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SUMMARY

lIT Research Institute, under contract to the Defense Nuclear

Agency (DNAOO-72-C-0084 and DNA001-73-C-0149), has developed EMP

PREFERRED TEST PROCEDURES for selected electronic components.

This is part of a continuing program to formulate and recommend

procedures by which EMP test data may be obtained and reported.

In this connection, it is important to realize what these

preferred procedures are and what they are not. They are a formal

recognition of good practices and methods based on sound physical

principles which can lead to useful EMP data. They provide a

means of communicating useful information among workers in a

large multidisciplined technology.

These preferred procedures are not necessarily cook-book sim-

plifications and are not intended to be a "MIL-SPEC" or a panacea

for designers of hardened systems. The EMP PREFERRED TEST PROCE-

* DURES require some experience and intelligence on the part of the

experimenter. These are somewhat different than "MIL-SPEC" test-

ing which can usually be implemented by a responsible technician.

The procedures emphasize the electrical test aspects. Some general

guidance as to limits and other environmental aspects is provided;

however, these are more properly considered in terms of the

requirements for a specific system, such as design specifications.

Tfhe procedures are designed to employ readily available or easily

constructed laboratory equipment--generally operating below 100,000

volts and 100 MHz--and to be conducted in ordinary room-size

laboratory space.

The material contained in this document is considered the

best available and, where possible, it represents a concensus of

recognized practices. Based on discussions with prominent members

of the EMP community as well as other experts, preliminary out-

lines of the procedures were devised and actual tests conducted

to validate the procedures. A draft of the procedures was then

* circulated among cognizant professionals in a number of
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organizations, and revised as needed to harmonize various view-

points. While the results in this document are based on the

experience of a number of active recognized professionals, it

must be noted that all possible situations could not be con-

sidered. Clearly, it is not the intent of this document to

impose "National EMP Standards and Limits." Even if these were

desirable, it would not be appropriate to do so today because of

the rapid changes taking place in the state-of-the-art. In this

regard, it is important that others take an active part in

supplying additional information to effect improvements.

Much of the work presented in the first three sections in

this edition of the EMP PREFERRED TEST PROCEDURES was summarized

directly from DNA Document 2028H, entitled "TREE Preferred Pro-

cedures." lIT Research Institute, therefore, gratefully acknow-

ledges the efforts of Mr. Richard H. Thatcher and Mr. Michael

L. Green at the Battelle-Columbus Laboratories for their efforts

on DNA 2028H.

Discussions were also held with staff members of a number of

organizations in EMP hardening. All organizations cannot be

acknowledged, but include U.S. Army Electronics Command, Picatinny

Arsenal, Naval Surface Weapons Center, Harry Diamond Laboratories,

Defense Civil Protection Agency, Construction Engineering Research

Laboratory, Boeing Aircraft Corporation, Lockheed Corporation,

International Rockwell, General Semiconductor Industries, Siemens

Corporation, Signalite, Joslyn Electronic Systems, Electro-Data

Technology, Sandia Laboratory, and Stanford Research Institute.

The principle contributors to this document are Mr. J. E.

Bridges, Mr. W. C. Emberson, Mr. V. P. Nanda, Dr. L. C. Peach,

Mr. L. B. Townsend, Dr. P. L. E. Uslenghi and Dr. W. C. Wells.

Major W. Adams, Major W. Dean and Captain W. D. Wilson of DNA

provided overall program review. The technical management was

provided by Mr. I. N. Mindel and Dr. E. W. Weber. Much of the

laboratory work was conducted by Mr. S. Smandra, Dr. J. Herro and

Dr. Y. Shiau. )
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7. TEST PROCEDURES FOR Ell GASKETS

7.1 Introduction

Ell gaskets play a major but often unrecognized role

in the EMP susceptibility of a system. Critical defects

in certain systems have arisen as a result of inattention

to electromagnetic and environmental considerations in

Ell gasket design.

The purpose of this preferred test procedure is to

measure the electrical performance of an Ell gasket as a

system component. Specifically, procedures are suggested

which measure the electrical performance of small gaskets

and, on a normalized basis, measure the performance of

gasket materials which can be employed for either large

or small gaskets. Other factors affecting gasket perfor-

mance, such as temperature, corrosion and foreign material

can be considered within the context of the electrical

performance.

The procedures recommended for testing the performance

of the gasket as a component, which are discussed in this

chapter, are useful for the following purposes:

1. They provide the design engineer with a
useful technique for evaluating the relative
performance of various gasket materials.

2. The test procedures can be used by the
designer for evaluating the electrical
performance of gaskets under anticipated
environmental conditions.

3. The test procedures provide the system
interaction analyst with a fairly realistic
measure of the intrinsic performance param-
eters of the gaskets. These parameters
can be used rather simply to estimate the
performance for symmetrical current flows
through the gasket (radial, axial, or
longitudinal), although complex analyses
are required for non-symmetrical current
flows across the gasket.
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I
4. The test procedures supply, to some extent,

combined mechanical and electrical design
performance information, such as electrical
performance as a function of gasket pressure.

5. Gasket manufacturers may employ the recommended
tests in the design of new gaskets and present
results in a data sheet format.

6. Those conducting manufacturing quality control
or part acceptance tests can use the procedure
as a guide for simple quick-look evaluations.

7. Those assessing EM degradation with age can use
the procedures as a guide to measuring, on a
relative basis, the aging characteristics of
gaskets.

7-4
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0 7.2 EM Gaskets

7.2.1 General Characteristics of EM Gaskets

An EM (Electromagnetic) gasket is a section of

flexible conducting material used to preserve the continuity

of an RF (Radio Frequency) or electromagnetic shield across

sear-s, joints, hinges and connector fittings. EM4 gaskets

are electrically imperfect for various reasons. They often

have iow conductivity and may exhibit imperfect contact

between mating surfaces. They may exhibit anisotropic

electromagnetic properties, such as greater conductivity

in one direction than in another. Some EM gaskets also

have small apertures or holes which can further degrade

performance.

EM gaskets may be non-ideal in many ways other than

electrical. They have a finite resilience, failing to

return to their original shape if compressed beyond a cer-

tain limit. The degree of resilience is a function of the

gasket's temperature, its age, the number of compression

cycles it has been through and so forth. EM gaskets are

also affected by environmental factors, such as extremes

of temperature, dust, and corrosion. Treatment of mating

surfaces and uniformity of pressure applied to the gasket,

as well as the total closure pressure, are often important

factors in performance.

By way of illustration, consider a gasket composed of

a non-conducting elastomer material holding a matrix of

conducting wires or particles. Depending on the type of

elastomer employed, the ability of this particular gasket

to conform to the mating* surfaces can be a strong function

of tem~perature. It is easy to visualize how such gaskets

might perform well under normal room temperature conditions

and be totally unsatisfactory when exposed to alternating

extremes of tropical and arctic temperatures.
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7.2.2 Characteristics of EMP Penetration at EM
Gaskets

EMP penetration at a gasketed joint is determined by

the nature of the EMP-induced current flow at the joint

and by the electrical and mechanical characteristics of the

gasket. These factors are discussed in this section.

7.2.2.1 Penetration for the Uniform Gasket Current
Case

The most easily analyzed case of EMP penetration at

a gasketed joint is that of uniform EMP-induced gasket

current flow. A typical gasket application illustrating

this case is depicted in Figure 7-1 which shows the use

of an EM gasket to join two sections of circular conduit.

A uniform gasket compressive force, F, is assumed to be

applied at the circumference of the gasket mating surfaces.

For this geometry, it is reasonable to assume that the

current, Is, induced on the outer surface of the conduit by

an incident EMP, is uniform and parallel to the axis of

the conduit. The impedance presented to the flow of Is

by the gasket discontinuity generates a potential difference,

Vs, between the gasket mating surfaces. This potential

drop, across the interior surface of the conduit wall,

represents interference signal coupled to the conductor(s)

in the conduit. Because I is assumed to be uniform about

the circumference of the conduit, it follows Vs does not

vary with position along the gasket. Therefore, Vs can

be simply related to Is using the transfer impedance con-

cept (see Section 7.2.3.1).

7.2.2.2 Penetration for the Non-Uniform Gasket
Current Case

The most general case of UMP penetration at a gasketed

joint is that of non-uniform EMP-induced gasket current

flow. A typical application illustrating this case is

depicted in Figure 7-2 in which a gasket is used to

7-6
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Figure 7-1. Gross-section of a circular conduit
joined by a gasket.
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Figure 7-2. Non-symmetrical flow of current through a gasket.
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electrically join a hatch to a conducting wall. Again,

the gasket force, F, is assumed to be uniformly applied

at the perimeter of the mating surfaces. Here, a uniform

sheet current, J, is assumed to flow on the wall surface

as a result of an incident EI4P. However, it is to be noted

that the current flow across the gasket is not uniform

for this geometry. This current distribution has a maximum

at Point A and a minimum at Point B. Therefore, the voltage

potential induced between the mating surfaces is a function

of position along the gasket. Here, interference coupled

to the interior cannot be expressed as a single voltage,

V . Instead, one must consider the total interior electro-

magnetic field 9tructure resulting from the EMP excitation

of the gasketed hatch. These fields are a function of the

size and shape of the hatch and the interior space, as well

as the gasket conductivity. Therefore, the use of a simple

transfer impedance formulation to assess gasket shielding

performance in such situations leaves much to be desired.

Because of this complexity, there is no tractable alterna-

tive mieasure of shielding available other than a total

measurement and mapping of the interior fields. However,

if a transfer impedance measure is used, its inherent sim-

plifications must be considered.

7.2.3 Gasket Shielding Performance Measures

From the viewpoint of avoiding system upset from EIP,

the best gasket is the one having the greatest shielding

effectiveness. The shielding effectiveness of a gasket

can be judged by determining one of two quantities, the

transfer impedance and/or the transfer figure of merit.

7.2.3.1 Transfer Impedance

For the case of a uniform, axial, EMP-induced gasket

current, as illustrated in Figure 7-1, a complex gasket

transfer impedance, Z T"') can be defined in the same way
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as the surface transfer impedance of a coaxial cable con-

nector (Section 9.2.3) where ZT(w) is given by:

ZT(.) = ohms = x + jy(,) (7.1)

In equation (7.1),

I, sheath current across the external part of the
gasket.

V s coupled voltage across the inner surface of
gasket.

x = Rc + Rb; where R is the contact resistance

and Rb is the gasket bulk resistance.

y(-) = a function of the size and shape of the aper-
tures of both the gasket and the mating sur-
faces.

From the viewpoint of shielding effectiveness, the ideal.

gasket is the one where ZT(w) = 0. The direct measurement

of ZT(.j) is the most exact characterization of gasket per-

formance for the case of uniform gasket current.

A shielding performance measure of some use fo: the

case of nonuniform gasket current is the normalized transfer

impedance, ZTIq. ZTN is defined as the product of the trans-

fer impedance and the circumferential length, 9., of the

gasket:

ZTN(W) = ZT(w) 9 Z ohm-meters (7.2)

where ZT(;) has been determined for the case of uniform

axial gasket current.- ZTN allows the estimate of the

shielding performance of gaskets formed from gasket stock

of constant dimensions, shaped to the desired form. ZTN is

also useful for comparing the performance of gaskets of

different circumferences on a relative basis.
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7.2.3.2 Transfer Figure of Merit

U Measurement of ZT(,) over the EMP frequencies of inter-

est is often a tedious and laborious process. Therefore,

transient r-easurements are often desirable since only one

meatsurement need be performed in most cases. Figure 7-3

illustrates the typical transient current test waveform

and voitage responses of gaskets for the case of uniform

axial gasket current.

Referring to Figure 7-3, a second gasket shielding

performance measure called the transfer figure of merit, FM,

may be defined. This transfer figure of merit is the ratio

of the peak output voltage, Vp, and the peak input driving

current, Ip, given by:

V
F e ohms (7.3/

p

The use of the transfer figure of merit is an expedient

method for estimating gasket shielding performance in the

time domain. However, it does not provide as thorough a

characterization of performance as methods employing the

transfer impedance. In the very special case (e.g., high

performance gaskets) in which the waveshape of the observed

output voltage is the same as that of the driving current

waveform, the transfer figure of merit is identical to the

magnitude of ZT .

A useful time domain shielding performance measure

for comparing gaskets of different circumstances is the

normalized transfer figure of merit, FN' FN is defined

as Lhe product of the transfer figure of merit and the

circumferential length, V, of the gasket:

FN = FM ohm-meters (7.4)
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Figure 7-3a. Driving current waveform.
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Figure 7-3b. Output voltage waveform.
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7.2.4 Considerations in Testing Shielding

Performance of Gaskets

7.2.4.1 Choice of Frequen~cy or Time Domain Tests

Valid gasket shielding measurements can be performed

in either the frequency or time domain. Test results in

one domain can be related to test results in the other

by the numerical Fourier transformation. The choice of

domain depends upon the expected exposure conditions and

the desired rigor of the test.

Tfime domain or pulse measurements can be very useful

because they provide a rapid, qualitative check of gasket

shielding. In this case, the measured quantities are the

transient waveforms of the driving current and the output

voltage. These tests are recommended for most situations

where a broad band type of transient exposure is expected

or where approximate results are acceptable.

Frequency domain or continuous wave measurements pro-

vide a quantitative test of gasket shielding at either

discrete or swept frequencies. Here, the measured quan-

tities are the amplitudes and phases of the driving cur-

rent and the output voltage. These tests are advised

where narrow band exposures (such as long duration, ringing

type waveforms) are expected or where gasket performance

requirements are critical.

7.2.4.2 Nonuniform or Nonsytmmetric Gasket Current
Flow

Gasket shielding for the case of uniform axial current

flow, or for other types of symmetric current flow, can be

accurately characterized by either Z T"w) (Equation 7.1)

or by F M (Equation 7.3). Procedures for this characteriza-

tion are detailed later in this section. However, to in-

vestigate gasket shielding for the general case of non-

symmetric current flow, a test procedure must take into
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account details of the interior portion of the shielded

enclosure. At present, no procedure capable of directly

evaluating this general case is available. Use of Z TN
(Equation 7.2) or F N (Equation 7.4) must be made to approx-

imate the gasket shielding for this case.

7.2.4.3 Gasket Characteristics

Anisotropy

A gasket with anisotropic electromagnetic properties

cannot be characterized simply. For this case, no single

scalar value of Z T((w) or F M is adequate to describe gasket

shielding for all likely directions of uniform flow. 1'2

Here, a complete description of gasket shielding based on

measurements of the anisotropy may be required if a close

estimate of gasket performance is needed.

Variation of Z T (w) With Compression Force

The gasket force is the ratio of the total compressive

force applied by the mating surfaces to the mean circum-

ference of the gasket (typically expressed in pounds per

linear inch). In general, the gasket's transfer impedance

decreases with increasing gasket force over the range of

interest. To evaluate the shielding performance of the

gasket as precisely as possible, the total compressive

force, treatment of mating surfaces, and uniformity of

compressive force experienced by the gasket in situ should

be duplicated in the test procedures.

Lapped or Continuous Structure

A gasket is defined as continuous if it is manufactured

in the form of an uninterrupted ring. Within certain limits,

such gaskets can be tested directly in the test fixture to

be detailed. A lapped gasket is manufactured as a long,
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flexible section, and is then formed into a continuous ring.

In this case, only the material and design of the gasket

stock is tested, with the normalized transfer impedance

used as the performance criterion. Therefore, the lap-

ping junction should be made very carefully to guard against

spurious leakage.
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7.3 Transient Test Procedure

7.3.1 Scope

This test procedure is designed for the following

purposes:

1. To evaluate the absolute electrical performance
of small (less than 7 inch diameter) gaskets,
provided that the other non-electrical critical
parameters have been considered in the design
and operation of the test fixture.

2. To evaluate the relative electrical performance
of small (less than 7 inch diameter) gaskets.

3. To assess the relative electrical performance
of gasket materials suitable for constructing
large gaskets.

Procedures to measure the transient behavior of the

gaskets are set forth using a simple transient test wave-

form. Other test waveforms may be more appropriate and

should be considered for important critical gasket applica-

tions.

7.3.2 Test Fixture

Gaskets are manufactured in many shapes and sizes. It

is, therefore, impossible to design a test fixture suitable

for me~asuring all possible gaskets. This test fixture is

sugg,-sred only as a guide for tests on specific gasket con-

struction. The test fixture is most appropriate to mea-

suring the relative performance of gaskets small enough

to be tested within the test fixture, or portions of larger

gaskets cut to shape to fit within the test fixture. Care

must be taken that test conditions and surface treatments

are comparable to the expected use environment.

Photographs of the suggested test fixture appear in

Figure 7-4 and Figure 7-5. This fixture is desiga d to

test ring-shaped gaskets up to approximately 7 inches in

diameter by using a plate-gasket-slate sandwich structure.
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Figure 7-4. Exploded view of test fixture (front side).
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Figure 7-5. Back side of test fixture.
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The plate surfaces contacting the gasket are machined or

polished to be similar to surfaces expected in the gasket's

application. Surface ground steel plates are used if the

nature of the gasket's normal mating surfaces is unknown.

A known, uniform gasket force is applied by using screws

and calibrated springs to compress the test sample. In-
sulating spacers are used to isolate the springs and screws

from the round plate.

The driving waveform is applied preferably to a type N

connector although other connectors may also be used. The
induced voltage is measured between two banana plugs- -one

on each gasket mating plate. This particular test fixture

is mounted on the wall of a shielded enclosure or on a box

containing the measuring equipment. This insures that the

measurement instrumentation located within the shielded

enclosure is isolated from the driving source and exciting

currents. Additional EM gaskets (see Figure 7-5) are re-

quirel to mount the test fixture properly to the wall of

the enclosure or shielded box. However, since only a small
current flows on the wall of the shielded enclosure, even

when a large signal is applied through the driving cables,

the test fixture does in fact measure the electrical per-

formance of the test gasket and thus the electrical quality

of the outer gasket is not critical. If necessary, welded

or soldered seams can replace this gasket.

If a shielded room or box is not available, the tests

can be made by means of a backshell shield such as shown

in Figure 7-6. In this case, additional care is required

to provide isolation between the driving pulse source and

the measurement equipment. An arrangement such as shown
in Figure 7-6 often produces reduced dynamic range.
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7.3.3 Test Setup

The preferred arrangement of the measurement equipment

is shown in Figure 7-7. The pulse source of Figure 7-7 may

generate either a step function, damped sinusoid or a delta

function. However, for EMP simulation the preferred pulse

waveform is a double exponential, of the form k(e-"t- e- )'

having approximately a 10 nanosecond rise time and a 1.0

microsecond fall time. This pulse is preferred because

it is wideband and is also easy to generate. A current

probe is used to measure the driving current waveform.

Wideband oscilloscopes, each having a bandwidth on the

order of 100 MHz or more, are used to record the output

voltage and input current waveforms. The measured voltage

and current waveforms should travel on 50 ohm coaxial cables

terminated in 50 ohms at the oscilloscope.

The input port is nearly a short circuit; and in order

to stabilize the pulse source feeding the test fixture,

a 50 . resistor is inserted in series with the pulse gener-

ator and as close as possible (within several inches) to

the input port of the test fixture.

7.3.4 Measurement Precautions

In Figure 7-7, the preferred arrangement locates the

pulse source outside of the shielded enclosure with the

measurement equipment located in the enclosure. Where this

is not possible, the pulse source should be well-shielded

and preferably isolated as much as possible both electri-

cally and physically from the measurement equipment. Input

and output probes should be calibrated to establish that

their response is flat over the spectrum of interest.

In the case of very poor gaskets and/or surface mate-

rials, for which the ohmic resistance between the two con-

tacting plates exceeds 3 2 at very low frequencies, the
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capacitance between the two plates should be taken into

acco)unt in the calculation of the transfer impedance or

the transfer figure of merit.

If the gasket is lapped, its performance may depend

on the care with which the lapping junction is made (see

Figure 7-8). Symmetrically mount the gasket under test

in the fixture. Compress it uniformly by tightening alter-

nate diagonal screws of the fixture.

The noise level of the system should be ascertained.

This may be done in several ways. The most desirable way

is to form an all-welded seal between the base plate and

compression plate. This is not always practical, owing to

the expense of fabricating the two plates, so several alter-

natives may be used. One alternative is to disconnect the

cable from the type N connector and attach a short-circuited

connector to this end of the cable while leaving it in the

immediate vicinity of the gasket tester. On applying the

waveforms, note any leakage which may penetrate into the

measurement equipment via the case of the source. As an

additional check on the noise level of the system, the

entire space available for gaskets can be filled with gasket

material perhaps by means of several rings of various sizes.

The gasket force is then progressively increased and a

corresponding reduction in the transfer impedance should be

noted. If further reduction in transfer impedance does not

occur with an increase in gasket force, then the measured

value may be close to the noise or leakage limits.

7.3.5 Data Format

In reporting the results of the transient tests, the

following information should be given: manufacturer and

type of gasket, inner and outer diameter, thickness, and

other factors pertinent to the overall gasket geometry.

The applied force per linear inch, the age of the gasket,

the number of compression cycles it has been through and the
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Figure 7-8a. Carefully lapped gasket--lapping
junction barely visible.

Lopped Butt Joint

Gasket B

Figure 7-8b. Poorly lapped gasket--test jig
with proper channel (groove)
not available.
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treatment of the contacting surfaces of the test fixture
should also be noted. If the gasket is not continuous,

the way in which the gasket is lapped should also be re-

ported. The waveform of the input current and output

voltages should be recorded. Typical data are shown in

Tables 7-1 and 7-2. The transfer figure of merit for high

performance gaskets is relatively insensitive to the wave-

shape of the driving waveform provided that the rise time

is on the order of 10 nanoseconds or less. Where poorly

performing gaskets are under test, or where the driving

waveform does not meet these rise time requirements, the

rise time of the test waveform should be specified along

with the transfer figure of merit.
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7.4 GW/Swept Frequency Test Procedure

7.4.1 Scope

Test procedures employing discrete CW waves are not

recommended for general purpose gasket evaluation, except

where EMP energies are concentrated in a narrow band or

where the equipment to be protected has susceptibility in

certain spectral regions. However, swept frequency methods

using a network analyzer can be used as an alternative

procedure to the transient test procedure for gaskets.

The results of these two procedures can be related by a

Fourier transformation. The swept frequency procedure

has the following key features:

1) It is automated and fast.

2) It provides accurate and repeatable magnitude
and phase data.

3) It can be used at frequencies above 100 kHz.

4) The dynamic range is about 100 dB.

5) It displays the gasket transfer impedance as a
function of frequency in a single trace. The
segments of the trace can be expanded for better
resolution. This allows the gasket performance
to be determined with good accuracy in the fre-
quency range where the susceptibility is greatest.

7.4.2 Test Fixture

The test fixture, used in the preceding measurements,

is also applicable for the swept frequency method. The

details of this fixture appear in Section 7.3.2.

7.4.3 Test Setup

Figure 7-9 shows the preferred arrangement of measure-

ment equipment for the swept frequency test procedure.

The important elements are the network analyzer (Hewlett-

Packard Model 8407A), the phase/magnitude display (H-P Model

8412A) and the RF sweep generator (H-P Model 8601A). The
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4 gasket test fixture is mounted at the opening in the shielded

room. The 50 -series resistor is mounted in a coaxial

fixture with provision for monitoring the current flow. All

interconnecting leads are coaxial cables.

7.4.4 Measurement Precautions

(a) The preferred arrangement of equipment shown in
Figure 7-9 locates the RF source outside the
shielded room and the measurement equipment inside.
All signals coming into the shielded room should
pass through appropriate feed throughs. The door
should be closed tightly.

(b) The current probe and the network analyzer should
be calibrated with a non-inductive 50 § load to
establish that the response of their response is
flat over the frequency range of interest (see
References 3 and 4).

(c) The capacitance of the test fixture should be
taken into account whenever the ohmic resistance
between the contacting plates exceeds 3 .)at low
frequencies.

(d) The gasket tinder test should be properly lapped
(see Figure 7-8).

(e) Symmetrically mount the gasket under test into
the fixture and compress it uniformly by tightening
alternate diagonal screws of the fixture.

(f) Determine the noise level of the measurement
system (See Section 7.3.4 for suggestions.)
Experience with swept frequency test equipment
indicates that gasket transfer impedances down
to the 0.1 mt level are measurable.

(g) Read and follow the operating instructions for

the network analyzer. (See Reference 5)

7.4.5 Data Format

The characteristics of the gaskets studied should be

described using a format similar to Table 7-1. Each photo-

graph (or X-Y plot) of a measured gasket transfer impedance

magnitude and/or phase should contain a list of the following:
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1) Gasket type

2) Date of test

3) Spring Deflection

4) Applied Force

5) Frequency Range

6) Midscale values of magnitude and phase

7) Magnitude and phase scale factors

For ease in transcribing the data from a photograph of the

display to other forms, at least three frequency ranges

should be used. Experience shows that ranges of 0.1 MHz

to 2.1 MHz, 1.0 to 21.0 M4Hz and 1.0 to 101.0 MHz are con-

venient.

It is recommended that a graphical presentation of the

final data either Z T or Z TN be prepared in log magnitude vs

log frequency and phase angle vs log frequency formats.
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8. YEST PROCEDURES FOR EM VENT SHIELDS

8.1 Introduction

An EM Vent Shield is a fixture in the wall of an EMP

shielded enclosure designed to allow the passage of air while

preventing a significant penetration of electromagnetic

pulses or other classes of electromagnetic waves below 100

Gliz.

The purpose of this preferred test procedure is to

measure the electromagnetic performance characteristics of a

vent shield or screen which are of significance from an EMP

viewpoint. Nonelectrical effects, such as the vent's ability

to withstand weaLher, temperature changes, corrosion, and

vibration, as well as other related environmental factors

are not considered in this report, but must be taken into

account by the design engineer concerned with the overall

system.

T1he following procedure will give useful results in a

n-iber of areas, especially where the vent is considered as

an individual component. Possible uses are envisioned as

follows:

1. The design engineer may find the procedures a
useful technique to evaluate the relative per-
formance of various classes of vents.

2. For critical situations, the test procedure can be
used as a guide for evaluating the vent performance
for other expected environmental conditions.

3. The test procedure results can provide a system
interaction analyst with a fairly realistic
measure of the intrinsic performance character-
istics of the EM vent.

4. Vent manufacturers should employ these or comparable
uniform measurement procedures to optimize vent
design for EHP purposes and to present results in
data sheet format.

5. In conducting manufacturing quality control or
part acceptance tests, the procedures can be used
as a guide for simple quick-look tests.
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6. In assessing EMP degradation with age, the procedure 5
can be used as a guide to measure, on a relative
basis, the aging characteristics of EM vents.
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8.2 General

F.2.1 Characteristics of Vents and Screens

Air vents and screens permit field penetration in two

ways. First, they allow some penetration of the external

electric and magnetic fields. Second, their inclusion creates

added defects such as seams and small apertures and, also, a

region of reduced conductivity and permeability. It is im-

portant, therefore, in evaluating a vent or a screen to

measure both the electrical and magnetic field penetration

characteristics through the vent. The system designer,

however, must assess the effects of reduced areas of conduc-

tivity and possible permeability as a result of including a

vent or screen. This is a minor consideration if the vent

size is small compared to the size of the shieldihg enclosure.

8.2.2 Construction of Vents and Screens

High-performance electromagnetic vent shields are usually

of the "honeycomb" design, although other designs are also

in use. An example of a honeycomb vent is illustrated in

Figure 8-1. The cells of the honeycomb are made small enough

so that they are operated essentially as "waveguides below

cutoff." Materials utilized are typically the high-conduc-

tivity metals such as aluminum, brass, or steel.

The basic construction method of the honeycomb or screens

is of prime importance. The better-performing honeycombs or

screens have conductivity which is uniform or nearly so in all

directions in the plane of the vent. This is usually achieved

by welding, soldering, or galvanizing the honeycomb or screen

assembly such that nearly uniform conductivity is achieved.

Less expensive constructional methods are also employed, par-

ticularly for the aluminum type honeycomb panels. In this

case, the aluminum honeycomb is formed by gluing overlapping

layers of very thin aluminum sheets. As a consequence, in

#the plane of the panel, a higher conductivity exists in one

direction than the other. Such glued-together aluminum
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honeycomb screens are less expensive than the galvanized or

soldered-after-fabri cation type steel or brass vents. These

aluninum vent screens exhibit noticeably poorer Hf-field pro-

tection and are sensitive to the direction of currewO flow

across the vent.

ConceiVlbly, vents or apertures could also be protected

by ordin;iry wire screens. The best screen is one which is

y';ilvanized after weaving such that good conductivity exists

at each wire contact point.

Aiiso of prime interest is the way in which the honeycomb

or screen is attached to the shielding enclosure. High-

conductivity contacts between the vent shield or screen and

the wall of the enclosure are highly desirable. This is

often difficult to achieve in practice. Often the fabricator

of the vent shield supplies it in some from of mounting

bracket. The designer should examine the nature of the

bracket to assure that high-conductivity contacts are made

between the bracket and the vent shield.

8.2.3 Performance

In order to properly assess the performance of a vent

shield as a simple component, it is necessary to understand

how the vent shield performs in a shielded enclosure. Figure

8-2 shows the currents and fields on the exterior of an

enclosure, a brief interval of time after this enclosure has

been illuminated by an electromagnetic pulse. Note that

there is a tangential H field and a perpendicular electric

field. Scattered fields other than this are generally of

little EMP interest. For example, a propagating wave im-

pinging on the enclosure quickly sets up the tangential H

and perpendicular E fields near the enclosure, at frequencies

below 100 Mlz.

Above 100 MHz, and particularly in the microwave region,

the propagating wave concept may be applicable, where the

wavelength of the propagating energy is small compared either

to the vent size or size of the holes within the vent.
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* Another case of interest is a magnetic field which, in

the absence of a vent in the enclosure, would be nearly per-

pendicular to the enclosure wall or vent face. This does not

usually occur in regions near vents except where fortuitously

introduced by the presence of cable loops. Even if this does

occur, the fields in the immediate vicinity of the vent are

generally predominantly tangential H fields and perpendicular

E fields, particularly in the case of high-performance enclo-

sures and vents. Where the perpendicular magnetic field

shielding characteristics appear to be of interest, this

measurement may be made by modifying the small-loop test

procedure described in Section 10.4.

Once a vent has been installed in the enclosure, the

question arises as to how the installation of a particular

vent material having a certain shape and size affects the

performance of the enclosure. The insertion of an open

aperture in the wall of the enclosure creates the presence

of an equivalent electric or magnetic dipole which is a

function of the perpendicular electric or tangential magnetic

fields at distances a few mean diameters away from such an

aperture. A mean diameter is defined as the diameter of a

circle whose area equals the area of the vent. Assuming the

aperture and enclosure to be electrically small, and the en-

closure size large compared to the aperture, the fields

introduced into an enclosure fall off exponentially. Thus,

the introduction of a single small aperture well away from

the sensitive equipment within the enclosure might not

seriously affect the performance. It must be emphasized,

however, that any equipment or cables appearing in the vicin-

ity of the vent will be illuminated much more strongly than

equipment located more distant from the vent.

The system or equipment designer should recognize that

the major coupling effects arise from the time-varying nature

of the penetrating fields. Therefore, performance measures

must consider not only the magnitude of the penetrating fields,

but the waveform or at least the rise time of these fields.
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With the foregoing considerations in mind, it appear

that the most desirable test procedure from an EMll viewpoint

woul~d be to test the vent's performance in response to tan-

_,ential magnetic and perpendicular electric fields. In

addition, different vent sizes will be encountered and some

means to normalize the measurement for different sizes of

apertures or vents appears to be desirable.

To accomplish these goals, the preferred test procedure

creates tangential magnetic and perpendicular electric fields

by nieans of a parallel plate or triplate line placed just

outside of a test enclosure. When comparing the performance

characteristics of different classes of vent materials, it is

preferable to use the same size of shielding vents. Where

this is impractical, it appears desirable to normalize the

vent measurements. For minor variations in sizes, this may

be approximated by making the measurement point for the

penetrating fields on a line perpendicular to the plane of

the vent shield through its center, at a distance equal to

one-half the mean diameter. Figure 8-3 illustrates the basic

measurement concept.

With the basic measurement arrangement as illustrated in

Figure 8-3, vent performance is measured by developing, for

a specified applied test waveform, the ratio of the time

derivative of the magnetic field* appearing within this

shielded room when the vent shield is absent to that which

appears in the room when the vent is installed. Absolute

values of the magnetic fields may also be measured, generally

by a single frequency type of illumination rather than pulses.

If rmodeling the performance from an analytical viewpoint is

desired, then measurement of the exterior fields in the im-

mediate vicinity of the vent is also necessary, along with

the absolute calibration of the field sensors.

The vector orientation of the magnetic vector is usually
the same as the orientation in the absence of the vent.
The sensor orientation should be changed in any event, to
measure the maximum value.
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The ideal conditions for conducting this test require

the mean diameter of the vent to be small compared with the

smallest wavelength of interest. Ideally, the height of the

center conductor of the triplate line should be equal to or

larger than one-half the vent's mean diameter. In addition,

the interior walls of the enclosure where the sensor is

located should be six mean radii or greater away from the

test area. Where relative performance of vents is being

evaluated using the same test arrangement, the factors just

mentioned may not be of importance. However, when comparing

the performance of vents measured in different test facili-

ties, significantly different variations in the aforementioned

parameters should be considered when results are to be cor-

related.

The problem of cavity resonances has also been postulated

as a possible source of comparison errors between measure-

ments at two different facilities. Experimenters employing

pulse techniques using measurement arrangements similar to

that shown in Figure 8-3 have not encountered resonance

problems when the sensor is always very close to the vent.

In the case of CW measurements, resonance problems may be

similarly suppressed, although longer dwell times at a single

frequency may cause resonant buildups not encountered when

pulse excitation is employed.

A simple transient test waveform is suggested where

relative performance measurements are of prime interest.

However, the test waveform may well have significant varia-

tion from the tangential magnetic and perpendicular electrical

surface field waveform found on the exterior of an enclosure

when excited by an EMP pulse. For example, the suggested

double exponential test waveform is loosely related to the

EMP from an exoatmospheric burst. The EMP from a near-

surface burst may contain more low-frequency components. If

this is the case, low frequency components can be added to

the test waveform by increasing the fall time. In the case
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of isolated enclosures, the surface fields are often in the

form of very rapidly damped sinusoids. Moreover, the values

and waveforms of the surface fields are different at differ-

ent locations upon the surface. For example, the low-

frequency fields are greatly enhanced near corners of a box-

like enclosure. The proximity of nearby conductors, and the

attachment of pipes or cables, will also affect the surface

field waveforms. Therefore, unless a very complete and

rigorous analysis or test of the composite structure contain-

ing a vent shield is made, it does not appear appropriate

to use anything but the simplest form of a test waveform.

8.2.4 Definitions

A distinction must be made in defining the performance

of a vent as to whether the fields measured are CW or pulse.

If pulse, the general nature of the waveforms must be

specified.

The GW relative shielding effectiveness of an EMP vent

is defined as the ratio of the electric or magnetic fields

appearing within the shield room when the hole for the vent

is left open to that appearing when the vent is installed.

It is assumed that the pickup sensor is located on a line

perpendicular to the plane of the vent running through its

center. The distance from the vent to the sensor is one-half

the mean diameter 2a of the vent. It is convenient to express

the shielding effectiveness in dB as given by the following

formulas:

GW relative electric field SE=20L E O(w) 81
shielding effectiveness "..wE 0 Lo 10 r-iy (8-1

CW relative magnetic field 20E. Lo 1  O(W) (82
shielding effectiveness SE(H = 20--~ (8-2)H(W

where E (4) and E.(w) are the measured electric field inten-

sities, respectively, without and with the vent and where

H 0(61 and H.i(w) are the measured magnetic field intensities,
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respectively, without and with the vent. The measurements

apply to a single frequency CW-type illumination at a fre-

quency of The vent size is also small compared to a

wavelength and the basic dimensions of the outside field

excitation structure.

in the case of transient waveforms, other definitions

are of interest, such as the peak electric field shielding

effectiveness and the peak magnetic field shielding effective-

ness. This is the ratio of the peak value of the field appear-

ing within the shield room when no vent is present to that

appearing when the vent is installed, for a specified pulse

illumination. This definition is most appropriate for the

electric field because this penetration is generally via small

apertures such that the rise time of the interior field will

closely approximate the rise time of the exterior field.

These quantities are defined in dB as follows:

Peak electric field Log 1  p
shielding effectiveness (SE)E-P 20 E i8p

Peak magnetic field (SE) 20 Log1 H O-P (8-4)
shielding effectiveness H-P 10 Ffi-P

where Eo p and H OP are the peak values of the fields measured

in the absence of the vent and E i-P and H iP are the peak

values of the measured fields with the vent installed, using

a specified illuminating test pulse waveform.

Another definition more appropriate for the magnetic

field is the peak H-dot (or H) shielding effectiveness (the

time rate of change of the magnetic field shielding effective-

ness). This is defined as the ratio of the peak value of time

rate of change of the magnetic field within the shield room

when no vent is present to that appearing when the vent is

installed for the physical arrangement previously described.

It should be recognized that the H shielding effectiveness

under such a definition is a function of the waveform of the
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applied field. Therefore, this definition should be used in

the form of the test pulse waveform.

H
Peak Ii shielding (SE)_ 20 Log,, o-P (8-5)

effectiveness H P L ip

where 10  and HiP are the time rate of change of the

U observed magnetic field intensity, respectively, without and

with the vent.

3.2.5 Equivalent Dipole Model

For a circular aperture of radius a, the components of

the electric and magnetic fields inside a very large shielded

space (see Figure 8-4) due to an exterior electric field,

Eo, perpendicular to the metallic surface, and an incident

magnetic field, Ho, parallel to the surface, are

2E 0a
3cosEr  3 -- r3- (8-6)

3Tr

E, 0 a
3 sin (8-7)

' 3 r r 3

E -0 (8-8)

4a3H
Hr = 3,--r 30 sin sinu (3-9)

2a 3 H
3r 3 sin ¢ cos u (8-10)

2a 3 H
H _21Tr ° 3cos p (8-11)

This same set of equations can be used to form an equivalent

dipole model of the EMP fields that penetrate a vent. The

adjustable parameter is the radius a, the effective aperture

size. One value of a can be determined from a measurement
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of the electric field at a point r, fi, , such as m 0, 0.

Another value of ai can be derived from magnetic field measure-

ments, since the vent is not expected to have the same effect

on the external electric and magnetic fields. Furthermore,

a third measurement of the magnetic field case should be made

after the vent has been rotated by 90 0 if the vent is expected

to have asymmetric conductivity.

8.2.6 Types of Tests

Two types of test procedures are set forth--pulse and

CW. The pulse tests are recommended as a preferred test

procedure because of the transient nature of the EMP and

because of their basic simplicity. This is consistent with

most design and evaluation requirements. The basic procedure

is also amenable to GW-type testing methods, and these are

presented on an optional basis where detailed performance

requirements warrant their use. Two pulse-type measurements

are considered; that of the penetrating electric field and

the time rate of change of the penetrating magnetic field.

These provide a quick and simple measure of the performance

of the vent shield under transient illumination. It must be

noted, however, especially in the case of penetrating magnetic

fields, that these measures of performance must be considered

in the context of a specified illuminating type waveform. In

the case of the CW measurements, the magnitudes of both the

electric and magnetic field shielding are measured. If

absolute measurement data are taken, the results can be used

to model the interior fields as equivalent magnetic and

electric dipoles.
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8.3 Transient Test Procedure

8.3.1 Scope

This procedure is intended to develop on a rather simple

quick-look type basis, the approximate shielding character-

istics of typical vents and screens which might be used to

provide shielding of apertures in shielded rooms. As such,

it is assumed that the maximum dimension of the vent to

be shielded is considerably smaller than the smallest wave-

length of interest which is, generally, on the order of

three meters. The procedures are readily amenable to de-

veloping the relative performance characteristics of dif-

ferent vents, and with care can be extended to absolute

measures of performance. To facilitate relative performance

comparisons on a transient basis, a standard type transient

waveform is suggested. This waveform is relevant to the

spectral components associated with the EMP from an exo-

atmospheric detonation. Where other than exoatmospheric

detonations are likely, or where severe damped sinusoidal

ringing can occur, other transient type test waveforms must

be seriously considered.

8.3.2 Suggested Test Fixture

Figure 8-5 illustrates the basic details of the sug-

gested test fixture. It shows one method of applying the

E- and H-fields to the test vent. The test fixture uses

what is often called a triplate line. This line can be

excited from any number of pulse-type sources, and must be

terminated in its characteristic impedance. The triplate

line has the advantage of containing most of the fields to

its interior, thereby minimizing shielding requirements.

It is mounted on the outside of the shielded room as is

shown in Figure 8-6. A shielded box or shielded enclosure

is attached to one of the outer sheets of the triplate strip

line as illustrated in Figure 8-5. A rectangular hole is

cut into both the shielded enclosure and one side of the
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triplate line to accommodate the test vent. Ideally, the

dimensions of the shielded enclosure should be such that the

shielded wall is at least six mean vent radii away from the

vent hole. In addition, the height of the triplate line

should be at least one-half the mean vent diameter. Other

restrictions on design are noted in Figure 8-5.

The dimensions of the triplate line shown in Figure 8-7 U
are chosen to give a 50-ohm characteristic impedance while

being consistent with the size of vents to be tested (9" x 9").

Other impedance levels may also be chosen. It is important,

in order to minimize problems in determining the field levels

in the triplate line, that its characteristic impedance be

well matched to the impedance of the dummy load. If reflec-

tions occur, they will distort the ratio of the magnetic-to-

electric field in the vicinity of the vent. The reflections

should be minimized by measuring the reflected wave with

refiectometer techniques or by conventional methods. It

should be emphasized that other dimensions of the triplate

line, convenient to the particular measurement situation at

hand, may also be used.

8.3.3 Measurement Equipment

The basic measurement equipment consists of two wide-

band oscilloscopes having a 150-MHz response, an oscilloscope

camera, broadband electric and magnetic field sensors along

with suitable probes, line terminations, and cables.

The E-field sensor should be electrically floating with

respect to ground, should be small and have no conducting

cables attached to it. If such cables are attached to it,

these cables will distort the penetrating electric field.

Therefore, a battery-operated pickup device employing a

fiber optic telemetry unit should be employed. Fiber optic

telemetry systems are commercially available from Develco

and other sources. The selected unit should have a 100 MHz

bandwidth, although system with a 30 MlIz bandwidth can be
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used with some loss of high frequency data. The basic elec-

tric field sensor may be in the form of an electrometer.*

The electrometer, as used for EMP purposes, often consists

of an electrically short monopole operated with respect

to a counterpoise or large ground plane. The output of the

monopole is connected via a very short coaxial cable to a

low capacitance, high input impedance amplifier. The ampli-

fied waveform is proportional to the time-history of the

electric field for the higher frequency components where the

input impedance of the amplifier is essentially capacitative.

Balarced dipole versions are also possible. Fundamental

descriptions of the operation of the electrometer appear

elsewhere. 1,, An essential requirement of the operation

of the electrometer, is that the magnitude of the input

impedance to the amplifier following the electrometer should

be large, and the impedance must be essentially capacitive

across the frequency band of interest. The fiber optic

telemetry systems which are comw~ercially available are

readily modified into an electrometer configuration. One

such configuration of a'Develco unit is shown in Figure 8-8.

It is desirable that the overall dimensions of this particular

pickup device, including the telemetry transmitter, should

be small compared to the dimensions of the vent. The pickup

from the electrometer is relayed via the fiber optic link

to a receiver, which need not be electrically floating.

Obviously, the display devices, receiver, and other ancil-

lary equipment within the shielded room should be located

as far away from the vent as possible. A separation of at

least three mean vent diameters is recommended. The output

of the fiber optic received is connected to an oscilloscope,

and provision is made for photographic recording of the out-

put waveform.

As an alternate, a single-ended (non-floating) electrom-

eter may be employed. In this case an unbalanced or monopole

*A dipole amplifier combination
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configuration can be employed. This sensor is placed next

to the vent such that the counterpoise for the monopole is

formed by the wall of the shielded room. The sensor is

then connected to a broadband high impedance load such as the

probe of a Tektronix 454 oscilloscope.

The 11-field sensor can take any number of forms either

as a Magnetic field sensor or time-rate-of-change-of-

magnetic-field sensor. In both cases, this sensor should

be shielded against electric field pickup. The output of

the magnetic field sensor can be connected via a hardwire

link to a signal conditioning preamplifier and then to the

recording oscilloscope previously described, using a high-

performance, well-shielded cable. More complete descrip-
1,2,3

tions of magnetic-field sensors are available elsewhere.

Care should be taken to assure that the characteristics

of a magnetic field sensor are well understood. A small

loop sensor which is electrostatically shielded generally

responds to the time rate of change of the magnetic field

in the lower frequency regions, while the response is often

proportional to the magnetic field in the higher frequency

regions. It is possible to overcome this difficulty by

more complex designs 1 ,2 ,3 or by reducing the size of the

loop at the expense of sensitivity. Where the magnetic

sensor takes the form of a simple loop, it may be desirable

to compensate for the response variations with frequency

(that is, deviation from a B-dot sensor or B-field sensor)

by means of a compensating network 4 of by subsequent analysis

of the observed waveforms.

The characteristics of the pulser are also of interest.

A pulse source capable of measuring the characteristics of

typical vents should have a peak output voltage on the order

of 10,000 volts. The suggested test waveform for the quick-

look evaluation of the performance of shielded vents should

have a rise time of approximately ten nanoseconds and a fall
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time of approximately one microsecond. Pulse sources

approximating these requirements are commercially avail-

able. A repetitive mode of operation is also desirable.

The important characteristics of the dummy load which

terriinates the triplate line are its impedance, which should

match the characteristic impedance of the triplate line,

its peak power rating and, for convenience, provision for

monitoring the voltage with conventional oscilloscope probes.

Such dummy loads are commercially available.

Broadband oscilloscopes, having a bandwidth of 150 MHz,
are commercially available. In the case of magnetic field

measurements, using small loop-type sensors, a low noise

(possibly balanced input) preamplifier may be advantageous.

Provision for synchronizing the display with the pulse may

be desirable to increase the dynamic range. Where very

high dynamic range measurements are required, a signal in-

tegration oscilloscope, coupled with the use of a repetitive

pulse source, may be needed.

8.3.4 Field Sensor Characterization

It is necessary that the E- ahd If-field sensors be

tested to establish their frequency response, linearity

and dynamic range. It is desirable, but in most cases noL

necessary, that an absolute calibration be performed. This

may be done by inserting the sensor in the triplate or an

equivalent parallel-plate line. This line must be termi-

nated appropriately to avoid reflections. In the case of

transient measurements, the EMP test waveform or similar

waveform is applied to the particular line. The electric

field in such lines is equal to the height of the line

divided by the potential between the outer and inner plates

or betw~een two plates, as the case may be. The magnetic

field is equal to the electric field divided by the charac-

teristic impedance of free space. Such a calibration pro-

cedure may be (lone conveniently by removing the vent (as
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shown in Figure 8-5) and inserting the E- or H-field sensor

into the area between the inner plate and outer plate. The

vent should be replaced by a solid shield having a hole for

the cable to the sensor. Wnere this is done, the magnetic

field sensor should be shielded against the electric field.

The electric field shielding effectiveness of the sensor

can be evaluated approximately by rotating the sensor in

the field such that the plane of the sensor is parallel to

the magnetic field within the triplate line (perpendicular

to the axis of the line).

The frequency response is established by comparing the

observed sensor output with the waveform present at the

termination of the triplate or parallel-plate line. If the

waveforms have identical shapes, then the sensor output can

be used to measure the fields directly, no correction or

compensation is needed. An H-dot sensor should accurately

reproduce the derivative of the waveform seen at the termi-

nation of the test line. An absolute calibration requires

that the sensor output be expressed as ratio to the E-, H-

or H-field in the line. For example, the E-field calibration

would be expressed as volts per volt/meter.

It is important that the E-field sensor be operated

within its linear range. This can be determined by varying

the applied voltage to the triplate line in a known fashion

and noting the linearity of the response of the E-field

sensing system. Similar tests should also be conducted

for the H-field sensor and related amplifiers. The dynamic

range of the sensor is defined by the maximum signal for

which the response is linear, or at least can be related

to an impressed field, and the minimum detectable signal.

8.3.5 Measurement Precautions

It is important that the shielding effectiveness of

the test enclosure mounted to the triplate line be rela-

tively high to insure that leakage fields from the pulse
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source, triplate line, related cables, and terminations

do not adversely affect the measurements. The extent of

this problem can be determined by replacing the vent by a

solid plate and observing responses. The arrangement of

the cables in the room and exterior to the room should be

changed to see if the signals change. If such signals change,
remedial action is required. To avoid reflections, all

interconnecting cables should be terminated in their char-

acteristic impedance, typically 50 ohms.

The dynamic range of the system should also be measured

by removing the vent and gradually reducing the output of

the pulse generator such that a minimum detectable system

signal is noted within the test enclosure. In some cases,

the dynamic range of the system cart be improved by trig-

gering the oscilloscope via the pulse source and employing

pulse-to-pulse integration.

An additional precaution concernc the bond between

the actual vent screen or honeycomb and bracket surrounding

the vent which is clamped or soldered to the enclosure wall.

Probing-type tests should be conducted to determine how well

this bond is made. If this bond is not well made, excessive

signals will appear in the vicinity of this interconnection.

Consideration should be given to rectifying this problem,

should this have a major influence upon the measurement.

8.3.6 Data Format

After a suitable test fixture has been constructed,

appropriate test equipment has been found, the sensors have

been characterized and the necessary precautions have been

taken, data acquisition can begin.

All data should be summarized into a table which has

all the essential data required to characterize the tests

that were performed as well as the final results. The
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following items are especially important:

1) the vent construction, material and size,

2) the position of the vent,

3) the sensor output without a vent,

4) the sensor output with the vent,

5) the calculated shielding effectiveness.

Two vent positions should be used which differ by 900

This is done because some vents conduct better in one direc-

tion than in others. The shielding effectiveness is expressed

in dlB and is computed using Equation 8-3, 8-4 or 8-5, as

appropriate. Table 8-1 shows typical data in a suitable

format.

The summary table should also contain supplementary

information about the test conditions; specifically:

1) the system dynamic range,

2) the minimum detectable signal,

3) the pulse waveform characteristics.

Photographic records should be kept to show the following:

1) the voltage at termination of the triplate line,

2) the sensor output without a vent,

3) the sensor output with the vent in place.

If the pulse source has good stability, then voltage measure-

ments at the termination of the triplate line are required

only when an adjustment is made in the pulse amplitude or

shape. The same applies to the sensor output without a

vent. Note that if the sensor does not have a wide dynamic

range, then it may be necessary to use different pulse

amplitudes with and without the vent. If this is done, the

sensor response without the vent should be scaled appro-

priately and a footnote on the summary table should indicate

that this has been done.
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8.4 CW Test Procedures

8.4.1 Scope

In general, CW measurements are not recommended, owing

to the tedious nature of such measurement procedures, unless

swept frequency GW measurement equipment is readily available.

However, CW measurements can be considered where single fre-

quency type illumination problems are important, such as

where the external currents on the enclosure are in the

form of a very long damped sinusoid or where the equipment

to be shielded exhibits a strong susceptibility in a narrow

frequency region. Specifically, the test procedures are

restricted to cases where the size of the vent is consider-

ably less than the smallest wavelength, generally on the

order of about three meters. Both the relative magnetic

and electric field penetration shielding effectiveness can

be measured by this procedure. Where precise analytical

results are required, the field transfer characteristics

can also be measured in terms of equivalent electric and

magnetic dipoles.

8.4.2 Test Fixture

The measurement fixture described in Section 3.3.2

may also be used for the CW tests.

8.4.3 Measurement Equipment

The measurement equipment for the CW measurement is

conceptually similar to that described for the pulse measure-

ments, as noted in Section 8.3.3. In the case of CW measure-

ments, it is desirable to employ the same type of broadband

electric or magnetic field sensors previously described in

Section 8.3.3. However, in this case, the output data re-

cording may be in the form of a radio frequency voltmeter

rather than a photographic recording. A tuned RF voltmeter

should be used which has a sensitivity of less than one



microvolt for an input impedance of 50-ohm and a bandwidth

of approximately 100 lz. The CW source should have an output

capability on the order of a few hundred watts to ensure

adequate dynamic range. The termination must also be capable

of dissipating the continuous power supplied by the CW source.

A swept frequency configuration is also possible. Ap-

propriate instruments are a RF sweeper/generator (e.g., Hew-

lett-Packard E601A) and a wide bandwidth, high power RF

amplifier to drive the triplate line and a network analyzer

(e.g., Hewlett-Packard 8407A) to monitor the sensor signal

and the voltage at the termination of the triplate line.

8.4.4 Sensor Characterization

The frequency response, linearity and dynamic range

of the sensor must be determined. This can be done using

a procedure similar to that given in Section 8.3.4. Dis-

crete or swept frequencies are supplied to the trinlate or

parallel-plate line and a RF voltmeter or network analyzer

to record the sensor output.

it should be recognized that in the case of CW measure-

ments the possibility exists for narrow band resonances*

such as might be exhibited by the enclosure. Such resonances

generally do not present a problem for the pulse type mea-

surements because of the wideband distribution of the energy.

For this reason, the calibration of the sensors should also

be checked independently of the test fixture.

8.4.5 Measurement Precautions

Measurement precautions noted in the case of the pulse

type measurements also apply in the case of the CW measure-

ments. As noted previously, the possibility exists for

spurious enclosure resonances which would not normally be

excited in the case of the pulse type measurements. Care

should be taken that the increased dynamic range sometimes

*See Section 10.2.4 and Figure 10-1.
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offered by such CW measurements does not introduce addi-

tional spurious noise levels which might not be apparent

in the case of pulse type approaches.

8.4.6 Data Format

The data format may be similar to that presented in

Section 4.3.6 except that the dB values of the electric

and magnetic shielding effectiveness at each test frequency

are obtained from Equations 8-1 and 8-2, respectively. If

many frequencies are measured, or if a swept frequency test

is done, then graphs should be prepared which show sensor

response (relative to the signal at the termination of the

triplate line) versus frequency. The response with and

without the vent in place should be given. If the graph

is prepared using a log scale for the ratio of sensor to

termination voltages, then the difference between the two

is the shielding effectiveness.
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9. TEST PROCE'DURES FOR COAXIAL CABLES AND COIINEC'ORS

9.1 Introduction

S vstems which could be exposed to EM1I fie(lds aire
Ctrequently interconnected by cables. The (,uter conductour

of coixial cables and connectors is ailso ai ;hieid which
reduces the energy appearing zt the termina ls. The .;hield

cain perform three functions:

1. Carry the currents induced on a conductor
exposed to EMP.

2. Attenuate the electric field.

3. Attenuate the magnetic field.

In an overall nuclear hardening program, it is neces-

sary to ensure that the EMP signal which appears at the

terminations of cable runs will not cause permanent damage

or harmful transient response in the system components.

Whenever there is a real possibility of a system failure,

a balanced hardening program will consider both additional
shielding and/or terminal protection.

The purpose of this section is to describe three
laboratory measurements which will characterize quantita-

tively the electromagnetic penetration behavior of shields
for coaxial cables and connectors. The proposed tests are

to be made on short lengths of coaxial cable but are a guide

to procedures for testing more complex cable systems. For

example, the shield of a multiconductor cable can be evalu-

ated by joining all the conductors together. Additional

tests or analyses are then required to determine how the

induced EMP signal will divide among the conductors.

Sample data will also be presented.

These test procedures have the following specific uses:

1. They supply system design engineers with useful
techniques for evaluating the shielding perfor-
mance of coaxial cables and connectors on either
an absolute or a relative basis.
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2. These test procedures provide EMP interaction
analysts with empirical data regarding the
response of coaxial cables to the EMP environ-
ment.

3. Cable and connector manufacturers can employ
the recommended tests for evaluation of cable
designs, data-sheet information and production
quality control.

4. Equipment manufacturers can specify minimum
characteristics for cable and connector com-
ponents and then use these procedures for parts
acceptance tests.

5. These test procedures can be used to measure
changes in shielding characteristics of coaxial
cables with age, handling or exposure to adverse
environmental conditions.

EMP response calculations are often performed in the

frequency domain and subsequently Fourier transformed into

the time domain. When the inverse transformation is to be

performed values of the cable shield transfer functions are

needed at closely spaced frequencies. The frequency spacing

and range can be determined from Nyquist sampling theory

given the duration of the EM? response and the time resolu-

tion desired. The criterion which must be satisfied in the

time domain is:

At < (9-1)
max

where .',t is the time spacing and f mxis the maximum significant

frequency in the time waveform.

In terms of the frequency spacing the following criteria

must be met:

1f (9-2)
max

where Af is the frequency spacing and tmax is the pulse time

duration of interest.
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The minimum number of frequency samples, N, is determined

from (9-1) and (9-2) , giving:

N_ a a (9-3)

Typically one uses twice the minimum number of samples

(N) to insure accuracy. For example a 2.5 jsec pulse can be

reproduced with 5 nsec resolution if the calculation uses

about (using 2N as the criteria) 1000 data points in the

frequency domain (1024 would normally be used in practice).

These frequency points would be spaced at 200 kHz intervals

up to 100 IMHz. The required data could be acquired at each

frequency needed for the response calculations. However,

this requirement for closely spaced information can be met

far more efficiently and with no loss of accuracy if the

data, acquired with these test procedures, is interpolated

or used to determine coefficients in analytic expressions

for the shielding transfer functions.
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9.2 General

9.2.1 Characteristics of Coaxial Gables and Connectors

Analytical expressions can be used to calculate the

performance of a solid wall shield for a coaxial cable.

However, coaxial cables very frequently have flexible outer

conductors with many openings where electromagnetic fields

can penetrate. These cables must be evaluated empirically.

For a cable with a single layer of braid, the size and com-

position of the wires, the optical coverage factor, the

braid angle, and the cable diameter are all important param-

eters affecting the shielding characteristics. Thus, every
time a significant change is made in one of these variables,

there may be a corresponding change in the effectiveness of

the shield. Cables are also made with multiple shielding

layers, the most common of these has two layers of braid

which are in contact. Also available are triaxial cab'les

and cables with a thin metallic foil, usually aluminum,

under a single braid. In the case of multiple layer

shields, a change in the construction of any layer, their

order or spacing, can have an impact on the shielding charac-

teristics.

The performance of a connector is likewise dependent

on a number of factors such as the design of the backshell,

the torque on the nuts in the assembly, the design of the

RE connections, etc. For instance, the backshell connection

to the cable shield could be soldered, crimped or a clamped

termination. Connectors are available which mate with

threaded or bayonet structures or without a positive mechani-

cal connection. In addition the performance of coaxial

cables and especially connectors can be affected adversely

by such factors as corrosion and manufacturing defects.

Thus, for both cables and connectors, the shielding char-

acteristics must be determined empirically.
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9.2.2 Performance Criteria

In selecting quantities to describe cables and connec-

tor shields, performance is given to parameters which have

wide applicability and which are easy to measure in the

laboratory. In particular, fundamental quantities are em-

phasized since they are useful as absolute as well as rela-

tive criteria. Another advantage of the chosen parameters

is that the final results are not dependent on the details

of the test fixture. There is one test procedure for each

of the three coupling modes: sheath current, radial elec-

tric field, and magnetic field. Appendix A treats the case

when the sample cable is not electrically short. In this

case only linear combinations of the first two parameters

can be measured. The parameters which characterize the

coupling are defined below.

9.2.3 Definitions

In many cases, sheath currents caused by both electric

and magnetic fields are the predominant mode of coupling.

The surface transfer impedance, ZT(w), quantitatively re-

lates the voltage drop (per connector or per unit length of

cable) appearing on the inside of the shield to current

flowing on the outside of the sheath. Consider first an

incremental length, Ax, of shielded cable. The current,

I(x, ), flowing on the outside of the sheath causes an in-

cremental voltage, AV(x,w), to appear along Ax on the inside

of the sheath. This voltage is given by:

I(X,w)

AV(x,, ) =ZT((w ) I(x,w) Ax (9-4)
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For a length, ., of cable short compared with the wavelength

of the current, the current, I(.,), is uniform and ZT

is given by:

ZT()) (9-5)

where V(.,) is the voltage along the inside of the outer

sheath. For a cable which is longer than one-tenth the

wavelength of I(L,), correction factors are required which

depend on the surface transfer admittance, the test fixture

geometry, and terminating impedances. A general derivation

of these factors is given in Appendix A. For a connector,

the surface transfer impedance is given by

ZT(W) = V(W)/I(w) (9-6)

where V(w) and I(Qj) have the same meaning as for a short

cable. Small values of ZT are synonymous with good shield-

ing.

Radial electric field coupling is caused by partial

penetration of the shield and results in a current source

between the shield and the inner conductor. The surface

transfer admittance, YT (w), quantitatively relates the

equivalent shunt current generated to the external radial

electric field. Over an incremental length of cable the

current generated is

Er(x,w)

AI(x,wo) = YT(W) Er(Xuw) Ax (9-7)

I



where E (x,,) is the radial electric field. For a test fix-r
ture which is electrically short, Er(*) is constant over the

whole sample and thus

Y T(,j,) = 1(.)/(E r(: ', (9-8)

Fromi the above equations it is apparent that the shunt cur-

rents gencrated are proportional to the value of VT for a

particular cable. Radial electric field coupling often is

not the predominant mode of EM' penetration. This is espe-

cially true for high performance shields with high optical

coverage which have low impedance terminations.

For some applications another test for magnetic field

coupling is needed. The shielding performance of the outer

conductor is expressed in terms of an equivalent B-dot (B)

coupling loop area. The voltage generated per unit of cable

length is

X +

Ae (W) AV( x,w)

A iX

= +A ( ) B(x,:;) 'x (9-9)

where A(x, .) is the time derivative of the magnetic field

and A (.) is the equivalent B-dot (A) area per unit length.
C

Again for an electrically short cable of length, , the

field is constant and the equivalent B area is given by
Ae(,) = +V(j ,;,Ho") (9-10)

where V is the peak amplitude of the induced signal and

where the functional representation of the magnetic field
isi

is B -J] 0e Geometrically, the equivalent A area can
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be related to such factors as the center conductor and the

outer conductor not having a common axis, twisted center

conductor(s) and spiral-wrapped (rather than braided)

outer shields.

An effective shield is one which significantly reduces

A below the value it would have if the outer conductore

offered no shielding to magnetic fields. Clearly magnetic

field pickup cin also be diminished by improvements in cable

dcsign and manufacturing tolerances.

9.2.4 Types of Tests

To fully characterize any one of these three coupling

parameters, amplitude and phase measurements should be made

in the frequency domain from 10 kHz to over 100 MHz. In

practice it is often possible to obtain a good representa-

tion of these parameters using a fraction of this frequency

range.

1For the surface transfer impedance the recommended test

procedure measures the current applied to the shield and

the induced voltage in a sample of cabi which is about one

meter long. A simple triaxial test fixture is required.

Measuring equipment can be either a sophisticated swept

frequency signal generator and a network analyzer or a

variable frequency signal generator and a tuned RF voltmeter.

The equipment should operate at frequencies from 100 kliz to

10 MHz, and at higher and lower ones if possible. An alter-

nate test procedure can be performed in the time domain

usintv a square pulse of current. Both the current and the

induced voltage are monitored with an oscilloscope. The

data obtained with this method are limited but it can be

useful when the sample has an uncomplicated variation in

Z,,(F )with frequency.

For the transfer admittance measurements the cable

sample is placed into a triaxial test fixture and a sinu-

s()ildal potential is applied between the shield and exterior
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cylinder of the test fixture. This potential produces the

radial electric field. The applied potential and the voltage

appearing across 50 .'termination as a result of the induced

Current are both measured using either a swept frequency

network analyzer or a tuned RI" voltmeter. Because the fre-

quiency dependence of the transfer admittance is generally

simple, i.e., increasing linearly, measurements at a few

fixed frequencies can be sufficient.

To determine the magnetic field coupling, a sample

cable is placed in the magnetic field generated by either

a large solonoid or a parallel plate transmission line.

The signal which is induced on the center conductor should

be transmitted to a well-shielded tuned RF voltmeter via

a fiber optic data link or some other method which has no

electromagnetic field pickup. It is recommended that the

orientation of cable in the magnetic field be chosen such

that the observed signal is a maximum. At low frequencies

(up to about 10 kHz), the equivalent area will in general

be constant and be a consequence of the cable construction.

The cable sheath provides some magnetic shielding at higher

frequencies which tends to increase as the frequency is

increased.
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9.3 Surface Transfer Impedance Test Procedure

for" Cables

9.3.1 Scope

The surface transfer impedance is determined by the

construction of the outer coaxial conductor. Analytical

expressions are available for solid shell coaxial cables.

However, the geometry of braided outer conductors is very

difficult to analyze in detail, so their surface T,-linsfer

impedance is most easily determined experimentallv Data

from 10 kHz to 100 MHz are desired. The surface trans;fer

impedance can be measured by placing a known current on the

sheath of a cable and then observing the voltage at one of

the terminals. This is done by making the cable part of

the inner conductor of a large triaxial or quadraxial test

fixture. For the recommended measurement procedure, a tri-

axial fixture is specified and measurements are made in the

frequency domain from i00 kHz to about 10 MHz. An alternate

technique performed in the time domain is discussed later.

Appendix A outlines a method which can be used at frequencies

above 10 Miz to determine ZT and YT' These procedures ap-

ply only to shields which respond linearly to the intensity

of electromagnetic fields.

Before describing how to measure Z a brief explana-

tion is given of how it is used in EMP calculations. The

frequency domain representation of the EMP waveform is used

to calculate the sheath current distribution using the geom-

etry of the cable and the shield's terminations to ground.

This sheath current distribution is combined with the

measured values of ZT to get the continuous distribution

of incremental voltage sources. The current distribution

on the inside of the cable is calculated using the super-

position integral and expressions for the current and volt-

age at any point in the line with arbitrary loads for an

9-1 3



arbitrary location of a series voltage generator. The time

history of the load curreit is obtained by application of

the inverse Fourier trinsform.

9.3.2 Test Equipment

The cable sample is placed in a triaxial test fixture.

The sample is the inner coaxial line. The cable shield and

a larger solid cylinder form the outer coaxial system. At

onc end the outer coaxial line is driven by a sine wave

g-enerator and the sample cable is shorted. At the other

end, the induced voltage is measured and the large cylinder

is shorted to the cable sheath. This configuration has been

used by most, but not all, investigators who have determined

surface transfer impedances. Other configurations which are

electrically equivalent to the recommended test fixture

should give identical results. For example, a rectangular

trough used in place of the larger cylinder would make

sample changing easier.

Figure 9-1 shows a test setup using a three-inch diam-

eter outer conductor (actually a part of a large diameter

solid coax), for frequencies up to about 20 MHz. This outer

conductor can be up to three or four feet long. Above

20 MHz, it is necessary either to shorten the length of

this fixture to about 10 inches, or rely on certain correc-

tion factors presented in Appendix A. For the practicing

engineer, the shortened test fixture is the recommended

approach qince computational correction can be tedious and

';ubject to error at certain "pole" and "null" frequencies.

Type N connectors have been employed successfully for many

measurements. Certain sheath designs may introduce inter-

face problems at the connector, such that soldering the

sheath directly to the backshell of the connector or di-

rzctly to the fixture is required. Note the RF gasket and

clariips used to attach the end pla Le to the cylinder. All

the ')arts are eas' " to obtain and are also easy io assemble.
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Surface transfer impedance measurements can be performed

at specified frequencies using the setup shown in Figure 9-2.

In this mode, the most important instrument is a tuned RF

voltmeter or field intensity meter with microvolt sensitiv-

ity. Examples are the NM20B, the EMC 25, and the NF105,

which are radio receivers manufactured by Empire Devices,

Fairchild, and Stoddart, respectively. A more automatic

system can be assembled using a swept frequency generator

and a network analyzer. The latter subtracts the logarithms

of the input current and the induced voltage, giving the

log of ZT. The phase of ZT can also be determined. An

example of a swept frequency system is shown in Figure 9-3,

using the Hewlett-Packard 8601A generator/sweeper and the

8407A network analyzer. The output of the current probe

goes to the reference channel and the induced voltage is

measured at the test input. In general, the swept fre-

quency system is recommended over a discrete frequency one

since the data, which includes both the amplitude and the

phase, is acquired quickly in permanent form (i.e., a

photograph).

The International Electrotechnical Commission (IEC)

recommends a triaxial fixture similar to the one described

for the preferred test procedure but with the shorted test

cable termination replaced by a matched load. There is no

particular advantage to this. Note that the IEC test pro-

cedure specifies a test fixture which is very difficult to

construct and use since the test cable is soldered into

the fixture.

A quadraxial test fixture has not been recommended

for general purpose tests. Both radial electric field and

sheath current coupling occur simultaneously--a result of

the matched terminations used in this test fixture. However,

the values of ZT and YT can be determined using two inde-

pendent measurements (see Appendix A). When using the
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quadraxial test fixture the characteristic impedances of

each pair of conductors must be used or correction factors

applied (see Appendix A). For frequencies up to at least

10 MHz, the overall accuracy with which ZT (and especially

Y T) can be determined using a quadraxial fixture often is

inferior to the results obtained with the recommended f ix-

tures. In the case of high-performance cable with very

good optical covering factors (>95%), the quadraxial test

fixture should give satisfactory measurements of transfer

impedance for all electrically short test conditions.

9.3.3 Precautions

The equipment used for the surface transfer impedance

measurements should be calibrated. For the swept frequency

system the basic calibration is to replace the test fixture

with a 50 2 termination as in Figure 9-4. The network

analyzer is then adjusted to read 0.5 Q2 and 0 0 of phase

angle at low frequencies. Since the measured voltage is

attenuated by 40 dB, the calibration is in effect 0.5 Q.

The frequency response of the network analyzer should be

flat over its full working range. If this is not the case,

simple corrections can be applied to the cable data based

on the measurements of the 50 '2 termination. Discrete fre-

quency systems are somewhat harder to calibrate primarily

because they are not designed to have a linear or logarith-

mic response to all frequencies.

It is very important to use well-shielded intercon-

necting cables, such as RG-55B/U, to keep stray pickup

at a minimum. In its nominal impedance measuring mode,

a network analyzer is noise limited at a fraction of an

ohm, but for surface transfer impedance measurements using

the arrangement shown, the noise level is about 0.1 mQ.

With careful selection of components for the fixed fre-

( quency mode, measurements can be made at the 10 po~ level.
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VI

An excellent check of the noise level is to measure a cable

with a piece of copper tube as the shield. (For example,

use RG-9B/U cable inside a 3/8" pipe.) The use of type
N or equivalent connectors is strongly recommended since a

bayonet connector such as a BNC increases the system noise

level to about 1.0 mQ.

9.3.4 Data Format

The basic data to be recorded are the magnitude and the

phase of the surface transfer impedance as a function of

frequency. Measurements should be made over at least a

two-decade frequency range from 100 kHz to 10 MHz. In this

range significant changes in ZT are observed usually. For

typical braided cable shields, ZT is constant below 100 kHz
and is increasing monotonically at 10 MHz. However, to

better cover the EMP spectrum, measurements should be

extended down to 10 kHz and up to 100 MHz. Above about

15 MHz the sample is no longer electrically short compared

to the wavelength of the current. This requires the use

of either a shorter test fixture or the methods described

in Appendix A. Numerical data should be tabulated at log-

arithmic intervals; for example, at 0.125, 0.25, 0.5, etc.,

MHz. Graphically, the data should be presented as log ZT

and 0T vs log frequency.

For the purpose of illustration, surface transfer

impedance measurements have been made on samples of RG-8A/U,

RG-9B/U, and RG-58A/U. All are 50 Q coaxial cables;

RG-8A/U and RG-58A/U each have a single braid layer while

RG-9B/U has a double layer of braid. Figure 9-5 shows the

magnitude and the phase of ZT from 0.1 to 10 MHz for two

samples as measured with the network analyzer. Note the

wide dynamic range of the display. The magnitude data has

been plotted on a log-log scale in Figure 9-6. Also shown

on this figure is the transfer impedance of a thin solid0
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wall sheath and the impedance of various inductors. These

typical measurements show that the surface transfer impedance

of ordinary braided shielded cables increases linearly with

frequency above one or two M]-z. Thus Z T can be represented

by the empirical equation

Z T = R T + je.MT (9-11)

where RT is the low frequency value and M represents a

mutual inductance between the interior and the exterior of

the braid. The negative sign in this equation applies for

single braid cables and the positive sign for double braids.

For the cables tested, the variation in R T from 4 to

15 rt /m can be attributed to differences in the quantity

of copper in the braid. For the cables with a single braid,

a typical value for M.T is 1.0 x 10- h/m, while for the
double shield cable MTis about 2.0 x 10-l1 h/m.

9.3.5 Time Domain Measurements: An Alternate
Procedure

The determination of the real and the imaginary parts

of the surface transfer impedance in the frequency domain

requires either measurements at a large number of frequency

points or a soph-*sticated swept frequency network analyzer.

On the other hand, by working in the time domain, it is

possible to obtain a crude quantitative estimate of Z T' A

pulse is applied for which the sample is electrically short

at the highest significant frequency. The response of a

cable to this test pulse then consists of an initial and

final spike attributed to the mutual inductance component

of Z T and a plateau which is related to a purely resistive

component. Thus, it is possible to obtain quantitative

estimates for the two constants in the empirical equation

Z T = RTr ± jwMT (9-12)

which often characterizes the transfer impedance in the EI4P

frequency range.
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Time domain measurements of the surface transfer im-

pedance can be performed with the experimental setup

shown in Figure 9-7. The signal induced on the test cable

and the pulse waveform are recorded directly on an oscil-

loscope (Tektronix 454 or similar). The pulse generator

output goes through a 50 1-. series impedance and current

probe (Tektronix Model CT-2) to the reference channel in

the oscilloscope. It is necessary to terminate the cable

from the test cable output to the oscilloscope in 50 12 so

that the observed induced signal does not ring at high

frequencies. An appropriate pulse has an amplitude of 1.0

ampere and a duration of 2.4 microseconds.

In Figure 9-8, for example, the observed plateau re-

sponses are 5.5 mV for RG-8A/U and 17 mV for RG-58A/U.

Thus the resistive component, R T, is estimated to be 5 m2/m

and 15 m.2/m for these two coaxial cables (R = 1.14 in).

These results compare very favorably with the measurements

in the frequency domain at about 200 kHz, the lowest fre-

quency in the test pulse. The rate of rise for the pulse

is 10 7 a/sec and the rate of decrease at the end of the

pulse is approximately 2 x 10 7a/sec. The cables have an
initial spike with amplitudes of 10 mV and 20 mV from which

estimates of 9 x 10- 10 h/m and 1.8 x 10- h/m are made for

the mutual inductances. Again, these results agree quite

well with the model M, ,s at a frequency of about 2 MHz cor-

responding to the highest frequency in the test waveform.

Note that the negative initial voltage spike correlates

with the observed -90 0 phase angle which is characteristic

of a negative mutual inductance.

The problem with this method is that Z T is essentially

measured in only two broad frequency bands. By changing

the pulse width or the rise time, the frequency of a band

may be changed. However, it is very difficult to accurately

reproduce the detailed Z T data that is easily acquired using

a swept frequency measurement.
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9.4 Surface Transfer Admittance Test Procedure

for Cbe

9.4.1 Scope

The radial component of the electric field can partially

penetrate through the braid of cable shields. This is

especially true of shields which do not have an optical

coverage near 100 percent. The model for this mode of

penetration is a distributed shunt current source whose

magnitude is given by the product of the transfer admittance

and the applied radial electric field. The recommended test

procedure applies a known radial electric field to the outer

conductor of a coaxial cable. Frequencies between 100 kHz

and 10 MHz are used.

When a cable is illuminated by an EMP waveform with a

transverse electric field component, there is a net radial

electric field at the shield. A transmission line analysis,

similar to that employed for sheath current coupling but

with distributed shunt current sources, can be used to

predict the waveform at the ends of the cable.

9.4.2 Test Equipment

Again the sample of cable goes in a triaxial fixture.

The radio frequency signal generator is connected to both

ends of the outer coaxial line. The radial electric field

at the cable sheath is

E r =Q/ (2ircak) (9-13)

where Q is the charge on the sheath, a and k are its radius

and length and _is the permnittivity of free space. How-

ever the charge is directly proportional to the product of

the capacitance, C, of the outer coaxial line and the applied

voltage, V'. Since

C = 2rrtY/ln(b/a) (9-14)
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where b is the radius of the outer cylinder, the radial field
is

Er = V'/(a ln(b/a)) (9-15)

This radial electric field gives rise to a shunt current, I,

and produces a voltage, V, which appears across the combined

parallel impedance, Z, of the measuring equipment, Zin , and

the total cable capacitance, Cc . Thus the equivalent cir-

cuit is I+
Ccf "' V

I = YT Er r

and the current is given by

V1I V + jwCc  (9-16)

in

Substituting Equations (9-15) and (9-16) into (9-8) yields

for the surface transfer admittance

- Va 1 + (9-17)YT = VrnT /a 7 + jC c

in

To minimize the stray external capacitance, one end of the

coaxial cable being tested should be connected to the mea-

suring equipment with a short shielded cable and the other

end left as an open circuit but capped by an end-shield

(see Figure 9-9).

Some current will flow along the cable sheath as volt-

age on the cylindrical capacitor formed by the sheath and

the outer cylinder changes. Connecting both ends of this

cylindrical capacitor to the signal generator reduces the

sheath current. At frequencies below 10 MHz there usually

is no significant signal as a result of sheath current

coupling. At higher frequencies, these two coupling modes

must be considered together as in Appendix A.

9-30

Ad'



00

4-1

0 o 4-1

C $4.I

o - .; (D 0 (n 0c

~~0)

0 0 c

CUU

C:J

00

O*

U.U

cr 't

CL la 14

CID :3

00

9-314

.A-



Specific instrumentation which can be used for this test

procedure is shown in Figure 9-9. The swept frequency signal

generator and network analyzer are the same ones used for

the measurement of ZT. The signal goes to the reference

channel input through a 40 dB attenuator. If a 100:1 resis-

tive divider is used, there will be more voltage on the cy-

lindrical capacitor than with a 50 , input impedance atten-

uator. The induced voltage goes directly into the 50 i

test channel input. These measurements can also be performed

with a tuned RF voltmeter. A calibrated radio receiver can

be used such as the NM20B, the EMC 25 or the NF105 which

are made by Empire Devices, Fairchild, and Stoddard, respec-

tively. New insulation ends for the test fixture are

needed. Note that the outer cylinder of the test fixture

has a three inch diameter and is connected to the center

conductor of the cable from the signal generator. Since

the sample cable shield is the common ground for the system,

it is a good idea to provide an additional ground strap,

which is parallel to the signal cable, between the ends of

the fixture. This function could also be performed by the

outer conductor of a quadraxial test fixture.

9.4.3 Precautions

Several precautions have already been mentioned; namely

the ground strap, driving the cylindrical capacitor from

both ends, the resistive voltage divider, and the short cable

for the induced signal. Calibration of the system is im-

portant. With a swept frequency analyzer, the generator

output is fed into both channels through 40 dB attenuators

and adjusted for zero amplitude and zero phase. For dis-

crete frequency systems the calibration is more time con-

suming since such systems are not designed for identical

response to all frequencies.
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I Using well shielded cables and good electrical con-
tacts are important. With some care induced voltages can

be observed which are about 125 dB below the applied volt-

age. This is equivalent to a transfer admittance of about

3 x 10- 10 mhos/m. Again the noise level can be checked

using a solid copper shield.

9.4.4 Data Format

The basic data to be recorded are the magnitude and the

phase of YTas a function of frequency. The observed volt-

age ratio must be multiplied by the other factors in

Equation (9-17). Measurements should be made over the two-

decade frequency range from 100 kHz to 10.0 MHz. In this

range Y T generally increases linearly although the observed

V/V, ratio may fall off due to the cable capacitance.

Ideally data would be taken from 10 kllz to over 100 MHz.

However, this is not easily accomplished since below 100 kHz

the signal is generally too small to be measured and above

10 If1iz the recommended fixture is too long. If the con-

tributions by Z T and Y T are about equal then both can be

determined above 10.0 MHz using the methods suggested in

Appendix A.

Numerical data could be tabulated at logarithmic inter-

vals; for example at 0.10, 0.31, 1.0, 3.1, and 10.0 M4Hz.

A graph of log 'ITT' and its phase could be drawn as a func-

tion of log frequency. Figure 9-10 shows data taken on

RG-8A/U which has a single layer of braided shield with

about 95 percent optical coverage. For this cable the in-

duced signal is below -120 dB up to a frequency of 1.0 MHz.

The phase angle is constant at +90 0. Log JYT vs log fre-

quency is plotted in Figure 9-11. A linear relationship

between JY T I and frequency is apparent. Also shown is the

surface transfer admittance of the outer braid of a tri-

axial cable (Belden 8232) which has 80 percent optical
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coverage. The inner braid and outer braids were the center

conductor and shield of a very low characteristic impedance

coaxial cable. The observed pickup is much larger. The

roll off at frequencies above 1.0 MHz is caused by the high

cable capacitance (about 10-9 farads).

Considering the simple uncomplicated behavior of YT

vs frequency, the data reporting can be greatly simplified.

All that is required is the value of YT at a specific fre-

quency, woo say 1.0 MHz, and the value at any other fre-

quency, w, can be determined from the simple relationship

YT(w) = YT(wo) (W/Wo) (9-18)

The phase is +900 so an alternative way of specifying YT

is to compute the equivalent capacitance, CT so that

YT(w) = jwCT  (9-19)

For the two cables tested, the model capacitances are:

Cable CT

RG-8A/U 5.0 x 10-17 farads/meter

Be!den 8232 2.2 x 10- 15 farads/meter.
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9.5 EqiaetB-dot (B) Area Test Procedure

9.5.1 Scope

The equivalent B area is measured by placing a short

length of coaxial cable in a magnetic field generated by

either a parallel-plane transmission line or a solenoid.

The induced voltage which appears between the conductors

of the coaxial cable is the direct result of a time varying

magnetic field penetrating the outer conductor or shield

and acting on an equivalent area. This area can be due

to a number of geometric factors including separate axes

for the inner and outer coaxial cable conductors, a twisted

pair center conductor, and spiral-wrapped shields.

Measurements should be made over a wide frequency range

beginning at about 1.0 kHz and extending beyond 100 kHz.

At the lowest frequencies the response will be determined

largely by the cable design and the manufacturing tolerances.

The equivalent area generally decreases with increasing fre-

quency when the cable sheath can become effective in reducing

the magnetic fields within the cable. Since neither the

geometric or the magnetic shielding properties of cables

can be treated analytically, an experimental measurement

following the recommended test procedure is the best way

to characterize cable response to magnetic fields. However,

this procedure, as described, applies only to shields for

which the attenuation is independent of the amplitude of the

magnetic field. Many ferromagnetic materials violate this

constraint.

9.5.2 Test Equipment

The cable sample is placed in a uniform magnetic field.

Such a field can be found inside a large solenoid or between

the plates of a parallel-plane transmission line. In the

5 transmission line, both E and H fields exist so that both

types of pickup may occur simultaneously. Ideally, when
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the cable is placed flat on one of the plates in the line

and is pointed in the H or P direction, there will be only

axial or loop pickup from the 11-field, respectively (the P

direction is the direction of propagation). Axial currents

induced on the line may introduce transfer impedance pickup

if cable ends are grounded to the plate. A spherical coil

could also be used; it minimizes the energy requirement and

the field fringing but is more difficult to construct.

Due to the geometric factors governing magnetic field

coupling, it is not possible to predict which cable orienta-

tion will produce the largest induced voltage. Thus it is

necessary to provide for rotating the cable sample for maxi-

mum signal pickup or to measure the pickup at orthogonal

orientations. The length of the test cable should be approx--

imately one meter, so the dimensions of the structure for

generating the magnetic field must be several times larger,

but still about room size. To minimize spurious effects and

eliminate field perturbations a non-hardwire fiber optic

telemetry system is recommended for relaying the induced

voltage from one end of the cable to the tuned RF voltmeter.

Both ends of the cable should be terminated in the charac-

teristic impedance.

No specific recommendations are given concerning the

geometry and instrumentation to be used for generating the

uniform magnetic field. The non-hardwire telemetry system

should have low noise and wide bandwidth and operate on

battery power. A calibrated radio receiver, such as the

NM20B or the EMC 10, can be used as the tuned RF voltmeter

to determine the amplitude of the induced voltage. The

amplitude of the magnetic field can be determined using the

same RF voltmeter to measure the voltage generated in a

small coil. The magnetic field can then be monitored by

measuring the input to the field generating structure.
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9.5.3 Precautions

The RF voltmeter and the fiber optic telemetry unit

must be well-shielded from both magnetic and electric

fields. Both of these instruments must be well-calibrated.

The overall noise and sensitivity of the system is deter-mined

by the rate of change of the magnetic field and either the

sensitivity of the RF voltmeter, the noise in the telemetry

link or leakage into the system. The best results are ob-

tained by decreasing the voltmeter bandwidth and using good

shielding, a low noise preamplifier in the telemetry unit

and the largest practical amplitude for the magnetic field.

A good check on the noise is to use a triaxial cable that

is inside a piece of iron pipe.

9.5.4 Data Format

It is recommended that data be taken from about 1.0 kHz

to over 100 kHz at logarithmically spaced frequencies. If

it is possible to make measurements above 100 kHz, this

should be done. However, at these frequencies, it is dif-

ficult to expose the cable to a uniform magnetic field and

to exclude other coupling modes, including those associated

with electric fields, which contribute to the observed signal.

Thus, data above 100 kliz are useful onLy if it can be

demonstrated that the dominant source is magnetic field

penetration.

All data should be reduced to effective areas using

Equation (9-10) and tabulated. A graph should be prepared

on log-log paper of A e as a function of frequency. Either

the cable orientation should be varied for maximum pickup or

data should be taken with orthogonal cable positions and

the maximum signal determined by taking the rms value.

Typically, Ae decreases at higher frequencies as the

ability of the cable shield to attenuate magnetic fields

I improves. There is no analytical model for the behavior of

Ae with frequency which could be illustrated with sample data.
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9.6 Test Procedures for Coaxial Connectors

9.6.1 Scope

Connectors can sometimes be an important source of

EMP pickup This discussion of test procedures for con-

nectors will cover sheath current coupling which is again

characterized by the surface transfer impedance ZT. In

the case of well-designed* coaxial connectors, the trans-

fer admittance and B-dot coupling mode are not expected

to be important. The test procedures described below

apply to coaxial connectors including the backshell to

braided cable shield connection. The frequency range of

primary interest is 100 kHz to over 10 MHz with extensions

to 10 kHz and 100 MHz being of secondary concern. These

procedures apply only to coaxial connectors whose pickup

is linearly related to the sheath current.

A current, I, is injected along the connector sheath

and through the backshell to braid interface. The voltage,

V, induced along the sheath is measured and ZT calculated

by dividing V by I at each frequency. ZT can be measured

in the frequency or time domain. Because the test pro-

cedures for coaxial connectors are very similar to those

for coaxial cables, many of the details which can be found

in Section 9.3 are not duplicated here.

9.6.2 Test Equipment

The connector tests can be performed in the triaxial

test fixture described in Section 9.3.2. The Lonnector

(or several connectors) is attached to a cable in the

normal manner. Then a piece of solid copper tube is placed

over the cable and soldered to the cable shield. This is

done so that the cable shield makes no significant con-

tribution to the observed signal.

*This implies a continuous coaxial type backshell. Both
sides of the connector should not exhibit apertures and the
interior design should be axially symmetric. The wall thick-
ness should be at least 0.05 of an inch thick.
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A simple alternative is to place uniformly connecting

clamps on the cable shield which are very close to the con-

nector. The signal generator output is connected to the

two clamps to provide the required current on the shield.

The voltage between the center conductor and the shield is

observed on one side of the connector and the other end is

shorted.

The drive current is measured with a current probe.

Test equipment (i.e. , signal generator and tuned RF volt-

meter, network analyzer or oscilloscope) requirements are

identical to those for the cable test procedures. See

Section 9.3.2 for more detail on the frequency domain test

and Section 9.3.5 for the time domain discussion.

9.6.3 Precautions

It is important that well-shielded interconnecting

cables such as RG-55B/U be used. The noise level is about

0.1 nL. for the swept frequency system and with care is lower

for a discrete frequency setup. The system noise can be

determined by replacing the connector with an equivalent

length of copper tube soldered to a cable. Calibration

is to be performed using a 50 Q2 termination as described

in Section 9.3.3.

9.6.4 Data Format

The basic data to be obtained are the magnitude and

the phase of the surface transfer impedance as a function

of frequency. When using a swept frequency system, measure-

ments should be made over at least a two-decade frequency

range from 100 kHz to 10 MHz. In this range significant

changes in Z T may be observed. Numerical data should be

tabulated at logarithmic intervals; for example, at 0.125,

0.25, 0.5, etc., MHz. Graphically, the data should be

presented as log Z T and 4 T vs log frequency. With a time

Ad 
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domain measurement it is possible to obtain quantitative

estimates for the constants in the empirical equation

ZT = RT + jWM T (9-20)

which often characterizes the surface transfer impedance

in the EMP frequency range.
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10. UNIFORM4 TEST PROCEDURE FOR SHIELDED E1NCLOSURES

10.1 Introduction

A shielding enclosure is a completely enclosed thin

wall structure used to suppress an electromagnetic field

either outside or inside the structure. A high-performance

shielding enclosure is constructed of very high conductivity

and sometimes of permeable materials in such a way that it

is capable of suppressing, by orders of magnitude, electro-

magnetic fields. It is usually constructed from metallic

conducting sheets or screens with provisions for continuous

electrical contact between sheets, screens, and other fea-

tures, such as doors. Its function may be to provide an

EMP-field-free space for sensitive electronic equipments,

or to contain the intense fields associated with a high

level pulse source.

One of the purposes of the series of test procedures

described here is to establish a uniform basis for comparing

the relative shielding effectiveness of different enclosures.

The tests are designed to be conducted within typical labora-

tory areas using conventional, readily available equipment.

The use of readily available laboratory equipment limits

these procedures to narrow band characterization. Wide

band and pulse illuminating facilities, including EMP simu-

lators, are not easily constructed and those that have been

built at government and contractor facilities are not gen-

erally available, except for the testing of specific critical

systems. The procedures are restricted to trailer size and

somewhat smaller enclosures. For either larger structures

such as buildings, or very small enclosures, such as cabi-

nets, these test procedures form a useful guide.

As such, these procedures are aimed toward evaluating

the shielded enclosure as a component, or a shielded en-

closure door and sill. These test procedures have the

following special uses:

10-3



1. They provide the design engineer with a useful

technique to assist him in evaluating the rela-

tive performance of shielded enclosures and

related elements, such as doors, and sills, which

can only be evaluated in situ.

2. For critical situations, the test procedures can

be used as a guide for evaluating the electro-

magnetic responses of the shield to other environ-

mental conditions, such as vibration and corrosion.

3. The results of detailed tests across the frequency

band of interest provide the system interaction

analyst with experimentally developed data which

is of assistance in analytically modeling the

transient behavior of the shield.

4 . Shielded enclosure and shielded door supplier may

employ the procedures in hardware design improve-

ment and in data sheet sales literature.

5. Those conducting quality control or part acceptance

tests can use the procedures as a guide for simple

quick-look evaluations.

6. Those assessing the degradation of performance

with age may use the procedures as a guide to

measure shielding performance degradation.

7. Those concerned with very large shielded struc-

tures, or very small enclosures, may use the

procedures as a guide for test procedures unique

to the system enclosure.
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4 10.2 General Background on Shielded Enclosures

10.2.1 Characteristics of Shielded Enclosures

The ideal behavior of shielded enclosures is controlled

by the wall thickness and the electromagnetic parameters

of the shielding material. With the exception of audio

frequency 1l-fields or very light-weight shields, the EMP

performance is determined by other factors. Typically, the

controlling factors are the defective joints or bonds which

generally appear at the interconnection between the conduc-

ting sheets, or the apertures which occur in vents (see

Section 8) or between a door and sill. Still another prob-

lem is the penetration of wires and cables into the walls.

of an enclosure.

The effects of low frequency magnetic and electric

fields can be considered separately where the enclosure

size is quite small compared to the smallest wavelength of

interest. When this is not the case, the combined effect

of both components must be considered.

In the frequency range below 10 kHz, the magnetic field

shielding effectiveness is controlled by the thickness,

conductivity, and permeability of the walls. The greater

these values, the lower the "turning point frequency."

Below this frequency, the shielding is very small and above

it the shielding increases with increasing frequency. For

idealized enclosures, as the frequency is further increased,

the performance improves greatly (because of the "skin ef-

fect") to a point where penetrating fields are not measured

easily. For practical enclosures, the performance increas-

ingly tends to become independent of frequency until enclo-

sure or aperture resonances are encountered.

In the case of low frequency electric field penetra-

tions, an idealized enclosure having a metallic wall thick-

ness in excess of 0.001 inch exhibits such good performance
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that it is very difficult to measure any appreciable penetra-

tion. In the case of practical enclosures, the electric field

penetration in the low frequency region is controlled almost

entirely by defects, bonds, apertures, or cable penetrations.

Most high-performance enclosures can be made to exhibit very

good electric field performance. In addition, effects of

electric field coupling to equipment are often small or
insignificant in this low frequency region. Therefore, elec-

tric field penetration measurements are not of general interest
and should be considered only where very unusual suscepti-

bilities to low frequency electric fields can occur.

One is often not interested in the nonlinear behavior

of the electromagnetic parameters of the shielding material.

In this case, single-frequency tests provide reasonable esti-

mates of performance. However the specific CW excitation

level may change the permeability and shield effectiveness.
Intense excitation levels with a high low-frequency content

and thin wall enclosures employing highly permeable materials
are likely to exhibit saturation effects. These test proce-

dures can be supplemented by tests employing fields and currents

similar to those that might be experienced during an EM? event.

10.2.2 Performance Criteria

The performance of the shielded enclosure generally is

specified in terms of "shielding effectiveness," which is

defined as the ratio of the fields without the enclosure being
present to the field with the enclosure installed. This con-

cept is satisfactory only for monochromatic (CW) fields. This

shielding effectiveness also must be qualified in terms of a

measurement procedure, such as how the enclosure was illuminated,

the amplitude of the illumination, the divergence of the illum-

inating fields, and the position of the sources and sensors. As

such, the concept or criterion must be regarded as an "inser-

tion-loss" criterion, dependent on the method of measurement.
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Pulse response tests would be highly desirable, but

appear extremely inconvenient to implement on a laboratory

basis except for the smallest of enclosures. Moreover, very

accurate measurement of both illuminating and penetrating

waveforms would be required to characterize analytically the

response over a wide frequency range. Measurement of peak

pulse value of rate-of-change of peak value might prove worth-

while, but would require selecting a test waveform, redefining

criteria, and large illuminating structures. The required

illuminating structures and associated pulse sources are

available, even for room or van size enclosures. These

illuminating structures require taking the enclosure to be

tested to the simulator.

Where pulse waveform penetration of restricted regions,

such as small apertures in the wall of the shielded room,

is of interest, the procedures for vents given in Section 8

can be extended to evaluate penetration effects for wide

spread spatial distributions of apertures by employing a

two plate or triplate line field exciter which uses the wall

of the enclosure as one of the conductors as shown in Figure

8-3 of Section 8. Such test procedures are not commonly

employed and appear to be of a special purpose nature.

Another test method which has acquired wide use mea-

sures the magnetic field penetration of a single 14F fre-

quency (usually about 100 kHz) near the seams. While such

a procedure is useful during assembly of an enclosure, it

has been shown to omit sensing some of the more obscure,

but no less important, penetration modes.

Other criteria must also be considered; it is assumed

that most systems which are EI4P hardened by exterior shields

would employ a single-point interior ground. Where this is

not the case, the possibility of wall potentials developing

between separated grounding points must be considered.

10-7



No procedure is provided for the measurement of wall poten-

tials. Other specialized criteria exist; such as, the con-

version of exterior quasi-static electric fields into interior

magnetic fields, or, conversely, exterior quasi-static mag-

netic into interior electric fields. These two are--by past

experiences and current practices--generally not considered.

Another consideration is the degradation in performance

with age and other environmental factors. These must be

considered on a specific basis.

It should be emphasized that shielding performance,

except for the lowest frequencies or where weight and size

are at a high premium, is either very good or very bad.

This arises because the performance is controlled by defects.

Thus, the major efforts should be to control these defects.

These are best revealed by measurements made in the UHF

band. The measurement results of this procedure--as well

as any other recognized test procedure--are "insertion loss"

tests; that is, they produce accurate results only for simi-

lar test situations. Therefore, some "safety margin" may

be desirable if shielding effectiveness performance becomes

a critical factor.

10.2.3 Definitions

In general, fields penetrating a shielding enclosure

arise from both the electric and magnetic components of the

electromagnetic energy impinging upon the enclosure. If

the penetrating magnetic or electric fields are measured

separately, each can be demonstrated to be a function of

both the electric and magnetic components of the impinging

waveform. In addition, the applied fields are altered

radically in penetrating a high-performance enclsoure, and

the measured penetrating waveforms are affected by the posi-

tion of the sensor. As a consequence, measurement results
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are highly sensitive to the test procedures employed, and

simple amplitude ratios between any external and internal

electric field vectors (or the magnetic field vectors)

alone do not correctly characterize the shielding phenom-

enon. For similar considerations, simple measurements of

power flow ratios in the conventional sense cannot be em-

ployed without reference to a standardized test procedure.

As a result, a definition of a measure of enclosure per-

forinance is set forth and must be associated with a specific

test and procedure. This measurement is termed "shielding

effectiveness."

In the low-frequency region (200 Hz to 20 MHz), shielding

effectiveness* can be expressed by

SH = 20 logl 0 (HI/H 2 ) (10-1)

where

1I1 = magnetic field in absence of enclosure

H 2 = magnetic field within the enclosure.

For the UHF range (300-1000 MHz), the shielding ef-

fectiveness* is expressed by

SE = 20 logl0 (E1 /E2) (10-2)

where

E1 = electric field in absence of enclosure

E2 = electric field within the enclosure.

10.2.4 Type of Tests

10.2.4.1 General Procedures

Uniform procedures are provided to determine the con-

tinuous wave effectiveness over frequency ranges from 100 Hz

to about 20 MHz and from 300-1000 MHz. Where only a general

*NOTE: This definition applies only to a specific measure-
ment procedure described in subsequent sections.
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estimate of effectiveness is desired, single frequency tests

are reconmmended within three standard frequency ranges:

14-16 kflz

13-18 MHZ*

850-950 MI~z*

Measurement results for these three standard frequency

ranges form a uniform basis to compare the performances

of various shielding enclosures.

For the lower frequency ranges (100 Hz to 20 MHz),

magnetic loops are employed. In the the UHF range (300-1000

MHz), dipoles are employed.

In the lower frequency ranges, tests using both small

and large loops are employed. The small-loop test pro-

cedures simulate, in some degree, the fields from sources

near the enclosure walls. This test also provides an in

situ measure of the effectiveness of certain constructional

features, such as bonds between adjacent panels or gaskets.

This procedure may also be used to measure the effectiveness

of shielding doors. The small-loop test procedure covers

the frequency range from 100 Hz to about 20 MHz.

The large-loop test procedure simulates, in some de-

gree, a magnetic field encompassing the entire enclosure.

As such, it provides a measure of the overall performance

in the low-frequency region from 100 Hz to 200 kHz. Pro-

visions for two large-loop tests are made, but the one in-

volving the entire enclosure, where access to all walls of

the enclosure is possible, is recommended. Where limited

access exists, an alternate test is delineated which re-

quires access to only one wall.

For the UHF range (300-1000 Mliz), dipole-to-dipole

tests are delineated. The effect of a nearby source on all

*Frequencies employed for dielectric heating or cooking are
desirable, (I S M Frequencies).
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portions of accessible wall areas is determined by one test

procedure. The effect of distant sources is assessed by

combining measurement results on all accessible portions

of the enclosure.

The single-frequency measurements in the three above-

mentioned recommended frequency ranges should provide a

good guide for the relative performance of enclosures, or

doors, in all ranges. However, tests using other frequencies

pertinent to the specific installation should be considered.

No recommiended test procedures are noted for frequencies

between 20-300 KHz, owing to the sensitiveness of the test

results to small variations in measurement procedures.

Large resonant type antennas are required. Enclosure cavity

resonances in this region, as shown in Figure 10-1, often

give rise to uncorrelatable results. Where tests in this

region are desired, the practices noted for the small-loop

tests or the UHF tests may be used as a guide.

10.2.4.2 Low-Frequency Loop Tests

The preferred large-loop test immerses the shielding

enclosure in a magnetic field oriented to induce appreciable

components of current throughout the shield. In the large-

loop test, a significant portion of the seams is subjected

to shielding currents by encircling the enclosure with a

transmitting loop in order to obtain a gross measure of

performance. The magnitude of the magnetic field generated

at the center of this loop is determined indirectly from

a measurement of the loop current and the enclosure dimen-

sions; whereas the resulting field at the center of the

enclosure is measured directly. A supplementary benefit

of the test setup is the ease with which some of the shielding

defects can be located by an exploring loop. To minimize

effort, only one large-loop position is recommended as a

r basis for a uniform measurement procedure. A more complete
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test would use this procedure as a guide and might employ

at least three loop positions in planes approximately per-

pundicular to each other. The large-loop test may be modi-

fied to measure the pc(rformance of very small enclosures.

The large-loop test procedure is usable anywhere in the

frequency range from 0. 1 kHz to 200 kifz.

The small-loop test, insofar as it is practical, evalu-

ates the performance of the enclosure to sources near the

enclosure walls. It is especially useful to determi.ne,

on a separate basis, performance of doors and sills as well

as of enclosure seams and bonds. The small-loop test pro-

vides a uniform test procedure from 100 Hz up to about

20 Mhz (instead of an upper frequency of 200 kHz, as for

the large-loop tests).

10.2.4.3 UHF Tests

To simulate the effect of nearby sources, a UHF test

procedure is provided to measure the shielding effectiveness

of a. portion of the surface of a typical room-sized enclo-

sure, having a height not exceeding 3 meters. The effect

of a distant source is assessed by combining the results

of tests on all accessible portions of the enclosure. The

UHF test procedures are designed to measure, insofar as

possible, the general overall performance of the enclosure

in the UHF region, and to assess the lower frequency per-

formance in the 20-300 MHz range.

Since the general performance of an enclosure is often

a function of certain constructional features, such as seams,

bonds, or doors, the UHF test procedure may be used, on

a preliminary basis, to evaluate the relative effectiveness

of these constructional features. For many enclosure

designs, measurements of seam, door, or bond performance

can also be made in the 100 Hz to 20 MHz region using small

loops. However, many shielding experts regard the UHF test

as more rovealing of the presence of apertures and other

defects.
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UHF test procedures are provided for a frequency range from

300 14Hiz to 1000 M4Hz. In all cases, the frequency range of the

source must be chosen to be well above the lowest natural

resonant frequency of the enclosure. For a rectangular

parallelepiped (the usual shape of the enclosure), the

lowest natural resonant frequency, provided the width, w,

is small compared with the height, h, or the length of the

longest side wall, 9, is approximately given as:

15 h+ (10-3)

where f r is in M4Hz, and h and 9, are in meters. Alterna-

tively, this frequency may be'obtained from Figure 10-1.

The UHF test procedure may be modified to evaluate

the performance of very small enclosures. If a frequency

is selected in the 900-1000 111Hz region, small exciters and

sensors are possible. The small size permits ease of in-

stallation of the sensor within the enclosure.
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10.3 Large Loop Test

10.3.1 Test Equipment and Setup

All signal sources, pickup devices, and measuring equip-

ment, as well as their arrangement with respect to the

shielding enclosure, shall be in accordance with the following

paragraphs and Figure 10-2.

10.3.2 Source of Magnetic Field

The test magnetic field is generated by current in a

large planar loop encircling the enclosure at a spacing of

at least one inch from the outer shielding material. Such

a loop around a rectangular parallelepiped forms a parallel-
ogram. As shown in Figure 10-2, the obtuse angle vertices

are positioned away from the floor and ceiling by distances

C and D which are proportional to the horizontal distances

form the respective acute vertices:

C w 1h (10-4)

D ~ wh (10-5)

It may be noted that C = h - D and D = h - C. In these

equations, ', w, and h are the enclosure dimensions of length,

width and height respectively. The large loop consists of

a single turn of stranded, insulated copper wire, preferably

No. 18 AWG "hook-up" wire. The loop wire can be fastened

by means of rubber suction cups, masking tape, or both.

This wire can be fastened to the exterior surface of the

enclosure or to nearby objects, such as building walls, so

that the wire is at least 2.5 centimeters (1 inch) away

from the outer wall of the enclosure.
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In order to avoid obstruction of the door by the large

loop, a retractable cable such as a test prod lead or tele-

phone cord may be utilized as part of the loop at the jamb

edge of the door, as shown in Figure 10-2. For maximum con-

venience, the large-loop orientation can be selected so that

this cable is placed on the upper portion of the door.

A conventional one-watt output RC oscillator is usually

adequate to supply the loop current in the VLF band, provided
the impedance mismatch is minimized at the lower frequencies

by a step-down transformer, such as a universal output trans-

former. Higher power sources and resonant matching may be

required at higher frequencies. Current through the large

loop may be measured by the voltage drop across a known

carbon resistor or by using a thermo-ammeter, with a paral-
lel momentary-open switch to protect it against overload.

10.3.3 Detector

*The detector may be either a field-strength meter

equipped with a pickup loop for the measurement of magnetic

fields, or a combination of pickup loop and high input im-

pedance RF voltmeter. The detector should be capable of

indicating 300 microvolts.

For a field strength meter, the calibration and meter

readings are normally given in terms of an equivalent elec-

tric field Eeq2 on the basis of plane-wave propagation.

The corresponding magnetic field H2 is then obtained from

the expression

2 Ee = E2 (10-6)
2 -i 1

where ri is the wave impedance of free space, and for the

numerical form, H2, is expressed in amperes per meter when

Eeq2 is given in volts per meter.
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If a pickup loop, high-impedance voltmeter combination

forms the detector, the pickup loop should consist of 11

turns of closely spaced insulated wire on a 0.762 meter (30-

inch) diameter form. The ioop should be connected to a volt-

meter (or amplifier-voltmeter combination) of high input

impedance only. The input impedance must always be large

compared to the inductive reactance of the loop.

For the high-impedance voltmeter detector, the field

H2 in amperes-per-meter at the center of the enclosure is

given by

H Vidcd(10-7)
2 2irf 1Awj

and for the suggested loop, Equation 10-7 reduces to:

H2 = 2.5 x 10~ (4 fdd (10-8)

where

V induced = induced voltage in volts

f = frequency in hertz

N1  = number of pickup loops (11)

A = area of pickup loops (0.456 square meters)

PO ~= permeability of air (4ir x 10- henry/meter).

10.3.4 Preliminary Procedures and Precautions

Metallic equipment or metal-containing equipment, such

as internal cables, chassis, chairs, and cabinets, should be

removed prior to conducting tests. A power-line filter can

be used to supply energy for internal lighting and the

detection equipment, if large enclosures are being tested.

Where the enclosure is to be tested as a component, the

power line filter outputs should be capped with a shield,

and power be supplied by batteries and converters. All cables

and pipe entry points should be capped for shielding evalua-

tion of the enclosure itself.
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10.3.5 Basic Measurement Procedure

Both signal source and detector should be arranged as

shown in Figure 10-2. All the measurement equipment must

be connected and warmed up until stabilized. The detector

loop is positioned at the geometric center of the enclosure,

and the plane of this loop is oriented for maximum signal.

Both the signal source oscillator and detector tuning (if

tunable) should be adjusted to the measurement frequency.

The oscillator output is adjusted until adequate for

the measurement; the current in the transmitting loop can

be indicated by a thermo-ammeter. Currents on the order

of 20-200 milliamperes have been found satisfactory in the

VLF band.

With all shielding-enclosure entrances securely closed,

the detecting equipment is tuned to the source (if narrow

band) and the meter reading noted. The received field is

then calculated with aid of either Equation 10-6 for a field

strength meter or Equation 10-8 for a high-impedance volt-

meter.

10.3.6 Simulation of the Field in Absence of Enclosure

For the rectangular parallelepiped enclosure, the mag-

netic field H1 producei at the center of the loop by this

source can be calculated from

1 2
H 21 / (10-9)

1 TrWh 21
1 + ( )

where 1Il is expressed in amperes per meter when

I = coil current in amperes

h = enclosure height in meters

k = enclosure length in meters

w = enclosure width in meters.
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The relation given by Equation 10-9 is an approximation

which assumes a zero-diameter wire filament.

10.3.7 Data Reporting and Reduction

Shielding effectiveness is determined by Equation 10-1

from the results of 10.3.4 and 10.3.5. The positions or

conditions (e.g., capped) of all cables, power lines, and

other conductors normally entering the shielding enclosure

should be noted.
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S 10.4 Small Loop Test

10.4.1 Introduction

All signal sources, pickup devices, and measuring equip-

ment, as well as their arrangement with respect to the

shielding enclosure, should be in accordance with the fol-

lowing paragraphs and Figure 10-3.

10.4.2 Source of Magnetic Field

The test magnetic field is generated by current in an

0.30 meter (12-inch) diameter transmitting loop. The loop

may be constructed from a single turn of No. 6 AWG copper

wire. A conventional laboratory test oscillator is usually

adequate to supply the loop current by a suitable step-

down transformer such as a universal output-to-voice-coil

transformer in the VLF band. Higher power sources and

resonant matching may be required at higher frequencies.

10.4.3 Detector

The detector may be a field strength meter or a high

impedance voltmeter which measures the voltage induced in

a pickup loop identical to the 0.30 meter (12-inch) trans-

mitting loop.

10.4.4 Measurement Precautions

MIetallic or metal-containing equipinent, such as chassis,

interio~r cables, and cabinets, should be removed prior to

conducting tests. A power-line filter may supply energy

for internal lighting and the detection equipment, but a

battery supply (DC to AC converter) is preferred, along with

capping all exterior cable entry points.

Prior to making the measurement, especially for newly

installed enclosures, it is desirable to scan the available

areas of the enclosure in order to di sclose serious defects,

particularly those near seams. This is done by raising or
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4 lowering the source and receiving loops simultaneously, so

that the dimensions indicated in Figure 10-3 are held, while

noting the reading of the output meter for any significant

increase over or above that normally experienced. Worst-

case areas should be noted and a uniform measurement, inso-

far as possible, should be conducted and reported for these

areas as outlined in the following paragraphs. Tests should

be made to ensure that no case leakage exists at the meter.

When the detector pickup is disconnected at the case, or

when the loop itself is "shorted" near the excited detector

loop, the meter should read substantially below the smallest

measured value.

10.4.5 Measurement Procedure

The measurements are made using the configuration shown

in Figure 10-3 with transmitting and receiving loops coplanar,

and each spaced 0.305 meters (12 inches) away from a shielding

barrier in a plane perpendicular to a metal seam.

Measurement should be made near door contacts, panel

seams or joints, power-line filters, and air inlets. For

doors, small-loop tests are to be conducted at six loop

positions as indicated in Figure 10-4. The plane of the

loop is perpendicular to that of the door and panel being

tested, and perpendicular to the line of the door contact.

For the horizontal portion of the door, the loop should be

located equidistant from the edges. For the vertical con-

tact regions, the loop centers should be located one-third

the distance from either the top or the bottom. The top and

bottom vertical contacts should be tested as indicated in

Figures 10-4a and 10-4b, provided the facilities permit

such tests. Should the facilities preclude such tests,

loop positioning as indicated in Figure 10-4d should be

used.
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Wherever the shielding enclosure construction is dis-

con tinuous, tests should be made in the region of the

discontinuity or seam. Discontinuities include regions

where modular portions are joined together by a clamp or

bolt assembly, or by a soldered or welded joint. The tests

to be conducted are similar to those for doors, except that

centers of the loops should be located only at the mid-

points of each seam or joint. Corner seams should be tested

as in Figures 10-4d or 10-4e. Where the corner is fully

accessible, tests using the arrangements of Figure 10-4e

should be conducted.

An air vent or similar penetration point should be

treated similarly to a seam. The plane of the loop should

be perpendicular to the panel and seam formed between the

panel and air vent, and located so that the plane of the

loop passes through the midpoint of the seam formed by the

vent. The plane nearest the edge of the loop should be

located 12 inches from the panel. Ancillary equipment,

U such as blowers and fans, which are not an integral part

of the shielding enclosure should be removed while performing

these tests. (Tests should also be considered with ancillary

equipment in place.)

To facilitate the tests, it is permissible to locate

the positions of the external and internal. loops only ap-

proximately, insofar as the coplanar positions of the source

and detector loop are concerned. During all measurements,

the detector is re-oriented and raised or lowered (at least

one-fourth the seam distance) to ensure that a worst-case

measurement has been realized. For each position, the maxi-

mum indication of the detector reading is to be used.

10.4.6 Simulation of the Field in Absence of Enclosure

The field, H1, in the absence of the shielding enclosure,

is obtained by direct measurement. The pickup loop is spaced

from the transmitting loop by 0.610 meters (24 inches) center-
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to-center plus the thickness of the shielding barrier, the

same total loop-to-loop distance utilized when a shielding

barrier intervenes. This spacing is critical in two re-

spects: the magnitude of reflection of the incident wave

fron the shielding surface and, transmission through the

shield as a function of source-to-shield spacing. Further-

more, the received fraction of the emitted energy (real

and reactive) depends on the coil-to-coil spacing.

10.4.7 Data Reduction

If the detector is a field strength meter calibratid

to read equivalent electric field (volts per meter), the

magnetic field strength in the absence of the enclosure is

given by Equation 10-10a (where the definition of terms

used in Section 10.3.3 are employed) and the magnetic field

strength in the presence of the enclosure is given by

Equation 10-10b.

H E el = EI (10-10a)

H2  E2 = (10-10b)

When a high-impedance voltmeter is used, the magnetic field

strengths can be calculated from Equation 10-11. For the

pickup loop used, this becomes

H1 = V1 (N2 A12rif) -1 = 1.7 x i06( b) (10-11a)

H2 = V2 (N 2 Ap2f)- 1 = 1.7 x 106 2) (10-11b)

where V1 , A, u, and f are as defined in Section 10.3.3 and
N2 is the number of turns used for the small-loop test of

Section 10.4. For the suggested loops, N 2 = 1,

A = -n(0.3)2 q/4 and p = jjO = 47TI0 - 7 henries/meter. V1 and

V 2 are in volts measured in the absence and presence of the

shielding enclosure respectively, and f is the frequency

in hertz.
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TChe shielding effectiveness may now be computed by

Equation 10-1 for the minimum value and by Equations 10-12

and 10-1 for the average value.

The condition of the enclosure should be noted with

respect to power cables, vents, and internal equipments.

Where average shielding effectiveness values are to be

computed, these should be based on the average amplitudes

so that

(H2)v (H) (10-12)

n = 1

Figure 10-5 presents typical results for a 25 gauge

steel bolted panel (not welded) enclosure using the large-

loop test procedure in the ELF and LF bands. Figure 10-6

shows the test positions (as noted in Figure 10-4) on the

same enclosure for the small 1oop test. Figure 10-7 shows

one method of presenting small loop test data. The funda-

mental resonance of the enclosure was above 30 MHz.
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10.5 UHF Test Procedure

10.5.1 Introduction

All signal sources, pickup devices, and measuring equip-

ment, as well as their arrangement with respect to the

shielding enclosure, should be in accordance with the fol-

lowing paragraphs and Figures 10-8 and 10-9.

10.5.2 Source of UhF Electromagnetic Field

Because of the high attenuation usually introduced by

the shielding enclosure, a signal generator capable of de-

livering at least 10 watts into a matched load may be re-

quired. The generator should be connected to a 75-2

unbalanced to a 300-2 balanced transformer. The output of

the 300-3b side of the transformer should be connected to a

half-wavelength, balanced, folded dipole antenna which is

resonant at the test frequency. Other forms of providing

a balanced drive, and which preclude radiation from the

cable, are acceptable but should be described in the test

report. The cable should be perpendicular to the dipole

Uand should be at least two meters or two wavelengths long,

whichever is the greater.

10.5.3 Detector

The detecting antenna is an electric dipole whose over-

all electric length is one-eighth of a wavelength (so as

to minimize impedance change problems at the test frequency).

The output of the receiving antenna is connected through a

balanced-to-unbalanced transformer (balun) via an antenna

cable, such as RG-9 or equivalent. The antenna cable is

connected to a field strength meter. The field strength

meter should be preceded by an attenuator, if one is not

contained within the field strength meter. The field

strength meter should be located well away from the vicinity

where the tests are being conducted. The coaxial cable,
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C 112 1..3 m

f

L..J

C,- X/2

(a) Plan View
Lay Cable Through Door Slightly

Opened Or Via Type N Connector

dThrough 
Wall If Available

1.3 m
Or

1.3 X
Whichever Is The

Greater Dcade
Attenuator h< 3m

• 0 r-1 Field Strength

I Meter
II

d . .3 m (X /4 By Movement)

e s h/2 (At Least ±tX/4 And <h/4) (b) Side View

f - Cz/2 (t X/4 By Movement)

Figure 10-9. Setup for simulating free field.
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except in regions very close to the walls or floors of the

enclosure, must always be perpendicular to the axis of the

electric dipole. The field strength meter should have a

sensitivity of -80 dBm or better, and should be insulated

from the conductive portions of the enclosure.

10.5.4 Precautions

It is suggested that preliminary measurements be made

to detect shielding defects, such as poor door and seam con-

tacts or bad joints around power-line filters and air inlets,

especially for newly installed enclosures prior to actual

measurement. Shielding defects noted may be repaired before

measurement.

Metal-containing equipment, such as chassis, cable runs,

and cabinets should be removed prior to conducting tests.

A power-line filter may supply energy for internal lighting

and the detection equipment, but a battery and DC to AC

converter is preferred. All cables, power lines and other

utilities normally entering the enclosure should be in place

when tests are conducted.

To locate shielding defects in a given region, the

transmitting antenna is approximately positioned opposite

this region as shown in Figure 10-8. The receiving antenna

is used as a probe primarily to locate areas of maximum

penetration. Items which should be checked are door seams,

power-line or air filter panels, air vent areas, panel seams

and cable fittings. The receiving antena-a may be positioned

to within a quarter wavelength of the area under investiga-

tion, and its position and polarization orientation varied

so as to note any pickup maximum. Preferably, all seams

and bonds should be scanned by this procedure. Once a given

region (approximately within + 1.3 meters away from the

projected center of the transmitting antenna as noted in

Figure 10-8) has been explored, the transmitting antenna

is repositioned to permit exploration of an adjacent region
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as suggested in Figure 10-8. If the performance of the

enclosure appears inferior, remedial measures are suggested

prior to tests. Regions of excessive penetration should

be noted on the test reports.

10.5.5 Measurement Procedure

In many situations, it is impractical to illuminate

an entire side of an enclosure. For this reason, a measure-

ment procedure is delineated where smaller areas are suc-

cesively illuminated. The distance of the transmitting

antenna to the enclosure is chosen on the basis of providing

reasonable uniform illumination for typical room-sized en-

closures not exceeding 3 meters, in height, of a small area,

which is approximately 2.6 meters by 2.6 meters. Any pene-

tration of the enclosure can result in standing waves having

different polarizations within the enclosure. To take this

into account, the test procedure requires that the receiving

antenna be positioned over + X/4 distances to minimize the

effect of standing waves, and the orientation varied to

explore all possible polarizations.

The transmitting antenna should be located in the plane

parallel to the face of the enclosure wall undergoing tests.

The distance of 1.3 meters was chosen to be at least 5/4

of the longest UHF wavelength to minimize antenna loading

effects and to provide uniform illumination. (If the UHF

test is extended into the VHF region, this distance should

be 5/4 of a wavelength.) The center of the transmitting

antenna should also be located 1.3 meters from the corner

of a height of h/2. Initially the receiving antenna should

also be located within the enclosure in a plane parallel

to the enclosure wall. It should be separated from the

enclosure by 0.3 meter (so as to exceed a quarter wavelength

at the lowest UHF frequency) at the same height as the

transmitting antenna and with the same separation of 1.3

meters from the corner.
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Tests are conducted with the source antenna horizontally

polarized, and then repeated with a source vertically polar-

ized. For each transmitter polarization, the polarization

of the receiving antenna is rotated from horizontal to verti-

cal. Simultaneously, the receiver antenna is moved horizon-

tally in all directions at least X/4, and vertically at

least h/4, so as to intercept any maxima in the event of

standing waves. The maximum reading should be noted.

A similar test is conducted 1.3 meters from the other

corner of the face. It is repeated every 2.6 meters so that

the entire face has been exposed to tests every 2.6 meters

or closer. Two test results are required: the maximum

field strength indication and the average amplitude of the

field strength indications. Similar tests are also repeated

on all accessible panels. It is suggested that a decade

attenuator preceding the field strength meter be employed

to achieve a scale multiplication. This will insure that

the output meter operates in the same nonlinear region

through the test.

10.5.6 Simulation of the Free Field in Absence
of Enclosure

The ideal way to simulate the free-field environment

would be to employ similar test spacings, but in a reflection-

free environment. This is not practical, however, so a

procedure is delineated which utilizes an outside wall of

the enclosure to provide a reasonably consistent reflecting

surface. When illuminated, the reflection from the enclo-

sure creates a standing wave and the average value of this

standing wave in a small region is a measure of the far

field in a reflection-free environment. By means of this

approach, the free field can be reasonably simulated within

typical facilities as noted in the following .paragraphs.

To simulate the free field without the presence of the

enclosure, the following test procedure is set forth. It

is designed to be conducted within typical facilities
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housing shielding enclosures and with a minimum reliance

on long-term calibrations. For every test position in-

dicated in Figure 10-3, the free field condition is simu-

lated by placing the detector antenna approximately 0.3

meter (so as to exceed X/4 at the longest UHF wavelength)

outside the shielded enclosure as shown in Figure 10-9.

The coaxial cable to the electric dipole should be

perpendicular to the axis of the dipole, except in the

immediate vicinity of the shielding enclosure. The cable

from the detector dipole may be attached to the field

intensity mneter via a coaxial cable fitting often found

on the walls of the enclosure. If this is not available,

the door is opened slightly to permit running the cable

to the field intensity meter. In some cases, calibrated

attenuators prior to the field intensity m~eter should be

included with the reading of the field meter increased by

the appropriate amount.

Employing horizontal polarization for both antennas,

the receiver detector dipole is moved up and down at least

h/4 but not more than the height of the enclosure. It is

also moved horizontally away and toward the source at least

X/4 so as to intercept any maxima or minima in the event

of standing waves. During this procedure the maximum and

minimum readings of the field strength meter are noted.

Field strength without the the presence of the enclosure

is simulated by taking the average of the amplitude of the

maximum and minimum readings.

These test procedures require multiple measurements

of a similar performance feature at different locations

or polarizations. For a given procedure, the minimum and

average shielding effectiveness should be reported. The

average shielding effectiveness shall be based on an average

amplitude.
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Minimum and average values of shielding effectiveness

should he calculated for any group of measurement positions

and polarizations using the following definition:

S E = 20 logl 0 (El 1 2 ) (10-12)

where L 1 is the free field signal. For the minimum shielding

effectiveness value, E 2 is the maximum observed signal for

the set of measurement sites. The average value of SEis

computed using the average of K measurements of the amplitude

of E 2in the position group; i.e.

2 K (Bi2)n

The test condition of the enclosure should also be noted,

i.e., condition of interior penetrating and exterior cables.

Typical data taken for EMP purposes at UHF may consider only

a single frequency. The purpose of this single frequency

UHF test is to assess the constructional condition of the

enclosure with respect to apertures. In the case of the

bolted panel enclosure previously cited in Section 10.4.7,

measurements were made before and after the bolt and nuts

fastening the panels were tightened. This tightening de-

grades with age, so that the the measurements for the un-

tightened condition represent, in this case, aging effects

over a three year period. Results at other frequencies are

included for comparison in Table 10-1.
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Table 10-1. Comparison of shielding effectiveness
before and after tightening the 25
gauge, steel panel enclosure.

HF - 30 MHzWr C 30 M~z UHF - 950 MHz Microwave - 9 .7GHzWorst Case

North South North South North South
Side Side Side Side Side Side

Before
(3 Years 58 dB - 54 dB 61 dB 59 dB 58 dB
of Aging)

After 90 dB - 63 dB 62 dB 69 dB 72 dB
Tightening

PI
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11. TEST PROCEDURES FOR CONDUIT AND COUPLINGS

11.1 Introduction

The test procedures described in this chapter are for the

purpose of determining shielding performance of conduit or Solid

cylindrical shields for cabling including degradation due to cor-

rosion~ of connectors, inadequately tightened couplings, flaws in

shield/connector manufacture, and poor electrical contact between

shield sections. The tests are designed primarily for laboratory

evaluation; however, they can be modified for in-situ tests on

existing installations.

These procedures are designed to be of use to the following

classes of individuals:

1. engineers designing systems using conduit as a
shield to provide a measure of EMP hardening;

2. engineers writing specifications for or super-
vising the installation of conduit for shielding
cables;

3. manufacturers of conduit, couplers, etc.

The procedures described in this chapter can provide accurate

measures of comparative shielding effectiveness with a relatively

modest investment of test equipment and manpower.

These tests are designed to identify localized faults in

conduir assemblies. Some examples are:

* improperly tightened connectors;

* mechanically stressed and cracked connectors;

" improper joint sealing at connectors;

* corroded joints.

The tests also are useful in determining shielding effective-

ness for different types of conduit construction. One example

would be the comparison between different materials, sizes, etc.,

of conduit shields. Another example would be the comparison between

different coupling constructions.
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11.2 General

11.2.1 Definitions of Fundamental Shield

Transfer Functions

A commonly used measure of shielding performance is the

surface transfer impedance, ZT(u)), which is a complex frequency

domain quantity. The surface transfer impedance is the property

of a shield which quantitatively relates the voltage drop (per

unit length of conduit or per coupling) appearing in the inner

surface of the shield to the current flowing on the outside of

the conduit structure. For an incremental length of conduit, Ax,

which has a current, Is(x,w), flowing on the outside, an incre-

mental voltage, AV(x,w), will appear along A.x on the inside of the

shield. This is shown in Figure 11-la. For a length, Z, of con-

duit which is short compared with the wavelength of the current,

Is (,) is uniform over k, and thus ZT is given by:

Z ( = V(w)/I ( ) (11-1)

where V(d) is the total voltage along the inside of the sheath.

The units of ZT(w) are ohms per meter.

For a coupling, point defect or flaw, the value of ZT(W) is

given by:

ZT(w) = V(w)/Is( )  (11-2)

where V(w) is the voltage along the inner surface of the coupling

or defective section of conduit (see Figure ll-lb). The units of

ZT ,)) for couplings and flaws are simply ohms.

The surface transfer admittance, YT(w), of a shield is depen-

dent on the external surroundings of the cable as well as the

properties of the shield. The transfer admittance results in a

distributed current source, AI(x,w), between the shield and the

internal wire(s) which is proportional to the voltage, V (x,),
S

between the shield and its surroundings (see Figure 11-2). For a
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.. Is(x,w) Conduit

-- - AV(X,W) - +

Internal Wire (s)

Ax ----

AV(x,w) IS(x,w) Ax+ Z.(w)

a) For Solid Conduit

Coupling
Flow -"Is(W)

-V(w) + -V(W) +

Internal Wire (s)

Conduit

V(w) = IS(W) ZT(W)

b) For A Coupling Or Flaw

Fi,,ure 11-1. Surface transfer impedance definitions.
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short length, ', of conduit, YT(w) is given by:

Y T (()) = I (w) / (Vs (,) ,0 (11-3)

where I(-) is the total shunt current generated along the length

of conduit. YT(w) is a complex frequency domain quantity with

units of (ohm-meters)-I . Similarly, for a coupling or flaw, the

value of YT(-)) is given by:

Y T (w)/Vs (W) (11-4)

where I(w) is the shunt current in the vicinity of the coupling

or flaw.

11.2.2 Characterization of Conduit Shielding

A conduit is a thin-walled tubular shield. Ideally this

metal tube has a uniform diameter and wall thickness. Coupling

can occur only by diffusion of electromagnetic fields through the

conduit wall. The surface transfer impedance always has a diffus-

ion component because shield materials have finite conductivity;

i.e., the electric field cannot be zero inside a conductor which

is carrying current. The surface transfer impedance for the thin-

walled tube, derived by Schelkunoff, I is

1 1I+V T/6
Z () (+j) T/ (11-5)T 27aT sinh f +j T 77"

where a is the shield radius, T its thickness and 1 the conduc-

tivity. The skin depth, 6, in the material is given by:

= (nfvui) -
2

where o is the permeability of the shield, and f is the frequency.

Sevoral assumptions are made to obtain this result:

1) The diameter is much larger than the wall thickness;

2) The diameter is much smaller than the smallest wave-
length of interest;
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43) The shield is a good conductor (metal) so that
the displacement current is negligible.

In addition to the diffusion terms, a leaky shield with a flaw or

defect has a mutual inductance term that accounts for the pene-

tration of magnetic fields through the apertures. A coupling is

characterized by a contact resistance and may have a mutual induc-

tance term too.

Thus, at low frequencies (not more than 10 kHz for steel con-

duit), the surface transfer impedance of a typical section of

conduit is equal to the dc resistance, R 0. As the frequency in-

creases past the point, f,,, where the skin depth in the material

is the same as the thickness of the tubular wall, then Z T decreases

very rapidly toward zero (see Figure 11-3). For a unit length of

conduit which contains either a coupling or a flaw, Z Thasaig

nificant value at high freq~uencies. For a coupling with contact

resistance only, Z T is independent of frequency, while for a flaw,

ZT isexpected to be proportional to frequency (i.e., inductive
behavior).

An ideal conduit structure has no surface transfer admittance.

When there is a flaw there is leakage of the external electric

field through the aperture. Usually Y T is proportional to frequency

since mutual capacitance accounts for the coupling between the

internal conductors and the external structure that causes the

shunt current to flow.

11.2.3 Performance Criteria

The shielding performance of a conduit structure is character-

ized completely by the surface transfer impedance and surface

transfer admittance. Note that the above criteria are fundamental

quantities which means that they are useful as both relative or

absolute values. These two parameters should be known for all

significant frequencies in the EMP induced current on the exterior

of the conduit- -typically for frequencies between 10 kHz and 100

Mliz. Both the absolute magnitudes and the phase angles should be

determined.

11-9

Ad



-CONDUIT t __
N CC NOMINAL o

SIZE (/mI Hi

U 1 pfhes) jr 500 /r - 1 0 -
z 10

05 103 10-
3  

11 0 5501

-4
S0 75 7 17 x 10 10.3 5124

a:-4 1 523 x 1() 140 3699

125 386 . 10 668 3339

44
15 323 x 10 6.22 3112

0 -4
2 240 x 10 5.52 275910- 2 - 4

25 1 52 x 10 j 18 1588

3 1 16 x 10
- 4  

281 1403
0

35 964 x 10
- 5  

2.56 1281

4 8 14 . 10
- 5  

2.33 1165

5 601 4 10
- 5  

1 9? 983
6 4 63 x 10

- 5  
1 67 8134

to- 3 . I I i l l I I I I Il l lllI
0 1 10 100

NORMAL IZED FRFUUENCY

Figure 11-3. Magnitude of the transfer impedance of
rigid steel conduit (o = 6 x 106 mho/m).
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The process of characterizing a conduit system can be broken

into two separate problems. First, the low frequency (less than

10 kHz) behavior of the surface transfer impedance, which is the

property of an ideal conduit described in the previous section,

must be determined experimentally or analytically. The second step

is to determine whether there are penetrations at higher frequencies

(10 kHz to 100 MHz). Suich electromagnetic penetrations are often

associated with the couplings, unions, etc. , used to join sections

of conduit or with flaws in the conduit wall.

For many purposes, complete characterization is not necessary.

For example, a simple procedure which can estimate the mutual induc-

tance term in Z T would be useful for studying flaws, and one for

measuring contact resistance would be useful when working with

couplings.

Shielding effectiveness is a frequency domain measure of rela-

tive shielding. Figure 11-4 shows the quantities of interest. if

I sis the sheath current, and I L is the current in the load, then

shielding effectiveness is defined as

SE 20Lg L-- dB (11-6)

This quantity is a function of the length of the test section, ~
and the terminating impedance of the sense wire-conduit transmission

line. Note that under matched conditions, Z.i R., the shielding

effectiveness can be related to the transfer impedance through the

relat ion

SE =20 Log 1ZT JdB (11-7)

where R. is the characteristic impedance of the conduit-sense wire

line. R. is a pure resistance for low loss conduit. Equation
1

(11-7) assumes that there is no surface transfer admittance to

contribute to the load current.

The shielding effectiveness does not have to be defined for
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matched conditions however. Any load can be used for Zi. A fre-
quent choice is a short circuit. A disadvantage of not using the

matched case is that it makes the shielding effectiveness sensi-

tive to frequency and line length, since an unmatched line reflects

a frequency sensitive impedance back to the test line. In addition,

it is mere difficult to relate SE to a fundamental shielding

parameter (Z T) if Z. i R.

11.2.4 Types of Tests

Since the surface transfer impedance, the transfer admittance

and shielding effectiveness are all frequency domain quantities, a

recommendation to perform the measurements using a frequency domain

procedure is a natural one. However, there are two reasons why a

time domain test procedure is also useful. First, it is always

possible to use a Fourier transform to reconstruct frequency domain

information from time domain measurements. Secondly, it is often

possible to use the time domain measurements directly to obtain the

coefficients of analytic expressions for shielding performance.

Thus, both time and frequency domain test procedures are described.

The choice between them should be made after comparing the type of

data desired with the dynamic range and measurement accuracy of

available test equipment.

The ideal test procedure for measuring the surface transfer

impedance places a known uniform current on the test section of

conduit and allows easy determination of the resulting voltage deve-

loped along the inner surface of the shield. Three types of test

structures are considered for carrying the current:

1) parallel transmission line;

2) balanced transmission line;

3) coaxial transmission line.

A parallel line is employed to obtain sample test results. The

detection is performed by placing a sense wire in the middle of the

piece of test conduit, thus forming a coaxial transmission line.

Similarly, the ideal procedure for measuring the surface



transfer admittance applies a known voltage between the test sec-

tion of conduit and an exterior surface which permits observation

of the induced current. It is possible to use the same physical

arrangements for both Z T and Y T measurements providing that the

exterior and interior transmission lines are terminated properly.

Specifically, for an electrically short test fixture, if the

exterior line is terminated in a short circuit, then current flows

on the test section as required for measuring Z T and no voltage

appears that would cause Y T effects. With the exterior line ter-

minated in an open circuit, the voltage, desired for YTmeasure-

ments, is developed and no current flows.

At higher frequencies, when the fixture is not small compared

to a wavelength, any measurement yields a linear combination of

Z T and Y T' Values for Z T nd Y Tat a given frequency are ohvained

from two independent measurements, i.e., different terminating

impedances for the exterior and/or interior transmission lines,

according to procedures discussed in Section 9 (especially its

Appendix).

The test procedures recommnended here are for determining the

surface transfer impedance and do not seek to evaluate the trans-

fer admittance. This is done because the only time when a section

of a conduit structure has a measureable Y T is when there is aU

crack or similar flaw. In this case there is always a mutual in-

ductance term in the characteristics of Z To so that there is ade-

quate warning of the possibility for transfer admittance effects.

A procedure for determining Y T for coaxial cable shields is des-

cribed in Section 9. This frequency domain procedure is easily

adapted for use on conduit systems using a modification of the test

setup shown below for transfer impedance measurements.
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i Time Domain Test Procedure

11.3.1 Scos

The parallel transmission line method is suggested as the

preferred simplified test procedure. Then properly used, the

results obtained with this method are as accurate as with the

more elaborate balanced transmission line and triaxial methods.

The test procedure is suitable for testing rigid conduit

sections up to approximately ten feet in length or sections of

this length containing conduit couplers. Both transfer impedance

and shielding effectiveness can be obtained using Fourier trans-

forms. This test procedure can be used to measure these perfor-

mance criteria at frequencies between 10 kHz and 10 MHz.

11.3.2 Test Fixture and Equipment

The sheath current is placed on the test section of conduit

by the parallel transmission line method which uses a piece of

identical, but uncoupled and unflawed, piece of conduit as the

second half of a transmission line (see Figure 11-5). The trans-

mission line is driven by a pulsed high voltage source which

produces the desired sheath current. For this time domain pro-

cedure, the transmission line formed by these two parallel

pieces of conduit is terminated in its characteristic impedance,

R P For low loss conduits, P I is a pure resistance. The magni-

tude of R is given by

R 1 120 .n (b/a + , b7a-I (11-8)

where a is the diameter of the conduit and b is the center-to-

center spacing. The characteristic impedance is used so that

the driving pulse is not reflected by an unmatched termination.

The advantages of the parallel transmission line method are

its simplicity and lower cost compared to other ways of exciting

a test section of conduit. (Examples of other methods are the

balanced transmission line and triaxial line which are described
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below.) A disadvantage of this method is the lack of symmetry in

the parallel line structure which causes a nonuniform distribution

of current density on the conduits. That is, there is a greater

current density on the side of the test section facing the other

parallel conduit than on the side opposite the other conduit. if

the spacing between the two parallel conduits is more than eight

times the conduit diameter, then the current density is uniform

within one percent.

A second disadvantage of this method, and for any transmis-

sion line method that is terminated in its characteristic impedance,

is that there is a significant voltage between the test section of

conduit and the external structures. This means that there is a

possibility for transfer admittance coupling to the sense wire

inside the conduit under test in addition to the desired trans-

fer impedance coupling. This problem exists whenever electromag-

netic fields can penetrate through apertures (i.e., cracks, slots,

etc.). In general, apertures are not found in conduit structures.

Since penetration through apertures is greater at higher frequen-

cies, an adequate indication of aperture effects is given by a

measured Z T which is proportional to frequency.

In order to overcome the effects of the nonuniform current

distribution, a third conductor can be added to the parallel

transmission line just described. A schematic representation of

this method is shown in Figure 11-6. The asymmetry is reduced

considerably with this method and as a result, the spacing is not

as critical as for the simpler parallel line. A disadvantage of

the balanced line method is the requirement that the currents in

the two halves be identical in order to achieve the balance.

The next step of complexity in achieving uniform current dis-

tribution on the test conduit is to make the test conduit the inner

conductor of a coaxial line. This provides complete axial sym-

metry and gives a highly uniform current distribution. Such a

system is shown schematically in Figure 11-7. The disadvantage

with this systr is the complexity and consequently the cost, of
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the test fixture. This is especially true if large samples are

to be tested.

The sense wire is a coaxial wire in the center of the test

section of conduit. For measurements of the surface transfer

impedance, the sense wire should be terminated to each enci of

the conduit by identical resistors, R 2. These resistors should

be equal to the characteristic impedance of the transmission

line formed by the sense wire and the conduit. The value ofR2
can be computed from

R 2=60 QZn (b'/a') (11-9)

where b' is the inner diameter of the conduit and a' is the outer

diameter of the sense wire. One half of the induced voltage

appears across each of the two terminating resistors, R 2 ' Thus,

the voltage measured across one resistor must be multiplied by

two to get the open circuit voltage needed for computing ZT.
When making shielding effectiveness measurements, the value of

Iis maximized if the sense wire is connected directly to the
ends of the section of conduit;, that is, the transmission line is

terminated with short circuits. If this is done, Equation (11-7)

cannot be used to derive Z T from the measured shielding effective-

ness.

The pulse source shown in Figure 11-5 should provide a

broadband excitation of large amplitude. A simple method for

obtaining such a pulse waveform is to close a switch which dis-

charges a capacitor into the resistive load. (A parallel trans-

mission which is terminated in its characteristic impedance, R1 ,

is a resistive load.) This produces a double exponential pulse

of current, I s(t), given by

S5 t 0 L 1(R (11-10)

The peak current determined by the magnitude of V0, the voltage
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on the charged capacitor, and by Rip the load impedance. (it is

assumed that the capacitor and the switch have small series resis-

tance compared to R 1.) The rise time is established by the ratio

of R1to the circuit inductance, L. Both the capacitor and the

switch may contribute to L. The fall time is determined by the

R Iand C.

To make the desired measurements at frequencies between 10

kHz and 10 MHz, the rise time of the pulse (given by L/R1 ) should

be less than a microsecond and the fall time (given by R1IC)

should be several tens of microseconds. RIis 330 ohms, if in

Equation (11-8) the ratio b/a is taken as 8.0 as recommended for

current uniformity. Consequently, C should be 0.1 jiF or larger

and L should be less than 0.3 mH. The value of the charging volt-

age is determined by the desired minimum measurable coupling. For

example, a surface transfer impedance (for a point defect) of

10~ ohms can be detected when a one millivolt signal can be

measured if the maximum current is 100 amperes. This means that

V 0should be at least 30 kV. Power supplies and switches (or

triggered spark gaps) with 30 kV ratings are commercially avail-

able.

The response of the current probe(s) should be flat within

3 dB over the desired frequency range of 10 kHz to 10 MHz. In

addition, the current probe measuring the sheath current must

have linear response up to an amplitude of over 100 amp~eres.

The sheath current and either ILor the induced voltage across

Rshould be displayed on an oscilloscope(s) with a bandwidth

greater than 10 MHz. Photographs of the oscilloscope traces

become the permanent record of the measured quantities.

11.3.3 Precautions

It is first necessary to establish baseline data for a known,

good piece of conduit. This is accomplished by using a continu:ous,

flawless piece of conduit in the test channel. The excitation

and response are measured and photographed. The recorded data

can then be digitized and the Fourier transforms can be computed.
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In order to obtain meaningful, repeatable results, care has

to be exercised in setting up the system. Some points that must

be considered are discussed.

The sense wire of the conduit under test should be AWC #10O

or larger. The sense wire should be centered to maintain the

coaxial configuration as closely as possible. This requires the

wire to be under considerable tension. When measuring Z T(.)), the

sense wire should be fastened to the ends of the conduit under

test through two identical, noninductive, terminating resistors,

R?. The value of R2can be obtained from Equation (11-9).

The termination resistor, R1 , of the parallel transmission

line should be connected to the end caps of the conduit sections

using heavy straps to minimize the inductance of the leads. The

resistor should be noninductive, its value can be obtained from

Equation (11-8).

All threaded connections on the conduit should be tightened

with a pipe wrench. Since torque measuring pipe wrenches are not

a standard shop item, the number of turns used to tighten each

connection should be recorded to guarantee that the measurements

are repeatable. Prior to assembly, all threaded joints should be

cleaned and wire-brushed to ensure an adequate electrical contact.

The high voltage pulse source should be connected to the twoU

pieces of conduit with heavy, low inductance straps. These should

be soldered to the conduit.

The primary power for the oscilloscope must be supplied

through an inverter-battery combination to prevent signals from

the pulse source feeding through the primary power line. The

oscilloscope muht be shielded from the pulse source and the

parallel transmission line.

11.3.4 Data Format

There are two aspects of data recording that must be con-

sidered. The first is the data required to duplicate the measure-

ments. The suggested data format for this purpose is shown in
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Table 11-1 in which the detailed information about the equipment,
conduit and pulse source used in the experiment and a summary of
the measured response is properly recorded such that a repeatable

measurement can be made, if necessary.

The second set of data gives the detailed results of the

measurement. For this purpose, it is suggested that the time

domain waveforms of the current on the test conduit and the volt-

age across the terminating resistor be photographed. In addition,

the transfer impedance and/or shielding effectiveness for the

conduit under test should be presented on appropriate logarith-

mically scaled papers. The plots of transfer impedance and

shielding effectiveness versus frequency, therefore, provide a
measure of the performance in the conduit structure over the

frequency range of interest.

To illustrate the data format desired, a measurement is

made to the surface transfer impedance of a rusty coupling join-

ing rust! conduits. The conduit current and the sense wire volt-

ages are shown in Figure 11-8. The dimensions of the galvanized

steel conduit are 5.1 cm inside diameter, 0.4 cm wall thickness

and a length of 3.2m. The peak conduit current is about 170 A.

It is apparent, that while the conduit current rises slowly

to its peak at about 4 ws the sense wire voltage rises rapidly

to its peak at about 40 ns. The slow rise of the conduit cur-

rent and the fast rise of the sense wire voltage implies that

the high frequency content of the leakage signal is significant.

Hence, the shielding performance is expected to be badly degraded

at high frequencies.

The calculated transfer impedance obtained by standard

Fourier transform techniques is shown in Figure 11-9. Also shown

is a quick estimate obtained by fitting double exponential func-

tions to the conduit current and sense wire voltage waveforms.

Using these approximations, the frequency domain magnitude of the

conduit current and shield-sense wire voltage can be calculated
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(6a) Conduit Current

45.4 Amp/Div.
10 jusec/Div.

(6 b) Sense Wire Current
SC Mode

200 mA/Div.

10 jssec/Div.

(60) Sense Wire Voltage
50 Q2 Mode

I V/Div.
0. 1 usec /Div.

Figue t-b. Rusty coupling joining rusty conduits
(wrench tight mnediumn)
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by taking analytical Fourier Transformation. The transfer

impedance is then obtained from the ratio of the calculated

voltage to the current. A comparison of the two curves reveals

that the transfer impedances obtained from the two methods dis-

cussed agree fairly well for low frequencies, but that they differ

by an average of about 10 dB for frequencies higher than 1 MHz.

This is expected because the analytic expression used to approxi-

miate the observed voltage could not take the high frequency

oscillations into account.

Figure 11-10 shows the results obtained from a similar test

performed on a conduit structure that included a clean coupling

joining two clean conduits. The sense wire current response,

measured under a short circuit condition, is used to find the

shielding effectiveness shown in Figure 11-11. The shielding

effectiveness is calculated by fitting exponential function

waveforms.

II )
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(5a) Conduit Current

45.4 Amp/Div.
10 ,u sec/Div.

(Sb) Sense Wire Current
SC Mode

5 mA/Div.
10 Lsec/Div.

(5c) Sense Wire Voltage
50a Mode

50 mV/Div.
0.1 Lsec/Div.

Figure 11-10. Clean coupling joining conduits (wrench tight medium).
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11.4 Frequency Domain Test Procedures

11.4.1 Scope

In general, frequency domain tests for determining faults

in the shielding integrity of conduit structures are recommended

only if swept frequency CW measurement equipment is readily avail-

able. However, frequency domain tests may be used where the

susceptibility is confined to a single frequency or a narrow

frequency band. The test procedure that is presented is restric-

ted to cases where the length of the test conduit is shorter than

the smallest wavelength of interest which, from an EMP viewpoint,

is a wavelength of about three meters. For long conduits, the

test results may be used with appropriate correction factors

included. Both the transfer impedance and shielding effective-

ness can be measured with this test procedure.

This test procedure is similar to that given in Section 9.3

for coaxial cables except that the test fixture is similar to

that described in Section 11.3.2, above. These sections should

be consulted for details not included here.

11.4.2 Test Fixture and Equipment

The test fixture for frequency domain measurements is again

designed for determining the transfer impedance and shielding

effectiveness. The test fixture may be considered to be composed

of two sections. The conduit section consists of the section of

conduit under test and a mechanism for providing the shield

current. The detection section, which is in an electrically

shielded enclosure, consists of the necessary instrumentation for

monitoring the shield current and for detecting-the leakage signal

induced on the sense wire.

The parallel transmission line fixture discussed in Section

11.3.2 is used to excite the conduit shield current; however,

the balanced transmission line method and the triaxial method

may also be used as the conduit drive section. The sense wire

configuration is also the same as for the time domain procedure.
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For frequencies where the test fixture is electrically short, the
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apply.

The pulse source is replaced by an oscillator and a broad-

band power amplifier which are used to drive current on the con-

duit shield. It is suggested that a swept frequency signal genera-

tor be used as the oscillator. The voltage across the resistor,

Ror the induced sense wire current is then measured inside the

electrically shielded room by a high sensitivity voltmeter or a

current probe.

The power amplifier should have a one hundred watt rating.

The resistor terminating the parallel transmission line, Rj,

should be chosen so that the current on the test conduit is large

and so that there is a reasonable match between the amplifier out-

put impedance and the load impedance. For example, a 100 watt

audio amplifier can drive 12 amperes into an 8 ohm load. The

response of the current probe(s) used to measure the shield cur-

rent (and the induced current) should be known at all measurement

frequencies. If the current probe response is independent of

frequency, then a network analyzer can be used to measure I S and

the induced voltage and compute the transfer impedance. Similarly,

if the two current probes have similar responses as functions of

frequency, then the output of the network analyzer can be

shielding effectiveness.

The induced signals should be measured by a device with

sufficient sensitivity that a transfer impedance of 10-5 ohms or

a shielding effectiveness of 100 dB can be determined. This

requires a meter sensitivity of 0.06 mV for the induced voltage

(recall that only half the voltage is across each terminating

resistor, R) when the shield current is 12 amperes. Since most

current probes have a 1.0 mV/ma response, a meter sensitivity of

0.12 mV is required to make shielding effectiveness measurements

at the 100 dB level.
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Both manual and automatic instruments are available with the
stated sensitivities for frequencies up to about 100 kHz. The
measurements are particularly easy to process if a swept frequency

generator is used to drive the power source, a gain/phase meter
(e.g., Hewlett-Packard 3575A) is used to measure signals and take
the ratio and the output is taken on an X-Y plotter or oscillo-

scope. Above 100 kHz, the measurements can be made with RF volt-
meters or a network analyzer with a typical sensitivity of 1.0
ovolt (see Section 9.3.2).

11.4.3 Precautions

All of the precautions concerning noninductive termination
resistances, low inductance leads to the power source, low
impedance connections and shielding for the instrumentation which
are described in Section 10.3.3 should be followed here, too. It

is necessary that the probes be calibrated and that a baseline be

established. A good calibration procedure for surface transfer
impedance measurements is given in Section 9.3.3. The baseline

consists of a measurement of the Z T or SE for an uncoupled and
unflawed section of conduit. It is important that the measure-
ment frequencies be much less than the frequency for which the

parallel transmission line is 0.25 wavelengths.

11.4.4 Data Format

The data format needed for repeatable measurements and
suggested in Table 11-1, should be followed so that the measure-
ment equipment, conduit structure and power source used for the
measurement are properly recorded.

The basic resultant data to be recorded for frequency domain
measurements are the magnitude and phase of the surface transfer
impedance or the shielding effectiveness as a function of fre-

quency. Measurements should be performed over the frequency
range of interest. The data should be presented graphically, on
logarithmically scaled paper with frequency as the independent

variable.
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To illustrate the type of data obtained and the proper format,

test results are presented for a faulty conduit structure. This

structure has longitudinal and transverse cracks near the coupling
which joins two pieces of conduit. The dimensions of the cracks

are 5" x 3/16" for the longitudinal crack and 3" x 3/16" for the

transverse one. The inside diameter of the conduit is 2 inches
and the wall thickness is 0.16 inches.

Shown in Figure 11-12 is the surface transfer impedance of

this faulty conduit structure. At low frequencies, the effects

of the cracks on the transfer impedance is insignificant. The

shielding performance below 0.3 kHz is almost identical to that

of a solid conduit. At higher frequencies, however, the ZT of

this faulty conduit increases as frequency increases, as would

be expected.

The data obtained for the shielding effectiveness is shown in

Figure 11-13. The induced sense wire current measured at each

frequency is the short circuit current. Because of the leakage

through the cracks, the shielding effectiveness deteriorates with

increasing frequency.
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12. EMP PREFERRED TEST PROCEDURES FOR TRANSFORMERS

AND INDUCTORS

12.1 Introduction

12.1.1 General

This chapter is concerned with establishing test procedures

for transformers, baluns and inductors which may be used to ter-

minate antennas or long exposed cables. The purpose of these

tests is to determine the ability of the elements to impart hard-

ening and to resist functional damage from EM?. They are intended

to provide information concerning the important performance

characteristics of the elements and procedures for measuring

their characteristics.

The primary sources of information employed in establishing

the procedures include the RETMA Standard RS-174 for transformers,

MIL-T-27B for transformers and inductors, 2and brochures provided
by transformer manufacturers which describe test procedure appli-

cable to their products. 
3

12.1.2 Types of Elements

As indicated previously, the test procedures developed in

this chapter are concerned with transformers, baluns, and induc-

tors of the type used to terminate cables and antennas. There

are, of course, a wide variety of such elements. For example,

transformers, include pulse transformers, RF impedance matching

transformers, baluns, and wideband transformers and for each of

these, a variety of winding configurations. They may or may not
employ shields, be encapsulated, or have a direct connection

between windings. There is also a substantial variation in

transformer power handling capabilities and their ability to

resist voltage breakdown.

It is not possible to specify a detailed test procedure for

every available transformer configuration; however, in those

cases where a particular configuration is not specified, the

test procedures can serve as a guide in formulating an appro-
priate procedure.
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12.1.3 Element Applications

Transformers (one type of which is termed a balun) and induc-
tors can be part of an overall hardening system when used as cable
terminating elements. Several properties of these systems are
considered briefly to provide background for the test procedures.

Common-Mode Rejection

A shielded twisted-pair represents a reasonable compromise
between economy and non-susceptibility to moderately intense

electromagnetic fields. Figure 12-1(a) depicts such-a cable where
the twisted pair is shown as a pair of parallel conductors to
facilitate the discussion. Currents induced by EMP are Iil and
1i2' where the return path for these currents is a ground path,
part of which is the cable shield. The signal current is Is*
Figure 12-1(b) shows the cable terminated by an isolation trans-
former and 12-1(c) by a balun. The operation of the transformer
or balun is straightforward, at least in the ideal case whenIi
and I i2 are identical. Because of the directions of I il and I i2'
it is evident that they produce no net magnetic flux in the ideal
isolation transformer or balun. Conversely, the signal current,
I Pdoes produce a net flux and, in this manner, the signal cur-

rent is transferred through the transformer or balun while the
induced currents are not. This property of the transformer to
reject the induced current when used with a balanced cable

(twisted pair) is called common-mode rejection.

Resistor R in Figure 12-1(b) is often added to dissipate

the energy in the induced currents, and the transformer may or may

not be equipped with a shield to reduce capacitive coupling

between the primary and secondary windings.

A transformer can also be used as a common-mode choke to
preserve the dc components and to provide common-mode rejection

as shown in Figure 12-2. Because of the equality of the signal
current, IV, in the two transformer windings and the transformer

polarity, Is produces no net flux and there is, therefore, no
impedance to the flow of this current. Conversely, the flux
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Figure 12-1c. Balun.
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Figure 12-2. Common-mode choke.
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produced by induced currents I il and I i2 is additive with a

resulting impedance to the flow of induced currents.

Limited Frequency Response

A transformer can act as a filter to pass a signal which is

within its bandpass but not pass an EM4P pulse which is rich in

high-frequency components. This property, referred to as fre-

quency response, can provide a modest amount of hardening.

A series inductor can provide hardening by acting as a low-

pass filter to pass a signal and not pass the high-frequency

components of the EMP pulse. Distributed capacity can cause the

inductor to act as a parallel resonant circuit and thereby func-

tion as a narrow-band filter when used to terminate a cable.

Saturation

A large number of inductive devices employ ferromagnetic

materials as cores and such materials are subject to saturation.

Saturation of the core due to an EMP pulse can be both detri-

mental and beneficial. It can result in functional upset in a

system because of the resulting distortion in the signal component

due to saturation by the EMP pulse. Conversely, saturation of the

core may result in the EMP pulse being reduced at the output of

the transformer and thereby provide hardening in the sense of

reducing equipment damage.

12.1.4 Users of Procedures

The test procedures developed in this document should prove

useful to a variety of users including:

1) System and circuit designers who require quantitative
data on hardening components.

2) System engineers and project officers who formulate
acceptance criteria and performance specifications.

3) Component manufacturers who can provide data having
EMP significance.

It should be noted that the test procedures described in

this document pertain only to the electrical behavior of the
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element and do not include mechanical or environmental tests.

Furthermore, they are not "cookbook" acceptance procedures but

are intended to provide the basis for such procedures and military

specification. They represent, in short, the first phase in a

process which can result in mil-specs and procedures.
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12.2 Element Characteristics, Definitions and
Failure Modes

12.2.1 General

Two types of tests are considered in these test procedures.
One type involves low-level tests to determine how well the com-
ponent performs its hardening function. Such tests are designed
to measure those performance characteristics of the element which
are important to hardening and are performed at signal intensity
levels within the design limits of the element. The second type,
high-level tests, are concerned with permanent damage to the ele-
ment as a result of EMP.

In this section, tests normally employed to measure the per-
formance characteristics of interest are considered briefly and
their shortcomings, from an EMP point of view, are identified.
Forthcoming sections present preferred test procedures intended

to remove these 3hortcomings.

12.2.2 Transformers

The purpose of this section is to identify those electrical
characteristics of transformers or baluns which are of particular
interest to EMP and thereby establish a basis for the test proce-

dures.

Common-Mode Rejection

It has been indicated that transformers and baluns provide
hardening by common-mode current rejection. This property of the
transformer has been, in part, characterized by the common-mode
rejection ratio and the longitudinal balance. Figure 12-3 pro-
vides a definition of the common-mode rejection ratio.3 The

measurement is performed with a sinusoidal waveform at a specified
frequency with R equal to the terminating impedance of the winding.
This test suffers from two shortcomings from an EM? point of view.
Since it is performed at a single frequency, it does not indi-

cate how well the transformer provides common-mode current rejec-
tion over the broad band of frequencies present in an EMP pulse.
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Furthermore, it does not take into account the effect of the

source impedance or terminating impedance for the common-mode
currents.

Figure 12-4 provides a definition of longitudinal balance1

and again the measurement is made with a sinusoidal waveform at

a specified frequency. In this case, as before, performing the
measurement at a single frequency is not considered to be satis-

factory for EMP purposes. Furthermore, it is desirable to termin-
ate the transformer in its proper winding impedance to more nearly

duplicate normal operating conditions. This is especially impor-

tant for frequencies which are outside of the design limits of

the transformer, but present in an EMP pulse.

As indicated earlier, a test which is intended to overcome
the shortcomings in these two tests is given in Section 12.4.

Freqjuency Response

It has been indicated that the frequency response of a trans-

former might provide a modest amount of hardening by virtue of the
fact that the transformer may not pass many of the high-frequency

components in EMP. Frequency response is defined in Figure 12-5

where R a and RL are the appropriate terminating impedances, and
where Eof and Eor are the output voltages at an arbitrary fre-

quency and at a reference frequency respectively. Tests for

frequency response are well documented 2 and are normally per-

formed over the design bandwidth of the transformer. However,
the band of frequencies over which the test is performed should

U be extended to cover frequencies contained in an EMP pulse rather

than the design bandwidth. Furthermore, the frequency response,
as defined in Figure 12-5, provides a relative indication of the

ability of the transformer to pass or not pass frequencies. That

is, the response at a given frequency is relative to that at a

specified frequency. It is desirable to have an absolute indi-

cation of the response and a modified definition of frequency

response which provides this is given in Section 12.4.
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Insulation Breakdown

A high-intensity EMP pulse can result in arcing between
windings, between a winding and the shield and/or case, or across
a winding. This arcing can puncture the insulation or, in extreme
cases, result in destruction of the wire to the extent of causing

an open winding. In the case of an encapsulated transformer, the

energy in the arc may be sufficient to explode the case. Exper-
ience has shown that a low-energy arc may puncture the insulation

with no discernable change in the performance of the transformer

except that the insulation may breakdown at a lower voltage after
arcing. Thus, the nature of damage that can be done to the trans-
former depends upon the characteristics of the EMP pulse which
produces breakdown.

Conventional insulation breakdown tests2 are, in some cases,

performed at the highest operating frequency of the transformer,
or in the case of a pulse transformer, using a representative

pulse. In other cases, the test is performed using a dc voltage

or a 60 Hz sinusoidal voltage. Breakdown is usually characterized
by an abrupt change in the current waveform due to arcing. Evi-

dently, for EIIP purposes, the test should be performed with a

waveform which duplicates as closely as possible an EMP pulse.
Such a high-level test is discussed in Section 12.6.

Saturation

The role of saturation in hardening has been mentioned in an
earlier section. A quantity which is used to characterize satura-

tion in pulse transformers is the ET-Constant 3 (voltage-time con-
stant). When a flat-top voltage pulse is applied to the primary

of a transformer whose secondary is open circuited, the current
rises nearly linearly with time until the onset of saturation at

which time the current increases more rapidly. The "time-to-

saturation" is the time taken for the current to reach 1.5 times

a linear extrapolation of the current curve prior to saturation;

see Figure 12-6. The product of the amplitude of the voltage

pulse and the "time-to-saturation" is the ET-Constant.
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An alternate method for measuring saturation is to apply a
sinusoidal voltage across the primary of a transformer whose
secondary is open-circuited. The voltage is increased until the
primary current becomes non-sinusoidal indicating the onset of
saturation. Saturation tests are high-level tests in the sense
that they are made with signals whose intensities are beyond the
design limits of the transformers.

The ET-Constant test for saturation is normally applied to
pulse transformers and is useful when the transformer is used
with rectangular or near rectangular pulses. On the other hand,
the test which makes use of distortion in a sinusoidal waveform,
is usually applied to audio and power transformers. An EMP pulse
is typically a damped sinusoid and, therefore, neither test is
truly representative. Furthermore, it is difficult to obtaini
signal sources which deliver pulsed sinusoids of sufficient
intensity to duplicate an EM? pulse. For these reasons, it has
not been possible to formulate a preferred test procedure for

saturation which is meaningful and which does not require great
sophistication. Further work is required to formulate a satis-
factory test for saturation due to an EIIP pulse.

12.2.3 Chokes (Inductors)

It has been indicated that chokes can provide hardening by
virtue of their frequency selective properties, that is, as a
low-pass filter or parallel resonant circuit. Usually a choke
is characterized by its inductance, its loss factor (Q at a
given frequency), and its self-resonant frequency. All of these
properties of the choke are embodied in its complex impedance
given as a function of frequency and test procedures are discussed
for measuring this impedance. Such tests are low-level tests
since they are performed at signal levels consistent with the
design limits of the element.

Permanent damage can occur in a choke when a high voltage
pulse is applied across the choke. As in the case of a trans-

former, arcing can occur which may be of sufficient magnitude to

12-16



locally destroy the wire and open-circuit the choke. If the
choke is encapsulated, the arcing may explode the case. There
is also a possibility that arcing may produce shorted turns
and thereby produce a high loss choke. Tests performed to
determine these kinds of failures are, of course, high-level
tests and are discussed in greater detail in Section 12.6.
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12.3 Test Philosophy

Two low-level tests have been emphasized in the previous

section, one concerned with common-mode rejection and the

other with frequency response. Such tests are normally per-

formed at frequencies which are within the design bandwidth of

the element. When testing for EMP purposes, the test should be

performed over the frequency band extending from 10 KHz to 100

MI-z to take into account the broad range of frequencies con-

tained in EMP.

Typical EM4P waveforms are exponentially damped sintisoids

which are difficult to generate at the required voltage and

frequency. As a result, high-level tests are normally performed

using pulses obtained by discharging a capacitor or transmission

line. When a capacitor is discharged into a resistive load,

the voltage waveform appearing across the resistance is a

double exponential pulse characterized by a peak voltage, rise

time and fall time. Decay times extending from 50 ns to 15 Ds

are appropriate with rise times 10% or less of the decay time

where possible. It should be emphasized that if a capacitor.

is discharged into a transformer or choke, the voltage pulse

appearing across the element is, in most cases, not a double

exponential because of the inductance of the element. In order

to obtain a specified pulse, which is reasonably independent of

the element, it is necessary to use a resistor in series or

in parallel with the element to stabilize the waveform.

If a section of transmission line is discharged into its

characteristic impedance, it produces a voltage pulse across

that impedance which is nearly rectangular and whose duration

is determined by the length of the line. If the transmission

line is discharged into a choke or transformer containing

inductance, the voltage waveform appearing across the element

is no longer rectangular and it may be necessary to use a

stabilizing resistor to obtain a specified voltage pulse.

Because of the wide variety of transformers, baluns, and

chokes which are available, test fixtures are not specified in
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this report. Frequently, the manufacturer of the element

specifies the fixture to be employed with his product. It is,

of course, necessary to insure that this fixture is suitable

for use over the range of frequencies extending from 10 kHz to

100 MHz. This means that there must be no significant lead

inductance in series with the test item and no significant

stray capacitance in parallel with it.
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12.4 Test Procedure For Common-Mode Rejection Ratio

and Frequency Response

As described previously, the hardening capability of the

transformers can be evaluated by determining their common-mode

rejection ratio and the frequency response. This test pro-

cedure therefore, covers various aspects of these measure-

ments.

12.4.1 Scope and Experimental Details

12.4.1.1 Common-Mode Rejection Ratio Tests

A modified common-mode rejection ratio (CMRR) test is

recommended for transformers and b.luns where the CMRR (in dB)

is defined in Figure 12-7 for a variety of transformer configura-

tions. The test should be performed with a sinusoidal voltage

and over the band of frequencies extending from 10 kHz to 100

MHz. E.i is the rms applied voltage and E 0 is the rms voltage

appearing across the resistor R L. RL is the proper terminating

impedance for the loaded winding and R S the proper source

impedance for the excited winding. When the grounded side of

the output winding is not specified, the test should be per-

formed with first one side of the winding grounded and then

repeated with the other side grounded.

Although the excitation can be provided by a signal gen-

erator and the voltages measured using a voltmeter having the

correct frequency response, such a measurement procedure is

likely to be time consuming if employed for the complete range

of frequencies from 10 kHz to 100 MHz. Swept-frequency instru-

ments are available which simplify the measurement. For example,

the HP8407A Network Analyzer provides a visual display or, when

used with a recorder, a graphical record of the CMRR over the

frequency range of 0.1 MHz to 100 MHz. Figure 12-8 depicts a

typical test arrangement employing the HP8407A where voltage

probes are used to measure E0and E il

For the frequency range extending from 10 kHz to 100 MHz,
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a signal generator and voltmeter can be used to perform supple-S

mental tests.

12.4.1.2 Frequency Response Test

A modified frequency response test is recommended for trans-

formers and baluns where the frequency response (in dB) is de-

fined in Figure 12-9 for a variety of winding configurations.

A sinusoidal voltage should be used to perform the test and the

frequency response should be measured over the range of fre-

quencies from 10 kHz to 100 MHz. E.i is the rms voltage applied

to the excited winding whose terminating impedance is Rst while

Eis the voltage appearing across the loaded winding whose termina-

ting impedance is RL. The transformer should be connected, as

regards shield, case, and taps, to duplicate normal operating

conditions as closely as possible.

Although the test can be performed using a signal generator

and voltmeter, it can be done more conveniently in the frequency

range from 0.1 MHz to 100 MHz using the HP8407A Network Analyzer

or similar device. Figure 12-10 depicts a typical test arrange-

ment employing this instrument where voltage probes are used to

measure E.i and E 0 . The HP8407A provides a visual display of the

frequency response or, when used with a recorder, a graphical

record. A signal generator and voltmeter can be used to perform

supplemental measurements in the region from 10 kHz to 100 MHz.

12.4. 2 Precautions

Certain precautions should be observed in making these

measurements.

(1) The CMRR can take on values as low as -80 dB which
may make it necessary to shield the source of
excitation from the device used to measure E 0 *

(2) Good practices regarding lead lengths, stray capacities,
inductive loops, grounding, etc., should be observed
in performing the test.

(3) If the CMRR and frequency response are measured on a
point-by-point basis with respect to frequency, ten
measurements should be made per frequency decade.
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Any abrupt variations in either with frequency
should be noted.

12.4.3 Calibration

The network analyzer and the test fixtures should be cali-

brated. The basic calibration consists of replacing the test

item with a short circuit so that E0and E. are equal. E 0 is

measured across a 50 Q2 resistor. The display should be flat,

indicating that the resistor and the fixture do not have reactive

impedances at the test frequencies. The display is then adjusted

to provide a 0 dB reference at the top of the display.

12.4.4 Data Format

The basic data to be presented are the CMRR and frequency

response (or differential mode response) over the frequency

range of 100 kHz to 100 MHz. The best format is a graph of

each property on semi-log arithmic paper. However, photographs

of the network analyzer display are easier to obtain and contain

the same information. However, the frequency axis is often

linear so that several photographs are needed to provide ade-

quate detail over the full three decade range in frequency.

Each piece of data should describe the test item and the

configuration of the input and output terminations used. Examples

of typical test results for one frequency range are given here

for a balun, a wideband transformer and a pulse transformer.

A Cambion Balun Type 555-7167-07 was tested for common-mode

rejection and frequency response with the balun connected as

shown in Figure 12-11. This balun, designed for a 50 ohm

source impedance and a 50 ohm load impedance with an advertised

frequency response of 60 kHz to 30 MHz althoitgh the test data

shows reasonably flat response to 100 MHz. The common-mode

rejection becomes poor at the highest frequencies. It should

be noted that the roles of the input and output of the balun

were reversed in performing the frequency response test. This

was done for convenience in measurement and is valid because of

the reciprocal properties of the balun.
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Figure 12-12 shows test results obtained from a Vari-L
Co., Inc. wideband transformer Type LF428 with the transformer

connected as shown. It should be noted that here, as in the

case of the baluns, the foles of the input and output of the

transformer have been inverted to simplify the frequency

response measurement. This is valid because of the reciprocal

properties of the transformer. This is an impedance matching

transformer for 50 ohms to 200 ohms with an advertised frequency

response of 10 KHz to 50 MHz. The drop-off of frequency response

at the higher frequencies is evident, as is a deterioration in

CMRR performance.

Figure 12-13 shows the results for a common-mode rejection

test performed on a Pulse Engineering Type 5154 pulse trans-

former with and without the electrostatic shield connected.

The shield does provide additional CNRR. The frequency response

of this transformer is also shown in Figure 12-13. The trans-

former has a one-to-one winding ratio; however, frequency

response normally is not quoted for pulse transformers. The

measured frequency response is far from being independent of

frequency.
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12.5 Complex Impedance Test Procedure

12.5.1 Scope and Experimental Details

It is recommended that a complex impedance test procedure

be used for evaluating inductors (or chokes) over the frequency

range extending from 10 kHz to 100 MHz. The impedance can be

measured with a variety of instruments including impedance

meters, vector voltmeters, and Q-meters. Some of these instru-

ments are swept frequency devices with read-outs which can be

used to obtain a photographic record with an oscilloscope or a

graphical record with a pen recorder. This measurement can

also be performed with the HP8407A Network Analyzer using the

arrangement shown in Figure 12-14.

12.5.2 Precautions and Calibration

Good practices should be observed regarding lead lengths,

stray capacities, inductive loops, grounding, etc. The cali-

bration of the HP8407A Network Analyzer is performed by using

a 50 2 resistor rather than the test item shown in Figure 12-14.

Precautions should be observed in the initial calibration and

usage.

12.5.3 Data Format

Complex impedance measurements on chokes should be presented

in graphical forms. However, photographs are easier to obtain

and contain all essential information. Figure 12-15 shows the

ease with which the self-resonant frequency of the choke can be

located by a rapid variation in the amplitude and phase displays.

These traces are illustrative and not calibration and thus not

quantitative. For further details on measurements of complex

impedance, see discussions in the literature.4,
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12.6 High Voltage Pulse Tests for Insulation Breakdown

12.6.1 Scope and Experimental Details

Interwinding and inrawinding breakdown tests are recommended

for transformers, baluns, and chokes where applicable. Figure

12-16(a) depicts a typical interwinding test, and 12-16(b) an

intrawinding test. A capacitor discharge pulse source, as

shown in Figure 12-17(a) or a transmission line pulse source,

Figure 12-17(b), may be employed. If the test item is a resistor,

the capacitor pulse source would produce a double exponential

voltage pulse whose fall time is determined by the size of the

storage capacitor and the test resistor, rise time by the

characteristics of the switch and distributed capacity, and

peak value of the pulse by the high-voltage source. If the

test item were a resistor equal to the characteristic impedance

of the transmission line, the transmission line pulse source

would produce a nearly rectangular pulse whose duration is twice

the transmission time of the line and whose amplitude is one-

half the voltage delivered by the high-voltage source.

In either of the two cases, since the test item is assumed

to be resistive, the waveform of the current through the resis-

tance is the same as the voltage waveform. Unfortunately, both

of these situations are highly idealized and, in either the

intrawinding or interwinding test, the transformer, balun or

choke constitutes a complex load on the pulse source. This

causes the voltage and current waveforms to be complicated in

shape, both prior to and after breakdown; and for this reason,

these waveforms should be monitored.

In most cases, the pulse waveform obtained with the trans-

mission line source is somewhat less sensitive to the test

item and this source generally is preferred when the pulse

amplitude and duration requirements can be met with a line

of reasonable length.

The current waveform can be stabilized partially by adding

a resistance in series with the test item, while the voltage
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waveform can be stabilized partially by employing a resistance

in parallel with the test item. The addition of the stabilizing

resistors means that the voltage and current waveforms are

similar to the ideal (resistive) case and are relatively inde-

pendent of the test item impedance. The size of the parallel

or shunt resistance, RS) required to obtain partial stabiliza-

tion depends upon the impedance of the test item.

A current probe provides one means of determining when

breakdown has occurred since there is an abrupt change in the

shape of the current waveform at the onset of arcing. The cur-

rent can also be monitored by observing the voltage across a

resistor through which the current flows. In some cases, an

attenuator connected across the test item can serve as both a

stabilizing resistor and a voltage probe.

12.6.2.2 Precautions

If the transformer is encased in a metallic case, the case

should be connected as is the shield. All chokes should be

tested for intrawinding breakdown; and for chokes encased in a

metallic case, a winding to case test is applicable. The

current and voltage waveforms should be appropriately stabilized

by connecting series and parallel resistors with the test item.

12.6.2.3 Sample Data

Figure 12-18 provides data of interwinding breakdown by a

voltage measurement. It should be noted that the 26 dB Bird

Attenuator in this configuration is playing the dual role of a

voltage stabilizing resistor and a voltage, measuring device

(probe). The 50 ohm resistor is included to provide a degree

of current stabilization or, more precisely, current limiting.

When breakdown occurs most of the pulse voltage appears across

this resistor because of the low resistance of the arc appear-

ing across the windings.

The test item in Figure 12-18 is an open construction

toroidal pulse Transformer Type PE52120, produced by Pulse
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Engineering, Inc. , which has an interwinding capacitance of 10

pF. The voltage appearing across the transformer is observed

on the oscilloscope. The upper trace shows the voltage appear-

ing across the transformer before breakdown; it closely resembles

that without the transformer present as is to be expected, since

the interwinding capacity is small. The lower trace shows the

voltage across the transformer when insulation breakdown occurs.

This method of measuring breakdown voltage is convenient since

the form of the voltage wave remains the same as the supply

voltage is increased until the onset of breakdown.

Intrawinding breakdown is demonstrated in Figure 12-19, in

this case, by current measurement. As suggested earlier, the

current is measured by observing the voltage drop it produces

across the resistance of the 26 dB attenuator, although a

current probe can also be used. The test item is a Nytronics

Type DD-100 choke which has an inductance of 1,000 1M. For

supply voltages of 2.5 kV and 5.0 kV, breakdown does not occur

as is evident from the two curves having the general form of a

heavily damped sinusoid. These curves imply, as would be expec-

ted, that initially the full voltage of the storage capacitor

appears across the choke since that observed across the attenua-

tor is very nearly zero. Breakdown is evidenced by a radical

change in the current waveform due to arcing. Once again the

measurement technique is convenient since the form of the current

waveform remains the same as the supply voltage is increased

until breakdown. Although it is not the objective of this pro-

gram to investigate breakdown mechanisms, based upon the con-

struction of the choke, breakdown is believed to have occurred

from one end of the winding to the ferrite core and to the

other end of the winding.U

The techniques for measuring breakdown voltages discussed

above are by no means exhaustive and are intended only to pre-

sent some general ideas pertaining to this subject. For example,

transmission line pulse sources can be employed and currents

and voltages measured with probes rather than with an attenuator.
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I

What represents the most convenient method depends upon the

characteristics of the element under test and the availability

of test equipment.

)

!.
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13. EMP PREFERRED TEST PROCEDURES FOR RESISTORS

13.1 Introduction,

This test procedure is developed for all resistive components

which are to be us Ied in EM? hardened electronic circuits. This

includes discrete resistors of the metal films, carbon composi-

tion, and wire wound varieties with power ratings from 1/8 watt

upward and resistances from a few ohms to many megohms. In

general, integrated circuit (IC) resistors cannot be tested in

this manner because of the interconnections with other components

which would affect the results. However, IC manufacturers with

the capability of isolating the resistive elements and connecting

auxiliary leads may consider using this procedure also.

Frequently, resistors are used at the interface between

cables and electronic circuits to terminate the line in its char-

acteristic impedance, reduce the current or voltage into or from

a line, act as the first element in an RC or RL filter, or apply

a dc bias current to a component on the other end of the line.

Such a resistor would be stressed by an EMP waveform. The short

term effect can be an increase or decrease of resistance or a

change in its noise figu re. The criticality of a resistor's fail-

ure is dependent upon the circuit sensitivity and its application.

In many cases, the failure of a resistor, which became an open

circuit following an EM? event, would result in a failure of the

electronic system. However, other degradations such as moderate

resistance changes, increased resistor noise, and temperature-

humidity coefficient changes may result in degraded system per-

formance without complete failure. The extent to which these

factors need be considered must be evaluated for each application.

The test procedures described in this section are methods for

obtaining the safe EMP levels at which a resistor may operate.

This procedure uses a capacitor discharge through a triggered

spark gap to simulate a double exponential pulse. Since each

application has a unique cable coupled EM? waveform, resistor re-

quirements, such as a safe voltage and pulse width, cannot be

universally defined.
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It is intended that these procedures can be used, with

appropriate modifications for the specific application, by many

individuals, including:

1) Engineers designing an EMP hardened system;

2) Systems engineers who must validate the hardness

of resistors used in a system design;

3) Manufacturers interested in specifying and/or

improving the EMP hardness of their components;

4) Scientists interested in developing a practical

model for resistor response to pulsed stresses.

5) Engineers interested in pre-testing resistors to

their design limits.

U
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13.2 General

13.2.1 Characteristics

Brief descriptions of pertinent resistor parameters are

given in the following paragratphs. Depending upon the applica-

tion, these parameters may or may not be important to the design

engineer. For instance, long term humidity effects may not be

of interest if the engineer is concerned only with the immediate

effects of EMP exposure. Such effects are presented to remind

the engineer that they could become important. Other test pro-

cedures for passive components, including resistors, are presented

in EIA Standard RS-186-D.
6

Measurement of Resistance

Resistance is the property of a conductor which determines

the current resulting from a given potential difference across

the conductor. Measurements of resistance normally are made

using a dc potential applied for a period of five seconds or

less to limit the temperature rise. The recommended test volt-

ages for each type of resistor can be found in appropriate EIA
3,4,5

Standards.

Temperature Coefficient of Resistance

This is a measure of the sensitivity of a resistor to changes

in temperature. The temperature coefficient (TC) of a resistor,

referred to a reference temperature of 25'C, is computed as

follows:

TC - 10G'R (13-1)

where R is the resistance at 25''C, .^R is the change of resistance

from the resistance at the reference temperature for a temperature

difference of '7 from 25C. The procedure is quoted in several

EIA Standards.
3 ,4 ,5

Voltage Coefficient of Resistance

This is a measure of the change of resistance of a resistor

with applied voltage. This is normally negligible with wire
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wound and metal film resistors but mu,3t be considered for carbon

composition resistors. The voltage coefficient, VC, is obtained

by measuring the -esistance, R 2 ' at its maximum working voltage,

E, and at 1/10 of that voltage, R 1. The voltage coefficient (VC)

is computed as follows:

VC = 100 R -R1(13-2)

Noise Level

All resistors generate a voltage across an open circuit due

to the thermal agitation of the electrons of the resistor (.Johnson

noise). In addition, a noise voltage is developed across composi-

tion resistors when they carry currents which is called "resistance

fluctuation" noise. This noise is due to the effects of the myriads

of connections between the discrete particles of the resistive ele-

ment. EMP may have *a large effect on this phenomenon. If a resis-

tor is to be used in a low signal level circuit, the circuit should

be duplicated with resistors that have been exposed to EMP test

waveforms of various levels and the circuit performance checked with

the noisier resistors.

13.2.2 Definitions

Definitions of terms as applied to resistor testing are

presented below.

re s t Wave form

For the purpose of this test procedure, a double expon-

ential pulse is used to simulate an EMP exposure pulse. Rise time

from 10 to 90 percent levels should be less than 30 nanoseconds and

fall time should be 0.1 to 20 microseconds. Other acceptable wave-

forms for these tests are square top and short exponentially

damped sinusoids.

Pulse Width

For an exponentially decaying pulse resulting from an

RC discharge, approximately 86 percent of the energy is dissipated
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0 when the voltage drops to l/e or 37 percent of the peak. For

all practical purposes, the pulse width (T) is determined by
the RC product where R is the resistance in ohms and C is the
capacitance in farads and time is in seconds.

Safe Voltage

The safe voltage is the peak pulse voltage level at

which the test waveform does not change the short term resis-

tor characteristics outside predetermined limits after a mini-

mum number of pulses. From the safe voltage, a safe current or

power level is easily determined.

Average Power Level

The average power (P a) to which the test resistor is

exposed to is given by

P a n(-2 CV 2) (13-3)

where

n =number of pulses in one second period

l/2CV 2 =energy stored in the capacitor for each pulse.
p

For maintaining test resistor body near ambient temperature,

it is suggested that average power be less than 1/10 of the dc

rated power of the component.

Number of Exposures

The safe voltages of resistors are sensitive to the

number of exposures. It has been reported1I that the sensitivity

of the safe voltage of the test resistor to the number of applied

pulses asymptotically reaches a constant level after about 10O4

applied pulses.

This number of applied pulses does not represent a realistic

situation and it may require considerable time to perform such a

test. A typical EMP exposure would probably consist of a few

pulses. Therefore, it is suggested that fifteen test pulses be
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applied to a component. This is a compromise between the time to

perform the resistor test and the number of possible exposures in

a real environment.

Failure Criteria

The resistance change must exceed the resistor tolerance.

This includes the possibility that the resistor is physically

destroyed. Other criteria might be considered depending upon the

resistor application.

13.2.3 Test Philosophy

This test was developed to provide an engineer with a sensi-

rive test procedure to ascertain the maximum safe EMP voltage at

which a resistor may be operated. The test procedure is to be

simple and inexpensive to implement but the test conditions are

realistic. More elaborate equipment can be considered if large

quantities of resistors are to be tested on a production line

basis with this procedure used as an example from which the auto-

mated equipment could be designed.

This procedure should be capable of investigating the follow-

ing possible relationships:

1) Maximum safe voltage levels vs resistance value;

2) Pulse width vs peak pulse power or maximum safe

voltage levels;

3) Steady state dc power dissipation vs maximum safe

voltage level;

4) Maximum safe voltage vs resistor type (metal film,

carbon composition, etc.).

Only two of the listed factors are known to be significant.

They are the pulse width and the resistor types. It has been

shown that the steady state dc dissipation does not affect the

maximum safe level. 1 There is no accepted empirical relation-

ship between the resistance value and the maximum safe voltaze

but there probably is a relationship between internal construction

and the maximum safe voltage level.
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Four modes of EMP failures have been observed; Ithey are:

1) External arcing around the resistor case;

2) External arc penetrating the case;

3) Internal arc along the resistive element;

4) Change of resistance.

The first failure mode causes no serious change in the resistor

characteristics and, in fact, limits the resistive element

stresses. This failure mode in itself might be considered advan-

tageous because it acts like a protective spark gap but can lead

to the second failure mode if case defects are present. The

second failure mode is due to an arc along the case entering into

the resistive element through a case defect. The external arc

path has a lower resistance than the resistive element. There-

fore, the current flow through the rcmaininig port ion of the resis -

tor is larger than would be experienced normally. This excessive

level can open the resistive element and cause the case to split.

The third failure mode results in the element opening without any

observable external arc but could be due to an internal arc. The

fourth failure mode is due to the pulse energy damaging the resis-

tive material.

The voltage level necessary to cause some carbon composition

resistors to fail can cause arcing around the component. Since

the relative humidity and atmospheric pressure can determine the

air gap breakdown level, the resistors can be immersed in oil to

increase the high voltage testing capability without regard to

room humidity. This option is left open to the engineer designing

the test but- it is recommended that the worst case environment be

considered and used during the resistor testing. This worst case

condition may be high humidity or low pressure where arcing around

the case could possibly damage the components the resistor is sup-

posed to protect.

During the development of the test procedure, a few of the

carbon composition resistors explosively disintegrated upon



application of simulated EMP. This occured at voltages slightly

above the maximum safe voltage determined by the test. The

phenomena causing these explosions were not investigated further

but may have been due to cracks in the resistor case. A vola-

tile substance could be present inside the resistor which was

vaporized during the pulse. The resulting pressure could have

destroyed the case. In most instances, only bare leads were

left hanging. A few examples of damage to the test resistor are

demonstrated in Plate 13-1.

The failure criteria used by Sandia LaoaoisIwas a

measurable resistance change during application of 100 pulses at

a given level. A failure criteria suggested by Dale Electronics2

is a temperature increase of the resistive element to +350 0 C

without heat loss to the core or coating. Other possible fail-

ure criteria are:

1) A resistance change greater than the resistor tolerance;

2) Increase in the resistor noise factor;

3) Change of the voltage coefficient;

4) Change of the temperature coefficient;

5) Increased sensitivity to humidity or s.-1t water

corrosion.

The failure criteria must be selected by the investigating

engineer to match the resistor circuit application. One large

variable that will be noted during testing is the unit-to-unit

variation of the maximum safe voltage between identical resistors

purchased in a group. This large scatter of safe voltage has two

effects on testing. First, if a very good resistor is tested initi-

ally to roughly determine the failure level, many decremental steps

may be necessary before a nominal safe level is determined for the

average resistor. Second, a large number of resistors must be

tested to ensure that the lower limit for a poor resistor is ob-

tained. Of course, a screening test using this procedure could be

performed upon incoming resistors to ensure that a poor resistor

is not used. The simulated EMP used in the screening process might

lower the threshold of nominally good resistors.
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Plate 13-1. Examples of resistor damage.
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13.3 Test Procedure

13.3.1 Scope

This test procedure is a guide for an engineer in developing

a procedure specific to his requirements. The equipment and pro-

cedures described may be used on resistors ranging from about ten

ohms to many megohms with power ratings up to 100 watts. The

major limitation of the procedure is the voltage range obtainable

with triggered spark gaps (about 50 kV). Pulse widths up to

milliseconds can be generated by proper selection of the energy

storage capacitor.

13.3.2 Test Fixture

Two special test fixtures need to be built for this procedure.

One fixture, Figure 13-1, contains the triggered spark gap; thle

fast switch, and the energy storage capacitors. There are several

firms selling spark gap switches that can be used for the source.

This fixture operates in the following manner. A high dc. voltage

is applied through the connector (1), for charging the energy

st'orage capacitors (2). The voltage potential on the capacitors

at the time the switch closes is approximately the peak simulated

EMP voltage. When a low voltage (20-500V) pulse is applied to the

trigger transformer (3) through connector (4), a positive high

voltage pulse (8-20kV) is applied to the trigger electrode of the

spark gap (5) through dc blocking capacitors (6). This trigger

pulse initiates the discharge of the storage capacitors through

the spark gap to the output connector (7).

A triggerable spark gap is needed to provide the fast switch-

ing times for the high peak currents and voltages encountered in

EMP testing. Spark gaps normally operate over a limited input

voltage range of about 3:1. Therefore, provisions need be made to

use several spark gaps to cover the voltage range from I kV to 40

kV. Each spark gap may have different trigger pulse requirements.

U Laser triggered spark gaps are commercially available which produce

subnanosecond pulses but the cost of such an apparatus is high.

An electrically triggered gap requires a trigger pulse of 5 kV to
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I DC Input Connector 5 Spark Gap

2 Energy Storage Cap. 6 IOOpF 30kV Cap.
3 Trigger Trans. 7 Output Connector

4 Trigger Input 8 Shunting Resistor
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Figure 13-1. Illustration of high voltage switch.
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20 kV. If several gaps are to be used, the maximum trigger require-
ments should be determined and a trigger transformer purchased to

meet these requirements. The primary voltage, supplied by the

lower voltage power supply, can be adjusted to lower voltages to

accomodate the gaps with lower trigger requirements.

The capacitor must be rated at the highest voltage to which

it is to be charged. Since the rise time of the simulated EMP is

a major consideration, the internal inductance, L, of the capaci-

tor should be minimized. It is desirable to obtain rise times of

5 nanoseconds or less than the inductive time constant. If the

load (R) is 50 ohms, we find that from the approximate time con-

stant formula that L must be less than 0.2 microhenries. This

also clearly illustrates the need for minimum length and maximum

diameter for all leads.

Figure 13-2 shows a low inductance fixture for holding the

resistor under test. This unit was designed with the requirement

of being adaptable to different sized components. Therefore, a

connector (2) to the component mounted between two bars (3) and

(4). An insulator (5) provides mechanical strength necessary for

mounting and removing the resistor to bar (3).

If the resistor under test has a resistance other than 50

ohms, there is an impedance mismatch at the cable termination which

causes pulse distortion. For the case where the resistor under

test is larger than 50 ohms, an impedance match may be accomplished

by shunting the pulse input connector (2) with an appropriate re-

sistor. This shunting resistor can be made up of four to six 1

watt carbon composition resistors in series. For the case where

the resistor under test (RUT) is less than 50 ohms, a series

resistor should be used to match the cable impedance. While this

forms, in effect, a voltage divider reducing the voltage to the

RUT, the impedance mismatch created by not using a series impedance

matching resistor also results in a low voltage across the RUT.

In addition, an improperly terminated cable rings causing multiple

application of pulses. Therefore, it is recommended that series
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or shunt resistances be used to fix the resistance at approxi-

mately 50 ohms. The applied pulse should be monitored to deter-

mine its true amplitude. The voltage probe should have minimum

shunting effect.

The load resistance, R, anid the caiacitance of the energy

storage capacitor, C, determine the pulse decay constant given

by the RC product. This identifies another advantage for main-

taining a constant load of 50 ohms. The pulse shape is indepen-

dent of the resistance under test.

Some resistor applications involve a resistor shunting a

transmission line in the middle of the line. Resistors to be

used for these applications might be more realistically tested

by replacing the component test fixture, Figure 13-2, with a"T

test fixture shown conceptually in Figure 13-3. For resistances

much greater than 50 ohms, the voltage applied to the RUT may be

measured at the line termination. Resistances less than 100l ohms

cause a significant impedance mismatch at the "T" resulting in

pulse reflections in the 50 ohm transmission line. For example,

a 100 ohm resistor reflects 10 percent of the incident power.

Therefore, this test fixture is not recormended for low value

resistors.

13.3.3 Equipment

The equipments necessary to perform this test procedure are

a high voltage supply to charge the storage capacitor, a low

voltage supply to generate a trigger pulse, a high frequency

oscilloscope to monitor the appilied voltage and the resultant

current, a high voltage probe, a current probe and the test fix-

tures discussed above. A circuit diagram showing the intercon-

nection of these items is given in Figure 13-4. The requirements

of each item are discussed in the following paragraphs.

The power supply should be capable of generating up to 40

kV at up to 5 mA. The current capability should be as high as

possible to reduce the charging time for the storage capacitor.

However, the spark gaps continue to operate (simmer) if the
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supply can provide in excess of 5 mA. Regulation of + 5 percent

is sufficient for this application. Since the low current sup-

plies are less expensive, they might seem attractive. However, if

the supply provides a peak current of one milliampere at 40 kV,

then a series current limiting resistor of 4 x 10 7 ohms is needed

between the storage capacitor and the power supply. For a 10

sec wide pulse working into a resistance of 50 ohms, the stor-

age capacitor must be 0.1 ;fd. The charging time constant is

therefore 4 seconds, i.e. , the time required for the capacitor

to charge 63 percent of the supply voltage. The capacitor voltage

will reach 95 percent of the supply after 3 time constants or 12

seconds. Therefore, a compromise must be made by the engineer

designing the test fixture between the power supply cost, the

timie required to charge the storage capacitor, the desired pulse

width, and the degree of cable impedance mismatch.

This power supply provides the voltage that charges the

capacitor used in generating the trigger pulse which fires the

spark gap. The voltage required is dependent upon the trigger

transformer turns ratio and the trigger voltage needed to fire

the spark gap. In general, this supply should be adjustable

between 200 and 500 volts with an output current of 100 m.A being

adequate. There are no regulation requirements so an unregulated

supply may be used.

An oscilloscope is required to monitor the voltage and cur-

rent waveforms applied to the resistor during the time the tests

are being initiated and each time the voltage level is changed

when testing thie resistors. Where peak power failure models are

of concern, it migaht be useful to have a dual beam scope to look

at both voltage and current simultaneously. The scope amplifiers

must have a rise time of less than 5 nanoseconds and sweep rates

of 50 nsec/cm or less to observe accurately the early part of the

simulated EMP. Since peak voltages can reach 40 kV, a high volt-

age divider probe is needed to reduce the observed voltage to the

scope input voltage. The current probe must be capable of measur-

ing up to about 100 amps with rise times of 5 nanoseconds or less.
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Any of the several types of resistance measuring instruments

comricrcially available can he used to measure the resistance of

the resistor under test. The instrument should have better than

1 percent resolution and repeatabilitv, and at least 1 percent

accuracv over the resistance range of interest.

There should be a single pole double throw (SPDT) switch

rated at 40 kV between the instrument and the resistor under test

to protect the instrument from the high voltages an( prevent the

instrument from loading the generator.

13.3.4 Precautions

The high voltages used in this procedure are very dangerous

and great care should be exercised when working with this equip-

ment. The fixture housing the storage capacitors and spark gap

should be completely enclosed. Provisions should also be made to

short circuit the energy storage capacitors to ground when resis-

tors are removed from or installed in the component test fixture.

As illustrated earlier, inductances as small as 0.2 1jH can

degrade the pulse rise time. All leads including ground leads

should have minimum length feasible and be as heavy as practical

to minimize inductances.

The current measuring instruments should be capable of meas-

uring currents to about 100 amps, although during breakdown around

the resistor the peak currents can reach a few thousand amps. The

probe must be capable of experiencing the fields associated with

these currents without physical damage or calibration shifts.

Fields from currents of 10-100 amps can also affect the

oscilloscope trace. Even shielded scopes are inadequately shielded

for fields of this amplitude. These fields can cause strange

effects in the display such as a right to left sweep observable

during the rise time of the pulse. The scope, or conversely the

equipment, must be placed in a screen room to adequately isolate

the scope from the stray fields.
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13.3.5 Measurement Procedure

The step stress method should be used to obtain the safe

level for resistors. Steps less than 19 percent are not used

because the resistor-to-resistor variation causes inaccuracies of

about this magnitude. The stress step method is performed as

follows:

1) With the resistor installed in the test fixture, apply

five pulses at an arbitrary initial voltage level.

Measure the resistance. If the resistor remains with-

in tolerance, increase the voltage by 25 percent and

pulse the same component again. Repeat this process

until the measured resistance is outside its tolerance

limits or the resistor fails catastrophically.

2) Reduce the applied voltage by 10 percent and test five

new resistors at five pulses each. Measure their

resistance. If the resistance of any resistor is out-

side its tolerance, repeat this step.

3) Test ten additional resistors at this level with 15

pulses. If any resistor fails, repeat Step 2, other-

wise record this voltage as the safe voltage.

13.3.6 Data Format

Table 13-1 gives the recommended data format. All pertinent

information is included in this table. Under the environment

column, the conditions to which the resistor is subjected during

the test should be indicated. Two types of environments that

may be used are typical ambient and oil immersion. In the typi-

cal ambient case, no attempt is made to control the barometric

pressure, the temperature, or the humidity. These factors can

affect the voltage level at which external arcing around the com-

ponent and case-damage occurs. For determining the intrinsic

level of internal breakdown, the resistors can be immersed in oil

to suppress the ambient effects. It should be recognized that

many applications require the resistor to be potted in epoxy, RTV,
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or other similar materials and these tests should be conducted in

this environment. In the failure mode column, the manner in which

components failed at 10 percent above the safe voltage should be

recorded. The criteria of resistor failure are determined by the

type of application for which it is used. For example, in the

case where an external arcing is observed, this may be a safe

condition if the resistor is to be used as a shunt element to

ground, but would be considered a failure when the resisto)r's

function is to limit the current to more sensitivu components.

A resistor that fails because of an increase of the noise level,

the voltage coefficient, etc., for one application may not be

considered a failure for another application.

The Corning resistors indicated here are metal film resistors

with 1 percent tolerance. The Allen-Bradley resistors are carbon

composition resistors with 5 percent tolerance. Failure criteria

for these resistors were resistance changes greater tha~n 1 or 5

percent, respectively, after 15 pulses. In general, the metal

film resistors failed by explosive disintegration of the film.

From this limited data, the only trend that can be determined is

an increase in safe voltage with increasing resistance.

Data on 1/2 watt metal film resistors' is presented in Table

13-2 to illustrate the range of safe voltages for this type of

resistor. The differences in safe voltage values from those in

Table 13-1 is attributable to the differences in their construc-

tion. The safe voltage was obtained by a similar step stress test-

ing method; however, the resistor was subjected to 100 pulses or

more. If the resistance did not change after exposure, the volt-

age wits considered a safe voltage.

The effect of dc operation level on the resistor failure

level was briefly evaluated. This effect was investigated using

the test procedure outlined in Section 13.3, but the resistor was

biased at. 0 percent, 50 percent, and 100 percent of its rated de

power level from a high impedance current source. The results

indicated that the bias effects were smaller than the experimental
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error resulting from resistor-to-resistor variations. Therefore,

the test procedure was simplified by not including resistor

biasing equipment.
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0 14. EMP PREFERRED TEST PROCEDURES FOR CAPACITORS

14.1 Introduction

Three test procedures, presented herein, are developed as a

guide to testing the capacitors used in low voltage electronic

circuits. These procedures are intended for capacitors with dc

voltage ratings from a few volts to a few hundred volts and capa-

citances up to 10 oF The upper capacitance range is limited by

the very low reactance of capacitors for fast pulses.

Capacitors are used to isolate ac from dc components, to

differentiate between different frequencies, to bypass ac fre-

quencies imposed on a dc voltage without affecting the dc, and to

store electrical energy. Selection of a bypass capacitor with a

self-resonance (series resonance) of 10 MHz might seem quite ade-

quate for applications up to 2 or 3 MHz. However, when this unit

is exposed to EMP, which has significant energy up to 100 MHz, the

series inductance, internal to the capacitor, presents a high

impedance to the high frequency components of EMP. Therefore, the

high frequencies are not shunted through the capacitor and some

other component must absorb this energy. Of course, internal

breakdown could result in large leakage currents which could short

circuit a power supply when the capacitor is used as a bypass

element; or the increased leakage could change the operating point

of a tube or transistor when used as a coupling element.

The testing procedure described in Section 14.5 of this

report presents a method of obtaining the safe pulse operating

level for capacitors. Sections 14.3 and 14.4 both present low

level procedures for determining the self-resonant frequency of a

capacitor. These procedures are presented as a guide for the engi-

neer designing an EMP hardness test. Some applications for which

these test procedures might prove useful are

1) identification, during the design phase, of capacitors

that can be used in a system;
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2) stock screening of selected capacitors to ensure that

they meet quality control requirements;

3) improving the hardness of capacitors by design changes,

such as substituting dielectric materials of high or

dielectric strength;

4) development of a capacitor breakdown model;

5) testing a completed system for its EMP hardness.
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14.2 General

14.2.1 Characteristics

A capacitor is basically composed of two plates separated by

an insulator. Unfortunately, the plates are not ideal conductors

and so they exhibit resistance and inductance. The insulator like-

wise is not ideal and it therefore has some resistance and a di-

electric constant, both of which are functions of temperature and

humidity. Dielectric breakdown occurs under excessive voltage

conditions.

A brief discussion of some of the more important capacitor

parameters is presented in the following paragraphs. The impor-

tance of these parameters relative to EMP hardness for a particu-

lar application is left to the judgement of the engineer. Test

procedures for measuring some of these parameters as well as mech-

anical tests for capacitors and other passive components are

describedl in EIA Standard RS-186-D. 
2

Capacitance

Capacitance is determined by the area of the plates,

the separation between them, and the dielectric constant of the

insulating material. The electrical unit of capacitance, C in

farads, is defined in terms of the quantity of charge on the

plates, Q in Coulombs, and a voltage differential, V in volts,

across the plates. The mathematical relationship is

C = Q/V. (14-1)

The capacitance is usually measured by a bridge. The bridge oper-

ating frequency is normally identified in the ETA standard 3 relat-

ing to a specific capacitor type and ranges from 60 Hz to 1 Mliz.

A procedure is described in MIL-STD-202, Method 305, 4 also.

Temperature Coefficient

Ambient or core temperature affects the dielectric con-

stant and, hence, causes changes in the capacitance. The coeffi-

dient is normally expressed as so many parts per million per
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degree centigrade. The coefficient may be positive, negative or

zero. The calculated temperature coefficient is often a function
of the temperature differential and so it is normally quoted for

a specific temperature range. Consequently, a capacitance change

of 5 percent over a 500O temperature differential (1000 pp/oC

does not imply a 4 percent change over a 40 0 differential. The

two extreme temperatures at which the capacitance is measured in

order to obtain the temperature coefficient is dependent upon the

type of capacitor. Refer to the appropriate EIA standard for

exact measurement information.

Dielectric Strength

The dielectric strength of the insulator between the

plates is a measure of the insulator's ability to withstand a dc

voltage and is usually expressed in volts per mil thickness. The

dielectric strength uf the insulator times its thickness determines

the maximum voltage at which a capacitor can be operated. Practi-

cal, or commercial, capacitors normally cannot be operated at this

level because of contamination during the fabrication process and

pinholes or other anomolies in the dielectric material. The di-

electric withstanding voltage is normally tested by applying 150

percent of the rated voltage to the capacitor for periods of less

than five seconds. This measurement is normally performed at 25 0

unless specified otherwise.

Electrolytic capacitors are normally tested by application

of a surge voltage, about 130 percent of the rated voltage, for

30 seconds then discharged for 5.5 minutes. This process is

normally repeated for 1000 cycles. This measurement is normally

made at the capacitor's maximum rated temperature.

Power Factor (Dissipation Factor)

The power factor (P.F.) is a measure of all the energy

loss in the capacitor due to dielectric absorption and ohmic losses

in the leads and conducting plates. The dielectric losses appear

as a resistive loss in parallel with the capacitance and ohmic

losses appear as a series resistance loss. The power factor

14-6
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times the volts-amperes in the circuit is proportional to the

heat generated internally. For small power factors, less than

0.1 percent, the effective series resistance (Rs ) which includes

both types of loss into an effective loss and is in series with

a capacitance (Cs), is

Rs  = P.F./(,CS) (14-2)

or the effective parallel resistance (Rp ), which also combines

both types of loss into an effective one, and is in parallel with

a capacitance (Cp ), is

R - H,,C(P.F.) I (14-3)

where is the angular f-equency. The dissipation factor (D) is

equal to the power factor, if P.F. -0.1, and is the reciprocal of

the quality factor (Q)

D P.F. 1 (14.4)

Q

Impedance as a Function of Frequency

An ideal capacitor has a reacLance that is inversely

proportional to frequency. This is generally true at low fre-

quencies where the series resistance and lead inductances are

negligible. An equivalent circuit for a capacitor, including the

non-ideal parts, is shown in Figure 14-1. A wide band impedance

measurement of a capacitor normally reveals a series resonance

phenomena as low as a few kilohertz up to hundreds of megahertz

depending upon capacitance, lead length and internal construction.

This parasitic resonance is caused by the combination of the

capacitance and the self-inductance of the conductive plates and

the connection leads. The ac resistance of the leads and the

plates is also found to change with frequency due to skin and

proximity effects. The dielectric losses may increase or decrease

with frequency, depending upon the dielectric material. In

addition to the series resonance, additional parallel resonant

Ffrequencies are independent of the leads and are due to the capaci-

tor atting like a cavity resonator or a longline resonator of fairly

high Q.

14-7
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Lead Resistance - Rs

Lead Inductance

Ideal Capacitor Leakage Resistance - RI

I
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14.2.2 Definitions

Definitions of terms applicable to the capacitor testing

procedure are presented below.

EMP Waveform

In the absence of more specific waveforms, a double

exponential pulase can be used to simulate the EMP exposure. Rise

time, measured from the 10 to 90 percent levels, should be less

than 30 nanoseconds and the fall time should be 0.1 to 20 micro-

seconds as determined by the engineer designing the test. Other

waveforms pertinent to specific systems should be considered.

Wide band pulse waveforms are used because the major portion of

the spectral range of an EMP extends from 10 kHz to 100 MHz.

Safe Voltage

The safe voltage is the maximum peak pulse voltage

level for a given pulse waveform which does not change the short

term capacitor characteristics after a minimum number of pulses.

It is anticipated that capacitor failures will occur during the

first few pulses. It is suggested therefore, that five EMP

pulses be applied to a component.

Failure Criteria

In the recommended test procedures for capacitors, there

are two failure criteria. The first performance requirement is

conccjrned with the impedance of the capacitor as a function of

frequency and is dependent upon the use or application of the

capacitor. For a capacitor used as a decoupling eleme,,.t, the

irpedance of the capacitor should remain low over the entire fre-

qiiency range of EM1P. This implies that any parallel resonance of

the capacitor should occur at some frequency above the upper fre-

quency limic of 100 Mhz. For a capacitor used as a coupling ele-

riient , it would seem advantageous in certain cases for the capacitor

thave a high impedance so as not to couple much of the .:" into

A k ircuit. This presents a conflict with the primary purpose of

I. ., li n g capacitor. This can be accon.plished hy choosin, a
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capacitor that resonates at two to three times the upper operating

frequency of the system. Caution must be exercised if phase is

important because the capacitor no longer looks like an ideal

capacitor in this region since the phase shift approaches zero

degrees at resonance.

In the high voltage test procedure, the failure crirt.ria are

a change in the parameters or evidence of internal breakdown. The

parameter that has been found to change is the dissipation factor

(D) due to a change in the leakage resistance. Internal breakdown

can be observed in the voltage waveform during application of

simulated EMP.

14.2.3 Test Philosophy

These tests are developed to provide an engineer with a pro-

cedure which can identify the optimum capacitor for his applica-

tion. The test procedures are designed for maximum simplicity with

minimum implementation expense but provides realistic operating

conditions. More elaborate equipment could be considered if large

numbers of capacitors are to be tested but the philosophy and

equipment may be used as examples for automatic equipment design.

Some EMP capacitor testing has been reported in the literature.

These tests have been performed with pulse widths in excess of 100

ns. These reports Iindicate that tantalum electrolytic capacitors

fail at three to six times their dc working voltage. The energy

levels for these failures are as low as 60 lijoules, or in the

same energy range as semiconductors. Ceramic capacitors, tested

with microsecond wide pulses, fail at five to ten times their

rated working voltage. The pulse width required for breakdown

ranges between two and twenty microseconds.

in developing this procedure, the following factors should

be investigated:

1) Effectiveness of the capacitor at EMP frequencies;

2) Failure mode of capacitors and optimum test for this

mode-,4
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03) Low impedance voltage EMP source;

4) High impedance current EMP source;,

5) Effects of dc bias on voltage level.

A model for a capacitor, Figure 14-1, indicates an inductor

in series with the idealized capacitor. The inductance is a

lumped inductance which includes lead inductance and internal

parasitic inductance due to the physical construction of the

capacitor. The lead inductance can be the major contributor of

this inductance for some capacitor designs. For instance, a 100

pF ceramic capacitor with 5" leads resonates at 40 MHz, well

below the 100 M1-z upper frequency in EMP. The same capacitor

with 0.1 inch leads resonates at 180 MHz. The effective induc-

tances for these two cases are 150 nH and 8 nH respectively.

Therefore, the lead length should be kept to a minimum when capa-

citors are installed in a system and considered as an important

parameter in testing procedures. The internal breakdown in capa-

citors subjected to simulated EMP appears to require a high volt-

age pulse lasting in excess of one microsecond. This implies that

only the lower frequency components harm the capacitor. If a

pulse source with sub-nanosecond rise times is used for testing,

this might not be the case.

A common failure mode of capacitors is an internal insulation

breakdown causing an increase in the dissipation factor. In

general, the peak pulse voltages necessary for capacitor failure

are well below the level which would cause arcing around the

capacitor case. (An observed exception occurred with 100 pF disc

ceramic capacitors tested while developing this test procedure.

In that one case, external arcing was noted from one lead to the

outside capacitor foil. This resulted in a small chip of the

ceramic exterior being blown off.) One example of capacitor dam-

age is demonstrated in Plate 14-I. During the development of this

procedure, the dissipation factor, (D), value appeared to exhibit

more variation than either the capacitance (C) or leakage resis-

tance (R p) value. In many instances, however, the value of R
would change from 1010 to 106 or less. The failure mode
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identified as the easiest to detect i; the value of D. A failure

can be defined arbitrarily as an increase in the value of D to

twice its initial value. Obviously, this is too severe a restric-

tion for many applications but the rate at: which capacitors fail

is undefined to date. The engineer in charge of the test may find

that the circuit is unaffected by a D as high as 0.1 and this ma,;

be acceptable for a failure criteria if some high percentage of

capacitors dissipation factors do not change from 0.1 to n.5 with

only a few more volts or pulses. Further testing is needed to

validate any specific criteria for failure.

The two types of EMP generators that can be considered for

capacitor testing are voltage source and current source generators.

The voltage source generator (Figure 14-2a) consists of a charged

low inductance capacitor which is discharged through a low resis-

tance switch into the capacitor under test (CUT). A resistor in

parallel with the capacitor under test deterriines the discharge

time. The applied waveshape has a very fast rise time and a moder-

ate dIecay.

The current source generator (Figure 14-2b) is similar to the

voltage source ,enerator but a current limiting, resistor, R is

in series with the capacitor. The applied waveshape is consider-

abLv different due to the reduced charging current; at the time,

to the voltage, V, acr-ss a capacitor, C, is given by

1 0 idt (14-5)
C j

0

where i is fie current flowing into the capacitor as a fltnct 0n O

time, t. For example, consider a 10 ampere rectangular currc.t

pulse applied to a 1 jF capacitor for 10 microseconds. The peak

voltage is oniy 100 volts.

Obviously, some compromise must be made in determinin g the

Size of the current limit ine, resistor since the voltage supplv

requirements become prop)rtional1 to the value of this resistance

for a fixed current When a capacitor disch'irge source, as
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illustrated in Figure 14-2b, is used, a 1 KQ2 current limiting

resistance is about right for a .01 jnF capacitor.

Current-source testing is selected over voltage-source test-

ing because capacitor failure is detected more readily with the

former mode of operation. The failure levels established by the

two types of test sources are comparable within 10 percent, the

experimental error. With voltage source testing, it is necessary

to make a measurement of D and record any appreciable change.

However, in the case of a current source, the waveshape of the

capacitor voltage immuediately indicates the presence of breakdown.

Therefore, one step in the test procedure is eliminated and a

definite proof of voltage breakdown is observed.

A strange phenomena may be observed when testing of paper

capacitors with a current-source. If the capacitor is measured

on a bridge before and after breakdown, there are no changes of

either the capacitance or the dissipation factor. If the same

capacitor is tested again, a higher voltage is needed to reach

insulation breakdown. As an example, three oscilloscope traces

tIre presented in Figure 14-3 illustrating this phenomena. Note

that the capacitor apparently heals itself and improves it char-

acteristics. However, if the initial breakdown had occurred with

a voltage source, the D factor would have changed. Therefore, any

indication of breakdown with the current source generator indicates

an unsafe level to operate the capacitor in an EMP environment.

If the effect of dc bias on the safe level for EMP is to be

considered during capacitor testing, then the circuit of Figure

14-4 can be used to bias the capacitor to its maximum rated volt-

age. This circuit deviates from the normal current-source gener-

ator by the addition of negative dc bias voltage to the capacitor

through a 100 KsQ resistor and diode. This circuit presents no

load to the EMP pulse but provides the desired bias voltage when

the EMP is not present. It is nearly identical to the unbiased

current-source generator of Figure 14-2b, during the current

application of pulses.
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14.3 Wide Band Impedance_ Test Procedure

14.3.1 Scope

This test procedure is developed to guide the engineer in

selection of capacitors for use in equipment subjected to high

frequency signals. The equipment configuration may be used for

all capacitors and voltage ratings. The frequency range covered

is 100 kHz to 100 MHz.

14.3.2 Equipment

Several pieces of commercial equipment are required for this

test procedure as illustrated in Figure 14-5. The operation is

as follows. \swept frequency oscillator (e.g., Hewlett-Packard

8601A) output is connected to the capacitor under test. As the

oscillator is electrically swept over the spectral ra.nge of

interest, the voltage and the current of CUT are monitored by the

network analyzer (e.g., Hewlett-Packard 8407A). A swept RF refer-

ence, RER is used by the network analyzer to hetrodyne the current

and voltage to a fixed intermediate frequency at which gain is con-

trolled and effective division of V/I and the phase relationships

are performed. The complex impedance and/or the phase relation-

ships can be displayed on a dual trace scope. The horizontal

drive for the scope is obtained by scaling the electrical sweep

drive voltage used in the sweep oscillator. A less automated

measurement can be performed using a RF vector impedance meter,

such as the Hewlett-Packard 4815A.

14. 3.3 Precautions

This procedure can be influenced by parasitic elements in

the capacitor mounting fixture and interconnecting leads. Extreme

care must be taken to eliminate all parasitic elements. Gables

must be terminated in their characteristic impedance to prevent

cable reflections from influencing the results.

14.3.4 Procedural Steps

Once the equipment is connected as illustrated in Figure

414-5, the controls must be adjusted to obtain the desired display
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re t rence I evSls nId sc I C LieFaC t or s A ca I ibration is performed

bv suIbst itut ing a 50 ohm resistor in place of the CUT and adiust-

inc, the system to obtain the desired phase and impedance refer-

ences. Since many resistors are either slightly inductive or

capaci t ive at hig h trequencies , these addjustments should be per-

formed at about 1 MIL: where the reactances are low. Replace the

resistor with the CUT to obtain the spectral response.

14. 3.5 Samle Data

Data for a O0 pF disc ceramic capacitor obtained usin , the

described test equipment is presented in Figure 14-6. From both

the phase curve and the impedance, the resonant frequency of this

capacitor is 58 1Hlz. Its leads are about 1/4 inch long. Since

lead inductance is very important, the lead length should alw:,vs

be given and held fixed for comparative measurements. Data is

also shown in Vi,ure 14-7 for a 0.01 -j, paper capacitor. The

resonanc(e is easily located on the phase trace at about 17 M.

Lead lenr;ths were about 3/8 inch in this case.
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impedance

Phase

0 50 100 MHz

Figure 14-6. Spectral response of 100 pP
disc ceramic capacitor.

impedance

Phase

0 50 100 MHz

Figure 14-7. Spectral response of .OI 1 iF paper capacitor.
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14.4 Pulse Test

This test procedure is an alternative to the wide band test

described above.

14.4.1 Scope

The objective of this test is to determine the response of

a capacitor to the application of a low level fast pulse. By

observin, the voltage/time response of a capacitor at the leading

edge of the pulse, the reactance as a function of frequency, and

any nonlinear char)gins function occurring in some capacitors, can

he determined.

The i7pCkince as a function of frequency can be obtained by

taking. the Fourier transform of the capacitor voltage and of the

applied pulse. This transform provides an amplitude vs. frequency

for both the input pulse, A i , and the resultant pulse, A . The

complex impedance, Z, of the capacitor under test at each frequency

can be found by solution oF the equation

Ai(J') 50 + ZA = z (14- 6)

The advantage of this test over the wide band test is that a net-

work analyzer is not needed. However, in order to rapidly perform

the Fourier analysis, the investigator should have access to a

computer or progranmable calculator.

14.4.2 Equipment

The equipment needed to perform this test is shown in block

form in Figure 14-8. The pulse generator must have a fast rise

time capability (less than 5 nanoseconds), and should provide at

least 10 volts into 50 ohms. Pulse width is not an important

parameter in this test procedure. A generater with a trijger

pulse output would enh.'nce scope synchroni:'ation. The osci!lo-

scope must be capable of meas'irinr, pulse rise times faster than

the generator pulse and shoo i! have a sensit i .'ity of &! least 50

millivolts. With thisl ivitv :h'h osci 1 10r. "pe caT measure
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the voltage across a 0.25 ohm impedance down, or the purely capa-

citive reactance of a 1 jiF capacitor at 100 MHz. Higher sensi-

tivities permit measurement of lower impedances, i.e., larger

capacitances, but larger capacitances tend to exhibit some induc-

tance resulting in higher impedances at higher frequencies than

are normally expected. If the experimenter wants a permanent

record of voltage/time response of the capacitor, a photograph can

be taken of the trace. The pulse repetition rate should be set to

produce scope traces sufficiently bright to be observed or photo-

graphed easily.

14.4.3 Measurement Procedure

Connect the equipment as shown in Figure 14-8, keeping the

cable between the generator and the capacitor as short as possible.

Connect the scope probe as close as possible to the case of the

capacitor, investigating the capacitor parameters only. Since most

applications of the capacitor require some additional lead length,

the probe should be connected at the same distance even though this

adds inductance to the circuit. A typical distance is about k inch.

Observe and/or record the trace obtained for each capacitor type

to be investigated.

14.4.4 Data Format

The following data should be recorded:

1) The voltage across the capacitor as a function of time;

2) A description of the test item, including its type,

capacitance and working voltage;

3) The amplitude and duration of the applied voltage

pulse.

Figure 14-9 illustrates the types of waveforms observed.

Sweep speed for these curves are 50 nsec/cm and vertical sensi-

tivity is 5 volts/cm. A 100 volt peak was applied. The pulse

response of a 0.01 WF disc ceramic capacitor is presented in

Figure 14-9c. No deviation from the beh~vior of an ideal capacitor

is observed. The result for a tabular paper capacitor with short
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(a) 1.5" load length
.01 ILF paper capootor
200 W.V
50n sec div.

(b) Small lead length
.01 fLF paper capacitor

200 W. v
MOW M 5n sec/div.

~ U (c) Small lead length
.01 pF Disc Capacitor
I kV W.V

50 n sec./div.

Figure 14-9. Typical pulse test waveforms (a) high series
inductance (b) & (c) low series inductance.
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S leads is presented in Figure 14-9b. The same capacitor with

1-1/2 inch leads has, in Figure 14-9a, significant deviations due

to lead inductance.
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14.5 Stand Off Voltage Test Procedure

14.5.1 Scope

This test procedure is presented to guide the engineer in

developing a procedure for determining the maximum EMP voltage

capacitor can withstand. Various values of capacitors, up to a

few microfarads, may be tested with this procedure. The maximum

capacitance that can be tested is limited by the ability of the

source to develop a significant voltage across a large capacitance

in a short time. For instance, 100 amperes for 10 microseconds

is required to charge a 10 1iF capacitor to 100 volts.

A capacitor with a large series inductance, 10 to 100 nH, may

not charge at all, since the inductance in series with the capa-

citive element, allows only a little charging current to flow.

However, the voltage across the physical capacitor is large.

Therefore, the internal structure of the capacitor can be sub-

jected to a large voltage gradient. Depending upon the construc-

tion, this gradient may be sufficient to cause internal arcing

which could severely stress the capacitor during the leading edge

of a fast rise time pulse.

14.5.2 Equipment

Figure 14-10 is a block diagram of the equipment required for

the test; the interconnections are shown. The high voltage power

supply should be capable of providing 0-30 kV at an average current

of 100 microamperes. Regulation of 5 percent is adequate. Power

supply current limiting is provided by the fifteen series connected

resistors (1 watt) of ten megohms each. The energy storage

capacitor, C ESP of 0.001 to 0.05 PF, should be selected for its

low internal resistance and low inductance. The triggered spark

gap should be selected for the voltage ranges expected. They

should have at least a 1000 amp rating so that they can be expected

to last for many pulses. The trigger transformer should be selec-

ted for the largest spark gap selected so that with lower primary

voltages it can also be used for the smaller gaps. The low volt-

age power supply should be adjustable from 200 to 500 volts with
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I, a few hundred milliamperes average current rating. Regulation is
not important for this supply. The shunt resistor, used to adjust

the pulse width, should consist of four to eight equal size 1 watt
resistors in series. (The pulse width in seconds is defined as
the product of the energy storage capacitance in farads and the
shunt resistance in ohms.) Each resistor should be stressed to
less than 3 kV peak pulse voltage.

The series resistance should also consist of several resistors
in series each stressed to no more than 3 kV each. The product
of the capacitance under test (CUT) and the series resistance
should be equal to or greater than the product of the energy

storage capacitance and the shunt resistance. However, the series
resistance should not be less than 100 ohms. The oscilloscope

probe should be able to withstand up to ten times the capacitor
rated working voltage. The scope should have a 100 MHz minimum

bandwidth.

14.5.3 Test Fixture

Two special test fixtures should be built for this test pro-
cedure. One fixture, Figure 14-11, contains the current-source

generator. This fixture operates in the following manner. A
high dc voltage is applied through the connector (1), for charging

the energy storage capacitors (2). The voltage potential on the

capacitors at the time the spark gap is triggered is approximately

the peak simulated EMP voltage. When a low voltage (200-500 V)
pulse is applied to the trigger transformer (3) through connector
(4), a positive high voltage pulse (8-20 kV) is applied to the
spark gap (5) triggered through dc blocking capacitors (6). This

trigger pulse initiates the discharge of the storage capacitors

through the gap to the output connector (7).

The second test fixture, Figure 14-12, is a low inductance
fixture for holding the unit under test. This fixture is designed

with the requirement of being adaptable to different components.

Therefore, the end plate (1) is adjustable. The pulse is applied

through connector (2) to the component mounted between bars (3)
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I DC Input Connector 5 Spark Gap
2 Energy Storage Cap. 6 IOOpF 30kV Cop.
3 Trigger Trans. 7 Output Connector
4 Trigger Input 8 Shunting Resistor

Figure 14-11. Illustration of high voltage switch.

14-32



LI ! • T I

II

JI-

I 5duI,

2 Pulse Input Connector
3 Support Bar
4 Support Bar
5 Insulator

Figure 14-12. Component support fixture.
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and (4). An insulator (5) provides mechanical strength necessary

for mounting and removing the capacitor.

14.5.4 Precautions

The high voltages used in this procedure are lethal and great

care should be exercised when working with the equipment. The

fixture housing the storage capacitors and spark gap should be

completely enclosed. Provisions should also be made to short cir-

cuit the energy storage capacitors to ground when the capacitors

are being changed in the component test fixture.

Since currents for large capacitors can exceed 100 amperes,

small resistances and parasitic inductors in the ground circuit

can degrade the pulse input and the oscilloscope measuring

quality.

14.5.5 Measurement Procedure

The step stress method should be used to obtain the safe

voltage level for capacitors. Steps less than 10 percent are not

used because the unit-to-unit variations cause inaccuracies

greater than this magnitude. The stress step method is performed

as follows:

1) With the capacitor installed in the test fixture, apply

five pulses at an arbitrary initial voltage level.

Observe the voltage waveform. on an oscilloscope. If all

the waveforms are similar to Figure 14-13d, increase the

voltage by 25 percent and repeat this step. If any of

the five oscilloscope waveforms are similar to Figure

14-13a, b, or c, internal breakdown has occurred due

to excessive voltage.

2) Reduce the applied voltage by 10 percent and test a new

capacitor with five pulses. If there is any evidence

of breakdown for any of these pulses, repeat this step.

3) Test ten additional capacitors at this level with five

pulses each. If any pulse indicates breakdown, repeat5
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Voltage (a)

Time

Voltage (b)

Time

t

Voltage( )

Voltage (d)

Time

*Figure 14-13. Typical pulse waveshape with EMP current
simulator for most types of capacitors.
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step 2, otherwise record this voltage as the safe

pulse voltage.

14.5.6 Sample Data and Data Format

Pictures of oscilloscope traces obtained during testing of

a 0,01 11F, 1 kV ceramic capacitor are presented in Figure 14-13.

Trace (a) shows breakdown early in the pulse with little rise in

voltage. In trace (b) the voltage rises to a level which causes

breakdown which is not sustained. The capacitor begins charging

again until a second breakdown occurs at a lower voltage. This

condition does not always exist. Normally breakdown is sustained

to produce a trace as presented in Figure 14-13c. A typical

trace with no breakdown is shown in Figure 14-13d.

Typical curves are shown in Figure 14-14 for some 5.6 !F,

6 volt tantalum capacitors. With these larger capacitors the

series resistance is reduced to 100 S' so that more current flows

into the capacitor under test during the period of the pulse.

The results are somewhat different from those previously described.

Figure 14-14c illustrates the decay voltage from a normal low volt-

age pulse. Figure 14-14a and b deviate from this curve in the

early decay time. This rapid decay indicates a lower resistance

discharge path which must be due to internal breakdown. If the

breakdown causes a leakage resistance of approximately one hundred

ohms, then the leakage resistance is comparable to the source

resistance and there is a smaller voltage reduction during break-

down than that observed in Figure 14-13. Therefore, when using a

low series resistance, the discharge slope needs to be monitored

to detect the breakdown phenomena. These tantalum capacitors also

appear to exhibit a self-healing quality because there are no

measurable parameter changes after breakdown has occurred.
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Figure 14-14. Tantalum discharge curves with breakdown
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14-37



I|

14.6 References

1. Case, Miletta, "Capacitor Failure Due to High Level Elec-
trical Transients", Internal Memo, Harry Diamond Laboratories.

2. "Standard Test Methods for Electronic Component Parts",
Electronic Industries Association (EIA) Standard RS-186-D.

3. For a list of EIA Standards for Capacitors, see the alpha-
betical index in "Index of EIA and JEDEC Standards and
Engineering Publications".

4. "Test Methods for Electronic and Electrical Component Parts",
MIL-STD-202E, 16 April 1973.

I

14-39 ( P M DIM PA G

A " I IH II



APPENDIX A

GENERAL COUPLING VIA SURFACE TRANSFER

IMPEDANCE AND SURFACE TRANSFER ADMITTANCE

The cable being tested is represented in Figure A-I by a

transmission line with characteristic impedance Z0 and propaga-

tion constanL ['. The test fixture is also represented by a trans-

mission line with constants Z' and I''. The two lines have the
0

same length £. The test fixture is excited by a source with amp-

litude of VS and a time dependent factor of exp(jwt). The pene-

tration of the cable shield is represented by an induced, series

electromotive force per unit length, ES(C>, and an induced, shunt

current source per unit length, KS(F).

Let Ve (x,) and I (xr) be the voltage and current produced

at x = x when a unit electromotive force is impressed at x =

in series with the line, and let Vi(x,r) and Ii(x, ) be the volt-

age and current produced at x = x when a unit current per unit*

length is impressed at x t. Then by superposition

V(x) = fo Ve(XE) ES( ) d + fo Vi(x') KS( ) d , (1)

l(x) = fo Ie E S d + f o I x) KS( ) d (2)

Consider the general case of Figure A-2. VS(C) and IS(F)

are the series point voltage and shunt point current sources

impressed at x = C, which produce a voltage V(x, ) and a current

I(x,r) at x = x. From Schelkunoff we have

Ve(X,0 = - (sinh Fx + zlcosh Px)(cosh +(Q-,) + z2 sinh V( -')J,

(3)

= 1(cosh F + zlsinh rE)[sinh r(x-x) + z2cosh F(k-x)],

A-1
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ri

T e(x,,.) = 1-d(cosh lx + zlsinh Fx)[cosh '(£-W + z2sinh ,(V-!),
0
x -: ,(4 )

Zl,(cosh 1". + zlsinh P)[cosh '(Z-x) + z2sinh T'(-x)],'o

x ,:, ;

z
Vi(x=':) --T(sinh Tx + zlcosh Fx)Isinh P(Z-.) + z2cosh F(£- )j,

X.X , (5)

z
°(sinh F'. + zlcosh F )[sinh F(Z-x) + z2cosh P(2Z-x)],

X-'~

li(x,,-) = d(cosh x + zlsinh rx)[sinh F(Z-t ) + z2cosh P(z-F)],

(6)

= -1(sinh PF + zlcosh fr)[cosh F(Z-x) + z2 sinh r(k-x)],

where the following definitions have been made:

2  1i2 (7= Z 1,2 ; -2= 1(7
0 0

d (1 + zlz 2 )sinh Pr + (zl+z 2)cosh Pr (8)

For the sheath current coupling mode, the ES( ) in Figure

A-I is proportional to I'(), i.e.,

ES() ZT I'() (9)

where ZT is the surface transfer impedance per unit length of the

cable shield. The expression 1'(F) is obtained by making the

following substitutions in Equation (4):
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x ,i Z° o z -z 2

p...

0 0 1,2 2

so

Ie(F,0) , cosh "(-) + zsinh I''e - Vi11 = 2 (lO)

le(O,O) I'(M) cosh '''V + z~sinh ''9

and in particular

I'(0) = I'(.) (cosh F'Q- + z'sinh T''), z #

I'(9) = 0, z =

From Equation (9)

cosh F'([- ) + z'sinh p'(Z-r)
ES(C) = ZT I'(O) 2

cosh F'Z + z~sinh I''i

(12)

= ZT I'() [cosh F'(Z- ) + zlsinh F'(9-F)]

and in particular ES(Z) = 0 if Z=

For the radial electric field coupling mode, the KS () in

Figure A-I is proportional to V'(F,), i.e.,

KS(E) = YT Er( )

(13)
YT V'(,)

a en (b/a)

where YT is the surface transfer admittance of the cable shield,

a is the radius of the cable shield, and b is the radius of the

larger concentric cylinder. The expression V'(F) is obtained by

making the following substitution in Equation (3):

X -E, F o>+0  Zo ' FF', Zl,2 z1,2
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so

V' (FO) V'(F) sinh F'(Z-C) + z cosh r'(Z-)e- _ _ _ _ _ __ _ _ _ _ _ __-_ _ _ _ _ (14)
V'(00) V'(O) sinh F'k + zicosh r'k

and in particular

v'(9) - i V , z 0,
sinh r' + cosh r'i

2 (15)

=0, z = 0.

From Equation (13)

K YTV'(0) isinh r'(k- ) + z cosh r'(k- )
aS Zn(bfa) L sinh F'z- + zcosh

(16)
yT VIM [sinh P'(R-C) + z~cosh r'(z-&)];

Zia £n(b/a)

and in particular, KS($) = 0 if Zi = 0.

V(x) and I(x) in Equations (1) and (2) can now be calculated
using the Equations (3) to (7), (12) and (16). Presented here are
the results for V1 and V2 , the voltages at the ends of the test

cable in Figure A-l, which are obtained after straightforward, but
rather long calculations.

V(O) = V1 = [ZTA + YT B I (17)
d(r2 -r'2 )(cosh r'£ + z'sinh r'£)

= ~~z2 I' (0) +(8
V(X) - V 2 = z2IM[ZT C + YT D ]  (18)

d(r -F' 2 )(cosh r'£ + zisinh r'x)

where

A - rz2 - r'z + [(r'z 2-rzi)sinh r'z + (r'z2z -r)cosh r'Z]sinh rZ

+ [(r'-rz2zi)sinh r'R + (r'zj-rz 2)cosh r't]cosh rt;

(19)
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B = Z Zo[a Zn(b/a)] -  {fz'-r'z 2

+ [(r'z'-rz 2)sinh F'k + (r'-Fz2 zj)cosh F'Zjsinh P(22 2 2(20)

+ [(F'z 2z2-F)sinh r ' + (r'z2 -rzPcosh F'X]cosh Fz};

C = (F+f'z 1z)sinh F-(rzz +r')sinh '+(rz+Fr'z)" (21)

(cosh FZ-cosh r'k);

D = Z Z' [a zn(b/a)] - . [('r+F'Zlzi)sinh r'k

00 (22)

- (rzlz+r')sinh r9+(rz +r'zl)(cosh r'z-cosh rt)].

Four surface transfer impedances can now be defined:

Z(1) Vl zl (ZTA + Y T )  (23)I'() d(r2-r'2 )(cosh F'k + z~sinh r'z)

Z(2 ) - V2 = z2 (ZTC + YT
)  (24)

I'(0) d(r -r )(cosh r't + zlsinh r')

3)= 1 = Z (cosh r'X + z~sinh r'); (25)I'T)

4'() = Z(2) (cosh r'k + zisinh r't); (26)I'(t)

By) (esu3n)o (2) (4)By measuring Z(  or ZT and ZT or ZT4, the two quantities

(ZTA + YTB) and (ZTB + YTD) are obtained. Then, ZT and YT can
be found by solving the coupled equations if, and only if,

A B
1 0 . (27)

C D A
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Assuming a non-zero value for the determinant, this system

of equations can be solved for ZT and YT' giving

2 ,,2B

ZT (1' )d D (3) B ( (4)T AD-BC Zl T z T

S(F 2" 2 )d - A Z ( 4 )  Z (3 )  (29)
T AD-BC [2T z 1  T

These two equations are the fundamental results of this general

coupling analysis. Note that Z(3) and Z (4) are easily determinedT n and) ZTe are sily dsiteEinedfrom measured values of an (2)
frm eaurd ale T dZ T ,respectively, using Equa-

tions (25) and (26). Thus, in the general case, ZT and YT can be

determined with two independent measurements and a knowledge of

the characteristic impedance, propagation constant, terminating

impedances, length, and outer diameter of the sample cable and

the test fixture.

If the test fixture is electrically short, i.e., F$<<l and

f'k<<I, then the coefficients A, B, C, D and d become

A -C'- (12 F ) ;

B --Z 2Z [a xn(b/a)] "I (r2 f'2)k; (30)

d- zl+Z 2 ,

assuming that Zj 0 -. Therefore,

ZT-[ZT4) - (3)

T ___ T

y a n(b/a) .Z()+Z() (31)T ZiLZ Z Z 2

For this case, it is apparent from Equations (25) and (26) that

Z( 1) Z( 3 ) and Z(2) . Z(4). Thus, it is relatively easy to
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compute the values of ZT and YT for the case of an electrically

short fixture providing that the condition (27), which is

ZI + 2 0,is met.

The fixture which is recommended for the surface transfer

U impedance test procedure has ZI = Z = 0, and Z2 = 50Q. With

these terminations, expression (24) for Z() (the measuredththemasre

quantity) has the following coefficients:

d e eZ .

C = Isinh FZ - I'sinh F'k;

D = ZoZ [a in(b/a)] -I (sinh r'Z - F'sinh fe). (32)

This reduces to ZT 2 ) = ZTX, independent of Z and YT when the

fixture is electrically short. At higher frequencies, this

depends on both ZT and YT and since Z I and Z(3 ) are zero, it
T TT T

is not possible to obtain the two independent measurements

required to determine both coupling parameters.

The recommended test fixture for measuring the surface

transfer admittance has ZI = Z 00, and Z2 = 50Q. The quantity

measured is equivalent to Y( 2 ) = V(k)/V'(0). V(k) is given byT
Equation (18) and

V sinh V'X + z cosh r'' (33)
= Z0cosh r'k + z~sinh F'(Z

which follows from Equations (11), (15) and V(k) = ZI(k).

Substituting (33) into (18) and solving for y(2) gives

y2T- z2 (ZTC + YTD) . (4
Y 2 (34)

T Z6d(r2 -r' 2 )(sinh r'k + z cosh F'e)

The coefficients are given by

d-zl(cosh F" + z2 sinh Fr);
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C = zlz' (F'sinh rZ - rsinh r'k);

D = ZIZ 2 [a tn(b/a)] -I (r sinh r'Z - Fsinh rk) (35)

as Z, and Z approach infinity.

In general, both coupling modes contribute to y(2 ). WhenT
the test cable is electrically short, (34) reduces to

T 2) Y [a kn(a/b)] -I Z2 k, (36)

which after some notational changes is the result given in

Section 9.4.2.
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