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TRASS1EXT RESPONSE OF NUCLEAR POWER PULVT 
CABLES TO HIGH-ALTITUDE NUCLEAR ELECTMWAPiETIC PULSE Off) 

P. R. Barnes 
J. H. «tarable 

ABSTRACT 
The electromagnetic pulse (ENP) produced by a 

high-altitude nuclear detonation consists of a 
transient pulse of high intensity electmagnetic 
fiela*. These intense fields induce .urrent and 
voltage transients in electrical conductors. 
Although nuclear power plant cables are not 
directly exposed to these fields, attenuated fields 
nil! couple some EMP energy to these cables. In 
this study, theoretical and experimental techniques 
have been used to determine the EMP surges induced 
in several types of cables typically used in 
nuclear plants. It was found that unshielded ?ines 
such as power cables within the plant building may 
have £MP surge peaks as high as M kV induced be­
tween the cables and the earth. Shielded cables 
such as coaxial cables will have EMP surge peaks 
in :he tens of volts. Cables located in electro­
magnet i cully tight conduit will have only snail 
EMP-induced transients or. the order of several 
mi*1ivolts or less. 

I. INTRODUCTION 
1.I Purpose and Content 

This report has been prepared to give exaaples of the surge currents 
and voltages inJuccd in idealized nuclear power plant circuits by the 
electromagnetic pulse (IMP) from high-altitude nuclear detonations. It 
is hoped that this information will be useful to designers and engineers 
concerned with nuclear safety. Several types of cables used in nuclear 
plant control, instrumentation, and power circuits are considered. The 
shielding effects of conduits and cable trays ire also discussed. The 
surges induced in off-site power lines are not presented heTet since 
they have been considered in a previous study. 

A preliminary analysis of the EMP effects on modern nuclear power 
plants is in progress at the Oak Ridge National Laboratory. The results 
of this report will he applied to that analysis. The exaaples of the 
EMP-induced cable transients presented in this report are severe, yet 



aoderately realistic, cases. These transients should be applicable for 
a conservative analysis of the EMP effects on nuclear power plants. 

1.2 High-Altitude EMP 
Hi;*h altitude EMP is produced by a nuclear detonation at an altitude 

near or shove SO ka. The gaaaa radiation froa the nuclear burst inter­
acts ki~h the atmosphere to generate a Coapton electron current. This 
Coaptjn current is the source of the intense electromagnetic pulse. 
Due to the large area of the source current, high-altitude EMP can cover 
a large portion of ths country which is completely free froa the other 
nuclear weapon effects. Typical areas of coverage for a aegaton-range 
weapon, detonated at a height of burst »f 100 and 400 ka, are shown in 
Fig. 1.1. As shown, aost of the united States can be covered by a single 
exoataospheric burst. 

The EMP fields are very intense. The aaplitude of the electric 
field pulse is on the order of 50 kV/a. The tiae history of an E.HP s 
characterized by a very short rise tiae of about 10 nsec and an 
exponential-type decay with a tiae constant on the order of 200 nsec. 
A double exponential is often used to describe the EMP wavefora. An 
exaaple of a <U«uble-exponential EMP tiae history is shown in Fig. 1.2. 
The double-exponential wavefora shown in Fig. \.Z is given by 

E(t) « E Q(e* a t - e" S t) , (1.1) 
where 

E * S3 k\7a , 
0 #. -i a * S x 10° sec . 
6 « 5 x !0 8 sec " ! 

Equation (1.1) is a convenient representation of the EMP electric 
field. It has been used to coapute the EMP surges described later in 
this report. 

1.3 Shielding Effects of the Plant Buildings 
The control, auxiliary, and reactor buildings of a nuclear power 

plant are reinforced concrete structures. Substantial electroaagnetic 
shielding is provided to the center voluae of a reinforced concrete 
building by the steel reinforcing bars. However, the shielding 



3 

o 

z tr. o 

WOOZZ ^ 

T 
i i H 

I I ~i 

v~ r r—f~ 
a 

L. / x 

at 

f 

b 
> c 

< 



ELECTRIC FIELD (hV/m) 

A 

m • 
A •-

si 
A cr ** *̂  
O. A 

i 
-» m 

1 2 
M . 3 
O ft) 

< 
A 

I 
T c o 
1 
A 
W 
A 

m 

ELECTRIC FIELD (kV/m) 

8 S S 8 8 
j M n i | m i | i n i | i i i i | i i i i 

tb O & »>< 
H N Ct M 

U, < 
1 

% 

1 
i i 

1 
5 

t 
SI 



s 

effectiveness of the reinforcing bars decreases sharply near th* exterior 
walls of the building. 

The EMP electric and Magnetic field shielding effectiveness. S and 
S respectively, are defined in terms of the peak exterior and interior 
fields bv 

and 

i "peak 

jH (t); e peak 

peak 
S = 20 log — - ^ dB . 11-3; 

H 1 0 H ( t ) i 

where r and F are the exterior and interior electric fields respectiveiv e i r 

and H and H. are the exterior and interior magnetic fielcs respectiveiv. c i 
For a thick conducting sheet, the electric and aagnetic shielding etfcc-

fivcncss aic equal." 
The electric field shielding effectiveness for the Sequoyah nuclear 

plant control room was experimentally detemi'ied by ORNL personnel for 
rM and AM broadcast band frequencies. Existing radio signals and stan­
dard radio frequency electric field-aeasuring equipment were need. At 
FM frequencies we found tfcat S £ = 20 dB and at AM freouencies S_ - 25 dB. 
The Sequoyah control rooa is located on the top floor in the control 
building. 

The aagnetic shielding effectiveness of reinforced concrete has 
been considered by Bell Laboratories. For 1-in., double-course rebar 
with 6-in. spacing, the Magnetic shielding effectiveness at 100 kH: 
ranges from 1" dB near the wall to over 45 dB at the center of a large 
building. The magnetic shielding effectiveness of rebar decreases as 
the frequency is decreased. 

At this point, we make some assumptions that will both simplify the 
analysis and result in conservative EMP surge estimates. Ne assume that 
the cables that we are considering are routed near the exterior walls or 
on the top flcor of the buil.-'ing, This minimizes the shielding effec­
tiveness of the building. Furt,'K.T* >re, «*» assume that the shielding 
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effectiveness is not a function of frequency and that S £ * S * 20 di. 
These sinplifi cat ions nake the B f coupling p rob I en nore tractable and 
result in nore energy coupled to the cables. 



2. COUPLING TO THE UNSHIELDED CABLES 
2.1 Introduction 

There are numerous unshielded power and control cables in a nuclear 
power plant. Several voltage levels are used to transait power and con­
trol signals. Large aotors operate at several kilovolts ac, whereas 
small aotors and other equipaent typically operate at 480 Vac or 240 Vac. 
Instrumentation and control equipaent typically use 120 Vac for power. 
Instrument and control signals are normally 120 V or lower and may be 
ac or dc voltages. 

These cables will be subjected to electroaagnetic fields that pene­
trate the building wells. As discussed in Section 1, a slightly aore 
than "worst case" electroaagnetic environment can be specified by assum­
ing an electric and aagnetic field shielding effectiveness equal to 20 dB 
for all the frequencies of interest. This assumption applies to cables 
that are installed near the exterior walls. The surges induced on cables 
which do not run near the exterior walls or the top of the building will 
be about one-tenth those calculated in this report. 

The EMP environment we have assumed for the cable* is an electro­
aagnetic plane wave pulse with the double-exponential time history 
described by Eq. (1.1). Due to the attenuator, of the building, the 
amplitude of the internal electric field is one-tent̂ - .et given by 
Eq. (l.i). Since we have assumed that the shielding effectiveness of 
the electric and aagnetic fields art equal, the internal matTietic field 
is by 

E 
H. = -i , (2.1) 

where Z is the free-space wave iapedance approxiaately oqual to 120* ohms, 
and E. is the internal electric field. 

l 
2.2 Coupling Analysis 

A typical circuit employing *" '..̂ shielded cable is shown in Fig. 2.1a. 
The cable is connected to a load which may be an electronic system, a 
motor, a solenoid, a relay, etc. The load has an input impedance Z . 
ine cable is driven by a voltage source V which has a source iapedance 
Z s. The source may be an ac power or signal transformer, an isolation 
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Fig. 2.1. Unshielded Cable and Transmiss .on Line Model for the 
Analysis of EMP Surges. 
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or bistable amplifier, etc. The ground return line is typically grounded 
at the load end of the cable as shown. 

Unshielded cables are good receiving antennas for Ei*P. Voltage 
surges are (' -ioped between each wire and the earth ground which forms 
the return conductor for the common mode currents. The earth and each 
wire in the cable forms a transmission line as shown in Fig. 2.1b. The 
transmission line model for EMP analysis has been used in previous 
studies. Scattering theory is used to compute the current induced by 
the incident and ground-reflected EMP waves. This current is used as 
the source current in the transmission line equations. 

Many of the unshielded lines in a nuclear plant are connected to a 
transformer or a high-impedance circuit. To simplify the analysis of 
the unshielded line, we set Z s = --» to represent a high source impedance 
The line itself is idealized to a straight wire of radius a, located 
h meters above the earth. The ground mat is assumed to be covered with 
several meters of earth, such that the earth forms the ground return 
line for the frequencies of interest (10 MHz to 0.1 MHz). To achieve 
the maximum coupling, we have assumed that the grounded and ungrounded 
lines are not run together. The induced current in cables which com.Tin 
both lines is reduced by about a factor of two. 

The incident EMP plane wave and the induced current are shown in 
Fig. ^.lb. The incident direction of the EMP is determined by the 
angles $ and 6 associated with the propagation vector K, as shown. The 
direction of the electric field is then specified by the angle <{i between 
the electric field vector E and the vertical plane containing the propa­
gation vector k. The angle between E and the horizontal is given by 
sin" (sin 6 cos \)>). For detonations over the continental United States, 
the angle between E and the horizontal is always less than 30 , so 8 and 
<ii are restricted to the range sin 6 cos -̂  <̂  O.S. 

2.3 Surges on Unshielded Lines 
The calculated EMP surges induced on the unshielded lines that are 

near the exterior walls or the top of the plant building are shown in 
Appendix A. Two EMP wave incident cases have been considered. One case 
is broadside incidence with th« electric field horizontally polarized 
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(6 = 80°, * = 90°, + = 90°), and the other is along-the-line incidence 
with the angle between the electric field vector and the horizontal 
equal to 29.5°, i.e., (6 = 80°, * * 60°, 4 = 180°). The EMP electric 
field tiae history used to coapute the surges is given by Eq. (1.1) with 
o = 5 x 10 6 sec"1, 6 = 5 x 10 8 sec"1, and E Q * 5.3 kV/a. Three lengths 
of lines have been considered: seai-infinite, 160 a, and 20 a. All lines 
have a radius of 3.25 aa and are located 10 a above the earth. The 
finite length lines are terainated at y * -1 (Fig. 2.1b) by an open 
circuit. 

The largest response for a long line is obtained by the incident 
wave traveling along the line in the positive y direction (• = 180°), 
whereas the largest response for a short line is obtained by broadside 
incidence (• - 90 ). The open circuit voltage and short circuit cur­
rent surges induced on a 160 a line with 6 * 80°, 4 - 60°, and 4 = 180° 
are shown as a linear function of tiae in Figs. 2.2 and 2.3. The volt­
age reaches a peak of about 88 kV after 35 nsec. The rise tiae froa 
10-90% is 20 nsec, and the rate of rise is 4MV/usec. The late tiae 
voltage response is a daaped oscillation with a doainant frequency of 
about 625 kHz. The current surge has a peak of near 165 A and a late 
tiae oscillating frequency of 416 kHz. 

The open circuit voltage and short circuit current induced on a 
20 • line for 6 * 80°, 4 = 90°, and 4 * 90° are shown in Figs. 2.4 and 
2.5. The voltage surge has a peak of near 26 kV and a 10-90% rise tiae 
of 8 nsec. The rate of rise is 1.6 MV/psec. The dominant late tiae 
oscillation frequency is about 5 Mlz. The current surge has a peak rf 
52 A and a late tiae oscillation frequency of near 5.6 tffiz. 
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3. COUPLING TO SHIELDED CABLES 
3.1 Instrumentation and Control Cables 

Nuclear power plant instrumentation and control cables are well 
shielded to prevent electromagnetic interference. General Electric's 
boiling rater reactor (BWR) plants employ RG-59B or similar coaxial cables 
to transmit power range nuclear instrumentation signals. Westinghouse 
pressurized water reactor (PWR) plants employ RG-11 triaxial cables to con­
nect the power range nuclear detectors to the nuclear instrumentation 
equipment. Cable shields are normally grounded at the equipment end of the 
cables. Both BWR and PKR plants employ ferrous conduit for additional pro­
tection of nuclear instrumentation sensor cables. 

Shielded, twisted-pair cables are used extensively in instrumentation 
and control circuits. This type of cable contains one or more internal 
twisted-pairs of wires and an external braided cable shield. Shielded, 
twisted-pair cables are normally placed in cable trays. Shielded, twisted­
pair sensor cables are normally grcj^ded at the equipment end of the cable. 

3.2 Transfer Impedance and Admittance 
The transfer impedance Z_ and the transfer admittance Y_ ar, ••• ~tant 

properties of the- caMe shield. The transfer impedance relates the distrib­
uted internal-voltage source to the shield current and is defined by 

7 J_^Y T" " I dz o 
(3.1) 

1=0 
where I is the shield current, dV/dz is the internal voltage change per 
unit length along the cable, and I is the interna, current. 

The transfer admittai 
voltage and is defined by 

The transfer admittance relates the internal current to the shield 
3 

v J *L T V" dz o 
(3.2) 

V=0 

where V is the voltage between the shield and the ground plane, and dl/di 
is the current change per unit length flowing in the internal conductor. 

For metal tubular shields with no apertures, the transfer admittance 
is equal to zero. For braided shields, the transfer admittance contains 
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a murual capacitance term that accounts for the capacitive coupling 
between the internal conductors and the ground plane. 

3.3 Open Circuit Voltage and Short Circuit Current 
To accurately compute the open circuit voltage induced between the 

cable shield and the internal conductor, we shall employ both an early 
tiae and a late tine model. In the early tine model, the cable is 
idealized to a semi-infinite cable, as shown in Fig. 3.1a. The shield 
of the cable is terminated in an impedance Z , as shown. The induced 3 °* open circuit voltage is given by 

I 
Voc ' - * - ( Z T " Zo Zoe V ' { 3 3 ) 

(Y-jk) o oe T 

where Z is the characteristic impedance of the cable, Z is the charac-
teristic impedance of the shield and the ground plane, jk = s/c where s 
is the Laplace transform variable and c is the speed of light approxi­
mately equal to 3 x 10 s */sec, and Y is the propagation factor approxi­
mately equal to s/u whcve u is the propagation speed of the cable. For 
most braided cables, IZ^ » Z Q Z ^ |YT| (Ref. 3). 

Most of the shielded cables in a nuclear plant are grounded at tl.e 
equipment end of the cable. The open circuit voltage as a function of 
s for a grounded shield cable is given approximately by 

v . f» C *T . (3.4) 
oc * ( ^ - 1 ) 

where the electric coupling has been neglected and E is the dielectric 
constant of the insulation between the internal conductors and the shield. 
The dielectric constant is related to the propagation speed of the cable 
by 

u » — i - (3.S) 
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The value of u is about 1.98 a/sec for aany shielded cables used in 
nuclear plants, such asRG-11/uand RG-S9B coaxial and triaxial cables. 

The solution for the seai-infinite cable is the saae as that for 
the finite cable for tiae t in the range 0 < t < t , where t is the 

— — o o 
tiae that the end reflection affects the solution. The tiie t is 

o 
given by 

t Q = £ (1 - cos Y ) , (3-6) 

whe^e 

Y = 180° - cos" 1 (sin 6 cos •) (3.7) 

For 0 <_ t <_ t ., where t . is coaputed by Eq. (3.6) with u substi­
tuted for c, the iapedance looking into the cable is Z . The value of 
t . is larger than t , thus the short circuit current for 0 < t < t is ox o — — o 

o 

The source iapedanr.e for aany shielded cables is very large at the 
EMP frequencies of interest (0.01-100 MHz). For late tiaes, t > t , the 
shield cable can be aodeled as a finite cable of length I, open-circuited 
at the source end as shown in Fig. 3.1b. The open circuit voltage is 
given, for t » l/c, by 

V ' l o ^ 1 . (3.9) 

For tiaes t < t < 101/c, the aagnitude of the induced voltage is 
bounded by Eq. (3.9), since the current is not unifora over the length 
of the cable. If a cosine current distribution (I coa (*z/2l)) is 
assuaed, then Eq. (3.9) gives a value too Urge by 36%. Also, Eq. (3.9) 
does not take into account the internal cable reflections, a H the saall 
aaount of electric coupling through the shield has been neglected. 
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The short circuit current is given by 

1 

where 2. is the iapedance between the internal conductors and the shield. 
The cable iapedance is 

[• -2st/u"| 
% .,— . (3.11) 

1 - e 2 s l / u J 
3.4 Shielding Effectiveness 

The shielding effectiveness S is a coaaonly used Measure of the 
quality of a cable shield. The shielding effectiveness S is defined by 

S= 20 logio -f , (3.12) 

where I is the cable shield current, and I is the current in the internal o 
conductor. The shielding effectiveness depends on the length of the cable 
and the cable terainations. The shielding effectiveness decreases as the 
cable length increases. The shielding effectiveness % of a cable of 

4 length (2 is given by 

S 2 » Si - 20 log 1 0 li , (3.13) 

where S\ is the shielding effectiveness of the saae type of cable with 
length ij and l2 > t\. The shielding effectiveness can be calculated 
froa the transfer and terainating iapedances for frequencies with wave­
lengths auch larger than l by 

S - 20 logio (Z*t7 Z i ) , (3.14) 

where Z\ and Z 2 are the terainated iapedances at ends one and two, 
respectively. 

The shielding effectiveness can be used to estiaate the late-tiae, 
open circuit voltage and short circuit current responses. The ratio 
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of the shield and internal conductor currents as determined by a 
shielding effectiveness test is given by 

_ ot in5>/20 o ,_ ,..-> 
S = -j— = 1 0 * - — = - , (3.15) 

where I ^ and r are the Measured shield and internal currents, respec-ot t » r 
tively, S is the shielding effectiveness as defined by Eq. (3.12), the 
cable is terminated at both ends by Z , and £ is the length of the tested 
cable. 

The open circuit voltage is 

and the short circuit current is given by Eq. (3.10). 
in many shielding effectiveness tests, the shielding effectiveness 

is defined by the ratio of the maximua shield and internal currents. 

*o ( t )'-ax 
s = _2 Hi . (3.i7) 

The peak induced voltage can be estimated by 

i 2 1 Z i 
'max t • 

where i is the peak shield current. 

3.5 Braided-Wire Cable Shields 
Cables with braided-wiTe shields are commonly used in nuclear plant 

instrumentation and control systems. The transfer impedance for a 
braided shield contains a diffusion term that accounts for the finitely 
conducting shield and a mutual inductance term that accounts for the 
coupling through the apertures in the shield. The transfer impedance 
is given by 
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R *^T 
7^ = • sM , (3.19) 

sinh (/sT) 

where x is the diffusion time constant, R is the dc resistance of the 
shield per unit length, and M is the leakage inductance. 

For RG-59B coaxial cable, T = 1.87 ysec, R =8.1 mQ/m, and 
M = 0.14 nH/m. For triaxial cables, i.e., double-shielded coaxial 
cables such as RG-11 triaxial, R = 4 aft/a and T = 1.87 usee. The 
leakage inductance is significantly reduced by the extra shield to about 
5 pH/a, as presented in Ref. 5. 

The early-tine open circuit voltage surges induced in RG-59B coaxial 
and RG-11 triaxial cables are shown in Fig. 3.2. Equation (3.4) has been 
used to calculate the voltages in Fig. 3.2. The seai-infinite aodel 
can be applied for the first 8 nsec to a finite cable, 160 a in length, 
subjected to an EMP with 6 = 80°, * = 60°, and 4> = 180°. 

The late-tine surges valid for tiaes auch, auch greater than 8 nsec 
is shown in Figs. 3.3 and 3.4 for an EMP with B = 80°, • = 60°, and 
<J> = 180°. Waveforms for broadside incidence are shown in Appendix B. 
The late-time waveforms have been computed using Eq. (3.9). The early-
time portion (0 to 8 nsec) of the waveforms shown in Figs. 3.3 and 3.4 
are not necessarily accurate. The valid portion of the waveforms show 
that the peak open circuit voltage of the 160 n coaxial and triaxial 
cables are near 80 V and 44 V, respectively. For broadside incidence, 
the coaxial cable voltage peak is 36 V and the triaxial cable voltage 
peak is 17 V, as shown in Figs. B3 and B5 in Appendix B. 

3.6 Shielded Twisted Pairs and Multiconductor Cables 
The shielding effectiveness of a shielded cable can be increased by 

employing a twisted pair of internal conductors. At low frequencies 
below S kHz, the magnetic coupling reduction of a twisted pair is greater 
than 20 dB, whereas copper-braid shielding will provide practically none. 
Pulse tests on braided shield cables with both twisted pairs and single 
conductors indicate that the amplitude of the surge coupled to a 
shielded twisted pair is at least 20 dB below that of a shielded single 
conductor. The surge in the twisted pair was measured from conductor 
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to conductor, and the surge in the single conductor was Measured from 
the conductor to the shield. 

Pulse tests on shielded aulticonductor cables indicate that the 
number of internal conductors is not an important factor in the magni­
tude of the induced surge on each conductor. Also, no consistent rela­
tionship was found between the magnitude of the surge on an inner con­
ductor and the location of the conductor in the bundle. For our pur­
poses, it is sufficient to employ the transfer impedance of a shielded 
single-conductor cable for each conductor of a multiconductor cable. 

3.7 Double-Grounded, Braided Shield Cables 
A braided shield cable with its shield grounded at both ends forms 

a ground wire loop. This increases the Magnetic coupling to the cable 
shield. For a 160 • cable ocated 10 • above the earth, the EMP-induced 
current peak for the double-grounded cable shield is over twice that of 
the single-grounded cable shield. The open circuit voltage surges induced 
between the inner conductor and the external shield are shown in Fig. 3.5. 
Comparing Figs. 3.5a with 3.3b, and 3.5b with 3.4b, we find that the peak 
late-time voltage in the coaxial cable is increased by 25% and the tri-
axial cable voltage is increased by 5%, due to the double grounding of 
the shield. Thus, double grounding the shield decreases the EMP shield­
ing effectiveness of a coaxial cable by 12 dB and a triaxial cable by 
6 dB. 
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4, ADDITIONAL SHIELDING 
4.1 Introduction 

Additional shielding is provided to the plant cables by conduit, 
cable trays, and the building interior. Son* cables such as the nuclear 
instrumentation cables are protected by conduits for the entire length 
of their cable paths. Other cables are routed through conduits in some 
sections of the building and are placed in cable trays for the reminder 
or ?heir cable routes. Still other cables are run only in cable trays. 
Most of these cables are routed through the building interior where 
additional EMP shielding is provided by the building. In this section, 
we will estiaate the effects of the additional shielding provided by the 
plant structures on the peak value of the EMP-induced cable surges. 

4.2 Coupling through Conduit 
Electromagnetic energy couples through the conduit system by the 

direct diffusion of the external signal through the conduit walls and by 
the leakage of signals through holes or flaws in the conduit. The dif­
fusion process has many characteristics of a lot: r->s filter and only the 
low frequency signal couples to the internal cables. For aost EMP pulses 
the conduit current will have decayed to a v«*»-y low value before the dif­
fusion signal rises to an appreciable Magnitude. 

The diffusion component of the transfer impedance for conduit is 

R «'sT 
^ - — . (4.1) 

sinh *TT 

where for 2 - i n . , standard galvanized, r ig id steel conduit, R * 0.24 mft/a 
o 

and t « ST.? msec. 
The early-time current induced on a 160-a-long, 2-in. conduit located 

10 a above the earth by the representative EMP with 6 * 80°, * * 80°, and 
4 « 180° is shovn in Fig. 4.1a. The conduit is grounded at both ends. 
The late-tiae current (not shown) is a damped oscillation with a doainant 
frequency near S0O kHz. The late-tiae current decays to near zero after 
7 usee. 
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The voltage coupled to a conductor inside the conduit is shown in 
Fig. 4.1b. The peak voltage of 6.6 »V, coupled to the internal conductor 
by diffusion, conpares well with that obtained experimentally. The 
measured peak voltage induced on a conductor in a 3.05 • (10-ft) conduit 
due to a current pulse with a 150 A peak is 68 uV. The experimental 
transfer inpedance can be calculated fron Eq. (3.9) as 0.149 uV/A-n. For 
a 390 A peak conduit current and I equal to 160 a, the substitution of 
the experimental transfer inpedance into Eq. (3.9) gives a peak induced 
voltage of 9.28 aV. The relative difference between the neasured and 
calculated values is 29*. 

The leakage signal coupled through breaks in the conduit occur at 
couplings, pull boxes, junction boxes, flexible conduit, and unions. 
Normally, the leakage signal is larger than the diffusion signal. The 
leakage signal is a function of the contact made by the threaded connec­
tions. Improperly tightened threads or rusty threads increase the surge 
coupled by leakage. 

In Rcf. 6, the leakage signal of 36 aV, coupled through a wrench-
tight coupling in the center of a 3.05 a (10-ft) conduit section, was 
measured (see Test 4*). For coaparison, a hand-tight coupling induced 
1 08 V (see Test Id). The conduit current had a 150 A peak, a 3 nsec 
ris- tine, and a 4 usee (e-fold) fall time. 

The leakage inductance can be computed by 

In the experiment, I - 3.05 m and d I /d initially was equal to about 
5 x 10 1 0 A/ sec. The value of M for a wrench-tight coupling is 0.23 pH/m, 
where one coupling is used for every 3.05 m length of conduit. 

For the 160 m line that we have used as a model, d I /dt = 2 x 10 
A/sec. The open circuit voltage induced is 0.76 V. The characteristic 
impedance for the conduit-internal wire transmission line is about 100 2; 

thus, the short circuit current peak is roughly 7 mA. 
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The current induced on the conductor inside the conduit has an 
initial spike of 7 aft with about twice the rate of rise as the conduit 
current. This initial spike drops to near zero when the shield current 
reaches its peak value. Later, the peak current coupled by diffusion is 
only about 60 uA. If the internal conductor in the conduit is the shield 
of a coaxial cable, the short circuit current fron the internal coax 
conductor to the cable shield will rise to about 8 uA and then decrease 
to a ilwnjuil oscillating current with an initial peak near 1.0 uA. 
Double-shielded cables such as triaxial cables will attenuate the initial 
spike, and the late-tine surge will be reduced to about 0.S i»A. 

It should be pointed out that if a shielded cable in a conduit is 
grounded at both ends nuch of the shielding benefits at late tines 
(t > 2i/c) of the conduit are lost. The current surge will divide between 
the cable shield and the conduit, since they are both grounded at each end. 
About 3.3% of »v.e current induced in a 2-in. conduit will flow in the 
shield of an RG-59B coaxial cable. However, the conduit system which is 
grounded at both ends of the 160 n line will couple a current surge with 
a peak three tines larger than that of a single-grounded line. Thus, the 
late-tine shield current of a cable grounded at both ends in conduit is 
one-tenth that of the single-grounded cable not protected by conduit. 

4.3 Cable Trays 
Cables in cable trays can benefit fron the shielding effects of a 

cable bundle. The cables on the outside of the bundle tend to shield the 
internal cables. Also, the cables on the outs.de of the bundle tend to 
share the current that would be induced in an equivalent conductor with 
an effective radius of the cable bundle. The induced current is not a 
strong function of radius. The peak current is proportional to a loga-

g 
rithnic function of the radius. 

For a cable bundle with an effective radius equal to 0.17 m, con­
sisting of cables with radii equal to 3.25 an, the bulk cable current is 
only about 50% larger than the current induced on a single cable. The 
nunber of cables in a tray ranges fron about fifty to several hundred. 
For a cable bundle consisting of 50 cables, nearly 20 cables will be 
located in the outside of the bundle. The current induced in each 

http://outs.de
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outside cable will be about 7.S\ of the current induced in a single cable. 
For a large bundle with a rectangular cross section consisting of 300 
cables, about 100 cables nay be located on the outside of the bundle. 
The current induced in each outside cable Mill be about 1.51 of the 
current induced in a single cable. Thus, the shielding effectiveness of 
cable bundles in nuclear plants ranges fro* about 22 dB to 36 dB. 

The cables are generally randomly located in the cable bundle. A 
particular cable is equally likely to be at any position in the bundle 
cross section and is equally likely to be at any other position in the 
bundle at any other position along the cable bundle. Because of the 
random positions of the cables, the shielding effectiveness for the 
outer cables is assigned to all of the cables. 

4.4 The Building Interior 
T V 3fr electric and magnetic fields are attenuated by the building 

structural members such as steel beans, rebar construction, and poured-
in-place concrete The shielding effectiveness of the building increases 
for positions toward the center of the building. The magnetic shielding 
effectiveness due to the rebar construction in the exterior walls is 
about 20 dB greater at the center of the building than it is a few feet 
from the wall.' 

The electric field shielding effectiveness of the Sequoyah nuclear 
plant control building was measured for broadcast band AM and FM signals 
by 0RNL. The shielding effectiveness in the center of the building on 
the bottom floor is at least 20 dB greater than it is on the top floor. 
This is an estimated value since the actual signal was at the noise 
level of the plant. A conservative estimate of the additional FMP shield­
ing for cables located deep in the building interior is 20 dB. 
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S. SUMMARY 
In this report, the electrical surges induced in nuclear power 

plant cables by a high-altitude nuclear electromagnetic pulse have been 
considered. Two EMP incident directions have been used in the calcula­
tions, broadside incidence (6 * 8C°. v * 90°, and « * 90°) and along-
the-line incidence (6 * 80°. **60°,and » * 180°). Both incident direc­
tions were chosen for a high-altitude nuclear detonation far from the 
plant such that the EMP source appears to be located just above the 
.orizon. It was found that broadside incidence induces the largest 
r:spc«»< for short cables on the order of 20 n, and along-the-line inci­
dence results :n the largest response for long cables on the order of 
160 n. 

The Magnitude and duration of the EMP surges depend on many parame-
ters. The properties of some EMP surges induced in cables of different 
lengths and various effective shielding levels are summarized in 
Table 5.1. 

The EHP direction of incidence that resulted in the largest response 
was used to construct the table. Sone inportant parameters that deter­
mine the amplitude and duration of an EMP surge coupled to a cable are: 
(1) the shielding effectiveness of the building, \t) the location of the 
cable within the building, (3) the type and >ngth of the cable, (4) the 
direction of the incident EM* with respect to the cable and the earth, 
and (5) the tine history of the EMP wavefom. The effects of conditions 
1, 2, and pat of 3 above have been studied to a United degree in this 
report. 

The results of this study are more accurate for unshielded lines 
than for shielded lines. As the shielding level of the cable is increased, 
the problem becomes more complex, and the accuracy is normally decreased. 
The shielding effects of the walls, conduits, cable shields, cahle trays, 
etc. have been approximated by functions that result in slightly higher 
EMP energies coupled to the cable. Therefore, the EMP surges presented 
in this report are useful for a vulnerability analysis of severe EMP 
surges on nuclear power plants. 



Table S.l Summary of I'.MP Cable Surge* 

Cable Location ROR Duration 
(F»«c} 

20 m Copper Wire 

20 m Copper Mire 

160 m Copper Wire 

160 in Copper Wire 

160 m Copper Wire 

160 m RC-59B Coaxial Cable 

160 m RG-59B Coaxial Cable 

160 m Triaxial Cable 

160 m Triaxial Cable 

160 m Shielded Twist oil Pair 

160 m Shielded Twisted Pair 

Near an external 
wall 

Deep within the 
building 

Near an external 
wal 1 

Deep within the 
building 

Near an exfrral 
wall in a cable 
tray 

Near an external 
wall 

Near an external 
wal1 in conduit 

Noar an external 
wal 1 

Noar an oxternal 
wall in conduit 

Near an external 
wall 

Near an external wall 
in a cable traj 

26 kV 

2.6 kV 

88 kV 

8.8 kV 

8.8 kV 

80 V 

0.6 mV 

44 V 

.17.5 UV 

8 V 

0.8 V 

1.47 kV/nii 

147 V/n» 

7.12 kV/n» 

710 V/nn 

710 V/n» 

1.0 v/n» 

0.2 mV/n* 

0.38 V/n» 

IS.6 nV/n* 

100 mV/n» 

10 mV/n* 

0.5 52 A 

0, 5 

6. 4 

6. 4 

6. 4 

50 

10 mil 

50 

10 m* 

50 

SO 

5.2 A 

170 A 

17 A 

17 A 

2.2 A 

8 wA 

1.4 A 

0.5 wA 

220 mA 

22 mA 
iy 

V - Peak open circuit voltage. ROR » Initial rate of ride from 10-90% of the open circuit voltage. 
I » Peak short circuit current. Duration « Time that the voltage surge has decreased to 10% of V . 
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APPEXDIX A 

CALCULATED EM> SURGES OS UNSHIELDED LINES 
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CALCULATED EMP SURGES OS USSHIELL>EO LINES 
The following figures show the short circuit current and open cir­

cuit voltage surges induced in unshielded copper lines located 10 • above 
a finitely conducting earth. The radius of the wire is 3.25 an, and the 
earth conductivity is S au/a. The geoaetry of the El*-line interaction 
problem is shown in Fig. 2.1b. For finite length lines, the source end 
of the line (y = -I) is terminated by an open circuit. 

The representative EMP electric field tine history selected for the 
calculations is given by Eq. (1.1) with E = S.3 kV/a, a = 5 x 10 6 sec" . 

8 - 1 and 5 = S x 10 sec The source of the representative EMP i* located at 
10° above the horizon (d = 80°). Two EM? incident directions have been 
selected; one is broadside to the wire (+ = 90°) and the other is in the 
plane formed by the y-z axis. 

A list of the figures that follow is given below. 

Figure No. Caption 
Al Surges induced on a seai-infinite line located 

10 a above the earth by the representative EMP with 
« = 80°. ii - 60°, and * = 180°. 

A2 Surges induced on a seai-infinite line located 
10 a above the earth by the iepresentative EMP with 
§ = 80°, * = 60°, and '• = 0°. 

A3 Surges induced on a 160 a line located 10 a 
above the earth by the representative EMP with 
e = 80°, ¥ - 60°, and # = 180°. 

A4 Surges induced on a 160 a line located 10 a 
above the earth by the representative EMP with 
e = 80°, v = 90°, and * = 90°. 

AS Surges induced on a 20 a line located 10 a 
above the earth by the representative EMP with 
6 = 80°. * = 90°, and * = 90°. 

A6 Surges induced on a 20 a line located 10 a 
above the earth by the representative EMP with 
5 = 80°, * = 60°, and * = 180°. 
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Fig. Al. Surges Induced on a Semi-Infinite Line 
Located 10 r« Above the Earth by the Representative EMP 
with 6 * 80°, * - 60°. and <fc = 180°. 
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Fig. A3. Surges Induced on a 160 m Line Located 
10 m Above the Earth by the Representative EMP with 
6 = 80°, i> = 60°, and * = 180°. 
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Fig. A4. Surges Induced on a 160 m Line Located 
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Fig. AS. Surges Induced on a 20 m Line Located 
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CALCULATED BRAIDED, SHIELDED CABLE RESPONSES 
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CALCULATED BRAIDED, SHIELDED CABLE RESPONSES 

The following four figures show the EM* surges induced in coaxial 
and triaxial cables located 10 • above the earth by the representative 
EMP at broadside incidence. 

A list of figures follows below. 

Figure No. Caption 
Bl Surges induced in a seai-infinite coaxial cable 

similar to RG-S9B located 10 • above the earth by the 
representative EMP with 6 = 80°, * = 90°, and # * 90°. 

B2 Surges induced on a seal-infinite triaxial line 
located 10 • above the earth by the representative 
EMP with 0 = 80°, * = 90°, and « = 90°. 

B3 Surges induced in a 160 • coaxial cable siailar 
to RG-59B located 10 • above the earth by the 
representative EMP with 6 * 80°, • = 90°, and * = 90°. 

B4 Surges induced in a 160 a triaxial cable located 
10 m above the earth by the representative EMP with 
8 = 80°, i> = 90°, and 4 = 90°. 
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Fig. Bl. Surges Induced in a Seai-Infinite 
Coaxial Cable Similar to RC-S9B Located 10 m Above the 
Earth by the Representative EMP with 6 = 80°, * = 90°, 
and + » 90°. 
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Fig. B3. Surges Induced in a 160 m Coaxial Cable 
Similar to RG-59B Located 10 m Above the Earth by the 
Representative EMP with 6 = 80°, iji = 90°, and $ = 90°. 
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Cable Located 10 m Above the Earth by the Representa­
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