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SUMMARY

EMP shields are often continuous welded (or soldered) metal liners

for the fac ility or equ ipment room. The effect on shielding by jo in ing

liner panels with bolted (or rivited) overlapping joints is not known.

Join t leakage , as measured by the polarizability per unit length

of the join t, has been found to be dependent on fastener spacing . The

leakage increased approximately as the cube of fastener spacing in

accordance wi th theore tical predic tions based on long , thin slits. The

leakage also depended to a small degree on bolt torque and somewhat to

a larger degree on the overlap at the joint.

Among the qual ity con trol fac tors , cleanliness of the mating surfaces

appears to be the most important factor . Leakage through the joint in-

creases significantly if contaminants such as rust or scale prevent the

mating surfaces from making good electrical contact at the joint. It

appears that such contaminants enhance leakage in two ways : (1) they

increase the effective size of the crack between the joined parts , and

(2) they can increase the effective fastener sp-cing if they prevent

fastener contact with the joined parts.

Comparisons of the voltages incuded on an internal conductor by

joint leakage and by diffusion through a jointless, I-mm thick steel

shield indicated that at all frequencies in the EMP spectrum , jo in t EMP

leakage is no greater than d i f f usion for typ ical joints (polarizability

m~~ 10 6). When the induced voltages are compared as a function of time,

however , the peak voltage induced on a long internal conductor by joint

leakage is greater than the peak voltage induced by diffusion through a

jointless shield (0.5 V vs 0.3 mV), although the duration of the joint-

rela ted transient is much shorter than the diffusion-related transient

(10 ns vs 200 us). Thus , the coup led energy is much greater for the

diffusion-induced pulse , bu t the peak voltage is much greater for the

joint-leakage-induced pulse. In addition , the diffusion-induced pulse

A .



• is additive over a long wire within a facility, whereas the joint related

pulse , because of its very short duration , is not cumulative over long
conductors.

Good overlap joints with polarizabili ty of 10~~ can be made for EMP
• shields if panels have metal-to-metal contact. Aluminum and galvanized

steel have been demonstrated to make good contact with contact pressures

as provided by 3 to 4 rn-kg bolt torques. Fastener spacings should be

no larger than 7.5 cm, and joint overlap should be at least 10 cm for

good joints at all EMP frequencies. Rope caulking (3 mm diameter) in

the joint between the joint edge and fasteners can be used to provide

a moisture seal without degrading the shielding of the joint. Preferrably

a waterproof seal is recommended over the outer surface of the joint and

fasteners.
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I INT RO DU CT ION

A. BACKGROUN D

The cons truction cos t savings associa ted wi th us ing the aircraf t

shelter linerl* shown in Figure 1 as a self-supporting structure that

serves as a concrete form and at the same time as an EMP shield is

recognized as an a t t ract ive solution to EMP hardening requirements .

However , the usef ulness of the approach has been ques tioned on the bas is
that there are no data to indicate the shielding effectiveness of such

a steel liner.

The uncertainty about EMP shielding effectiveness arises because

the corruga ted panels that make up the shel ter are bol ted toge ther , as

shown in Figure 2 , rather than welded (welding has been the standard
practice for construct ing continuous EMP sh ie lds ) .  Any quest ion about

shielding effectiveness that arises from leakage and possible ar cing

along the panel attachments or joints could be eliminated by welding

the panels together after erection. Unfortunately, this approach not

only increases the cos ts significant ly but also compromises the concept.

The purpose of the work described in this report was to evaluate the

leakage through joints in sheet metal so that questions regarding the

sh ie ld ing  e f fec t iveness  of various fas tening techniques could be resolved .

To achieve this goal , a series of controlled experiment s was conduc ted
to measure the fundamental leakage parameters on test panels that had

r ive ted , bol ted , and welded joints with various natural and simulated

contaminants .

_ _ _ _ _  V
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References are listed at the end of the report.
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B. METHOD OF APPROACH

As described in Sec tion II , the fundamental measure of leakage
through a joint is the magnetic polarizability per unit length of the

joint. The polarizability is the effective dipole strength of the
leakage field on the “protected” side of the shield produced by one unit

(e.g., 1 ampere/meter) of excitation field at the outside (“unprotected”

side) of the shield. The polarizability thus relates the leakage field

to the exci tation field, and it is a proper ty of the shield that is
independent of the exôitation source and independent of the circuits or

structures responding to the leakage field. Because the polarizability

can be measured , it was chosen as the quantitative measure of shielding
effectiveness.

The polarizability per unit length of joints was measured in the

laboratory for: riveted , bolted , and sheet-metal-screw joints in
aluminum sheet; bolted joints in galvanized steel sheet; and bolted

and welded joints in hot-rolled steel sheet Parametric studies were

made to evaluate : the effects of fastener spacing ; amount of overlap

at  the j o in t ; and for bol ts , the e f f e c t  of bol t  torque . The resu l t s

of these parametric studies are given in Section II.

In addition , several quality control , ag ing, and “fix” proper ties

were examined. For examp le , the effec ts of rust, scale , and insulating

material in the joints were examined , and the effec tiveness of conductive

epoxy resins and copper foil tape as shield “pa tches ” were evaluated .

These tests and the results are discussed in Section III.

To evaluate the effect of joint leakage on the environment inside

a f a c i l i t y  constructed of panels with joints of the types tested , the

vol tage per unit length induced on a conductor inside a facility was

calculated from the polarizability and the two-exponential model of the

incident EMP field. For comparison , the induced voltage per unit length

was also calculated for a continuous (no joints) shield of 1-mm thick ,

m ild steel. The results of these induced voltages estimates and leakage

measurements on full-scale aircraft liner panel joints are presented in

Section IV. 
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• II LEAKAGE THROUGH LAPPED JOINTS IN SHIELDS

A. LEAKAGE CHARACTERISTICS

Leakage of electromagnetic fields through joints in sheetmetal

shields is caused by imperfec t contac t between the jo ined par ts and by

apertures (cracks or other openings) at the joint. Imperfect contact

produces an increase in the surface resistance at the joint and a cor-

responding j(t)R~ voltage across the joint [j(t) is the current density

in A/m and R . is the jo in t resistance in m~lJ . Apertures permit some of

the external f ields to penetrate through the shield to interior wiring

or equipment where voltages of the form M dj/dt and currents of the form
C dv/dt are induced . The M dj/dt voltages are associated with magnetic

f ield pene trating to the interior region, and they are excited by the

current density j(t) on the outside surface of the shield. The C dv/dt

currents are associated with the electric field pene trating to the
interior region , and they are exci ted by the shield potential v(t) or
the charge density on the outside surface of the shield. For overlapped

• j o i n t s  wi th  100 percent optical  coverage , the elec tric f ield penetra t ion

is o f t en  negligible compared to the magnetic field penetration. These

three shield leakage mechanisms are illustrated in Figure 3. In addition ,

some magne tic field penetrates (or diffuses through) the sheet metal.
However , this leakage is very small at high frequencies where the sk in
dep th is small compared to the thickness of the sheet metal. In this

repor t, we will concentra te on the magne tic field leakage through lapped
joints in sheet metal.

Accord ing to the theory of electrically small apertures , the magnetic

f i e ld  fringing through an aper ture can be represented by a magnetic dipole

of s t rength

= ~~ H ( t ) m  , (1)

• - 1  ‘ -— ——— -- _.
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FIGURE 3 SHIELD LEAKAG E MECHANISMS

where u is the permeabil i ty of space , H ( t )  is the magnetic field
intensity that would be present if the hole were absertt , and m is the

polarizability of the hole. The polarization depends on the size and

shape of the hole; m contains all of the leakage properties of the

aperture; uH(t) is the “external” magnetic field exciting the aperture.

Thus , the leakage properties of holes and joints in shield materials can

be compared independen t of the structure (such as cables) or measurement

method (loop size and distance from shield) by comparing the magnetic

polarizabilities of these apertures.

L 13
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• For circular apertures , the magnetic polarizability is
2

34r
m r — ~2 . (2)

That is , the leakage increases as the cube of the hole size. For long ,

thin elliptical slits with the magnetic field H (t) parallel to the slit ,

the polar izability is2

3
it L

ln
~v) - I

where L is the length (major axis) and W is the width (minor axis) of

• the ellipse. Again the polarizability increases roughly as the cube

of the slit  length .

The apertures between rivets or bolts in a sheetmetal joint may be

visualized as a series of long, thin slits along the joint. Because the

leakage through each slit is combined with that from every other slit

inside the shield, we can represent the leakage through a join t by a

polarization per unit length of joint. Also , because the openings between

lapped joints have a depth equal to the overlap , the leakage through these
openings is much smaller than the leakage through a slit in a thin sheet.

The formulas above for the circular and elliptical apertures were derived

for an infinitesimally thin conducting sheet .

B. MEASUREMENT OF JOINT LEAKAGE

Since the polarizabil ity of the aper tures in a shield is the measure
of the shield leakage and is independent of the size or shape of the

shielded enclosure formed from the shielding material , the polar izability
is the preferred measure of shield leakage. To measure the magnetic

polarizability , a uniform magnetic field must be app lied to one side of
the shield, and the induced magne t ic dipole s trength of the exci ted
aperture must be measured on the other side of the shield.

~~~~~~. 14
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• Because of reflections , resonances , and leakage around the shield,

direc t measurement of the induced dipole s trength in the presenc e of the
exciting field is difficult. One can, however , provide the necessary
isolation between the excitation and the detection instruments by enclos-

ing both in closed transmission lines with the test specimen in a wall
shared by the two transmission lines.3 The use of rectangular trans-

mission lines permits uniform excitation fields to be developed , and
matched terminations on the detection , or sensing, line prevent standing
waves that make analysis of the results difficult (see Appendix A).

• A sketch of a tester using two rectangular transmission lines is

illustrated in Figure 4. The lower line is driven by an RF source at

one end and terminated in its charac ter is tic impedance at the other
end. The test panel containing the joint to be measured forms a common

wall between the lower (driving) line and the upper (sensing) line .

Leakage through the test panel excites the sensing line and develops a

SENSING LINE

TEST PANEL

DRIVING LINE

FIGURE 4 EXPLODED VIEW OF SKIN TESTER



voltage across each of the match terminations at the ends of the sensing

line. Small loop and dipole antennas in the driving line measure the
electric and magnetic field strength in the driving line.

A schematic diagram of the aper ture coupled transmission lines is
shown in Figure 5. For an aperture with both electric and magnetic field

TRANSMITTING RECEIVING
END END

SENSING LINE
V11w) V (W )

Z0 

1

APERT URE Z0

V (w)
° DRIVING LINE

FIGURE 5 APERTURE-COUPLED TRANSMISSION LINES
5÷,

leakage , the voltage induced in the sens ing line terminat ions is

V (w)
V (W) = ,jwK 2Z (m - p)  (4)

at the receiving end and

V (w)
V

~~
(w) = j wK (m + p) (5)

at the transmitting end. In these expressions , V0(w) is the driving

vol tage , Z0 is the characteristic impedance of the lines , K is a coupling
constant related to the cross section geometry of the rectangular crans-

mission lines , m is the magnetic polarizability of the aperture, and p
is the electric polarizability of the aperture [p is the dipole moment
of the penetrating electric field normalized to the exciting electric

flux € E ( w ) ] .
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The polarizabilities are thus ,

m = 
jwV:~

w) K [V~ (w) + Vr
(W)

~ 
(6)

and

z
jwV~,(w)K IV t

(w) - V
r
(W)J (7)

V
~~

(w) and V (w ) are measured a t the sens ing line terminations , V (w) is

obtained from the small loop or dipole antenna in the driving line , and
K is obtained by calibrating the tester with calculable apertures such
as a circular aperture , or for distributed apertures such as joints , a

row of circular apertures.

For the overlapped joints used in the tes ts described here, the

electric polarizability is negligible and m + p ~ m. In addition , for
these joints , the leakage (polarizability ) is much grea ter when the
magnetic field H (w) is parallel to the joint than when it is perpen-

dicular to the joint. Thus, all but a few of the polarization measure-

ments were made with the magnetic field parallel to the joint. Using K

for distributed apertures and using the voltage on the loop field sensor
V~~(w) in the driving line,

Iv (w) V (u~~~
m = -7 .66 j  X l0~~ I ~ + 

r (8)
L”L~~ 

V L
(U) )

J

V
~~

(w), V (w), and V
L(w) all in

crease with frequency so that the measured

vol tage ratios are constant and independent of frequency . For the panels

tested , the voltage ratios were measured from 1 to 100 MHz using swept

CW . Figure 6(a) shows a data samp le taken at the receive end of the

sense line, V (w)/V
L
(w). Three readings at 20, 50 , and 80 MHz were

averaged to obtain each voltage ratio . 
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Figure 6(b)  shows the minimum detectable voltage rat io for the

overlapp ing jo int  measurements.  Using a voltage ratio of 0.7 X lO~~
(103 dB) as the minimum useable measurement, the minimum po lar i zab i l i ty

that can be reliably measured is about l0~~ .

C. TEST PAN ELS

The test panels for the polarizability measurements are 50-cm square

samp les with the joint across the middle of the panel as shown in Figure 4.

The shielding materials tested included aluminum sheet with bolted joints ,

galvanized steel sheet with bolted joints , some commercially prepared

samp les of riveted aluminum , and a shielded-room structure . Most measure-

ments were made on 3.17-mm thick 606l-T6-QQ-A-250/11 aluminum panels.

Joint overlaps tested were 5, 10, and 15 cm with bolt spacings of 5,
11.5, and 23 cm. Bolts were 12.7-mm (1/2 inch) steel , with flat washers.

Bolt holes were 14.3 cm (9/16 inch in diameter).

The galvanized steel test panels were 3-mm thick cold rolled steel

with bolts and bolt holes the same as the aluminum test panels. Joint

overlaps tested were 5 and 10 cm with bolt spacings of 7.5, 9, and 18 cm.

The riveted aluminum panels were standard van construction with a

Z-shaped stiffner channel . Joint overlap was 5 cm , with rivet spacings

of 5 and 13 cm . One panel was tested that had 7.5-cm overlap and two

rows of rivets (staggered) on 5-cm spacings.

D. LEAKAGE MEASUREMENT RESULT S

1. Bolt Torque

Tests of bol ted jo in ts  in aluminum , galvanized steel , and ho t -

rolled steel  were made to evaluate the e f f e c t  of bol t  torque on the

leakage through the j o i n t .  The measured magnetic po l a r i z ab il i t i e s  per

meter of joint are p lotted in Figure 7 for these samples. For comparison ,

the polarization of a row of 12.5-mm diameter holes 25 mm apart is

13.4 ~~ 1o 6 
m
3
/m. As can be seen in Figure 7 , the bolted joints all

have less leakage than the row of holes , but the hot-rolled steel with

7.5-cm bolt spacing was only slightly be tter than the open holes.
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Subsequent tests  indicated that this poor performance of the hot-rolled

steel was caused by poor contact between the overlapped pieces because

of the scale on the hot-rolled sheet.

A very interest ing result  of the test is that the leakage

tends to increase slightly with increasing bolt torque. This apparently

is caused by the bowing of the metal sheets as the bolt torque is increased.

Tests with hand-tight bolts (0 torque) on the galvanized steel sample
with 10-cm overlap and 18-cm bolt spacing indicate that the leakage is

significantly larger for the hand-tight bolts than for 4 rn-kg (30 ft-lb)

or more of bol t torque. Therefore, it is apparent that some torque

greater than zero is required for minimum joint leakage, but excessive

torque (greater than 4 rn-kg) causes an increase in the leakage. It is

also apparent from Figure 7 that the bolt spacing and overlap produce

much greater variations in leakage than variations in bolt torque .

2. Spacing of Fasteners

Tests to determine the effect of spacing between bolts and

rivets were also conducted . Bo th riveted and bol ted panels of aluminum
sheet were tes ted, and bolted panels of galvanized and hot-rolled steel
were tested . The results of these tests are shown in Figure 8. As can

be seen in Figure 8, the leakage increases rapidly with increasing spac-
ing between fasteners. This behavior is consistent with the dependence

of the polarization on the cube of the slit length indicated earlier and

is demonstrated by the curve labeled 0.01 in Figure 8. There is con-

siderable variation among the different samples , however , and this is

presumed to be caused by differences in quality of contac t and amount of
bowing out between fasteners.

One test was made to determine the effect of a double row of

fasteners using the riveted aluminum van construction. This data , shown
in Figure 8, indicate tha t a second row of rivets give some improvement
over a single row . Overlap was 7.5 cm for the double row and 5 cm for

the single row of rive ts , which accounts for some of the measured
improvement.
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3. Joint Overlap

Variations in overlap of the lapped joints in aluminum and

galvanized steel panels were tested for a few bolt spacings . The results

of these tests are shown in Figure 9. It is apparent that the leakage

decreases as the overlap increases, but for the two aluminum samples,

which were the only ones tested with overlap greater than 10 cm, the

decrease between 10 and 15 cm is not very significant. This decrease

in leakage may be because of the depth of the crack that the fields must
penetrate. At very high frequencies , the capacitance between the lapped

pieces probably permits the current to cross the gap as displacement

current with little magnetic pulse penetrating to the interior . Measure-

ments for bolts on 5-cm spacings were all below the measurement sensi-

tivity (see Figure 8) and show no consistent variation with overlap .
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III EFFECTS OF CHANGES IN JOINT QUAL ITY

A. PURPOSE OF MEASUREMENTS

Many variations in joint quality were tested to determine the

sensitivity of joint leakage to test panel preparation procedures ,

assembly procedures , treatments , and shield patching schemes . The

effec ts of these var iations have been separa ted into three ca tegor ies
for repor ting here. These categories are:

(1) Assembly Problems, which include painted or contaminated
surfaces , dis tor ted plates , and variations in fasteners
that might accompany assembly of the joints.

(2) Joint Treatments, which include conductive fillers ,
metal foil gaske ts , and tack welding that might be
proposed to improve the joint.

(3) Patching Materials, which consist of conductive epoxy
and copper foil tape that migh t be proposed to patch
a leaky joint after assembly.

The effec ts of these var iat ions and trea tments wer e evaluated by
measuring the magnetic polarizability of specially prepared test panels

in the coaxial transmission line tester described in Section II. In

each case , a ~
mnormaltt or pre trea tment panel was also measured to provide

a basis for evaluating the effects of the treatment or variation. The

res ults of these tes ts are presented for each of the three categor ies
in the following sections in terms of the polarizability per unit length

of the normal and variant joints.

B. ASSEMBLY PROBLEMS

Variations in joints that might occur as a result of material hand-

li ng, assembly, and aging have been subdivided into four groups. The

shielding ef fec tiveness , as meas ured by the polarizability per unit
length, for each sample is given in Table 1.
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Table 1

JO INT AS SEMBL Y PROBLEMS

Polarizability
Panel Material Joint Problem 3 -6(rn /m X l O  )

Galvanized steel 10-cm overlap 1. None 1.3
18-cm bolt spacing 2. One 7.5-cm wide 3.0
(3 bolts) plastic strip

4 rn-kg torque 3. Two 7.5-cm wide 4.5
plastic strips

4. 0.13-mm plastic 35
o spacer in Joint
U 

*a Galvanized steel 5-cm overlap 1. None 0.16
9-cm bolt spacing 2. One 2.5-cm wide 0.43
(5 bolts) plastic strip

4 rn-kg torque 3. 1” 2.5-cm wide 0.56
-o plastic strips

4. Four 2.5-cm wide 0.53
plastic strips

.~~ Galvanized steel 1O-L . overl ap 1. None 0.08*

7.5-cm bolt spacing 2. Five 2.5-cm wide 0.26
• (6 bolts) plastic strips

Aluminum riveted 5-cm overlap 1. None 0.63

~ panels 5-cm spacing 2. Painted surface 3.1 
*Hot rolled steel 10-cm overlap I. None (galvanized 0.08

7.5-cm bolt spacing steel)
(6 bolts) 2. Surface scale 9.9

4 rn-kg torque 3. Surface scale 1.3
o removed

Cold rolled steel 10-cm overlap 1. None (galvanized 0.08*
7.5-cm bolt spacing steel)
(6 bolts) 2. Rusty joint 190

4 rn-kg torque

Galvanized steel 5-cm overlap 1. None 4.0
18-cm bolt spacing 2. Warped panels 4.1

(3 bol ts)
4 rn-kg torque

~ Galvanized steel 10-cm overlap 1. None 0.08*

7.5-cm bolt spacing 2. Warped panels 0.1*
(6 bolts) 3. Bent up edges 0.29

P.. 4 rn-kg torque

Hot rolled steel 10-cm overlap 1. None (flat weshers) 2.2
7.5-cm bolt spacing 2. Lock washers 2.5
(6 bolts)

4 rn-kg torque
.~~ Galvanized steel 10-cm overlap 1. None 0.16*

9-cm bolt spacing 2. Rubber washers under 0.21
(5 bo l t s )  bo l t s  arid nuts

4 rn-kg torque

,~~ Galvanized steel 10-cm overlap 1. None 0.16*
7.5-cm bolt spacing 2. 3-mm rope caulking 0.26

(6 bol ts)  in joint
4 rn-kg torque

*This measurement is near the measurement threshold. 
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In the first group , a contaminated or corroded surface condition
was simulated by installing plastic film (0.13 mm) between the mating

surfaces of galvanized s teel panel joints. The first sample was for

bol t spacing of 18 cm (3 bolts on test panel). A 7.5-cm wide strip

normal to the joint between one or two sets of bolts increased the

• polarization by about a factor of three. However , a thin spacer in

the joint , which required all panel-to-panel contact to be only by
means of the 3 bolts , increased the leakage by a factor of 30.

Similarly, for bolt spacings of 7.5 and 9 cm (6 and 5 bolts ,
respectively , on the test panel) the plastic strip spacers between
bolts increased the leakage by a factor of 3 to 4.

In the second group, several panel surface conditions were tested
to determine the e f f ec t  on leakage . The r iveted aluminum van panels

• were painted , as normally done, on the outer surface and water sealed

with caulking in the joint . This standard joint increased the leakage

-
~~~~ by about a factor of 5 over the nonpainted joint.

Hot rolled s teel has a surfac e sc ale res ulting from the rolling
process. This scale increased the leakage over the leakage of a gal-

vanized steel joint by a factor of 10. Removing this scale in the

joint (wire brush and steel wool) decreased the leakage to with in a factor

of two of the galvanized steel joint.

Cold rolled steel panels were aged by rusting to determine the

effects of rust in joints. The panels shown in Figure 10 were assembled

after rusting. Rusted , nongalvanized steel joints obviously degraded

the quality of the joint.

Joints cannot make continuous contact if the panels are not flat

(smooth). Test panels were bent and then stamped flat to within 3 nun

(one panel thickness), as shown in Figure 11. For these warped panels ,

the tests showed that if the fasteners were tight , the leakage was not
affec ted by the warp in the panels. Apparently, the metal-to-metal

contact at the ridges in the joint is sufficient to ensure an effective

joint. Panels with the edges along the joint bent open increased the

leakage by a fac tor of 3 apparen tly because of the decreased contact
surface in the joint.
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The final group in Table 1 is concerned with joint hardware . Most

panels were assembled wi th flat washers to app ly maximum , uniform con-

tact pressure to the joint. Lock washers , with their ability to penetrate

surface scale , were tried and found to not be effective in reducing joint

leakage.

Moisture leaks through jo in ts can be reduced b y the use of rubb er

washers under bolts and nuts and by the use of rope or ribbon caulking
in the joint .1 Each of these techniques only slightl y effect joint
leakage (a 50% increase).

The results of these tests indicated that the most important factor

affecting leakage through joints is the quality of electrical contact

between the mating surfaces of a joint. Paint , scale , and insulating

films in the joint were the only factors tested that produced a signifi-

cant change in the leakage. Degradations of 10 to 15 dB occurred when

such contaminants were present in the joints. As indicated in Section II,

however , joint leakage is also strongly dependent on fastener spacing ;

doubling the fastener spacing increases the leakage by 18 dB. Thus ,

for minimum leakage through a bolted or riveted shield , the bolt spacing

should be small and the mating sheet-metal surfaces should be clean.

C. JOINT TREATMENTS

In this series of tests , various joint treatments were tested that

might be proposed to improve the quality of the joint . These treatments

included using conductive epoxy in the joint , p lacing copper tape between

the mating surfaces , and tack welding along the joint. The results of

these tests are summarized in Table 2.

The importance of panel me tal-to-meta l contact has alrea dy been

discussed . Conductive epoxy potentiall y can provide this contact. The

data in Table 2 indicate that if the metal-to-metal contact is good , as

in the galvanized s teel samples , putting conductive epoxy in the jo in t

has little effect. If the joint is quite poor , as in the aluminum with

sheet-metal screws or the steel wi th rust or scale , the conductive epoxy

in the joint significantly decreases the leakage . 
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Table 2

JOINT TRE ATMENTS

Panel Material Joint Problem 3 -6(m /m X lO )

Galvanized steel 10-cm overlap 1. Bent up edges 0.29
7.5-cm bolt spacing 2. Conductive epoxy on edges 0.31
(6 bolts 3. Epoxy fractured 0.23

4 rn-kg torque

Galvanized steel 5-cm overlap 1. None 0.16*

9-cm bolt spacing 2. Conductive epoxy in overlap 0.08*
(5 bo l t s )

~ rn-kg torque0.

a Aluminum 5-cm overlap I. None 10.4
.~~ (sheet metal 18-cm spacing 2. Conductive epoxy in overlap 0.08*

~ screws)
-o

~ Cold rolled steel 10-cm overlap I . None 186
o (rusted) 7.5-cm bolt spacing 2, Conductive epoxy on edges 184

(6 bolts) 3, Conductive epoxy in overlap 2.8
4 rn-kg torque

U ..-
Hot rolled steel 10-cm overlap 1. None 9.9

7.5-cm bolt spacing 2. Conductive epoxy on edges 2.6
(6 bolts) 3. Conductive epoxy in overlap 3.1

4 rn-kg torque (cleaned) 
_______________

a
Galvanized steel 10-cm overlap 1. None 0.08*

~~ ~~. 7.5-cm bolt spacing 2. Copper foil in overlap 0.53
(6 b o l t s )

4 rn-kg torque

Hot rolled steel 10-cm overlap 1. None 9.9
• 7.5-cm bolt spacing 2. One tackweld 0.54

(6 bolts) 3. Two tackwelds , one on each 0.49
4 rn-kg torque side

Hot rolled steel 10-cm overlap 1 . None 2.4
7.5-cm bolt spacing 2. Two tack welds 1.5

— (6 bolts) 3. Four tack welds 1.1
4 rn-kg torque 4. Six tack welds 1.0

5. Eigh t tack welds 0.5
6 . Ten tack welds 0.3
7 . Seam welded 0.08*

Galvanized steel 5-cm overlap 1 . 30% seam weld 0.6

*This measu r e m e n t  is near the measurement  th resho ld .  

-- _ -~~~~~~~-•...~~~~ • - - - •~~• - -.- .- -~~~~~~~~ . .
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Al though the conductive epoxy has much lower conductivity than the

• me ta l s , it probably has little effect on the joint resistance of a good

joint. However , conductive epoxy does fill the voids between the mating

parts with lossy material through which leakage fields must penetrate .

Thus , for leaky joints such as the rusty or scaly steel joints , the

• conductive epoxy provides an attenuating fil ter , as well as possibly
improving the electrical contact.

One tes t was conducted wi th copper fo il tape be tween the overlapped

pieces of a bol ted , galvanized steel joint. The foil tape was intended

to provide copper surface-to-surface contact. The foil tape increased

the leakage through the joint by a factor of 5. Subsequent tests on the

foil tape determined that the adhesive was nonconducting , which prov ided
poor foil tape to panel contact.

The remainder of the tests in this category involved adding tack

welds to joints in steel panels. The first series of tests started with

scaly panels that were quite leaky (polarizability 9.9 X 10 6 
m

3/m) .

Add ing one tack weld reduced the leakage by a factor of over twenty.

Adding a second tack weld on the other side of the panel had no signifi-

cant effect.

On the 50-cm test sample, tes ts with more tack welds , ranging up

to continuous welds , showed a continuous improvement with welding . These

test measurements , near the sensitivity of system measurements , may not

be indicative of the effects of welding . The 30% welds shown in Figure 12

are at least as effective a shield as a good bolted overlapp ing shield.

D. JOINT CHARACTERISTICS

The tests with tack welds on steel joints added insight about the

parameters that affect joint leakage . In all cases , the bol ted jo in ts

between hot-rolled p late indicated significantly grea ter leakage than
comparable aluminum and galvanized steel joints; generally, the hot-

rolled joints were comparable to the galvanized steel joints with a

plastic sheet between the mating surfaces. Adding tack welds reduced

the leakage , but not to the levels achieved with bolted aluminum or
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galvanized steel  j o in t s  wi th  s imi lar  fas tener  spacings. It appears ,

therefore , that the scale on the ho t - ro l l ed  p la te  produced an insu la t ing

(or at least poorl y conducting ) layer between the mat ing surfaces  that

not onl y caused poor electrical contact , but also formed a large gap

between the joined p ieces through which the f ie lds  could pene t ra t e .

When this gap was filled w ith conductive epoxy , the l eakage was reduced ,

but again , not to the levels achieved with clean aluminum or galvanized

steel j o in t s .

This e f f e c t  of scale is i l lus t ra ted  in Fi gure 13. Note that the

scale increased the e f f ec t i ve  width of the gap between fas teners  and

probably also increased the effective length of the gap . Because the

leakage increases w ith the cube of the gap leng th , increasing the gap

SCALE ~~~~~~~~~~~~~

J [ 1

(a) JOINT WITH SCALE

(b) - WITHOUT SCALE

FIGURE 13 EFFECT OF SCALE IN THE GAP BETWEEN FASTENERS
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length will cause serious degradation of the shielding effectiveness of

the joint. Note that the scale prevented the bolt heads and nuts from

making good contact with the base metal , so that the effective length

of the gap may occasionally have been two or more bol t spacings. This

may account for the wide variation of leakage from one sample to the
res t, or from disassembly and reassembly of the same sample, that is

apparent in the test data.

Although aluminum and z inc have insulating oxide surface film s ,
these films are thin and the base metal is soft so the fasteners can

break through the oxide to make metal-to-metal contact. The scale on

hot-rolled stee l is thick and hard , and the base metal is hard . Making

metal-to-metal contact without removing the scale is, therefore , diffi-

cult with hot-rolled steel plate.

E . PAT CH ING SHIELD OPEN INGS

Obvious openings in the shields will leak ~~~~~~~~. Methods to seal
openings were tested that included covering openings with conductive

materials. All except one involved the use of conductive epoxy ; one

involved the use of copper foil tape. The results of the tests are

summarized in Table 3.

Tests on open slots  or holes in a luminum shee t were used for the

“before patch ” leaks . These are very l eaky compared to the bolted j o in t s ,

as evidenced by the polarizations of over 100 x io
6
, compared to less

than 10 X l0
6 

for the worst bolted joints. For copper foil tape p laced

over the array of 3 slo ts , the leakage was reduced by almost 34 dB , but

it is significant that the leakage was still greater than the leakage

through any of the bolted or riveted joints.

For the tests in Table 3, the open holes were covered on one s ide
wi th masking tape and then coated on the other side with conductive

epoxy . In each case , a marked reduction leakage (over 20 dB) was observed ,

but the rema in ing leakage was still moderate to large.

-

~

- - - . .  -.--- ~~~



— - ~~~~~~~~~~~~~~~ - ~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~ ...  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 3

JOINT PAT CHING

Po la r i zab il i t y
Material Joint  Patch 3 -6(m /m X  10 )
Aluminum 10-cm hole I. None 175
(1 mm) 2. Sealed with 9

conductive epoxy

Aluminum 7.5-cm slots 1. None 566
(1 mm) ( three) 2. Copper foil tape , 12

both sides

Aluminum 7.5-cm slot I .  None 275
(1 mm) (one) 2. Sealed with 1.2

conductive epoxy

Aluminum 7.5-cm s lots  1. None 566
(3 mm) ( three) 2.  10-cm overlap 5.3

F. JOINT LEAKAG E SUMMARY

Tests have demonstrated that the two most impor tan t  f ac to rs  a f f e c t-

ing the leakage at overlapped joints in sheet metal are (1) the quality

of contact (between the sheet metal panels and between the fasteners and

the sheet metal) and (2) the amount of gap between the jointed par ts

caused by bowing out or by foreign material (scale, rust , paint, or

other). The effect of contact was demonstrated by the tack-weld tests

on hot-rolled sheet. The tack-welds consistently improved the leakage-

resistance of the joint even though the scale remained . A more dramatic

improvement occ urred when the scale , rust , paint , or simulated coating

(plastic film) was removed from the mating surfaces . Improvement by

factors of five (or more) were realized by clean ing the ma ting sur f a c e s

so that metal-to-metal contact was possible. This apparently reduced

the ef fe ctive size of the gap between mating parts as well as increased

the elec trical conduc tivity be tween the parts.

Cleaning the mating surfaces also increased the probability that the

bol ts (or other fasteners) would make contact with the sheet metal. Bolt

contact is important , par ticularly if sheet metal contact is poor ,

‘-
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because without  bolt  contact the gap be tween joined par ts may no t be

broken up into a series of short gaps. In view of the cubic dependence

of leakage on gap length , it became evident that failure to make good

contact at each fas tener results in serious degradation of the shield

quality at the joint.
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IV JOINT LEAKAGE EFFECT S ON SHIELDING

A. SHIELDING CHARACTERISTICS

The shielding requirements for continuous , welded sheet-metal liners

can be sa tisfied by 1 mm of mild steel (greater than 60 dB for frequencies
above 10 kHz). A continuous steel liner will satisfy the requiremen ts

for  low frequency EMP shielding and will exceed the higher frequency
shielding requirements  (typ ically 80 to 100 dB) .  Overlapping bolted

jo in t s  will  leak EMP energies at higher frequencies and may no t mee t

the high frequency requirement .

The e f f e c t  on shielding of bolted j o in t  leakage at higher EMP f re.-

• quencies can be est imated for a s t ructure , such as the a i r c ra f t  shel ter

shown in Figure 1 and in Figure 14(a) by modeling the s t ructure  as a

cyl inder  of the same circumference as shown in Figure 14(b) .  The e f f e c t s

on shielding are calculated as the voltage induced on a wire on the axis
of the cylinder from the po la r i zab il i ty  of the j o in t s  and the current

induced on the outer surface of the cylinder by the EMP fields . For

comparison, the vol tage induced on the internal wire by d i f f u s i o n  of

the magnetic field through 1 mm of mild steel is also calculated.

Al so , for a wire close to the wall  of the shelter , it was f e l t  tha t

the wire-and-plane model of Figure 14(c) might give a better approximation

of the induced voltage. Therefore this model was also used to estimate

the induced vol tage on an in te rna l  conductor .

B. LEAKAGE INDUCTAI’~CE

In ei ther  the coaxial model or the wi re -and-p lane  model , some of

the j o i n t s  are para l le l  to the d i rec t ion of the externa l current , and

• some are perpend icu la r  to the current  d i r e c t i o n .  Measurements  of the

p o l a r i z a b il i t y  of several j o in t s  were made for  both d i rec t ions  of

current  f low relative to the direction of the seam to evaluate  the e f f e c t

of current flow parallel to the joint. The results of these measurements
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(a) AIRCRAFT SHELTER (b) COAXIAL CYLINDER MODEL

____ 0.6 m

~‘ 3

(c} WIRE-AND-PLANE MODEL 
-

F I G U R E  14 MO DELS FOR ANALY Z ING JOINT LEAKAG E IN AN A I R C R A F T  SHELTER

are given in Table 4. It can be seen from the table  that  the polariz-

a b i l i t y  per u n i t  length  of j o i n t  for  cur ren t  f low para l l e l  to the seam

is roughly one tenth as large as it  is for current  perpendicular  to the

seam . Because of this , the leakage through the c i r cumfe ren tial seams is

much larger than the leakage through the axial seams when the current in

the shel ter  flow s in the axial  d i rec t ion .  In add it ion, there is abou t

f ive  times as much c i r cumfe ren t i a l  j o i n t  per u n i t  length of shel ter as

38
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Table 4

MEASURED POLARIZABILITIES FOR CURRENT
PERPENDICULAR TO P,ND P ARALLEL TO A S EAM

Pola r i zab i l i ty
Conf igura t ion  ( 3/ > lo

_ 6
) Remarks

Aluminum sheet , 3-in, lap , 1.1 perpendicular
2 rows of rivets staggered 0.064 parallel  ra t io : 0.058

Galvanized steel , 2-in, lap , 0.58 perpendicular
30% weld both sides 0.079 parallel ratio: 0.14

Alum inum sheet, slot 1.2 perpendicular
covered with conductive 0.078 parallel ratio : 0.066
coating

there is axial joint . This relation can be shown by considering the

dimensions of the shelter and its panels shown in Figure 14. For each
meter of shelter length in the ax ial direc tion, there is 14~-/3 = 14.7

1 

~~~~ meters of axial j o i n t  and l4 ]t /0 .6 = 73.3 meters of c i r c u m f e r e n t i a l  j o i n t .

Because of these fac tor s, the leakage through axially directed joints

has been neglected.

For the coaxial cy l inder  model , the leakage inductance is given ,

in Henrys , byb

~
1o /2~ a \M 
2 2 k ö ~~~~m) , (9)

4i~ a

where u is the permeabil i ty  of air , a is the radius  of the cyl inder ,

( 2-a / 0 .6 )  is the length of j o i n t  per meter of cylinder , and m is the

polarizability per un it  length of the joint as measured in the rectan-

gular coaxial tester described in Section II. The leakage inductance ,

M, relates the voltage , V , induced per meter of interna l conductor to

the ra te  of change of the current  on the cyl inder  in  vo l t s  per mete r  a s :

di
(10)

- .
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For the wire-and-plane nwdel , the voltage increment induced in the

wire by an increment of l inear ape- :ture (see Figure 15) is5

h dH
dV 1 = ~~mdx 2 2 dt ‘ (11)

~t (x  + h )

By integration with respec t to x , the voltage induced by a single long

j o in t  (x -3 ±~~ ) is

dH
V1 = ~i~ M - ~~~ . (12)

Since H0 = i0 /2~ta for an excitation of the plane equivalent to the exci-
• tation of the cylinder by the current i , and since there is one aper ture

(joint) every 0.6 m , the induced vol tage per unit length is

u M  di
V = 2 i r r a ( O. 6)  

(13)

or

0 1-

• 

— 

2i~a (0 .6 )  ‘

• which is the same for the coax ial cy linder model.

X DISTRIBUTED APERTU RE

UNIT 
I ZABI LIlY

FIGUR E 15 WIRE-AND-PLANE CONFIGURATION WITH DISTRIBUTED APERTURES

- - 
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In either model , it is postulated that the cross section (radius a

in the coaxial model; h in the wire-and-plane model) is small compared

to the wavelength of the exciting current. Because of the large dimen-

s ions of the aircraf t shel ter , this pos tulate does not hold at the high

frequencies in the EMP spectrum . However , experience with coup ling to

overhead power lines has demonstrated that the error incurred in viola-
tion of this postulate is small (15 to 20%), even when a or h are equal

to a few wavelengths.7 Furthermore , for  buried s t ructures, the higher

frequencies are substantially attenuated by the soil , so that they are
• not dominant excitation sources for these s t ructures .

C. VOLTAGE INDUCED ON AN INTERNAL WIRE

The vol tage induced per meter of internal wire (parallel  to the

direct ion of the current in the shelter ) is

V(w ) = Z
T
I (w ) , (15)

where ZT is the t ransfer  impedance of the shelter wall and I0 (w) is the

current induced in the shelter wall by the EMP. The t ransfer  impedance
. 8is

ZT 
= R0 Sinh~ 1T 

+ jwM , (16)

in which R is the direct current resis tance per un i t  length of the wal ls ,

‘~ is the comp lex propagation factor for the wall steel , T is the wall
thickness , and M is the leakage inductance of the joints between wall
panels.  The resistance R and propagatt on factor  y are given by

R = 
1 (17)

o 2— acT

~~~~~~~~~~~~~~~~~~~~~ and 

~~~~~~~~~±1I1IT± (18)
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where c is the conductivity of the steel , ~i is the permeability of the

steel , f is the frequency in Hertz  (w = 2 - f ) ,  and j  = J 1. For c =

6 x 1o6 mho/m , ~i = 100 ~i , and T = 1 mm , the resistance in ohms per

meter is:

• R = 3.79 x l0 6 (19)

and T = 1 when f = 422 Hz. These factors determine the diffusion

through the walls.

For a typical joint with a polarizability of lO
_6 

m
3
/m , the leakage

inductance in Henrys per meter  is

M = 4.76 x lO _ 14 
. (20)

A plot of the transfer impedance ZT = V ( w ) / I ( w ) is shown in Figure 16

for these values of R , M, and u. Also shown is the magnitude of jwM

I’- .

—5 _____________________________________________________________10 
E 

I I I T i I ~ I I I 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I I I 1 1 1 1 11 I I I I ~

R 
—

— ° sinh 7T
>

10~ 0 6 x 1 0 6
UI — ,

~~ ~~\~

<_ —

p = 1 0 0 po Jo~~
mm /

10~~ 
~ I H u l l !  I I 1111111 1 1 1 1 1 1 1 1  1/11 tH! 1 I ( l U l l

10~ io6 j~~~
7 

~o
8

FRE QUENCY — Hz

FIGURE 16 INDUCED VOLTAGE PER UNIT LENGTH OF INTERNAL WIRE PER AMPERE
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-5 -6
for leaky , typical , and good joints with a polarizability of 10 , 10
and l0~~ m

3
/m respectively.

The current 1 (w) in the shelter wall is assumed to be

1 (w) 2~ra H (w) (21)

~ 4ica H. (w) , (22)
inc

where H (w) is the outside surface magnetic field strength and H~~~~(w )

is the incident field strength . This assumption is equivalent to pos-

tulating tha t the current is uniformly dis tributed about the gir th of
the shelter and that the surface field is twice the incident field.

The first postulate is a good approximation at low frequencies (a << A.,

where A. is the wavelength), but it provides an overestimate of the exci-

tation at high frequencies where the current on the “shadow ” side is

smaller than that on the side facing the source. The second postulate

is good at high frequencies (a >> A.), but it gives low est imate of the

exc i ta t ion  at the low f requ .~ncies where d i f f u s i o n  is impor tant .  Because

our purpose here is to comp~ i~e the leakage through joints with the leakage

through a seamless shield , however , these pos tulates are conserva tive in
that they make the joint leakage appear to be somewhat worse (in com-

parison to the diffusion) than it actually is.

The magnetic fields of the high-altitude EMP at the surface and at

10 and 20 meters below the surface are shown in Appendix B and in Figure

17 for an angle of incidence of 70° from vertical and a horizontally

polarized incident wave (i.e., the electric vector is horizontal). These

fields were derived for an incident wave of the form

E i — t/t ~ —t/ to i  1~ 2H ( t ) = - T - -  ~ l - e  , e  , (23)

where E = 50 kV/m , t1 
= 3.~ ns , t

2 
= 275 ns , and = l2Oi~. Also shown

in Figure 17 are the electric field incident on the surface of the earth

and the electric field in the soil. 
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The spectrum of the voltage induced in each meter of wire inside

the shelter by the magnetic field of the EMP is shown in Figure 18 for

a surface shelter and for a shelter 20 meters underground . Also shown

here are the 60 and 80 dB shielding levels. The induced voltage spectrum

for both the typical joint (m = 10 6
) and the leaky joint (m = 10~~ ) for

a surface shelter are shown for the high frequencies.
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FIGURE 18 VOLTAGE SPECTRUM INDUCED BY THE H I G H ALTITUDE EMP

In the time domain , the voltage induced on the internal wire is

di
V = M - ~-~ (24)

and

I ~~ 4-a H  .
0 0

45 
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Us ing the two exponential form of the EMP field, the maximum rate of

change of the current in amperes per second in the shelter walls occurs

at t = 0  and is

-

~~~~~~ 

= 4~ a (t2~~~
t

l) = 3 3 3  X l0~~ , (25)

For this model , Appendix B shows that the ratio of the below-ground rate
of rise to that of the incident field decreases with depth of burial , as

indicated in Table 5.

Table 5

MAXIMUM RATE-OF-RISE OF THE MAGNETIC FIELD
WITH DEPTH IN THE 5011

I Dep th d dH (d) / dHinc
(m) dt / dt

0 0.174
10 0.029
20 0.005

Thus the peak voltage (per meter of wire) induced in the internal

wire by the j o in t  leakage f i e ld  is

V = 3.33 x ioU M = 0.16 (26)peak

for an above-ground shelter and 1/200th as much (0.8 X l0~~ ) for a

shelter 20 meters below-ground . Sketches of the induced ~aveform s
on a wire in an above-ground shelter and at various depths of burial

are shown in Figure 19(a). (These sketches were made from calculated

values of the positive and negative peaks and times of peaks and zero

crossings assuming the typical joint leakage--rn = 1o
6
.)
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F I G U R E  19 VOLT AGE WAVEFORMS INDUCED ON I NT E R N A L  W I R E

Figure 19(b) shows the waveform of the voltage induced by the mag-

netic field that diffuses through 1 mm steel walls. This waveform is the

impulse response of the shielded conductor . Its peak value in volts per

meter of conduc tor is8

V = 5.9 R .L (4~ a H  )
pk O T  pk

-5
= 9 .5  X 10 (above-ground ) , (27)  

. .~~~~~~~~~~
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and the time to reach the peak value in microseconds is

t = 0.09 1
pk S

= 78 (above-ground) , (28)

where T = ~aT2 is the diffusion constant of the shield. This induced

voltage also decreases somewhat with depth of burial , but much less so

than the joint leakage because the low frequency spectrum dominates the

diffusion response , and the low frequency magnetic field is only slightly
attenuated as is apparent from Figure 17.

D. LEAKAGE MEASUREMENTS ON AIRCRAFT SHELTER PAN ELS

Five sec tions of the aircraf t shel ter liner panels shown in Figures 1
and 2 were assembled and tested to measure joint leakage . These panels

have fastener (bolt) spacings of 15 cm with a joint overlap of 11 cm.

Two measurements were made to establish joint characteristics.

Figure 20 shows a transient source and transm iss ion line coupling network
that couples current onto the liner . This current is shown in Fig-

ure 21(a). With the joint opened , the current on the inner surface
[Figure 21(b)] shows the rate of change dependence before the measurement

se tup interference arrives from the panel edges. Figure 21(c) shows this

inner current for the panels bolted with a torque of 4 rn-kg. The joint

leakage is less than the shielding measurement threshold.

The second test on the liner panels measured the joint resistance

R . shown in Figure 3(a). This measurement was made by app lying a direc t

current voltage to the five panels shown in Figure 20 and measuring the

voltage drop across each joint. The voltage drop across the joint was

3.3 times that measured on an equal distance on the panels , which indi-

cates that the bolted joints (11 cm overlap with 15 cm bolt spacing)

provide metal-to-metal contact nearly equal to that of continuous panels.

Measurements on panel joints with hand-tigh t bolts increased the joint

contact resistance by about 57.. The zinc-coated , curved panels apparent ly
make good contact with a minimum of bolt torque. 
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E. INTERPRETATION OF RESULTS

The attenuation as a function of frequency shows that the leakage

• through joints is lower than the diffusion at 10 kHz (60 dB of shielding)

through 1 mm of steel at all EMP frequencies. If the joints are typ ical

(m = lO
_6
) or good (m = 10~~ ) or if additional shielding equivalent to

20 m of ear th are provided, then the high frequency leakage is always

less than 80 dB of shielding.

The voltage waveforms induced on the internal conductor show that
• the peak voltage induced on an internal wire from joint leakage is much

larger than the peak voltage induced by the d i f fu sed  magnetic f i e ld .

There are several considerations , in addition to the pessimistic assump-

tions regarding the shield current , that affect any conclusions drawn

f rom the time dependent results. These are:

(1) The integrated voltage-time impulse (~vdt) for the
diffused pulse in Figure 19(b) is much greater than

A ’ . 
the comparable pu lse induced by joint leakage. This
is true even if the “leaky ” joint (m = 10-5) is used

.~ ‘.-~~ for a surface shelter liner. Thus, the diff used pulse
contains much more energy than the joint-leakage pulse.

(2) The slow, diffused pu lse is cumula tive along a long
wire; the very short joint leakage pulse is much less
cumulative. Thus , for example , a 30-meter-long axial
wire would have 30 times the voltage induced into one
meter of wire by the diffused field. For the EMP in-
cident at broadside to the shelter (the condition that
induces maximum current in the shield walls) , the joint-.
leakage vol tage induced in a long wire is of the order
of ci- times the voltage induced in one meter of wire
(c is the speed of light, -r is the pulse width). Thus ,
for the very short pulses (~ ~~ 1O~~ s) induced through
joint leakage , the voltage in a long wire is only abou t
a factor of three greater than the per unit length values
shown in Figure 19(a).

(3) Stray inductance and capacitance in wiring significantly
attenuate the peak voltage or current induced by the
joint leakage because of the large L di/dt voltage drop s
and C dv/dt current losses. Conductor and dielectric
losses also attenuate such short pulses. Because of these
factors , these transients do not propagate along the
facili ty wir ing as freely as the slow , diffusion-induced
transients but can weakly couple to other cables. 

1_ __ __~~~~~~~~~ .-.-- --- -
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V CONCLUSIONS AND RECOMMENDATIONS

A. SHIELD ING PROP ERTIES OF BOLTED JOINTS

• The results of leakage measurements on joints indicate that the

bolted sheet metal aircraft shelter liner shown in Figure 1 prov ides

sufficient shielding to limit the voltage induced on long internal con-

duc tors by the high-altitude EMP to about 5 volts for “leaky ” jo in ts

(m = lO
s
) or about 0.05 volts for “good” joints (m = l0~~ ). The

“leaky” joints were generally those with large bolt spacings (over 20 cm),

small overlap (less than 10 cm), and poor mating surfaces (rust, scale ,

paint, or other foreign matter in the joints). The “good” jo in ts are
• charac ter ized , by metal-to-metal contact , clean mating surfaces , small

bol t spacing (less than 10 cm) and overlap of at least 10 cm.

The important joint properties that control the shielding effective-

ness are: sheet-metal to sheet-metal contact , and bolt-to-sheet-metal

contact along the bolt line . This contact can be obtained with fastener

contact pressure (3 to 4 kg-rn of bolt torque) and clean sheet metal
surfaces such as aluminum , copper , or galvanized steel. Surfaces with

scale , such as hot rolled steel , do not make good metal-to-metal contact.

Conductive epoxy in the joint will improve leaky joints.

Rope caulking (3 mm) or other insulating material does not degrade

the bolt-line electrical contact and does not appreciably compromise the

shielding characteristics of the joint provided these compounds are

applied along one edge of the overlapped joint and not along the bolt
l ine.

An aircra ft shelter liner exposed to a high-altitude EMP will provide
the equivalent of 60 dB of shielding with leaky joints (m = l0~~ ) for all
EM? frequencies (see Figure 18). Typical joints (in = 1o

6) and good

joints (m = 10~~ ) will provide 80 and 100 dB , respec tively. In addition ,

• the shelter liner is nornally covered with about 0.5 in of concrete (steel

52 
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reinforced). This concrete cover will attenuate the maximum rate of rise

of the EM? and subsequently attenua te the leakage signal by 6 to 10 dB.

Earth cover will also attenuate the EM? spectrum by about 1.5 dB

per meter (see Figure 17), providing the equivalent of 80 dB shielding

for leaky joints (m lO
s
) at a burial depth of 20 in (see Figure 18).

Twenty meters of earth cover also decreases the maximum rise of EM?

(see Table 5), resulting in a 46 dB decrease in the joint leakage

signal on long internal cables.

Although the very shor t, 5-volt signal caused by EMP-induced tran-
sients on internal wiring of the “leaky” bolted joints is comparable
to the operating voltages of many elec tronic circuits , it is smaller
than the transients normally present in a facility because of eminations
from station-keeping equipment and operational electronic equipment.

Thus, equipment that can tolerate the normal facility environment should

not be adversely affected by the EMP-induced transients that penetrate

the bolted sheet-metal shield.

~
‘ 
~~

The preceding conclusion is based on the assumption of a balanced

protection system in which the first level of shielding (i.e., the

building shield) is used to limit externally generated interference to

levels comparable to equipment eminations or other internally generated
interference. The second (equipment cabinet and framework) level of

shielding is used to reduce this room environment to a level that small-

signal electronic circuits can tolerate without malfunctioning . Obviously,

if there is no secondary pro tec tion be tween the building shield and the
small signal electronic circuits , the 5-volt EMP-induced transient for

leaky joints may be troublesome .

B. JOINT CORROSION

• The one aspect of the bolted sheet-metal shield problem that has
not been adequately resolved by tes ts is the “life-cycle” quality of
bol ted joints. The effects of aging , corrosion , temperature cycling,

and maintenance practices , on the ef fec tiveness of the shield through-
out its expected life are difficult to assess from a short-term series
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• of laboratory experiments. Good joints (in = l0~~ ) were achiev ’d using

galvanized steel sheets; rusted nongalvanized-steel sheets (see Figure 19)

resulted in a leaky jo int (m = l0~~ ). Hot-rolled steel with scale

simulating surface corrosion resulted in a typical joint (in = 10
6
).

The results of the tests conducted to simulate some of the antici-

pated effects of aging indicate that the important properties to main-

• tam are metal-to-metal and bolt-to-metal contact along the joints.

How, or whether , this contact can be maintained throughout the life of

the facility has not been demonstrated. However, it is likely that the

solution to this problem (e.g., assembly quality control and corrosion

preventing sealants) is more easily accomplished than the proof of its

effectiveness.

C. AIRCRAFT SHELTER LINER APPLICATION

Bolted overlapped joints can provide the equivalent of 80 dB of

shielding if the joint is effectively a typical joint (in = lO
_6
). Good

joints (m = lO~~ and 100 dB of shielding) can be made by using clean

sheet metals that make metal-to-metal contact (galvanized steel , aluminum ,

and copper). For the galvanized-steel aircraft shelter liner , joints

should be made with a minimum overlap of 10 cm and with bolts torqued

to 3 to 4 kg-rn on spacings no larger than 7.5 cm to ensure a good joint

(in = 10~~). Metal-to-metal contact can be achieved by cleaning the

surfaces with a solvant and inspecting for proper bol t torque during

assembly.

The life-cycle quality of the joint can be improved with a water-

proof mastik seal over the outer bolts and bolt holes and joint edge.

By starting with a good joint (in = lO~~) that gives the equiva lent of

100 dB of shielding and by the additional shielding provided by con-

cre te and ear th covers , a moisture sealed joint is not expected to

deteriorate more than an order of magnitude , res ulting in a m inimum

of 80 dB of shielding for a liner fully exposed to EM?.

The bol ted liner joints are only a part of the effectiveness of

the aircraft shelter liner as an EM? shield. To achieve effective

___- 
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shielding , the ends and floor of the shelter mus t be made of steel tha t

can be continuous welded at all joints. Bolted overlap joints as de-

scribed above may also be used if care is taken to ensure metal-to-

metal contact , bolt torque , join t overlap , bolt spacing , and mois ture

sealing . Special attachment parts may be required to attach the arched

panels to the floor and end walls.
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Append ix A

Abs trac ted from Reference 3

RECTANGULAR COAXIAL SKINTESTER

Description of Tester

The skin—joint tester operates on the principle of an iris—coup led

coaxial—transmission—line coupler. The test panel containing the leaky

joint or access door is made into a common wall shared by two rectangular

coaxial transmission lines. The larger transmission line is driven by

passing power from a CW source through the rectangular transmission line

to a matched load . The smaller rectangular transmission line , which is

coupled to the driving line through only the test panel , is terminated

in its characteristic impedance at one end and connected to instrumenta—

S tion for measuring the coupled power (voltage or current) at the opposite

end . Since  the  power coupled to the  second ( s e n s i n g)  l i n e  is p r o p o r t i o n a l

to the power through the d r i v i n g  l ine  and the leak  c h a r a c t e r i s t i cs  of

t he  tes t  p a n e l , a measure  of the  coupled power is a measu re  of the l e a k

characteristic of the test panel.

The skin—test facility was designed for test panels approximate ly

0.5 m square . The test panel is mounted in a window in the  w i d e  w a l l

of t h e  o u t e r  conduc tor  of the rectangular coaxial transmission line u sed

to car r y  t he  ex itation power. The outer conductor of  t he  sens ing  l i n e

a l so  h a s  :i framed w in d ow  i n i t s  w ide  w a l l .  T h i s  w i n d ow  n e s t s  i n s i de  the

f r a m e  of t h e  w i n do w  i n  the dr i v e  l i n e  ~n t h a t  the  window in the  sens ing

l i n e  c ’n c1nse~ u n I v  t h e  I e st  p a n e l  , and the  j u n c t  ion of the  t e s t  p a n e l

w i t h  t h e  d r i v i n g  l i n e  i~ no t includ e d in the sensing l i n e  (see F i gu res

1 and  2 ) .  B o t h  t he  ~. e l i — i n g  t i ne a n d  the driving line are  s y m m e t r i c a l

~o that the di j  v I ng 1 1 Ne  can I,o d r I ~en f rom n i t  er end a n d  t h e  power

c oup l ed  t o  t h e  sen~~i f l g  I I n c  can  be m easu r e d  a t  e i t h e r  end .  r h i s  s v m m e t r i —

cal  c o n s t r uct  Ion p c i - m i t  ( I i  i -ee l  i o n a l  c i  f e e t  s a s s o c i a t e d  w i t h  a c o m b i n a t i o n
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FIGURE A-i SKETCH OF RECTANGULAR COAXIAL-TRANSMISSION-LINE SKIN TESTER

of electric and magnetic coupling to be studied . It also permits push—

pull excitation schemes to be used , if desired . Both the sensing line

and the driving line are 50—ohm structures throughout the 1O—kHz—to—100—

MHz test frequency range.

The driving line is provided with electric— and magnetic—field

sensors installed in the wall opposite the test panel. These sensors

have been calibrated in terms of the electric and magnetic fields , re-

spectively, and in terms of the voltage applied to the driving line .

The se sensors can the re fore  be used to measure the excitation level for

the test panel.

B. Theory of Operation

As indicated above, the skin tester operates on the princip le of an

iris—coupled transmission—line coupler. The coupling i r i s , w h i c h  is

the skin j o i n t  or a c cess  door in the test sample , can he rep resented 1w

an equivalent magnetic dipole and an equ ivalent electric dipole. These



Iw

I—
z U)

w
I-

• U)

60 

-



-- • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • • - - ~~~~~~ - --~ .--~ -~-• -

equivalent dipoles, whose strength is proportional to the ambient magnetic

and electric fields in the driving line, produce electromagnetic fields

in the sensing line . These fields induce transmission—line waves propa-

gating in both directions in the sensing line; however , because the elec—

tric dipole couples symmetrically to the sensing line and the magneti c-

dipole couples asymmetrically to the line, the voltage (or current) ob-

served with a matched termination is different at the two enc~s of the

line .

The coupled transmission lines are illustrated schematically in

Figure 3. At the receiving end of the sensing line the voltage across

a matched termination is

V

V = jjK _.2__ [~t — p1 (1)
r 2Z

0a-

TRANSMITTING R E C E I V I N G
END END

SENSING L I N E

Z0 ç I R I S Zo

~~~ j  V

v0J

DRIVIN G LINE
LA-7995-136

FIGURE A-3 IRIS-COUPLED TRANSMISSION LINES

where V is the voltage in the d r i v i n g  l i ne.  Z is the characteristic
0 0

impedance of the sensing line and driving line , and K is a coupling

constant associated with the geometry of the sensing l ine. The terms
.

11 and P are the magnetic and electric po lai-izabi lit .ies of the coupling 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
---

-



___________ ‘- - — - - -
~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-‘-
~~

---,-.
~
.-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • 
- ; :~~~‘~~~

-
~~~ -- -

i r i s ;  these are the equiva len t  dipole  moments normal ized to the  magnet ic

flux ~ H and the electric flux € E, respectively, incident on the iris
0 0 -

in the driving line . At the transmitting end of the sensing l ine the

voltage across a matched t~~imination is

= •j~,-N 
—~ --~~ [M ÷ P1 . (2)

For concentric coaxial transmission lines of circular cross section.

Lt

K 
i
2
a
2

where a is the radius of the common c o n d u c t o r .  For t r ansmi s s ion  l i n e s

of rectangular cross section the value of K is not readily calculable,

but for the skin tester it can be determined from measurements with

an iris of known polarizability. From tests with a single -I—inch—

diameter circular hole in a test panel, the value of K was found  to be

1.43 “ 10 
6 

H /rn
3 , while for the 1/2—inch—diameter holes 1 inch apart ,

N
d 

= 2.97 “ 10 ~ ti n
3 

(for magnetic coupling) .

By measuring the voltage at each end of the sensing line with the

other end termina ted in a matched load , the electric and magnetic polar—

izabilities of the joint or access panel can be determined from

z
P = - v — V j (-1 )

•j- ;-~i K t r
0

z

M = ° [v ÷ V ] (5)
•jr V K t

C)
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where

V = Voltage applied to the driving line
0

Z = 50 ohms = Characteristic impedance  of the d r i v i n g
and sensing lines

K = Geometric coupling f a c t o r  for  the  f a c i l i t y

= Voltage across a 50—ohm load at the receiving end

of the sensing line

= Voltage across a 50—ohm load at the transmitting end

of the sensing line.

The transmission line voltage V is obtained from a plate (small
0

dipole) antenna located in the driving line opposite the test panel.

The voltage V developed across a 50—ohm load at the terminals of the

plate antenna is calibrated in terms of the driving—line voltage V and

the electric field E between the center conductor and the wide side

wall. A small loop :ntenna is similarly located in the driving line .

The voltage V~ developed across a 50—ohm load at the terminals of the

loop antenna is calibrated in terms of the driving—line voltage V and

in terms of the magnetic field H at the side wall.
0

C. Specifications

Specifications for the skin—tester components are as follows:

(1) Driving line (rectangular coax)

• Impedance : 50 ohms

• Pc’wer r a t in g :  500 w a t t s

• D i m e n s i o n s :

— Test section : 15 36 inches (20—inch wide center Plate)

— Overall length: 146 inches

• Test—panel size: 2() v 20 inches.

- 
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(2) Sensing line (rectangular coax)

• Impedance: 50 ohms

• Dimensions:

— Test section : 4—1/2 ‘ 20 inches ( 6 — 1 / 2 — i n c h — w i d e
center plate)

— Overall length : 102 inches.

(3) Geometric coupling coefficient

• Single iris: K
1 

= 1.43 ~ io 6 
H/rn

• Distributed iris: K = 2.97 Y 10 H/rn (magnetic)
—7

K = 2.71 ‘
~ 10 H/rn (electric).

(4 )  Sensing Antennas :

• Plate antenna: 4 inches in diameter , 1 cm high

V
9 p

V = 5.3 ‘< 10 —
o f

with 50—ohm load
V

c i-, -  9 p
E = 2.9 Y 10 —
o f

C = 12 pF

H i g h — f r e q u e n c y  3— dB point : 250 MHz .

• Loop an t enna :  4 inches long, 1 inch high

V
9 2

V = 3.5 Y 10 —
o f

with 50—ohm load
V

7
H = 4.9 10 —

0 f

L = 0.14 ii!

H i g h — f requency 3— dB p o i n t :  50 MHz.

(5) Connectors: .111 connectors are Type N ; a d a p t ers fo r  APC—7
connectors are provided .

.
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A ppendix B

SUBSURFACE HEMP FIELD CALCULATION

I INTRO DUCTION

The electromagnetic pulse (EMP) interaction threat is nominally

specified in terms of the free—space field. However, this specification

is not always directly useful. Particularly in the case of buried

structures , the field characteristics in the vicinity of the system are

much modified from their free-space form . The objective here is to

calculate the subsurface electric and magnetic f i e lds  corresponding to

a nominal htgh—altitude EMP threat  for  a representative geometry.

I I  FREE-SPACE FIELD

The free—space electric f ie ld is taken to be

• E~ t) = E ( l  — e t/t 1)e t/t 2 ( 1)

wi th

t
1 

3.5 ~s

t
2 

275 u.s

E = 50
0

The corresponding magnetic f ie ld  is given by

14(t) = ~~
— E(t) (2)

where Z = (~~~/~~~)~ 377 (1 is the impedance of free space w i t h  the

permeability and the permittivity of free space , respectively . These

free-space f i e lds  are i l lus t ra ted  in Figure 1.
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FIGURE B-i INCIDENT PULSE

I I I  FIELDS IN THE EARTH

A . Formulat ion

The penetration of the incident  pulse into the ear th  is modeled

as a s t ra ight  forward , planar ref lect ion/ t ransmission problem , as shown

in Figure 2 . The earth’ s surface is taken to be the plane x = 0 , w i t h

x > 0 free space and x < 0 wi th in  the earth . The earth is assumed to be

a homogeneous , lossy dielectric characterized by a conduct ivi ty  ~~~, a

permittivity 
~~~, 

and a permeabi l i ty  equal to that  of free Space--c.. = c.c. .
0

With th is  model , the f ie ld expressions for a t ime-harmonic incident

w-~ve are well known. For a wave of angular  f requency ‘.u , incident  at  an

angle 9 f rom the vertical  (x  axis)  w i t h  i ts electric f ie ld  para l le l  to
0

the surface  ( i .e . ,  t ransverse e lec t r ic)  the sub—sur face  e lectr ic  f i e ld
—. 1 -
E~~(w) is given by

E (w) = E
1

(t )  e x p (ik n ‘ r — i-ct )  (3)

~~i .  A.  S t r a t t on , Electromagnetic Fields,  (McGraw-Hi l l  Book Company , New
York , 1941) . 
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TRANSMITTED WAVE
L A  -3202-2

F I G U R E  B-2 GEOMET RY

wi th
2 cosO

= 

k 
2 1/2 

E (jj )  . (4 )

cos 0 + (
~~ \ — sin

2
B

o o

The wave numbers k
1 

and k
2 

are given by

k = - -------- \ k (5a)
1 ~~ tw~ I o

0/

k = k  = -
~~

-
, (5b)

2 o c

where c is the speed of l igh t  in free space . The subscr ip ts  1 and 2

denote the regions w i t h i n  the ea r th  and in free space , r espec t ive ly .
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The vector n
1
is a unit vector tn the direction of the wave

normal within the earth , at an angle 0 relative to the negative x axis;

this direct ion is determined by Snell’ s law

k s i n 0  = k s i n e . (6)
1 1 o o

Since k is complex , so is 0
~~

, and n
1 

r has both real and imaginary

components , descri bing the phase and amplitude variation , respectively,

of the wave within the earth. I f the electric f ield in the inci den t

pulse is taken to be parallel to the y axis , n
1
lies in the x — z p lane and

r = — x cos0
1 

+ z sin9
1 
. (7)

The spectral components E
1
(w) are given by the Fourier transform

of the incident pulse . With our choice of the incident electr ic f ield

parallel to the y axis,

E
~
(w) = i f  dt e~~

Ut 
E(t) , (8)

where I Is a unit vector parallel to this axis . The integral is readily

evaluated analytically for the E (t) given by Eq . (1), to give

E .(w) = 
E (1  

t
2 

— 
1 _

t

~wt
c)

where

t t

= 
2 2  

, (10)
• C

The magnetic f ield within the eart h is given in term s of

and by
k

-. 1 -.

= —
~~ n

i 
X E

~ 
(11)
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Explicitly, Eq. (11) can be worked through to obtain

E
H = — sinO (12a)
t z o

• x o

E I k~~~
2 ] l/2

• t I l l  2 I
H
t 

= — 
~~ 

— sIn 0 ( l 2 b )
z o 2 j

where E
t 

is given by Eq. (3).

B. Results

The above equations have been used to calculate the sub-surface
—3 -l

electric and magnetic fields in typical soil , ~ = 3 x 10 mho m and

€ = 10 
~~~~~

, for a pulse obliquely incident upon the earth ’s surface at

an angle 8
0 

= 700 The magnitude of the spectral components E
~
(w) and

are shown in Figure 3 at depths of 0 , 10 , and 20 m , along wi th those

of the incident electric field calculated from Eq. (9). The magnetic field ,

~~~ 
is elliptically polarized; that is , the magnetic field vector H

~~
(w )

rotates in the x - z plane with Its tip tracing out an ellipse . The mag-

nitude of the major semi—axis of this ellipse (which lies nearly parallel

to the z axis for our example) has been plotted in Figure 3 to represent

The scales of the E and H axes have been deliberately chosen to

produce the coalescence of the E and H spectra seen at the high frequencies .

The time—domain fields corresponding to these spectra are shown in

Figure 4. Since the major semi—axis of the H
t 

ell ipse does not lie in a

fixed dir ection as a function of frequency, the major component of

H , H = - H , has been Fourier transformed to give the magnetic fieldst H
shown in Figu re 4. The onset of the field is increasingly delayed with

increas ing depth beneath the surface as a resul t of the time required

for the field to propagate to that depth. The time origin has been

• taken to corre spond to the onset of the incident pulse at the point on

the surface vertically above the field-obse rvation point .
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The greater loss beneath the surface of the low-frequency

spectral components in E relative to those in H that is evident in their

spectra , Figure 3 , is also apparent when their wa veforms are compared for

a given depth . The H
H 

waveforms cons istently show a later and less sharp

peak than do those for E. Also evident in both E and H waveforms is

the progressive loss of the higher—frequency spectral components with

• increasing depth . This loss is manifest both in the increasing delay

of the field peak and in the reduced slope of the initial field buildup

with increasing depth . Th is last behavior is shown in greater detail

in Figures 5 , 6 and 7 in which E and H
11 

are plotted individually.

The reduction in the initial rate of change (slope) of the

fields with increasing depth is of particular interest for the magnetic

field since its coupling effectiveness tends to be proportional to dH/dt.

In order to provide a more quantita t ive measure of the reduct ion of

dH/dt with increasing depth , the spectra of 11
14 

were modified (by

multiplication by - iw) and inverse transformed to give dli (t)/dt. The

peak values of dH /dt scaled from these waveform s are given in Table 1

as fract ions of the peak dH/dt in the incident pulse . As can be seen

from the table , the reduct ion in dH/dt beneath the surface is indeed

marked . It should also be noted that the reduction in dH/dt is ap-

precia ble even at the surface . Since the horizontal magnetic field must

be continuous across the surface , this reduction is also relevent to

unburied systems located on the surface .

Table B—i

PEAK RATE OF CHANGE OF MAGNETIC FIELD RELATIVE
TO THAT IN INCIDENT PULSE

Depth (dH lot) /(dH /dt)
(m) H peak I peak

0 0.174

10 0.029

20 0.005
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ATTN : Code 5720 ATTN : Tech. Library

ATTN : TDL
Direc tor ATTN: R—425
Defense Communica tions Agency

ATTN: Code lOIB Director
ATTN: WWMCCS Sys. Engr. Interservice Nu~ 3e,i r We-apons School
ATTN : CCTC/C672 ATTN: Doc . Con.
ATTN : Code 930, Mon te I. Burgett , Jr .

Chief
Defense Communica tions Agency National Security Agency
WWMCCS System Engineering Org. Central Sec . Serv. Pac. Area

ATTM: Thomas Neighbors ATTN : Central Sec . Serv . Pac . Area

Commander OJCS/.1—3
Defense Communications Agency ATTN : J— 3 , WNC( S & Telecommunica tions
Pacific Area ATTN : Cmd . & mt r 1,’Telecom. Sys.

ATTN : Commander ATTN: .1—3

Defense Documentation Cen ter OJCS/J—5
Cameron Sta tion ATTN : .1—5, Nuc/Hjo/Chem Branch
12 cy ATTN : TC ATTN: .1—5 , SAGA

Direc tor Inde r Secv. of Defense for Rsch. & E n g r g .
D e f e n s e  l n t e l l i - e n -e Agency  ATTN : S&SS (OS)

• ATTN : 1 ) 1  ATTN: C. R- rs~
ATTN : Ri)S—3A
ATTN : RI)S—3A4 , Pompon in  P l , i z a
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DEPARTMENT OF DEFENSE (Continued) DEPARTMENT OF THE ARMY (Continued)

Supreme Hqs. Allied Powers Europe Commander
100 cy ATTN: U.S. Documents Officer for U.S . Army Computer Systems Command

SPO Project “85” ATTN : Tech. Library

I)CPARTMENT OF THE ARNY Commander
U.S. Array Missile Command

Chief C—E Services Division ATTN: DRDMI—TRR , F. P. Gibson
U.S. Army Communications Cmd. ATTN : DRDMI—TBD

ATTN: CEEO—7 
- 

ATTN: DRDMT—EAA
ATTN : DRCPM—PF—EA , Walla ce 0. Wagner

Commander ATTN : DRCPM—PE—EC , W i l l i a m  P .  Johnson
BDM System Command -

A TTN : B.’~~SC—AOLI B - Commander
- U . S .  Army N u c l e a r  & Chemica l  Agency

Commander ATTN : L i b r a r y
Harry Diamond Labora tories

ATTN: DIILHD—TI, Tech. Library .- Commander
ATTN : DELFID-EM , John Bombardt / U.S. Army Tank Automotive Cmd .
ATTN: DELHD-NP •

~ ATTN : DRCPM—GCM—SW , Ly le  A. C o l c e t t
ATTN : DII L RD—RBA
ATTN: DRU I D—EM , Chief , EME Lab .  Commander
ATTN: DELHD—TF , Robert B. OswaW . Jr. U.S. Army Training and Doctrine Comd .
A T TN :  DELHD—EM— 5 , ATTN : AT O R I— O P—SW
ATTN : DIILH D-F.M-4
A TT N:  D R U I D—RB • 

— Commander
ATTN:  DR LHD— TD Whi t e  Sands M i s s i l e  Range
ATTN : DELHD—EM , Rober t McCoskev ATTN : TE—AN , M r .  Okuma
ATTN : DELHD—RB , Joseph R. Miletta ATTN : 0. F . Miller

2 cy ATTN: DELHD—EM—2
2 cy ATrN : DELHD—RCC D i r cy - t o r
3 cv ATTN : DELIID—EM—l I \ U.S. Army Materiel Sys. Analysis Actv.
4 cy ATTN : DELHD—EM ATTN : DRXSY—P0
5 cy ATT N: DE LH D— EM -3

DEPART MENT OF THE NAVY
D e p u t y  C h i e f  of Staff for Rsch. Dev. & Acq.

ATTN : DA MA—CSM— N C h i e f  u t  Naval O p e r a t i o n s
- A TT N : OP 45

Hqs. , D e p ar t m e n t  ‘f the Army f A TT N : OP 94
ATT N : DANA— TCV — A

C h i e f  1 N.iv,i Rese, r, lr
P r o j e c t  M . i i : . r g e r  ATTN : T e c h .  L i b r a r y
Army T a c t i c a l  Data  Sy s t e m s

~TTh: DRCAN—TDS-BSl Commander
Na val Electr onic Systems Command

P r o j e c t  Manager  •-\HN : ~~ I,. Library
M u l t i — S e r v i c e  C o m m u n i c a t i o n s  S y s t e m s  A TTN : PME 1 1 7 — 1

AT TN : DRCPM—MS C S ATTN : PME 1 1 7 — 2 1 5

Chief  Commander
U . S .  A r m y  C om m u n i c a t i o n s  Sc-i . Agen  V - Nava l Ocean Systems Center

A TTN : C C M — R D — T , Ct M—Al) — SV A TTN : Tech.  L i b r a r y
ATTN: SCCM—At )—S V . I. 1 5 c r  r v  ATTN : Sr-sr - - l i  L i b r a r y

•\r~N :  Code 5 12 , S. U . L i ch t m a n
Commander
U . S  . Arn ’ v CINI’ PA C S u p p o r t  ( r a t  S u p e r i n t e n d e n t  (Code 1 4 2 4 )

ATTN r C o m a u r n i c i t  u r n s—Fir-c t r yic s Naval Post gr a d u a t e  School
\ TT N : Code 2 1 24 . Tech.  R p t s . L i b r a r i a n

Commander  ATTN : Code 1424
(.5. Army Comm— ELec.  En g r g .  i n s t a l .  di:-

ATTN: ACCC — C E D—STS D i r e c t o r
MINt CCC PRS O— S N i v i l  l(-sr- .ir ch •rS r , i t r r v

ATTN : Code .!hO(l . Tech .  l i b r a r y
( mr- cinder ATTN :  Code 2 5 2 7 , D o r i s  Fo len
.8. Army Communications Cmd . \TT\ C di- ~~~~

A l  I N : A — ( ’D — C/ EMP
ATTN : CC-OPS-PD
ATTN:  CC-OP S-OS

0
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DEPARTMENT OF THE NAVY (Continued) DEPARTMENT OF THE AIR FORCE (Continued)

Commander Assistant Chief of Staff
Naval Air Systems Command Communica tions & Computer Resources

ATTN: AIR 350F ATTN: AF/KRC

Commander Commander
Naval Sea Systems Command Air University

ATTN : SEA— 9931 ATTN : AUL/LSE—70—250

Commander Commander
Naval Ship Engineering Cen ter ASD

ATTN : Code 617402 ATTH: ENFTV
ATTN : Code 6l74D2, Edward Duffy

Assistant Deputy Chief of Staff
Commander Research and Developmen t
Naval Telecommunications Command ATTN : RDQ/SN

ATTN : Deputy Director Systems
Head quar ters

Commanding Officer Elec tronic Systems Division , AFSC
Naval Ordnance Station ATTN : Tech. Library

ATTN : Standardization Dept.
Commander

Officer—in—Charge Foreign Technology Division , AFSC
Civil Engineering Laboratory ATTN : NICD Library

ATTN : Tech. Library ATTN : ETD , B. L. Ballard

Officer—in—Charge Commander in Chief
• Naval Surface Weapons Center Pacific Air Forces

ATTN : Code WASI AIlS: Comrncjrtications—Electronics
ATTN : WA5O
ATTN: Code 431 , Edwin R. Rathburn • 

- Commander
ATTN : Code WAS1R}l, Rm. 130—108 Rome Air Development Centc- r , AFSC
ATTN: Code WR43, L. Libello ATTN : EMTLD Doe . Library

ATTN: TSLD
• Commander

Naval Weapons Center SAMSO/DY
ATTN : Code 533 , Tech. Library ATTN: DYS

Director ‘. SA1ISO/SK
Stra tegic Systems Projec t Office r, ATTN : SKF

ATTN : NSP—43 , Tech. Library
ATTN : SF 2701 , John W . Pitsenberger \ Command in Chief

\ Strategic Air Command
Commander—in—Chief ATTN: XPFS
U.S. Pacific Fleet \ ATTN: N R I — S T IN F O  L i b r a r y

ATTN : N5- ii.TTN : DEL
ATTN : Garne t E. Matzke

DEPARTMENT OF THE AIR FORCE ATTN : XPFS, Maj Brian C. Stephan

AF Communications Service Comti~iinder
ATTN : XP Ogdetl Air Logistics Center

ATTN : OO—AI C/MMETH , P. W. Berthel
AF Security Service ATTN : MMEDO, Leo Kidriran

ATTN : XRX ATTN : M a j  Ronald B l a ck h u r n

IF Weapons Laboratory, AFSC 51.1450/IN
ATTN: SUL ATTN : IND . 1. .1. Judy
ATTN: ELC

• AFTN : EL SAM-SO/MN
, r TTN : EL , L i b r a r y  ATTN : MN N H , Capt R.  I .  Lawrence
ATTN : NT () ATTN : MNN H , N-i ) H. Baran
ATTN : NT , Carl Baum

• ATTN : ELXT SAMS O/ YA
ATTN: CA A T T N :  YAPC
ATTN : EtA . J. D. C,- r s t i l l o
ATTN : EL? DEPARTMENT OF ENERGY

A s s i st a n t  Chief  of S t a f f  D e p a r t m e n t  ‘f E n e r g y

• Studies and Analysis Albuquerquc- Operations O ffice
A T I N :  AF/ SA Af lN :  Doe . Con, F or  Tech. L i b r a r y
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DEPARTMENT OF ENERGY (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

University of California Brown Engineering Company , Inc .
Lawrence Livermore Laboratory Cummings Research Park

ATTN: Librarian ATTN : Fred Leonard
ATTN : Terry R. Donich , L—96
ATTN : Hans Kruger , L—96 Burroughs Corporation

Federal and Special Systems Group
Los Alanros Scien tific Laboratory ATTN : Angelo J. Mauriello

ATTN: Doc . - n. for Clarence Benton -, Caispan Corpora tion
Sandia Laboratories ATTN : Tech. Library

ATTN : Doc. Con, for Org. 9353 , R. L. Parker

/ Charles Stark Draper Laboratory, Inc.
OTHER GOVERIO-IENT AGENCIES / ATTN : TIC, MS 74

•/ ATTN : Kenneth Fer tig
Central Intelligence Agency

ATTN : RD/SI , lbs. 5G48, Hq. Bldg. for Cincinnati Elec tronics Corporation
OSI/NEDINWB f  ATTN : Lois Hammond

Admin i s t r a to r  j Computer Sciences Corporation
Defense Electric Power Admin. ) ATTN : H. Blank
Department of the Interior ATTN: Ramona Briggs

ATTN : L. O’Neill
Compu ter Sciences Corporation

Department of Transportation \ ATTN : Alvin T. Schiff
Federal Aviation Administration

ATTN : Sec . Div., ASE—300 Control Data Corporation
• ATTN: Jack Meehan

DEPARTMENT OF DEFENSE CONTRACTORS - -5
Cutler—Hammer , Inc.

Aerospace Corpora t ion  I AlL Division
ATTN: Irving M. Garfunkel ‘ • • ATTN : Edward K a r p e n
ATTN: Library

r p.4’! ATrN: Julian Reinheimer Dikewood Industrires . Inc.
ATTN : C. 6. Peariston AT1N : L. Wayne Davis

ATTN: Tech. Library
Agbabian Associates

ATTN : Library E—Systems , Inc.
ECI Division

Amer ican Te lephone  & Telegraph Co. ATTN : Raymond 0. Frank
Adminis trative Office

ATTN: N. J. Gray for W. L. Rdwa rds E—Systerns, Inc.
G r e e n v i L l e  Div is ion

Avc o Research & Systems Group ATTN : Joleta Mo re
ATTN : U. Lepsev ich

Effec ts Technology, Inc .
Battelle Memorial Institute ATTN: S. Clow

ATTN : Rober t H. Blazek
ATTN : Eugene R. Leach EG&G , I n c .

ATTN:  C. Ci les
The 6DM Corpo ra t i on

ATTN : L. Jacobs ESL ,  Inc .
ATTN : Tech.  L i b r a r y  ATT N : James M a r s h a l l

The 8DM C o r p o r a t i o n  Ford A - r ’ ~~p .i e & C o m m u n i c a t i o n s  C o r p o r a t i o n
ATTN : Tech. L i b r a r y  A T T N :  .1. T. M a t t i n g l ey , MS X22

ATT N : l .lb r a r y
The Boeing Company

ATTN : Da~~id Kemle Ford Aerospace & Communica t ions Operati ons

ATTN: B. C. Hanrahan ATTN: F. R. Poncelet . Jr.

ATTN: D. E. label! ATTN: Ken C. A t rin ger

ATTN : Ken t Tech. Library
2 cy ATTN: F. Nowak , MS 47/14 General Dynamics ( ‘rp ’rat i n

ATTN: Rsch. l ibr a r y

Booz—Allen and Hamil ton , Inc .
11TH: Tech. Library General Dynamics cp u  r a t  i n

ATTN :  Raymond 1. Ch r i sn e r  I n t e r — D i v i s i o n  R e s c . r r - i r  1. ib r .irv
ATTN : Research  l i b r a r y  
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

General Elec tric Company JAYCOR
Ordnance Systems ATTN: Ralph H.  S tah l

ATTN : Joseph J. Reidl ATTH: Eric P. Wenaas

General Electric Company JAYCOR
TEMPO—Cen ter for Advanced Studies ATTN: Tech. Library

ATTN : DASIAC
ATTN : Royden R. Rutherford Raman Sciences Corporation
ATTN : W i l l i a m  McNamera ATTN: Walter E. Ware

ATTN: Frank H. She l ton
General E lec t r i c  Company—TEMPO ATTN:  W. Foster  Rich
d o  Defense  Nuclear  Agency ATTN : Alber t  P.  B r i d g e s

ATTN : DASIAC f o r  Ed Arno ’d ATTN : Je r ry  I. Lube l l
ATTN : DASIAC fo r  Wi l l i am Al f o n t e

L i t t o n  Systems , Inc .
Georgia Institute of Technology ATTN : EMC Gp.
Georg ia Tech. Research Insti tute ATTN : M848—61

ATTN : R. Curry
Litton Systems , Inc .

Grumman Aerospace Corporation ATTN : .1. Skaggs
ATTN: L—O1 35

Lockheed M i s s i l e s  & Space Co. , Inc .
GTE Sy lvania , Inc.  ATTN : H .  E .  Thayn
E lec t ron ic s  Systems Grp. — E a st e r n  Div. A TTN :  George F. H e a t h , D e p t .  81—14

ATTN :  Cha r l e s  A. T h o r n h il l , L i b r a r i a n  ATTN : L. Rossi , D e p t .  8 1—64
ATTN: Samuel I .  Ta i r n u t v . D e p t .  85— 85

CTE S y l v a n i a , Inc .
ATTN: .1. A. Waidron  Lockheed M i s s i L e s  & Space Co.,  tn c .
ATTN: Comm . Sys.  D i v . ,  Marshal l  Cross ATTN : Tech .  I n f o .  C t r . , 0 / C o i l .
ATTN : David P. Flood i
ATTN: Comm. Sys. Div., Emil P. Motchok M .I.T. Lincoln Laboratory
ATTN: H &V Group,  Mario  A. N u r e f o r a  ATTN : Leona L o u g hl i n , L i b r a r i a n , 1—0 82
ATTN : Char les  11. Ramsbot tont

M a r t i n  M a r i e t t a  C o r p o r a t i o n  -‘
Harris Corpora tion ATTN : Mona C. Griffith , L i b . ,  MP—30
H a r r i s  Semiconduc to r  Div i s ion

ATTN V. Pres. & Mgr . Prgms. Div . Ma st-jell L a b o r a t o r i e s , Inc .
ATTN : A. H. Travel p iece

Honeywell , In c.
Avion ics  D iv i s ion  M c D o n n e l l  Douglas Corpora t ion

ATTN : Ronald R. Johnson , A l 6 2 2  1V[TN : Tom Ender
ATTN: S&RC L i b r a r y

McDonnell Douglas Corporation
Honeywell , Inc . ATTN t Tech. Library Services
Avionics Division ATTN : Stanley Schneider

ATTN : U. E. Stewart ‘•

ATTN: MS 725—5 , Stacey H. Graff Missi on Research Corporation
AIlS: William C. Har t

Hughes Aircraf t Company ATTN : E)U’ Group
A1 N : John 6. Singletary, MS 6—0133
A1TN : CTOC 6/EllO Missi on R e s e a r c h  C o r p o r a t i o n

EM Sy s t e m  App l i c a t i o n s  D i v i s i o n
lIT ‘ .-- ..- arch Institute ATTN: L. N. McCormick

\ T T N :  I r k  E.  B r i d ges ATT N: David E . M er e w e t h e r
\ 7 l N :  I r v i n g  N .  Minde l

M i s s i o n  Research  C ’r p o r a t i o n — S a n  Diego
r I - u t ’ -  f i r  t ef , - n s e  A n a l y s e s  ATTN : V .  A . J . Van l . in t

AT ~. - l’ech. I n f o .  O f c .
- I D A  U i r r i r  in , R u t h  S. S m i t h  The M i t r e  C r j r t t  ‘ii

ATTN: M r. Schulstad

~ Tel .- graph I - - r p r  - i t  Ion ATTN: Theodore l i re is
5 Per h - r  c- AflN: ‘I. E. Fi tzgerald

Nor t i n,p C t p r r u  l i i,
- - I jams Northrop Research and Tc .chnuu l-g v Ctr .

- ATTN : Libr a ry

Physics In tern ational Company
AT tN : Doc . ( ii) -
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DEPARTMENT OF DEFENSE CONTRACTORS (continued) DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Northrop Corporation Science Applications . Inc.
AIIM: Lew Smith ATIN: Frederick H. Tesche

ATIN: Tech. Library
ATTN : Vincent It. DeMartino Science Applications , Inc.

ATIN : R. Parkinson
Pulsar Associates , Inc.

AIIM: Security Science Applica tions , Inc .
AIIM : William L. Chadsey

R&D Associa tes
ATTN : William R. Graham , Jr. The Singer Company
ATTN : Leonard Schiessinger - ATTN : Security Manager for Tech. Info. Ctr.
AIIM: B. Cage
ATIN: Doe . Con. ,/ Sperry Flight Sys tems D ivi s ion
ATIN: S. Clay Rogers • -~ ATTN : 0. Andrew Schow
ATTN: Richard R. Schaefer
ATTN: Charles Mo •

- - Sperry Rand Corporation
AIIM : Tech. Library

The Rand Corpora tion -

ATTN: LIB—D Sp ire Corpora tion
AIIM: Roger C. Little

Ray Proof Corporation k

ATTN : E. S. Kesner r - - SRI International
I \ AIIM: Arthur Lee Whitson

Raytheon Company ATTN : George Carpen ter

AIIM: Gajanan H. Joshi , Radar Sys. Lab. ‘. 11TH: Ed F. Vance

Raytheon Company 
- SRI International

AIIM: Harold L. Flescher ATTN : Mr. Hullings

RCA Corporation Texas Instruments , Inc .

Governmen t Systems Division AIIM : Donald J. Manus , MS 72
AIIM: George J. Brucker AIIM : Tech. Library

RCA Corporation Texas Tech University

Camden Complex ATIN: Travis L. Simpson

AIIM: Olive Whitehead
AIIM : Ed Van Keuren TRW Defense .1 Space Sys. Group

AIIM : 0. E. Adams , R !—ll~~
Rockwell In ternational Corporation AIIM: L. R. Magnolia

AIIM: V. J. Niche!
AIIM: J. L. Monroe , Dept. 243—027 , Dlv. 031 United Technologies Corporation

AIIM: Dept. 243—068, 03l—CA3 I Norden Division
AIIM : Tech. Library

Rockwell International Corporation
AIIM: B. E. Whi te Westinghouse Electric Corporation

Advanced Energy Sys tems Div .

Rockwell International Corporation AIIM : Tech. Library

AIIM : B— !, Div. TIC (BAOB)


