zc) js assumed to penetrate the source region
of a nuclear surface burst. The source region is assumed to extend in a
symmetric manner to a distance (xo) meters. The line penetrates the
source region at this point; outside the region, the line extends
radially away from the burst. The earth 1is considered to have
homogeneous electrical conductivity (og) mhos/meter and a dielectric
constant ¢ = €g€0' The surge current induced on the line segment within
the source region is denoted by the term Io' The radiated field is
assumed to be characterized at the source region boundary (xo) as a
vertically polarized transient electric field (Eg) propagating radially
away from the burst. The vertical component of the radiated electric
field is assumed to propagate with the free space propagation constant
along the air-earth interface. The excitation of the line by the
radiated field is due to the tangential component (Ex) along the line,
as well as by the vertical electrical field (EZ) at both ends of the
line. In the present discussion, only the contribution of the
horizontal electric field to the line response is considered. In an
actual assessment of SREMP effects on a power system, both components of
the electric field must be considered.

The physical configuration of the above example is translated into
an equivalent circuit as shown in Figure 32(b). The source region has
been modelled by a Norton source of magnitude I] located at the boundary
(Xo)' The source impedance is assumed to be equal to the characteristic
line impedance. It 1is important to note that there is a difference
between the short circuit current source I] and the surge current
denoted as IO in Figure 32(a). In this discussion the short circuit
current. on the 1ine will always be taken as the equivalent source (I]).
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Fig. 32. Physical geometry and electrical equivalent
circuit for an overhead line excited by SREMP.
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As developed in Section 3, the tangential electric field exciting
the Tine outside the source region may be expressed as:

Yo (X-%y)

. % %o . ho
Ex(x,w) = o5 Jw E) (xo,O,w) "3 EZ(xO,O,w) e (52)

o
Jwg

where Yo © jw/c and the term EZ (xO,O,w) is a known vertical electric
field defined at the source region boundary.

The open circuit voltage of a line of length L excited by a set of
distributed voltage sources (V;(&)) along its length may be calculated
as:

L (83)

”‘YL
. e ' Y& Y&
voc(w)u—--m—-_m--f V() | €" ~ee ]da
1-pe o

where p is the reflection coefficient at the source end of the line at
£=0 (x:xo) and y is the complex propagation constant for the line. For
a matched termination, this reflection coefficient is zero and the above
expression reduces to:

L
Voe(w) = et [ vi(e) €'F de (54)

0

Since the distributed voltage source Vé(&) is actually the
tangential electric field along the wire, we have:

. N xo F';o . h '"Yog
VS(E) e "“ETF)'(;”‘ 'J""uTég Jw Ez(xososw) - 'g+x0 Ez(xoaoaw) e (55)
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Note that the exponential phase term accounts for propagation time
delays of the incident field along the line, with t = 0 being chosen to
occur at x = X, (or £ = 0).

The first term in this equation involving the square root accounts
for the effects of the lossy earth on the horizontal electric field
exciting the 1line, while the second term takes 1into account the
spherical nature of the radiated field from the surface burst. As
mentioned in Section 3, the square root term in Eq. (55) is really only
an approximation to a more complicated expression given by:

%

ju(otjwe)

Figure 21 shows the ratio of Ex/Ez computed as a function of frequency
from Eq. (52) as a function of frequency both with and without the
square root approximation. As may be noted, for frequencies above 10
MHz for conductivities greater than 0.01 mhos/meter, the results are
identical. The degree of accuracy of the approximation degrades
somewhat for conductivities on the order 0.001 mhos/meter.

In the time domain, the implication of this approximation is that
the calculated time domain results will be identical for signals having
rise times up to about 0.1 us. Any faster rising SREMP waveform will
experience errors in the coupling to the line if the approximate form of
the exciting electric field is used. In such cases, the use of the more
accurate relation for the field, together with a numerical Fourier
transform to obtain time domain data would be needed.

It is interesting to note the effect of the second term in Eq. (52)
in relation to the first. From Fig. 21, the smallest ratio of the
component of Ex/Ez due to the ground conductivity effects is on the
order of about 2x10'3. Considering a line having a height of 10m and
being located at a distance of km from the burst (at the source region
boundary), the ratio of EX/EZ due only to the second term in the
equation is equal to the ratio of the line height to the observation
distance, or ].6x10—3, a value which is less than that for the earth
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conductivity component. As the observation point moves away from the
source region boundary, this second term becomes even smaller, and may
be neglected in relation to the first term in Eq. (52). Of course, as
the conductivity of the earth approaches infinity or as the frequency of
the electric field spectrum approaches zero, the first term vanishes,
and the only component to the horizontal electric field arises from the
second term.

For the normal range of parameters considered for the earth, it is
possible to neglect the second term in Eq. (59), and the resulting
distributed voltage source on the line then becomes:

Xs Y&

V;(E) =~ "é':i:;{'(')*—* EX(XO,LU) e (56)

For cases where the conductivity and/or frequency do not permit the
neglecting of the second term in Eq. (55) or in the simplification of
the square root term, a more generalized expression for the distributed
voltage source can be developed.

Use of the above expression in Equation (54) yields:

L x - (&)
= oYL 0__ L0 Y&
Voc(w) e J[ g+x0 Ex(xo,w) e e d& (57)

0
or

) L (v, )€
VOC(m) = XO Ex(xo,w) eﬁY -[ E"’éﬁ_‘-_‘r dg (58)
o

Shifting the time origin so that t=0 occurs at the end of the line
at x=x L (or £ = L) by multiplying Equation (58) by exp(yoL), the final
expression for the open circuit voltage at the end of the line may be
expressed as:
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Vo (w) = x, E (x,0)

L {v=v,)(g-L)
J/‘ e o dg (59)

0

Unlike the case of incident plane wave excitation, the above
integral cannot be evaluated analytically. Thus, numerical methods must
be employed to obtain a solution.

In a similar development, the open circuit voltage (VOC) at some
distance (x0+L) down the line caused by the Norton current source (11)
located at X=X, can be expressed by assuming a distributed voltage
excitation of the form.

1 =
Vi) = 7, 1, 6(g) (60)
The use of the above expression in Equation (54) yields:
= L
Voc(w) Zc I](w) e (61)
If a simplification is made such that the characteristic impedance
of the line (Zc) is assumed to be a constant in the frequency domain,
the short circuit current at distance (xO+L) on the line can be

determined by dividing Equation (59) or (61) by the value of the
characteristic impedance.

4.3.1 Example of Radiated Field Line Excitation

In order to understand the time domain characteristics of 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 for this computation are shown in Table 7,
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Table 7

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

Parameter Description

Vertical Field Peak Magnitude EP = 1600 volts/meter
Vertical Field Time Domain Waveform EZ = Figure 26
Horizontal Field Time Domain Waveform EX = Figure 27

Source Region Boundary X0 = 6000 meters

Line Length L = (variable)

Line Characteristic Impedance ZC = 400 ohms

Line Height Above Ground h = 10 meters

Ground Conductivity og = (0.001 mhos/meter

Based on the above parameters, a numerical Fourier transform was
taken of the horizontal field time domain waveform (Figure 28) to obtain
the excitation spectrum Ex(w) used in Egquation (59). The cpen circuit
voltage spectrum Voc(w) was then calculated for several lengths of line.
Time domain results Voc(t) were then calculated by performing an inverse
Fourier transform.

The results of the above simulation are summarized as follows:

] The maximum open-circuit voltage did not occur for the
longest length of line. In this simulation, the maximum
occurred for a line length of 5 kilometers. On a
normalized base where 1.0 per-unit is equal to the
largest open-circuit voltage crest magnitude the, results
are tabulated below:

Line length Voc Crest Magnitude
(Km) (per-unit)

1.0 0.4
2.0 0.6
5.0 1.0
10.0 0.7
20.0 0.5
50.0 0.2
100.0 0.1
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For shorter lines the temporal waveform of the voltage
more closely resembles that of the exciting waveform and
is approximately equal to the product of the line length
and the incident radiated electric field. As line length
increases, the effects of propagation dispersion become
increasingly important as does the 1/r attenuation of the
local incident field.

) Frequency analysis of the transient overvolitages
indicates that the responses for shorter lines appear to
be scaled versions of the excitation. As the 1line
becomes longer, higher frequency attenuation occurs and
the spectra has more of a lower frequency nature.

(] The time to crest of the transient overvoltage is sig-
nificantly Tlonger than HEMP excitation and 1is on the
order of conventional power system lightning models.

The above results offer direction as to the important criteria to
be incorporated in the methodology. For a particular line, the over-
voltage profile must be developed for the entire 1line length to
determine the location of the peak value. In addition, estimates of
enclosure shielding effectiveness based on high frequency HEMP assump-
tions must be re-examined in light of the spectral content of the SREMP
radiated field.

4.3.2 Arbitrary Line Orientation Qutside The Source Region

Up to this point, the development and numeric calculations have
assumed a conducting overhead Tine orientated radially with respect to
the source region. The response of such a line is known to provide the
worst case estimate of line response due to the fact that there is a
progressive build-up of voltage (or current) on the line when the
incident field propagates in the same direction as the line. Of some
importance 1is the excitation of 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 is assumed to be located at the
coordinate origin and is described by a source region radius (ro) with
a radiated vertical electric field Ez(ro) at this point. The
overhead line is assumed to start at some point P] located at [x],y]].
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Fig. 33. Orientation of an arbitrary overhead
line located outside the source region (plan view).
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The other end of the line is at point P2 located at [xz,yz]. The
variable £ represents the distance along the line from P] to P2 where
£=l., nominally taken to be the "line Jength." At any point P on the
line, there is a local unit vector £ in the direction of the line and a
radial vector r from the burst 1location to point P on the line. The
angle between these two vectors is defined as ©.

The open circuit voltage at point P2 can be obtained by
Equation (54). The load impedance at point P] is assumed to be equal to
the line characteristic impedance. Again, the propagation constant vy
for the line 1is a function of 1line and ground properties and is a
dispersive function of frequency.

The distributed voltage sources required to solve Equation (54)
consists of the tangential electric field at any position along the line
and may be expressed as:

s € . o L PN (62)
vie) = 2 | Vs selrgw) e © | (r e E)
g

The above equation is slightly different from Equation (56) in that
radial coordinates have been used in place of the x spatial coordinates
and that there is a (r.g) term to account for the projection of the
horizontal (radial) field on the line. Similar to Equation (56), the
second term in the distributed source which is directly proportional to
the vertical SREMP field is very small and 1is not included in
Equation (62).

In this development, it 1is convenient to define the time origin
(t=0) such that it occurs at point P,. This 1is accomplished by
multiplying Equation (62) by a phase factor of exp(yorz) , resulting in
the following expression for the distributed sources:

r € v (ro=r){ ~ .
Ve = & [\/—3;0%; JwE, (rg 0) e 02 }(r‘&) (63)
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Inserting this expression into Equation (54) yields the following
relation for the open circuit voltage at PZ;

N L (3] R
‘/ & . ol2 y (g-L) 3 - f) de
Voe = %% jmgz JuE_ (1, sw) _/P £ TE) e (r(g) " ¢) dg
0

(64)

where the dependence of r on the variable £ has been shown explicitly.
As before, the integral in Equation (64) cannot be performed
analytically, so numerical methods must be used.

Equation (64) 1is a general -expression for any arbitrarily
orientated line. In the case of the radially orientated line where:

o "o
ro= X * L
rEXte
reg=1
ro-r(g) =L - ¢
€
and 35%3‘ waz(ro,w) = Ex(xo,w) (65)

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

In order to illustrate the effects of changing the orientation of
the overhead line, the simple case of a straight line of length L,
outside the source region and having an angie of @ with the x axis,
was evaluated. This case geometry is shown as Figure 34. The case
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 are summarized as follows:
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Fig. 34. Geometry of an arbitrarily orientated,
straight, overhead 1ine outside the source region.
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® For the same length of line, the peak amplitude decreases
as 6 increases due to: 1) the decrease in the tangential
component of exciting field along the line (r.g term) and
2) the incident field and the voltage waves on the line
now have a larger phase difference. OCn a normalized
base, for a Tine length of 5 kilometers, the results are
tabulated below:

Orientation Angle V__ Crest Magnitude
(degrees) OC (per-unit)
0 1.0
30 0.5
60 0.2
90 0.1

® As the angle increased, the maximum peak amplitude occurs
at a greater distance from the source region. In all
cases, however, this maximum is Tless than the value
obtained on the radially directed line.

Preliminary calculations, to date, support the contention that the
case of the radially directed 1line serves as an upper bound estimate for
arbitrary line response.

4.4 Summary

The SREMP associated with a surface nuclear burst is a localized
environment with respect to a large interconnected electric utility
grid. As developed in this section, coupied surge characterization to
overhead lines and underground cabies can be calculated from a knowledge
of: 1) the transient electromagnetic fields formed within the socurce
region and 2) the time domain waveform of the vertically polarized
electric field radiated outside the source region. For the purpose of
research concerning the response of civilian electric utility systems to
SREMP, environmental definitions are necessary at the spatial location
of the source region boundary for both the surge induced within the
source region and characterization of the radiated field at the
boundary.
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Numeric evaluation based on environments obtained from previous
research indicate that lines 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 will experience both the large, relatively low frequency
surges propagating out of the source region plus an additional
excitation due to the radiated field. The magnitude of the source
region contribution may dominate system response.

Power system elements physically located outside the source region
boundary will be directly illuminated only by the radiated field.
Calculations indicate that there may exist a critical line length for
which the radiated field induced surge magnitude is maximum.
Orientations other than radial to the burst and increasing distance of
the component from the source region boundary will reduce the surge
magnitude at a point of interest.

It has been the authors' intent to discuss the nature of SREMP
induced surges using only unclassified, public domain information. Such
calculations are necessary to understand and develop an applicable
methodology to assess the effects of this phenomena. It is recognized,
however, that numerical results may constitute a national security
issue. For example, pending revisions to security classification
guidelines, such as DOD instruction 5210.58 (Rev.) entitled, "Electro-
magnetic Pulse (EMP) Security Classification Guide (U)" may preclude the
use of calculations of the voltage, current and energy induced on lines
by surface bursts in the public domain, even when derived from un-
classified nuclear sources and non-system-characteristic geometries.
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5. SREMP ASSESSMENT METHODOLOGY

5.1 Introduction

This section discusses the development of a structured process to
assess the effects of SREMP on civilian electric utility systems. The
nature of a nuclear surface burst is such that, if EMP did not exist,
the civilian wutility system may still be severely affected by:
1) initial, physical damage to the system near the burst location within
tens of seconds, 2) system exposure to high Tevels of prompt, jonizing
radiation, 3) nuclear lightning and 4) long-term operational impairment
due to consequential fallout patterns. The methodology contained herein
is focused to investigate the additional risk due to electromagnetic
pulse associated with the event. Since EMP 1is a prompt, transient
environment occurring within the first second after the burst,
simulations evaluated by this methodology encompass an elapsed period of
real time not longer than ten seconds into the event. A complete
assessment of all effects of nuclear surface burst(s) on the civilian
electric utility system is beyond the scope of the EMP research progran.

A key assumption embedded in this SREMP methodology is that the
spatial extent of the source region formed around the burst origin is
contained within the spatial radius of non-EMP physical damage. For
civilian power system assessment, this assumption appears to be
reasonable for weapon yields above 10 kilotons. Smaller weapons may
require the development of a modified methodology to account for a
source region larger than the spatial radius of physical damage.

The methodology acknowledges three distinct transient environments
produced by the nuclear surface burst. In terms of spatial coverage,
the smallest of these environments is the source region. The threat(s)
for evaluation are transient electrical surges formed on lines exciting
this region. These surges propagate away from the boundary into the
grid prior to physical damage to the line. The threat of interest is:
1) consequential damage to equipment and facilities beyond the
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source/physical damage region proximate to the burst and 2) system
instability caused by system protective reaction to such surges.

The second environment, also spatially local in area, is the region
of initial, direct damage. The methodology incorporates this threat by
acknowledging: 1) the time-progressive destruction of the power system
in this area, 2) the relevant loss of generation and/or load and, 3) the
system protective reaction to isolate this damaged portion of the grid
from the rest of the system,

The third transient environment, spatially greatest in terms of the
nuclear surface burst, is that portion of the system illuminated by the
radiated (free) fields outside the source region. The questions and
concerns associated with this phenomena are methodologically quite
similar to those associated with HEMP investigation.

Preliminary analysis of the nature of these three environments
strongly suggest that the order of assessment proceed as follows:

) Investigation of SREMP radiated (free) field interaction
with the grid.

® Evaluation of the consequences of surge propagation on
lines intersecting the source region boundary.

) Incorporation of non-EMP physical damage in time sequence
of events.

An overview of this assessment progression is shown as Figure 35.
Recursive power system load flow/stability simulations are incorporated
to investigate the magnitude and extent of system disturbance.

The methodology has been intentionally structured to explore the
impact of nuclear surface burst EMP on civilian electric utility systems
as an unclassified research project. The distinctions drawn between

different threat environments and the development of environmental
parameters have intentionally been defined with the unclassified
objective in place.
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Fig. 35. Overview of methodology for SREMP
assessment for civilian electric utility systems.
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5.2 Assessment Initial Conditions

The methodology must necessarily begin with a definition of the
electric utility system of interest and the event. As developed
previously in this report, the nuclear surface burst environments are
specified as follows:

® Location of the event (burst origin).

. Temporal and spatial characterization of the non-EMP
initial damage area, expressed in terms of radial
distances from the origin.

. Spatial definition of the applicable source region
boundary expressed as a radial distance from the origin.

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

® Temporal characterization of the radiated (free) electric
field defined at the source region boundary.

In contrast to transient EMP environments‘created by high-altitude
nuclear events which can directly excite vast areas of the national
power system, EMP environments associated with surface nuclear events
are local in extent. A spatial shift of a few kilometers in the assumed
location of the burst may result in significantly different assessments
for otherwise identical scenarios. This dependence on location is
illustrated in Figure 36. In this example, a nominal surface burst is
assumed to occur near the Phoenix metropolitan area. The solid circle
indicates the spatial extent of the source region, the shaded circle
indicates the extent of non-SREMP 1initial damage and the dashed
perimeter defines a nominal distance for radiated field assessment.
These weapon parameters are shown superimposed on a power system map
indicating major transmission lines and generation and facilities.

For the burst location shown, except for local power distribution
elements within the shaded circle, the initial excitation of the grid is
illumination by the radiated field. A translation of burst location 20
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kilometers south will place the Westwing 345-kV substation in both the
source region and damage area. An alternate shift in location 20
kilometers East has the same impact on the Arizona Public Service (APS)
345-kV  transmission circuits and the United States Bureau of
Reclamation (USBR) 230-kV circuit. The inclusion of a major
transmission circuit and/or facility within the source region may have
significant impact on total system response.

For the purpose of this methodology, the spatial and temporal
characterization of the initial non-EMP damage are formed from the
phenomena of: 1) craterization, 2) fireball formation and 3) propaga-
tion of the peak-overpressure shock wave as functions of 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 of the applicable source region spatial boundary
as a function of weapon yield has been developed in previous sections of
this report. This definition is key to the segregation of electromag-
netic phenomena as two distinct environments for the purpose of
assessment.

Electromagnetic coupling to above ground and underground lines
intersecting the source region boundary is represented by the temporal
characterization of the formed surge on the line of interest, at the
boundary. An individual surge 1is defined graphically or in closed
mathematical form as & time-domain open-circuit voltage and short-
circuit current at a node established by the 1ine-boundary intersect.
The surge is assumed to exist 1in common-mode on all dindividual
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" in the sense that the same surge is
predicated to exist on each line of interest neglecting the physical
orientation or construction of the 1ine within the source region. The
research may be facilitated by the development of two "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 in this report, a practical location to
define the attributes of the radiated (free) field is also at the source
region boundary. The definitions take the form of the time domain
representation of the vertical electric field at this location.
Attenuation is modelled as a function of 1/r where o is the radial
distance of the source region boundary and r>r. This definition allows
for the conservative estimation of the field at any spatial location of

interest.

At this time, it 1is anticipated that weapon environmental
definitions for any scenario will be jointly developed by the Phase II
research team and ORNL for discrete assessments. The ability to perform
even preliminary assessments is strictly dependent on the sponsoring
agencies ability to issue the minimum set of environmental definitions
in an unclassified manner.

Once the location and physical parameters of the nuclear surface
burst have been defined in any scenario, a systemic description of the
utility grid of interest must also be defined. This description
includes definition of the load flow and connectively of the grid just
prior to the event. This is the initial, operational "state" of the
system. Another Kkey parameter is the size of the grid necessary for
assessment. Preliminary investigation suggests that the burst location
and thus, that portion of the grid contained within the source region,
may be more significant than the effective distance of illumination by
the SREMP radiated field in the determination of initial system size.
For example, a surge coupled to the end of a long transmission circuit
within the source region can propagate hundreds of kilometers down the
line to impact the remote substation. Another issue addressed in later
elements of the methodology is that the localized impact of the esvent on
a large, interconnected system may cascade into a regional problem due
to stability concerns.

The initial "state" of the system is necessary, but not sufficient
to exercise the methodology. Detailed facility and 1line data is
required to perform both the radiated field and the source region surge
elements of the assessment.



91

5.3 SREMP Radiated Field Analysis

The initial EMP threat environment evaluated under the total
methodology is the interaction of the power system grid and the SREMP
radiated field outside the source region. Since the basic nature of the
environment is a propagating "free field," the applicable methodology is
jdentical to that required for HEMP research. This methodology is
developed in Volume 2 of this report series and is not duplicated here.
Although the same process, questions and concerns are applicable to 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, at an
arbitrary location of interest on an overhead line, strongly indicate
that the time to crest and the decay to the first time constant can be
represented by existing lightning impulse waveform definitions [22].
The degree of correlation is sufficient such that existing power system
equipment design statistics based on lightning basic insulation levels
(BIL) can be applied in the estimation of grid response.

Although the protective relaying schemes, and communications/con-
trol aspects of the utility system have not been intentionally designed
with respect to EMP fields, the general question of electromagnetic
interference (EMI) and electromagnetic compatibility (EMC) of subsystems
has long been a concern to power system engineers. Within a trans-
mission substation, normal operation of breakers and disconnect switches
can produce intense, local transient fields. Recent measurements of
this environment [23] has been conducted by Texas A&M University on
behalf of the Electric Power Research Institute (EPRI). The incorpora-
tion of electromagnetic shielding for digital computer systems at
selected control centers Jlocated 1in substations has also been
documented [24].

Since the SREMP radiated field is a spatially local environment
when compared to the possible extent of system HEMP coverage, it would
be useful, from an analysis point of view, to estimate the distance away
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Table 8
RADIATED ELECTRIC FIELD COMPARISON

Parameter Early-Time HEMP SREMP
Base Definition Canonical waveform No canonical
in public domain waveform
Peak Amplitude 50-kV/m 10-kV/m
Spatial Variance "Smile" diagram model 1/r attenuation
r>r,
Polarization Horizontal and vertical Vertical Model
spatially dependent
Rise Time 3x107? seconds 5x1077 seconds
Duration 1078 seconds 107° seconds
Energy Content Significant at megahertz Significant at
frequencies kilohertz fre-
quencies

from the burst origin beyond which the field amplitude is no greater
than normal system noise. Preliminary calculations suggest that
vertical electric field strengths of less than 500 volts per meter for
power equipment and 100 volts per meter for protection and control
circuits may bound the area. In context with the assumptions of the
methodology, i.e. a 1/r attenuation, these perimeter locations can be
obtained. For example, an initial field magnitude of 2000 volts per
meter at a source region boundary 5 kilometers from the burst would
piace the 500 volt per meter boundary at 25 kilometers and the 100 volt
per meter boundary at 100 kilometers. It is anticipated that spatial
estimates of this type will be validated as part of the Phase II
research.

At the conclusion of this element of the total methodology, the
system "state" is characterized to include the effect of the radiated
field. The next process is the incorporation of the source region surge
exiting the region boundary.
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5.4 Source Region Surge Assessment

Under the defined set of initial conditions, EMP interaction with
lines intersecting the source region boundary are simulated by formed
surges propagating out of the region. Therefore, this element of the
total methodology is not concerned with transient field coupling
phenomena or free field illumination of facilities. The focus is now on

the interaction of the surge and the power system.

As discussed in Section 4 of this report, applicable representa-
tions of the waveform indicate a rise time of hundreds of microseconds
and a decay with a time constant of several milliseconds. This
waveshape is quite similar to that defined for power system switching
impulse [22]. Thus, an existing methodology can be adapted to develop
the system response. An overview of this methodology 1is shown as
Figure 37. The initial "state" of any line or facility is the “state"
after the interaction of that element and the radiated field.

Given that the waveshape of the surge is similar to that defined
for switching impulse, the prospective crest and the energy contained in
the surge far exceed anything experienced by the system in normal
operation. For example, a 500-kV transmission circuit may theoretically
experience a peak transient overvoltage of 4.0 per-unit of operating
voltage (high-speed reclosing without breaker pre-insertion resistors),
while the overvoltage found in the source region surge may be an order
of magnitude above this level.

Once the "initial state" of the line is known, the peak overvoltage
along the line is calculated out to the first substation. Any station
arrester may operate; this operation tends to reduce the transient
overvoltage over the entire system. However, in operating, an
individual arrester energy capability may be exceeded. The mitigating
effect of arresters is a function of: 1) the type of arrester (silicon
carbide or metal oxide), 2) the number of arresters installed on the
line and/or in the station and, 3) the degree in which the arresters
share the total available current.
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Fig. 37. Overview of source region
surge assessment methodology.
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Arrester operation does not necessarily eliminate the possibility
of 1ine flashover. Voltages on the line must be monitored to determine
if the switching impulse critical flashover (CFO) of the line is still
exceeded.

The methodology must then address the transient overvoltage
experienced by equipment within the substation. Power transformers are
of special concern since 1) if the basic switching level (BSL) of the
transformer is exceeded transformer damage may occur and 2) transformer
winding connection will determine if the surge will propagate through
the transformer.

Source region surges encountering ungrounded winding configuration
(wye, delta or star) will see an effective common mode open circuit
configuration regardless of the secondary winding configuration. If the
surge side winding is grounded, but the secondary is delta connected,
the common-mode surge will not propagate beyond the transformer. The
current flowing in the delta connection must be calculated in order to
assess the probability of transformer damage due to short-circuit type
mechanical forces.

In the case of wye grounded primary and wye secondary connections,
the surge will couple through the transformer and further analysis is
required to define the 1imit of propagation. For transformers
containing delta connected tertiary windings, a special concern is of
note. The tertiary is usually designed only to withstand 30 to 40% of
short circuit currents (on the transformer rating base). Failure to
monitor the current in this winding may lead to mis-assessment of the
possible transformer damage.

The analysis is recursive for each line intersecting the source
region boundary. This portion of the methodology concludes with an
assessment of the damage and "state" change of these lines.
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5.5 System Stability Analysis

At the conclusion of the source region surge analysis, the
real-time of the system is several milliseconds after the burst. The
system state at this time is known based on: 1) estimates of EMP
damage/misoperation and 2) fault conditions requiring system protective
operation. In addition, the methodology now acknowledges the non-EMP
damage associated with the surface burst. Such damage cannot be assumed
to occur all at the same time. As discussed in Section 2 of this
report, above-ground 1lines and facilities located at the 3.5 psi
boundary may not experience direct damage until several seconds after
the burst.

For the purpose of this methodology, such damage may be divided
into two areas, one established by the fireball radial distance plus an
outer perimeter established by peak-overpressure greater than 3.5 psi.
Systemic damage to the power grid out to the fireball radius is added to
the post-EMP system state to form the input data simulation case for a
transient stability study. An overview of this methodology is shown as
Figure 38. The study simulates a few seconds of elapsed time. If the
system remains stable; 1) a new load flow is computed, 2) peak over-
pressure damage is added and 3) a new stability run is accomplished. A
practical limit to this study may be out to ten seconds after the event.
The stability analysis 1is terminated and the system state is
characterized.

If the system does not remain stable during the initial stability
run, a concluding assessment is made of system state.

5.6 Summary

The methodology presented herein considers the first ten seconds of
a nuclear surface burst as a set of three distinct threat environments,
separated by time. The assessment process incorporates known power
system analysis techniques combined with a parallel methodology
developed for HEMP assessment.
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Fig. 38. Overview of system stability
assessment methodology.
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The initial impact of the nuclear surface burst is a strong
function of location, i.e., what portion of the grid can undergo initial
non-EMP damage and/or source region surge exposure. Although distri-
bution systems near the burst origin can expect to undergo extensive
damage, perhaps more severe than the transmission network. From a
systemic viewpoint, the methodology focuses on loss of generation
capacity and the transmission network.

The methodology does not extend in time long enough to address
system manned restoration at some period of time after the event.
Determination of the system state and facility status 10 seconds after
the burst can be extrapolated in time with the inclusion of other weapecn
effects. From a long term perspective, the utility grid near the burst
location may very well be abandoned and a new grid will be formed to:
1) bypass the affected area and 2) service new load centers. In this
context, the methodology presented herein serves as a prelude to such a
total assessment.
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6. SREMP COMPUTER CODES AND MODELS

6.1 Introduction

The methodology divides the total assessment of nuclear surface
burst SREMP into three distinct phases: 1) radiated field assessment,
2) source region surge assessment and 3) system stability assessments
incorporating physical damage. From a power system analysis perspec-
tive, each of the three phases requires different sets of digital
simulation codes and models.

In contrast to early-time HEMP simulation, where the coupling of
the radiated field to the system produces very high frequency surges,
the coupled responses, expressed in terms of open-circuit voltages
(short-circuit currents) due to the SREMP radiated field, at a point of
interest has a time dependence in the same range as 1ightning phenomena.
Thus, the models required on the simulation can be directly adapted from
conventional lightning models. This similarity greatly facilitates the
simulation since the models and strength data have been previously
validated in 1ightning research.

A complimentary analysis can be drawn with respect to the waveshape
of the source region surge and surges generated by breaker operation{(s)
on power systems. Study techniques and system models developed for
switching surge analysis can be applied to SREMP surges.

The fact that the system disturbance is generated by a nuclear
surface burst environment(s) develops a different set of initial
conditions, but does not change the use of conventional system
assessment techniques such as short-circuit, stability, and load flow
studies.

This section describes the requirements of additional digital codes
and models needed to perform the total assessment described above.
However, since most models required, by virtue of the similarity of
SREMP induced waveforms to lightning and switching transients, are 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 are needed to assess the
impact of SREMP on civilian power systems. These are:

® Program to compute the excitation of electrical
conductors by SREMP radiated field. (Field Excitation
Program)

® Program to propagate source region surges into networks.
(Transients Program)

® Program to evaluate power system response(s) following
the SREMP effects. (Load Flow, System Stability, and
Short-Circuit Analysis Programs)

The Field Excitation Program (FEP) determines the open-circuit
voltage (Thevenin source) at locations of interest beyond the source
region boundary. The coupling algorithms can be developed from the
relevant equations presented in Section 4 of this report. The program
should have the following capabilities:

® Simulate the incident electric field at any facility and
along any 1line physically located beyond the source
region boundary.

® Model propagation constants d&=o+jg for different types of
lines and feeders, where o and B are the respective
attenuation and phase constants.

] Model multi-conductor lines including neutral and
overhead ground wires.

] Incorporate corona effects on the propagation of the
voltage waves.

2 Include frequency dependent grounds.
® Include the dependence of iine spatial orientation.

e Model the terminating impedance of the 1line, at both
ends, by any arbitrary load.
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A computer code has been developed in Phase I of this project to
evaluate the open-circuit voltages due to radiated fields along a single
conductor above earth. This program forms the basis for the FEP
assessment code to be completed in the Phase II research.

A transients program is needed for simulation of the propagation of
the source region surge in the power system as well as for the
assessment of damage to station equipment by the radiated field
transient overvoltages. The Electromagnetic Transients Program
(EMTP) [28,29] is adaptable to fill this requirement. This program is
recommended due to wide use and acceptance among electric utility
companies. Section 6.3 of this report describes some of the models
needed in conjunction with this program.

The load flow and stability programs needed to simulate the
operational impact of SREMP on power systems can be accomplished by
existing computer codes, e.g. WESTCAT™. In contrast to MHD-EMP investi-
gation, no special model need to be added to these programs. A short-
circuit program is also needed to evaluate the system equivalents
required as an input to load flow and stability codes. Existing codes
can be used without modification.

6.3 Simulation Models

Network models are required to match the frequency response of the
elements they represent. The prospective size of the systems to be
studied inhibits the use of extremely detailed models for every element
in the analysis of large power systems. Hence, adequate but approximate
models are needed. As examples to the above, this section describes
some of the well known models for power transformers, distribution loads,
and transmission/distribution lines.

6.3.1 Transformer Models

The voltages which appear on the secondary (or tertiary) terminals
of transformers due to surges on the primary terminals are composed of
four components [30].
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8 Electrostatic component.
@ Electromagnetic component.

® Oscillatory component 1in the primary winding which
initiates a corresponding oscillation in the secondary
and tertiary windings.

® Second oscillatory component produced in the secondary
and tertiary winding.

Figure 39 depicts a transferred surge through a transformer. The
initial spike (A) is the electrostatic component, the dashed Tine (B) is
the electromagnetic component and the solid line oscillation is due to
the oscillatory components.

The magnitude and shape of the voltage transferred by the electro-
static coupling is dependent on: 1) the front of the SREMP induced
open-circuit voltage at the primary terminals of the transformer, 2) the
nature and impedance of the load connected to the secondary and 3) the
capacitance distribution within the transformer. A few tenths of a
microfarad capacitance added to the secondary terminals, a low ohmic
load, or static plates (internal shields) all act to reduce this
component.

The magnitude of the oscillatory components are usually small
compared to the electromagnetic component and can be neglected in most
practical cases. However, they should be included for a complete
assessment of SREMP.

The value of the coupled electromagnetic component is a function
of: 1) transformer turns ratio, 2) leakage impedance, and 3) the
connected impedances to winding terminals, and 4) the waveshape of SREMP
induced open circuit voltage. It has been shown through field and
laboratory measurements [30] that the maximum overvoltage obtained
through the electromagnetic coupling on the unsurged winding cannot
exceed E]N, where E] is the magnitude of the surge on the surged winding
and N is the turns ratio of the unsurged to the surged windings.
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The electrostatic coupling, as mentioned above, is limited by and
is a function of the capacitance distribution in the transformer.
Hence, the overvoltage on the unsurged winding can be much greater than
E]N.

High frequency models for transformers, necessary for radiated
field assessment, can be very complex. Detailed derivations of these
power transformer models have been documented [25]. In addition to
these "classical" models, Vance [33] indicates that additional elements,
such as winding assymmetry and bushing inductance need to be incorpora-
ted for the analysis of EMP (more typically HEMP) induced voltages. The
usefulness of any model is a strong function of available, measured data
developed by the equipment manufacturer or electric utility.

For network analysis, approximate models for radiated field/trans-
former analysis can be the elementary circuit shown as Figure 40. 1In
many digital simulation studies performed by Westinghouse it has been
shown that such models duplicate the transformer behavior in the
frequency range associated with the radiated field. When the electro-
magnetic circuit is added to the capacitive model, the composite model,
shown as Figure 41 is obtained. A refinement of the composite model
should allow resistances R] and R2 to be frequency dependent to reflect
higher losses at higher frequencies. Although this frequency dependence
has not been used for typical lightning studies, it is recommended for
this research program.

For source region surge simulation, it 1is anticipated that
transformer electromagnetic coupling plays a major role in surge
transfer across the windings. Standard models now used to represent
transformers for switching studies on transient network analyzers (TNA)
or digital programs are applicable. Transformer core saturation should
be modeled. The inclusion of capacitances, while preferable, is not
essential since, in this case, the electrostatic component is of
secondary importance compared to the electromagnetic component.
Figure 42 depicts a typical model for a three-winding transformer
applicable for studying the electromagnetic transfer of the source
region surge.
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6.3.2 Representation of Loads

Alternate circuit models have been developed for the representation
of system loads for digital transient studies. Some of these models are
shown as Figure 43. Previous Westinghouse experience has shown that the
series-parallel circuit (model 3) yields the best results for high
frequency simulation.

6.3.3 Freguency Dependence of Line Parameters

Frequency dependent line models have been developed and implemented
on the EMTP [34,35]. Validation of these models has shown good
correlation with actual field measurements. It is recommended that
select use of these models be incorporated for SREMP assessments of
utility systems. Preliminary assessments may employ frequency
independent line models to obtain a first estimate of interaction.

6.3.4 Corona and Ground Mode Propagation

The practical effect of corona and ground mode propagation is to
retard the front of the wave and, dependent on the wave-tail, decrease
the crest magnitude of voltage surges propagating over electrical
conductors. For source vregion surge simulation, preliminary
calculations and knowledge of switching surge propagation strongly
suggests that little mitigation will result even over long lines. For
example, simulation of a 300/3000 us surge was placed in common mode on
each of the phase conductors of 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. At a distance of 100-km the surge
voltage was attenuated by 9% while the front was retarded by 70 us. In
conventional switching surge simulations, the combined attenuation and
retardation are small and can be normally neglected.

The same results cannot be expected for surges induced by the
radiated field. Simulations of lightning surges having short fronts and
tails, and preliminary calculations performed as part of this research
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program indicate a significant reduction in magnitude by the inclusion
of simplified corona models on lines of interest. It is recommended
that corona be included as part of the radiated field simulations, but
may not be significant for source region surge mitigation.

6.3.5 Surge Arrester Models

Two arrester technologies are incorporated in the utility system
grid: metal or zinc-oxide (Zn0) and traditional silicon-carbide (SiC).
Models of both technologies are required to perform transient
simulations.

The SiC design has a non-linear SiC block in series with a gap
structure, as shown in Figure 44. Flashover of the gap is a function of
both the magnitude and rate-of-rise of the voltage to ground. Models
for SiC arresters consist of the voltage dependent flashover gap in
series with a non-linear resistor. Source region surge assessment
employ  switching surge  flashover  characteristics. Lightning
characteristics are applicable for radiated field assessment.

Some Zn0 arresters are modeled by noniinear resistors with or
without a gap depending on the manufacturer. The volt/current (VI)
characteristic for the model of Zn0 arrester for the radiated field
studies are taken directly from the manufacturer's data. For the source
region surge studies, one may extrapolate the VI characteristic from the
VI characteristics given for 8x20 impulse and the singular switching
impulse protective level supplied by the manufacturer for the 45x90
surge.

65.3.6 Rotating Equipment

The transient equivalent circuits of generators and motors are
complex combinations of inductance and capacitance which represent not
only the impedance of windings to ground, but 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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In a power system, two transient events are presently studied to
analyze the required machine protection:

) Lightning, where the surge voltage arrives at the machine
terminals through a transformer, or is directly
transmitted to the machine by cables or lines {30,31,32].

° Switching, where the surge is created by a circuit
breaker located adjacent to the machine at the same
voltage level.

Originally, only the lightning event was studied, since it was
assumed that 1lightning would produce the worst electrical stress on
machine turn and ground wall insulation. More recently, it has been
found that the switching produced by the circuit breaker can produce
steeper fronts (0.1 to 0.2 us) than lightning. The machine equivalent
circuit required when a steep wavefront surge impinges on a machine is
complex and presently is being investigated through tests and
theoretical development [36,37].

For machines connected through transformers to the system, surge
arresters on the high-voltage side of the transformer provide protection
for both the lightning surge and for switching surges generated on the
high-voltage system. Machines directly connected (through cables or
lines) usually have surge arresters and possibly capacitohs applied at
the machine terminals.

The two types of surge voltages produced by the nuclear surface
burst require different types of equivalent circuits. For the
long-front, 1long-tail source region surge, the usual method of
presenting the machine by its subtransient reactance can be used.
However, for the surge produced by the radiated field, which somewhat
resembles lightning impuise, a more detailed circuit is required. In
the past, the machine has been successfully modeled simply by its surge
impedance [38]. This same external representation can be employed for
radiated field assessment.
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6.3.7 Line Insulation

An important aspect of EMP assessment of civilian electric utility
systems is the study of line insulation performance in response to EMP
surges. Line flashover culminating in a fault condition requires the
power system to undertake an immediate protective action; i.e., circuit
breaker or fuse operation to clear and/or isolate the affected portion
of the grid.

For line insulation systems, the insulation strength is normally
expressed 1in terms of the Critical Flashover Voltage (CFO). By
definition, CFO is not a deterministic value; the voltage corresponding
to CFO is the 50% probability statistic associated with a distribution
of insulation strength. For any given insulation system, the basic
knowledge of the strength distribution for a given stress has been
determined from test programs.

For switching surge study, the switching CFO is a strong function
of the physical condition of the line (wet or dry, degree of contamina-
tion) as well as the polarity and waveshape of the surge. These effects
are depicted in Figure 45 for a 500-kV line design [39]. This figure
shows the effect of the wavefront on the CFO for wet and dry conditions,
positive and negative polarity. It 1is important to note that the
U~-shape curves indicate a critical wavefront exists which results in a
minimum insulation strength. Wet conditions decrease the CFQ more for
negative than positive polarity. Wet, positive polarity produces the
lowest CFO values.

It is also important to recognize the difference in insulation per-
formance between 1lightning and switching surges with respect to CFO.
Figure 46 shows, for dry, positive polarity and critical wavefront the
respective performance as a function of horizontal strike distance.

Test research in the area of switching surge flashover
phenomena [39] has shown that insulation strength distribution
(flashover distribution) can be approximated by a cumulative Gaussian
distribution of two parameters. The mean forms the definition of CFO
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and the coefficient of variation normally expressed in percent of the
CFO. The term "withstand voltage" (V3) is defined at three standard
deviations below the CF0O. This concept is shown as Figure 47. As
shown, the probability of flashover for a crest voltage equal toc the
withstand voltage is 0.135%.

When the statistical distribution of the stress is known, in
addition to strength data, the probability that 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 1in this report are
necessary assumptions, applicable to civilian power system assessments,
based on the nature of the SREMP associated with nuclear surface bursts.
Preliminary calculations of the respective transient overvoltages due to
the source region surge and radiated field excitation strongly indicate
that existing power system analysis techniques can be used to assess
SREMP effects on utility systems.

Additional code development is required to fully develop the field
excitation program for radiated field assessment. The Electromagnetic
Transients Program (EMTP) can be used with the addition of corona models
and specific equipment models drawn from the existing "building-block"
format of the program. The EMTP s directly applicable to the
simulation of source region surge propagation.

The ability to perform meaningful nuclear surface burst EMP
assessments, in the public 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 to perform the assessment.
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7. CONCLUSIONS AND RECOMMENDATICNS

Phase 1 research to investigate the effects of nuclear surface
burst SREMP on the civilian electric utility system suggests that the
SREMP environment alone may place the directly illuminated portion of
the system at some risk. Such risk is in addition to the impact of
non-SREMP effects due to the burst. The nature of the SREMP threat can
be understood in terms of transient surges induced on the system within
the source region, and of the transient electromagnetic field that
illuminates the system for some distance beyond the source region. In
preparation for Phase II preliminary risk assessment, a methodology
applicable to electric power systems has been developed. This
methodology anticipates the necessary environmental and power system
data bases, coupling response mechanisms, and power system analysis
techniques necessary to conduct quantitative assessments.

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

1. A nuclear surface burst will produce significant
transient electromagnetic environments in addition to
other direct blast effects. Based on a principle of
"balanced survivability," power system assessment must
consider all initial aspects of the burst since, for a
given radial distance from the burst, the power system
will be destroyed and/or damaged by burst effects other
than SREMP.

2. Within the source region, transient electrical surges
will be coupled to and propagate via overhead lines and
underground cable systems penetrating or traversing this
region. These physical interconnections for surge propa-
gation will vresult 1in surge interaction with the
remaining power system prior to destruction of the grid
located within the region. Preliminary investigation
suggests that, for weapons of interest, the radial
distance of the source region may be less than or equal
to the radius of direct physical damage. Specific threat
distances are a strong function of weapon design and
depioyment.
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Phase I research suggests that a practical and reasonable
location to define the source region transient surge is
at the source region boundary. Previous investigations,
published 1in the public domain, indicate that the
time-domain waveform for such surges, defined at this
boundary, may exhibit a time to crest greater than 250
microseconds and a fall to half-value on the order of
several milliseconds. Such a time domain waveform has
great similarity to switching surge phenomena experienced
on existing power systems. The peak magnitude of the
surge, defined at the source region boundary, may be on
the order of 100 kiloamperes to 300 kiloamperes of
short-circuit current. For power system simulation, the
source region surge may be modelled by a Norton
equivalent source located at the boundary of the region.

In addition to the above surges, formed within the source
region, the electric utility system will be illuminated
for some distance beyond the region by a radiated,
transient electromagnetic field. This radiated field is
characterized by vertical polarization and radial propa-
gation outward from the burst. Previous investigations,
published in the public domain, indicate that the
radiated field time-domain waveform may exhibit an
initial time to crest on the order of a microsecond with
an initial zero crossing within tens of microseconds.
The initial peak magnitude of the electric field at the
source region boundary may be on the order of several
kilovolts per meter. Beyond the source region, the peak
voltage decreases as 1/r for increasing distance.

Preliminary calculations, performed as part of the Phase
I research effort, indicate that, for 1lines radially
directed to and outside of the source region, there may
exist some critical length of line at which the peak
open-circuit voltage is maximum. Based on the radiated
field example presented in this report, a maximum open-
circuit voltage at an approximate distance of 5 kilo-
meters beyond the source region boundary was noted.
Calculations also indicate that for a given distance the
coupling is maximum for the radial line and decreases for
all other angles of incidence.

For overhead lines exposed to surges formed within the
source region and illuminated by the radiated field
beyond the region, the source region surge may dominate
line and system initial response.
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7. Existing power system analysis codes, such as EMTP and
WESCAT™, can be modified and/or directly incorporated
within the SREMP assessment methodology. Additional
digital code development will be required to translate
the SREMP radiated field environment to system initial
transient response.

The Phase I investigation of SREMP interaction with the electric
power system has revealed several areas of additional research required
to perform preliminary risk assessments. The investigations should be
accomplished as an early part of the Phase II research effort prior to
such assessments.

The recommendations for additional research are:

1. Detailed development of SREMP and other applicable
nuclear surface burst effects in the form of a unified
environmental definition directly applicable for civilian
electric utility system analysis. This report suggests
that a practical spatial location for  the SREMP
characterization is at the source region boundary. The
above development should be a coordinated effort of the
Defence Nuclear Agency and Qak Ridge National Laboratory
with assistance from the Phase I research team.

2. Research as to the appropriate source region terminating
impedance for applicable 1lines and cables. Present
assumptions range from a short-circuit termination to
representation by the appropriate characteristic
impedance. It is recognized that the best assumption may
be a time-dependent value for this impedance.

3. Additional research as to an integrated EMP environmental
description applicabie to investigations which consider
simultaneous or time-spaced, Jjoint high-altitude and
surface burst events.
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