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ABSTRACT

Voltage transients induced in electric power
lines and control circuits by the electromagnetic
pulse (EMP) from high-altitude nuclear detonations
may cause widespread power failure and damage in
electric power systems. This report contains a
parametric study of EMP power line surges and dis-
cusses protective measures to minimize their effects.
Since EMP surges have considerably greater rates of
rise than lightning surges, recommended standards
and test procedures are given to assure that surge
arresters protect equipment from damage by EMP.
Expected disturbances and damage to power systems
are reviewed, and actions are presented which dis-
tribution companies can take to counter them.
These include backup communications methods, stock-
piling of vulnerable parts, repair procedures, and
dispatcher actions to prevent blackout from EMP-
caused instabilities. A long-range program is
presented for improving distributors' protection
against EMP. This involves employee training, hard-
ware protection for power and control circuits, and

improvement of plans for emergency action.
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1
POWFR SYSTEM FMP PROTECTION
ABSTRACT

Voltage transients induced in electric power
lines and control circuits by the electromagnetic
pulse (EMP) from high-altitude nuclear detonations
may cause widespread power failure and damage in
electric power systems. This report contairs a
parametric study of EMP power line surges and dis- ‘
cusses protective measures to minimize their effects. |
Since EMP surges have considerably greater rates of
rise than lightning surges, recommended standards
and test procedures are given to assure that surge
arresters protect equipment from damage by EMP.
Expected disturbances and damage to power systems
are reviewed, and actions are presented which dis-
tribution companies can take to counter them.
These include backup communications methods, stock-
piling of wvulnerable parts, repalr procedures, and
dispatcher actions to prevent blackout from EMP-
caused instabilities. A long-range program is
presented for improving distributors' protection
against EMP. This involves employee training, hard-

ware protection for power and control circuits, and

improvement of plans for emergency action.




I. INTRODUCTION
1.1 Background

The gamma radiation from a single high-altitude nuclear explosicn
can produce an electromagnetic pulse (EMP) which blankets a large frac-
tion of the United States. For example, a height of burst of 100 km will
illuminate a circle of 1200 km radius, and if the detonation is of suffi-
cient height (40O km) and suitably placed (over the geographic center) the
FEMP will blanket the entire continental United States (Fig., 1.1).

This EMP from a high-altitude explosion is very brief in duration,
but nevertheless, very intense. The electromagnetic energy from such
a pulse will be coupled into all extended conducting structures such as
antennas and transmission lines. The surges induced in such structures

have been studied and report-ed.l’g’3

Voltages induced can exceed one
million volts and currents can reach ten thousand amperes. The time of
duration of such an EMP-induced surge is typically of the order of a few
microseconds or less.

Such surges will be ubiquitous on a power system, figuratively
searching out any and all weaknesses in the system. As previous studies
have shown, these weaknesses are exploited by EMP to cause arcing and
flashover with consequent power follow (the continual flow of ac power
across an arc or flashover after its initiation) and circuit breaker and
recloser action, puncturing of insulation, and malfunction or damage to
unprotected supervisory control as well as to unprotected communications
equipment.e"L Cumulative effects due to multiple high-altitude nuclear
explosions might well cause lockout of reclosing breakers. Collective
effects due to the widespread nature of the EMP can affect the stability

of the entire power grid.®

1.2 Objective and Scope

The objective of the present study is to produce guidance material
for use by power companies to upgrade their system with respect to EMP
protection.

The scope of the work is as follows:

1. Develop standards and techniques for the use of EMP protection
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2200 km

Fig. 1.1. Area of coverage of EMP from High Altitude Detonations.




devices in power transmission and distribution systems. This includes
the use of a combined lightning and EMP arrester.

2. Develop measures that could be taken to help protect a local
power system, assuming a few minutes warning period.

3. Determine ready recognition means that an EMP event has occurred
and what actions can be taken by local power companies. These may in-
clude considerations of system instabilities, as well as the recovery of
critical civilian systems such as water and sewage.

L. Outline a program by which a power company may upgrade its sys-
tem with respect to EMP vulnerabilities.

This report serves to outline such a program for protecting power

distribution companies against EMP effects.

II. EMP LINE SURGES
2.1 The EMP Environment

The detonation of a nuclear weapon is accompanied by intense tran-
sient electric and magnetic fields called the electromagnetic pulse
(EMP). The characteristics of EMP have been described in previous

=% A brief description is repeated here in order to give the

reports.’t
assumptions used in this study.

The electromagnetic fields radiated from nuclear detonations vary
greatly with weapon yield and detonation location. An intense EMP is
produced by both low- and high-altitude detonations. Compared to high-
altitude detonations, the fields produced by low-altitude detonations
attenuate quickly with distance from the blast and are normally accom-
panied by shock waves. Power lines which would be affected by low-
altitude EMP would probably be damaged by the shock from the nuclear
blast. For this reason, low-altitude EMP is not very significant for
commercial power systems.

The fields produced by a detonation at about fifty kilometers or
greater is called high-altitude EMP. A single high-altitude EMP can
cover hundreds of thousands of square kilometers and will likely encom-
pass an entire commercial power grid. FElectrical surges will be induced

almost simultanecusly in all of the transmission and distribution lines

in the system. Most of these lines will be completely free from the




shock and other effects of the nuclear blast. In the event of a nuclear
attack, commercial power systems in nearly all parts of the nation are
expected to be subjected to numerous EMP's produced by the detonation
of megaton-range weapons just outside the earth's atmosphere. High-
altitude EMP is very significant to commerical power systems, and its

b effects are considered in this study.

The high-intensity electromagnetic fields radiated from high-
altitude bursts are largely the result of the interaction of the geo-
magnetic field with the Compton current which is due to the gamma radia-
tion. The direction of the electric field is normally at right angles
to the earth's magnetic field. For the continental United States, the
geomagnetic dip angle is 60 to 70 degrees. This implies that the inci-
dent FMP electric field is likely to lie between zero and 30 degrees
off the horizontal, depending on the direction of propagation of the
incident wave.

For the purpose of calculating surges induced in power lines by
FMP, an analytical representative pulse is used. An EMP line surge is
a function of the amplitude and time history of the EMP as well as many
other parameters. To reduce the number of parameters in a study of EMP
surges and for the purpose of establishing a standard, it is convenient
to choose a fictitious plane wave pulse with an amplitude, rate of rise,
and a decay time which exceeds those of most EMP's. This fictitious
pulse will induce power line surges of magnitudes and durations equal
to or larger than those of the possible range of likely TP line surges.

. The representative pulse that we have selected i1s a double exponential

with the electric field given by

E(t) = Eo(e_at - e'Bt) R (2.1)
where
E = 9.5 kV /m (2.2)
a =5x 1F sec™t (2.3)
B =5x 1P sec™ . (2.4)




The electric field waveform given by Eq. (2.1) is shown in Fig. 2.1.
The peak electric field is 90 KV/m. The time to peak is about 10 ns and

the total fall time is near 1 usec.

2.2 Coupling Analysis

Above-ground power lines are excellent receiving antennas for EMP. |
They can collect large amounts of energy due to their length; distribu-
tion lines have typical lengths of 1-30 miles. The EMP current surges
induced in each of the three phéses of the line are almost identical.
Large voltages are developed between each phase and the earth ground
which forms the return conductor for the common mode currents. FEMP-
induced phase-to-phase voltages are relatively small. Therefore, for
the purpose of coupling analysis, it suffices to consider a one-wire
model of a power line.

An infinitely long wire of radius a and height h above the earth is
shown schematically in Fig. 2.2. The incident representative EMP plane
wave and induced current are also shown. The incident direction of the
EMP is determined by the angles ¢ and ¢ associated with the propagation
vector E as shown. The direction of the electric field is then specified
by the angle | between the electric field vector ﬁ and the vertical plane
containing the propagation vector ﬁ. The magnetic field vector % is per-
pendicular to both % and ﬁ, such that (ﬁ, %, i)form a right-handed ortho-
gonal set. The angle between ﬁ and the horizontal is given by sin™t
(sin & cos §). For example, if 6 = O, the wave propagates vertically
downward and both % and % are horizontal. If 8 #£ 0 and § = 90°, then B
is horizontal, but B has a vertical component. If additionally @ = 90°,
then ﬁ is parallel to the wire. For detonations over the continental
U.S. the angle between ﬁ and the horizontal is always less than 300, S0
6 and y are restricted to the range sin 6 cos y < 1/2. The values of ©
and ¢ given in Table 2.1 were chosen to lie in this range.

A parametric study on the EMP line surges has been performed to ob-
tain representative surge waveforms. The results are presented later in
this section and in the Appendix. The EMP voltage and current surges

depend strongly on the incident EMP parameters and load impedance, and

less strongly on the geometric parameters and the line and earth
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Table 2.1.

Summary of EMP line surges

Incident angles Infinite line Transformer termination Short ecircuit
(degrees) Ip vy ROR TIp Vp ROR I,

0 @ ¥ (kA) (kv) (kV/ns) (ka) (k)  (kv/ns) (ka)
60 0 60 2.2 950 13.8 2.75 1700 8.5 L1
60 30 60 2.53 gL5 36.h 3.9 1640 12.0 L.6
60 30 90 2.0 760 19.6 3.0 1000 8. 3.55
60 90 90 1.85 0.0 .0 1.57 525 1.87
80 90 90 0.75 0.0 .0 0.70 150 1.72 0.75
80 30 60 1.65 700 10.0 2.25 1320 5.8 3.0
80 30 90 1.23 540 3h.6 2 590 6. 2.35
80 0 60 10.0 4850 28.2 9 9000 32.8 19.5
NOTE: Ip = Peak current

Vp = Peak voltage

ROR = Rate of rise from 10 to 90 percent of peak.
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conductivities. To simplify the parametric study, we have chosen typi-
cal values for the geometric parameters and conductivities. Typical
values for distribution lines are: line height, h, equal to 10 meters;
wire radius, a, equal to 5 millimeters for 2/0 wire; the resistivity for
commercial annealed copper is 1.724 x 107° centimeter-ohms; and a common
earth conductivity is 5 millimhos per meter. The angles ¢, 6, and | are
varied over practical ranges, three load impedances are used, the charac-

teristic impedance of the line (the infinite line case), a short circuit,

and a mid-frequency model of a transformer.

2.3 Surges on a Long Line

The current induced by EMP on a long line of several miles is simi-
lar to that induced on an infinitely long line. The infinitely long
line is therefore a convenient model for the single power line that ex-
tends several miles in both directions from the point where the surge is
calculated.

The current and voltage surges induced on an infinitely long line
10 m above the earth by the representative EMP for various wave incident
directions and polarizations are presented in Figs. Al through A6 of the
Appendix. As a representative example, Fig. 2.3 shows the EMP line surges
for the incident wave parameters 6 = 80°, ¢ = 30°, and y = 90°. The cur-
rent in Fig. 2.3 has a peak of near 1.2 kA and the induced voltage has a
peak of over 500 kv. After one microsecond, the surges have decayed to
a relatively low value.

The current waveforms have been calculated from a first-order solu-
tion of an infinite wire above the ground. Scattering theory was used to
calculate the current response of a wire in free space. The approximate
effect of the ground was included by using the total field, incident plus
ground-reflected, in the "free space" solution. In this manner the first
ground reflection, which is the major effect of the ground, is included
in the solution but subsequent wave reflections between the wire and
ground are not. The voltage waveforms were calculated from transmission
line theory,® i.e., the voltage is equal to the product of the current,
the cosine of the angle between the line current and the propagation vec-

tor, and the characteristic impedance of the transmission line formed by
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the line and the earth. The voltage calculated by transmission line
theory is called the induced voltage. The induced voltage added to the

voltage from the incident field is the total voltage on the line.

2.4 Surges on a Line Terminated by a Transformer

The EMP surges on a long line above the earth terminated by an
impedance Zy can be modeled as a semi-infinite line as shown in Fig. 2.ka.
The induced surges can be computed from transmission line theory by em-
ploying the current induced on an infinite line as a current source.®
To determine the impedance of a transformer, consider the mid-frequency
model of the distribution transformer as shown in Fig. 2.4b. It is based

on the capacitance coupling effect of the transformer; C. is the primary-

c
to-secondary winding capacitance and Cg 1s the secondary winding-to-ground
capacitance. The transformer termination impedance is approximately the
impedance of the capacitive network for the mid-frequency range between
several hundred hertz and about 3 MHz.

The surges induced on a semi-infinite line 10 m above the earth ter-
minated by the mid-frequency model of a transformer are shown in Figs. A7
through Al13 of the Appendix for a range of incident wave directions and
polarizations. A representative example is shown in Fig. 2.5 for 6 = 80°,
¢ = 309 and { = 90°.
2 kA and 600 kV, respectively.

Current and voltage peaks in Fig. 2.5 are about

2.5 S8hort-Circuit Current Surges

The EMP current surges through a short circuit are of interest for
specifying the current handling capability of surge arresters. The
short-circuit current can be computed by the same method used in sub-
section 2.4 with Zy = 0.0. The current surges through the short circuit
of a semi-infinite line 10 m above the earth are shown in Figs. Alk
through Al6 of the Appendix for a realistic range of incident wave di-
rections and polarizations. Examples of the short-circuit current surges
are shown in Fig. 2.6 for § = 80° and § = 90°. Figure 2.6a shows the
surge for ¢ = 30° and Fig. 2.6b shows the surge for ¢ = 90°. Note that
the peak current for ¢ = 30° is about three times that for ¢ = 90°.
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2.6 Results of the Parametric Study

The results of the parametric study of EMP line surges are summa-
rized in Table 2.1. The values presented in the table have been esti-
mated from the surge waveform presented in this section and in the
Appendix.

The current peaks for an infinitely long line are within the range
from 0.75 kA to 10 kA and the line voltage peaks range from 0.0 to L850
kV. The induced line voltage is zero for cases where the electric field
vector is parallel to the wire. The voltage rate of rise, from 10 to 90
percent, of the voltage surges ranges from 0.0 to 36.4 kV/ns. The general
effect of the transformer termination is an increase in the peak current
and voltage surges and a decrease in the rate of rise of the voltage
surge. The transformer voltage rate of rise ranges from 1.72 to 32.8
kV/ns. The short-circuit current surges have peaks that range from 0.75
to 19.5 kA.

The calculations of the EMP-induced line surges presented in this
report neglect corona and other discharge mechanisms. (Corona discharge
can reduce the EMP surge peaks and rates of rise by 20 percent or more.)3
These surges are therefore considered as an acceptable and congervative

basis for EMP protection requirements.

III. SURGE PROTECTION REQUIREMENTS

3.1 TIntroduction

Present-day electric power systems use many devices and components
for the protection of equipment. These include circuit-opening devices,
such as fuses or circuit breakers with protective relay systems, re-
actors, condensers, regulators, and lightning arresters. The lightning
arrester, or more appropriately the surge arrester, is the device that
is depended upon to provide protection against surges such as those pro-
duced by lightning and EMP. A surge arrester differs from other surge-
protective devices such as spark gap in that it is designed for repeated
limiting of voltage surges on 50 or 60 hertz power circuits by passing

surge current and then automatically interrupting the flow of ac power

follow current. Spark gaps do not always interrupt power follow current.
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The present standards on surge arresters are based largely on light-
ning protection requirements. If these devices are to be used for pro-
tection against EMP, then the standards must be revised to include EMP

protection requirements.

3.2 Present Standards

Surge arresters are designed and manufactured according to American
National Standard ANSI C62.1-1971. This is essentially identical to the
Institute of Electrical and Electronics Engineers Standard IFEE Std 28-
1972 and constitutes, by reference only, an integral part of the National
Flectrical Manufacturer's Association (NEMA) Standards Publication for
Surge Arresters, TA 1.

These standards include: (1) basic definitions applicable to surge
arresters, (2) standard service conditions under which an arrester is
required to operate successfully, (3) the classification of arresters
and the voltage ratings of arresters in each class, (&) construction
standards including identification to be included in labeling, mounting,
and terminal connections, and (5) various design and conformance tests.

The tests are of nine types:

(1) Surge and power-frequency voltage withstand tests of the ar-
rester insulation with internal parts and external series-gap electrodes
removed.

(2) Power-frequency sparkover tests of the arrester to establish
that the completely assembled arrester can withstand the rated power-
frequency operating voltage with a specified margin of safety.

(3) Tests which determine the impulse sparkover voltage-time charac-
teristics. These characteristics show the relation between impulse
sparkover voltage and time to sparkover for specified impulse wave shape
which are chosen to be representative of typical lightning and switching
surges.

(4) Discharge-voltage tests which show the voltage across the ar-
rester terminals while the arrester is discharging as a function of the

discharge current. The standards fix the shape of the current surge

and specify several current crest values.
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(5) Discharge-current-withstand tests consisting of (a) high-current,
short-duration and (b) low-current, long-duration tests. These serve to
demonstrate the adequacy of the electrical, mechanical, and thermal design
of the arrester.

(6) Duty-cycle tests to establish the ability of the arrester to inter-
rupt follow current successfully and repeatedly under specified conditions.

(7) Radio-influence-voltage test to provide a measure of the high fre-
quency voltage generated by an arrester. Such voltages may cause objection-
able communication interference.

(8) Internal-ionization-voltage test to provide a measure of ioniza-
tion current within the arrester. Such currents may cause deterioration
of internal arrester parts.

(9) Pressure-relief tests to demonstrate that failed arresters will
withstand ensuing fault current under specified conditions without violent

disintegration.

3.3 Recommended Standards for EMP Surge Arresters

An arrester which is to be used for protection against EMP-induced
surges as well as for lightning and switching surges should conform not only
to the standards set forth in ANST €62.1-1971 but also to additional or modi-
fied standards. These additional standards should reflect the fact that
EMP-induced surges have greater rates of rise and shorter times to crest
values than do lightning surges. As indicated in the Appendix, the rates
of rise may be greater than 30 megavolts per microsecond and the virtual
duration of wave fronts (as defined in the ANSI standard) may be as short
as 20 nanoseconds. These numbers are not necessarily "worst case" numbers,
but they can form a basis for specifying requirements against EMP-induced
surges.

In order for a surge arrester to protect a system from high-voltage
surges such as those produced by EMP, it is necessary that the arrester act
sufficiently fast so that surges capable of producing damage to equipment
will be substantially modified by the action of the surge arrester. There
will always be an initial part of the surge which escapes the modifying
action of the arrester's discharging. This part of the surge passed on
must be incapable of damaging the equipment which is being protected or of
causing control circuits to malfunction in such a way that performance or
operation is interrupted for unacceptably long periods. Otherwise, the

arrester is not providing sufficient protection.
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| With the foregoing statements in mind, and pending the establish-

| ment of formal standards by organizations such as IEEE, ANSI, and NEMA,

’ the following additions to ANSI (62.1-1971 are recommended for arresters
to be used for EMP- as well as lightning-surge protection.

! Impulse tests of arrester insulation withstand test voltages should

i include, in addition to those given in Table 3 on page 1L of ANSI C62.1-
1971, impulse tests using a 0.02 x 1 full wave (see definition 2.29.1 of
ANSI C62.1-1971) with crest values of 5 MV or crest values 50 times those
given for impulse tests in that table, whichever is smaller.

Additional front-of-wave impulse sparkover tests should be made

using nominal rates of rise as follows:

Voltage rating Nominal rate of rise
in kilovolts
l Less than 3 500 kV/ps
3 through 48 5 MV/us for each 12 kv
| of arrester rating
|
| Above 48 20 MV/us

' The arrester insulation must not flashover during these tests.

The EMP impulse sparkover voltage-time characteristics may be deter-
mined as follows. Using a 0.02 x 1 wave shape beginning at a crest volt-
age below arrester sparkover, the prospective test voltage shall be
raised in steps until sparkover occurs. Continue the increase in pro-
spective voltage for at least three steps until the time to sparkover or
? the rate of rise approaches that of the foregoing additional front-of-
wave test. Five tests at each step using that polarity which gives con-
sistently higher sparkover values are sufficient. The arrester insula-
tion must not flashover during these tests.
| Discharge voltage characteristics shall be determined for EMP-type
surges in addition to those tests given in the standards. For these
tests, a 0.16 x O.4 current waveform shall be used. For each rating of
a given arrester design between 1 and 12 kV and of prorated sections for
| ratings above 12 kV, obtain discharge-voltage time and current-time
| oscillograms using 1,000, 2,000, and 5,000 ampere crest values. From
? these, obtain the discharge-voltage-current characteristics for each

rating or prorated section.

O
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On each arrester for which the design has been tested according to
the above additional EMP standards there shall be firmly attached identi-
fication data which includes a statement that the arrester (design) has
been tested using EMP-type surge standards.

In summary, a preliminary set of tests and standards has been given
for surge arresters, in addition to those specified by the American
National Standards Institute. These additional standards are intended
to serve as a guide to setting standards for surge arresters to be used
for protection against EMP surges as well as against lightning and switch-
ing surges.

The usefulness of any standards such as these is limited unless co-
ordinated with similar standards for testing insulation withstand voltages
for EMP-type surges. 1In particular, such standards should be established
for transformers and insulators.

Some of the numbers in these preliminary standards are certain to be
modified. Nevertheless, the rates of rise, voltage withstand levels, cur-
rent and voltage crest values, and the wave shape of the proposed standard
0.02 x 1 voltage pulse are sufficiently well established that a great deal

of protection against EMP can be assured by using these standards.

3.4 Surge Arresters Presently Available

Modern surge arresters are classified by the IEEE and NEMA standards
as station, intermediate, distribution, and secondary arresters. Station
arresters are used to protect large and important transformers and switch-
gear. Intermediate arresters are used to protect smaller or less impor-
tant transformers and switchgear. Distribution arresters are used to
protect distribution transformers and other distribution apparatus. And
secondary arresters are used to protect equipment connected to secondary
circuits of voltages up to 650 VAC.

Other arrester classifications used by NEMA are protector tubes,
gaps, and protective resistors. Protector tubes are used to protect in-
sulators and pole-top switches. Gaps are used to isolate circuits from
each other under normal conditions and to provide a path for surges.
Protective nonlinear resistors are used to provide a surge shunt for

apparatus such as series winding of regulators and generators.
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Arresters are rated in terms of ac voltage. Distribution arresters
are alsoc rated in terms of current. The voltage ratings of arresters
cover different ranges according to type: station arresters range from
3 kV to 684 kV, intermediate arresters range from 3 kV to 120 kv, distri-
bution arresters range from 1 KV to 30 kV, and secondary arresters range
from 175 V to 650 V. The minimum crest current standard for an arrester
is for a surge current having a (4 to 8) x (10 to 20) waveshape. The
crest currents are: 100 KA for station arresters, 65 kA for intermediate
and distribution arresters, and 10 kA for secondary arresters.

The impulse sparkover voltage of a station surge arrester rated
above 15 kvV ranges from two to three times 1ts voltage rating for a surge
having a 1.2 kV/ns rate of rise. The maximum discharge voltage also
ranges from two to three times the arrester's voltage rating for 10 kA
surges. A station arrester rated under 15 kv has a sparkover voltage of
about three times its voltage rating for a voltage surge with a rate of
rise of 1 kV/ns per 12 kV arrester rating. And the maximum discharge
voltage is also about three times its voltage rating for 10 kA surges.

Distribution-type arresters are generally less effective in sup-
pressing surges. Sparkover voltages range from five to seven times the
arrester's voltage rating for surges with 1 kV/ns rate of rise per 12 kV
of arrester rating. And the maximum discharge voltage is about five
times the arrester's voltage rating for 10 kA surges. Secondary arrest-
ers have sparkover voltages that range from six to ten times their volt-
age ratings for a transient with a 0.1 kV/ns rate of rise. The maximum
discharge voltage of a secondary arrester is about the same as its spark-
over voltage.

The general performance characteristics of arresters for surges with
greater than a 1.2 kV/ns rate of rise is not well known since that infor-
mation is normally not applicable to lightning and switching surges.

15257 concerned with EMP surges have performed

ORNL and a few other groups
limited tests on a few selected surge arresters. Figure 3.1 shows volt-
age waveforms recorded by ORNL for a 15 kV station-type Kearney arrester.

This arrester is also used as a distribution arrester at ORNL's X-10

plant.




22

ORNL-DWG 74 -7713

VERTICAL 25 kV/DIV
HORIZONTAL 100 nsec/DIV

Y,
(0) 0.28 kV/nsec RATE OF RISE

/7 T VERTICAL 25 kV/DIV
~_| A HORIZONTAL 200 nsec/DIV
— "

/
[

(&) 0.38 kV/nsec RATE OF RISE

VERTICAL 25 kV/DIV
— HORIZONTAL 50 nsec/DIV

1S
/

(¢) 2 kV/nsec RATE OF RISE

P VERTICAL 25 kV/DIV
/\ HORIZONTAL 50 nsec/ DIV

/
/

(¢) 2.33 kV/nsec RATE OF RISE

Fig. 3.1. Measured voltage surge (upper curve) and the volt-
age across a 15 kV Kearney arrester (lower curve) as a function of
rate of rise.
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i The upper waveform in each graph of Fig. 3.1 is the applied voltage
surge with the arrester out of the circuit. The lower curve is the ar-

f rester response. The voltage surge was provided by an EMP surge simu-

| lator. The surge fall time to half maximum was set for 1 psec. The

; rise time and amplitude of the pulse was varied to obtain a range of

' voltage rates of rise. In Fig. 3.la, a 0.28 kV/ns rate of rise was

| applied to the arrester. The arrester fired after about 230 ns. The

| sparkover voltage is about 60 kV and the maximum discharge voltage is
near 40 kv. Figure 3.lb shows the arrester response to a pulse with a
0.38 kV/ns rate of rise. The arrester fired after about 100 ns at near
75 KV sparkover voltage. The maximum discharge voltage for this surge

! is 50 kV. In Fig. 3.1b, cable reflections can be seen after 1.5 psec.

i This corresponds to the round trip transit time in the 500 ft of 50 ohm

t cable (RG-EEO/U type) between pulser and load.

| In Figs. 3.1lc and 3.1d, much faster rate of rise surges are used.

i The 2 kV/ns surge activates the arrester after 50 ns with a sparkover

voltage of 75 kV and a discharge voltage of near 50 kV. 1In Fig. 3.1d,

the 2.33 kV/ns surge fires the arrester after 45 ns. The sparkover

voltage is near 80 kV and the maximum discharge voltage is about 55 kv.

The results of the ORNL test are summarized in Fig. 3.2. Results

for a 9 kV arrester obtained by SRI” are shown in Fig. 3.3. This ar-

rester exhibited a greater increase in breakdown voltage for fast rising

| pulses than did the one tested at ORNL. Tests on a Dale SPA-100, 120

| VAC secondary arrester resulted in a sparkover voltage of 7 kV for 5

kv /ns surges.®

i These results show that the pulse breakdown voltage of the pre-
sently available power line arresters is considerably higher for EMP

} surges than for lightning surges. For relatively slow rising EMP surges

‘ at 2 kV/ns, the sparkover voltage is about twice that due to lightning.

More testing with pulses having large rates of rise is needed to deter-

| mine arrester characteristics in the range required for FMP protection.

| For a very fast rising surge at 20 kV/ns, the sparkover voltage could
be as much as ten times that due to lightning. The effects of arrester
lead inductance, which were not investigated in the ORNL test, will fur-

: ther reduce the effectiveness of surge arresters against fast rising

pulses.
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The large EMP surge sparkover and discharge voltages could have
serious consequences for power equipment. Insulation breakdown could
occur on internal equipment wiring, resulting in damage by ac power
follow. To prevent equipment damage, important equipment should be
protected by an arrester which can effectively suppress EMP, lightning,
and switching surges. Presently available power line arresters should
be further tested with the recommended EMP standards to determine their

effectiveness in protecting equipment against EMP surges.

IV. PROTECTIVE ACTIONS AND PROCEDURES
4.1 Review of Expected EMP Effects on Electric
Power Systems

Preceding sections have made clear that surge voltages induced by
EMP in the electric power lines exceed the basic insulation level on
most above-ground power distribution lines. Similar surges, but reduced
in magnitude depending upon the amount of shielding present, will also
be induced in underground power cables, control lines, telephone cables,
power supplies, and other conductors associated with electric power gene-
ration, transmission, distribution, and control.

The probable disturbances resulting from these surges have been
described in other reports;® ™2 here we consider aspects relevant to pre-
vehtative or corrective action possible just before or after high-

altitude nuclear detonations.

4,1.1 Flashover and Power Follow

Depending upon height of burst, the area of coverage of EMP from a
single high-altitude detonation can easily be most of the United States
and within this area substantially uniform EMP field strengths will
occur. Thus, entire power systems will be impacted simultaneously. If
there are several detonations over the U.S., each point in the U.S. will
be affected by the EMP's from all high-altitude detonations.

The EMP-induced surges on distribution lines are expected to cause
flashover at points of impedance change, corners or ends of lines, and

locations of reduced insulation level, as well as across lightning ar-

resters. Discharges through lightning arresters will be extinguished,
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but a fraction of those across insulators will be sustained by power
follow, initiating circuit breaker operation. If three of more high-
altitude detonations occur within two or three minutes (with some varia-
tion depending upon breaker design) repeated flashover can cause circuit
breaker lockout, necessitating manual reclosure. Consequently, the dis-

tribution system load would be removed from the transmission network.

L.1.2 Transient Stability®

Multiple faulting (flashovers) over a large geographical area accom-
panied by a loss of load due to circuit breaker openings could induce
transient instability and wide-area power blackouts. To investigate this
possibility, Manweiler recently modeled EMP-induced perturbations using
the computer transient stability program developed by Philadelphia Elec-
tric Company. A network base case supplied by the Tennessee Valley
Authority represented more than 1500 busses (generators, tie points, and
loads) and provided a good transient stability model of the southeastern
United States.

In the study, EMP flashovers on the distribution system were modeled
by faulting distribution (not transmission) lines serving between five
and thirty percent of the connected load in the affected area. Many
studies were run for different fault densities, sizes of perturbed area,
and impedances between the faulted distribution lines and the connecting
lines. Calculations were done for both a single set of multiple faults,
as would occur from a single nuclear detonation, and multiple fault sets
modeling multiple detonations occurring within a short period of time.

In general, the multiple fault perturbations affected the entire
network in the following manner. TFirst, within the perturbed area most
generators accelerated together. However, for a large fault density,
many machines lost synchronism within the perturbed area. These machines
would thus be removed from the network. A second effect of the EMP dis-
turbance was an interference between the perturbed and unperturbed areas
through the transmission tie lines, which seemed to exacerbate the insta-
bility, particularly within the perturbed area. 1In order to determine

whether this interference between perturbed and unperturbed areas was

indeed disruptive, the major tie lines between the faulted and unfaulted
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areas were opened before the simulated EMP was applied. In this case,
transient instability was less likely to occur; generators in the
faulted area still accelerated, but remained in synchronization with
each other.

Repeated detonations, which were modeled by applying a second simu-
lated EMP about 0.5 second after the first perturbation, greatly in-
creased the likelihood of transient instability at even a low fault
density. Major instability was likely when only a few percent of load
was faulted.

In making conclusions from this study, one must remember that the
study is but a first attempt to determine the effects of EMP perturba-
tions on the transmission system's stability, which is a very difficult
problem. Although the model of the power system is quite accurate in
some respects, there were several limitations to the study. If the num-
ber of EMP bursts were increased beyond even two, the perturbation would
be much more severe. No malfunction of the transmission system was in-
cluded, although line surges were studied to see if circuit breakers on
the transmission system would open. (Section 4.1.3 of this report dis-
cusses possible effects on transmission system components which could
increase the probability of instability.) Furthermore, only the tran-
sient time period (up to 1.5 seconds following flashover) was considered.
Dynamic instability, which is a very important component of the total
EMP effect, and which occurs after the transient period, cannot be modeled
by the existing program. Since the omitted effects will tend to en-
courage instability, we must conclude that loss of synchronization and
resultant power blackout are very likely. On the time scale of a minute
to a few hours, it is possible that human intervention could reduce the

severity of a blackout.

4.1.3 Communication and Control Circuit Damage and Malfunction

EMP will induce large surge currents and voltages in the communica-
tion and control circuits of power systems. These surges can cause
faulty operation of logic circuits and can burn out components, espe-
cially semiconductor diodes, transistors, and integrated circuits. Mal-

function of control circuits can result in erroneous breaker operation,
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false telemetry of data, and general scrambling of the control function.
Semiconductor burnout can be difficult to repair, particularly if spare
parts and test equipment are not readily available. Power may be avail-
able even if control circuits are damaged, but without such important
functions as protective relaying,the power components are very vulnerable

to damage by transients, faults, etc.

4.1.4 ©Power Component Damage

While less likely than control circuit damage, damage to power com-
ponents such as transformer windings, bushings, or other insulation can-
not be excluded. There are at least two reasons for this. The first is
that the rise time for EMP surges is much shorter than that for lightning.
Insulation levels may not be adequately coordinated for these fast rising
pulses; consequently, there is no assurance that protective devices will
fire before flashover occurs in components. Even though the energy in an
EMP surge is considerably less than in direct lightning strikes, power
follow from the power line voltage can damage equipment by sustaining an
arc initiated by EMP. The second reason is that, in low lightning areas,
much power equipment is not protected by lightning arresters.*® 1In unpro-
tected equipment, power follow after EMP flashover may cause serious damage
to transformers. Fortunately the trend in power systems is toward in-

creased protection, even in low lightning areas.

4.1.5 Damage to Customers' Eguipment

Surges induced in electric power lines will propagate through trans-
formers and enter customers' equipment, possibly causing damage or mal-
function. Resultant faults or loss of load can exacerbate the instability
problems of the power system.

Customers with standby power can avoid entry of these surges by dis-
connecting themselves from commercial power and going to standby power
if attack warning is available before the first high-altitude detona-
tion. Fast acting primary and secondary lightning arresters may also
help to avoid damage. Transformers attenuate surges somewhat and

lengthen their rise time, increasing the chance that secondary arresters

will be able to dissipate them successfully. Long runs of above-ground
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wire following the transformer will have surges induced on them which

negate the effectiveness of the transformer and lightning arresters.

L.2 Protective Action Before or During Attack
4.,2.1 Need for Protective Action

It is expected that high-altitude detonations will occur at the
beginning of an attack, possibly through use of our own Spartan anti-
ballistic missiles. ILarge parts of the country might experience no
other direct effects of nuclear detonations, being remote from probable
targets. Under such circumstances there are cogent reasons for trying
to maintain or restore electric power. These include the desirability
of light and ventilation for fallout shelters, the need for traffic
signals and gasoline pumps for evacuation, time required for orderly
shutdown of factories and chemical process plants, light and power for
hospitals, police and fire departments, pumps for water, gas, and sewer
utilities, and general comfort and aid to the population. If EMP were
a local phenomenon occurring with blast or heat, the additional effects
ascribable to it would be minimal. As a nationwide effect, it is worth-

while to counter the disruptive impact of EMP.

L.2.2 Preparation in Advance of Nuclear Attack

Because little time would be available after attack warning, it is
essential that some steps be taken in advance. Since damage to solid
state communications and control equipment may occur, spare parts, test
equipment, and trained repairmen should be available. Plans should be
made for possible cannibalization of redundant equipment in the event
that insufficient spare parts are available.

Disruption of communicétions through equipment damage is also pos-
sible. For distribution systems the most important communications links
are: first within the system itself, second with the transmission system
(if this is a separate entity), and finally with essential customers.

At present, it is quite feasible to provide sufficient EMP protection to
assure survival of a minimal radio communications system in the UHF and

VHF bands.® However, it is necessary in advance of warning to establish
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radio nets and common frequencies and to position transceivers, if this
is necessary.

Finally, maintenance and dispatch personnel must be trained to
know what to expect and what corrective actions are available. For
example, if a dispatcher observes breaker operation and false telemetry,
advance training may give him the ability to respond more quickly to

avold loss of power through instability.

4.2.3 Actions upon Receipt of Attack Warning

Assuming that power companies have planned their response in advance,
attack warning should trigger the execution of these plans. Maintenance
vehicles should be prepared for dispatch in event of damage, breaker lock-
out, or loss of telemetry. Test equipment and spare parts should be made
available, and maintenance personnel alerted. Pre-planned radio nets for
backup communications with other power companies, other utilities, and
essential customers should be activated. Customers with standby power,
whose equipment could be damaged by EMP conducted through power lines,
should be alerted to disconnect from commercial power and go to standby
power. The customer may still be in danger from EMP sw ges induced on
his own lines, unless he has adequate surge protection. Chemical plants,
0il refineries, aluminum plants, and other customers requiring time for
orderly shutodwn should be warned that power failure may be imminent.
Dispatchers should review generation on line and ready whatever spinning
reserve is available for possible energizing should some generators lose
synchronization.

The study reviewed in Section (4.1.2) indicated that transient in-
stability was somewhat less likely if tie lines between the affected
area and surrounding areas were opened prior to the occurrence of EMP.
However, we do not recommend sectionalizing power grids on receipt of
attack warning, because it will be impossible to determine in advance
the boundary between affected and unaffected areas. Further the pre-
liminary nature of this study would make it foolhardy to ignore recent
power system experience indicating that strong interconnections help to
prevent blackout. The matter of grid sectionalizing requires consider-

ably more study before it can be recommended as a protective measure

against EMP-caused blackout.
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4.2.4 Actions during Attack

We exclude, as beyond the scope of this report, other more localized
weapons effects. Obviously, blast and fire will be much more important
in target areas than will EMP. Furthermore, in these areas repair or
restoration attempts will be severely hampered by the inadvisability of
leaving shelter. However, most of the country's area will not suffer
direct effects under any conceivable attack, and in these locations power
maintenance, restoration, and repair activities are feasible. We do not
know enough about the occurrence of EMP effects to give detailed instruc-
tions for how to carry out these activities. Preceding sections have in-
dicated the kinds of disturbances likely to occur; we must leave to the
ingenuity of power company personnel the preferred response.

An obvious possibility will be loss of voltage at some location in
the power system, reported by telemetry, telephone, or the backup radio
communication net. The dispatcher must then decide whether this 1s due
to loss of feed from the transmission system or a malfunction within the
distribution system. If the former, he should report this to the trans-
mission system dispatcher (who should already know), and ascertain how
long power is likely to be out. If the latter, he should localize the
disturbance and either try to restore power by remote reclosing of
breakers or else dispatch maintenance crews to diagnose and repair any
damage.

This scenario fails if a large amount of damage occurs, for the
maintenance crews will be overwhelmed. However, FEMP tests of communica-
tions and control systems analogous in some respects with power systems
have indicated that massive damage to equipment is not likely. The most
common form of damage occurs to semiconductor devices tightly coupled to
long cables. If we consider the example of a protective relay, this
would imply concern for the power supply (connected to 115 V power) and
input and output circuits (connected to sensing wires and control lines).
Tests have also shown that failure does not occur in all seemingly iden-
tical equipment. EMP-caused damage tends to be probabilistic rather than

deterministic. Power engineers are familiar with this phenomenon in

lightning damage, where perhaps only one unit out of several similarly
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struck by lightning will require repair. If maintenance crews are in-
structed to look first for damage in the most likely circuits, then the
repair and restoration process can be considerably accelerated.

Another scenarioc requiring exceedingly fast action by dispatchers
is incipient blackout due to EMP-caused flashover. Many of the plans
developed by the Electric Reliability Councils will be useful in com-
bating this. Rapid load shedding, bringing up of spinning reserve, and
as a last resort sectionalizing should be considered.

Dispatchers must be prepared to drop either generation or load very
quickly. Events on a few seconds time scale are beyond human interven-
tion, but even one-half minute allows for dispatcher response if he is

aware of what is going on.

4.2.5 Action Following Attack

During this periocd the primary concern will be for power restoration
and repair of damage. Unfortunately, semiconductor devices, the compo-
nents most likely to be damaged, cannot be repaired. They must be re-
placed from spares. If insufficient spares are available, some control
functions must be dropped, or else electromechanical backup equipment
substituted. Fortunately, electromechanical components are much less
vulnerable to EMP damage than are solid state, so these should be avail-

able for replacement.

V. EMP PROTECTIVE PROGRAM FOR POWER DISTRIBUTORS
5.1 Introduction

It is not possible to develop a single unique, completely detailed
plan for upgrading a power distribution system with respect to its harad-
ness to EMP. There are a number of reasons for this.

Not all is known about EMP effects. Much of what we know about
possible EMP effects is based on combined theoretical calculations and
limited experimental information. High-altitude testing of nuclear
weapons is, of course, banned. However, laboratory experiments and simu-
lator testing tend to confirm the theoretical models used.*®

Protective devices presently used for protection against lightning

on transmission, subtransmission, and primary distribution lines have
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not been designed or systematically tested for surges such as those
induced by EMP. However, a number of manufacturers are offering devices
for protecting secondary distribution lines against EMP-type surges.
Standards such as those introduced in Chapter IIT for surge arresters
have not yet been set for protective gear and equipment.

Furthermore, each electric power distributor has its own inherent
problems and situations. The amount of protection already available,
the extent to which the distributor depends on supervisory control and
automatic substations, the amount of lightning protection assumed by
overhead ground wires, the isckeraunic level, the company's policy re-
garding the use of technical staff, etc. all point to the fact that the
individual distributor can best develop a detailed plan to fit its own

unique needs in an economic and cost-effective manner.

5.2 Training of Personnel

The need for protecting transmission and distribution lines and
assoclated equipment from lightning has been recognized from the incep-
tion of the electric power industry. The necessity for protection
against switching surges has been recognized more recently as transmis-
sion voltages have increased. The importance of and need for protecting
the electric power system against EMP surges have yet to be recognized by
much of the industry.

Because of this lack of recognition of the FMP protection problem,
the first step a distribution system should take in order to upgrade
itself with respect to EMP vulnerability is to provide its personnel
with information and training regarding EMP problems. Only with an in-
formed management and technical staff will a power distribution company
be able to provide EMP protection in a coordinated and economic manner.

It 1s not unusual for electric power companies to provide training
for their employees. Many power companies provide both on-the-job train-
ing courses as well as after-hours courses of the self-improvement type.
Such courses include subjects such as management principles, safety,
driver's training, basic electricity, etc.

Some states provide funds for the purpose of upgrading the techni-

cal capabilities of employees. To provide state or federal funds for




35

sponsoring EMP courses for power distribution company personnel may
well be in the national interest, and should be seriously considered.

The personnel of a power distribution company who need knowledge
of EMP include both managerial personnel and engineering personnel., The
managerial personnel need EMP knowledge as background information to
make sound decisions for planning for future systems and operations.

The engineering personnel need information concerning EMP in order to
assess specific engineering and design details in the coordination of
EMP protection with lightning and other protection.

Accordingly, personnel training for EMP protection should be divided
into two groups: (1) management training and (2) technical and engineer-
ing training. Training courses should be provided to each group.

The purpose of the training course for management personnel is to
provide them with basic facts regarding EMP and its consequent implica-
tions and problems. This information is required to make responsible
management decisions concerning EMP-related problems.

The outline of such a managerial course on EMP is given below. It
consists of a seven-hour presentation. Note that two hours of the course
are devoted to civil defense. This discussion of civil defense includes
reviews of Russian, Chinese, Swedish, and Swiss civil defense systems as
well as a review of civil defense goals and requirements in the United
States. Without such background material in civil defense, the concepts
of EMP vulnerability and protection are meaningless.

EMP Course Outline
(for Management Personnel)

T. Civil Defense Primer

Hours

A. Review of Russian, Chinese, Swiss, and Swedish
Civil Defense Programs 3/4
B. U.S. Civil Defense requirements 3/L
C. The reliability of electric power during a crisis 1/2

II. EMP Origins

A. High-altitude EMP production 1/2
B. Pulse characteristics and range 1/2

IIT. Effects of EMP

A. EMP-induced current and voltage surges in
cables and equipment 1/2
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Hours
B. Effects on materials, components, and equipment 1
C. Systems effects 1/2
(1) pistribution system effects
(2) stability of the power grid
IV. EMP Protective Measures
A. Shielding and Wiring Practices 1
B. Protective devices 1
Total 7

The course for engineering personnel is designed for those who have
a B.S. in engineering or the equivalent. Again, a review of civil defense
is included. Technical details omitted in the course for management have
been included. The number of lecture hours is 21. This is academically

equivalent to a two quarter-hour course. The outline is as follows.

EMP Course Outline
(for Engineering Personnel)

Hours
I. Civil Defense Primer
A. Review of Russian, Chinese, Swiss, and
Swedish Civil Defense Programs 3/L
B. U.8. Civil Defense Requirements 3/h
C. The Reliability of Electric Power during a Crisis 1/2
II. Origins of EMP
A. Mechanism of EMP Production 1/2
B. DPulse Characteristics and Range of High-Altitude EMP 1/2
III. Effects of EMP
A. Interaction and Coupling Mechanisms 2
B. Common Mode and Differential Mode on Aerial
and Underground Cables 2
C. EMP-Induced Surge Characteristics, Peak Values,
Time Response, Examples 2

D. Characteristics of Equipment and Components
Subjected to Fast EMP-Type Surges; Insulation,
Transformers, Meters, Relays, Transistors,
Solid State Devices, Supervisory Control
Equipment, Cables, Computers, etc. 3
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Hours
E. Systems Effects 1
1. Lock-0ut of Circult Breakers
2. Transient Stability Effects
IV. Protection Against EMP Effects

A. EMP Shielding Principles - Conduits, Undergrounding 1
B. Wiring Practices - Grounding 1
C. Protective Devices - Spark Gaps, Arresters, Filters 3
D. Coordination of Protection 3
Total 21

In addition to the two course presentations outlined above, two cor-
responding manuals should be available covering the same material. These
can be used as supplementary texts for the above courses, or they can be
used as the basis for self study for employees of those distribution com-

panies that are unable to give the above course presentations.

5.3 Upgrading System Components

Power distribution companies may upgrade their physical facilities
with respect to EMP hardness in two respects: (1) increase the hardness
of the power lines and power apparatus especially with respect to arcing
or flashover with attendant power follow and consequent opening of
breakers and possible lockout; (2) increase the EMP hardness of auto-
matic control and supervisory control systems, especially by the use of
low voltage arresters, gaps, and filters.

The problem of lightning surges on power lines has been largely
solved through the combined use of arresters, overhead ground wires, and
relay-operated circuit breakers. Overhead ground wires give little or
no protection against EMP. Reclosing circuit breakers give protection
against power follow caused by EMP-induced flashover and arcing, but the
occurrence of several surges in a few minutes can cause the reclosures to
lock out. Hence, there is but one possibility for EMP protection of the
power lines: the arresters must be in sufficient number and of proper
location so that little or no flashover will appear in the system.

As pointed out in Ref. (12), the best locations for an arrester are

at sharp corners, terminals, dead ends, and points of discontinuity.
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Protection of control circuitry is discussed in Ref. ( L4). Many of
the measures which have been applied to suppress interference by switch-
ing surges in Extra High Voltage substations are also useful against EMP.

Protection of a segment of the distribution system against FEMP
should receive a priority in accordance with the importance of that seg-
ment. Thus high-voltage subtransmission lines should be the first to be
protected, since all power must first flow through these lines. Simi-
larly, those primary distribution lines which serve critical industries,
utilities, and hospitals should be protected before other primary circuits.
Of course, facilities which have adequate emergency standby power genera-
tion capability need not be included in such considerations.

Accordingly, the following priority-ordered protection plan is
recommended.

Protection Plan

1. Harden high-voltage subtransmission system. Place surge arres-

ter at all points of discontinuity, end points, terminals, corners,
(especially those formed with acute angles), and entrances to substations.

2. Harden the automatic control circuitry associated with high-

voltage subtransmission system. Transistors and other solid state de-

vices must be protected by proper selection of fast-acting spark gaps,
or metal oxide varistors.

3. Harden that portion of the primary distribution system which

serves vital industries. Place surge arresters at all points of dis-

continuity, end points, terminals, corners, and entrances to substations.

4. Harden the automatic control circuitry associated with the

above vital portion of the primary distribution lines. Protect tran-

sistors and solid state devices by proper selection of spark gaps and/
or metal oxide varistors.

5. Harden selected portions of the remaining primary, secondary,

and control circuitry. In the choice of what protection should be pro-

vided in the final step, the distribution company should consider the
following points and how they apply to the company's particular
situvation:

(a) Protect that type of equipment which is occasionally

observed to undergo failure or malfunction from



39

"normal" transients, such as those from lightning
and switching operations.

(b) Combine EMP protection with other requirements.

(c) Make use of the electromagnetic shielding provided
by well grounded metallic enclosure with a minimum
of openings.

(d) Specify EMP hardness requirements when ordering

new equipment.

Tn formulating the above priority-ordered protection plan, it is
recognized that each distribution company must make some modifications
of the plan in order to adapt it to the company's own peculiar require-
ments in a cost-effective manner.

The following is an example of cost-effective methods of combining
protection against EMP with other operational requirements. The Knoxville
Utility Board has eliminated windows in metal control buildings at un-
manned substations. This decision was made in order to give better insu-
lation so that temperature variations inside the building can be con-
trolled through the use of a heat pump. Window breakage, through vandal-
ism or natural causes, was of particular concern. Eliminating the win-
dows solved that problem, and at the same time gave an all metal building
with improved EMP attenuation properties.

In any national emergency in which the power industry is involved,
it is important that good communications between the various segments
of the industry be maintained. Startup and shutdown of plants, opera-
tional adjustments, and maintenance require a combination of telemetering
and voice-communications circuits. Such circuits may be accomplished
using microwave, UHF, or VHF radio links, leased telephone lines, or
power-line carrier low-frequency carrier systems.

Any of these communications circuits may be damaged by EMP unless
they are adequately hardened. 1In particular, it is a simple matter to
protect UHF and VHF radio systems against the effects of EMP, and spe-
cific hardening procedures are given in Ref. (3).

Tt is therefore recommended that all communications facilities be-

tween the various segments of the electric power industry be backed up

by an EMP-hardened VHF or UHF radio system.
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5.4 Plans for Emergency Action

Many electrical distributors have formed cooperative pools in order
to coordinate their activities. One of the purposes of such a pool is
to set up means and channels for providing aid to members in case of a
natural disaster or other emergency. The pool organization helps the
member distributors in the development of emergency plans and procedures
that will result in the availability of personnel and equipment in suf-
ficient amounts when a disaster occurs. Information relating to other
neighboring distributors is made available and communications procedures
are established.

A typical form for information provided by each distributor and
made available to the neighboring member distributor is shown in Figs.
5.1 and 5.2. 1Information of particular concern is that relating to
means of communication, namely radio frequencies used, call letters, and
the name, call sign, etc. of a local amateur radio operator. The ama-
teur operator should be informed of EMP effects and should have EMP pro-
tection on his equipment. A similar form should be made out and filed
for local electrical contractors.

Each distributor should prepare and have ready: (1) an emergency
procedure plan and (2) an organizational setup for handling a major
disaster on its system. Such an emergency plan should include plans
for EMP's wide-spread surge effects as well as for natural disasters,
including wind, sleet, ice storms, floods, hurricanes, and tornadoes.
This plan should consist of complete, tailor-made details for handling
the work and arrangements. Emergency procedures for EMP should include
consideration of the following points:

1. Radioactive fallout levels should be followed closely. The
local civil defense unit is the source for information regarding exist-
ing levels as well as expected future levels. Distribution companies
should acquire some instrumentation of their own for measuring fallout
levels. Maximum doses should be fixed in the plan, and these should be
used in determining emergency work schedules.

One person should be assigned the responsibility of following the

schedules of the various crews and the corresponding accumulated doses.
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INFORMATION TO UPDATE DISTRIBUTOR EMERGENCY WORK PLAN

Name of Distributor _

Address

Phone Number o e e e e e
Manager's Name e

Manager's Home Address

Manager's Home Phone e - e
Name of Alternate Contacts:
(1) e i - —
Home Phone _ e
Home Address __ S
(2) —

Home Phone

Home Address _

Radio Frequency
or Frequencies .. Call Letters __

Number of Personnel Available _ Union

System Voltages

Primary Conductors _ e e e e e
Secondary Conductors __ U
Splicing Sleeves Used __ e e e e e e e e
Sleeving Tools Used =~ e ——

Name of Local Amateur Radio Operator

Location —... Telephone

Station Call Sign _ ... Emergency Net or CD Net _

Has Emergency Power Source? Equipment EMP Hardened?

Fig. 5.1. Distribution emergency data sheet.
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ORNL-DWG 74-9410
SPARE SUBSTATION TRANSFORMERS

Number Voltage Capacity Impedance Mfg. Polarity

TYPICAL PERSONNEL AVAILABLE IN AN EMERGENCY

Lineman No. Groundmen No. Supervisory Personnel

TYPICAL EQUIPMENT AVAILABLE IN AN EMERGENCY

Number Personnel on Each
Service Trucks
Number Size Special Equipment
Heavy Trucks o e
SPECIAL FACILITIES
Boat with motor No. H.P. Without motor No.
Chain saw No. Size Air Compressor -
Spotlights No. Size Power Source
Walkie-Talkie sets No.
Generator No. Size Hot Line Trailer Sets _

4-wheel drive vehicles (kind) __

Crawl Tractor (nmo. & size)
(clearing & cutting blade)

Other material or services which may be helpful:

Fig. 5.2. Distribution emergency data sheet (continued).
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The recommendations of the National Committee on Radiation Protection
and of the International Committee on Radiological Protection concern-
ing maximum permissible radiation exposures should be observed. 1In
particular, their recommendations concerning accidental or emergency
doses should be noted. TFigure 5.3 is a map of the United States show-
ing four-day dose levels due to fallout from a hypothetical nuclear
attack. The map is given here only to indicate the order of magnitude
of radiation levels from fallout. Weapons sizes have increased since
the data for this map were accumulated. Actual fallout dose levels are
affected by many factors including weather and seagonal effects.

2. An initial survey of the extent of damage, malfunctions, and
mis-operations should be made as soon as possible. Time is likely to
be very precious, thereby giving this preliminary survey great urgency.

3. If additional outside help is needed, this should be deter-
mined as soon as possible and communicated to the local civil defense
headquarters and the district manager for the power pool. Help from
neighboring electric utilities is not likely since they will probably
be plagued with similar EMP problems of their own, but this source
should not be overlooked. Local electrical contractors are valuable
sources for help. Each distributor should compile and maintain a list
of contractors available in his area.

4. One person should be in charge of delegating work (e.g., the
construction superintendent) to all outside help brought in. Of course,
all work may be seriously limited by fallout.

5. The person in charge should verify that all personnel brought
in to help are informed of and understand minimal safety practices.
The following basic safety rules are typical: (a) all substation switch-
ing shall be done by the electric distributor's employees only and
through orders of the dispatcher only. (b) If a line controlled by an
0il Circuit Reclosure (0.C.R.) is to be worked or de-energized, the
handle must be in an off-position and both leads must be removed from
line. TLocal personnel only shall operate an 0.C.R., and line number
and 0.C.R. number shall be given to the dispatcher before 0.C.R. is
opened or closed. No 0.C.R. shall be operated without the use of hot

sticks. (c) All lines are to be grounded while making repairs.
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(d) Rubber gloves must be worn when operating any type of switch which

is normally hand operated and which is energized at over 750 volts.

5.5 Summary

In summary, the recommendations for upgrading a power distribution
system for EMP protection include the following:

1. Designate one person to be responsible for EMP technical matters.

2. Train personnel in EMP -- both in the management area and in
the technical engineering area.

3. Prepare an emergency procedure plan and organizational setup for
natural disasters and emergencies which include EMP civil defense
measures.

4. Review communication links to local civil defense headquarters
and to the dispatcher and the district manager of the bulk power source.
Be sure there is an EMP-hard line of communication to each of these.

5. ZIEstablish a policy of continued EMP awareness and a program of
continually increasing the hardness of the power equipment, and of the

supervisory control circuitry.
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APPENDIX
PARAMETRIC STUDY OF EMP LINE SURGES
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PARAMETRIC STUDY OF EMP LINE SURGES

The following figures show the current and voltage surges induced
by representative EMP on a long copper power line located 10 m above a
finitely conducting earth. The incident wave parameters 6, ¢, and | are
varied over realistic ranges. Three line terminations are used: no
termination (i.e., infinitely long line case), mid-frequency model of a
‘ transformer, and a short circuit.

A list of the figures that follow is given below.

! Figure No. Caption
A-1 Surges induced on an infinite line for 6 = 600, @ = OO, and
y = 60°.
A-2 Surges induced on an infinite line for 8 = 609, ¢ = 30°,
and \L{ = 600-
A-3 Surges induced on an infinite line for 6 = 60°, ¢ = 30°,
and § = 90°.
| A-La Current surge induced on infinite line for 6 = 90°, ¢ = 60°,
| and § = 90°.
| A-Lb Current surge induced on infinite line for 6 = 90°, ¢ = 80°,
and '4] = 900.
A-5 Surges induced on an infinite line for 6 = 60°, ¢ = 309, and
§ = 60°.
A-6 Surges induced on an infinite line for 6 = 80°, ¢ = 0%, and
| § = 600.
| A-7 Surges induced on a semi-infinite line terminated by a trans-
| former for 8 = 60°, ¢ = 0%, and § = 60°.
| A-8 Surges induced on a semi-infinite line terminated by a trans-
| former for 6 = 609, ¢ = 30°, and y = 60°.
| A-9 Surges induced on a semi-infinite line terminated by a trans-
! former for & = 60°, ¢ = 309, and § = 90°.
A-10 Surges induced on a semi-infinite line terminated by a trans-
5 former for 6 = 60°, ¢ = 90°, and § = 90°.
| A-11 Surges induced on a semi-infinite line terminated by a trans-
former for 6 = 80°, ¢ = 09, and §y = 60°.
A-12 Surges induced on a semi-infinite line terminated by a trans-
former for 6 = 80°, ¢ = 30°, and § = 60°.
| A-13 Surges induced on a semi-infinite line terminated by a trans-
} former for 6 = 80°% ¢ = 909, and y = 90°.
A-1ha Current surges induced on a short-circuited semi-infinite

line for 8 =

60°, ¢ = 0°, and § = 60°.
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Figure No. Caption

A-1kb Current surges induced on a short-circuited semi-infinite
line for 6 = 60°, ¢ = 30°, and § = 60°.

A-15a Current surge induced on a short-circuited semi-infinite
line for 6 = 609, ¢ = 309, and § = 90°.

A-15D Current surge induced on a short-circuited semi-infinite
line for § = 60°, ¢ = 90°, and § = 90°.

A-16a Current surge induced on a short-circuited semi-infinite
line for 6 = 80°% o = 0°, and § = 60°.

A-16b Current surge induced on a short-circuited semi-infinite
line for 6 = 80° ¢ = 30°, and § = 60°.




51

ORNL-DWG 74-7723

2.5
20 F
< sl
= ~ L
— i
Z -
wl B
o 1.0 +
ve |
o) i
U -
0.5
o E AN NS A S A I S S A
1073 1072 101 100 101 102
TIME q;sec)
() CURRENT SURGE
‘IOOOE
800 F
> F
X 600 F
w -
o o
g r
— -
4J 400
(@] [
> o
200 |
O: [ N I A I A N A I A N A I B A
1073 1072 107" 100 10! 102
TIME (sec)

(6) VOLTAGE SURGE

Fig. A-1. Surges induced on an infinite line for 6 = 60°,
@ = 0°, and § = 60°.




52

ORNL-DWG 74 - 7722
3.0

CURRENT (kA)

—;os bt vl el v vl g gl oy gy gy
073 1072 0" 10° o) 10°
TIME (psec)

() CURRENT SURGE
1000

800

600

400

VOLTAGE (kV)

200

~200 crr el e el gyl L
10~3 1072 10~ 100 10! 102
TIME (usec)

(6) VOLTAGE SURGE

Fig. A-2. Surges induced on an infinite line for § = 60°,
@ = 30° and y = 60°.



53

ORNL-DWG 74- 7721
2.5

CURRENT (kA)
- - N
o o o

o
w

—os vl v el e ab e gab g g
1072 1072 10" 10° i’ 10°
TIME (usec)

(@) CURRENT SURGE

800

600

400

200

VOLTAGE (kV)

IVI"IIl'l"'VIIIII"UIY'VYITIIl"]l""'l""f

~200 per el v eesl e sl
0~3 102 Tl 10° 10! 102
TIME ( wsec)

(6) VOLTAGE SURGE

Fig. A-3. Surges induced on an infinite line for § = 60°,
¢ = 30% and §y = 90°.




54

ORNL-DWG 74 - 7720
2.0

1.5

0.5

CURRENT (kA)

llﬁllrl"lll'l'rllf'llll

—os b vl vl vl gl gy
1073 1072 10~ 100 10! 108
TIME (usec)
(e) THETA EQUAL TO SIXTY DEGREES

0.8

0.6

0.4

0.2

CURRENT (kA)

llll"ll"'1 "rrTTllilll‘lll'["ll'll"[f“l""‘

0.2 ot vl v v el
1

10° 10 2

TIME (usec)
(6) THETA EQUAL TO EIGHTY DEGREES

Fig. A-4. Current surges induced on an infinitelg long line
10 m above the earth by representative EMP with ¢ = 907 and

y = 90°.

10



55

ORNL—-DWG 74 - 7749

2.0

1.5

1.0

CURRENT (kA)

0.5

0 e gt el v gl e aal 0g
10-3 10-2 10~! 10° 10! 102
TIME (pusec)

(¢) CURRENT SURGE
800

600

400

VOLTAGE (kV)

200

T‘T[Tl""l'l]ll‘llll"‘ll"r""'ll'l

0 I NI ] NN |

10~ 3 10”2 107! 100 10! 102
TIME (/J.SGC)

(6) VOLTAGE SURGE

Fig. A-5. Surges induced on an infinite line for 6 = 60°,
@ = 309, and § = 60°.




56

ORNL-DWG 74-7748
10

CURRENT (kA)

FVVIITTIl”l'l[ll'll'lII'lll"lVl][l"'rllll["'

0 Laal el el o il 1
10-2 107! 109 10! 102
TIME QLsed

S
w

() CURRENT SURGE

5000

4000

3000

2000

VOLTAGE (kV)

1000

llll[‘lIY{IYI"IIlllll'l['fll"TlIl[llll[l"l'lll'

0 Lol v v ol g
1072 Tomk 109 10 102
TIME (u sec)

9
(¢

(6) VOLTAGE SURGE

Fig. A-6. Surges induced on an infinite line for 6 = 80°,
@ = 09 and y = 60°.




57

ORNL-DWG 74-7727

3
2 F
a C
x n
- E
z 1 F
w C
o [
m -
> -
o C
O F
_4:1|||1I|11|||||1|1I|||11|1|1||
1073 1072 Tok 100 101 102
TIME (wsec) -
(g) CURRENT SURGE
2000
1500 +
S I
x -
N i
& 1000 |
< o
'_
= i
o .
> R
500
O— 111 Lo ] e pal oy gl g
1073 1072 104 100 10! 102

TIME (i sec)
() VOLTAGE SURGE

Fig. A-7. Surges induced on a semi-infinite line terminated
by a transformer for § = 60°, ¢ = 0° and § = 60°.



58 i

ORNL-DWG 74-7726

4 ¢
3 b
I :
= 2F
— L
P -
LlJ -
% r
) 1 E l
O .
0FE |
- 1
SV S S I T O A I N O A O A |
1073 1072 107" 10° 10! 102 '
TIME (psec)
(0) CURRENT SURGE |
2000
1500 B ‘
; — 1
x -
Y 1000 | |
f—‘ i ;
i~ i
(@]
> L
500 +
o L1 11 (NI NN El Nl R
1072 1072 107! 10° 10 102
TIME (psec)

(6) VOLTAGE SURGE

Fig. A-8. Surges induced on a semi-infinite line terminated
by a transformer for 6 = 60°, ¢ = 30°, and § = 60°.



59

ORNL~DWG 74-7728

3 -
2 b
Z -
< -
— o
z o
w L
o4 o
@
> -
(@] R
0 F
_4F|111111|11|l||1111111||l1111
10-3 10~2 10~ 109 101 102
TIME (/_Lsec)
(¢) CURRENT SURGE
1200
1000 F
’; 800 —
x -
L(‘DJ 600 u
I .
~ C
_] -
S a00 |
200 |
i
0 L1 RNl NN NN
10”3 1072 10! 100 101 102
TIME (msec)

() VOLTAGE SURGE

Fig. A-9. Surges induced on a semi-infinite line terminated
by a transformer for § = 60°, ¢ = 30°, and V= 900.




60

ORNL-DWG 74-7733
2.0

1.5

CURRENT (kA)
©
()]

—_
o
L LN l P r 1T |' L2 B B § rTiT LA I LB

05 NI NI NN TNl e |
1073 1072 10~ 109 10! 102 |
TIME (psec) |

(@) CURRENT SURGE 1

600

500

400

300

VOLTAGE (kV)

200

100

jlIIIIII‘IIVI'IlVlIll'lIl'lT

0 L4 RN NN NN ]
10~3 10~2 10~1 100 10 102
TIME(/.Lsec)

(6) VOLTAGE SURGE

Fig. A-10. Surges induced on a semi-infinite line terminated |
by a transformer for § = 60%, ¢ = 90° and § = 90°, |




61

ORNL-DWG 74-7729

10

CURRENT (kA)

1|llll||lllllllilllll'll

| 2 pit b oyl v ol el
1 10! 10° 10" 102
| TIME (psec)

| (a) CURRENT SURGE

10000

8000

6000

4000

VOLTAGE (kV)

2000

Tl'l]llll]llIlf'lll[l!llll‘ll‘ll'l'l'll‘!l|||‘|‘l

0 L1l Lol e e g
1072 107! 10
TIME (pLsec)

(b) VOLTAGE SURGE

Fig. A-11. Surges induced on a semi-infinitely long line
10 m above the earthb terminated by a transformer by representa-
tive EMP with 6 = 80°, ¢ = 0%, and § = 60°.




CURRENT (kA)

VOLTAGE (kV)

62

ORNL -DWG 74-7730
2.5

2.0

1.5

1.0

0.5

Il“llll'lfl‘[l‘ll[lllf

1 NN NN TNl N N
1073 1072 10~ 100 10! 102
TIME (wsec)
(@) CURRENT SURGE
1400

1200

1000

800

600

400

200

l'lllllllllr"'llrll‘llll"ll'llll

0 |1 RIS el TR
10~3 10-2 10~ 100 10! 102
TIME(,LLseC)

() VOLTAGE SURGE

Fig. A-12. Surges induced on a semi-infinitely long line
10 m above the earth, terminated by a transformer by representa-
tive EMP with 6 = 80°, ¢ = 30°, and § = 60°.




CURRENT (kA)

VOLTAGE (kV)

63

ORNL—-DWG 74-7736

0.8
06 F
0.4 E
0.2 F
0k
PN S N A I B I B | S B B W S B Al A W A
1073 1072 107" 10° 10" 102
TIME (usec)
(g) CURRENT SURGE
200
=
150
100
50
Opl N R N R A R B I N N S B S A
1073 1072 107! 10° 10! 102
TIME (psec)

(6) VOLTAGE SURGE

Fig. A-13. Surges induced on a semi-infinitely long line
10 m above the earth, terminated by a transformer by representa-
tive EMP with 8 = 80°, ¢ = 90°, and § = 90°.




6l

ORNL-DWG 74-7734

CURRENT (kA)

ITTTTIII'llll'l"T'Y'TT'Illlll'l'[ll'lIllll"l"

0 gl e el el el g
- 0 1

1072 107! 10 10

TIME (psec)
(a) PHI EQUAL TO ZERO DEGREES

—
ol
W

10

CURRENT (kA)
n
‘rj“‘[ 17111 lT‘le1"v‘*‘] IT‘I‘IT‘T" T 1

- cae sl ekl vyl g

1072 107" 10° 10! 102
TIME (psec)

{6) PHI EQUAL TO THIRTY DEGREES

Fig. A-1hk. Current surges induced on a semi-infinitely long
line 10 m above the earth, terminated by a short circuit by
representative EMP with 6 = 60° and § = 60°.




€5

ORNL-DWG 74-7735

2.5

2.0

CURRENT (kA)

ll'll'll'lllll"llll"

j"'

-05 cer vl el vl i

1072 10! 10° 10 10
TIME (psec)

(g) PHI EQUAL TO THIRTY DEGREES

0.8

CURRENT (kA)
o
ro

O
D
lll'l""l 'lIIIYTIl‘ll]llII'IITI'I'ITIIIIII'W

-02 crr el oyl opy b el g
107 1072 10! 10° 10! 102
TIME (ptsec)
(b) PHI EQUAL TO NINETY DEGREES

Fig. A-15. Current surges induced on a semi-infinitely long
line 10 m above the earth, terminated by a short circuit by
representative EMP with 8 = 60° and § = 90°.




66

ORNL-DWG 74-7725

20
15 |
< I
'Y
. L
2
Z 10
o i
x 5
D
o r
-
5 —
!
0 BRI ENI NN el
10°3 10”2 Tolk 100 10! 102
TIME (usec)
(¢) PHI EQUAL TO ZERO DEGREES
4 -
-
3 F
< g
x -
— "
= 2 r
Y -
x [
@ -
D L
© "
N
0 el o cre b c el sl 13
10~3 10-2 104 10° 104 102
TIME qised
(6) PHI EQUAL TO THIRTY DEGREES
Fig. A-16. Current surges induced on a semi~-infinitely long

line 10 m above the earth, terminated by a short circuit by
representative EMP with 6 = 80° and § = 60°.




10.

11.

67

REFERENCES

D. B. Nelson, "EMP Impact on U.S. Defenses," Survive, 2(6), Nov-Dec
1969.

J. K. Baird, J. H. Marable, and D. B. Nelson, "Studies of Nuclear
Electromagnetic Pulse (EMP) Effects on Power Systems," Annual Pro-
gress Report Civil Defense Research Project, March 1971-March 1972,
ORNL-478L .

P. R. Barnes, The Effects of Electromagnetic Pulse (FMP) on State
and Local Radio Communications, ORNL-4873, Oct 1973.

J. K. Baird and N. J. Frigo, Effects of Electromagnetic Pulse (EMP)

on the Supervisory Control Equipment of a Power System, ORNL-4899,
Oct 1973.

R. W. Manweiler, The Effects of Nuclear Electromagnetic Pulse on

the Synchronous Stability of the Electric Power Transmission and

Distribution Systems, ORNL-4919 (in preparation).

J. H. Marable et al., "EMP Coupling Studies,” Annual Progress
Report, Civil Defense Research Project, March 1970-March 1971,
ORNL-4679, Mar 1972.

R. T. Bly, Jr. and E. F. Vance, High Voltage Transient Tests of

Service Transformers, Lightning Arresters, and Automatic Switching

Unit, SRI Technical Report 10, Oct 1973.
S. Smandra, Electromagnetic Pulse (EMP) Hardware, IIT Research
Tnstitute, Nov 1972.

D. B. Nelson, "EMP Effects on Power Systems and Emergency Communica-

tions," Annual Progress Report, Civil Defense Research Project,
March 1968-March 1969, Part IT (Confidential) ORNL-L4413, Oct 1969.

D. B. Nelson, "Electromagnetic Pulse Effects on Power Systems,"

Annual Progress Report, Civil Defense Research Project, March 1970-

March 1971, ORNL-4679, Mar 1972.
D. B. Nelson, A Program to Counter the Effects of Nuclear Electro-

magnetic Pulse in Commercial Electric Power Systems, ORNL-TM-3552,
Oct 1972.

J. H. Marable, J. K. Baird, and D. B. Nelson, Effects of Electro-
magnetic Pulse (EMP) on a Power System, ORNL-4836, Dec 1972.




13.

68

REFERENCES (Cont'd)

W. E. Scharfman and E. F. Vance, EMP Coupling and Propagation to

Power Lines: Theory and Experiment, SRI Technical Report 8,

May 1973.



1-3.
L-53.
5k,
55-T6.
7.
8.

79.
80.
81-90.
91.
92.

122.
123.

124,

125.
126.
127.
128.
129.
130.
131.
132.

133.

69

ORNL-L958
UC-35 — Peaceful Applications
of Explosions

INTERNAL DISTRIBUTION

Central Research Library 93. G. A. Cristy
Emergency Technology Section Library 94, F. L. Culler
Document Reference Section 95. C. M. Haaland
Laboratory Records Department 96. R. F. Hibbs
Laboratory Records, ORNL R.C. 97. B. L. Houser
ORNL Patent Office 98. C. H. Kearny
J. A. Auxier 99-108. J. H. Marable
J. K. Baird 109-118. D. B. Nelson
P. R. Barnes 119. H. Postma

W. J. Boegly 120. C. R. Richmond
C. V. Chester 121, E. P. Wigner

EXTERNAL DISTRIBUTION

John 8. Anderson, Deputy Director, Utah Power & Light Co., 1407
West North Temple St., Salt Lake City, UT 84110.

T. L. Austin, Jr., Vice Chairman, President and Chief Executive
Officer, Texas Power & Light Co., P. 0. Box 6331, Dallas TX 75222.

Carl E. Baum, AFWL/ELE, Kirtland AFB NM B87117.

Howard A. Beck, Area Director, New York State Electric & Gas Corp.,
4500 Vestal Parkway East, Binghamton NY 13902.

Carl Bernau, Defense Civil Preparedness Agency, Secretary of
Defense, The Pentagon, Washington DC 20310.

J. V. Braddock, Braddock, Dunn, and McDonald, Inc., P. O. Box
10694, El Paso TX 79925.

C. L. Bradeen, Seattle Dept. of Lighting, 1015 Third Avenue,
Seattle WA 93810L.

J. C. Bresee, Division of Geothermal Research, ERDA, Washington,
DC 20545.

J. E. Bridges, Engr. Advisor, IIT Research Institute, 10 W 35th
St., Chicago, IL 60616.

James S. Broaddus, Deputy Director, Salt River Rural Electric
Cooperative Corp., 111 W. Bradshear Ave., Bardstown KY 4000k .

Charles A. Campbell, Deputy Director, Louisiana Power & Light
Co., 2901 Cypress St., P. O. Box 7107, West Monroe LA 71291.

Warren W. Chan, Mgr. DASA, General Electric Co., 816 State St.,
Santa Barbara CA 93102.




134,

135.

136.

137.

138.
130.

140.

141,

12,

143,

14k,

145,

146.

147,

148,

149.

150.

151.

70

Charles E. Collins, TVA, 604 Power Bldg., Chattanooga TN 37402.

Harley L. Collins, Deputy Director, Pennsylvania Power & Light Co.,
901 Hamilton St., Allentown PA 18181.

Donald C. Cook, President, American Electric Power Co., Inc.,
2 Broadway, New York City NY 10004.

John W. Crabtree, Knoxville Utilities Board, 626 S. Gay St.,
Knoxville TN 37902.

John Darrah, AFWL/ELE, Kirtland AFB NM $S7117.

Norton J. Davis, Manager, Plains Electric Generation and Transmis-
sion Corp., Inc., 240l Aztec Road, N.E., Albuquerque INM 87107.

Ray F. Davis, Deputy Director, Southern California Edison Co.,
P. 0. Box 800, Rosemead CA  91770.

William A. Davis, Area Director, San Diego Gas & Electric Co.,
P. 0. Box 1831, San Diego CA 92l112.

Frank Drake, Deputy Director, Union Electricity Co., 1901 Gratiat
St., P. 0. Box 149, St. Louis MO 63166.

Earl D. Dryer, Deputy Director, Missouri Public Service, 10700
East Fifty Highway, Kansas City MO 6L4133.

I. G. Durand, Bell Telephone Labs, Inc., Mountain Ave., Murray
Hill NJ O7971.

Jack W. Bakin, Deputy Director, Tennessee Valley Authority,
1719 West End Building, Nashville TN 37203.

Emil Emerle, IIT Research Institute, 10 West 35th St., Chicago
IL 60616.

Robert H. Engels, President, Northern States Power Co.,
L1k Nicollet Mall, Minneapolis MN 55L01.

John F. English, Deputy Director, Consolidated Edison Co. of
New York, Inc., 4 Irving Place, New York City NY 10003.

I. Fieldhouse, IIT Research Institute, 10 W. 35th St., Chicago IL
60616.

Frank Fisher, High Voltage Laboratory, General Electric Plant,
Pittsfield MA 01201.

Charles H. Fogg, Deputy Director, Dept. of Army, Corps of Engineers,
Southwestern Division, 111k Commerce St., Dallas TX  75202.




T Tw T TR

152.

153.

154,

155.
156.

157.

158.

159.

160.

161.

162,

163.

164,

165.

166.

167.

168.

169.

71
Nicholas J. Frigo, Physics Dept., Cornell University, Ithica NY
14850.

Germain, Lawrence Livermore Laboratory, Tech. Info. Div.,

L. 8.
P. 0. Box 808, Livermore CA Qu551.

E. C. Glass, Area Director, Northern States Power Co., 41h Nicollet
Mall, Minneapolis MN 55L401.
W. R. Graham, R&D Associates, P. O. Box 3530, Santa Monica CA 9QOLO3.

R. E. Gray, Emergency Planning Specialist, ERDA, Idaho Falls ID
33401.

W. Grayson, Lawrence Livermore laboratory, Tech. Info. Div.,
P. 0. Box 808, Livermore CA  94551.

Donald B. Gregg, Deputy Director, Montana Power Co., P. 0. Box 1338,
Butte, MT 59701.

B. M. Guthrie, Deputy Director, Alabama Power Co., 600 North 18th
St., Birmingham AL 35202.

Elmer S. Hall, Deputy Director, Kansas Gas & Electric Co., 201 N.
Market St., Wichita KA  67201.

Glenn J. Hall, Area Director, Idaho Power Co., 1222 Idaho St.,
Boise ID  83701.

Joseph Heckl, Code 431, Naval Ordnance Laboratory, Silver Springs
MD 20910.

Earnest H. Hill, Deputy Director, Arizona Public Service Co.,
P. 0. Box 21666, Phoenix AZ 85036.

Nicholas G. Hodgman, Deputy Director, Hartford Electric Light Co.,
P. 0. Box 2370, Hartford CT O06101.

Herman Hoerlin, University of California, Los Alamos Scientific
Laboratory, P. O. Box 1663, Los Alamos NM 8375u4L.

Robert L. Hufman, Deputy Director, Golden Valley Electric Associa-
tion, Inc., P. O. Box 1249, Falirbanks AK 99701.

Robert V. Hugo, Area Director, Public Service Company of Colorado,
P. 0. Box 7340, Denver CO 50201.

Bill C. Hulsey, Deputy Director, Southwest Power Pool, 210 Mart
Bldg., P. 0. Box 5129, Little Rock AR 72202.

Modesto Iriarte, Deputy Director Puerto Rico Water Resources
Authority, P. O. Box 4267, San Juan, Puerto Rico 00905.




170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

18k,

185.

186.

187.

72

C. R. Jacobson, Federal Power Commission, Washington DC  20426.

Evan W. James, Deputy Director, Wisconsin Public Service Corp.,
P. 0. Box 700, Green Bay WI 54305.

David G. Jeter, Deputy Director, South Carolina Electric & Gas,
Co., P. 0. Box 764, Columbia §C 29202.

John Jolliffee, Deputy Director, Bonneville Power Adm., P. O. Box
3621, Portland OR 97208.

Andrew P. Jones, Deputy Director, South Central Electric Co.,
Suite 238 Tanglewood Center, Little Rock AR  72207.

Edgar L. Kanouse, General Manager & Chief Engineer, Los Angeles
Dept. of Water & Power, P. O. Box 111, Los Angeles, CA 90054.

William J. Karzas, R&D Associates, P. 0. Box 3530, Santa Monica
CA 90403.

J. Scott Kay, Deputy Director, Pacific Gas & Electric Co.,
77 Beale St., Rm. 2927, San Francisco CA 94106.

J. W. Kepner, Deputy Director, Appalachian Power Co., P. 0. Box
2021, Roanoke VA 24009.

William M. Kiefer, Deputy Director, Commonwealth Edison Co.,
P. 0. Box 767, Chicago IL 60690.

George Kinsman, Chairman, Senior Vice President, Florida Power &
Light Co., P. 0. Box 3100, Miami FL 33101.

John H. Kline, Deputy Director, Consumers Power Co., 1945 West
Parnall Road, Jackson MI 49201.

Robert D. ILadd, Deputy Director, Hawaiian Electric Co., Inc.,
P. 0. Box 2750, Honolulu HI 97303.

J. A. LaForest, General Electric Plant (Downtown), Schenectady
NY 12301.

A. L. Latter, R&D Associates, P. 0. Box 3530, Santa Monica CA
0403,

Owen Lentz, Area Director, East Central Area Reliability, P. O.
Box 102, Canton OH  44701.

Jack P. Lewis, Deputy Director, Public Service Company of New
Hampshire, 1087 Elm St., Manchester NH 03101.

Carlos O. Love, Area Director, Texas Power & Light Co., P. O.
Box 6331, Dallas TX 75222.




188.

189.

190.

191.

192.

193.

19k,

195.

196.

197.

198.

199.

200.

201.

202.

203.

20kL.

205.

13

Donald C. Lutken, President, Mississippi Power & Light Co.,
Electric Building, Jackson MS 39205.

W. A. Lyons, President, New York State Electric And Gas Corp.,
4500 Vestal Parkway East, Binghamton NY 13902.

John P. Madgett, Deputy Director, Dairyland Power Cooperative,
2615 East Ave., So., LaCrosse WI 54601.

John S§. Malik, University of California, Los Alamos Scientific
Laboratory, P. 0. Box 1663, Los Alamos NM 8754k,

Robert Marchetti, Deputy Director, Minnesota Power & Light Co.,
30 West Superior St., Duluth MN  55802.

Robert R. Mclagan, Deputy Director, Pacific Power & Light Co.,
P. 0. Box 720, Casper WY 82601.

James W. McWhinney, Deputy Director, New England Power Co.,
Turnpike Rd., Westboro MA 015%1.

William G. Meese, President, Detroit Edison Co., 200 Second Ave.,
Detroit MI  48226.

Harry H. Michon, Jr., Area Director, New England Power Exchange,
174 Brush Hill Ave., West Springfield MA 01089.

Julio A. Negroni, Area Director, Puerto Rico Water Resources
Authority, P. 0. Box 4267, San Juan, Puerto Rico 00905.

George S. Parks, Jr., Electromagnetic Sciences Laboratory, Stanford
Research Institute, Menlo Park CA  94025.

Ralph Partridge, University of California, Los Alamos Scientific
Laboratory, P. 0. Box 1663, Los Alamos NM 8754k,

Stanley R. Payne, Deputy Director, Potomac Electric Power Co.,
929 E. St., N.W., Washington DC 20004.

R. T. Person, President and Chairman of the Board, Public Service
Company of Colorado, P. 0. Box 8L0, Denver CO 80201.

Frederick L. Peterson, Deputy Director, Michigan Electric Power
Pool Control Center, P. O. Box 1564, Ann Arbor MI  L48106.

Gregory P. Prekeges, Deputy Director, The Washington Water & Power
Co., East 1411 Mission, Spokane WA  99202.

L. Rabins, General Electric Plant, Pittsfield MA  01201.

Irving I. Raines, Co-Chairman, Administrator, Defense HElectric Power
Adm., Dept. of the Interior, 18th & C. St., N.W. Washington DC 20240.



206.

207.

208.

209.

210.

211.

212.

213.

21h.

215.

216.

217.

218.

219.

220.

221.

222,

7h

Ren F. Read, Assistant Director for Research and Development (RE),
Defense Civil Preparedness Agency, Washington DC 20301.

N. A. Ricci, Area Director, Wisconsin Electric Power Co.,
231 W. Michigan Ave., Milwaukee WI 53203.

H. R. Richmond, Administrator, Bonneville Power Administration,
P. 0. Box 3621, Portland OR 97208.

Clifton F. Rogers, Deputy Director, Upper Peninsula Power Co.,
616 Shelton Ave., Houghton MI  44931.

John Rolfing, Area Director, Hawaiian Electric Co., Inc.,
P. 0. Box 2750, Honolulu HI 96303.

Abner Sachs, Institute for Defense Analyses, 400 Army-Navy Drive,
Arlington VA 22202.

John A. Samuel, Dept. of Mechanical Engineering, University of
Florida, Gainesville FL  32601.

W. W. Schroebel, Analysis & Evaluation Branch, Division of
Biomedical & Environmental Research, Energy Research & Develop-
ment Adm., Washington DC 20545.

Leroy J. Schultz, Area Director, Chugach Elec. Association, Inc.,
P. O. Box 3518, Anchorage, AK  99501.

S. Riggs Shepperd, Deputy Director, South Texas Electric Coop.,
Inc., Foster Field, P. 0. Box 2485, Victoria TX  77903.

R. Sherman, Bell Telephone Labs, Inc., Mountain Avenue, Murray
Hill, NJ 0O7971.

Willard B. Simonds, Area Director, Florida Power Corp., P. 0. Box
14042, St. Petersburg FL  33733.

Prof. Ray Sleeper, University of Tennessee Space Institute,
Tullahoma TN 33773.

Wayne L. Smalley, Safety & Environment Control Division, Federal
Office Bldg., Oak Ridge TN 37330.

Keith E. Spencer, Area Director, Michigan Electric Power Pool
Control Center, P. O. Box 1564, Ann Arbor MI  48106.

James H. Springman, Deputy Director, Potomac Electric Power Co.,
P9 E St., N.W., Washington DC  2000k.

D. W. Strong, Canadian Defense Liaison Staff, 2450 Massachusetts
Ave., Washington DC 20005.



003,

22k,

225.

206,

227.

228,

229.

230.

231.

o30.

233,

234,

235.

236.

237.

238.

239.

240.

75
Stanley M. Swanson, Deputy Director, Iowa Public Service Co.,
P. 0. Box 778, Sioux City IA  51102.

W. C. Tallman, President, Public Service Company of New
Hampshire, 1087 Elm St., Manchester NH 03105.

R. F. Taschek, University of California, Los Alamos Scientific
Laboratory, P. O. Box 1663, Los Alamos NM 875uLL.

E. F. Timme, Area Director, Northwest Power Pool Coordinating
Group, 1210 Public Service Building, 920 S.W. 6th Ave., Portland
OR 9720kL.

Fred M. Treffinger, Deputy Director, Pudget Power & Light Co.,
13635 N.E. 80 St., Redmond WA 93052.

W. W. Troutman, Bell Telephone ILabs, Inc., Mountain Avenue,
Murray Hill NJ  O7971.

Edward F. Vance, Rt. 7, Box 2683, Ft. Worth TX  76119.

Hugh C. VanHorn, Deputy Director, Georgia Power Co., 901 N.
Patterson St., Valdosta GA  3160L1.

John R. Vogel, Deputy Director, New York Power Pool, 3890 Carman
Rd., Schenectady NY 12303.

Charles W. Watson, Area Director, Philadelphia Electric Co., 100
Chestnut St., Philadelphia PA 19105.

James E. Watson, Manager of Power, Tennessee Valley Authority,
Power Building, Chattanooga TN  37401.

Abner W. Watts, Deputy Director, Bureau of Reclamatipon, Region 7,
Building 20, Denver Federal Center, Denver CO 80225.

T. Graham Wells, Jr., Area Director, Tennessee Valley Authority,
820 Power Building, Chattanocoga TN 37401.

¢. N. Whitmire, Deputy Director, Florida Power & Light Co.,
P. 0. Box 3311, Miami FL 33101.

Roy Wilham, Director of Technical Services, DCPA Region 3, |
Thomasville GA

D. D. Wilson, General Electric Plant (Downtown), Schenectady NY
12301.
Doug Wilson, AFWL/ELE, Kirtland AFB, NM 87117.

Charles Winn, Tennessee Valley Authority, Power Building,
Chattanooga TN  37401.



76
2Lkl. Louis F. Wouters, Lawrence Livermore Laboratory, Technical In-
formation Division, P. 0. Box 808, Livermore CA OL551.

2k2. william T. Zumwalt, Deputy Director, Tennessee Valley Authority,
732 Power Building, Chattancoga TN  37L0L.

243. Dr. Susan Danali, Head of the Environmental Laberatory, Greek
Atomic Energy Commission, N.R.C. Democrity, Agia Paraskev,

Athens, GREECE

2hlL-246. Dr. F. H. Panton, D.Sc. 6, Ministry of Defence, Main Building,
Whitehall, London, S.W.1l, ENGLAND

2h7-249. Dr. D. W. Williams, Physical Chemistry Division, Defense Stan-
dards Laboratories, P. 0. Box 50, Ascot Vale, Victoria 3032,
AUSTRALTA

250-252. Mr. R. F. Wilkinson, Director General, Defence Research
Establishment - Ottawa, Ottawa L4, Ontario, CANADA

U. S. Army

253. Army Library, The Pentagon, Room 1A518, Washington DC 20310.

254. Assistant Secretary of the Army, Research & Development,
ATTIN: Assistant for Research, Washington DC 20310.

255. Commanding General, Combat Developments Command, Fort Belvoir
VA 220€0.

256. Commanding Officer, U.S. Army Land Warfare Iaboratory,
ATTN: CRDINL-9B, Aberdeen Proving Ground MD 21005.

257. U.S. Army Materiel Command, Harry Diamond Laboratories,
ATTN: R. Bostak, Washington DC 20438.

253. U.S. Army Materiel Command, Harry Diamond Laboratories,
ATTN: A. Renner, Washington DC 20438.

259. Director, Research, Development & Engineering, Army Materiel
Command, Washington DC 20310.

260-261. Commanding General, U.S. Army Communications Command,
ATTN: ACC-0P, Fort Huachuca AZ 85613.

262. U.S. Army Communications Command, ACS for Force Development,
ATTN: ACC-FD-C (Dr. H. F. Slater), Fort Huachuca AZ 85613.

263. Commanding Officer, USA Communications Systems Agency,
ATTN: Library, Fort Monmouth NJ 07703.




264,

265.

266.

267.
268.

269.

270.

271.

272,

273,

27h.

275.

276-32L.

325.

326-337.

7
Commanding Officer, U.S. Army Communications Command-CONUS,
ATTN: ACCN-CD, Mr. Arrowsmith, Washington DC 20315.

U.S. Army Assistant Chief of Staff, Communications-Electronics,
Washington DC 20310.

Commanding General, U.S. Army Electronics Command, Fort
Monmouth NJ O07703.

U. S. Navy
Chief of Naval Research, Washington DC 20360.

Commanding Officer, Naval Civil Engineering Laboratory,
ATTN: D. B. Clark, Port Hueneme CA 93041.

Commander, Naval Supply Systems Command, Code 0652,
Department of the Navy, Washington DC 20390.
U. 8. Air Force

Commander, Air Force Weapons lLaboratory, AFSC,
ATTN: £EL, Kirtland AFB NM  87117.

Commander, Air Force Weapons Laboratory, AFSC,
ATTN: DOGL, Technical Library, Kirtland AFB MM 87117.

Deputy Chief of Staff (R&D), Dept. of the Air Force,
Washington DC 20330.

Department of Commerce

U.S8. Dept. of Commerce, Office of Telecommunications,
ATTN: Charles E. Iathey, Washington DC 20230.

U.S. Dept. of Commerce, Office of Telecommunications,
ATTN: Policy Support Division, Boulder CO 80302.

Department of Defense

Assistant ot Secretary (Telecommunications), DOD-OATSD(T),
Washington DC 20301.

Defense Civil Preparedness Agency, Research & Engineering,
ATTN: Administrative Officer, Washington DC 20301.

Defense Communications Agency, Department of Defense, 8th &
South Courthouse Road, Arlington VA 22204.

Defense Documentation Center, Cameron Station, Alexandria VA
22314,



73

333. Director, Defense Nuclear Agency, ATTN: RAEV, Electronics
Vulnerability Division, Washington DC 20305.

339. Director, Defense Nuclear Agency, ATTN: APTL, DASA Tech Library,
Washington DC 20305.

340. Director, Defense Nuclear Agency, ATTN: DDST, Deputy Director
(Science & Technology) J. A. Northrop, Washington DC 20305.

341. Director, Defense Nuclear Agency, ATTN: Mr. Peter H. Haas,
Washington DC 20305.

342. Director of Defense Research & Engineering,
ATIN: Assistant Director (Defense Systems) C. R. Wieser,
Washington DC 20301.

343. Technical Library, Field Command, Defense Atomic Support Agency,
Sandia Base, Albuguerque NM S87100.

3L, Director, Weapons Systems Evaluation Group, ODDRE, Office of
the Secretary of Defense, ATTN: Donald E. McCoy, USN, 400 Army-
Navy Drive, Washington DC 20305.

345. Director, Weapons Systems Evaluation Group, ODDRE, Office of
the Secretary of Defense, ATIN: H. A. Knapp, Jr., 400 Army-
Navy Drive, Washington DC 20305.

Miscellaneous Companies

346. American Telephone & Telegraph Co., Government Communications
Coordinator, 195 Broadway, New York City NY 10007.

347. Cornell Aeronautical Laboratory, Inc., 5633 Leesburg Pike,
Falls Church VA 22041.

348. Datronics Engineers, Inc., 2922 Telestar Court, Falls Church
VA 22042,

349. The Dikewood Corporation, 1009 Bradbury Dr., S.E., University
Research Park, Albuquerque NM S87106.

350. EG&G, Inc., ATTN: Document Control, P. 0. Box 227, Bedford MA
01730.

351. General Electric Company, Military Communications Dept.,
400 N.W. 39th Street, Oklahoma City OK 73101.

352. General Electric Company, TEMPO, ATTN: DASIAC, 816 State St.,
Santa Barbara CA 03102



- T srEE o TETTTRE T e TR T TR T T

S e -

- W TR

z
f
i

353.

354,

355.

356.

358.

359-
360.

361.

36k,

365.

366.

367.

368.

79
Gautney & Jones Communications, Inc., 2922 Telestar Court,
Falls Church VA  22042.

GTE Sylvania, Inc., Communications Systems Division,
ATTN: S/V Eng. Dept. - J. A. Waldron, 189B Street, Needham MA 0219k.

Hudson Institute, Quaker Ridge Road, Croton-on-Hudson, New York
NY 10520.

Human Sciences Research, Inc., Westgate Research Park, 7710 01d
Springhouse Road, McLean VA 22101.

Kaman Science Corp., Kaman Nuclear Division, ATTN: J. R. Huffman,
1700 Garden of the Gods Road, Colorado Springs €O 80907.

Knoxville Utilities Board, ATTN: General Manager, 626 S. Gay St.,
Knoxville TN 37902.

Michigan State University, ATTN: Kerbert Oyer, East Lansing MI 48823.

Mission Research Corp., Civil Analysis Group, P. O. Drawer 719,
Santa Barbara CA 93102.

Physics International Co., 2700 Merced St., ATTN: R. Block,
San Leandro CA 94577,

Research Traingle Institute, P. O. Box 12194, Research Triangle
Park NC 27709,

Sandia Iaboratories, P. 0. Box 5800, ATTN: R. Parker, Albuguerque
NM  87115.

Sandia Iaboratories, P. 0. Box 5800, ATTN: C. Vittatoe,
Albuguerque M 57115.

Stanford Research Institute, 306 Wynn Drive, N.W., ATTN: Sr. Res.
Eng., M. Morgan, Huntsville AL 35305.

Stanford Research Institute, 333 Ravenswood Ave., ATTN: Willard
D. Tiffany, Menlo Park CA 9L025.

Stanford Research Institute, 333 Ravenswood Avenue, ATTN: Arthur
Lee Whitson, Menlo Park CA 9L025.

Systems Development Corp., 2500 Colorado Ave., ATTN: Terrence
P. Haney, Santa Monica CA 90LO6.




369.

370.
371.

372.

373.

374,

375.

376.

377-588.

i

30

’

Miscellaneous Agencies

Advisory Committee on Civil Defense, National Academy of
Sciences, ATTN: Richard Park, 2101 Constitution Avenue, N.W.,
Washington DC 20418.

Director, National Bureau of Standards, Washington DC 2023k.

National Aeronautics & Space Administration, Office of
Advanced Research & Technology, 600 Independence Avenue,
Washington DC 20546.

Office of Director Telecommunications Management, Agricultural
Stabilization & Conservation Service, U.S. Department of
Agriculture, Washington DC 20250.

Director, Office of Preparedness, GSA, ATTN: Mr. Robert Mills,
604 17th Street, N.W., Washington DC  2050L.

Office of Telecommunications Policy, 1800 G Street, N.W.,
Room 712, ATTN: Dalton Ward, Washington DC 20504,

Energy Research & Development Administration, Headquarters
Report Library, G-017, Germantown MD 20545.

Research & Technical Support Division, Oak Ridge Operations
Office, Oak Ridge TN 37830.

Given distribution as shown in TID-L4500 under Peaceful
Applications of Explosions category (25 copies — NTIS).

WU. S. GOVERNMENT PRINTING OFFICE: 1975-748.189/211






	image0001
	image0002
	image0003
	image0039
	image0073
	image0300

