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ABSTRACT

A multipurpose elecfromaghetic environments simulator has been
designed to provide a capabllity for performing EMR, EMP, and
lightning near stroke testing of systems, subsystems and ccmponents
in a single facillty. Thils report descrives the final facllity
design and presents the analytical and experimental veriflcation

of the deslign.
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THE ELECTROMAGNETIC ENVIRONMENTS SIMULATOR (EMES)

Introduction

Divisions 9353 and 9354 are responsible for determiring the
effects of man-made and natural electromagnetic (EM) environ-
ments on Sandla systems and components. Experimental and analyticzl
studles are used to evaluate the effects of EM environments on
systems; however, the testing capabhllitlec at Sandia Laboratoriles
are limited to relatively narrcw frequency ranges and to par-
ticular kinds of environments. A new facility, the Electromagnetic
Environments Simulator (EMES), has been pruposed which will allow
broadband testlng of large systems to a number of different
environments within a single structure.l Thls reporft. addresses
the ratlonale for selectlon of the facility deslign, presents
the theoretical basls for the deslign, and dlscusses the results

of experimental studies nn scale models of the facllity.

The performance requlrements for the facllity 1nclude the
followling:

(1) The facility should be capable of producing
uniform continuous wave (CW) and pulsed
flelds over the frequency range ofl 100 kHz
to 10 GHz. This capabllity addresses the

electromagnetic radiation (EMR) threat.

(2) The faclility should be capable of producing
uniform translent flelds having the wave
shape and magnltude characteristic of a nuclear

electromagnetic pulse (EMP).

(3) The facllity should be capable of simulating
the flelds produced by a nearby lightning

stroke.
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(4) The facllity should be large et.ough to allow
testing of weapons systems up to four meters
long.

(5) The facility should not radiate appreciable
electromagnetic energy into the surrounding

area.

In addition to the performance requirements, tight budget con-
straints have been establ!. "led for the facllity development. Full
attention has been given to reducilng the size of the facllity
to the minimum possible for satisfactory operatlon.

Several techniques are avallable for producing known, uniform
EM flelds for system testing. The slmplest of these 1s to cet
Up transmitting antennas out-of-~doors and place the item under
test in the radlated field. Thils procedure was used for many

e Such

years as the baslc test aprroach at Sandlia Laberatories.
an approach has a number of disadvantages: the "ield levels
attalnable are i1ow {(except at frequenclies near or above 1 GHz

where high gain horn antennas can be used), automation of the
frequency scanning and data acquisition 1s difficult (tecause of
the lack of broadband radiating structures), and the radiated

field may interfere with other radio traffic {(resulting in
sanctions by regulatory agencles). Because of these disadvantages,
the Sandia facilitles of this kind have not been used in recent

years,

A second approach is to place the radlating system and the
item under test inside an anecholc chamber.3 Absarbing material
on the inner walls of the chamber prevents reflections and pre-
serves approximate free space conditlons while containing the
radiated wave. A majJor problem with the anecholc chamber approach
1s the slze of the structure requlred. A high performance chamber
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uses absorblng material that is a significant fraction (at least
nne-quarter) of a wavelength thick at the lowest frequency to

be used; therefore, a chamber that would accommodate the frequency
range of interest would be prohlbltively large.

A third configuratlon that can be used to generate test
flelds 1s the parallel plate transmisslon line.u’5 The parallel
plate design has been used for a number of EMP simulators and
some attentlion has been given to uslng such a slmulator for CW EMFH
testing.6 Thils kind of facllity 1s a terminated strlp trans-
misslon llne of large dimensicns which allows placement of the
test ltem between the strip conductor and the ground plane. Only
low fregquency environments can be produced 1n the parallel plate
facility because reflections and higher order mode effects create
disturbances 1n the fleld pattern at high frequencles. Facillities
of thls type radlate energy 1nto the surrounding area and the
radiation lncreases with Increasing frequency. The open parallel
plate facllity 1s therefore not sultable for CW or modulated CW

operation.

A fourth approach would be to enclose the parallel plate

T The line 1s then equlvalent to a

line 1n a shilelded enclosure.
shielded strip (triplate) llne or a rectangular coaxlal trans-
misslion 1llne. A facllility of thls type should work up to fre-
quencles at which higher order modes begln to propagate and
radlation from the center plate beglns to occur. At frequencies
higher than that, reflectlons from the walls of the enclosure

will c~2use dilstortion of the field under the center plate. 1In
additlon, the distance from the center plate to the slde walls and
to the top of the enclosure must be carefully selected to obtaln
the proper characterlistlice 1mpedance and ficid distributiocon for

the line.
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The basic elements of the parallel plate and anecholc
chamber designs were comblned in the EMES facillity. The facllilty
is essentlally a shielded strip transmisslor. 1ine which has EM
abhsorbing materlial covering a portion of the inner walls. The
premise 1s that the facllity wlll act as a bounded wave trans-
mission line at low frequencles and (riore or less) as an anechoic
chamber at high freguencles. Any energy radlating from the center
conductor will be contzined by the outer walls of the structure
and absorbed (thareby preventing the radlated energy from re-
entering the test volume and distorting the field distribrition).
Simiitarlly, reflections from the output end of the facllity will
be reduccd by absorber placed across the output end.

The EMES deslgn is based primarily on the theory of stripline,
triplate, and rectangular coavizl transmission linres, parallel
clate EMP simulator design and on emplrical data from scale models,
The purposes of thls report are to describe the design of the new
facillity, to summarlize the theoretlcal analyses which can be used
to support the design, and to discuss the procedure and results

of scale modelling of tihe facility.

oUummary

To meet the requlrements for evaluatlng the effects of
electromagnetic energy on systems, a new multl-purnose electro-
magnetlic environments simulatur has been deslgned. The concept 1s
to combine the desirable properties of the parallel plate simulator
and the anechoic chamber 1n a deslign that will allow EMR testing
cver a wlde frequency range, EMP testing, and lightning near
stroke testing in a single facility.

Several possible facllity configuratlons were evaluated 1n
terms of the characteristics of the electromagnetic fields produced

10



In the facllity, compatliblliity with existing equlpment, and cost.
An extensive scale-model experimental program was condaucted to
determine the feasibllity of the designs and tc establish some
prractlical bounrds orni the expected performance of the full-~scale
facillty. The results of the experiments indicate that the basic
design phllosophy 1is valld and that satisfactory performarce car
e achleved with several of the possible conflgurations.

The deslgn selected for development into a full-scale
faclility 1s a truncated version of the tapered rectangular coaxial
transmissicon 1lne. At 1low frequencles, a resistor in series with
the center conductor and equal to the characteristic impedance of
the transmlssion line provides a matched termination for energy
rropagating on the ilne. At high frequencles, a wall ct electio-
magnetlic absorbling materlial placed across the output end of the
facllity provides a non~reflecting termination. By selecting the
absorber such that the frequency at whlch 1t becomes effective 1is
velow the lowest resonant frequency for higher order modes excited
on the line, truly broadband performance can be achleved. The
varlation in field level with frequency 1s expected to be less
than #6 dB over the frequency range of 100 kH2 to 10 GHz. This
i1s an acceptable degree of fleld uniformity for system response
evaluatlions. The facility wlll not radiate electromagnetic energy
into the surrounding area because it 1s a closed, shielded trans-
mission llne system.

In the experimental program, the broadband performance of the
models under low level, continuous wave excltation was stressed.
The transilent environments (EMP, Lightnlng) have spectral content
only over the low end of the frequency band covered in the ex-
periments and the production of these environments is less sensi-
tive to varlatlions in the physlcal characteristics of the simulator.
Therefore, 1f the facility can be densligned to work properly in
the continuous wave node, satisfactory frequency domain performance

11
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for transient envirornments will be assured. Although not modeled
experimentally, the high voltage breakdown problems associated

wlth production of the transient environments have been addressed
in the design through the use of corona suppression tubes at

points of high electric stress and the provision for a special high
voltage launcher. It 1s believed that the facility can be hullt

in the configuration suggested to comply with all of the primary
requlrements for its operation.

F'inal EMES Design

The final EMES design is illustrated in Flegure 1. The s_.mu-
lator consists of (1) a source (CW, pulsed, or transient depending
upon the kind of environment being simulated), (2) a launcher
(or Teed) which provides =z transition from the circular coaxlal
output of the source fo the rectangular coaxlial geometry of the
facility, (3) a pyramidal shaped sectlon of transmlission line
which gradually 1ncreases the cross-sectional dlimenslons of the
facllity whlle maintaining constant electrical properties, (4) a
rectangular section in which the test item is placed, and (5) a
tapered cutput sectlion in which the energy used to excite the trans-
mission line 1is absorbed. A laboratory bullding fo house tlLe
sources and work space for the test personnel, and access to the
test area vla an alvrlock are also provided in the design. The
over-all length of the facllity is 28 meters (including a 2.8 meter
sectlon that extends 1Into the lab building). the maxlimum width
at the rectangular test section 1s 20 meters, and the maximum

interior height is 8 meters.

The 1nner walls, the celllng, and the I'loor of the facility
are lined with a conductlng material (two layers of bronze screen)
thus forming the shleld or outer conductor of a rectangular
coaxlal transmission line. The center conductor of the llne 1s

e T i -i-wm T - s —— iy, Tl
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formed by a thin, flat sheet of conductlng materlal mounted on

a dielectrle support structure. The center conductor, which 1is
suspended from the cellling on dielectric hangers, runs from the
source to the output transition section in a plane half-way
between the floor and celllng. The wldth of the center plate tapers
to a maximum dimension of 11.25 meters 1in the 5 meter long test
area. The 1tem under test wlll be placed between the center con-
ductor and the floor in the rectangular section of the facllity;
the test volume 1s then 5 meters long by 11.25 meters wide by 4
meters high., The edges of the center conductor are rounded to
prevent breakdown in high voltage translent operation.

In the input and output transition sectlons, the wldth of the
center concductor and the separatlon between the center conductor
and the ground planes 1s changed in such a manner as to maintaln
a constant ratlo between those two dimenslons. The distance
between the edge of the center plate and each slde wall i1s maln-

tained at approximately 4.zZ5m.

The center conductor 1s connected to the back wall cf the
output translition section through a 50 ohm load. Staggered walls
of electromagnetlc energy absorber extend across the facility
above and below the cenfer conductor in the output transition.
These two components serve as termlinators for the energy propa-

gating in the facility.

EMES 1s capable of simulating several different environments,
EMR (CW and pulsed), EMP, and near stroke lightning fields,
by connectlng the r~oper source to its input. TFor EMR CW
environments, sweep generators and broadband amplifiers willl be
ulded to produce maximum fleld levels of approxlmately 25 v/m over
the frequency range of 200 kHz to 10 GHz. For pulsed EMR
environments, exlsting sources are capable of producing peak flelds

15
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of 55 V/m or so at frequencies between 1 and 10 GHz. The EMP
source 1s a Van de Graff generator with a maximum charge volitage
of 400 KV which 1is capable of producing a peak fleld strength in
the test volume of approximately 100 KV/m. Detalls on the
lightning environments source have not yet been worked out. The
high voltage transient sources will require a special launcher
section capable of transmitting large peak voltages without break-
down between the cenfter conductor and the ground plane.

When a voltage from any of the possible sources 1s applied to
the input of the facility, un electromagnetlic field is established
between the center plate and the ground planes. In the test
volume this field 1s a plane wave with a vertically polarized
electric field component.¥® The orientation of the field components
cannot be changed, but the effects on system response of polari-
zation and angle of lncldence can be evaluated (for in-flight
environments) by changing the orientation of the system under test,
The horlzontal polarization for a system on the ground cannot be
simulated in EMES. This 1s not a serlous limitation for most
systems, because at low frequencliles (and for the transient environ-
ments) the maximum response normally occurs wWhen the electric field
is polarized parellel to the axis of the system. At very high
frequencies, the ground plane does not slignificantly affect system
response (if multipath reflections are not consldered) and the
horizontal orlientation of the system simulates both iIn=-flight and
ground environments reasonably well.

The final design of EMES 1s speclified in Pigure 1 and discussed

briefly above. The analytical principles and experimental results

*The wavefront 1s not perfectly plane for reasons discussed

in a later section, but the primary components of the wave are
a vertical electric fleld vector and a horizontal magnetic
field vector.

[



on which the design 1s based are presented 1ln the sectlions

which follow.

General Deslgn Concepts

The EMES faclllity 1s a2 rectangular cocaxlal transmission 1line
with a flat strip center conductor. The dimenslons of the
facllity were selected t¢ produce a transmission line wlth a
characterlistic impedance of 502, the same as the lmpedance of
the sources used to drive the lline and the load used to terminate
the line. Thus a matched transmission system 1s malntained and
reflections due to impedance mismatches are (ideally) eliminated.

The 1impedance of a rectangular llne 1s controlled primarlly
by the ratlio of the wildth of the center conductor to the separation
between the center conductor and the upper and lower plates.

The pyramldal translitlion sectlons malntaln the wldth-to~-plate
separation ratio to provide a constant lmpedance along the

length of the faclllty whlle gradually changing the c¢ross-
sectlional dlimenslions. The separation between the center conductor
and the ground plane 1s thereby increased from approximately

0.01 meter at the output of the source to 4 meters in the working
volume {(test volume), a distance large enough to allow the
placement of a full sized system inslide the transmlssion line,

parallel to the electric fleld vector.

At low frequencles, the facility behaves as a terminated
bounded-~wave transmission line. Essentlally all {he energy
suppllied to the llne by the source 1ls contalned between the center
conductor and the upper and lower plates and 1ls absorbed 1n the load.
As the frequency 18 1increased, radiation from the line and
scatterlng from imperfections and discontlinuitles become signifl-

cant. Absorbing material placed across the output end and perhaps

e



at other locations In the facllity prevent the radlated and
scattered energy from belng reflected back into the working volume,
That portion of the energy that propagates through the absorbing
material is contalned (and reflected) by the walls of the facility#¥®
and must pass back through the absorbing materlal before re-entering
the working volume. After two passes through the absorber, the
magnitude of the reflected wave should be low enough to prevent sig-
nificant perturbation of the field distrlbution 1in the working
volume,**¥ The low- and high~frequency performance characteristics
are dlscussed separately 1in the sections which follow.

Low Frequency Design Factors

A number of studles of the quasl-static characteristics of
rectangular transmission lines are avallable 1n the 1iterature.8-ll
In addition, the theory for stripline or triplate transmission

12-14

lines can be applied 1f the separation between the edge of the

center conductor and the slde walls of the line 1s large enough.
Jesign information for parallel plate EMP simulators is also useful

15=22

in determining low frequency characteristics. From these and

other sources, the basic design of the facllity can be specified.

The primary low frequency consideratlons 1in the design of the facility
Include 1ts characteristic impedance, the field distribution wlthin
the test volume, the planarity of the wavefront 1n the test volume,
and the terminatlon of the transmisslion line 1n a matched load. The
concluslons drawn from low frequency deslgn studles 1n each of these

*The purpose of the side walls 1s simply to contaln the radlated
energy; therefore, any conductling material will be sultable.

1 screen 1s used, the maximum mesh slze should be less than
0.3 em (0.1 wavelength at 10 GHz).

#%¥As mentloned previously, the thickness of the absorbing material

must be a significant fractlon of a wavelength to be effectlve.
Selectlon of the materlal size 1s dlscussed 1n Appendix A.

!-—i
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areas are presented briefly below and are discussed 1in greater
detall 1n Appendlx A.

The quasl-static solutlions are applicable to transmission iines
whose dlimensions are small encugh to support only the TEM propagation
mode. For the symmetrical tri-plate line shown in cross section ir
Flgure 2a, higher order modes may propagate when the ground plane
spaclng, d, exceed one-=nalf wavelength.12 For the rectangular line
(that 1is, the triplate line with slde plates added), the specifica-~
tionn of the cutoff wavelengths for higher order modes 1s complicated
by the effects of the slde walls; however, for shlelded lines with
dimensions slmlilar to those of the proposed facility, the cutoff
wavelengths 1n the flat section are essentially the same as for tre
triplate 1ine.9 We therefore assume that the upper frequency, fc,

for purely TEM propagation on the lline 1s gilven spproximately by:*

f, = %h ='%E (1)
C

where Ac 1s the cutoff wavelength for higher order modes and ¢ 15
the veloclty of lignht 1n free space., At frequencles higher than fc,
higher order modes will proliferate, radlation from the line will
become increasingly significant, and the low frequency concepts of
characteristic impedance and field distribution will not be strictly
valid. For the EMES design, the ground plane separatlon 1ln the work-
ing volume 1s 8 meters and I, 1s approximately 13 MHzZ .

Expressions for the approxlilmate characteristlic impedance, Z
of the zocaxial rectangular transmission line shown in Flgure 2b,

O 3

#*The prediction of cutotf wavelengths for higher order modes in
EMES 1s further complicated by the varylng cross sectlon dlmen-
sions of the line in the pyramidal transition sections.
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8,10,11

are avallable in the literature. One such expression for the

cage of a zero thickness center conductor 1s glven in Equation 2.

7 = 376.62 Q (2)

O
IW 2 g
Ll = + -1; 1n (l + coth 3 )]

In Equation 2, g 1s the separatlon between the edge of the
center conductor and the side wall, W 1s the wldth of the center
conductor and d 1s the separation betwecn the ground planes. The
width of the center plate 1n EMES was adjusted to glve a character-
1stic impedance of approximately 500 (see Flgure 1 for dimensions).
Computatlions based on other approximate expressions for the rectan-
gular llne 2and on the trilplate equlvalent of the facllity gave
results within 5 percent of the value glven by (2).

The 1Input and output tapered transitlon sections are used to
gradually change the dimenslons of the llne whlle maintalning a con-
stant characteristic 1mpedance. Thlis 1s done by changing the center
plate width, W, and the ground plane separation, 4, at the same rate
so as to malntaln a constant ratloc of W/d. (See Figure 3.) At any
cross-sectlon through the tapered transitlons, the conductor con-
figuration and the characteristic impedance are the same as 1n the

rectangular portlion of the line,

One obJjective of the facillity design 1s to cobtain a uniform,
planar fleld dlstributlon over the area to be occupled by the test
1tem; that 1s, the electric fleld 1lines and the equilpotential 1lines
should be uniformly spaced, with the electric fileld lines perpendic-
ular to the center plate and the equipotential llnes parallel to 1it.
Such a field dsstributlon is very closely approximated in the region
between the center plate and the upper and lower ground planes of a
rectangular coaxlilal tranamlasion line, provided certain conditlions
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on the physlcal characteristics of the line are satisfied. These

conditions are summarized below.

1. The field under the center plate is essentlally
uniform at distances from the edge greater than
approximately 0.25d (one-quarter of the distance

between ground planes).

2, The distance from the edges of the center
conductor to the side walls of the transmission
1ine should be at least one-half the ground
plane spacing (0.5d) to assure that the side
walls do not cause dlsturbances in the fleld
distribution 1n the worklng volume.

3. The electric fleld increases precipitously near
the edge of the center conductor. Some form of
high voltage breakdown suppression should be
provided to assure that arcing does not occur 1n
the tapered input transitlion sectilon.

Distortion of the wavefront in the working volume 1s the
consequence of several factors: (1) time dilspersion across the
wavefront which results from launching the spherical wave from the
pyramidal transitlon section onto the flat section; (2) reflection
and diffraction of the wave at discontinuitles (such as the bends
in the ground vnlanes) in the transmlssion 1ine;23 and (3) re-
flectlon at the side walls of energy radlated from the center plate,
These factors are illustrated in Figure 4. As dlscussed more fully
in Appendix A, the effects of these dlsturblng factors are reduced
by making the angle between the tapered and flat sections as small
as 1s practical, using the front portion of the working volume for
the test item location, and placing electromagnetic absorber across
the output end of the facility.
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The final critical factor in the low freguerncy design of tne
facllity 1s the output load arrangement. Yor the frequency range
in which the facllity behaves as a TEM mode transmission llne, it 1s
necessary to termlnate the line in 1i{s characteristlc 1lmpedance to
avoid reflectlions back into the working volume. In EMES thils termi-
natlon ic provided by a dlstributced fifty ohm reslstlive load
mounted 1n the center plate near the output end. The load is
located at approximately the same axlal positlion in the output trans-
itlon sectlon as 1s the staggered wall of absorber. Thne loaa tends
to gradually disslpate the low frequency energy as the volume
occupli«d by the absorber lncreases., Thus, the distributed resistcr
helps to compensate for the lncreased low frecguency capacltance
caused by the presence of the absorber. It 1s also possitle tc com-
pensate for the 1ncreased capacitance by narrowing the center ccon-
ductor and thereby 1lncreasling the 1nducfance of the transmission
llne. Additlonal scale model experiments are planned to determine
how much the plate must be narrowed to achleve optlmum low frequency
performance. A sketch of the output terwnlnatlon arrangement 1s

shown 1n Flgure 5.

High Frequency Design Factors

At I'requencles for which the dimensions of the faclliity are
comparable to or larger than the wavelength, modes other than the
TEM mode can propagate on the 1ine.2u These higher order modes are
nct properly terminated by the serles load impedance and energy

™

coupled 1Into —-hese modes 1s reflected at the output end o the
line, causlng disturbances in the fleld distribution 1n the working
volume. Several f2atures of the facllity deslgn tend to suppress

the higher order modes and thereby extend the frequency range of the
facllity.

Discontlnulties on the transmission line allow the higher order
modes to be excited. Presumably, if there were no abrupt changes
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in the physical characterlistics of the facillty, the TEM mode would
be the only one propagating on the line. Severe dlscontlnulties
(such as significant changes in the characteristic 1mpedance of fhe
transmissicn line) will result in reflection of a portion of the TEM
wave and create standing waves aleong the line. Therefore, 1t is
necessary that the conductor surfaces be reasonably smooth and

planar.

Particular care must be used in making the feed, or launcher,
for the 1nput end of the facility. The feed matches the circular
coaxlal cable from the source to the rectangular geometry of the
facility. Because the spacing between conductors 1s small, their
positions must be carefully controlled to maintain a constant impe-
Zance and avoid discontinultlies that mlight exclte higher order modes.
he current deslgn employs a coax-to-strip line launcher 1n which
the high-dielectric substrate 1s gradually tapered to provide a
smooth transition to the alr dielectrlc facil’ty as shown in
Pigure 6. Other designs which provide tetter mechanical stability

are being conslidered.

A wave launched into the faclillity must be absorbed In the load
1impedance or at the boundarlies to avold disturbance of the field
In the working volume. Previocus attempts to use parallel plate

facilities for high frequency CW test work have shown that a major
contributor to field non-~uniformities 1In the working volume is the

reflection that occurs at the output tapered sectlon of the line,
Several approaches have been proposed for terminating a parallel
plate line 1in a generalized admittance sheeft instead of the lumped
characteristic 1lmpedance of the line.20’25-29 Such a sheet might
be composed of a grid of 1nductors, capaclitors, resistors, or even
active networks. This approach to the high frequency terminatlon
problem does not appear to be practical over the broad frequency

range necessary for EMES.

™
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The EMES deslgn provides a termlnatlion for the non-TEM com-
ponents by placing a wail of absorbing material across the output
end of the faclllty. Thils hlgh freguency termlination 1s roughly
equlivalent to the sheet admlttance mentioned abcre. The absorber
1s placed so as to intercept all reflected waves emanating from the
bends at the intersections of the input tapered sectlon with the
flat section of the faclility.

Absorber can also be placed on the side walls and the floor
of the faclility to prevent reflection into the working volume of
energy scattered from the bends in the ground plane or from a metal
test ltem. The goal 1s to absorb all the energy that leaves the
working volume and thereby preserve essentially free-space conditions
in the vicinity of the test ltem. In many respects the high fre-
quency performarice of the faclllity 1s more like an anecholc chamber

than a transmission line.

The requirement for non-interference with nearby users of the
EM spectrum places addltlonal constralnts on the high frequency per-
formance of the system. It has been estimated that the facllity
walls wlll need to prcside approxlimately 55dB of shieldlng effec-
tiveness in order for the facillity to meet Federal radiatlion limits
when driven by a 200 watt CW source (see Appendix A). This level of
shlielding effectiveness 1s attalnable over tha frequency range re-
quired through the use of 1nexpenslve screen-wire constructlon for

the ground planes and side walls.3O

High Voltage Transient Deslgn Factors

To produce EMP and lightning environments, hlgh voltage pulses
must be applled to the facllity. The same conslderatlions for
impedance matchlng, load termination, reflectlon and dilffractlon
at dlscontlnuities, and field uniformity apply to the translent
mode of operatlon as to CW operation. A deslign which meets the



requlrements for CW operation at all frequencles speclfied should
be entirely satisfactory for translent operatlon.¥

The unigue problems assoclated with the translent operation
of the facllity involve hligh voltage breakdown phenomena. The
primary concern 1s that ti.c maximum voltage applled to the center
conductor does not cause arcing from the center conductor to the

ground surfaces. In additlon, 1t 1s deslrable to suppress corona

dlscharge from the center conductor. The maximum source voltage

anticipated at the present time 1s 400 KV.

The mechanlsms of high voltage breakdown are briliefly summarized
in Appendlx A.31 High voltage stand-off 1s accompllished 1n
FMES in two ways. (1) In the maln part of the faclllity, the edges
of the center plate are rounded to reduce the electrlc stress. A
center plate radlus of 0.1 meter glves a reasonable compromilse
between voltage stand-off capablllty and effects on the character-
1stle 1lmpedance of the lincreased thlckness of the center plate.
(2) In the first 2.8 meters of the input transitlon sectlion, where
the separatlon betweeir the center plate and the ground planes 1s
small, the volume surrounding the center plate 1s fllled wlth hilgh

dielectric strength material capable of withstanding the hlgh stress.

Thls portion of the 1lnput transltlon is gas- or oll-~tight and 1is
removable to allow connectlon of the high frequency CW feed. At
the polnt where the center conductor passes out of the "gas box",
the sparkover voltage 1n the faclllity (alr dlelectrlc) 1s greater
than 800 KV. Thils value 1s considered adequate for high voltage
breakdown protectlon.

¥The transient slgnals of 1lnterest, 1n general, do not have
slgniflcant spectral content at frequencles above 500 MH=z.
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Scale Modellng of rthe Facillty

Electromagnetic scale modeling 1s an effectlive method af i~
caining soiutions in analog form to the {ield equatlons wlth com~
plicated boundary conditions.32“3u
appropriately scaling the physical dimensions, the electrical

The modeling 1s accompllishcd by
characterlistics, and the frequency of operation of the system. ‘'
requlirements for the scale factors are determined by comparing the
forms of the Maxwell equations in the full scale and the model
spaces.32 The abllity to construct valld models rests on the
linearity of the differential equations which describe the ficlds
in the system. Thls implies that 1t 1s necessal'y to exclude any
nonlinear media.

ﬁeguirements for Electromagnetic Scale Modeling

The most common approach 1s to require that the fields In thc
model be proportional to the flelds In the full-scale system and
to make the model space simply a space of different size than the
full-scale space. That 1s:

E (x,y,2) = aE'(x',y",z") (3)

H (x,y,z) = BH' (x',y',2")

R = pl'!
where E 15 the electric field vector, H the magnetic fleld vector,
£ an element of length 1n the full-scale system with spatilal
coordinates x, ¥, 2, the primed quantities are the equivalent
variables 1n the model space, and a, B and p are arblitrary constants
of proportionality. The exclusion of nonlinear materilials makes
i1t practically impossible to scale the permittivity, €, and
permeability, u, of insulators (such as air). The accepted practice,



thepofore, 13 to sinmulate alr (and other dielectrics) in the ol l-

scale sysvem Witihh 2lr (and the same diclectrices) in the moudel.

Thun

Tiiia 2lso leads to the condition that the wave impedarnce

(/%) musc be the same in bolh spaces and

L4

o}
A
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resguency (time) must be 3cazled so that
f = f'/p . (£

To properly model conductors, the conductivity must be scaled

[\
L1

g = g'/p . {7

It 15 the restriction of Equation 7 that leads to the grezstest
difficulty in constructing valid scale models. This condirtlon 1i:
not strictly satisfied by using air in the model to represent alr
In the fulle-scale system because air actually has a small, freaguency
varying conductivity. The error involved in treating air as a
perfect insulator 1s generally dlsmissed as belng negligible at
practica?l I‘J,'~<=.':cu.1enc:.‘i,es.3!4 Modeling good conductors can also be a
problem; for example, a 1/10 scale model of a copper conductor should
be made from a material with 10 times the conductivity of copper.
Good conductors are generally treated as perfect cor”uctors (in-
finite conductivity) and are used in the full-scale system and the

model alike with negligible error.
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A model which satisf'les the conditions expressed 1n Equations
j through 7 1s a geometrlical model of the full-scale system 1t 1s
iesligned to represent. The structure of the fleids within and
near the model wlll be the same as that of the flelds 1n the full-
scale system. Thus, qualltative 1Informatlon on the fleld dlstribu-

*ion 1In a system can be obtalned from measurements on a model of
cenvenlent slize.

Experimental Procedure and Results

Several scale models of posslible EMES desligns were examlned
In an extensive experimental program. Detalls of the experimental
approach and the results are reported elsewhere.35 In this report

the experimental results that impact the filnal deslgn decisions are
summarilized.

The same dielectric materials used 1n the design of the full-
scale facllity were used in the models (alr, dlelectric substrates,
dielectric supporting material). Copper sheet and bronze screen
were used to model =2onductling surfaces. The model size for which
the largest amount of data was obtained was a 1/5 scale (p = 5).
Data were taken over the frequency range of 10 MHz to 10 GHz,
corresponding to frequencles in the full-scale facllity of 2 MHz t.
2 GHz. In add4ition, a 1/20 scale model of the truncated deslgn was

used for a serles of experimental studles over the same frequency
range.

It was not possible to properly scale the conductivity of the
absorbing materlal used as the terminatlion for several of the model
configurations because the materlal 1is obtalned commerclially and 1s
avallable only 1n standard composltions. The results obtalined 1n
the experiments, therefore, do not necessarlly represent the preclse
performance to be expected in the full-scale facllity. However,
because of the nature of the broadband response of the scale models
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(as will be discussed later) good gqualltatlive results were cbuizl:in::.
In spite of this violation of one requirement for precise scalc
modeling, the informatlon required to answer several critlcal

design questions was generated.

The scale models were designated FEMES (Fifth-Scale Electra-
magnetic Environments Simulator) and TWEMES (Twentleth-Scale
Electromagnetic Environments Simulator). Several configurations -7
FEMES as descrlbed 1n Appendlx B were examined in detall in the
experimental program. The model for the truncated conflguration,
the final design model, 1s shown in Figure 7.

The magnitude of the relative electric fleld strength was
measured at several points 1n a plane at the front edge of the
working volume as shown in Flgure 7. Data were obtelned for the
vertical, horizontal, and axlal components by measuring the outpuc
of correspondingly poclarlzed fleld probes,36 dividing by a reference
field level and expressing the result in dB. Measurements were also
made of the voltage standing wave ratio (VSWR) and (where appro-
priate) the normalized output power; that is, the power dissipated
in the load terminatlion divlded by the power coupled to the input of
the faclllty. Control and data lcglng operatlions were performed by
a minil-computer controlled 1lnstrumentatlon system. The results of
measurements on each of the models are discussed 1n Appendlx B ana
are presented in detall 1In Reference 35.

The primary results of the model studles are summarized below
with particular emphasis on the results for the truncated model.

1. The highest frequency at which the faclility
rerforms satlsfactorily without absorbing
materlal in the output transition 1s approxi-
mately that predicted by Equation 1.
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Addition of the absorber to the »H»utput trans-
ltion lmproves greacly the high frequency per-
formance of the facllity by suppressing resoc-
nances assoclated with the higher order modes.
It also degrades sllghtly the low frequency
performance by lncreasing the capzcltance at

the load 2nd.

Mechanlcal alignment of the launcher is crltical
to proper operatlion at frequencles above 1 Ghez.

Changlng the positlon of the slde walls does
not slgnificantly affect the performance of
the facllity as long as the separation between
center plate and slde walls is at least as
great as the separation between center plate

and ground planes. Thls implles that the
wldth of the faclllty can be reduced as the wldth

of the center conductor is reduced in the in-
put and output transitions, thereby reducilng

constructlon costs.

The truncated deslign with a distributed load
impedance and proper absorber placement glves
satisfactory performance over the required
frequency range.

The load 1mpedance should be distrlbuted
laterally and axlally in the center plate.

The absorber should be staggered along the out-
put transitlon sectlion and should be separated
from the tack wall of the facility to minlmlze
the effect of the absorber on the low fre-
quency lmpedance of the transmlission lilne.

35
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The normallzed vertlcal electric field at the center front cidi«
of the working volume of the truncated model 1s shown in Figure .
The fleld level 1s within a range of approximately $6dB at all
frequencles examlined. Attalning thils degree of fleld uniformity
over three frequency decades 1n a facllity the silze of FEMES pro-
vides an impresslive veriflcatlon of the basic design. The VSWR for
the truncated model 1s shown 1in Flgure 9. The maxlmum values of
2.5 or so are acceptable for cperatlion wilth high power CW amplifilerc.
The experimental results indicate that EMLS can meet 1ts deslgn
goals in the truncated version apecifled In Filgure 1.

Absorter Effcots

To interpret the results of experiments invclving the use of
EM absorblng materilal, 1t 1s necessary to understand some cf the
baslc characteristics of the absorber. These characteristics are
summarized brlefly in Appendix C and will be applied to the dis~
cussion of the experimental results which follows.

Because the conductivity of the absorber c¢ould not be scaled
properly, the models used 1ln the experlimental studles were not pre-
clse geometrlic models of EMES. The data, however, emphaslize the
broadband characteristics of the absorber and 1lndicate that valid
gqualitatlive declslons can te based ¢on the experlmental results. The
field levels at frequencles above 200 MHz were essentlally the same
for all model confilgurations examlned (Appendix B). Thls 1ndicates
that the absorber 1s more llke a distrlbuted terminatlon than a
lumped element at frequencles for which the absorption (reflectilon
attenuation) 1is significant (20 to ¢5 4B or greater). Therefore, 1f
the absorber 1s thick enough relatlve to the wavelength and 1f the
faclllity dimensions are such that the wave can propagate into the
absorber withouf being reflected, the conductlvlty of the absorber
willl have essentlally no effect upon the fleld level in the worklng

volume.
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The broadband characteristics of the absorber also glve con-
fidence that the performance of EMES will be satilsfactory to 10 GHg

even though the maximum scaled frequency in the mocdels was equiva-
len: to only 2 GHz. The field level variations are essentially the

sane over almost two decades In the models; therefore, there 1s

no reason to suppose that the performance would not have continued
if it had been possible tc increase the test frequenciesg. The
absorper characteristics improcve with increzasing frequency and re-
flections from the termlnatlon should contlnu: to decrease., As men-
tioned earller, the feed arrangement has a much greatér ef'fect on the
high freguency performance of the system than do cther variables 1n
the construction of the faclllity. The feed used in the models is
essentially the same as that to be used in the full-scale facility
and its performance to 10 GHz has been demcnstrated. Although it
was Impossible to scale the frequency to the maximum value required
in the design, the data from the model experiments 1lndicate that the
deslign wlll meet 1ts requirements to 10 GHz,.

At low frequencies, of course, the reflection attenuavion is
small and the absorber has che effect of increaslng the capacitance
between the center conductor and the ground planes. The models may
underestimate the dlsturbance caused by the absorber at these fre-
quencies by providling a lower conductlvlty than necessary to satisfy
the requilrements for geometric modeling., If the low frequency per-
formance of EMES should be silgnificantly worse than predlcted by the
models, 1t would at worst mean that the absorber would have to be
removed from the output transition sectlion for testing at low fre-
quencles. However, by properly dispersing the absorber wilthin the
output transltlion., 1t should be possible to achieve the requlred
high freguency absorptlon wlithout destroying the low frequency
characterlstics of the transmission line.

From the data in Appendix C, 1t 1s rossible to predict that the
reflec-lon attenuation for the absorber willl be 20 dB at the
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frequency for which the absorber 1s approximately 0.25 A thick.

For the 4-meter-long absorber to be used in EMES thls means that
che absorber will provide a highly effective termination for fre-
quencles of 19 MHz and above, From Equation 6 and fhe experimental
results, the lowest resonant frequency 1ls expected toc be 19 MH=z.

in the models, the 20 dB reflectlon attenuation frequency (114 MHgz)
was somewhat higher than the flrst resonant frequency (95 MHz). It
1s therefore expected that the performance near the flrst resonance
1n €the full=scale facllity will be better than that of the models.

Conclusions

The analytical and experimental studles completed thus far
Indicate that the baslic deslign requirements for a new electromag-
netlc environments test facllity can be satisfled by a properly ter-
minated rectangular coaxlal transmisslon Jlne. Such a facility
would be capable of producling EMR, EMP, and llghtnlng near-stroke
environments and would not radlate apprecliable energy. In the de-
signs considered in these studles, the maximum length of systems
which could be exposed to the environments with the electric fileld

parallel to the system axls 1s 4 meters.

Exrerimental scale model studles were conducted to determine
the optimum conflguration for the faclillty based on uniformity of the
fleld levels wlthin the test area, input characteristics, and silze
(cost). The design selected (the truncated conflguration) consists
of an adapter from coaxial to rectangular geometry, an input transi-
tion section of gradually increasling cross-sectlonal dimensions, a
test area (worklng volume) of constant cross sectlon, and a fore-
shortened output transitlion section. The center conductor 1s a flat
plate of tapered width in the input and output transition sectlons
wlth a series distributed load Impedance equal to the characteristic
1mpedance of the transmlssion line at the output end. EM absorber

40



is 1nstalled in the output translition sectlon to prevent high fre-
quency reflections from the back wall of the facillity.

The truncated model 1is expected to provide fleld levels 1n the

working volume wilth variations of not more than *#6 dB at frequenciles
of interest. With a properly constructed launcher, the VSWR at

the input to the facllity should be less than 2.5. Constructlion
tolerances do not have to be extremely tight to achlieve thils kind

of performance except in the first part of the input transitlon
sectlon where cross-sectional dimensions are small.
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APPENDIX A

EMES DESIGN DETAILILS

In thlis Appendlx, the baslc deslgn conslderations for EMES are
preselited in some detall. As discussed in the text, the dividing
line between low and high ‘requency operation is the cutoff fre-
quency for nlgher order mcde propagaf®lion on the transmlssion line.
Below that cutoflf frequency, fc’ the TEM mode 1s the only one propa-
gating on the line and quasi-statlic solutlions for characterlstic

impedance and fleld distribution hold. Above fc, speclial precautlons
must be taken to assure that the TEM mode remalns the predominate

propagating mode.

Characterlstic lmpedance

Expressions for the characteristlic lmpedance of trilplate or

rectangular lilnes are avallable from a number of sources.8’10’12

A general equation for the 1impedance, ZO, of 1llnes llke those shown
in Flgure A=l is:l2

= . W -
ZD = 94,15 _ Q 3 3 20.35 (A-1)

J: W/a_ vy
r \T5t73 * 885 ¢,

Where e, 1s the relative dlelectric constant of the medium
surrounding the center plate (=1 for alr), W 1s the width of the
center conductor, d 1s the separation between the ground planes, ¢t
1s the thickness of the center conductor, and Cf is the fringing
capacltance 1n pf/m from the center conductor to the ground planes.
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Cf can be specified in simple form for the tri-plate line as:12

_ 8.85 2 1
Cf oo e % 1-t/d ln(l-t/d * l)

- = 1] [11'1(____1_—- - 1) )'pf‘/m (E~2)
(1-t/d) (1-t/d)° ’

For the rectangular line, determination of Cf is more compli-
cated, requiring numerical solutlon or measurement on scale mod-
915.8’6 Fortunately, closed form expresslons for the approxlimate
characteristic lmpedance of the coaxlal rectangular line have also

8§,10,11

been derilved. One such expression for the case of a zero

thickness center conductor 1s given in Equation A-3.

7 = 94 .15 @ (A=3)
g + £ 1n (1 + coth %5)

T

From (A-3) 1t can be seen that the characterlstic 1lmpedance
varies inversely with the sum of W/d and {(2/ﬂ) ln (1 + coth ﬂg/d)l.
The EMES design maintalns the dlstance, g, between the edges of the
center plate and the side walls at a constant value in the transi-
tion section. Thils means that g/d increases as the line tapers
down toward a point. However, the hyperbolic cotangent function
slowly approaches a 1imlting value of unity with lncreasing values
of the argument. The varlation in Z0 with changing g/d is further
moderated by the logarithmic dependence on g. The net effect is
that holding g constant in the transition reglon does not signifi-

cantly change the characteristic impedance. For the dimensions of ‘
EMES, the impedance in the rectangular sectlion 1s within about }
1.5 percent of the value that would obtaln 1f the slide walls were 5?
infinitely removed (g/d—+=); therefore, the largest change in thLe §
impedance in the transitlon sections due to the flxed center i
plste-to-side wall spacing 1s less than 1.5 percent.




Field Distribution

One objective of the facility design 1is to obtain a uniform,
vlanar fleld distribution over the area to he occupied by the test
ltem; that 1s, the electric fleld lines and the equipofentlal lines
should ke uniformly spaced, wlth the electric fileld lines perpen-
dicular to the center plate and the equipotentlial lines parallel to
it, The field distrilbution in the symmetrlcal trl-plate trans-
mission line wlth iInfinlite ground plans 1s given in References 15
and 16. The electric and magnetic fleld lines near one edge of the
center conductor 1n a tri-plate 1line 1s shown 1n Figure A-2. For
large W/d, the dlstance, 4X, from the edge of the center conductor
to the polnt at which the fleld 1s essentlally unifcorm 1s gliven by:

d 1In (2) -

- 224 (A-4)

AX =

Therefore, we 2xpect the fleld to be uniform under the line at
points farther f{rom the edge than about one-fourth the ground plane
spacing (one-half the center conductor to ground plane spaclng).

The normalized electrlc field*, Ey, ls plotted as a function of dis-

tance along the plane of the center conductor (y=0) and along the
ground planes (y=*d/2) 1in Filgure A~3. Note that the fleld intensity

becomes very large at the edge of the center plate (y=0, x=0), a fact
which leads t» high-voltage breakdown problems for thlin plates.

The ground planes of EMES of course, are not infinite. One way
to judge the effects of the finlte wlidth outer plates on the field
distributlon 1s to determine the magnitude of the fringing field at
the edge of the oufer :*ates. In Filgure A-3, the normalilzed

*The fleld 1s norialized to the magnitude of the electric fleld in
the uniform fleld region. The normalized magnetic fleld 1s equal
to the normalized electric fleld and 1s perpendicular to 1t.
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electric fleld along the outer conductors (y=td/2) is plotted vs.
distance.l6 From this plot, one can estimate how far beyond the
edge of the center conductor the cuter plates must be extended until
the fringing field 1s below a specified leve.. For example, the
0.1 fringing field level 15 at approximately x=0.75d; therefore,
the width W', of the outer plates required to asrfure that the fring-
ing field at the edge of the outer plates 1s no more than one-tenth

of the fileld vnder the center of the line 1s approxlmately:

~
-
!
L
o

W =W + 2(.754d) = W + 1.54

The magnitude of the fleld at the edges of the outer plates
provides an Indicatlion of how strongly the side walls will interact
with the wave travellng down the transmission line. Additional
insight i1nto thilis problem 1s available in a study of the effects of
the proximity of a ground plane to a semi-infinite parallel plate
transmission line.21’22 The geometry of the prcblem is illustratedq
in Figure A-4, Although the plate arrangement 1s not the same as
that for the facility, the general results should provide guidance
for determining the effects of the facillty side walls on the fielg

distributlion under the line.

In Refeir>nce 21, the difference between the magnitudes of the
normglized fields under the line with and without the ground plane
present are computed for the case of seml-infinlte parallel plates
(that 1s, the plates extend away from the ground plane to infinity).
Figures A-5 and A-6 show the results of these computations for
two values of ground plane .Lroxlimity dlstance (g = 0.05d and
g = 0.5d)*. The conclusion drawn 1s that the ground plane has no
significant effect on the flileld between the plates if the separation

¥Only the upper half of the 1ine (y/d»0) 1s shown because the
distribution in the lower half 1s the mlirror image of that shown.
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between the edge of the plates and the ground plane 1is greater than
one half the plate separatioh (g>d/2).21 Figure A-6 illustrates

this 1n that the field between the plates wltn the ground plane
present is wlthin 0.1dB of the fleld without the ground plane at all
points between the plates (except very near the edges of the plates).
Differences between the fleld dlstributlon with the ground plane
present and the uniform fleld dlstributlon are shown 1n Flgure A-7.
Note that the fleld between the plates 1s within 0.1dB of the uni-
form fleld dilstribution at polnts further from the edge than
approximately 0.254d (see equation A-4).

The flnite plate wldth problem 1s treated 1n Reference 22 and
is illustrated in Figure A4-8. The primary conclusions reached from
the study of thls problem are that the fleld between the plates
is not significantly affected by tre sround plane for g>0.5d (as
before) and that the field distrirution between the plates becomes
increaslingly uniform with 1lncreasing plate width. The relatlve
field intensity as a functlion of distance (x) across a line whose
wildth and separation from the ground plane are d and 0.5d respec-
tively 1s shown in Figure A-9 for several positions (y) between the
plates. The varlation of fleld wlth vertical positi-n 1s apparently
unavoidable.S’6 The uniformlity with horlzontal positlon can be
improved by making the plates wlder. The fleld magnlitude 1ncreases
sharply near the edges of the plate (at x=0 and x=-d4 in Filgure A-9),
and i1t will be desirable to round the edges of the center conductor
In the facllity to reduce the fleld concentratlions along those
surfaces. In EMES, the slde walls have been placed at a dlstance of
at least d/2 from the edges of the center plate to reduce their
effect on the flield in the test volume to a negliglble level.

Wavefront Characterlstics

As 11llustrated 1n Figure A-10, the wavefront in the tapered
sectlon 1ls spherical rather than planar as 1s deslred 1n the working
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volume. When the wave 1s launched onto the flat sectlon of the
transmission line from the tapered section there 1s some time dis-
persion across the wavefront.17 A cross-section of the line 1is
therefore not a plane of constant phase. This dlispersion of the
wave glves rise to an axial component of the electric fileld (in the
direction of propagation) on the flat section of the 1ine in
addition to the desired vertical component. Obvlously, reducing the
slope of the tapered sectlon reduces the disperslon on the flat
section. For a fixed working volume size, the length of the tapered
input section should be made as great as is practical.

Reflection and diffraction of the wave at dlscontinuitles in
the transmission line can also cause non-uniformity of the fleld in
the working volume. Figure A-~10 1llustrates the problem ci re-
flection and diffraction at the polnt at which the tapered and flat
sectlions intersect. Consldering only first reflectlons, one can see
that the maxlimum reflection angle from the upper or lower ground
planes 1s equ2al to the angle of the 1lnput taper. This fact suggests
that the forward portion of the flat sectlion should be used for the
test 1tem location and that some measures should be taken to assure
that the reflected waves are not allowed to re-enter the worklng
volume after subsequent reflectlons. Multiple reflectlons are
suppressed in "MES by placing EM absorber at critical locatlons.

Reflectlons can also occur from the side walls of the faclillity
with a much larger set of posslible reflectlion vsaths to the working
volume. At low frequencies, however, the wave 1ls well contalned
(as discussed in the precedir.g section) and very little energy
reaches the slde walls. Agaln, the proper placling of absorber can
help eliminate the high frequency problem.

Diffraction at the bends in the upper and lower ground planes

and at the edges of the center plate 1is a more complicated problem‘23

62



The diffracted wave has components which radlate 1n all dlrectiorns
from the discontinulty and whlch cannot be prevented from entering
the workling volume. However, the magnltude of the dlffracted wave
is small. An analysis of a simllar facility indicated that the
diffracted component in the working volume was no greater than

5 to 10 percent of the 1lncident wave.5 It 15 not anticipated tLnat
diffraction wlll cause sizgniflcant dilisturbances to the flelds in

the worklng volume.¥

Outgut Terminatlion

For proper operation of the facllity, the energy coupled to the
input must be absorbed 1n a matched locad at the output end. Thils
termination 1s provided at low frequencles by a resistive load and
at high frequencies by absorblng material. One method of providing
the proper low frequency locad 1s to taper the output of the line
down to the dlmenslons of a convenlently sized cocaxlal line and use
a broadband 508 termination. This was the 1nitlal design approach

used.

In the 1nterest of reducing the slze of the facility, a second
conflguration was examined and was subsequently selected as the
optimum design (see Figure 1 in the main body of the report). in-
stead of tapering the output sectlion down to small dimensions, the
facility was truncated at some polnt past the working volume . *¥® §

¥Making the connectlon between the tapered and flat sectlons =
smooth curve lnstead of a sharp bend 1s one way of reducing dif-
fraction from the Joints if it should prove to be significant.
Diffractlon from the edges of the center plate wlill be reduced by
the roundling of tiie edges which must be done anyway for corona

suppression,

¥¥The distance from the back edge of the worklng velume to the rear
wall of the facility 1s determined primarily by the space needed
to install EM absorbing materlal in the ocutput transition,
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50 distributed load impedance connected between the center plate
and the rear wall of the faclility provides the proper termination
for the low frequency bounded wave (see Figure A-11). The EM
absorbing material should absorb the higher frequency components
and prevent thelr reflection from the rear wall.

The EM absorbing material is a carbon loaded polyurethane foam
covered with a fire retardant paint. The material to be used 1in
EMES is shaped into i4m long pyramids with 0.61m square bases., The
absorptive properties of the material depend upon a number of factors
such as the frequency and angle of 1incidence of the wave, the thick-
ness and density of the absorber, and the amount of carbon dispersed
in the foam. For typical absorbers wilith normal wave incildence, the
reflected component® decreases with frequency at approximately 20 dB/
decade and is equal to approxlmately =30 dB at the frequency for
which the materlial 1s one wavelength thick.37

At lcw frequencies, the absorber lncreases significantly the
capacltance between the center wiate and the ground plane. This, of
course, changes the 1impedance of the llne and causes a reflection
from the 1impedance discontlinulty. To reduce the effect of the
absorber, it 1s spread out along the length of the output sectlon as
shown in Figure A-11 instead of being placed in a vertical plane.

At approximately the same axial locatlion the dlstributed load imped-
ance is installed in the center plate. The co-~location of the ab-
sorber and the distributed load tends to gradually dlssipate the low
frequency wave as the volume occupled by .he absorber increases.

Shieldling Requilrements

The requirement for non-interference with nearby users of the
EM spectrum places addliiional constralnts on the performance of the

¥The reflected wave 1s measured wlth the absorber mounted on a
conducting plane.
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system, The FCC requires that the fleld strength at a distance of
1000 ft. (305m) from a test facllity must not be greater than

1.5 X 10"'5 v/m. If the far fleld radlation condlitlion¥® 1s assumed

to hold and the maxlimum power to be used 1s known, the minimum
shielding which the faclllty walls must provide can be computed.

The maximum allowable field level Jjust outside the facility (0.1m is
used as the minimum practical dlstance at whlich measurements can be

made) would be approximately:

E‘.l = (1.5 X lCl"5 ) (305111) = 4.6 x 10"2 v/m

0.1lnm

The field strength 1n the working volume 1s approxlmately equal
to the line voltage divlded by the dlstance between center con-
ductor and ground plane. For a 200 w source the fleld is:

E, = [(200 W) (509)];&/4111 = 25 v/m

The requlred shlelding effectlveness, SE, in db 1s then:

SE = 20 log (EQ/E ~55 db
1

High Voltage Breakdown

To produce EMP and lightning environments, high voltage pulses
must be appllied to the faclllty. The deslign must assure that under
high voltage excltatlon arcing does not occur tetween the center
conductor and the ground surfaces. The maximum voltage which will
be applied to the faclllty 1s anticlpated to be H0Q0 KV.

¥At points far from the source, fleld intenslty varles inversely
wlth distance.
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As the voltage between two conductors 1s graduslly increased,
corona discharge wlill develop. The flrst evide:.ce of thls discharge
is a hilssing nolse accompanled by locallzed streamers, As the
voltage is increased the visual critical corona point is reached;
corona streamers cover the surface of the conductors, but do not
bpridge the gap separating them. If the voltage 1s further 1lncreased,
sparkover will occur.¥® Transient voltages have been shown to pro-
duce essentlially the same dlischarge characterlistics at approximately
the same levels as do continuously applied voltages.3l The voltage
levels at which corona and sparkover occur depend primarlly upon the
size and shape of the conductors, the distance by which they are
separated, and the characterlstics of the dlelectrlc materlial sur-
rounding them. It 1s generally desirable to ellminate areas of high
electric stress by avoldling sharp points and bends. In LZMES this
implies that the edges of the center conductor should be rounded.
Cross-section vliews of two possible center plate designs are shown
in Figure A-~12, a and b.

For a gap such as the one illustrated in Figure A-12a, 1f we
assume that the stress 1s concentrated at the edge of the plate and
that the nearest ground plane can be replaced by an equivalent 1mage
conductor, data on the breakdown characterlistlcs for parallel wires
can be used to approximate the performance of the EMES deslgn. Such
an approximation should yield conservatlve results because the large
slze of the center conductor wilill tend to increase the actual break-
down voltage. A sketch of the parallel wlre model 1is shown in
Flgure A-12c. Plots of the visual critical voltage and the spark-
over voltage for the parallel wire model are shown 1n Figures A-13
and A-1l4 for several values of conductor radius (r). For the larger

¥For small ratlios of conductor radlus to separatlon distance,
sparkover occurs before (or at the same tlme)} the visual critical

corona polint 1is reached.
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conductor slzes, sparkover occurs before the visual corona polnt is
reached; therefore, the curves 1ln Flgure A-13 do not extend to the

minimum separation consildered.

It 1s apparent that the radius of the edge of the center con-
ductor should be made as large as possible to suppress breakdown.
However, the thickness of the center conductor affects the impedance
of the transmlisslon llne, partlcularly 1n the lnput transition
section where the center conductor to ground plane spacing becomes
relatively small. It 1is, therefore, necessary to compromise between

high-voltage breakdown and Impedance characterlstics of the facility.

The effect of the center plate thickness 1s 1illustrated in PFigure
A-15 where the 1lmpedance of the EMES transmission line 1s plotted as
a functlon of distance between the upper and lower ground planes for
several values of plate thickness. Obviously, a thick center plate
cannot be extended all the way to the source connection without
causing a significant 1mpedance discontinuity.

To gain the voltage stand-off capability required in the throat
of the facillty, it 1s necessary to enclose the center conductor
in a dielectric that has better breakdown characteristics than does
alr. The input transition for high voltage pulse work therefore
consists in part of some type of gas- or oll-tight contalner through
which the center conductor will run. This "gas box" section is re-
movable and extends 1nto the facllity far enough that the alr dil-
electric can withstand the maximum voltage (at least 400 KV) at the
polnt where the center conductor exits. To prevent large impedance
discontinuities, the maximum radius of the center plate corona tube
was set at 0.1lm. The gas box extends to a polnt where the ground
plate spacling 1s 1.4 meter (plate to ground spacing i1s 0.7m). To-
gether wlth the specified value (0.1lm) for the radius of the plate
edge, this gives an impedance within about 10% of the desired value
(Pigure A-15). From Figure A-14, wiih S1 = 0.7 and r = 0.1, the
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sparkover voltage 1s approximately 800 KV. This value 1is considered
adequate for high voltage breakdown protection. The gas box section
will extend into the facility approximately 2.8m from the lnput

end.
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APPENDIX B
SCALE MODEIL EXPERIMENTAL RESULTS

Several scale models of possible faclllity designs were examined

in an extensive experlimental program. Four olfferent physlical

configuratlions were modeled on a 1/bth scale and one was modeled
on a 1/20th scale. Data were taken over a frequency range of from
10 MHz to 10 GHz using a computer controlled data acqulsition

system.

Experimental Conflgurations

The 1/5 scale model was deslgnated FEMES (Fifth-Scale Electro-

magnetlic Environments Simulator). Three FEMES configurations as
described below were examined 1in detall 1n the experimental program.

1. Constant Width Configuration (stralght slde walls).
In thls configuration (Figure B-1l) the slde walls
of the model were plane parallel surfaces. This is
the largest of the desligns conslidered. The upper
and lower ground plane separation was gradually
reduced 1n both the 1input and output transition
sections to allow termination in a rectangular-to-
clrcular coaxlal feed., The load was a lumped 50-ohm
coaxlal termlinatlion. Measurements were made wilth
and without the absorblng materlial 1n the output

transition.

2. Tapered Wldth Confilguration. In the interest of
reducing the size of the facility (and therefore
the constructlion costs) the side walls were made to
slope 1nward from the edges of the workling volume
to the 1nput and output feed attachment polnts
(Figure B~2). The same ground plane arrangement
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and output load were used as in the constant
width configuratlon. Data were obtalined only
wilth the absorbing material in the output
transition.

3. Truncated Confilguratica. To further reduce the
slze and cost ¢of the faclllity, a truncated version
was examined (Figure B-3). The tapered wldth
model was altered by placing a conducting wall
at a convenlent place across the output transi-
tion section. The load lmpedance was 1nstalled
as a distributed resistor 1in the center con-
ductor. Data were taken with the absorbing
material 1n the model.

A fourth confilguration, described below, was examined 1n less detail.

4. Eccentrlic Configuration. In this configuration, the
spacling between the upper ground plane and the
center conductor was reduced to one-half the
spacing between the lower ground plane and the
center conductor (Filgure B-4). The center plate
wildth and the ground plane wildth were reduced
to maintain a 50~-ohm 1line impedance.8’10 The
distributed resistor load and the truncation
polnt were the same as for the truncated con-
filguration. Data were obtalned with the ab-
sorbing materlal 1n the output transition.

The 1/20th scale model (TWEMES) was constructed primarily to provide
some preliminary information on the feasibllity of truncation.

5. TWEMES Configuration. In thils configuration
(Figure B-5) the side walls and ground planes
of the 1nput transition sectlon were tapered
from the small dimensions at the 1nput to the

working volume dimensions. At the output ol
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the worklng volume, the helght and width of the
model were malntained out to the polnt where the
back wall was located. The center conductor was
also malntalned at a constant wldth at the output
of the worklng volume and was connected to the
back wall through a 50 ohm distrlbuted load.
Absorber was placed 1n various conflguratiors
across the output end of the model.

The magnitude of the electrlc fleld strength was measured at
several polnts in a plane at the front edge of the worklng volume as
shown 1n the confiliguratlon sketches. Data were obtalned for the
vertlcal, horizontal and axlal components of the electric fleld by
measurlng the output of correspondingly polarized fleld probes.36
These data were then normalized to the net lnput field and expressed

1n dB. The net input fleld was determined by computing the field
strength that would exlst in the working volume 1f the net 1input

power (incident power minus reflected power) were propagating on the
line as a TEM wave. The voltage, VN’ and field strength, EN’ under

Vi =ﬂ PN’

Ey = VN/(d/E) (B=1)

these conditions would he:

where ZO 1s the characteristic impedance of the transmission line
and d/2 1s the spaclng between the center conductor and the ground
plane. Measurements were also made of the voltage standing wave
ratio (VSWR) and (for configurations 1 and 2) the normalized output
power; that 1s, the power dissipated in the load termination divided

by the net input power.
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A diagram of the measurement system is shown in Figure B-6.
Measurements were made at a denslty of app:. »xlmately 50 points per
octave at frequencies above 500 MHz and at a somewhat lower density
at frequencies below 500 MHz.

Experlmental Results

The data from only one probe locatlon, the center front edge of
the worklng volume (Probe U in the conflguratlon sketches), wlll be

dlscussed 1n detalil 1n thls report. A complete set of data taken

in the experlmental studles 1s available in the data summary.35

Constant Width Model Wilthout Absorber: The normallzed fleld at

the center front edge of the working volume for facllity geometry

1 (constant width configuration) without absorbing material in the
output transitlion 1s plotted versus frequency 1n Figure B-7. The
fleld 1s essentlally constant and wilthin 1 dB or less of the desired
level (Q dB) at frequencles up to approximately 80 MHz. The first
large resonance occurs at approximately 85 MHz which 1s very close
to the cutoff frequency (93.5 MHz) for hlgher order modes predicted
by Equation 1 1n the body of the report for the FEMES dlimensions

(d = 1.6m). At frequencles above 100 MHz, the field level varles
wildly (= 15 dB or more). A modal analysis of the facllity per-
ormance was successful 1n ldentifying the eleven resonances that
occur between 95 MHz and 200 MHz as four different hlgher order

24 Because of the rapid proliferation of

modes and thelr harmonlcs.
modes (and observed resonances) with increasing frequency and the
problem of sorting out the harmonics of ard the interference between
these modes, the approach was not extended t2 higher frequencies.

It 1s clear that the initlal configuration does not produce anything
like uniform flelds across the required frequency range and that it

would not be suitable for system testlng.
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Plots of the VSWR and the normalized load power for facililty
geometry 1 without absorbling materlal are shown in Filgures B-8 and
B=8. The VSWR 1ls less than 1.1 at frequencles below 90 MHz. Peaks
1n the VSWR curve are numerous gbove 100 MHz and correspond (at
least for the flrst octave or so) with resonances 1n the probe
response data (Figure B-7). Apparently the higher order modes
which can be exclted at frequencles above upproxlmately 95 MHz are
not properly termlnated by the tapered output transition section
and lumped load. HReflections from the output end and from the bends
iln the ground planes cause large varlations both 1n the fleld in
the worklng volume and 1n the input characteristics of the line.
The maximum VSWR 1s approximately 1l which indicates that the 1input
impedance of the facillty 1s not very close to 50R. The maximum
permlissible VSWR for a load connected to a high power amplifier
1s typlcally 2.5 to assure that the amplifier 1s not damaged by
power reflected from the load. This configuration of the facllity
would not present a satisfactory load for the amplifilers.

It 1s not clear why the V3WR 1s small (less than 2) between
900 MHz and 4.5 GHz and i1s considerably larger at frequencies both
below and above thlis range. Perhaps the higher order modes and
thelir harmonics {(which can 1lnterfere destructively) fortultously
cancel at the lnput for frequencles in thls range. Such near-
perfect cancellatlon over several octaves of frequency does not
seem highly likely; the apparent decrease 1n VSWR 1in thls frequency
range ls probably the result of some characterlistic of the trans-
misslon line whlich 1s not presently understood.

The normalized output power (Figure B-9) for the constant
wldth model without absorber 1s essentlally constant at zero dB up
to the cutoff frequency for higher order modes; that 1ls, essentlally

all the power dellvered to the llne 1s transferred to the output
load at low frequencles. The value of the load power at points
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between resonances remains near 0 dB at freguencies up tc roughly
200 MHz. At higher frequencles the load power decreases on the
average at approximately 20 dB/decade. Above 1 GHz, less than 1/100
of the power coupled to the input of the line reaches the output
load. The VSWR curve indicates that very little of the input power
1s reflected to the input port at frequencles between 900 MHz and
4.5 GHz; therefore, the majJor portlion of the power 1s apparently
dissipated 1n the center conductor and ground planes. The wave must
suffer multiple reflectlions at the conductor surfaces and thereby

be gradually absorbed.

Constant Wilidth Model with Absorber: The normallized fleld at the
center front edge of the workling volume for the constant width con-
figuration with absorbing material in the output transition section
is shown 1in Figure B-10. The notable characteristlcs of these data
when compared with the results for the same faclllty geometry with-
out absorbing material installed (Flgure B-7) include a marked
improvement in fleld uniformlty at frequencles above 200 MHz, some
degradation 1in performance below 90 MHz, a large dlsturbance in the
fleld magnitude between 100 MHz and 200 MHz, and somewhat smaller
ones near 6 and 7 GHz. The absorblng material across the output
section of the facllity obviously provides a reasonably good termin-
ation for any higher order modes propagating on the line and atsorbs
the hlgh frequency energy reflected and dlffracted at the bends and
discontinuities and prevents 1lts re-reflection into the working

volume.

The degradation 1in the performance of the llre at low fre-
quencies (below 90 MHz) results from the effect of the a2bsorber on
the line 1mpedance. The absorblng materlal increases the capacl-
tance in the output transition sectlon and therefore decreases the
impedance of the line resulting in reflectliciis of the TEM wave

which alter the fleld coanflguration.
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The large swing in field level at approximately 140 MHz appears
to be caused by a higher order mode which 1s not absorbed by the EM
absorbing materlial. The reflection attenuation* for the absorber
used in EMES, which is also plotted in Figure B-10, Increases with
frequency and provides an increasingly more effective terminatilon
for the higher order modes as the frequency is ralsed. The cutcfr?
wavelength for a given mode varles with positlon along the llne as
the separation between the ground planes and the distance to the
termination change (see Equation 1 in the body of the report and
Reference 24). A higher order mode travellng into the output tran-
sition sectlon will propagate to the polnt at which the line dlmen-
sions become too small to support the mode and will, for practilcatl
purposes, be reflected from that point back toward the workling
volume. If the faclillty dlmensions become too small to support the
mode before the wave reaches the absorber, the absorber will have
l1ittle effect on the dlsturbances in fleld pattern produced by that
mode.**¥ This 1s apparently what causes the resonance at approxi-
mately 140 MHz. At higher frequencies, the higher order modes
propagate further into the transition section, intercept more of the
absorber (which 1s staggered along the transitlon) and have less
effect on the flelds in the working volume.

Another posslible explanation for the resonance at 140 MHz is
that 1t 1s the result of reflection of the TEM wave at the 1lmpedance
discontlnulty created by the absorber. The dlistance from the probe
location (front edge of the working volume) to the first row of
absorver 1ls approximately one-quarter wavelength at 140 MHz. A
later egperiment (eccentric model), in which the facility dimensions

¥See Appendix C.

*%®*The absorber may cause a Eﬂift In the resonant frequency
assoclated with the moce.
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were reduced but the poslitlons of the probes and the absorber re-

mained uncnanged, gave a resonance at approximately 68 MHz but none
at 140 MHz. This would seem to indicate that different modes are
resp-nsible for the two resonances and that the existence of those

modes depends on the faclillity geometry and dimensilons.

The relatively large dips 1n the field level near 6 and 7 GHz
were ldentifled with mechanical misalignment in the 1nput feed.
These disturbances in field level were reduced 1in later experiments
by carefully re-working the launcher, but were never completely
eliminated.

The VSWR for the constant width faclillity geometry with absorber
1s shown 1in Figure B-ll. These date show a marked improvement 1in
the 1lnput characteristics of the faclllity over thcse exhibited by
the same configuration without absorblng material (Figure B-8).

The normallzed load power 1is shown in Filgure B-12 and the reflection
attenuation for the absorber used in FEMES 1s plotted on the same
graph. The load power data have the same general form as those for
the constant wldth model without absorber (Figure B-9); that 1s,
most of the power reaches the load at 1low frequencles and the trans-
mission loss gradually 1lncreases at frequencles above 100 MHz. The
large excurslons 1n power level have been reduced significantly
because the resonances wlthln the facllity are suppressed by the
absorver. The decrease 1ln load power wlth increasing frequency is
more rapld with the absorber present. The difference 1n normallzed
output power with and without absorber 1s approximately equal to one-
half the reflectlon attenuatlon for the absorber, as one would

expect,

Tapered Width Model: Data for the tapered width mcdel were obtalned
only with absorber in the line. The normallzed fleld at {he center

front edge of the working volume 1s shown in Figure B-13, These
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data are qulte similar to those for the constant width model with
absorber except that the magnitudes of the rescnances at 140 MHz
and 6 to 7 GHz are smaller. VSWR data, shown in Figure B-14,
indicate slightly higher values than were obtained for the constant
width model. In Figure B-15 the ncormalized load power 1is plotted.¥
These data are almost identical to the results obtained for the
constant width model (Figure B-12). It is apparent that with ab-
sorblng material 1n the output transition, tapering the side walls
does not seriously degrade the performance of the facillity.

Truncated Model: The normalized vertical electric fleld at the
center front edge of the working volume of the truncated model is
plotted in Figure B-16. The effect of the absorber on the field
level at low frequencies {(below 90 MHz) 1s again apparent. The
resonance at 140 MHz is present 1n this configuration as in the
earlier ones although 1t seems to be less pronounced.** The field
level 1s within a range of approximately 6 dB at all frequencies
examlined. The VSWR 1is plotted in Figure B-17 and lndicates slizhtly

larger low frequency reflectlons than observed in the other conflgur-

ations. This 1s probably due to the fact that the total capacitance
1s slightly higher in the truncated model than in the tapered models
iecause of the proximlty of the back wall to the absorber. Also the
distributed load was not as precise a terminatlon as was the cogxlal
load. The l1ncreased capacltance effect 1s reduced by separating the
absorber from the back wall as far as 1s possible.

*For this confliguration, load power measurements were made only
over the lower portion of the frequency range because of equlpment

fallure.

¥¥The quallity factors (Q's) for the resonances exhiblted by the
models are extremely high (greater than one-thousand in some
cases). It 1s therefore very difficult to assure that the peak or
null value has been recorded with preclision. Apparent differences
of several AdB in fleld level at peaks or nulls could be aue to
small differences in the frequencles at which measurements were

made.
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Data for other probes in the worxing volume and for other
probe polarizations (horizontal and axlal) were consistent wlith the
results for the other model conflgurations, It appears that Trun-
cating the faclllty behlnd the wall of absorber does not 1lntroduce
any severe additional dilsturbances to the fleld pattern or the 1lnput

characterlstlics of the line.

The shleldlng effectliveness of the truncated model wss checked
by placing a probe at several polints around the outslde zhe
facility whlle exciting the facility with a 10 GHz signal. No
readings above nolse level were obtalned outside the facility.
Because of the limited sensitivity of the lnstrumentation used, it
was possible only to speclfy that the shlelding effectiveness 1is
greater than about 30 dB for the single layer screen wire con-
struction used 1n FEMES. The actual value 1s probably 1n the range
of 50 to 60 dB.3O The second layer of screen to be used 1n EMES
wlll add approximately 6 dB to the shlelding effectiveness of the

facillty.

Eccentric Model: Data for the normallzed vertical electric fleld

at the center front edge of the working volume of the eccentric
model are plotted in Filgure B-18. The variations are noticeably
larger for this configuration with the promlnant low frequency null
occurring at approximately 68 MHz. Thils null (and therefore the one
at 140 MHz for Conflgurations 1, 2, and 3) 1s obviously not due to

a reflection of the TEM wave from the absorber because the relative
position of the probe and the absorber are the same as for the other
confilgurations. 1In fact, the resonance must be due to the excita-

tion of a different mode altogether. OQOtherwise, the resonance
would have moved higher 1n frequency when the dimensions of the
facllity were reduced. The null 1s undoubtedly due to an asymmetric

mode which, due to geometrlcal symmetry was not exclted in the other
conflgurations at all. The mode which caused the null at 140 MHz in
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the other configurations would produce a resonance at some hlgher
rrequency in the eccentric model because of the smaller line dimern-

sions and was apparently absorbed more effectively.

The high fregquency variations are due 1in part to the feed usc=a
for this model. It was not possible tc fabricate a new feea with
the proper geometry for the eccentric model in the time avallable.

A feed from the balanced line desigi: was therefore modiflied to pro-
vide the adaption from circular to rectangular coax, giving less
than ideal matching. It 1s 1mpossible to separate with confidence
the effects of the changed facllity geometry from the effects of the
compromised feed configuration at hlgh frequencles,

The narrower plate width of the eccentric model resulted in a
narrower region . uniform fleld when compared with the other con-
figurations. The effectlive slze of the worklng volume for the
ecrtentric model 1s about 35% smaller than that of the other con-
figurations. This reduction of working volume is not acceptabie if
the facility 1s to accommodate the large systems scheduled for eval-
uvation in the near future. The VSWR was essentially the same for

the eccentilc model as for the truncated mndel.

TWEMES Model: The primary purpose of the TWEMES model was to glve
an indilcation of whether truncation of the faclility was feaslible
before it was attempted on FEMES. The 1nitial data indicated that

a truncated facllity could be made to perform satisfactorily and
work on the truncation of FEMES was initlated. TWEMES was also used

to evaluate different types of distributed loads, determlne the
optimum position for the load, evaluate the effects of absorber
placement on low freqguency performance, and evaluate the effect of
narrowing the center plate in the output transition region.*

*The purpose of narrowing the center plate was to increase the in-
ductance of the transmission line and thereby offset the increased
capacitance caused by the absorber.
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ELECTROMAGNETIC ABSORBER CHARACTERISTICS
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APPENDIX C

ELECTROMAGNETIC ABSORBER CHARACTERISTICS

Electromagnetic absorbers are used to prevent the reflection orF
energy from the metal boundaries of an enclosure. Ideally, all the
electromagnetic energy striking the surface of the absorber 1s dis-
silpated, and none 1s reflected back into the enclosure. If no re-
flections occur at the bhoundaries, the fleld distribution within
the enclosure remains unchanged and the energy appears to be radi-
ating into free space. The absorption is, of course, never complete,
and the free space condition can only be approximated in practilce.

When an electromagnetlic wave encounters a boundary between two
cI1fferent media, part of the wave is reflected back into first
medium, and part 1s transmitted across the boundary into the second
medium. Some of the energy transmitted across the boundary will
propagate all the way through the second medlium and will be radiated
from the other side. (At the far boundary of the second medium, re-
flection and transmission occur so that there is a reflected wave
travellng in the second medlum whilch nroduces reflectlion and trans-
mission at the first boundary, and so on until the energy 1s, for
practical purposes, dissipated in or radiated from the second
medium.) For absorbing materlals, it 1s deslirable to have minimum
reflection at the first boundary and maximum dissipation of the
transmitted wave within the absorber.

To achieve minimum reflectlon at the boundary between the two
media, the properties (density, conductlvity, dielectric constant,
etec,) of the media should be essentially the same, and the wave
should strike the boundary at normal inclidence. Absorbers are often
made in pyramidal or conlcal shapes so that the volume occupled by
the absorber gradually increases as a wave travels into the material.
Thus, a gradual transition 1in the properties of the transmisslion
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medlum occurs 1lnstead of a sharp change at a plane boundary. The
sloplng edges of the material also serve to dispersively scatter the
reflected energy so that the reflected wave encounters several
absorber boundarles before 1t can reenter the f{irst medium. At each
boundary, more energy 1s transmitted into the absorber wilith the nef
effect that much less energy 1s refiected from the surface of pyra-
midal absorbers than from a flat sheet of the same material.38

One common type of absorbing materlial consists of pyramidal
polyurethane foam blocks impregnated with a mixture of carbon blaci-
and neoprene. The polyurethane base provides a low density, low
dielectric constant material which aids in matching the absorber
characteristics to those of alr. Tune carbon 1s the dissipative com-
poneat of the mlxture. Because carbon's properties do not depend
significantly on frequency, the absorber can be used over a wilde
frequency range.

Absorber performance 1s usually specified in terms of the re-
flectlon attenuation; that 1s, the ratio in dB of the power 1lncident
on the absorber to the power reflected from the absorber. The re-
flectlon attenuation measurement 15 made wlth the absorber mounted
on a conducting surface. The reflected component therefore consists
of the power reflected from the front surfaces of the absorber, plus
that which passes through th2 absorber and 1s reflected by the con-
ducting surface. Because the shape of the absorber tends to reduce
reflectlions from 1its surface, much of the reflected power is con-
talned in a wave that has mirie two passes through the absorber,

Reflection attenuatior varies with frequency, angle of 1nci-
dence, the composlitlion of the absorbing material, and the thickness
of the absorber. The ecpproximate characteristics of a carbon loaded

polyurethane material for normal wave 1ncldence are plotfed 1in
Figure C-]. The lowest fraquency at which appreclable absorptilon
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FIGURE C-1: REFLECTION ATTENUATION FOR A PYRAMIDAL
CARBON LOADED POLYURETHANE ABSORBER
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takes place 1s approximately that frequency for which the absorber
1s one-quarter wavelength thilck (where the reflectlion attenuatlon is

approximatel: 20 dB). At higher frequenciles, most ol the energy
striking the absorber never returns to the first medium, and essentl-

ally the same condltions exdlst as 1f the energy were heing radlated

into free space.

The dielectric propertles cof the absorber are frequency depen-
dent. Measurements made by Sandla's Standards Laboratory 1indicate
that the magnitude of the relative permittivity decreaces with fre-
quency, as lllustrated 1n Flgure C-2.39 At low frequencies {(fre-
quencles below the frequency at whilch the absorptlon 1s significant),
the absorber tends to lncrease the capacltance 1n the vilume 1t
occuples. At high freguencles, the permittivity of the absorber 1is
very close to that of alr.
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FIGURE C-2. APPROXIMATE MAGNITUDE OF THE PERMITTIVITY Or A TYPICAL
CARBON LOADED POLYURETHANE ABSORBER
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