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ABSTRACT

In order for infrared current detection methods to be

useful, surface preparations must be applied to enhance the

heat generation and infrared emissivity of the surface.

The derivation of the required parameters of surface pre-

parations for metals is presented and comparisons are made

between experimentally determined and actual current dis-

tributions.
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I. INTRODUCTION

A. FACTORS NECESSITATING SURFACE PREPARATIONS FOR

INFRARED CURRENT DETECTION

The surface currents developed in a scattering structure

by electromagnetic radiation cause heating proportional to

12R and this heating produces temperature changes. LaVarre

and Burton Cl_7, have shown that infrared detection tech-

niques can be applied to determine the surface current by

detecting the temperature profiles which arise as a result

of these surface currents, and have also described the

drastic reduction in time required for the measurements that

was achieved by the infrared method.

It has been shown that the applicability of this process

is very dependent on the physical properties of the surface

under investigation C2_7. Electrical and thermal conduc-

tivity, the emissivity of the material in the infrared

region and the relative smoothness of the surface are cri-

tical factors.

The infrared emissivity of the scattering object is the

ratio of the emittance of the body in the infrared region of

the spectrum to the emittance of an ideal radiator, or

black body. It has a value less than one; the greater the

value of infrared amissivity the better the infrared detec-

tability of temperature distributions. As a first approxi—

mation, the emissivity of a surface is equal to the absorp-

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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tion coefficient. The reflection coefficient is approxi-

mately equal to one minus the emissivity C3_7~ 
The re-

flectivity is dependent on surface condition. Relative

roughness, oxidation and contamination cause a surface to

deviate from the conditions of an ideal reflector. Ade-

quate theory to predict the effect of deviation of a surface

from ideal conditions is not developed ; therefore experi-

mental methods are the only means of determining the re-

flective properties of real surfaces L~
_7• Generally ,

rougher surfaces and darker surfaces are less reflective.

Surfaces that are highly reflective in a particular region

of the spectrum therefore have low emissivities in that

region; and conversely, high emissivity in a region of the

spectrum implies low reflectivity. Metals are substances

which generally are highly reflective in the infrared

region and are characterized by very low emissivities. For

good conductors, the emissivity , €~~, is given by

— .365 x 1 C~ 7A -

where A is the wavelength and a is the conductivity in mhos

p.r cm. This shows an emissivity inversely proportional to

• wavelength for a given conductor.

Th. electrical conductivity has a critical impact on the

detection process also. The heating and resultant tempera-

tur. profiles are proportional to the energy dissipation ,

which is given by 32/a where J is in amperes per squa
re9
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meter, and ~ is in mhos per meter. Clearly , for large

values of electrical conductivity there will be little

energy dissipated in the material and therefore very little

heating to be detected by infrared techniques. Poor con-

ductors, then, seem to be more suitable as scattering ob-

jects for infrared current detection.

Thermal conductivity also must be considered . As sur-

face current distributions produce heat distr ibut ions through-

out the material, the surface will tend to uniformly distri-

bute the heat. The rate at which the heating approaches a

uniform distribution will be dependent on the thermal con—

ductivity. A material with high thermal conductivity will —

tend to transfer the heat from warmer to cooler areas at a

very rapid rate. Thus the heat will be distributed as

quickly as it is produced by the currents and there will be

no temperature profiles detectable. Therefore for purposes

of infrared current detection , poor thermal conductors are

more desirable as scattering objects than materials with

high thermal conductivity.

It can be seen that metals, particularly those used as

electrical conductors, are not suitable as objects of study

with infrared current datectivity. Materials such as

copper , aluminum and silver are highly conductive both

thermally and electrically , so the induced curr~rtts on a

surface composed of one of these metals will produce very

little heating. What little heat is produced will be very —

10
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rapidly and uniformly distribLted over the surface of the

metal due to the large value of thermal conductivity , k,

for metals and the only detectable thermal change will be

a very slight, uniform temperature rise on the metal’s sur-

face.

Even this uniform temperature change will be difficult

to detect with an infrared detector due to the low emissivity

for metals in the infrared region of the spectrum. Typical

values of the emissivity constant, c~ , for these metals are

.04 to .06 for polished aluminum , .02 for polished c~~~er,

and .02 for silver.

• There are many studies in antenna design and placement,

electromagnetic scattering, and electromagnetic compatibi-

lity where surface currents and charges must be determined.

If the surface of metals could be treated or coated in such

a way that made them suitable for infrared current detection

techniques, this method of current determination could be

directly applied to studies involving aircraft, ships, and

other military equipment , or to metallic models of the equip-

ment. Surface preparations of the appropriate thermal and

electrical conductivity, emissivity , and reflectivity can

be applied to nonmetallic models and yield accurate repre-

sentations of the currents induced , as well.

B. THESIS OBJECTIVES

The goals of this work were to define the parameters of

- 11 

-.-~~~~ —~--- - ~~~—-



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

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

-
~

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

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

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

• _-___
~~ ~~~~~~~ pr~~

suitable surface coatings so that infrared current detection

methods could be applied to metal scattering objects, to 
- 

-

determine what materials, if any, have these parameters, and

to find suitable surface coatings for nonmetallic scatterers,

apply them to more complex shapes and compare the results

with results obtained by other methods.
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II. EXPERIMENTAL APPARATUS

A. AGA THERMOVISION SYSTEM 680

The AGA Thermovision System 680 is an infrared camera

and detection system manufactured by AGA infrared Systems

AD of Sweden. This system has been thoroughly discussed by

Selim [2_7 and will be described in more general terms in

this discussion . The system uses an Indium Antimon ide

photovoltaic detector , cooled by liquid nitrogen to 77 °K .

The detector is sensitive to infrared radiation in the range

of two to 5.6 micron wavelengths .

The system scans the field of view using two octagonal

prisms rotating on axes ninety d.gr..s apart. Th. system

processes the in f ra red  radiation and produces real tim.

television-like displays on a color monitor and a black and

whi te monitor . The system sensitivity is better than .2°C

at 30°C. The black and white monitor disp lays th. tempera-

ture profiles in white and shades of grey that progress

towards black as the temperature decreases. The color moni-

tor displays the temperature profiles in ten equal width

color settings. The ordering of the colors from warmer to

cooler can be adjusted by the operator to the arrangement

that most clearly displays the info rmation he is seeking .

The system also includes a profile adaptor and display that

displays the surface temperature cross section of any one of

the horizontal scan lines, or all of the scan lines simul-

13
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taneously on a diminished scale. The Thermovision system

used in the laboratory was mounted on a tripod and the pro-

cessing system was basically permanently mounted . However,

AGA Infrared Systems also makes a Thermovision system that

is entirely portable.

B. THERNOVISION DISPLAY INTERPRETATION

The Thermovision display has a temperature window with

an adjustable width of from 1°C to 20000C. This window can

also be moved up or down the temperature scale as necessary,
- depending on the surface temperature of the object being

viewed. The display divides this temperature window into

ten di f ferent  isotherms, the width of each isotherm being

one tenth the width of the temperature window. On the color

display , the color codes chosen by the operator are dis-

played across the bottom of the screen, starting from the

coolest at the left and going toward the warmest on the

right.

For permanent recording of information, a Polaroid camera

can be attached to the front of the display. This camera

produces color prints which have been converted to half tone

black and white photographs for printing

All photographs in this report use either .l0C isotherms

or .2°C isotherma, and will be identified as they appear.

C. LABORATORY APPARATUS

The power source used to irradiate the scattering objects

14
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was a Sierra Electronics Model 470A, with 80 watts maximum

power output. The power source was connected via an isola-

tor, dual directional coupler, and a dual stub tuner to a

monopole antenna one quarter wavelength long at 937.5 MHz.

- i This antenna was mounter near one end of a 3.8 by 11.5

wavelength (at 937.5 MHz) aluminum ground plane. A pc~ er

meter was attached at the directional coupler ’s return port

so that the reflected signal could be minimized by using the

dual stub tuner. The operator was shielded from the antenna

by a 600 corner reflector and by absorbing pads placed

around the ground plane. The scattering objects were placed

on the ground plane at a distance sufficiently far from the

antenna so that the wave front was approximately plane. The

half wavelength square flat plates were all placed 3.5 wave-

lengths from the antenna , while the cylinders were observed

at different distances from the antenna. All objects placed

on the ground plane were taped with copper tape to insure

uniform electrical connections.

Since many of the resistive coatings commercially avail-

able did not have their conductivity specified , it was neces-

sary to devise a method of measuring electrical conductivity .

The resistance of a sheet of material of thickness d and

length and width 1 is given by R—l /ad ohms. This resistance

is measured between parallel sides as a square of this

material, with electrical contact made all along the entire

side. This value can then be substituted into the equation

_ _ _ _  

_

__
__ 
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__T



~ • - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ - •
~~

•__ _ ,
~y~~~~ 

-

I

and the va].ue of the conductivity , a, can be found. a has

units of mhos par meter. Electrical contacts of sufficient

length were manufactured and a square of the material in

question was attached to them. The resistance could be

measured with an ohmmeter and the value of a calculated .

One commonly used method of specifying a material’s

resistance is in “ohms per square” . The “ohms per square”

of a material will be given for a particular thickness and

this will be the value of the resistance, independent of

the size of the square. A one centimeter square will have

the same resistance between parallel sides (electrical con—

tact the entire length of the side) as does a one meter

square of the material. This can be more easily seen if

one considers incremental rows of incremental squares

connected in series, with the rows connected in parallel.

It can be seen that if the number of rows equals the number

of incremental squares of resistance, the resistance is in-

dependent of the area of the total square.

_ _ _ _ _  _ _  
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I I I .  SURFACE PRE PARATION S FOR METALS

A. USE OF OXIDE COATINGS AS A SURFACE PREPARATION FOR

METAL SURFACES

Studies by Bramson C~
_7 show that oxide coating on the

surface of some metals greatly enhance the infrared emissi-

vity of these surfaces. A graph prepared by bzisik, based

on data from Gubareff , Janssen , and Torborg, C~
_7 showing

the effects of oxidation and temperature on the emissivity

of metal surfaces is presented in Figure 1. Copper and

brass are among those metals whose infrared properties are

improved. The infrared emissivity of polished copper at

room temperatures is .07, while for heavy layers of copper

oxide, emissivity increases to .6 to .8 in the infrared

region. For brass, with an emissivity of .06, the forma-

tion of a heavy oxide coating raises the emissivity to .61.

Aluminum, on the other hand, has an especially low emissivity

(C
A 

.04) and with heavy oxidation increases only to .2.

Therefore, efforts to apply these findings to improving in-

frared current detection techniques concentrated on copper

and brass.

Data provided by Brainson indicates that for brass, copper

and other metals, sandblasting the surface or working the

surface with emery increased the emissivity somewhat. Based

on this information several sheets of copper were sand-

blasted to determine its effect on infrared current detection

techniques.

17
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Figure 1. Graph compiled by Ozisik from
data given by Gubareff, Janssen,
and Torborg L 4_7 showing the
effect of oxidation on emissivity .
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I. Copper

a. Method of Formation of Oxide

It was decided to accelerate the oxidation pro-

cess by heating the copper plate in an oven. It was found

that an oven temperature of 300°C provided optimum condi-~

tions for oxidizing the copper. Higher temperatures yielded

more fragile oxide coatings and the combination of high

temperature and the difference in coefficients of thermal

expansion for copper and copper oxide caused the oxide coat-

ing to separate from the copper as the sheet cooled. Tem-

peratures below 300°C obviously yielded slower oxidation

formation .

b. Results

The length of time the copper was subjected to

the high temperature , and thus the amount of oxide formed ,

was varied as well, as the preparation of the surface of the

copper prior to oxidation. Half wavelength square copper

plates were oxidized to different degrees and attached to the

aluminum ground plane with copper tape. The plates were

aligned such that the angle of incidence of the wavefront

was 450• The plates were then radiated by an antenna 3.5

wavelengths away at a frequency of 937.5 MHz, with an m ci-

dent power level of 5 mw/cm2. Th. plates were viewed with

the AGA Thermovision 680 camera with these results.

(1) Pre—Polished Copper Plate Heated for Five

Hours. The plate showed slight evidence of heating after

19 .4
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being irradiated for approximately five minutes. The heating

was minimal and very unif orm , and difficult to detect.

• (2) Pre-Polished Copper Plate Heated for Nine

Hours. The infrared emissivity increased with the increase

in level of oxidation , but the amount of heating was again

slight and uniform.

(3) Copper Plate With Natural Accumulation of

Oxide Heated in Oven for Three Hours. The plate showed

slight heating when irradiated. The heating was less uni—

form than with the other samples. The slight nai-u~iiformity

of the heating was due to the non—uniform oxidation on the

plate prior to additional oxidation in the oven.

(4) Sand Blasted C9pper Sheet, Unoxidized.

The plate showed very slight and very uniform heating when

irradiated.

(5) Sand Blasted Copper Sheet, Oxidized in an

Oven. The sand blasted copper sheet was heated for three

hours and the infrared camera showed moderate, uniform

heating when the sheet was irradiated. After  six hours of

heating, the infrared camera showed an improvement in the

amount of heating due to the incident electromagnetic radia-

tion, but the heating remained very uniform. As predicted ,

oxidation and surface roughness increased the emissivity ,

but not the applicability to current detection.
- 2. Brass

a. Method of Formation of Oxide Coating

20



—. -~~~~~~ -. ,~~~~.--..- ‘r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

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

—
~

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

The oxidation process of the brass plate was

accelerated in an oven in the same manner as the oxidation

of the copper. For the same reasons that 300°C was an op-

timum temperature for copper plates, 490°C was found to be

the optimum temperature for oxidizing the brass plates.

Higher temperatures caused the plates to deform and the

oxide coats were too fragile to be handled. The difference

in the coefficients of thermal expansion of the brass plate

and the oxide coat caused the coat to separate from the

brass as it cooled. Lower temperatures yielded slower oxi-

dation formation.

b. Results

As with the copper plate, the length of time the

brass was subjected to the high temperature, and thus the

amount of oxide formed , was varied . Half wavelength square
3

brass plates were oxidized to different degrees and attached

to the aluminum ground plane with copper tape. The plates

were aligned such that the angle of incidence of the wave-

front was 450~ The plates were then irradiated by an

an tenna 3.5 wavelengths away at a frequency of 937.5 MHz,

with an incident power level of 5 cm/mw2. The plates were

viewed with the AGA Thermovision 680 camera with these

results.

(1) Brass Plate Heated for Three Hours in Oven.

The plate showed no appreciable evidence of electromagne-

tically induced heating even after lengthy irradiation.

21 
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(2) Brass Plate Heated for Six Hours in Oven.

The plate showed no appreciable evidence of electromagne-

tically induced heating even after lengthy irradiation.

B. USE OF COPPER SULFIDE AS SURFACE PREPARATION

1. Method of Application

Half wavelength square copper plates were first

mechanically cleaned with fine sandpaper to remove oxidation

and surface contamination . After cleaning the plates were

immersed in a moderately concentrated solution of zinc

sulfide (ZnS). The entire plate was immersed in the solution

at the same time in order that the cooper sulfide coating

would develop with uniform thickness on the plates ’ surface.

After ten minutes the plates developed a thin , very black

coating of copper sulf ide . This procedure was conducted in

a chemical fume hood .

2- . Results

The half wave length square copper plate with the

copper sulfide coating was attached to the conducting ground

plane with copper tape 3.5 wavelengths from the radiating

antenna, with the angle of incidence of the wavefront 450

from the normal of the plate . The incident power at the

plate was 5 mw/cm2. After  prolonged periods of irradiation, — 
-

no appreciable heating was detected with the infrared camera.

C. RESISTIVE COATINGS AS PREPARATIONS FOR METAL SURFACES

Poor conductors (high resistance) are better suited to

22
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infrared surface current detection procedures than good

conductors since for a given current distribution more heat

is generated , and the more heat generated the easier the

current is to detect. Accordingly , coatings with much

higher resistance than metals were tested as surface prepara-

tions for metal scatterers.

1. Television Tube Koat

Television Tube Koat is an aquadag coating rnanu-

factured by GC Electronics of Rockford , Illinois. It is

lacquer based and available in aerosol spray and brush on

form. It dries to a f l a t  black f in i sh  and has good infrared

emissivity. Its conductivity , as determined by procedures

outlines in paragraph I I . C. ,  was found to be 160 mhos per

meter.

a. Method of Application

The Television Tube Koat was sprayed onto the

copper plate to form a uniform coat. The thickness of the

coat was varied up to .026 mm and the resistive coat was

placed both directly onto the copper plate and with an in-

sulating layer between the copper and the Television Tube

Koat.

b. Results

The half wavelength square plates with Tele-

vision Tube Koat were placed on the conducting ground plane I 
-

3.5 wavelengths from the antenna and connected with copper

tape. The plates were aligned so that the angle of incidence

23



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

of the wavefront was 450 The incident power level at the 
- 

-

plate was five mw/cm2. The plates were then irradiated for

-
~~~~ approximately five minutes each at a frequency of 937.5 MHz.

For all thicknesses, with or without the insulating layer,

moderate levels of uniform heating were observed . The

heating was not sufficient to produce a good contrast with

the background surfaces.

2. Carbon (Soot) Coating

Carbon has a conductivity of ~~ mhos per meter,

although in the less dense form of soot the conductivity will

be lower. Carbon is an excellent emitter in the infrared

region, with an emissivity of .93.

a. Method of Application

An oxygen-acetylene torch burning with the oxygen

turned off produces large quantities of soot . The flame of

the torch was moved across the surface of the metal plate

and the soot deposit was built up in this manner . This

method of application did not yield as uniform a layer of

soot as desired, but sufficiently uniform so that contours

arising from non-uniform coatings would not overshadow heat-

ing contours which might arise from induced current distri-

butions.

b. Results

The soot-covered plates were attached to the

conducting ground plane with copper tape at a distance of

3.5 wavelengths from the radiating antenna. The plates were
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aligned so that the angle of incidence of the wavefront was

450 -. The incident power was five mw/cm2. The plates were

irradiated for approximately five minutes at a frequency of

937.5 MHz. For the brass plate coated with soot , there was

little appreciable heating when irradiated. The copper plate

showed some uniform heating when irradiated. A layer of

Television Tube Koat, discussed previously in paragraph

I I I . C .l . a .,  was applied on top of the soot coating on the

copper plate. This combination yielded greater heating

effects when radiated , but all heating was absolutely uni- *

form. -

3. Teledeltos Paper

Teledeltos paper is a resistive paper, R = 2000 ohms

per square, with a thickness of 8.76x10 5 meters. This

yields a conductivity of 5 .7  nthos/meter. This gives a skin

depth , S ,  of 6 .94xl0 3 meters. Teledeltos paper has been

shown to be effective in infrared current detection proce-

dures when placed on a non-conducting surface [‘2_7.

a. Method of Application

Teledeltos paper can be applied easily and uni-

forinly to flat plates, and can be applied in large thicknesses

much more easily than the lacquer-type resistive coatings .

In this case, 80 sheets of Teledeltos paper were attached to

a half wavelength (16cm) square copper plate. This thickness

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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antenna at an angle so that the incident wave arrived at the

plate at an angle of 45°. Electrical connection with the

ground plane was made with copper tape. The plate was then

irradiated for several minutes at a frequency of 937.5 MHz

with an incident power level of five mw/cm2 .

b. Results

After several minutes of irradiation , the Tele—

deltos paper-covered plate showed isotherms in the areas

where current densities were known to be at a maximum, but

areas where current densities were known to be weaker were

completely unchanged , and remained black , or cold , on the

infrared camera display . This small amount of heating was

slow to develop also . The resulting display did not repre-

sent the current densities that were known to exist for a

f lat  plate scatterer.

D. ANALYSIS OF RESULTS OF METAL SURFACE PREPARATIONS

None of the surface preparations of the metal plates

• yielded satisfactory results. No evidence of heating con-

tours (and hence surface current distributions) was pro-

duced with any of the surface preparations except the very

* 
thick layers of Teledeltos paper . Oxide coatings tended

to increase the emissivity, with heavier oxide coatings

yielding greater increases , as predicted by previously dis-

cussed experimental data. Surface preparations which in-

creased the roughness of the surface, as did the sandblasting ,

26 
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or decreased the reflectivity , as did the Television Tube

Koat and soot also yielded increased emissivities as pre-

dicted. This increased eznissivity was manifested in the

greater evidence of heating detected on the plates. However,

even the most dramatic of these increases in emissivity pro-

duced only slight heating in the plates, all of it very uni-

form and diff icul t  to distinguish from the background .

* 
The thick layer of Teledeltos paper (d~ 2ô , approximately

14mm) covering was very slow to respond and produced heating

contours which were limited to the areas where it was known

that the maximum current densities were located. This in-

dicates that there are two factors involved in the heating

• process , one involving electromagnetic properties of the

mater ial such as electrical conductivity and frequency of

the incident wave, and another factor involving thermal

properties of the material, such as thermal conductivity.

The combination of these two properties imposes certain

restrictions so that the use of preparations for metal sur-

faces for infrared current detection will be achievable only

by the use of a surface coating within very specific thermal

and electromagnetic parameters.

The electromagnetic problem will be approached by first

• examining the characteristics of a perfect conductor . It is

known that for an electromagnetic wave incident on a perfect

conductor, the wave is entirely reflected and none of the

energy of the incident wave is transmitted to the perfect 
*
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C. LABORATORY APPARATUS

The power source used to irradiate the scattering objects

;-~: _ _  

_ _ _  
_ 

_ _

conductor. Since there is no loss in a perfect conductor , no

energy is absorbed. As the conductivity , a, decreases from

infinite, the electromagnetic wave begins to penetrate the

conductor , but a good conductor sharply attenuates the wave

and there is virtually no energy absorbed past the point

where the attenuation is equal to e 4, or four skin depths.

The skin depth , 6, of a good conductor is approximately

6 — /2/wiia meters

The skin depth is defined as the depth at which the inci-

dent wave has been attenuated to l/e, or approximately 37%

of the value transmitted across the boundary between the

two media. For copper, the skin depth at 937.5 MHz is

6 — 2.15 ~m

The transmission coefficient of the air to copper boundary

is .00000196/45 0 for electric field . The ratio of the

electric field to the magnetic field just inside the metal

is the characteristic impedence of copper , and has a

value of .000369/45° ohms. For most purposes this would be

considered a zero impedence medium. Even taking the losses

into account, only a very small amount of energy is trans-

mitted from the incident wave and absorbed by the copper .

Therefore the currents that are induced will be small and

will produce very little heating . Additionally , the high

thermal conductivity of the copper will cause this slight

heating to be uniformly distributed at a very rapid rate ,

and the thermal effects of the induced currents will be very

28 
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difficult to detect.

The situation that arises when a resistive coating is

• applied is illustrated in Figure 2. The wave incident on

boundary one between th& air and the resistive coating is

partially reflected and partially transmitted . The portion

that is transmitted is
—ci z je —jBz

ET1(z) — e (IT 1Ie

where jT1~e is the magnitude and phase of the transmission

coefficient of the electric field at boundary one.

This can be expressed as
—ci z — jBz jeTlET1(z) - e T ET1e , ET1 = lT 1lE~e

where is a complex quantity .

Fields are attenuated in a lossy medium by a factor
— cize where 

__________

ci — Re t i j~~~(a +j w c ) }

The transmitted waves propagate through the resistive coat-
• —c i  z

• ing and are attenuated as e T , where c u e  the attenuation

constant for the resistive coating. When the wave reaches

boundary two, z—d , where the resistive coating and the

copper join, the wave is once again partially reflected and

partially transmitted. The magnitude of the reflection coe-

fficient at boundary two is very close to minus one , even

• for the maximum value of aR for any resistive coating used .

However, in order to perform an exact analysis of field die-

* 

tributions, a resistive coating—copper boundary with a re—

29
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CU mhos/rn
u = u ~ ~~~~~~~~~~~
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E

R2
I

z=0 z~d

Figure 2. Cross section of copper
plate with resistive coating ,

— and the Electric Field profile.
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jeR2
flection coefficient IR2Ie for the electric field will

be considered . The corresponding transmission coefficient
j e~~is T21e

The reflected field at boundary two is

c*T (d z) ~Td 
~
6R2 ~~~

ER2 ( z )  = e (ET1e IR2 le )e

c*~~(d z)
where e is the attenuation for a wave traveling in the

-z direction from z d  to z— 0 .

The electric field transmitted into the copper is given

by —ctTd 
~
0T2 ~~~~ 

—c i  z
ET2 (z) = (E Tle ~T 2~ e )e  e Cu

The total f ield in the resistive coating is given by

EToT~
ET1(z) + ER2 (z) for 0<z(d , neglecting any further re-

flections.

ciTZ jeTl j~3z ~~~~~~~ 
—czTd je~, J~3Z

(IT 1~E~e )e +e (ET1e R21e ~)e

Since both the resistive coating and the copper are con-

ductive, the current density J, in amperes/ m2 is given by

J - ce, where is the conductivity of the resistive coating

and c~~ is the conductivity of copper.

The current density in the resistive Coating is given by

_ci
TZ j OTi —j~3z ciT~~~~~ 

ciTd
JR(Z) — a (C R IT 1IE.e )e +e (

~R
ETle lR 2 i

je~~ j8z
e

and the current density in the copper is

~aTd j eT2 -j B z  —ci z
J
CU

(z)a(a
CU
ET1IT2k e )e e CU

L~~~~~~~~~~~ 
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The amount of power absorbed , and hence the heating pro-

4- duced in the copper can be found by examining the current

• density J of the copper. In the copper 1 
= 
1 6’ the skin

ci

depth.

ctTd i6T2 (1+jl)z/S

~cu~~~ 
— (ocuETliT ile e )e

Total current per unit width in the y direction is

Ct
Td JeT2 f~~~ 

—z/S (1+jl)
• J ~~~~~~~ 

amperes a
CU
ET~

’r2te e J e dz
o meter o

—ci d je~2 -6 -(l+J1)z/tS
- Integrating , 

~CU
ET 1(T 2~ 

T e (
3
-~÷1)e

- ciTd 6 j i r/4  36T2- a
CU
ET1IT2 Ie  — e e

— e
_ci
TdacUEjIT l~ IT~e 

T 1 T 2 e~~
’
~
’
~
4 

-

—ci d j(e l~~T2~~
”4
~e T acuEjiT i l T2 f Lc e T

total current 
- d T a E~~T1 II T 216 cos(wt+eTl+eT2

_45°)

- Now is this were distributed uniformly over a thickness,6,

- 6 - e
ciTdacuEjIT l~ T2 f cos(wt+e) amp/rn

2

where a - (eTl+eT2
_ 45°). J is uniform over the thickness ~S .

-

~~~~~~~ 
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Instantaneous energy absorbed per unit volume - J2/o watts
m3

* 

= e
_ci
T2d ccuEi

2
IT l I

2
~
T2~

2 
cos2(wt+e)

The average value of cos2(wt+e) =

Average power absorption per unit volume is given by

a
~~

E
~
2
ITi I

2
IT2 I

2 
~
ciT2d wattse 

in2

The power absorption in a volume unit X Unit x 6 yields 
*

the power loss per square meter of surface area of the resis-

tive coating - copper boundary .

~
, a

~~
E
~
2jTi I

2
~
T21

26 
~~T

2d

Values of these constants for typical resistive coating

are as follows:

1. IT~ (at boundary of air and resistive coating)= .0356

• 2. 1T 2 1 (at boundary of resistive coating and copper)= .00331

3. c~~ — 5.8 x 1O 7 mhos/m

4. — 1.09 x io3 m 1

~ 6T — 9.18 x 10 4m

These values give an absorption in the copper of

7 —ci 2d 24 — 4.35 x l0 e Ei watts/rn
m

for d — 26T

33

-

- —~



•, 
~~~•

— 7.97 x lO~~E1
2 watts/rn2

for d — °56T

4 = 3.93 x l0 7E1
2 watts/rn2

So the power absorbed in the copper varies from 393 x

l0 7E1
2 watts per square meter of surface area of the re-

sistive coating for a thin resistive coat (d=.056) to 7.97

x watts per square meter of surface area for a sheet of

resistive coating two skin depths thick.

Consider now the power absorbed (and the heating pro-

duced) in the resistive spray .

ciTZ JeTl -jSz cuT(d z) aTdJR(z) = e (JRlTl lE~
e )e +e (clETe I R 2~

je~~ jBz
e )e

ciTZ jeTl 38Z ciT~~~~ 
JeTlJR (z) — e (aRIT l~

E
~
e )e 4-e (aR iT l ie

cuTd jOR2 ~~E~e tR2I e  )e

~
OTl ciTZ j~3z ciT~~~

Z) _ ciTd
• JR ( Z )  — aR~

Tl~~i
e (e e +e a ~R2I

ieR2 j~ ze e )

jeTl —z (ctT+j
~~
) _2cu

Td JG R2 z(cuT+j
~~
)

- aRITIJE je Ce +e IR 2Je e )



— •• f ~T~~~~7

~~~~~width 
— a I T IE e

i Tl 

[1

d z (cu 4j8) 
+

j

d 

e
_2ci

Tde
Z T+i~~ IR 2Ie~

0R2
dz] 

a s

-1•

— C~~IT i jE~e [e
T
~~~~ 

~d 

+ R2e
R2e T

~~~~~~
d

z(ciT+j$) 1e I amps
ciT+~

B 
_~ 

m

°

= 
aR I’rl tE ie 

[e

_d
~~T

+
~
8)
+ 1 + R2Le R2e T

d(cx~+jB) 1 ~(e rn

This can be expressed as

I
~~
ota

~dth 
~~~T1 E~ 

[cos
(wt_450)_ )R

2Ie
2ciTd cos(wt+~ 3)

- e~~T
d 
cos(wt+~2)+~R2Je 

T cos(wt+~l)] 
~~~~

I
- -  - -- — — — 

-- ••.a
~~~~~~~~~

-——
--
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where - eTl+eR2 45 Bd , ~2=eTl
_4S Bd and

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Distributed uniformly over a depth, 6,

I~ 
CRIT 1IE * [ _2ci

Td
J — 

1 cos(wt—45 )—IR 2 Ie cos(wt+$3)
m

— 

:

~~

Ta 
cos(~~t+~ 2 ) +1R 2)e 

ciT cOs (wt+~ 1) ] arn~s

~~~~
- yields instantaneous power loss.

2
Taking the time average of ~~ yields the following 

expression

for total average power absorbed per unit volume in the re-

sistive coating.

2 . 1 cR IT l~~
Ei [ 

~ 
IR 2 I

2e T 
e
_2
~T

d

= 

2ctT
262 L ~ 

+ 2 
+ 2 +

-4c u  d

1R 2 1 e T

2

-2cs d c u d  2ciTd

— I R 2 Ie T cos(~ 3+45
°)—e T cos(~ 2+45°)+IR 2Ie

cos(~f-45°) ] 4—

- —~~- 
1~~
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The following values of material parameters are typical

for the resistive coatings used.

1. R2L~~
2 = .9969 /180.001°

2. T1/
°T1 = .0356 /44.27°

~~ = 160 mho/meter

• 4. 6 = 1  = 1 = 9.lS x lO 4mc c
• The power absorbed per square meter of resistive coating

is given by

~~ 
2 d watts -•

[~J m~

Examining this power absorption for d = .056 , approxi-

mately .05 mm , we find the total power absorbed by the re-

sistive coating to be 9.819 x lO~~ E~
2 watts per square

meter of surface area of the coating . For a thickness

d = 26, the power absorbed by the resistive coating is

8.842 x l0 5E~
2 watts per square meter of surface area,

almost one hundred time greater than the power absorption

of the thinner coating.

It is seen that the power absorption in the resistive

coating varies with the thickness. For a thin layer there —

• is very little attenuation , and due to the minus one ref lec-

-~ - tion coefficient at the resistive coating - copper boundary ,

the values of the incident and reflected wave within the

coating very nearly cancel. As the thickness of the re-

sistive coating approaches twice the skin depth of the
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resistive coating , there is a much greater attenuation for

both the incident and reflected wave. Because of this

attenuation the magnitudes of the incident and reflected

waves are not the same, there is much less cancellation , and

the resultant fields in the resistive coating are much

stronger . This results in more power loss in the coating

and more heating produced .

Recall that when a 26 thickness of Teledeltos paper was

applied to the copper plate, temperature profiles were pro-

duced , but only in the area where current densities were

known to be of large magnitude . Most of the surface of the

plate did not produce temperature changes of sufficient

magnitude to be detected . The requirements resulting from

electromagnetic aspects of this problez~ were satisfied but

the thermal aspects of the problem prevented a sufficient

rise in surface temperatures .

In order to investigate the temperature distribution and

thus find the surface temperatures that result on the flat

plate scatterer the power per unit volume as a function of

z must be known. The formula for the current density as a

function of z and t in the resistive coating was found to be

* 

JR(z,t)=~R
IT lIE

~
c05(

~
t_8

Rz~~Tl
)e +

-ci (d-z) —ci d
e R (Q RE1IT 1II R 2 Ie R cos(wt4

~ Rz+eR2+eTl
)
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substituting ~~
- = = cuR? squaring JR (z~

t)1 and dividing

by aRS the following expression for power per unit volume

results.

2J (z,t) 
= a~T1I

2E~
2 cos2(

~
t+eTl

_z/6)e +

-2d/o
2IR 2Ie cos(

~
t_z/6+eTl)cos(wt+z/6+eR2+eTl

) +

2 —2d/6 2 —2(d—z )/6
IR 2 i e cos (&

~
t+z/tS+eR+eTl)e

.For t=O ,

0) 2 2 2 —2z/~5
= aRIT 1I E cos (eTl—Z/S)e +

2IR 2Ie cos (eTl—z/cS)cos(eR2+eT2+z/ô) 
+

2 2~~6 2 -2(d-z)/6
JR 2) e cos (z/6+eR2+eTl)e

Graphs of these curves are plotted in Figure 3.

For d=26 , the second and third terms are multiplied by a

factor of e 4 and can be ignored. This leaves

J2(z,o) aRIT 1I E~ (cos (e —z/6)e ~ watts
m

which can be expressed as

2 2 2 —2z /S
J (z,o) a I T I E. (½+½c0s2(e —2z/6))e watts

H R
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• J2/c

~~~~~ d— 26

14

12

d= .05d

d z

• Figure 3. J~
2/O for d— .056 and d—26).
The magnitude on the vertical
scale is a relative magnitude
for comparison for the two
curves.
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Ignor ing the damped cosine curve introduces a sma ll error

but the distribution still has basically the same shape as

a decaying exponential and the value of the function at z— 0

is not changed by ignoring the cosine term , Therefore,

2

J2(z,o) O R I T 1I E~
- 

0
R 

2

— In order to derive an expression for the temperature

distribution it will be assumed that the thickness of the

resistive coating is much less than the other dimensions of

the coating. To analyze the temperature distribution in the

• z direction, the geometric current density variations on the

surface of the plate in the x and y directions and the

resulting variations in power per unit volume in the x and y

directions will be ignored . The goal of the analysis is to

examine the manner in which the thermal properties of the

material affect the surface temperature for a given power

density (AJ 2/JR). This influence on the surface temperature

will be of the same form regardless of power density , and

therefore nothing is to be gained at this point by consider-

ing current density variations in the x and y directions.

The general equation for the temperature in the resistive

spray is k~
2T + Q” Cx ,y,z) — 0

where k is the thermal conductivity with  uni ts  of watts/n(°C ,

P is temperature in 0C ~nd Q” (z,y,z) is the heat generated

in the material in units of watts/rn3. For the one dimensional

41. 11!
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problem under consideration , the geometry of which is shown

in Figure 2,

d2k -.._-.
~~~ + Q” (z )  — 0

2 T ~
2E 2 —2z/6

Q” (z) — 
j  (z~o) ~ l~ i e watts

R m

Let A = 
O(T1I E ~

2 
watts

d2T -2z/6
(1) k— ~ + Ae — o

dz

The boundary conditions are

(2) h(T -T) -kdT , z=0a

(3) T(z) ‘ra at z—d .

where h is the heat transfer coefficient in units of watts
m2~~C

and Ta is the ambient temperature of the air.

I I The boundary condition at z—0 equates the heat flow due

to conduction at the boundary (-k~~, z—O) to the convective

heat flow from the plate to the air at the boundary . At

z—d , the boundary between the copper and the resistive coat-

ing, the temperature can be assumed to be the ambient tern-

perature, due to the extremely high thermal conductivity of

the copper.
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Integrating Eq (1),

dT A 6( 4 )  a— — ~ (-.2.)e +C1 -
~~~~

Integrating Eq (4),

2 —2z
(5) T _1(i

~
.)e 1’ + C~~z+C 2

Substitute Eqs (4) and (5) into Eq (2), yielding

Ad 2 —2z/S Ad —2z/6
h(T +—4~- a + C1z + C2) — —k (~~ e 

+ C1), z—0

Substituting Eq (5) into Eq (3),

—Ad 2 —2z/d
T — - - ~41e + C 1z + C 2, zd

For the appro~riate values of z,

(6) h(Ta + — C2
) = -K  (~~~~~~~~ 

+ C1)

and

~ -2d/d
(7 ) Ta ~~~~~~~~~~ 

e + C1
d + C

2

Rearranging (6),

~1 ~~~~~~ 
+ 

Ad 2 
-

Substituting into Eq (7),

C2 
— T + A -2d/d 

+ ~~~
(Ta + 

~~2 
- C2) + 

Add

(8) C2 — T5 + ~~ + a 
~ ~ hd~ 

+ 2E~~ hd~l+—~

43



:~‘~ ~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~

dl
-h Ad Ad(9) C1 — k~

’ra~~~~~ 
- C 2)-W

Substituting Eq (8) into Eq (9) and simplifying ,

2 —2d/6
-h Ad 1-c AdC1 — k hd~~~~ 

- hd1+ 2h(l+—E)

Substituting Eqs (8) and (10) into Eq (5),

2 —2z/d 
- 

2 
- 

-2d/6 T
z = e hd - 4k Z -r

L (1+—i-)

hd -2d/d
-~~~~~ 62 — ~+e dd ( 1

1 + ~~~ ~ 
+ 

~~~~~~ l+I~~ 
-

This is plotted for various values of d in Figure 4. For

z=0,

d —2d/d

— 
_62 ‘ra 62(~~*e dd 1T(z) T(o) - T - A ~~~~~

. + — + +
S 4 (l+—~-)

It is found that for a given resistive coating the sur-

face temperature T5 increases as d increases. As d gets

very large, the surface temperature approaches a constant

value. The surface of the resistive coating is relatively

close to the copper plate for small values of d. Since the

temperature of the copper is effectively held constant at

when d is small the surface of the resistive coating is more

strongly affected by the temperature of the copper. As d

Li increases , the effect of th: copper on the surface tempera—
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Figure 4. Temperature as a function of z
• for various thicknesses, d. Note
• the increase in surface tempera-

• ture as d increases.
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ture decreases until for sufficiently large d, the surface

temperature is effectively independent of the temperature of

the copper. The influence of the copper temperature on

is a function of the thermal conductivity, k. For k rela-

tively large , conduction heat transfer in the coating is

large and the effect of the copper temperature is greater.

When k is relatively small, conduction heat transfer in the

coating is small and the effect of the copper temperature

is lessened .

This effect can be more clearly understood by studying

an analogous electrical circuit, shown in Figure 5. The

voltage at point two is fixed at ground potential. For a

given current, the only way to increase the voltage at point

one is to increase R. In the thermal problem with the

copper plate, the temperature at z=d , at the copper plate,

is analogous to the voltage at point two. The induced

current density causing the heating is analogous to the

current I. The surface temperature, T5, can only be in-

creased by increasing ~~~, analagous to R, for a given current

density.

In the case of the two skin depths of Teledeltos paper

• covering the copper plate, the thermal conductivity of the

Teledeltos paper was sufficiently high so that the thickness

of the Teledeltos paper was insufficient to isolate the sur-

face temperature of the paper from the temperature of the

copper plate. Since the thermal conductivity of the paper

46
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Figure 5. Electrical Analogue of the thermal
restriction placed by copper sheet
on the surface of the resistive
coating.
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is fixed, the only was to increase the surface temperature

of the Teledeltos plate is to increase the thickness d.

Thus it has been determined that for a given frequency ,

electrical parameters of the material dictate that any sur-

face preparation designed to enhance the applicability of

infrared current detection on metal surfaces must have a

certain minimum thickness, d > 26. This t5 then specifies

an electrical conductivity a. It has been further shown

that thermal properties of the material require a specific

relationship between the thickness, d , and the thermal con-

ductivity , Ic , in order for temperature differences to arise

on the surface that are sufficient for infrared detection.

• Therefore frequency and thickness specify the physical para-

meters of a surface coating required for satisfactory per-

formance as a preparation for metal surface.

None of the substances tried in the experiments des-

cribed in paragraphs III.A , B and C produced satisfactory

results. This fact leads to the question , what is the exact

relationship required between frequency , thickness and ther-

mal and electrical conductivities for satisfactory perfor-

mance? Further, after this relationship has been determined

what materials, if any, satisfy this relationship?

To be a satisfactory coating , at least a .2°C change

in the surface temperature must arise for the minimum
I 

- difference in current densities that are desired to be

detected . ~J (~J will be defined as that minimum current



~ 

~~~~~~~~~~~~~~~~~~~~~~~ - -~ -~~~~ ~~~~~~~~~ r “~~

density difference desired to be detected) clearly depends

on the anticipated spatial variation in current density

and on the incident power. 2 2
0 1 T

1
1 E •

A term A was defined previously to be equal to 2
2

watts/rn3. This is equivalent to 
_______

, also in units of
a
2

watts per unit volume. If A = ~~i~i4S , then ~A =

where ~A is the power per unit volume at z 0  produced by the

current density ~~~~ (NOTE: .~ does not refer to differential

quantities but to detectable levels of current and power •

densities).

In order to determine the variation of ~A with frequency

and electrical conductivity , ~~~~~ must be defined . For

purposes of analysis , the minimum current density difference

required to be detectable is J
~
/2, where is the RMS

current density produced by an incident electromagnetic wave

with power incident a 

~~~~ 
watts/rn2 on an infinite flat plate

of the surface preparation.

3 = 
OR IT1IE i am~s where

m

• E~ = 12
~air~ inc ~ and
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It can be seen that for a given ~~ the resulting ~A in-

creases as a increases until ~ becomes greater than 10 mhos/m,

at which point ~A is effectively independent of ~~~~. The

resulting AA also increases as the frequency increases. ~A

is more sensitive to frequency changes when ~ is fairly large •

(greater than 2 mhos/m). The relationship between the ~A pro-

duced for a given ~J , frequency , and conductivity~ are shown

• in Figure 6, where ~J=J0/2, J0 
being produced byP jnclullOmw/

This same term A is found in the equation for the sur-

face temperature of the coating .

hd —2d/ 5 -,

1
6

2 (—~+e ) 2 1

T~ = T+A hd + hd~ 
-

L ~~ -~ -) l+—g

The increase in surface temperature above the ambient tern—

perature is Ts~
Ta~

hd
T-T - A [~ 
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If a .20 temperature rise above ambient is required for given

values of 6, h, d, and k, then
— 

—2d/6
2 (~—+e ) 2

A .  hd hd ~~~~~~(1+ l+—~

Define ~A(.2) as the value of A which will produce a .2°

temperature rise above ambient temperature for qiven para-

meters 6, k, h, and d.

-2d/6
2 (h~~e ) 2

= 
‘1 hd~ 

+ 

~~ 1 lid 
-

L + j

It can be seen that the same value of .~A(.2) will pro-

duce a .20 temperature rise above ambient temperature re-

gardless of the magnitude of the ambient temperature and

that for a •40 temperature rise above ambient, ~A(.4) =

2 x E~A(.2).

As 6 increases, the value of A required for a .20C

temperature rise decreases. However , 6 is limited by the

electromagnetic reflection problem to 6<d/2. It is obvious

that to minimize AA required for a .20 temperature change,

d>2d is the optimum relationship between d and 6. 
-

It can also be shown that for a constant 6 and d at

optimum conditions (d 2tS), as k increases the required ~A

for a .2°C temperature change also increases and for a

constant Ic as the thickness d is increased (keeping 6 d/2)

the required ~A decreases. A lower k and/or greater thick-
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ness d helps isolate the surface temperature T
~ 

from the -

effects of the temperature of the copper. This relation—

• ship between k, d , and the required tIA for a .2°C tempera-

ture change is shown by the graph in Figure 8.

At this point a ~A produced by a given i~J is known and

a t~A(.2) required to produce a .2°C temperature change is

known. Both AA and z~A(.2) are defined in terms of the

parameters of the coating and the frequency of the incident

electromagnetic wave. In order for a .20 temperature rise

to result from a i~J, and ~A produced by the ~J must be

greater than the AA(.2) required for a .20C temperature

rise.

In order to be able to determine what parameters of the

coating are required for producing thermally detectable

differences in current density , the information shown in

Figures 6 and 7 are combined on the graph in Figure 8.

Figure 8 shows the relationship between k, ~~, and frequency

for various values of ~J resulting from different incident

power levels. For a given frequency curve, all points of

the graph to the right of the curve represent acceptable

combinations of thermal and electrical conductivity . It is

seen that the required values of thermal and electrical con-

ductivity are not very sensitive to changes in frequency .

They are somewhat more sensitive to changes in the incident

power level, which change ~J due to the definition of ~J in

this analysis.
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The major effect of changes in frequency is in the re-

quired thickness, d. By specifying the frequency and the

electrical conductivity , the skin depth , 6, and the thick-

ness, d, also are specified . The relationship between fre-

quency , electrical conductivity , and skin depth is shown

in Figure 9.

By using Figures 8 and 9, a potential application of

infrared current detection can be evaluated and the trade-

offs between power levels, frequency , thickness, and thermal

and electrical conductivities can be explored .

This trade-off , of course , is heavily influenced by the

availability or existence of materials with an acceptable

combination of thermal and electrical conductivities . Even

the acceptable range has limitations due to practical con-

siderations. For a smaller than .lmho/m , a and d are quite

large even at high frequencies. At 100 GHZ , a= .lmho/m

yields 6— .05 meters, and a thickness , d , of .1. meters. A

coating 10cm thick is not practical in most applications .

It can be seen from the curves in Figure 8 that large values

of a also are impractical because they require k to be less

than .1, which is a thermal conductivity which very few ma-

terials have.

Materials with an electrical conductivity in a range of

from one to ten mhos/m require thermal conductivities in an

easily realizable range. There are not many materials in

this range of electrical conductivities . Sea water , with a

L 
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conductivity of 5 mhos/m is a material in this electrical

conductivity range. A list of other materials is given in

Table 1. Unfortunately, very few of these materials are

commonly occuring or easily produced on a large scale.

The lack of materials in the acceptable range of ther-

mal and electrical conductivities does not necessarily

indicate that this type of material is hard to produce.

A more likely explanation for the scarcity of these materials

is a lack of demand . Materials with low thermal conductivi-

ties are not normally used in applications where electrical

conductivity is necessary or desirable. Materials with

acceptable electrical conductivities ranging from one to

ten mhos/m would be poor resistors, but much too conductive

to be electrical insulators.

~ I-
.

58



-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

I
4,
14

UI 4.)
dl ~~~~~~ ~~ ~~1 40  0 0 0 0 0 0

P.4 — ).~ Ui 0 0 0 0 0 0 0 41 41
0 0 0 0 0 0 0 u-I u-Io > 5 m m ~~ m m m

~~~l 4)
14 u-I u-I

-ri .rl
0 4) 16 ‘6
4 ) 4 ) 1 4  ~

. 
~~

.
_

~~~~$4•4 £6

1 6 4 1  43 43
‘ 0 1 4 8  0 0
~ 0 03
‘ 6 4 ) 0 3  14

‘-4 4) (6 (6
.4) 44 4.)
4) (6 (6

E4 ~ S ‘ n o  ‘0 ‘0
1 4 Q~~UI I . . 0 0

UI N ~~~‘ ~~ 0 — 0 0 43 4)
~~~~~~~~~ 5 u-I u-I u-I C) C)
4)0 - - I  ~~ (6 (6

• ‘643 0 )C )C
H- .c w w4 . 14 1 0  -

•~I .~~~C) ‘-‘lb - 031—
~~4) 031 4~IO

U) 4J10 4J 10• 
0 3 C C ) .

16 9.4 ’-I
. 1 - 4 0 3 1 4 4 1  — N 0
1 4 4 )~~~~~ > UI 0 —
U J - . -4 U I 4 1 4)tJ~~~~~~~ N ~.O 

~~~ Ui N Ui N
.4) 4) r4 4.1 O 0 ~~‘ — • 4) ~~ 4) 0
‘ 6 - 0 3  (6~~~ 

. . . N 0 • 0 0 4)
N I’) u—I .4)

di Ui
9.44~~dJ~~ a 41 di in
0 0 0 3 0  g 4) 4)

U)  U)  a a
4J ’~ 0 0

14 14
- ‘400~~ $4.4

UI
UI 9.4 9.1

H o o
u-I

H 41 C~ 41 4)
‘0

4) .rf 4)
‘-4 14 43 03 ‘6 ‘6

i 4) 4) 4) 46 0) 14 14
.6 ~~~~~~~‘0 ‘0 4) C.) 46

‘ •-~ 
.1.4 ~ •~.i u-4 4)

4) ~~ 34 41 ~~ — C.~ .~~14 0 0 ‘0 46 -~~ 4) ~-4 43 UI 41a a < •
~~~ 4)

o ~ ~ o ~ a ‘-4 —
C) -i-I •u.4 ~ ‘0p .  

- — -1.4 Ii C) .,.4 46
‘6 — 0 46 ~ 0 ‘0 ~ -I

--I ‘4 .~~ 14 -I 14 0 ‘6 u-I N
14 UI 14 1-4 ) U) ).
4) 4) 4)
43 4) 4.1
£4 . • . • • 0 0
~ — N m ~~ ‘ in ‘.0 N Z Z



IV. APPLICATION S TO MORE COMPLEX SCATTERIN G

SURFACES OF NONMETALLIC MODELS

Even though the high—resistance surface preparations

were not successful in providing a method of infrared current

detection on metal surfaces , when applied to nonmetallic

surfaces these surface preparations were quite successful in

producing thermal profiles corresponding to the induced

current distributions. The absence of the ~ninus one re-

flection coefficient caused by the metal boundary eliminates

the need for a minimum thickness of two skin depths. Since

there is no reflected wave in the surface preparation to

cancel the incident wave being transmitted the magnitudes

of the net electromagnetic fields in the surface preparation

are greater for a given thickness k than the fields which

exist when there is a metal boundary present. Therefore

the attenuation over a given depth d causes a greater energy

absorption in the surface preparation on a nonmetallic

surface.

The absence of the metallic surface has a beneficial

effect on the thermal aspects of the problem also. The

copper plate basically acted as a large heat sink, holding

temperatures in the surface preparation very close to am-

bient temperature. When the copper boundary was removed,

this temperature restriction was removed. The energy ab-

sorption in the surface preparation caused heating and tern-
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perature increases throughout the material and at both

boundaries. Thus the removal of the copper boundary in-

creased the magnitude of energy absorption considerably and

greatly increased the temperature increase caused by the

energy absorbed.

Because of this, it was found that thermal conductivity

was not critical, and an electrical conductivity of 100 to

- 
- 160 mhos/m was sufficient to produce well defined thermal

profiles for a very thin coat (d= 2.7xlO5m). The thermal

contours produced accurately portrayed the current density

magnitude measured in work by Wiedeman and Burton C6_7 on

flat plates and by Burton, King and Blejer (7_7 on elec-

trically long, electrically thick cylinders. These measure-

ments were made by using probes in a very time consuming

procedure.

A thickness of 2.7x10 5 meters was found to be satis—

factory. Less thick coatings produced less heating, evi-

denced by fewer thermal profiles. Coatings thicker than

2.7x10 5 meters also produced less thermal detail. The

thinner coatings produced unsatisfactory results because

less energy was absorbed by the coating as most of the

electromagnetic wave passed through it. As the thickness

increases , more energy is absorbed by the coating and thus

more heat generated. This trend continues up to the point

where sufficient thickness exists for the exponential decay
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Ce ) to reach a very small magnitude. At this point

more thickness does not mean substantially more energy ab-

sorption. Most of the incident energy is already being

absorbed . At this point the volume of the coating , in-

creasing at a constant rate, is increasing much more rapidly

than the energy absorption rate. Thus the energy per unit

volume, which affects the surface temperature, decreases

drastically as the thickness incr~ tses. At this point more

thickness does not increase surfac~ 
4emperature , but tends

to decrease it, due to the thermal. conductivity of the

coating. The thermal conductivity of the coating tends to

distribute the heat generated in the coating uniformly . Thus

the tendency to uniformly distribute a constant amdunt of

heat over an expanding volume yields less heat per unit

volume. The magnitude of k determines the rate at which

this distribution occurs, with higher thermal conductivi-

ties distributing the heat more quickly. If the heat is

generated rapidly and the thermal conductivity is relatively

low, the heat will not be distributed enough to prevent

thermal profiles.

A. HALF WAVELENGTH SQUA!~E FLAT PLATE SCATTERERS

Infrared current detection techniques have been shown to

be applicable to detection of induced currents in half wave—

length square flat plastic plates. Scu m and Burton / 2 7

compared the results of irradiating five sheets of Teledel-

i i I
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tos paper and showed that these results duplicated the

measurements made by Wiedeman and Burton C6_7 using elec-

trically small probes. This particular configuration was

studied again in this report in order to compare the known

results with the results obtained with resistive coatings

other than Te].edeltos paper .

The following half wavelength square flat plate

scatterers were coated with various thicknesses of resistive

coating, Television Tube Koat, manufactured by GC Electronics

of Rockford Illinois. This coating has as electrical con-

ductivity ~ = 160 mho/m. The power level at the surface of

- - - the plate is 5mw/cm2. All plates were radiated with the

incident wavefront arriving at 450 incidence, since this

was a convenient laboratory arrangement and data was avail-

able to compare with the results. The distance from the

plate to the radiating antenna was 3..5X , sufficiently far

to approximate the wavefront as plane.

1. Resistive Coating 6.l8xl0 5 Meters Thick

Good color contours were shown, but the coating was

too thick and the sheet could not be heated to detectable

levels in areas where current densities were known to be

minimum due to the large volume over which the heat was

distributed . The resulting isotherms are shown in Figure

2. Resistive Coating 9.6x10 5 Meters Thick

Just as with the 6.l8xlO 5 meter thick coating , the
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Figure 10. Half wavelength squa p1asti~
coated wi th  6 . 1Sx1~ m ~ f Te ’

~e-
vision Tube Moat . An~ l’ c1 in—
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Figure 11. Half wavelength square pi.~St±c
plate coated with 9.6xlO~~m of
Television Tube Moat. Angle of
incidence 450~ 20 temperature
window .
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Figure 12. Half wavelength square plastic
plate coated with 2.7xl0 5m of
Television Tube Koat. Angle of
incidence 450• 20 temperature
window. 
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sheet could not be heated to detectable levels in areas

where current densities were known to be minimum and still

produce good isotherms in areas of greater current density.

The tendency of the heat to be distributed throughout the

volume prevented sufficient concentrations of heating

necessary to produce isotherms. In Figure 11 this plate

is shown with the camera bias adjusted so that minimum

current density shows some temperature increase. With this

bias adjustment the areas of high current density produce

temperatures outside the temperature window , which appear

wk.ite in the figure, and no current density distribution

information is ava.i.lable in this area.
3. Resistive Coating 2.7x10 5 Meters Thick

It can be seen in Figure 12 that this thicknesE

produced isotherms on the entire surface of the plate. The

plate had no surface areas above or below the two degree

temperature window. This display is entirely satisfactory

for determining relative magnitudes of the induced current

density throughout the plate and the isotherms also corres-

pond exactly to the current distributions measured by

Wiedeman and Burton C6_7.

B. OTHER AVAILABLE SURFACE COATINGS

Television TubeKoat, ~ = 160 mhos/meter, was used for

coating non—metallic scattering objects because it has an

acceptable conductivity and is easy to apply, being packaged

- I~.
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in an aerosol container. It is a lacquer based aquadag

coating , and was found to be unsatisfactory for use on some

plastics because the propellant tended to dissolve the ob-

jects being sprayed.

There are many other brands of resistive coating that

would be satisfactory in this application . The Duralac

Chemical Corporation of Newark , New Jersey makes a lacquer

based coating also, called Sea-Lac Chemical Coating. Micro-

circuits Company of New Buffalo , Michigan manufactures

resistive coatings with a wide range of available resis-

tances. Acheson Colloids Company of Port Huron , Michigan

produces a water based Aquadag coating.

However, none of these products are marketed in an

aerosol applicator , and the lack of equipment necessary for

spraying these coatings onto the surfaces being examined

made it impossible to test these preparations on scattering

objects. The coating must be applied uniformly; without

spraying this could not be done in the laboratory .

C. ELECTRICALLY THICK, ELECTRICALLY LONG CONDUCTING

CYLINDERS

Electrically long and electrically thick conducting

cylinders are of interest as scattering objects in an d cc—

• tromagnetic field . Such a cylinder is a close approximation

to the shape of rocket fuselage, and a simple first order

approximation of the fuselage of aircraft. The charges and

- 
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currents induced by an electromagnetic field incident on

the cylinder (or aircraft) are of concern in developing

shielding to protect sensitive electronic systems.

Theoretical and experimental work has been done for thick

cylinders by Burton, King , and Blejer 77. Theoretical and

experimental data has been reported for cylinders with

heights, h, such that k h = 3.5-if and radii a such that ka=l

where k—21T/X . For f=937.5MHz, A=32cm , a=5.lcm and h= .56m.

For observations of these cylinders a plastic pipe of

- 

- 

proper dimensions such that ka=l and kh=3 5i~ for f=937.5 MHz

was sprayed with Television Tube Koat, o=l60 mho/meter. The

coating was applied with a thickness of 4.2x10 5m .

Due to the height of the cylinder relative to the wave-

length, the spherical wavefront could not be approximated

as plane. The incident power at the top and the bottom of

the cylinder varied by over 2mcAJ/cm2 when the antenna was

less than four wavelengths from the scattering object. It

was found that when the antenna and the cylinder were se-

parated by eight wavelengths the field strength at the top

and bottom of the cylinder was approximately equal, at

2mw/cm2. For this reason, an eight wavelength separation

between the antenna and cylinder was used for experiments

using infrared current detection techniques.

Measurements of induced current magnitude made by Burton ,

- 
- King , and Blejer C~

_7 were used as a comparison for the re-
suits obtained by the infrared current detection method .

LA 
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A graph of these results is given in Figure 13. The in-

frared current measurement technique was applied to the pre-

viously described cylinder coated with Television Tube Koat,

using a frequency of 937.5MHz. Due to limitations imposed

by the size of the laboratory , the cylinder could only be

viewed with the infrared camera for angles of 9=800, 1000.

1200, 1400, and 1800, where 9 is the angle measured from

-
- 

- the point on the cylinder opposite the point where the m ci—

dent wave was normal to the cylinder to the point where the

cylinder was being viewed . Photographs of the isotherins • 
-

that were observed at the different angles are shown in

Figures 14 through 18.

A comparison of Figure 13 with Figures 14 through 18

show that the infrared current detection method produces

results almost identical to the data collected using the

probe method. The only area where differences are noted

is at the top of the cylinder and this is due to the

irregularity of the top edge of the cylinder.

• 1
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Figure 13. Measured magnitude and phase of
surface density of outside axial
current on tubular cylinder .
E—polarization ; kh=3.57 , ka—l ,
A=48.Ocm . (7_7
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V. CONCLUSIONS

Infrared detection methods can accurately determine mag-

nitudes of surface current distributions on scattering ob-

jects if the surface is properly prepared to enhance infrared

emissivity and the amount of heat generated. All scattering

objects studied (flat plates, thin cylinders and thick

cylinders) using infrared imaging have yielded results that

completely agree with the known current distributions for

objects of those shapes if the surface was properly coated.

In order for this procedure to evolve from i1~ basic lab-

oratory orientation to a practical procedure for use in the

field, satisfactory surface preparations must be found .

These preparations must be satisfactory in the sense that

they are easily manufactured , easily applied to the surface

in uniform thickness, and possess parameters which permit

their use in small thicknesses and with moderate power levels.

More work is needed in comparing results obtained by

infrared measurements with known results. If there are

shapes, sizes, frequencies, or power levels which do not

yield accurate results, these should be identified and ex-

amined.

More work is needed also in the area of interpretation

of the infrared images. A method of translating surface

temperature changes to values of current density is needed .

A temperature reference needs to be included in the infrared

display .
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None of the above mentioned problems seems insurmountable,

and the advantage to be gained by solving them are impressive.

Real-time results are available. The technique is simple and

fast, and the time-saving that can be realized by employing

infrared current detection methods is great.
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