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FOREWORD

In order to meet the need for a National Radar Reflectivity
Range, Rome Air Development Center (RADC) awarded a development
contract on 29 June 1962 to General Dynamics/Fort Worth (GD/FW)
to design, fabricate, and develop the Radar Target Scatter Site
(Project RAT SCAT) on the Alkali Flats, Holloman AFB, New Mexico,
(Contract AF30(602)-2831). The operatlonal RAT SCAT Site was
delivered to the Air Force on 30 June 1964.

The RAT SCAT facility was develcped for full-scale radar
cross section measurements. In the pursuit of this development,
an R&D Program was undertaken to provide for the specific needs
of Project RAT SCAT as requirements appeared in the implementa-
tion of the function of the Site. A significant portion of this
work was subcontracted. Emphasis was placed on those areas
thought to be most promising in achieving measurement objectives.
The presentation of the results of the R&D Program is covered in
eight reports which were prepared as RADC Technical Documentary
Reports.

This report (General Dynamics/Fort Worth Report No. FZE-222-
6) is No. 6 in the series. It contains a description of the
results of studies by The University of Michigan Radiation Labo-
ratory and General Dynamics/Fort Worth into the scattering prop-
erties of cellular plastic materials. Also contained in this
report are discussions of (1) the structural considerations in
the use of Styrofoam as a target support material, (2) methods
for achieving low cross section bonds between pieces of Styrofoam,
and (3) results of a limited study of the feasibility of air
inflated structures as target supports. The material in this
report was written by C. H. Smith and C. C. Freeny with the ex-
ception of Section 2 which was prepared by E. F. Knott and T. B. A.
Senior of The University of Michigan, under subcontract to
General Dynamics/Fort Worth.

The contents of this report and the abstract are unclassi-
fied.
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RADC-TDR-64-381
June 1964

ABSTRACT

The results of studies by The University of Michigan Radia-
tion Laboratory and General Dynamics/Fort Worth into the scat-
tering properties of cellular plastic materials are presented.

A mathematical model for scattering from cellular plastics, de-
veloped by The University of Michigan and extended by General
Dynamics/Fort Worth, to provide a method of determining the opti-
mum low cross section target support for a given application is
also presented. The results of investigations of field pertur-
bations near a Styrofoam surface are described along with cross
section measurements made at the RAT SCAT Site using theoretical
minimum cross section formula for circular target supports.
Structural considerations in the use of Styrofoam as target sup-
port material are discussed. Methods for achieving low cross
section bonds between pieces of Styrofoam are also discussed.

The results of a limited study of the feasibility of air
inflated structures as target supports at the RAT SCAT Site
are also presented.

This is Report No. 6 of a series of eight RAT SCAT Research
and Development Program reports.
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SECTION 1

INTRODUCTION

One of the more important considerations in the static
measurement of radar cross section c¢f Aerospace Vehicles is
the target support mechanism. It is imperative, for accurate
measurement, that the selected vehicle support device produca
a negligible effect on both the incident and reflected electro-
magnetic fields. Two basic approaches to the solution of the
support problem are commonly employed on present radar cross
section ranges. The first approach is to use materials in the
construction of support devices whose impedance is closely
matched to that of air and thereby produce a negligible effect
on the electromagnetic field. Such supports are commionly
fabricated from plastic materials. The second approach is to
construct support devices which are, for the most part, outside
of the electromagnetic field and/or designed so as to divert
both the incident and reflected energy in such a manner as to
not significantly disturb the target field. Target supports
constructed using this latter approach are commonly fabricated
from heavy nylon cables or from metals and have the capability
of supporting extra heavy targets.

At the initiation of the RAT SCAT R&D program, both
approaches to the solution of the targetf support problem were
considered worthy of investigation. Acccrdinglv, in the first
phase of these two investigations, subcontracts were awarded
for theoretical and limited experimental studies covering both
approaches to the solution of the target support problem.

A subcontract was awarded to Cornell Aeronautical
Laboratory to study suspension target supports. The results
obtained from this study and studies by General Dynamics/Fort
Worth on the application of shielded metal columns to the
support of radar cross section targets may be found in Techni-
cal Documentary Report No. RADC-TDR-64-382.

A subcontract was awarded to The University of Michigan
to study the scattering properties of cellular pleastic
materials. The results obtained from this study and studies
made by General Dyramics/Fort Worth are containasd in the
following report.

This report contains, except for format changes necessary
for proper presentation of the combined results, the final
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subcontract repert from The University of Michigan entitled,
"Studies of Scattering by Cellulsr Plastic Materials". An
extension by GD/FW of the mathematical scattering model
develcped by The University of Michigan to provide a method of
determinirg the optimum low cross section for a given applica-
tion is herein presented. Correlation of this model with
measurements mad> at the RAT SCAT Site is shown.

It will be noted in reading this report that = documenta-
tion I8 presented of initial efforts in the investigation cf
(1) Styrofoem structural properties, (2) low cross section
structural bonds, and (3) the feasibility of air-inflated
target supports. These investigations were not completed due
to diverzion of contract funds to more promising R&D areas.
However, documentation has been included to provide a base

Tom which a continuation and completion of these investiga-
ticns may be initiated.




SECTION 2
STUDIES OF SCATTERING BY

CELLULAR PLASTIC MATERTIALS

GENERAL

This section of the Report was prepared by The University
of Michigan for General Dynamics/Fort Worth between 17 June 1963
and 31 March 1964.

The overall purpose of this task was to investigate matters
pertaining to the use of cellular plastic materials as target
supports for radar scattering ranges. Five specific tasks were
enumercted in the work statement. These may be paraphrased as
follows: '

1. Survey and analyze the results of relevant past work on
cellular plastic supports

2. Study the scattering properties of these materials to
establish mathematical models with which to predict ob-
served effects and define the controlling parameters

3. Investigate their electrical, physical and mechanical
properties

4. Consider in brief the effects of size, shape, surface
treatment and internal joints on radar cross section

5. Define the relations between support strength, size, and
radar cross section with a view to possible trade-offs.

The time available for the study precluded an exhaustive
treatment. In several cases topics which were outgrowths of
the above and which appeared to have some theoretical promise
were ignored in order to provide at least a psrtial coverage of
the five basic tasks. One such topic, for example, is the use
of variable density materials. This wculd have been a major
investigation in itself, and the lack of sufficient control in
existing manufacturing processes gave little confidence in our
ability to fabricate one-piece columns of this type at the mom-
ent. Attention was therefore confined to materials which are
presumed homogeneous in the large.
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As the study progressed other problems suggested themselves
and some of these were judged to be of sufficient importance to
take priority. In particular, thc near field effects of a Styro-
foam beam were investigated in some detail and the discovery that
cellular materials can produce a considerable incident field per-
turbation near to their surface could have a decisive bearing on
the design of target supports. In many cases the resulting target-
support interaction may be a more critical factor than the cross
section of the suppcrt per se.

This additional investigation necessarily entailed a reduc-
tion of effort on the five basic tasks, and though each of these
was studied in scme degree, the program that actually evolved can
be summarized under the following five headings:

1. A survey of the types, manufacturers, manufacturing pro-
cesses, and physical and mechanical properties of avail-
able cellular plastic materials

2. A survey of existing theoretical and experimental work
on the use of such materials for target supports

3. A theoretical study of scattering by inhomogeneous media
as it applies to cellular materials

4. A theoretical and experimental investigation of the back
scattering from shaped blocks of this material as a
function of frequency

5. A thecretical and experimental investigation of surface
wave effects near a Styrofoam beam.

A complete description of this work is contained in the papers,

reports and memoranda which have emanated from the sub-contract.
These are listed in the Appendix and this section of the report

18 intended only as an expanded summary of the main lines of in-
vestigation.




MATERIAL CONSIDERATIONS
Definition and Application as Target Supports

4 foam is simply a collection of bubbles or cells, each of
which is bounded by thin walls of more or less irregular shape.
The cell walls enclose a gas, which need not be air, and the
foam structure is called unicellular if every cell, save those
on the very boundary of the mass, shares all its walls with neigh-
boring cells. An open-cell structure is one in which the gas is
not partitioned in separate pockets; in this kind of foam, the
cells are interconnected. The degree of interconnection is usu-
ally specified as '"percentage open cell structure”. A multicellu-
lar foam is composed of relatively large cells, each of which
houses an independent colony of finer cells, usually of unicellu-
lar structure.

Cell walls are planar, rigid and a typical thickness is
0.0002 inch for a typical cell diameter of 0.02 inch. Cell di-
ameters vary from material to material and from cell to cell
within a given material. Distribution of cell diameter has ap-
parently not been studied in detail, but it seems that the most
common size is8 the geometric mean of the largest and smallest
sizes that can be found in a given block of foam. Cells may be
as small as 0.002 inch in the urethanes to as large as 0.06 inch
in the (useful) polystyrene foams. There are foams which have
cells as large as 0.5 inch, but these are decorative materials
ill-suited for target support applications.

Of the unicellular foams, Styrofoam® was probably the best
known and most widely used for early target support requirements.
It was practically invisible to the radar, was rigid enough and
strong enough to support most of the models, and was easily
worked. 1Its density was very low: it weighed from 1.5 to 2.0
pounds per cubic foot (pcf) since its volume was nearly 98 per
cent gas. It has become the classical support material and even
now is probably more widely used than any other. The advent of
low cross section shapes of large physical dimensions caused
people to look into other model support schemes since Styrofoam,
while virtually invisible, was not invisible enough. An early
competitor for the job was the string which could euasily be made
a magnitude or more smaller (in radar cross section) then the

TThis is the registered trade mark for an expanded polystyrene
foam produced by the Dow Chemical Company, Midland, Michigan.




best foam, but which was not without its disadvantages. More re-
cently, several exotic support schemes have attracted attention.
Spin dropp.ng, air jets, magnetic fields, and air bags are among
the latest ideas. In spite of these schemes, rigid foam mater-
ials remain the most widely used. 1In those cases for which foam

is the only feasible support method, techniques have been developed
which remove or compensate for target support effects (Hiatt et

al, 1963).

Types of Rigid Foam and How They are Made

There are nine commercially recognized types of foam, of
which seven may be classed as rigid

cellulose acetates
epoxies
polystyrenes
silicones

urea- formeldehydes
urethanes

vinyls

Of these, the polystyrene foams, and perhaps the urethanes, are
the most familiar to the target support designer. The styrene

foams are available in two forms, expanded and expandable bead.
The former is an extruded foam while the latter is molded.

Styrofoam is produced by dissolving polystyrene in a solvent
such as methyl chloride and subjecting the resulting gel to heat
and pressure. The gel is permitted to escape through an orifice
and the sharp drop in pressure causes the heated solvent to flash
into vapor, creating bubbles. A '"take-away' table removes the
frothing mass at the proper speed. A cooling period follows dur-
ing which the outermost cells harden first and the interior cells
last. The final cell size and density is determined by several
variables, among them the raw materials, take-away speed, pres-
sure, etc. The differential cooling rate (from surface to in-
terior) produces a variation in cell size which can be as great
as 5:1 or 10:1, the interior cells being the larger. Better
uniformity than this is possible if thinner cross sections are
extruded. The material near the surface hardens first, hence the
cells there have little chance to grow while those in the core
may expand considerably before enough heat is removed from the
mass. Presumably the fire-retardent properties and colors
(Styrofoam can be made blue or green as well as white) are im-
parted with the necessary additives prior to extrusion. The cell
structure tends to be elongated in the direction of extrusion and
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ratios in dimensions of 2:1 are not uncommon. The anisotropy
causes physical properties to vary with the direction of the ap-
plied stresses. Occasionally one finds a sizable chip or sliver
of wood embedded in the log; the presence of foreign matter such
as this, as well as other inhomogeneities, 18 not usually de-
tectable until exposed by a fresh cut through the log.

The molded foams first appeared in 1954 (Randolph, 1960).
These are expandable bead foams and the process begins with small
beads which contain not only the polymer but the expanding agent
("blowing' agent is the name used in the trade) as well. The
pinhead-size beads require a two-state expansion, the first of
vwhich is8 called pre-foaming. This step is accomplished by ex-
posing the beads to any form of heat, ranging from infra-red
lamps to live steam, and is halted when the bulk density of the
pre-foamed beads matches that of the volume desired to be fabri-
cated. The pre-foamed beads are typically 1/8 to i/4 inch in
diameter and must be stored for a period of 1 to 14 days prior
to the final foaming process.

Final foaming is done in a steam heated mold which must be
constructed to withstand typical steam pressures of 20 to 35
psig. Large volumes must be produced by the insertion of per-
forated steam pipes into the mold cavity; after foaming, the
pipes are quickly withdrawn and the residual hect in the mass
causes the beads to fill the voids left by the pipes. This may
produce some local variations in density which cannot be avoided
in large volumes. When molding small volumes, a convenient heat-
ing arrangement is a steam jacket encasing the mold. Another
scheme provides a perforated jacket, which permits the steam to
seep through the volume. Expandable bead foams can be produced
with densities as low' as 1.1 pcf, while 1.5 pcf is more common
for Styrofoam.

Urethane foams do not depend on the application of heat for
the foaming process, but upon the evolution of gases formed by
an isocynate-fluorocarbon reaction. In commercial production,
elaborate mixing fixtures bring together the reacting compounds
and deposit them in a suitable mold. The molds may be open at
the top and thus need .ot be as strong as those required for the
pre-foamed polystyrene beads. The reaction is accompanied by
the evolution of heat, which may become a problem if very large
volum~< are desired, and takes place in a matter of minutes.

*Recently, a representative of The Armstrong Cork Co., Lancaster,
Pennsylvania, stated that densities as low as 0.5 pcf have been
achieved.




The foam is permitted to rise and the material near the bottom
will be more dense than that near the top. Generally, a few in-
ches of the material can be removed from the surfaces of the
volume after withdrawal, leaving a substantially uniform density
core. As with polystyrene foams, urethane foams may be aniso-
tropic because of the direction of rise. Densities as low as
1.5 pcf are attainable (Stengard, 1963).

Other foams are known to be produced, such as epoxy foams
and polyvinyl chloride foams, but little has been done with these
as regards target support applications. It is probable that they
are no better, perhaps worse, than the classic Styrofoam, since
the diolectric constant of the base polymer may be 35 per cent
greater than that of polystyrene while the sirength may be 20 per
cent less.

Description and Comparison of Fosams

Expanded polystyrene, of which Styrofoam is probably the
widest known, first appeared commercially in the United States
in 1944 (Randolph, 1960). It is presently available in billet
or board form and is sold for insulation, toys, novelties and
construction. The larger billets, known in the trade as 'logs',
may come in several sizes. The largest, and usually the most
difficult to obtain, is about 2 feet by 3 feet in cross section and
9 feet or 15 feet long. The surface is heavily corrugated and
cracked, which is an unfortunate consequence accompanying the
extrusion of large cross sections. These cracks make it impos-
sible to fabricate a circular column much greater than 19 inches
in diameter. The next size log is 12 by 29 inches in cross sec-
tion, 9 feet long and has a smooth, tough skin. The skin is
under stress and if it is sliced off, the core of the log will
immediately shrink about an inch along the 9-foot dimension.
This property renders fabrication processes difficult and unless
care is taken, a column fashioned from this log is likely to be
deformed.

Expandable bead polystyrenes are familiar to practically
everyone. These are the foams that may be found in low-cost ice
chests, floats, toys, and uncountable other items. Whiie not of
importance for radar purposes, it can be dyed and beads of dif-
ferent colors may be mixed for decorative effects. The foams
are multicellular and are available in logs as large as 16 inches
by 48 inches in cross section and 9 feet lcng. The material is
cut easily and cleanly by hot-wire techniques and has low den-
sity. The density can be controlled to a much greater degree
than the extruded styrene foams due to the ease of control dur-

ing the pre-foaming operation. Logs of expandable bead foam
8




lack the skin found on extruded polystyrene. It is conceaiv-
able that they can be manufactured in circular as well av rec-
tangular cross sectionmns.

Urethane foams bave strikingly uniform cell size distribu-
tions compared with those of the polystyrere foams. They can
be unicellular and generally can be had with relatively small
ca2lls. Common colors are white, yellow and tan. Urethanes are
considerably weaker than the polystyrenes when compared on an
equal density basis. Construction of large volumes is possible
but there is a danger of damage by the heat of reaction if the
core cannot be sufficiently cooled.

Of the remaining foams previously listed, no attempt has
been made to determine sizes available or to describe them fur-
ther, except as summarized in Table 2-1. It is felt that these
materials are not important in the light of target support re-
quirements and do not warrant any further attention here.

Foam properties are usually presented as functions of den-
sity, which is an easily measured pecameter, and since strength
and dielectric constant are two important properties to consider
in target support design, it is useful to relate column radar
cross section to density. A convenient shape for discussion is
the right circular cylinder: if it is illuminaced with a wave
polarized parallel to the cylinder axis, and if d>>A, the cross
section will be periodic with frequency and will reach maximum
values™t

o - % kd,{z(_i - 1)?

€

O

in which

= cylinder diameter

= cylinder length

= dielectric constant for material

= propagation constant of free space

& ms.a

The assumption has been made that the column will be used for
several frequencies sc that one cannot select a diameter favor-
ing the cancellation of front and rear surface returns.

+1t is here assumed that the dominant return is the coherent one

produced by the exterior surfaces.
9




The presence of d in the expressicn suggests that the smal-
lest diameter possible should be used, which in turn suggests the
column will be a slender one. Hence the cclumn is expected to
fail by buckling rather than by excessive compression under load.
The critical load at which the column will fail is (Timoshenko
aud MacCullough, 1949) ‘

73 Ed"

T 256 L2

where E is the modulus of elasticity of the material. The worst
case (i.e., most conservative) has been assumed, namely that omne
end of the column is fixed, being capable of sustaining moment,
and the other end free. Thus, the minimum diameter required for
& given load P has been established and can be used in the ex-
pression for cross section.

Considering now the dielectric constant, a simple approxima-
tion in terms of density can be written

€= € (1 +ap),

where @ 18 a constant depending upon the density and dielectric
constant of the base polymer and P is the foam density. The ap-
proximation yields somewhat Yarger values of € than measured data
indicates (Cuming and Andress, 1958; Myshkiu, 1958), but is ade-
quate for this discussion. If the above values for d and ¢ are
used in the expression for cross section, there results

kz5/2?1/4 a2p?
o n3l4  gl/4

Om

Thus the best foam, given a frequency, load, and co umn length,
is the one which has the smallest value for a2p2/El/4,

It is tempting to try to further improve the expression by
finding the relation between E and density but this leads to many
complications. The primary objection is due to manufacturersz'
listed 4ata, which rarely specify properties but instead present
ranges in values that bracket the expected foam properties.
Another is that the modulus of elasticity gemerally varies in-
versely with cell size, requiring one more piece of information
for a materials comparison. In addition, the foam becomes plas-
tic for relatively small loadings and the description 'modulus
of elasticity' seems inappropriate.
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Fei'tunately, the croga secticn is in terms of the squere of
density but only the fourth root of E. This means that varietions
in £ will have a wmuch smseller effect than variatioms inpf. Hence
a very rough judgment of the relative radar performance of foams
can be made by inspection of their densities. Generally, the
lowest densitg foams make the best target support columns. Tae
vresence of a4 in the expression suggests that for a firz com-
parison of materials, the properties of the base polymers must
be studied as well as foam density and elastic modulus. Table
2-1 summarizeg some of the properties that can be expected of
commercial foams (Hodgman, 1958; McCann, 1962).

Table 2-1 SOME PROPERTIES OF COMMERCIAL FCAMS

Dengity, Tensile a of base
Fcam Type pfe Strength, polymer
pei

Urethane 1.5 - 3.0 15 - 70 ---
Polyvinyl chloride 3 and up 10 - 200 3-4
Cellulose acetate 6 - 8 170 3.2 - 7.0
Urea-f{ormaldehyde 0.8 - 1.2 poor 6.7 - 6.9
Polystyrene (bead) 1.0 33 2.50 - 2.65
Polystyrene (extruded) 1.8 55 2.50 - 2.65
Epoxy 5 - 20 55 ~ 500 3.5 - 5.0

Foam Manufacturers

Table 2-2 is a list of some foam manufacturers in the United
States. The list is by no means a complete one, but it does in-
clude some of the larger and better known producers. Those which
are marked by an asterisk (*) have been solicited by this labora-
tory for product information.

Survey

Several organizations and individuals were contacted, either
in person or by lettsr, in an attempt to survey previous work on
foam materials. None had information for foams other than poly-
styrenes or urethanes. The survey results are presented below.

MIT Lincoln Laboratory (Peter Fritsch)

Fritsch measured a Styrcofoam cylinder at Kg-band frequencies
using diameter-to-wavelength ratios from 7.6 to 8.7. The meas-
urem=nts verified the periodic nature of the return with frequency

and showed the maximum cross section to be about 4\2. The
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Table 2-2 PARTIAL LIST OF FOAM PRODUCERS

Manufacturer Product
*Dow Chemical Co. Expénded polyetyrene
Midland, Michigan (extruded)
Expandable bead poly-
styrene
Urethane
Armstrong Cork Co. Expandable bead

Lancaster, Pennsylvania polystyrene

Emersg%ﬁand Cuming, Inc Expandable bead
Canton, Massachusetts polystyrene

Koppers Company, Inc Expandable bead
Pitteburgh, Pennsylvania polystyrene

*Atlas Chemical Co. Urethane
Wilmington, Delaware

*UWyandotte Chemical Co Urethame
Wyandotte, Michigen

Nopco Chemical Co. Urethane
Newark, New Jersey

*Ciba Products Co. Epoxy
(Div. Ciba Corp.)
Fair Lawn, New Jersey

*Shell Chemical Co. Epoxy
(Plastics and Resins

Div.)

New York, New York
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periodicity agreed with that expected of & dislectric sphere of
dielectric constant 1.05.

Lockheed Missiles and Space Company (N. J. Gamara)
Lockheed had no helpful data available.
GM Defense Research Laboratories (W. P. Melling)

Melling reported he had no organized data although some meas-
urements had been made of foam columns of various dismeters. He
said that DRTE had measured the returns from Styrofoam and Ecco-
fosm, and the pericdic nature was observed. They (at DRTE) had
found shaping to be unsuccessful and that no foam was superior
to Styrofoam.

Canadian Defense Research Telecommunications Establishment
(John Keys)

Keys confirmed that DRTE had concluded grooving or fluting
a column offers little advantage over a smooth one. He had no
organized data to present, but noted that Emerson and Cuming's
foam was a littie better than Styrofosm. He reported that an
aged column is somewhat better than 4 virgin one; they expose
their columns to direct sunlight to speed up the aging process.

Radiation Incorporated (J. E. Landfried)

This organization has compared the return of several foams
and found no improvement was gained by shaping or serrating the
columns. No foam was better than Styrofoam but there were in-
homogeneities whose effects were more severe at the higher (Xga-
band) frequencies. Scattering from sample to sample was not con-
sistent.

B. F. Goodrich Company

Goodrich, in its evaluation of the anechoic chamber it built
for Sperry, conducted measurements of several kinds of columnms,
varied in both snape and materials. The data presented in the
report suggests low dernsity foams are the best and that tapering
is helpful. Serrations or zgrooves seem to be beneficial if the
resulting edges are orthogonal to the incident radiation.

University of Michigan (Harold Borkin, Architect)

Mr. Borkin is qualified to discuss foams since he studied

them in connection with low cost housing. He feels that urethane
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foams may be worthy materials since they are available in large
volumes and can be tailored to yield densities from 1 to 20 pcf.
The high dielectric constent expected of high densities may be
offset by their superior strengths.

Conductron Corporation (Howard Breoks)

Conductron has found the expandable bead foam, Pslaspan,
superior to Styrofoam, a&lthough their data is not organized. The
material is easily cut by hot-wire techniques and is avalilable
in logs of respectable size.

Ohio State University (E. M. Kennaugh)

Some of the 0.S.U. efforts are contained in their reports.
Genereally, Styrofoam is found to be the best material for support
of models &nd antennas. One of the reports deals with the ef-
fects of interfaces, for example, while others discuss scattering
from dielectric bodies. 0.S5.U. has rot made a study of foams,
per se.

It can be seen that among those surveyed there is a Jdiffer-
ence of opinion. Most agsert that shaping or serrating the col-
umns makes little difference, yet one source suggests shaping
is advantageous if the incident polarization is in the right di-
rection. Most of those surveyed indicate there is nothing better
than Styrofoam, yet there are two who have found scmething they
consider better. Note that those who found something better
have studied the expandable bead polystyrene foams.

14




SCATTERING BY CELLULAR MATERIALS

The most obvious characteristic of any cellular plastic
materiel is its cellular structure. A material such as Tyrilfoam
where the cell sizes are quite large (of order 1 cm) appears al-
rost a8 a honeycomb with the air pockets separated by only thin
membranes, and is in marked contrast to the denser materigls such
as Styrofoam FR where the air pockets can be no more than pin
pricks. In both cases, however, the structure is not entirely
regular within the sample. The sizes, shapes and separaetion vary
from point to poirt in a manner which, for a well chosen sample,
is more or less random, and though it is possible that these var-
iations could be reduced by greater care in manufacturing (the
irregularities are of no concern for most applications of the
materials}, some lack of uniformity would seem inseparable from
an extrusion (or similar) process of fabrication.

Since the material is almost transparent at radar frequen-
cies, an incident field will penetrate to all depths and will be
scattered by the individual cells. If these scatterers were sub-
stantially independent and if the material were uniform in the
large, the net back scattering from within the medium would be
zero, and the entire return would be a coherent one contributed
by the bounding faces of the sample. But as we have seen, struc-
tural variations do exist, and in this respect the material cen
be likened to a diffuse but inhomogeneous medium. The individual
contributions from the cells will not now add up to zero, but
will leave a residual return whose statistical properties are re-
lated to those of the inhomogeneities, and if the structural
variations arc¢ effectively random, the return will be incoherent
in the sense that, from sampie to sample, the phase is random.

Theoretically at least the coherent signal provided by the ex-
terior surfaces can be reduced to an arbitrarily small amount by
shaping and/or cancellation. Not so, however, with the incoher-
ent or 'volume' contribution. On an independent scattering
theory, the power in the incoherent signal is proportional to
the sum of the powers from the individual scatterers, and is
therefore proportional to the volume. There is 2 limit to which
the volume of a support pedestal can be reduced consistent with
the support of targets of a specified weight at a chosen height
and this in turn gives a lower bound for the incolierent scattering.
Quite obviously such scattering is affected by shaping only to
the extent that the volume is, and is in principle immune to any
cancellation technique. If its phase is truly random from sample
to sample or from aspect to aspect with a given sample, no pre-
programmed subtraction of the signal in phase and amplitude could
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succeed, and though in practice there may be sufficient corre-
lation between neighboring aspects to allow some of this return
to e removed by cancellation, the magnitude of the ‘incoherent’
contribution will still be indicative of the minimum to which
the cross section of a column could be reduced. The importance
of estimating its magnitude for different cellular materials is
now apparent. ’

A general discussion of scattering from cellular materials
has been given by Plonus (1963), starting with the concept of an
assembly of particles all scattering independently. It has been
suggested (Van de Hulst, 1957) that a sufficient condition for
independence is that the separation between particles exceed
three times their radius, and it will be appreciated that the as-
sumption of single scattering is a gross approximation when ap-
plied to the prezzat type of materials where the cells are closely
packed. Neveritzless, it has the overwhelming advantage that it
enables us to study the scattering by one particle without refer-
ence to the others.

Consider first of all a one-dimensional distribution of
scatterers whose particle density is given by n(r). For a plane
wave incidence along the line, the back scattered field of a
single particle can be written as

e-21k(R+r)

P
Vam R+2r

where R is the distance to the point of observation and p is a
constant of proportionality, and hence, for the entire assembly
the far zone field is

E8 = E,

-2ikR

E8 = E, J%ﬁ_e R .[ n(r)e-Zikrdr.

The scattering cross section is therefore

7= |92 [f ntne" e 2T Dgrart . (1)

In practice n(r) will be known only in a statistical sense,
and if the resulting processes are stationary, the averages ob-
tained in the time and ensemble domains will be identical. For
definiteness, let us assume that n(r) is a function of time. The
expression for the scattering cross section is now
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o™ iPlzJ[[ n(r,t)n(r’,t) e-Zik(r-r )drdr'

. where the bar denotes a time average, and by subtracting the fluc-
tuating portion of the integrand from its mean, we have

j‘ﬁ(r)e'Zikrdr e

7= ||’

+ lplz.ﬁj‘(n(r,t)n(r',t) - n(r)n(c") e-Zik(r'r')drdr',
(2)

where ﬁ(r) is the time average of the distribution.

The first term in (2) is proportional to the square of the
number of particles and is the coherent part of the scattering.
The second arises solely from the fluctuations in the density of
the particles about its time average and is therefore zero for
a purely static distribution. Moreover,

n(r,t)n(r',t) - a(r)n(r') = (a(r,t) - n(r))(a(c’,t) - ("))
and hence (Kerr, 1951)

2

o= 1o)2|f ﬁ(r)e'z’“‘rdr, +1p|? [ alo)er (3)

where the second term represents the incoherent contribution pro-
duced by the average distribution.

All back scattering is ultimately attributable to deviations
from uniformity in the particle distribution. If the particles
are arranged in & fixed uniform arrary of infinite extent so that
n(r,t) is independent of both t and r, even the coherent part of
o will vanish. This can be seen by partial integration of the
first term in (3), and if the density is arbitrarily taken as
zero at the origin and infinity, we have

00 00
f ﬁ(r)e-Zikrdr__l_f dii(r)  -2ikry,
© 2ik Yo dr
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which shows explicitly the dependence of the coherent scsatter-
ing on variation of density. Such a variation can come about
either by internal variations in the density or by the bounda-
ries which define the particle system in any practical case.

Even if fi(r) is unifcrm within the sample, so that the only
contributions to the first term of (3) are provided by the bound-
aries, the density cean still exhibit statistical fluctuations
about the average. These fluctuations will result in a further
scattering which is proportional to the number of scatterers
(second term in equation 3) and which is incoherent.

For a distribution which is three dimensional rather than
one, the preceding formulae are unchanged, and it is now a simple
matter to obtain the return from a specified distribution of
known scatterers. We shall begin by examining the return from
the bounding surfaces of the sample and then go on to look at
the contribution from the interior.

Consider a rigid uniform distribution of small spheres of
radius a forming a rectangular lattice so that in each of the
three planes of symmetry the distance between the centers of ad-
jacent spheres is .. The numbers of spheres in the three di-
rections are m, n and n, with m,n>>1. The lattice therefore
constitutes a rectangular parallelepiped of length L = m £ +
a=mn £ and cross sectional area (n/Z+ a)2= (nH)2. 1If this is
1lluminated by a plane wave incident in the direction of the
length L, the only back scattered return is a coherent onz pro-
duced by the front and rear faces, and from the first term of
(3) we have

00 2
o= 04 .f n(r)e'ZIkr dr
o
-21ikL | 2
- oyN2 1 - e
2kL (4)

where oi{ is the scattering cross section of each sphere, and N
is the number of spheres in the block.

Two particular cases of this formula are of special interest.
If the individual scatterer is a dielectric sphere whose radius
is so small that the Rayleigh approximation is appropriate,
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2
o - amateat |37 0

vhere ¢ is the relative permittivity, and the resulting expres-
sion for o is

-21kL | 2
e

2kL

€- 1

€- 2

1 -

o = 4ral(ka)4 N (6)

Comparison with the standard physical optics cross section for a
homogeneous dielectric whose voltage reflection coefficient R is
such that 1 - R<< 1 now gives

|| = wca/£)3'£—1 : (7)

€. 2

and the implications of this relation cen be seen by taking Styro-
foam as an example. The relative permittivity of polystyrene,

the constitutive material, is 2.55, and the bulk permittivity € g
of Styrofoam is approximately 1.04. Using the Fresnel reflection
coefficient formula we therefore have

|IR| = o0.01

and when this is substituted into (7) with ¢ put equal to 2.55
we obtain a value for the packing factor a/fd, viz

a/ll = 0.104.

Note that the packing factor deduced from the expansion ratio of
polystyrene is approximately 0.285.

Conversely, by postulating a packing factor 0.285 and in-
serting this into (7), the reflection coefficient obtained ex-
ceeds the Fresnel value by a factor 2, whereas for maximum possi-
ble packing (touching spheres: a/Z=0.5), (7) with € = €g gives
a reflection coefficient smaller than the Fresnel value by a fac-
tor 2. Thus, the above formula for the reflection coefficient
based on a lattice of Rayleigh scatterers compares favorably with
the usual definition.

An aggregate of solid dielectric spheres is hardly a
19




convincing model for plastic foams. Sphericel shells (or ping-
peng balls) would almost certainly be a better choice, and would
seem to give a reasonable representation of the cell structure

when closely spaced. Thc Rayleigh cross section of such a shell
is

o, = 4r2(ka)t |e-1]?, (8)

where t and a are the thickness and outer radius respectively of
the shell, and € is the relative permittivity of the shell mater-
ial. The shell is assumed thin, such that t/a<< 1. Substituting
(8) into (4), the equivalent reflection coefficient is found to
be

|R| = 7 (/D (@/? |e-1], (9)
which reduces to
IR' " F.E '6- 1] (10)
€a

for shells that are touching.

The appropriate value of t/a for any particular cellular
material (e.g., Styrofoam) can be determined from its density.
If p_, p_ and P _are the densities of polystyrene, Styrofoam and
air Pespectivel?, the volume ratio of air to polystyrene is

Py . P
v = - % (11)
pS = pO

and for a typical Styrofoam (P, = 66.5 1bs/£t3, pg = 1.6 1bs/ft3
and P = 0.08 1bs/ftJ) equatlon (11) gives

v = 43,

Knowing the volume ratio we can ncw calculate the effective di-
electric constant from the equation

vte

- 2P
e T W (12)
and with the above value cf v and €p = 2.55,
€g = 1.057.
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We can also determine t/a directly from v by regarding it as thc
ratio of air to material for each ghell. Hence

t/a = 1/3v , (13)
glving
t = {$.0082a,

and although (13) is not exact since it ignores the volume be-
tween the shells, the results obtained are close to the experi-
mental values (Baer, 1964). The equivalent reflection coeffi-
cient computed from (10) is

R = 0.005.

Thus, the boundaries of & rigid uniform particle system give
rise to a coherent scattered signal which is in reasonabie agree-
ment with the physical optics prediction. Since its magnitude is
proportional to the square of the number of particles it will
usnally be the dominant contribution, but it is a&lso susceptible
to shaping effects and to cancellation techniques. Under these
conditions, it is conceivable that its effective magnitude will
be no greater (and perhaps even less) than the incoherent return
genecated by inhomogeneities within the system, and it is there-
fore necessary to consider now the contribution from the interior.

I1f the particle distribution is not uniform but has a speci-
fied behavior as a function of position, coherent scattering from
the interior will result. On the other hand, the scattering is
incoherent if the irregulariiies vary from sample to sample (or
as a function of time) in a manrer which can only be described
statistically, and this is the case of most interest in studies
of cellular materials. The magnitude of the resulting contri-
bution can be estimeted in any one of several ways.

In the first of these we postulate a medium specified only
by its permittivity (or refractive index) and imagine the inhomo-
geneities to consist of irregularly spaced spherical 'blobs'.
Each blob could represent a typical cell, and within it we as-
sume a Gaussian distribution of refractive index 4 of the fcrm

=g = lile‘”(r/"‘)2 (14)

whore a 18 a measure of the size of the cell and r is the radial
distance from the center. The cross section of each blob is then
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-2 (ka)2
ool 2a2(ka)b e 7 ‘
!

The separate inhomogeneities scatter incoherently with respect
to one another and consequently the croas section of the complete
sample 1is

- .2..(ka)2
o = gﬂiaz(ka)“ e " .

where N is the number of inhomogeneities. If the celis are
'touching' (i.e., spaced 2a apart) the volume V is simply

V = B8Nad
aad hence

- 2 (ka)?

T = %; M%az(ka)é e " (15)

Even such an elementary formula as thiz has many interesting
properties. We note that the incoherent cruss section is propor-
tionel to the volume and to the square of the reifractive index
fluctuations. The expression has a maximum when a = )\ /2 JB/Z# ,
so that cell size plays a vital role in the magnitude of the s&cat-
tering. In general, however, the cell size will be less than A\ /4
and minimum scattering now corres,onds to the smallest possible
value of &. Nevertheless, if the refractive index did not show
any fluctuation about its average, the incoherent return would be
identically zero.

Perhaps & more general approach is to assume that the index
of refraction varies from point to point in a random manner, and
the analysis is then comparable tec that employed in many ionospher-
ic and tropospheric investigations. The magnitude of the cross
section for incoherent scattering in the backwards direction is
proportional to an integral over the autocorrelation function of
the irregularities, and it is a trivial matter to evaluate the
integral for any particular choice of correlation function. In-
herent in the analysis, however, is the assumption that the rela-
tive variations of refractive index are small, and this is cer-
tainly hard to justify for a cellular plastic material. Indeed,
the permittivity jumps from unity within a cell to a typical vaiue
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of 2.55 in the cell wall, and this is the main objection to the
application of most analyses of scattering by inhomogeneous medisa
to materials such as we 2re concerned with here.

Under these circumstances 1t secems most realistic to return
to the concept of closely spaced spheric2l sheils as a model for
the cell structure. If these are randomly arranged with me&n
radius and shell thickness a and t respectively, the cross sec-
tion of each shell is as shown in egration (8). The incoherent
return is then

o = 4me2(ka)l |e - 1| 2 N , (16)

where N is the number of shells, and for a dense distribution
(16) reduces to

() ~.g t2ikba ie - 1!2 vV , (17)

where V is the velums. Typical values can ke hed by inserting
the values of t/a and ¢ previously employed, and with an average
cell radius 0.05 ¢m the incohergnt cross section at a wavelength
of 3 cm is 6.10 x 10-> m? per m Increasing the cell radius

to 0.08 cm increases the return to 2.50 x 10-4 m2 per m3, end
conversely decreasing the radius to G.04 cm decreases the return
to 3.12 x 10-5 m2 per m3.

There is as yet no experimental evidence to confirm these
estimates, but since a mean cell radius of 0.05 cm is character-
istic of one of the more widely used materials (Styrofoam DB), it
is of interest to examine the consequencesof the corresponding
incoherent return on the minimum scattering cross section of
three column supports. If these columns have to support weights
of 1000, 5000, and 10,000 1lbs. at a height of 5 feet, the end
areas of the columns must exceed 40, 200, and 400 square inches
respectively, where these are based on a compressive strength of
25 p.s.i. (yield) and a uniformly distributed load. The result-
ing incochereat cross sections at a wavelength of 3 cm are 56.2,
49.2 and 46.2 db<m2, and these are irreducible in the sense that
they are immune to shaping and (formally at least) cancellation.

Japily
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MEASURED CROSS SECTIONS OF STYROFJAM CYLIHDERS

At the request ¢f General Dynamics/Fort Worch, sn experi-
mental study of the back scattering cross sections of nine Styro-
foew cylindars was undertaken. It is obvicus that suci data iz
desirable for checking the available methods for calculating tk2
¢ross section when the dielectric constsnt is close to unity {we
note in passing that data of 2 similar character has recently
been publighed by Blore, 1964), but gince the full motivation
of this work is discussed elsewhere™, the present account will
concentrate on the experimentael teinniques empioyed. Only two
samples of the data are included {a complete listing is given imn
Memorandum 5849-512-M) and the theoretical remarks are limited
to those necessary for an understanding of the results.

Requirements

The nine right circular cylinders represented &ll combina-
tions of .ne three diameters 16, 15 and 14 inches and the three
lengths 20, i3 and 10 inches. The back scattering cross eection
was to be determined as & function of frequency &t the broadside
aspect, with the cylinder in & horizontal position illuminated
by a horizontally polarized wave. The test frequencies were to
be X-band, and were specified only to the extent that they should
span a8t least twc maxima and twe minimsa in the cross section
against frequency plots. In practice they were limited to the
range 8.5 to 9.3 gigacycles and this was sufficient to satisfy
the above criterion.

Beceuse of the large forward scatter from the cylinders, the
measuresments were made at a range of 226 inches to the cylinder
axis. This is short of the far field distance for the 20 and 15
inch models and in order that the data could be corrected for
near-field efrfects, the phase and amplitude of the incident field
was mapped out in the region normally occupied by the models. A
string suspension was used (the return from :he available support
pedestals was of the same corder as that cf the model under test),
and though it was verified that the suspension was invisible, it
did result in some loss of azimuth control.

Separation of Room Effects

In the conventioral CW bridge arraiigement, the rerlections

+tGeneral Dynamica/Fort Worth Report No. FZE-335, dated 29 August
1964.
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from the empty chamber &re balanced out with a sample of trans-
mitted signal and ther the test object is installed in the bal-
&nced room. Generslly the forward scatter from the model alters
the room return and the room i8 no lomger hbalanced, but for most
objects this effect is small. However. for some bodies, such as
the Styrofvam cylinders under comarideration, the effect is sig-
nificant, and the cross secticn displiayed at the output of the
receiving system is therefore composed of two signals, one aris-
ing from the model and the other from background effects. The
total cross section can be shown to be

G'-O'm+0'b+2JO'—mﬁCOS ZkR,

where

o = true model cross section,

= effective cross sectior of background efiects,
range to the model, assumed tc be variable by a few
wavelengths.

o' B
]

The background ‘'cross section” is irn “urn due to two signals, one
of which arises from room recurn, 0, and the other from the
coupling signal \o_ e}® whizh is deliberately added for balanc-
ing purposes:

Nop = Aoy +\]°'c el .

If the model is rocked a few wavelengths (or permitted to
swing like a pendulum as in the present measurements) the display
cross section will attain the maximum and minimum values

Y 2
“max * “m i-l + ?—""b » Tmin " %p S
L \Tm \](rm

The "rock' p is defined a8 P = 0 pay/9,in and in theory can be

made as large or as small as cdesired through control of |0 ei®
which thereby contirols op. The form of the equations suggests

that the quantity op/op is an error term. If the bracketed terms
are plotted as & function of ¢}/9y as shown in Figure 2-1, the back-
ground effects can be accounted for and a ccrrection applied,
provided it is known which half of the plot is the proper one

(i.e., if vp/om is greater or less thaa unity). For example, a

2 db rock may lie either at opfogy = -19 db or op/op = + 19 db.

But if b is changed slightly, the rock will change; if this
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change in rock is accompénied by a change in level (''levei” is
represented by the dashed lines in Figure 2-1) the left gside of
the figure must be used for the correction process ana if there
is no change in level, the right side must be used. In either
case, Figure 2-1 provides the necessary correction for room effects,
but it must be established which region is aggroEriate. The two
regions have been labelled "over-riding'' and "dynamic nulling",

following the suggestion of others who have investigated these
techniques.t

The Test Cylinders

The cylinders were fabricated from a rough Styrofoam log
whose dimensions were about 28 inches by 33 inches by 108 inches
long. The log was first reduced to four rectangular parallele-
plpeds, of which three were used to obtain the cylinders. Each
was mounted in a lathe and cut to approximately the correct diem-
eter with hot-wire techniques. The final size was produced by
making several passes parallel to the axis with a high speed
machine cutter. The surfaces produced by the cutter were smooth
and no further preparation (i.e., sanding) was required. The
cylinder dimensions were maintained to & tolerance of +0.032
inch. The ends of each were all within 0.5 degree of being per-
pendicular to the cylinder axis.

The three longest cylinders were measured first and since
these were destroyed in the course of fabricating their succes-
sors, the data was plotted to ensure that it was sufficient.

The cylinders were then cut down to the second required length,
and the measurements repeated and plotted. Similarly for the
third length. After each cut the cylinders were weighed so that
their densities (and hence their dielectric constants) could be
determined. Table 2-3 lists these values, with the dielectric
constants (or permittivities) ¢ computed from the equation

€ = 0.99834 + 0.233454,

where § is the sample density in pounds per cubic foot.

+"Dynamic rulling" is appropriate since the rock 1s tuned to a
small vaiue (in db) while the test object is in motion. ''Over-
riding" describes the condition of a ocp being much larger than
O'm,
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Table 2-3 PROPERTIES OF THE TEST CYLINDERS

Cylinder Cyliinder Denzity, Dielectric
dismeter. length, pcf constant
inches inches
10 1.531 1.0341
14 15 1.529 1.0340
20 1.537 1.0342
10 1.532 1.0341
15 15 1.534 1.0342
20 1.526 1.0340
10 1.548 1.0345
16 15 1.566 1.0349
20 1.551 1.0345

Measurement Technique

The cylinder measurements were made by one of the two de-
scribed methods: depending on the magnitude of the cross section
to be determined, o}, was made either large or small by varying

Voo el? while the cylinder was swung. It was not convenient to
slip the cylinder into or out of the string harness, so an &b-
sorbent barrier was installed near the test location to hide the
model. When an empty room was desired for balancing purposes,
the test model was lowered behind the barrier and when a measure-
ment was desired, it was hoisted into position. The steps in the
experimental operation were as follows :

1. The empty room was balanced ocut

2. The test cylinder was run up and made to swing through
a few wavelengths, usually about 2 inches

3. The recording pen was turned on and observed to oscil-
late between o pax &nd opin

4. The waveguide tuners in the RF system were adjusted
slightly in in attempt to reduce the rock p

5a. If step 4 was successful (i.e., the rock was reduced to
2 db or less) the rock was recorded
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6a. The tuners were readjusted to produce a slightly dif-
ferent rock but having the same level as the first. This
was recorded

Ja. Step 6a was repeated

5b. If step 4 was unsuccessful, the tuners were adjusted to
produce a relatively large cp yielding a 3 to 8 db rock
which was recorded

6b. The tuners were readjusted to produce a slightly dif-
ferent rock accompanied by a significeant change in level.
This was recorded

7b. Step 6b was repeated

The test cylinder was lowered behind the barrier

o

9. The empty room was balanced

10. A calibration sphere was lowered (the sphere was also
suspended by string; its hiding place was in the ceiling)
and its cross section recorded.

Observe that the steps labelled "a' required that the right
side of Figure 2-1 be used to correct for the room effects while
those labelled '"b' demanded the use of the left side. Several
times, as a check of the measurement technique, a cross section
was measured both ways and found to agree within a fraction of
a db. The above sequence was repeated three times for each fre-
quency for each cylinder, yielding nine values which were aver-
aged to produce a single datum point on the ovs. frequency curves.
The averaging was done graphically, as was the correction process,
in order to save time: over 2300 individual values were recorded.

The error is estimated to be + 0.2 db for most of the higher
cross sections (-30 dbm2) but inspection of the plotted data sug-
gests that the error for a few points is greater than this. The
accuracy of the lower values (-50 dbm2) is probably no better
than one or two db. Use of the over-riding technique was the
only way the lower cross gections could be measured and the dy-
namic nulling procedure was useful only for cross sections greater
than about -36 dbm?. The cross-over point cccurs when the changes
in rock become excessively sensitive to slight mechanical adjust-
ment of the RF tuners.

Bifilar suspension of the models by means of the vertical
lines attached near the ends resulted in a loss of azimuth
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Fig. 2-1 CORRECTION CURVES TO ACCOUNT FOR ROOM EFFECTS
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control. Broadside alignment of the cylinders was accomplished
with a 'naked eye' approach. An observer would station himself
so that his line of sight lay in the plane of one of the ends
and he would note where the tranemitter appeared to be located
with respect to this plane. He would then repeat the process
with the other end and by quick, alternate sightings, he could
judge which way the body should be adjusted. The alignment was
checked electrically by fastening a thin copper wire along the
sur face and by observing the signal variation as the cylinder was
made to oscillate in a horizontal plane. The oscillation caused
the wire scattering lobes to sweep past the transmitter and the

maximum observed response agreed with that when the cylinder was
stationary.
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