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CHAPTER I
INTRODUCTION

The objective of this study is to determine the
extent to which infrared technigues measure the actual
amplitude distribution of induced surface currents on
flat plates with given surface preparations. Mezasure-
ments of currents induced on complex shapes by time
varying electromagnetic fields is, in general, a time-
consuming and costly job. The reason is that many
point-by-point current measurements must be taken in
order to characterizce thc induced current distribution
on a given target. Yet, knowledge of such current
distributions is essential to many research programs
such as electromagnetic pulse interactions with
aircraft systems, radar cross-section optimization,
etc.

The importance of knowledge of surface currents
in electromagnetic problems can be illustratzd with a
simplified approach to find.ag the electric (E) and

maghetic (ﬁ) fields starting from Maxwell's Equations.

. > -+ 3> > e ‘
Ampere's Law VXH<=¢E+J (L)
Faraday's Law VXE= -uH (2)

=y

Gauss' Law for Electric Fields v = %— (3)
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Gauss' Law —— Maynetic Fields ¥-B=0 (4) "
The relationship between current density (3) and chaxge
density (p) is found in the egunation ©f continuity:
VeJ = - 2B
'AN) 5 C (5)
From equation (4), the vector relation of the
d¢ivergyence of a curl of vector is equal to zero
(3-VXK = 0), and the constituent relation, ﬁ = uﬁ, a
vector potential K can be defined as follows:
- -+ >
ull = VXA (6)
Now, substituting equation (6) into (2) we obtain
- 9 > -
VXE = - ¢ (VXA) (7
With the spatial and time coordinates treated independ-
ently, equation (7) can be rearranged as
VX(E+]) = 0 (8)
From the vector identity, curl of a gradient of a
scalar is zero, from equatior (8) one defines a scalar

potential V as

—r:r -

E+A = -yV (9)
Rearranging,

- - -

E = -VV-A (19)

Thus, Lhe electric and magnetic fields are expressed

in terms of potentials. We can now derive differential

eguations for the potential function in terms ol the
sources 3 and p.
- Substituting (6) and (10) intov equation (1), we have
. .
- l - > > -> e > >
— (VXVXA) = -eVV-cA+J (L1)




Applying the vector identity VXVXR = ¥9.R-V2R ¢o

equation (11) yields

N - > - )
V2E —ueA = =uJ 4 peVV + VYA (12)
Substituting (10) into (3),
7, > 3 0
VAV 4 VoA = -~ (13)

Now, equations (11) and (13) can be decoupled using
the Lorentz gauge condition.

- .
VeA = ~peV (14)

Wave equations in terms of a single potential and source
terms follows the substitution of (14) into (11) and
(13)

- -»>
A - HEA = = Ll!I (15)

Finally, the solutions to the wave equations are of

the form
»> > w J(r, t- %)
A(r,t) = an —_— av’ (16)
! R
-> 1 D(r e £t - '\',' ) .
V(r,t) = v R dv (17)

where r locates the field point of interest T' locates
a source element, R is the distance between source
element and field point, t - % is the retarded time
correcting for the finite velocity, v, of the electro-

magnetic wave, and the integration is performed over

the volume containing the source lements.
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Figure 1.

Defining the position vectors.
Therefore, knowing the magnitude, direction and phase
of the vector quantiity 3 at all source points, we can,
in principle, calculate the vector potential X. Know-
ing the vector potential, the scalar potential can be
found through the Lorentz condition, equation (14).
Wwith the vector and scalar potentials, we can now solve
for the electric and magnetic fields at an arbitrary
point in space. 1n this study, only the magnitude of
microwave induced current density on flat plates will
be investigated. At the nicrowave frequencies used
in this work the current density is confined near the

surface for highly conductive objects and is generally

called a surface current.
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This report represents a necessary step toward
refining a technique which shows much promise in
characterizing induced surface current patterns with a
single measuremeunut. The technique is based on the fact
that when current flows in a conductor of finite
resistivity, 12R heating occurs. When the surface
temperature rises to roughly 0.1° X or higher above
ambient, the induced temperature distribution over
the surface (which corresponds to induced currents in
that surface), can be detected by a thermographic :ystem
via emitted thermal radiation.

Thermography, as applied to this study, is the
heat detection process displayed in both a color code
representation and a numeric array of intensity values.
The science of infrared detection has been advanced
over the past two decades by the AGA Corporation in
Sweden, The basis of operation is a scanning scheme
of infrared prisms and a photovoltaic cell from which
voltage inputs are processed. Applications of thermo-
graphy have spanned the areas of medicine, building

construction, transmission line problems, blast

furnace operations, etc.
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At the Naval Postgraduate School, Burton and
associates advanced the horizon of applications to
include the detection of surface currents produced by
incident electromagnetic plane waves on objects, and
by observing heating patterns on resistive paper
produced by antennas (1). The incident electromagnetic
wave, interacting with objects of appropriate size,
produces standing wave patterns, detectable in the
infrared region due to the 12R heating effects. 1In
the laboratory environment, the qualitative comparison
of current distributions present on antennas of wvarious
configurations were also made (2). Further results
demonstrated a good gqualitative comparison of induced
currents on flat plates and cylinders with values
measured at Harvard. The results appeared in a color
photograph representation such that ten colors are
displayed corresponding to a temperature range whereby
each color represented roughly one-tenth of that range.
The results were encouraging and would obviously be of
benefit if applied to comnplex structures such as air-
craft that could be scaled down for laboratory examina-
wion. This work indicated that a necessary step in
the extension of the IR results to various applications
was the quantifying of the cbtained data. Once this

data was obtained in this more workable format, an

examination to determine, as accurately as possible,




the correspondence between actual surface currents and
those determined with IR techniques was needed. For
simple geometries, currents have been calculated
analytically (22,26) or utilizing numerical technigues
(23), and verified experimentally. For the comparison
study, square and circular flat plates were logical
candidates owing to their high symmetry.

The theoretical determination of surface
currents induced on the perfect electric conducting
flat plates with normally incident plane electro-
magnetic wave has been developed by previous investiga-
tors. Results for circular flat plates of electrical
size of largest dimension .38, .50, 1.0, and 1.3
wavelengths are presented. The analytic solution for
the electrically small circular flat plate (disk) will
be outlined. The perfectly conducting, vanishing thin
disk is computed through the first six terms for the
.15 wavelength disk and the results are presented and
compared to the solution obtained from an E—field
solution for a conducting body of revolution developed
by Joseph R. Mautz and Roger F. Harrington of Syracuse
University (33). The 3.0 wavelength solu. ion from the
Body of Revolution (BOR) Code is also compared with an

analytic result obtained by Andrejewski (2). Disks

of electrical size .38, .50, 1.0, and 1.3 are then
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solved using this computer code. The flat plate
solution using a body of translation electromagnetic
computer code developed for the Rome Air Development
Center is presented and compared with results from the
literature.

An infrared/microwave facility was designed,
constructed, and equipped in a converted storage room
at the United States Air Force Academy. The available
microwave apparatus dictated the size of anechoic
chamber and the frequencies of 2.45 GHz and 937 MHz.
Investigations of chamber characteristics using
various reflector arrangements with a quarter wave
monopole on a ground plane were carried out using a
ripple~-tank two dimensional modeling apparatus, a
crossed-dipole power probe, and a time-varying magnetic
field detector. Corner reflectors and cylindrical
parabolic reflectors were experimentally positioned to
direct maximum power while still achieving a "plane"
wave over a sixteen centimeter target. The nucleus of
infrared detection equipment was a AGA Thermovision
680 System. An interface for digitization was
developed such that correction to the received Thermo-
vision data could be applied on a point by point basis.

An infrared measurement technique including a seven

frame average of the illuminated matrices to reduce




! random error influences on the final result was
[ﬂm developed. The averaged matrix in ISU units was then
corrected for camera calibration resulting in a

determination of temperature increase due to the

v M
ot T et
R

incident microwave. To obtain surface currents from
temperature, a functional relationship was empirically
determined by applying various levels of DC current
through the coating and recording the corresponding

temperature rise.

The verification of surface currents on metal

MR ZBN NE A s o g L % i
.. o L N N

il 4
?

plates illuminated with an optimized plane electro-

magnetic wave required the design and fabrication of a

loop detector. The induced voltage is related to the
magnitude of the time varying magnetic field through
Faraday's Law and hence to surface current. Considera-

tion of shielding from stray RF coupling as well as

electric field coupling were found to be critical to

obtain accurate measured values.

Ty

Finally, current values obtained from theory,

; probe measurement, and IR detection are compared. The
£~ comparison procedure developed should be reapplied for
future coating schemes using higher resolution infrared
i‘ detection systems. Data gained through correlation
3 studies on simple shapes will then permit an
b extension to more complex shapes.
|
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Supplemental studies in wave interaction

modeling and emissivity dependence on angle were also

conducted and are summarized in the Appendices.
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CHAPTER II N
: THEORETICAL DETERMINATION OF CURRENTS ON
i FLAT PLATES

The solution to the metallic plate or even the

o L TR R LR
i

perfectly conducting plate is neot trivial as emphasized
in a paper given by Professor T. B. A. Senior in May
1982 (45) in which recent approaches to solve the
integro-differential equations for arbitrary flat

plates given in a 1977 IEEE publication were found to
be in error as the plate shape varied from the elliptic
case. For perfectly conducting disks of largest

largest electrical dimension .38, .50, 1.0, and 1.3
wavelengths, a Body of Revolution electromagnetics code
was used for their respective solution at normal
incidence. Since the disk has been solved analytically,
the numerical approach of the computer code was con-
pared, at both extremes of the experimental dimensions,
to an analytical treatment. Analytic solutions
developed by C. J. Bouwkamp (7) and W. Andrejewski (2)
were used for the .15 and 3.0 wavelength circular disks,
respectively. The code results showed good agreement

with the analytic solutions. For the perfectly

conducting square plates, solutions from the literature
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are presented in the range of the experimental
sizes. An additional Body of Translation electro-
magnetics computer code solution is found in Appendix

C for the plate sizes used in this report.

Circular Flat Plate (Disk)

The general formulation for this problem
begins with the requirement that the electromagnetic
field must obey Maxwell's equations. At the
surface, the boundary conditions must be satisfied.
In the perfectly conducting case, the tangential
compo: &+ of the electric field and the normal
compone' »i the magnetic field must vanish. For
flat objects the special situation at the edges must
also be col idered. If one observes that current or
charge cai. .eside at an edge and that the electric
field varies as l/r, one at first would allow, on a
theoretical basis, for the electric fields and current
to approach infinity at the edge. A generally
accepted conservation of energy argument dealing with
the ord r of this mathematical singularity is stated
by Josef Meixner as follows (34):

The edge condition states that the
electromagnetic energy density must
be integrable over any finite domain
even if this dcmain contains sing-
ularities of the electromagnetic
field. In other words, the electro-

magnetic energy in any finite domain
must >e finite. 1In the case of a
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perfectly conducting surface

with an edge, one concludes from
this condition that near the edge
the singular components of the
electric and magnetic field
vectors are of the order p-1/2
where p is the distance from the
edge, while the components of the
electric and magnetic field
strengths parallel to the edge
are always finite.

The following discussion is taken from
Bouwkamp (7) to illustrate the solution process for
the simplest case, that of an electrically small,
perfectly conducting circular disk illuminated by a
plane wave at normal incidence. The disk is taken to
be of unit radius and centered on the origin of
rectangular coordinates X, ¥, Z so that the rims of

the disk is defined by Z = 0, X2+Y? = 1 (see Figure 2).

Figure 2. Coordinate system for the disk.



The incident wave is plane polarized with the electric

field along the X axis, the magnetic field aligned

with the Y axis., and thus the wave is moving in the

positive Z direction. This solution is restricted to

ka<l where k is the wave number and a is the radius of 3
the disk. The general expressions relating the field
vectors with the scalar and vector potentials (equa-
tions 6 and 10) and the general expression for the
vector potential in terms of current density serve as a
starting point. The scattered field can then be
writtern in rectangular coordinates in terms of the

vector potential as

S oA
HX BERREY (18)
oA
s _ X
Hy = 37 (19)
0A 9A
S - Y _ _X
H, 3xX Y (20)
s . 1 3 an aAy
Bx T A T ikax \x TR (21
3A 3A .
P S I
y Y 1k oy X %
3A 9A
s o1 3 _ X _Y
B, = ik 3z (ax * 3y ) (23)
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The boundary conditions for a perfectly con- R

ducting, and thus perfectly reflecting, disk are that
the total tangential electric field and the total

normal magnetic field must vanish at the surface. The

total field is simply the incident plus the scattered ?

field. Thus, at the surface (X2+Y2%1)

i

Ex = - Ex (24)
1 3
E =10 25 -
H, = 0. (26) 3
. . P
Now from the scattered field expressions and the "
stated boundary conditions, the following simultaneous f
system of equations can be written as follows: -
3By _ Ay :
Ay ax (27)
2 2 :
3°Ay + 9___?3 + kZAx = ik (28) V..
ax? oy~ -
2 2
Y+ Bk = 0 (29)
ax? ay?
with ikr .
A, =L Ix®
x ¢ Ty ~ds (30)
1 eikr
Ay = 'é‘ Jy -r ds (31) |

These are the integro-differential equations that must

be solved to obtain the rectangular components of the
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current density. Now, Bouwkamp reduces this B
simultaneous system to that of an ordinary system by
using symmetry and normal incidence argument to
eliminate the functions J_ and Ay What is left is -
set of integro-differential equations in only J e

The conditions on the edge of the disk must be
considered. From a combination of physical and
mathematical arguments stated earlier, order functions
are obtained. These state, that near the rim, as the
distance to the rim goes to zerc, the current 4
component on the surface of the disk that is normal to
the edge will decrease with the square of the distance
and the current component on the surface that is
tangential to the edge will increase as the reciprocal
of the square root of the distance.

To take advantage of the symmetry in this
situation, the incident wave is considered in terms
of cylindrical coordinates. Functions depending on
the radius (p).are then introduced along with
azimuthal angle dependence of the current. The

current components are then written as:

1 1 = A(p) + B(p) cos2p (31)
c X .n?. /l_p?,

1 = Blp) sin2¢

(32)




where J and Jy are celated to each other by

1l 3Jd 2J
- L33 1 33y, 30y
Iy 5 ~Te 2 ¥ =% = =) (33)

The functions A and B must also satisfy the conditions
that on the rim their sum is zero and at the center of
the disk the value of B is zero.

Now, solutions for equations (31) and (32)
eventually reduce to being able to solve the following

integral equation:

27 1 A ' + B ' ' ikr
g dgt g crgpr et (p') cos2¢' e = _

b ﬂ2/l-p'2 r -

(34)

Q

1
- 5 TP g (kp) + p J, (kp) cos2¢

for 3 unknowns p, A, B
over 05p=Zl and 03¢p227
where r? = p2 - 2pp* cos(¢-¢') + o'?
A(p') and B(p') are uniformly bounded on

the internal and J, and J, are Bessel functions

17

of argument kp and of order 0 and 2 respectively.

From a power series solution of equation (34)
are found series solutions of A(p) and B(p) from

equations (31) and (32). For the first six terms,

6 n
A(p) = T An(ik)
n=1

(-4+3p2) ik +710 +

+ (56--40p245p%) (ik)3

1

3

1
99

ey

XY o AT

R A T o A TS
. A VAR U L .

P A
e AR




18

+ %;-(2-02) (ik)“ +

1 - o 2 Y 6 5
+ T3e55 (~2656 + 2408p% - 448p" + 210°%) (ik)
2 . 116
+ Foo (296 + 19202 - 15p") (ik)° + O (A)) (35)
6 n -
and B(p) =L B_ (ik) N
n=1 N
1,
=3 p*(ik) + Omn+
+ o 02 (-8+p2) (ik}? +

AT 2 Gt o+
g P (ik) ™" +
+ 7%75 p? (200-68p2+3p%) (ik)°® +

+ o5 02 (134-150%) (ik)® + O (B,;) (36)

Simplifying,

A(d) =k {: [-4 + 3 (%i ] +

_ k2 [ 56-40(2)2 + S(R)u]
a a

wl-

90
guk? o 2]
+ 3 [2—(5)
N 2 L ()
L. S I oy" - gy - 21(8 J
+ 12600 [ 2656 + 2408 (a) 488 (a) (a)

5 2 L
- 2;;- [ - 296 + 192 (9 - 15 (§) ] + ?:? (37)

; 2 11 2 2 2
B(p) =k {%(%) ——33]\0— (2 [—8+<-§) ]

- ﬂg&i () 7+ Sk (2)° [ 200-68 (-g-)2 + 3(%)“]
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5
_ 22’7‘5 (%)2 [134 - 15 (£) ] + o} (38)

Now, Bouwkamp assumes in the initial development that

= 1. However, g = %’= 377 and therefore,
o]

it

. 1
Jx, Jy must include 357 factor.

To find the magnitude of the current components we

will simplify by separating the rezal and imaginary

parts
| 0, | = Iy Jx (39)
P ag | = {?A(D)+B(D)COSZ¢ ]
377%2/ 1- (p)
[A0) 4B (p) cos24] *} (40)
Jx - ck {g_ﬂk [ 2_(%) 2]_ 21k

37712/ 1-(%) 2

[-296+192 () =15 (%) Bﬂ {'5 [-a+3(% ] - ’—;—

2 4 L 2
p P k 0
[56-40 (§) + 5 (§) ] + y3g59 [-2656 + 2408 ()
‘* 6 4y’ 2rk> 2
[ p P [
- 4438 (5‘) + 21 (a“) B-I-{—g——— (5) ~ “€7% (a‘)

[134 -~ 15 (Q) l} cos2¢ + j cos2¢ {’3 [\—) J

k2

k* 2 8
- 30 (%) [-8 + (5) ] + 5 [200-6 (H)
4

3570 (&)

+3 (&) J} (41)

.......




P - J_ = [a; + 3a5) + (bjcos2¢ + jby
cos2¢) ] (42)

real part of A(p)

a, = imaginary part of A(p) ;V
b, = real part of B(p) 5 {
' bz = imaginary part of B(p)

Simplifving further, c = 3.00 x 108 m/sec

_ 5.05 x 10° ,
| 95| . y/i oy [(al+b1c052¢ + J (az+bycos2¢]
-(z

AAY T

[(a1+b1c052¢ ) - j(a2+b2c052¢).]}35

5
- 2-05 x 107 [(a;*bycos24)2 + (a,+bycos2¢) 2]%

2
ry 1-(8) (43)

Similarly,

= J *‘;i
IJY| (Jy g

2 in2
- c2n sin2¢ - (B(p) B(p)*)!i l

377722 1—(%)

5 .
5.05 x 10-° sin2¢ 2 2
= (by? + by%)% ‘ (44)

J\/l—(%)z

3‘ Now, let the total current be J¢ which is given by the

following expression:

|9¢] = (le|2 + |3y K (45)




21
. [0} 2, .
Consider the term y 1-(3) in the denominator

of J, and Jy. As p approaches the radius a, the
currents tend to infinity. The calculations based
on equations (44 ) and ( 45 ) will be restricted to
p<.95a.

It was advantageous to transform from
cylindrical coordinates to rectargular coordinates

using the following substitutions:

o =/ x24y2

) 2 tan ¢
sin2¢ = {%tan?g
- 2
C052¢ = }__ﬁ?_i
1 + tan?¢

where tan ¢ = %

It follows that

2
sin2¢ = L3 A
x24y2
22
cos2¢ = i A
x2+y?

The latter equations were then programmed on an

HP9845 minicomputer and the results for a .075x radius
disk are given. With a vertically polarized incident
plane wave, the total current density along the
horizontal and vertical axis can be computed. Curve

fits for the results follow a discussion of the

program used.
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The regression curve fits were done using a
Hewlett Packard software package on the 9845B mini-
computer, The program takes a set of points (X, Y)
and fits various types of curves to them using least
square methods. An analysis of variance table is also
computed and this information is printed in the text
that follows. The input parameters (X3, Y;) are
loaded into full-precision one-dimensional arrays of
N elements each with being at least 3. The output

variables are also full precision and are defined as

follows:

Regression

Df - regression degrees of freedom
(degree for polynomial model)

SS - regression sum of sguares
MS -~ regression mean squares

Residual
Df - residual degrees of freedom (N-2)
SS - residual sum of squares
MS - residual mean squares

Total

Df - total degrees of freedom (regression
and residual)
S8 - total sum of squares

F - the F statistic (regression mean squares/

residual mean squares)
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The F ratio is an indication of how good the
curve fit is and, in general, is optimized by the
highest possible F ratio. In the general outputs
that follow, a blank space for an F ratio implies
an exact fit such that all points fall on the
curve. It should also be noted that several factors
enter the goodness of fit such as the number of data
points, the number of coefficients, etc. For data
sets in this paper, only the linear and polynomial
models were founrd to be appropriate., For n data
points (Xi, Yi) the method and formulae used by the
program are as follows (24):

For the linear model y = at+bx:

zy ]zx
a = 1.b 2
n n
inyi - le Zyl
n
b =
2 _ 2
in (in)
n
Total sum of squares = zin - (Zyi)2

n
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_ Regressicn sum of squares = [inyi - Ixy Zyi]2 ;
. ‘ n——- g
(4 2 _ 2
o SRRNER
N -

It

Residual Sum of Squares Total SS - REG SS

B, Regression Mean Squares

= REG SS
Residual Mean Squares = RES SS
n-2
i~ — RES MS
F Ratio = RES WS
,j; For the polynomial model
. y = ax"+a LAk + oag:
- m m-1 - e 0:

m = degree of the desired polynomial

(xi, f(xi)) = set of tabulated points ((xi,yi) in the

L other models
i y - J .o
gj(xi) Xy for i 0, 1, ..., n
, n
. Oy = iEO gy (x;)g;(x;) for k =0, 1, 2, ..., m
j=20,1,2, ..., m

A system of simultanecus equations is then written
in terms of o's as follows

n
o a_ + « a + ... 4+ ageay = I f(x.) (X.
mo2m M= o 2m- 0o0o .- (Xl, 8o\ 1)
=0
: n
I + a + ... + ag1a9 = & T(x. X,
. m, *m m-1 1 m- 0120 2 (x;) g1 i)
A
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n
o + a a + ... + agzay = f(x, X,
m; m m-), m-, 02=0 iEo (x;) g2 ( 1)
n ,
a_a_ + q + = ) .
mm“m m-1mom-, %opdo iEO f(xl) €m (xl)

which can be solved to find the coefficients

ag, a3, ada, ,am

Y n ‘

; m m-) ¥
= + .+ . :

Vi a X, a_, X4 + .. ar1x; ao E

Total Sum of Squares = I (y;- ¥)? - 4

Regression Sum of Squares = I(§;- y)? ; 

h N

Residual Sum of Squares Total SS - REG SS

BT S
0T PP
. ) o

Regression Mean Squares = REG SS
m
Residual Mean Squares = RES S8S

n-1l-m
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Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point

Figure

#1:
#2:
#3:
#4:
#5:
6!
L X
#8:
#9:
#10:
#11:
#12:
#13:
#14:
#15:
#16:
#17:
#18:
#19:
#20:
#21:
#22:
#2232

3:

DATA
X=0
X=1
X=2
X=3
X=4
X=5

X=?
X=8
X=9
¥=10
X=11
K=12
X=13
X=14
X=195
X=16
X=17?7
X=18
X=19
X=20
®=21
22

¥=5.45
¥=5.41
¥=5.46
¥=5.34
¥=5.48
¥Y=5.22
¥=5.5
¥=5.5
¥=5.54
¥=4.83
Y=35.59
Y=4.56
¥Y=35.67
¥=4.21
Y=35.81
¥=3.77
¥Y=6€.04
¥=3.21
Y=6.47
Y=2.44
¥=7.46
¥Y=1.16
¥Y=11.3

Data from an analytic solution
(Bouwkamp) for the .15 wavelength
circular disk.
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11,161
10. 16 +
g.16 1+
2 8.16+
-
1))
o !
a 7.161
e
¢ 6.16¢1 J¢ ($=90°) /*/
R ~
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e 4.16+ 3*
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Distance From Disk Center (m)
Figure 4; Plot of Jp and J¢ current components at

$ = 0° and ¢ = 90° for the .15 wavelength
circular disk (analytic solution).
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Point #1:
Point #2:
Point #3:
Point #4:
Foint #5:
Foint #6:
Point #7:
Point #8:
Poiny #9:
Point #10:
Point #11:
Point #12:

POLYNOMIAL MODEL:

DATA

Coefficients:
R{B1>=5,454547487
R(1)=-,87842408
A{22=,83991346
A(3>=~.,01913168&
AC4>=,00824157556
A(S>=-,009011274502

Source

Regression

X=0 ¥=5.495
X=1 Y=5.41
K=2 ¥=5.34
X=3 ¥=5,22
X=4 ¥=5.05
®=5 Y=4.83
X=6 Y=4,356
X=7 ¥=4.21
=g Y=3.?7
X=9 ¥Y=3.21
X=10 Y=2.44
X=11 ¥Y=1.,16

12782.7636366 M4D.3D

Residual
Total

Figure 5;

Df sS

S 28.113
6 . B892
11 28.115

YSAMI X M+AM=-1 R8> (M-10+,, . +R(1O%X+ACBD

Me

4,023

. 800

Polynomial fit for the Jp current
component at ¢ = 0° for the .15

wavelength circular disk
solution).

(analytic
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.91 F T,

L A
a W
) s
T T :'

> 4.16 1 *\\\

<+J

§ 3.914 X

8 3.66F x\

Y 3.414 \&

[\

5 3,16+ -

3

O 2,91+ \\

—

S 2.66 71 \

o8 2.41+ K\
2.16 4+ .
1.911L \\

1.66+ \
l.41-k
1l Lo -t l —h I L . [ | - | 1
1 Tl 1 W | |} T 1 1 1 1 1 1 ¥
P — o ™ < Tp] w r~ (o) m e ]
= —
+
+ Distance From Disk Center (m)
] _ -
{ Figure 6: Plot gf the Jp current component at ,
) ¢ = 0° for the .15 wavelength circular

disk (analytic solution).




o 30
{\ .
L DRTA
Point #1: X=0 ¥Y=5.495
Foint #2: X=1 Y=5. 46
Point #3: K=2 Y=9%5,48
- Point #4: X=3 ¥=5.5
) Point #S: X=4 Y=5,%4
o Point #6: X=%5 ¥=5,59
3 Point #7: X=g ¥Y=5.67
Point #8: X=7 Y=%, 81 .
b Puint #9: A=8 Y=6.04
e Point #10: x=9 Y=6.47
Point #11: X=10 ¥Y=?7.4€

POLYNOMIAL MODEL: Y=RC(MD*¥X M+A(M=-1)%#X~(M-1)+.,.+8C1)xX+ACB
Coefficients:
R(B)>=5.445332077
‘ AC1>=,087520403
> v AC2)>=-.0680@1385
o R{(3>=.02502269
AC4:=-,883571543
A(S5>=.00018750039

1S Source Df 55 Ms F
o Regression S 3.779 756 2194.413
e Residual S . 002 .080
o Total 10 3.780
< 4
Figure 7: Polynomial fit for the J¢ current
- component at ¢ = 90° for the .15
o wavelength circular disk (analytic

solution).
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7.35¢ ;
. M4 "
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6.95 + / S
¢
a 8-85-- ; :
™ 6.75+ / -
3 6.65% :
8 bl ) r:
" 6.55+ :
¢ 6.45+ F
H .
5 6.35+ , .
© B.25+ / -
—
9 B6.15¢+ : -
g 6.05+ / b
5.95 1+ ya
5.85 4 Ve
5.75+ e
5.65 1 (,,f*’ v
5.55 + T
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P - o ™ < w w ~ e m C
T Distance From Disk Center (m) )
Figure 8: Plot for the J¢ current component at ;'

¢ = 90° for the .15 wavelength
circular disk (analytic solution).




32

Now, Bouwkamp's solution is limited to ka<l
where k = %} and a is the radius of the disk. To
obtain theoretical solutions on the disks of
experimental interest, a Body of Revolution electro-
magnetics computer code developed by J. R. Mautz and
R. F. Harrington (33) was used with the input data
appearing in Appendix B. In the figures that
immediately follow for the .15 wavelength circular
plate, the-correlation with the solution of
Bouwkamp is good.

In all data plots for the J¢4 current component
it should be noted that the point nearest to the rim
departs significantly from the neighboring interior
point. The polynomial modeling was unable to follow
this departure from a relati-ely smooth curve., The
last point was therefore deleted from the pclynomial
fit to the J¢ component throughout this text., This
edge point deletions should be recalled in Chapter VII

that there exists a very high edge current associated

with the maximum value of J¢, though not depicted.

.............................
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N DATA
- Point #1: X=,001 Y=.8792
3 Point #2: X=_,002 Y=,8768 .
- Point #3: X=.003 Y=.872 .
iy Point #4: X=, 004 Y=,8637
L)) Point #5: %=, 065 y=,8731
Puint #6: %=, 0086 Y=, 8464
Point #7: X=.007 Y=.8741
Point #8: X=,008 Y=,8224
Point #9: ®=,009 Y=,8776
Point #10: x=,01 Y=, 67911
‘ Point #11: X=,011 vY=,8821
Point #12: x=,012 Y=,7514
Point #13: X=,013 Y=,8923
- Point #14: X=.014 Y=,7021
s Point #15: X=,015 ¥=.9091
: Point #16: X=.816 Y=,641
Point #17:¢ X=,017 Y=,9409
4 Point #18: X=.018 ¥Y=,5645
Point #19: X=,019 Y=1.007
Point #20: ®=.02 Y¥=.46356
Point #21: X=, 021 Y=1.121 R
- Point #22: X=.022 Y=.,334 —
- Point #23: X=,823 Y=2.208
{ U
oS Figure 9: Data from the Body of Revolution
Code for the .15 wavelength _
circular disk. 2
]
|
d
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Current Density |J/H']

. 134 1
.934w-
.934 1+
854 1
.734 +
.634 1+
.934 +
.434 +
.334 +
.234 1+
. 134 +
. 834 1
.934 +

— e s e s = s e = = O U

.834
L7344
634+
.534 4
.434 1

44

‘lm?* -;—')(v—“ ¥

J¢ (¢=900) */

N

\*
-\*
\*
\*

Jp ($=07) ~

o oV
b ol

. Be@8s +
.0164

Distance From Disk Center (m)

Figure 10:

Plot gf Jp and J¢ current components at
¢ = 0° and ¢ = 90° for the .15 wavelength
circular disk.
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Point
Point
Point
Point
Point
Point
Point
Poine
Point

#1:
#2:
#3:
#4;
#S5:
#6:
#7:
#83
#9:

Point #10:
Point #11:

POLYNOMIAL MODEL:

DATA

X=.002
X=,004
X=,006
X=,008
A=,01

X=.012
A=.014
x=.016
X=.018
X=,082

X=,022

Coefficients:
R(@G)>=,89803949S
AC1)>=-7,65403
AR(2)>=839.877
AC3)=~-176413.9
A(4)>=8980760
R(5>=-197817300

Source

Regression
-20431.5213247 M4D. 3D

Residual
Total

Figure 11:

Df

S

S
19

¥Y=.8768
Y=.8637
¥=,8464
¥=.8224
¥=,7911
¥=.7514
¥Y=,7021
=.641
¥=.5645
¥=,4656
Y=,334

ss

.316

~-. 003
.316

Y=ACMI 2K ~M+ACM-1>#X ~(M-12+,, . +AT1D%¥X+AC@)

35
MS F
.963
-.000

Polynomial fit for the Jp current

component at ¢

= (00 for the .15

wavelength circular disk.
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® Fiqure 12: Plot of the Jp current component at

N ¢ = 0% for the .15 wavelength circular

disk.
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DATA
Point #1: X=,001 Y=,8792
Point #2: X=,003 v -.872
Point #3: X=.00% 8731
Point #4: X=,007 Y=,8741
Point #5S: X=.009 Y=,8776
Point #6: X=,011 ¥=.8821
Point #7: X=.013 Y=,8923
Point #8: X=,015 Y=.9091
Foint #9: X=,017 Y=.9409
Point #10: X=,019 ¥Y=1,007
Point #11: X=.021 Yy=1.121

POLYNOMIAL MQDEL: Y=AC(MY%#X~M+ACM-1)%%X~(M=10+,,..+AC1>*X+ACO)
Coefficients:

R(Y)>»=,884230915

A(1)=-6.,089513

A(2)=816€6,735

AC3r=1125.7

R(4)>=-4909480

A(S5,=232369108

Source Df Ss MS F
Regression S .061 9012
17032,4362827 M4D.3D

Residual S . BOG . 000

Total 10 . 861

Figure 13: Polynomial fit for the J¢ current

component at ¢ = 90° for the .15
wavelength circular disk.
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Figure 14: Plot for the J¢ current component at

¢ = 90° for the .15 wavelength
circular disk.
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To confirm that the code is reasonable at the
longer wavelengths, a 3.0 wavelength disk was run and
compared to the analytic solution of Andrejewski (2) .
which immediately follows the plot from the code (Figure
17). The correlation is again quite good. After the
summary graphs (Figure 19) are found, the polynomial
fits for the maximum Jp and J¢ current components for
the experimental circular disks of diameters .38,

.50, 1.0, and 1.3 wavelengths are given.
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DATA

Point #i: X=.0063 ¥=3.441
Point #2: X=,0122 ¥=3.289
Point #3: K=.0185 ¥Y=3,106
Point #4: X=,0245 Y=2.667
Point #5: X=.0307 Y=2.906
Point #6: ¥=,.0367 Y=1.953
Point #7: ®=,0429 Y=2,627
Foint #8: K=.049 ¥Y=1.29
Point #9: X=,0551 ¥Y=2,3958
Foint #106: X=,0612 ¥Y=.87483
Point #11: X=,0673 Y=2.123
Point #12: X=,0734 Y=,8345
Point #13: X=.08798S ¥=1.967
Point #14: X=,0857 Y=1,149
Point #15: X=.0917 Y=1.886
Point #1e&: ®X=,8979 ¥Y=1,70@6
Foint #17: X=,103% ¥Y=1.875
Point #18: X=.1102 Y=2.343
Point #19: X=,1161 ¥=1.899
Point #20: X=.1224 ¥Y=2.869
Point #21: X=,1283 ¥=1,925
Point #22: X=.1346 ¥=3.115
Point #23: ¥=,1405 ¥Y=1.918
Point #24: ®=,1469 ¥Y=2,989
Point #25: X=.1527 ¥=1,8686
Point #26: X=,1591 ¥Y=2,45895
Point #27: K=,1649 ¥Y=1,778
Point #28: X=,1714 Y=1,667
Point #29: X=,1771 ¥Y=2,898

Figure 15: Data from the Body of Revolution

; Code for the 3.0 wavelength

'8 circular disk.
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/
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% 2.5845 X 2
E \ * 4
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o
22 845 + N &
¥ 3 Y -_*\* L
§1.8345-F \\% 23
et ¥* 3* ::.1
“ gy
51.5845 / L
{,33451 \ 1
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R
o4 *m [ 1 .1
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Figure 16: Plot of Jp and J¢ current components at _j

¢ = 0° and ¢ = 90° on the 3.0 wavelength
circular disk.
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Figure 17: Theoretical result for 3.0
wavelength circular disk ( 2).

In this figure is shown the illuminated side of
a disk of approximate diameter of 3.0 wavelengths. The
top graph corresponds to Jp at ¢ = 0° and the left graph
corresponds to J¢ at ¢ = 90°,

Iin Figure 19 are summary graphs for the perfectly
conducting disk in which C = ka. Note that at approx-
imately 1.2 wavelengths in diameter that the Jp component

begins to depart from the case of the small disk.
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(a) Jp component at ¢ = 0.

:F_\
lluminagted Side 5
" % A
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N 0 i _l 1 ] | -
4
. (b) J¢ component at ¢ = 90°.
% Figure 18: Theoretical solution for the disk (9).
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DRTA
Point #1: N=,0825 Y=32, 338
Fornt #2: X=,0851 ¥=3, 327
Point #3; X=,0076 ¥=3. 388
Paint #4: X¥=.0101 ¥=3.,27
Foint #5: X=,0128 ¥=3.311
Foint #5: X¥=.0152 VY=3,191
Point #7: X=,08177 Y=3.317
Foint #2: X=.0282 ¥=3.084
Faint #9; xn=,08228 ¥=3,339
Foint #109: X=,0253 ¥Y=2,95
Foinmt #11¢ XK=,08278 Y=3,399
Foint #12: X=,08304 ¥=2.78
Foint #13: X¥=,0329 =3.41
Foint #14: X=,08355 ¥=2.572
Forint #1S: x=.038 ¥=3.495
Point #16: X=,08485 Y=2.326
Foint #17: X=,044 Y=3.64
Foint #13; N=,845¢6 '=2.023
Foint #19: X=,0481 Y=3,944
Foint #20: X=,8597 ¥=1.643
Foint #21: X=,0532 Y=4,457
Point #22: ~=.,8557 ¥Y=1,1686
Foint #23: N=_85%72 vy=9.,08

Figure 20: Data from the Body of the Revolution
Code for the .38 wavelenth circular
disk.
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DATA .

Paint #1: X=.9851 v=3,327 N

Foint #2: N=.@101 r=2,27 :

Foint #3: X=,0152 Y=3,191 .

: Point #4: K=.0203 ¥=3,084 .

\ Foint #5: K=, 0253 Y=2,939

. Point #6° X=.0304 Y=2.,78
e Foint #7 X=.@355 Y=2,572
> Foint #38: X=.0405 y=2.326
o Foint #3: ®=.,8456 Y=2.,023
o Faint #14: X=,8507 Y=1,643
( - Point #11: X=,0557 ¥Y=1,166

FOLYNOMIAL MODEL: Y=A{(MIXNSM+ERACM=12#X~(M-1)+,, . +AC12%X+H (B}
Coetticients:
AR(E>=3, 4082624814
) Adl»=—-13.5166622
b . A(2»=27.899219

N AL3r»=-10876, 8948
{t
Source ot SS MS F
Regression 3 S.089 1.896 .
13340,7291379 M4D. 3D :
. Residual ? .091 . 098
Total 190 5.89%0
e Figure 21: Polynomial fit for the Jp current
) component at ¢ = 0° on the .38 wave-
length circular disk.
|
.
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Current Density |J/Hl|
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Plot of the Jo current component at
¢ = 0° for the .38 wavelength circular
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DATA -
Foint #1: X=.08825% ¥Y=3.338 ’
Point #2: X=,90876 ¥Y=3,308
Point #3: »=,0126 ¥Y=3,311
FPaoint #4: R=.8177 ¥Y=3.317
Point #5: X=.8223 ¥=3.339
Point #6: ®=,0278 ¥=3,3959 -
Foint #7: r=,.0329 ¥Y=3.41 i
Foint #82: A=.038 ¥=3.49% )
Point #9: A=,044 ¥Y=3.64
Foint #10: XK=,0481 ¥Y=3.,944
Foint #11: ®=,08532 ¥=4,457¢
. FOLYHOMIAL MODEL: Y=R<H #:E-M+ACH-12#2~0M=1 24, , ,+A1 2 #44R/00)
254832
. 3739324
Q,.5%128
552,199 .
i 222.7
Source nf S5 M3 F
Regression 4 1.381 225 85@a.187
Eezi1dual ) T (2 ]]%)
- Total 14 1,333
@

Figure 23: Polynomial fit for the J¢ current

component at ¢ = 90°
wavelength circular disk.

for the .38
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Figure 24:

Plot fgr the J¢ current component at
¢ = 90° for the .38 wavelength

circular disk.
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Foint
Point
Point
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Paint
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Figure 25:

#1:
#2:
#3:
#4:
#5:
#5:
#7:
#9:
#9:
#10:
#11:
#12:
#13:
#14:
#15:
#1162
#17:
#13:
#19:
#20:
#21:

-

* ¥
o
w P

DATA

M=.@833
%=.,9867
%=.,01
X=.,8133
X=.08167
%=, 82
M=,8233
X=,0267
X=.03
X=.0333
X=.,0367
%=, 84
X=.0433
X=.,0466
®=.05
®=.0533
%=.0567
K=.,06
X=.9633
%=,0666
X=.07
%=.0733
%=,8767

Data from the Body of Revolution
Code for the .50 wavelength circular

disk.

¥Y=3.746
¥=2.797
¥=3.8088
¥Y=2.5
Y=3.948
¥=2.195
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* Figure 26: Plot of Jp and J¢ current components at
b ¢ = 0° and ¢ = 90° on the .50 wavelength
r circular disk.
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Point
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Foint
Foint
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Point
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Foint
Foint

FPOLTHOMIAL

#1:
L=
#3:
#4:
#5:
LI
#72
#3:
#3:
#la:
#11:

DATA

noHonnnoNn

"

e i i S A 4

. 0087
«B133
.az2
8267
.Q333
.94
.B3€6
L8533
.06

X=,0666
X=,08733

MODnEL:

Rezidual
Total

Figure 27:
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Foint #1:
Point #2:
Point #3:
Point #4:
Point #95:
Point #6:
FPoint #7:
Point #8:
Foint #9:
Point #10:
Foint #11:

FOLYHOMIAL M

I T L W Gl I I Y

DATA
X=,08033 ¥=3.745
X=,01 Y=3.704
¥=,0167 ¥=3.7
®=,0233
X=,03 ¥Y=3
®=,8367 Y
X=.8432 Y
x=,089 Y=3
X=.0567 Y
¥=.8€33 Y
X=.a7 Y=49

QDEL: Y=

o o]

Coefficients:
39

RL@r=3, 77

QS SE1 00
z1dual
tal

Figure 29.
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Polynomial fit for ghe J¢ current
component at ¢ = 90  for the .50
wavelength circular disk.
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- DATA :
3 Point #1: X=.8815 ¥=3.153 L
a Point #2: X=,0031 Y=3.146 :
- Point #3: X=.0046 ¥=3.13 ;
| Point #4: X=.0061 Y=3.109 i

Point #S: X=,0076 y=3.108 4

Point #6: X=.0092 Y=3.053 i

Point #7: X=.0107 ¥Y=3.082 i

Point #8: X=,0122 v=2.982 \
_ Point #9: X=.0137 Y=3,045 "
| Point #10: X=,0153 ¥Y=2.89

Point #11: X=.0168 ¥Y=2.995

Point #12: X=,0184 ¥Y=2.782 .

Point #13: X=.0199 Y=2.948 ..

Point #14: X=.0214 Y=2,663 2

Point #15: X=,0229 ¥Y=2.883 :
’ Point #16: =.0245 ¥=2.527 .
| Point #17: X=.026 y=2.821
- Point #18: X=,0275 Y=2.385

Point #19: X=.029 ¥Y=2,748

Point #20: X=.0306 ¥=2,23

Point #21: X=,0321 Y=2.674 .
- Point #22: X=,08337 ¥=2.0869 R
I Point #23: X=.0352 Y=2.604 3

Point #24: X=,0367 Y=1.909 ]
) Point #25: X=.0382 ¥=2.531 g -
- Point #26: X=.8398 ¥=1.741 :
: Point #27: X=.0413 Y=2,472 y
" Point #28: X=.B8428 ¥=1,576 :
- Point #29: X=,0443 ¥=2.422 b
! Point #30: X=.,0459 Y=1.,403 ]

Point #31: X=,0474 ¥Y=2,403 '

Point #32: X=.049 vY=1,224

Point #33: X=,0505 ¥Y=2.,437

Foint #34: X=.0852 ¥=1,041
: Poirt #35: X=,08535 ¥=2.582
| Point #36: X=.8551 ¥=.8284

Point #37: X=.0566 ¥Y=2,895 -

Point #38: X=.0581 Y=,5831 R

Point #39: X=.0596 Y=6.03 p

Figure 31.: Data from the Body of Revolution
Code for the 1.0 wavelength
circular disk.
.
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Figure 32:

Plot of Jp and J¢ current components at
$ = 0° and ¢ =
circular disk.

90° for the 1.0 wavelength
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DATA

FPoint #1: ¥=,8031 ¥=3,146
Point #2: N=,0861 ¥Y=3,1@9
Foint #3: X=,9892 ¥Y=3,0853
Point #4: X=,0122 ¥=2.982
Point #5; ®=.8153 ¥=2.89
Point #6: n=,0184 Y=2.,782
Paoint #7: X=,0214 ¥Y=2.663
FPoint #3: ¥=,8249 Y=z2.9527
Point #9: ®=,0275 ¥=2.,3895
Point #10: X=,8386 Y=2.23
Point #11: X=,8337 ¥=2,0€9
Foint #12: X=,0367 Y=1.9089
Point #1232 X=,0398 ¥=1.741
Foint #14; X=.0428 ¥=1,957
FPoint #15: X=,0459 ¥=1.4083
Point #16: =,049 Y=1,224
Foint #17: X=,08%52 ¥=1.041
Point #13: ®=,0951 Y=,8234
Point #19: X=,0581 ¥=,5831

FOLYHOMIAL MODEL:
Coetficients:
ACR2=3.1942401455

VA MIERM+ACM -1 D AN~ (M=10+, , , +ACL 2R +RED

AClr=-g, 2688791

R{23=-833.671313

AC3>=452&. 71457
Source Iy 58 MS
Regression 3 12.211 4.878
13136,09354293 M40, 3D
Rezidual 15 L BRS .09

Total 18

Figure 33: Polynomial fit for the Jp current

component at ¢ = 0° for the 1.0

wavelength circular disk.
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Fiqure 34: Plot ¢of the Jp current component at
¢ = 0° for the 1.0 wavelength circular
disk.




R T T T T R O T T . T At et e e Vm Tem Sem t.m v om

* 60 \
{ﬂ n
(v
= DATA
Point #1: X=,00815 ¥=3,153
L Point #2: n=,0046 Y=3,13
- Point #3: X=,08076 ¥Y=3.1€8
\ Point #4: X=.08107 Y=3,082
R . Paint #5: X=,0137 ¥Y=3.045
e Point #6: X=.9168 - ¥=2,99%
L Point #7: X=,0199 Y=2.948
Point #8: X=,0229 Y=2,9883
s Point #9: X=,026 ¥=2.821
{ Foint #10: X=,0829 ¥Y=2,748
' Point #11: X=.0321 Ye2.674
Point #12: X=,0352 Y=2,604
Point #13: X=.0382 Y=2,531
Point #14: X=,0413 ¥=2.472
Point #15: X=.0443 vY=2,422
- Point #16: X=,0474 ¥=2,403
Point #17: " X=.,0505 Y=2,437
Point #18: X=.8535 Y=2,582 .
Foint #19: X=.0566 ¥=2,895 s
\
[ POLYNOMIAL MODEL: Y=ACMY#X-M+ACM-12%K~(M-12+,. ., +AC1 D *X+A(Q)

Coefficients:
R(B>=3,1756947S5
. R(1)>=-17.25378 7
. A{2)=2264,259
- R(3>=-203305.9
;\J AC4>=7448120
R{5)=-130549100
R(6>=9Q3319000

Source Df SS MS F
. Regression 6 1.257 .210 ot
3 -15629.6659251 M4D.3D
o Residual 12 -.000 -. 000
o Tota) 18 1.257
®

. Figure 35: Polynonial fit for the J¢ current
e component at ¢ = 90° for the 1.0
wavelength circular disk.
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Figure

#1:

#2:

#3:

#4;

#5:

#6:

#7:

#8:

#9:
#l1e:
#11:
#12:
#13:
#14:
#1150
#16:
#17:
#18:
#19:
#20:
#21:
#22:
#23:
#24:
#25:
#26:
#27:
#28:
#29:
#30:
#31:
20
#33:
#34:
#35:
#36:
#37:
#38:
#39:

37:

DATA

X=.0802
X=.004
X=.006
x=,008
X=,081
X=.0119
X=.8139
X=,0159
X=,08179
X=.8199
X=,0219
X=,8239
X=.0259
X=,0278
X=,8298
X=.0318
X=,0338
X=,0358
X=.0378
X=,0398
X=,8418
X=.0438
X=,0458
X=.0477
X=.0497
x=z,0517
X=,08537
X=.0557
X=,8577
X=,8597
X=_0617
X=,0636
X=.0656
X=.8676
X=,0696
X=.0716
X=.0736
X=.8756
X=.0776

Data from the Body of Revolution
Code fecr the 1.3 wavelength

Y=3.0881
¥Y=3.872
¥=3.8358
¥=3.023
¥=3.831
Y=2,.952
Y=2.987
Y=2,837
Y=2.934
Y=2.744
Ye2.8635
Y=2.62
Y=2,793
¥Y=2.497
Y=2.708
¥=2.,373
Y=2.617
Y=2.259
Y=2.522
Y=2.158
Y=2.4%<4
Y=2.072
Y=2,328
Y=2
Y=2,235
Y=1.931
¥=2.148
¥=1,857
Y=2.071
Y=1.768
Y=2.018
Y=1.6352
¥Y=2.001
Y=1,487
Y=2.072
Y=1,2%5
Y=2.285
¥Y=.,9054
¥Y=4.718

circular disk.
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09 and ¢ = 90°
circular disk.

for the 1.3 wavelength
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Figure 38: Plot of Jp and J¢ current components at



S DATA
e Point #1: X=.004 Y=3.872
by Point #2: X=.098 ¥Y=3.023
T Point #3: X=.0119 y=2,952
ll Point #4: X=,015% Y=2,857
: Point #5: X=.0199 Y=2,744
Point &6 X=.6239 ¥Y=2,62
D Point #7: X=,0278 ¥=2.497
;- Point #8: X=.0318 Y=2.373
e Point #9; X=.0558 ¥=2.259
il Point #10: X=,0%598 Y=2.158
A Point #11t: X=.8438 Y=2,072
Point #12: X=.0477 Y=2
Point #13; X=.0517 Y=1,931
Point #14: X=.0557 ¥=1.,857
Point #15: ®=,0597 Y=1.768
Point #16: X=.0636 Y=1,6%2
9 Point #17; X=.0676 Y=1.487
Lo Point #18: X=.8716 ¥=1.25
Point #15: X=.6756 Y=,9054
!l POLYHOMIAL MODEL: Y=ACMI*X M+ACM-13 %2~ C(M=13+...+AC1I#X+ACO

Coefficients:
ACB>=3,008052927
AC1>=22.5225579
AC2r=-2844.329276
R(3>=60469,0732

! AC4)=-418319,.823
;i Saurce Df s MS F
- Regression 4 £.844 1.711
{‘ 15893.1989279 M4D.3D
Residual 14 002 .9009
Total 18 6.845
e

Figure 39: Polynomial fit for ghe Jp current
component at ¢ = 90 for the 1.3
wavelength circular disk.
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Figure 40: Plot of the Jp current component at
¢ = 0° for the 1.3 wavelength circular
disk.
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DATA
Point #1: ®=,002 Y=R,081
Point #2;: X=,806 ¥Y=3,058
roint #3: »=,01 Y=3,.0831
Point #4: ®x=,0139 ¥Y=2.987
Point #5: X=,@1?79 Y=2.934
Point #6: X=,0219 ¥=2.6695
Point #7: X=,0259 ¥=2.793
Point #8: X=,0298 ¥=2,.708
Point #9: X=,0338 ¥Y=2.617
Point #10: X=,0378 Y=2.9522
FPoint #11: X=,0418 Y=2,424
Point #12: X=,08458 Y=2.328
Point #13: X=,0497 Y=2.239
Point #14: X=,0537 ¥Y=2.148
Point #15: ®X=,0577 ¥=2.071
Point #i16: X=,0617 ¥=2.018
Point #17: X=,0656 ¥Y=2.001
Point #183¢ X=,08696 ¥=2.072
Point #19: K=,8736 ¥Y=2,289

POLYNOMIAL MODEL: Y=AC(MI#X~M+A(M=1)2X~(M=1)+,..+A(1)*X+A(@)
Coefficients:

R(B>=3.10093991

AC1>=-16,89312

H(2)>=989.22

R(3>=-84386.8

A<4)>=245350825

A(S)>»==-32841490

ACE>=170852500

Source n¢ sS MS F f
Regression 6 2.732 .455 6819.542 ‘
Residual 12 .001 . 000

Total 18 2.733

Figure 41: Polynomial fit for the J¢ current
component at ¢ = 90° for the 1.3
wavelength circular disk.
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Figure 42: Plot fgr the J¢ current component at
¢ = 90" for the 1.3 wavelength
circular disk.
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Square Flat Plate
‘- The square flat plate is not solvable .
analytically. A Body of Translation electromagnetic R

computer code solution was run at the Rome Air
Development Center and data results were then collated
into tables for total current for the top half of
the square plate and contour plots were drawn. These 3
.li appear in Appendix C along with the current components ‘
o at the horizontal bisecting line of a 1.0 wavelength
square plate. This data differs from that of other
j% codes such as the ones that appear in the next three
figures. The square plates are of electrical sizes
.15, 1.0, and 1.2 wavelengths and the dominant current
component is vertical if we consider the incident E-
field to also be oriented vertically. It should be -
noted that the plates are assumed to be perfectly
conducting and that the form of the current density
plots do not vary significantly from .15 to 1.2 wave-
lengths. Only a slight rise in current is observed
near the midpoint of 1.0 and 1.2 wavelength plate
unlike the case of the .15 wavelength plate. Also,

shown in Figure 45 is the current on a resistive plate

depicted by a dashed line.
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Figure 44: Theoretical result for the 1.0 wavelength
square plate (51).
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CHAPTER III

- INFRARED/MICROWAVE LABORATORY

To conduct an experiment for detecting micro-
wave induced surface current through an infrared
approach, it was necessary to design and construct a
facility where none had previously existed, For a Et
"proof of principle” goal, flexibility was highly
valued as unforeseen problems were bound to occur.
Time and financial constraints dictated that available
resources be used to the maximum extent possible, To
observe heating effects on relatively preliminary

coating schemes, the highest microwave levels

CEAT

possible from available sources were to be obtained,
thus safety considerations were alsc paramount. The
basic experimental arrangement is seen on the follow-
ing page. (Figure 46).

The antenna, metal parabolic and corner
reflectors, and target object were mounted on a 12' x
4' aluminum ground plane which was encased by absorb-
ing cones forming an anechoic chamber. The electro-
magnetic wave propagates from the antenna/reflector -~ 4

configuration to the target. The wave interaction

with the target creates surface currents which in turn
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produce joule heating detectable by the Thermovision
camera located behind the reflectors. The camera
was maintained at normal incidence from the target
sur face.

The basic setup 1is seen in the following
photograph (Figure 47). Located to the left of the
chamber on a cart is the apparatus for recording

position and induced voltage from a magnetic field

probe which was developed to detect surface currents.

The magnetic field probe will be discussed in detail

in Chapter IV. The cones on the side walls are eight

inches from base to tip, constructed of a carbon

impregnated eurethane material, and mounted on plywood
with contact cement. The first horizontal section of
the left side wall (6' x 4') was designed and
constructed with guides on the top and bottom which

allowed forward and back movement or entire removal of

. ————— VYTV Y WU,

the plywood/cone side wall. The chamber was on two
bakelite covered work benches. The aluminum ground

plane was elevated from the workbench base with 2x4

boards to provide a space for probe telemetry as well
as coaxial cable and couplings for the antenna

nounted vertically in the ground plane. Leveling of

the ground plane was accomplished with shims and

adjustment of the support legs.
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Infrared/Microwave Laboratory

Figure 47:
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75 X
The following discussion includes the equip-
ment involved in the propagation of the EM wave,

detection of the IR, and the particular targets of

interest in this report.

Microwave Radiation

Continuous wave sources at frequencies of
937 MHz and 2.45 GHz were used. The experimental
arrangement is shown in a block diagram in Figure 48
and a photograph in Figure 49. Table 1 provides
further information on the equipment. As is standard
practice, tuning was accomplished so as to maximize
transmitted power and minimize reflected power. g
Maximum source power was 80 watts and 120 watts for
the 937 MHz and 2.45 GHz sources respectively. A
Hewlett Packard spectrum analyzer (Model 8555A) was
used to confirm that the output frequencies were 937
MHz and 2.45 GHz for the respective microwave sources.
The reasons for selecting 937 MHz included remaining
down slightly from the limit of the device, it had
been used at Monterey, and it provided a significantly
different wavelength than that of the 2.45 GHz single
frequency source. In Figure 50 is shown a variable
aperature, corner reflector, and a parabolic cylinder

reflector depicted with a quarter-wave monopole.
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Table 1

Microwave Equipment

Nomenclature Identification

Microwave Sources Microwave Power Generator
Model MPG 4M
- KIVA Instrument Corporation
\ Rockville, MD (2.45 GHz)

Power Signal Source

Sierra Electironics Division
Model 476A-1000

Philco Corporation, USA
(.5-1.0 GHz)

Isolator Ferrite Isolator
Micro-mega
Model RL-~-146

Dual Directional Hewlett Packard
Coupler Model 765D
(450-945 MHz)

Attenuators Variable Attenuators
Microlab/FXR
Model No. AJ-310N
(.5-6.0 GHz)

Coaxial Attenuators
Merrimac

- Type AUl0A

Y (.5-12 GHz)

Dual Stub Tuners Microlab 1
e S 2~-05 N K~
= (Used at 937 MHz) 3

& Microlab/FXR
B Model N 800 a

Power Meters Hewlett Packard
N Model 432A
- Thermister Mount
b Model 478A

Coaxial Cable Plastoid Corporation
RG-214U
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Parabolic cylinder reflector (2.15 GHz)

Figure 50: Antenna reflectors
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The driven elements were quarter-wave
monopoles mounted on a ground plane. The current
distribution on the antenna is modeled through image
theory as that of a center fed half wave dipole in
free space with one half of the radiation resistance.
The antennas were made from .32 cm diameter brass rods
and threaded so as to be easily interchangeable and
to fit into a connector mounted into the ground plane
from below. The interior line in the coaxial cable
was connected to the antenna and maintained in a rigid
position with a Teflon spacer which fit firmly in
mounted opening in the ground plane. The accepted
value of .95 was applied to the electrical qua:ter
wave length to yield an antenna height of 7.6 cm and
2.9 cm above the ground plane for frequencies of
937 MHz and 2.45 GHz respectively (29 ). With
vertically oriented antennas on a horizontal ground

plane, 1t is clear that the incident field at a

target would be rearly vertically polarized, E vertical

and E horizontal.

To increase power at the target and thus
increase perceptible heating effects, greater gain
from the antenna was required. Additiorally, a plane
wave was also required if correlations were to be

reasonably made with theoretical studies whicn

3
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assumed au incident plane wave. Corner reflectors
and parabolic cylinder reflectors were logically
choices. It was alsc recognized that a chamber

width of only four feet could result in reflection
problems and thus difficulty in achieving a "quiet
zone" at the target. A hinged, variable aperature
corner reflector was designed and constructed using
emperically determined optimum dimensions from work

by Cottony and Wilson {14). Antenna to apex spacing
consideration were originally discussed in 1940 by
Krauss (29). It is well known that corner reflection
with aperature angles such as 180°, 90°, 60°, 45°
etc., that result when 360° is evenly divided by an
integer can be modeled through image theory to readily
give the far field pattern of interest. Also, apex

to antenna spacing can be varied to give a maximum
lobe on the centerline, a null on centerline or a
transition situation between these extremes (27).
However, the problem remained essentially an emperical
one due to the complicating "small" anechoic chamber,
particularly in the case of 937 MHz. A ripple tank
study of two dimensional modeling of wave inter-
actions, varying reflectors and apex to antennas spac-
ing in a "small" chamber was conducted and a summary

appears in Appendix A,
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‘The far field or Fraunhoffer condition

v

requires that the distance of the scattering object
from an exciting source (D) be related as
D> 3%3 (46)
where
A 1s the wavelength and
. L is the characteristic length which in the
case of a corner reflector is simply twice the apex
to antenna distance (See Figure 51). A 90° corner
reflector was eventually used for the 937 MHz case
(x=32 cm) such that
S = .32x
L\ which implies
| L = 25 = ,64) (47)
and therefore
3 D> 2(.64M)7% _ 45,
A
D » 26.2 cm ‘
o The target was actually in the chamber 100.5 cm from

the antenna with S = 10.2 cm implyingthat D = 110.7 cm
which is in the far field.

[ The positioning of a parabolic cylinder

| reflector for the 2.45 GHz case was again impirically

arrived at after having started with situation where
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the antenna was at the focal point and the antenna
was roughly in the plane of the aperature. Final
antenna to reflector spacing was 15.3 cm. Free field
plots for both frequencies across 20 cm at the target

location for 3/4 and 1 3/4 inches off the ground plane

are found in Chapter V.

Infrared Detection

This work extends cfforts performed at the
Naval Postgraduate School under Dr. Robert W. Burten
where qualitative studies were carried out on

non-metallic surfaces.

‘Thermography Equipment

The syctem used in all of our measurements was
an AGA 680 camera operating in the 2-5.6 pm spectral
region. This device has an 8° lens with a 1.3 mr
instantaneous field of view. The detector is made of
indium antimonide (InSb) and cooled to 77 K with
liquid nitrogen with a limiting sensitivity of .1°K.
Since the detector is a semi-conductor, it is a
photon detector rather than an energy detector. This
is significant since the number of photons a blackbody

emits is proportional to T3 rather than T¢ as is the

case for the total energy radiated. The AGA 680 is a

o alol® i ol

AN LW D
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line scanning system that forms a 128 x 128 array of
its 8° square window. One complete scan or "frame"
takes 1/16 second and is comprised of 64 rows having
128 elements in each row. It detects the number of
photons emitted from each element per unit time and
then assigns it a level from 1 to 10 based on the
number of photons received. These levels are graph-
ically displayed in the form of ten discrete colors
on a CRT display. The system's sensitivity is dis-
cretely variable in the form of fixed isotherm unit
(ISU) windows which, in other words, determine the
temperature "band width” that the camera will be
capable of detecting. It also contains a threshold
adjustment which determines where on the temperature
scale the temperature window will be located. 1In
Figure 52 the AGA 680 Thermovision 3ystem is seen with
the black and white monitor to the left of an
Hewlett Packard 9845B minicomputer, and the color
monitor to the left of the black and white monitor.
The camera is in the foreground and was adequate for
this phase of the overall project but wculd not
provide the flexibility of placement near a target
object due to its size and field perturbing effects in

chamber. 1Initial work was required on the system in

the spring and summer of 1980 as a faulty video
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amplification board and "chopper" adjustments were
located and corrected. However, even with a properly
functioning 680 system the results were still in

gray levels on the black and white display and ten
color levels on the color display. As will become
clear, a photographic display was not adequate to

explore the surface current problem.

Digitizing the Thermovision Output

For the required quantitative analysis, such

as the point-by-point correction for emissivity

variations, and determination of surface current

densities, computer support was necessary. Unfortu-
nately, the data from the Thermovision camera was too
fast for direct input to a reasonably compact computer.
The required interface between the camera and the
computer was designed specifically for the present
needs of the project. The interface stores one frame
of data at camera speeds and then off-loads the data
at computer speeds (interface built by Major Warmuth).
The AGA Thermovision 680 camera scans from
left to right at a rate of 0.625 usec per line. It
uses approximately 64 lines (from top to bottom) to
produce one frame, and interlaces seven frames per
picture. The first frame illuminates dots in lines

one, three, five, etc. The second frame illuminates
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dots in lines two, four, six, etc. The TV uses the
standard electrical power frequency to control
vertical movement. Therefore, it produces sixty
frames and thirty pictures per second. The hermo-
vision produces about 16 frames and 2.3 pictures per
second.

The interface reads 128 samples per scan
line, digitizes the temperature level, and stores the
results for one frame. This yields approximately 8200
pieces of data in 62 msec. The data is then trans-
ferred into a Hewlett Packard 9845B desk-top computer.
Once the data is in the computer, it may be
manipulated through normal matrix techniques.

The computer signals the interface when a
frame of data is to be taken; the interface then waits
for a vertical snyc pulse from the camera. The
vertical sync pulse aligns all circuitry in the Thermo-
vision system at the upper left-hand corner of the
display. When the interface receives the vertical
sync, it acknowledges the computer's request and
begins digitizing and storing the video data. A very
fast 16K by 8 bit memory board was locally available;
therefore, design of a new storage device was not

required. Digitizing initially to ten levels was

PRI Sue ST I
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appropriate in the original system since the Thermo-~
;é vision color display depicts only ten levels.

! The interface uses an onboard clock running
at 277 KHz., This clock provides 173 samples per
line, but about 25% of the line is a right-edge bar
and horizontal blanking which provides no useful
information. Thus, only the first 128 words are

stored. The counter which controls word storage is

AAAS- MMMMMDE ~ B

reset at 128 and enabled by a horizontal sync pulse
generated by the Thermovision camera. The horizontal

sync pulse aligns the Thermovision system at the left-

T T T
P I ¢

hand edge of the display. The output of the ccunter

is used to determine the least significant eight

bits of the address to the memory where the current
digitized value of the video signal is to be stored.
The most significant six bits of the address are
determined by counting the number of horizontal sync
pulses since the last vertical sync pulse. The inter-
face continues digitizing and storing data until it
sees a second vertical sync pulse.

The second vertical sync pulse shuts down the
data collection portion of the interface and forces

the system to notify the computer that a frame of

data has been captured. When the computer receives

51 S4B
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this notification, it takes control of the interface
n and the associated memory. The computer transfers the ‘
- first address to the memory, requests the data stored E
there, and places it in its internal memory. After
!! restoring the data, it goes to the second address, and
so on. When the entire frame of data has been moved
to the internal memory, the operator is notified so

!l data manipulation may begin. I'or data manipulation f

considerations and the resolutic: zonstraint ot taking
only one frame at a time, the 128 words per row were
reduced to 64 by taking only every other one. There-
fore, the working matrix was 64 x 64,
In Figures 53 and 54 are shown two early efforts -
invclving the microwave illumination of square plates
and the digitization of the results. The square plate

was a boron-epoxy substrate with a carbon-based paint

>

for a coating. The frequency was changed from 937 MHz
to 2.45 GHz such that the electrical size of plate

changed from .50 to 1.3 wavelength. The accompanying

patterns also changed as is clear from the figures.
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Thermovision Calibration

With Thermovision data in digital form the
next task is to transform this data in isotherm units
to that of temperature which will later be shown to
be related to current, Calibration curves for the

AGA Thermovision 680 may be modeled by

I="§E—_
T (48)
where
I = Isotherm unit corresponding to T
T = Absolute temperature (°9K)

pP:q = Aperature constaints
A typical calibration taken from 680 manual is given
in Figure 55. By measuring two values on the curve
(i.e., T3, I, and Ty, I3) and substituting
individually in equation (48), the result is a system
of two equations in two unknowns. Thus taking two
measurements using a suitable temperature source can
yield the calibration unknowns p and (.

From equation (45) and the two measured values,

the fcllcwing expressions are obtained.

q
p=1I, (¢ T3 -1) (49)
a=7T, In (£ + 1) ( 50)

2

L.
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E Substituting equation (49) for p into equation (50) o
- for q, the result is the following transcendental .

; equation. 32
)
' L, & fv
| q=T, 1ln 3= (e 1) 41 (51) 4
- 2 ..'4
Typically, q is much larger than Tl so that \Q
S
| a a 4
I I » 4
: ey +1=Fen (52) %
2 2 -4
e
and therefore o
j T T I
172 1 &-«
q = — In =— (53) S
17Ty 7 I |
An example of the relative magnitude of q and Ty is .?
¥
found by taking two points from the graph in Figure ﬁﬂ
55, T, = 90° ¢ = 363° X, I; = 150 IsU, T, = 190° C =
463° K, and I, = 950° and solving for p and gq. The o
-
resulting expression defining the curve is =
.'_‘]
771,348 s
= J1r 288 :
I 3102 -
e T 1 )
0-“1
where {1
-
p = 771,348 and :ﬁ
= 3102 .
'
A more general solution to the transcendental i?
equation is found in computer program named 'CAMCAL' ?}
in Appendix D using the Newton's approximation. This ;H
'
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itterative technique allows the user to select the

convergence criterion and uses the following .
function. -
q
g L N
! f(q) = T, In = (e "-1) +1 -q (54)

its derivative
I,

I T 1 %L
1 1 1 1
fr(q) = |=({e ~-1}) +1 =——e -1 (55) !

v
'S .
v
:.

and the standard recursion relation.

. T e v 3y v =
o . S
SN .
PR PR A

"t - fla,)

h+1 T 9n (56)

_——-' \ ';l
£'(q,) -
The values of p and g used in all calculations in

this paper were determined to be

p = 772600.6 and

< q = 3102.6

which yield the calibration curve in Figure 56. Note
that for ambient temperature and for small changes in
temperature, the relationship between isotherm units

and degrees of temperature is nearly linear.

o
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Targets

Several considerations were involved in the
selection of flat plate electrical and physical sizes.
The minimum focal distance for the AGA Thermovision 680
is 1.7 m which was used in data collection. Thus the
object size was reasonably restricted to greater than
10 cm along the largest physical dimension to obtain a
sufficient number IR elements to distinguish current
patterns. For the electrical dimension, chamber size
considerations reasonably restricted a “quiet zone" to
approximately 20 cm for the maximum horizontal direc-~
tion. One must recall that objects in contact with a
ground plane will have an electrical image such that
an elecirical sguare plate will physically appear as

a rectangular plate having a horizontal dimension twice

that of the vertical dimension. Additionally, the
investigation of current patterns should include
resonant and nonresonant sizes. The following

physical and electrical sizes were chosen.

Table 2

Flat Plate Size

Largest physical 2.45 GHz 937 MHz
dimension (cm) (Wavelengths) (Wavelengths)
16 1.333 .50

12.24 1.0 .3825
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Three material compositions were used. The
first was 1/16 inch plexiglass coated on one side with
a carbon based paint known commercially as Television
Tube Kote (aguadac). The thickness cf several
sprayed on coats was 59 um and the conductivity of
the aquadac was measured by Major Vic Martin to be
315 mhos/m. To achieve a good electrical contact with
the ground plane, the plates were first mounted on
square 1/32 inch thick aluminum sheet with silver
conducting point as seen in Figure 57. When placed in
the chamber the mounting aluminum sheet was taped to
the ground plane with copper tape. The second
composition was again developed by Martin. A 2 mm
thick ceoating of carbon/paraffin mixture with a
measured conductivity of 1 mho/m was placed on a 1/2
inch thick sheet of styrofoam which in turn was
attached with double-stick material to a 1/16 inch
t.«ck aluminum plate. A sampling of this composition
is seen in Figure 58. The third type was simply 1/4
inch thick aluminum plates that were sanded to remove

a factory coating and used for the probe measurement

study.
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(a) Circular disk.

(b) Square flat plate.

Figure 57: Targets - Aquadac on plexiglass.
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CHAPTER IV

MAGNETIC FIELD PROBE

The classic technique for measuring surface
currents is with a loop antenna (50). In most cases,
the objects are metallic with a structure which is
convenient for shielding the probe telemetry from the

incident and scattered EM field. It was not clear

during the work on this project that the taraet would

be restricted to metal. A magnetic field pbrobe was

therefore developed that could scan along any
material surface or be used as a free field probe.
The basis of operation of a magnetic field or
“current" probe is Faraday's Law. Stated roughly,
the induced voltage in the loop will be equal to the
time rate of change of the magnetic field through the
loop assuming permeability and area of the loop are
constant. Most exactly, the line integral of the
electric field around the perimeter of a loop is
equal to the integral of the time rate-of-change of

the magnetic induction over the area of the loop.

_[Epdi = - g% B-dS (57)
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where E is the electric field intensity in volts per
meter, and B is the magnetic flux density in teslas.
The left side of equation is simply the induced
voltage (V) in the loop. The right side can be
simplified by assuming that B is constant over the
area S. Assuming a sinusoid field, the greatest
dimension for any probe in this report is .64 cm
compared with the smallest wavelength of 12.24 cm
implies that the variation of H over the area will be
no larger than five percent. Therefore, the component
of B parallel to dS can be considered spatially
independent of a8 over the loop and the area is
independent of time such that equation (57) reduces

to

V=-58 = (58)

where B now is the component perpendicular to the

plane of the loop. Applying the constituent relation

>

B = pﬁ to the case of the probe in free space (u = H, =

permeability ol free space), we have

V=~ uOS % (59)
or

V= - jquSH (60)
for an ej‘*’t time variation of the magnetic field.
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Vins is actually the measured quantity. Now, a -
magnetic field probe can be used to measure surface N
current density since the magnetic fileld over a

conductive sheet is related tc the surface current

density by Ampere's Law:

{ﬁ-dl = f:ft-dé , (61)
S

where

H = magnetic field intensity in amperes

per meter
de: = incremental length on a closed contour
in meters
Jt = conduction current density plus the

displacement current density in amperes
per meter

ds = incremental area on the contour in

square meters.

For the case of metallic sheets, the conduction
current density dominates the displacement current
density and the magnetic flux does not appreciably
penetrate the sheet. Therefore, Ampere's Law

reduces to

H=J (62)

where Jg is the surface current density in amperes per

meter.
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For metal plates, the assumptions associated with a
small probe and a good conductor allow one to see
quite simply that output voltage from a magnetic
field sensing probe positioned at the surface of a
conductor 1S linear with surface curren  density.
If there is appreciable penetration of the
magnetic field through the object surface the
simplifying assumptions should be checked for
validity. 1In this report, the probe will only be
used on a high conductive aluminum surface in a high
frequency (gigahertz) range which implies a very
small skin depth (§) which is the depth in the
conductive sheet where the current density is l/e =

.368 of its value at the surface. The skin depth is

given by
_ 2 %
§ = (EFE) (63) -
An important property of a field probe is v

that it is an integrating device. That is, the
contributing current density source for the magnetic
field and, hence the induced voltage, is not a N
"point" source, but rather an area in the vicinity of

the probe. A generally accepted figure for probe

integration area is 1.5 times the loop area. This i_

integrating property is particularly evident at

plate edges where it should be understood that the
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current sources are not present throughout the
integrating area of the probe as would be the case
in the center of the plate. Experimental values of
current will be diminished somewhat from the
anticipated higher edge current values due

predominantly toc this effect.

Experimental Considerations

Receiving and recording the induced voltage
in a high frequency (EM) field presents many
experimental problems. The only excitation source
that is desired is the time varying magnetic field
at the probe. The potential coupnling of the electric

field to the probe and potential coupling of both

B and H to the telemetry must be overcome. The

recording device must be capable of either receiving
at the driving frequency or the signal must be
converted to D.C. The strength of the incident
field and the sophistication of equipment dictated
the minimum reasonable probe size and theretore the
minimum integrating area.

Three probes were developed with varying
degrees of success and are shown in the following
three figures. The AC semirigid coaxial approach

(Figure 59) utilized the cable from Uniform Tubes
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Figure 59: Photograph of a Magnetic Field .

Probe - Semirigid Coaxial Cable T

Construction. S

L. .
:‘::_—J/\ -3 cm
Solder

Figure 60: Drawing of a Magnetic Field f’
Probe — Semirigid Coaxial -
Cable Construction. -
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Fiqure ¢1:

Figqure 62:

Photograph of the Vertical
Magnetic Field Probe.

.32 cm
T

.64 cm

——————

_t

;77777777777

Drawing of the Vertical
Magnetic Field Probe.
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Figure 63: Photograph of the Horizontal
Magnetic Field Probe.

sopw, e ot

.64cm
DIODE -——-‘—- A
.32 cm .
[} .

Figure 64: Drawing of the Horizontal
Magnetic Field Probe. - s
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Company, which was connected to an RG 58 C/U cable

!! and finally into an HP 8555 A Spectrum Analyzer

i' RF Section with an HP 855 A Spectrum Analyzer -

gﬁ IF Section and 141T Display Section. The D.C.

i! approach (Figures 61 and 63), used a Schottky-barrier

) diode as a portion of the loop with the signal
carried by a braided shield, coaxial cable with a

!- measured capacitance of 87 pF/ft. Horizontal and

vertical orientations of the probes corresponded to

N horizontal and vertical current components. The AC,

ié semirigid coaxial approach involved more difficulty
with mechanical scanning, required an operator to
read and record from a CRT, and was only used as

!! rough, independent verification of the D.C. results.
Fabrication of the loop/diode system evolved to a
semi-automatic scanning procedure. The orientation

!! of the probe and coaxial cable in the chamber is
seen in Figure 5. Recall that the incident EM
field is vertically polarized such that a horizontal

1‘ cable has little effect on the wave. For structural
and grounding considerations the outside shielding
on left and right side of the loop, as viewed down the

® chamber, were soldered together. The loop was

designed with the diode positioned at the target

surface where the boundary conditions imply a minimum
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horizontal component of the electric field. The

loop was formed from the diode wire, covered with

v F",' ‘r‘".v."‘"v|.v :7'7'7"-'
v, A f S BRI
AR L I N

insulating shrick-tape up to the diode, and %
soldered to the center wire of the coaxial cable. :
Except for the diode casing, the loop wire and center

coaxial cable lead were coated with epoxy cement,

let dry, then painted with silver corducting paint

which also made a good electrical contact with the
outer coaxial cable shielding. The signal was

rectified by the capacitance of the coaxial cable

before being amplified.

The recording equipment for the magnetic
field probe signal is seen in Figure 66. On top of
the cart is a Hewlett Packard (Model 7004B) X-Y
recorder with D.C. preamplifiers (Model 17171A) for
both X and Y inputs. Prior to the signal reaching

the recorde:, it was sent through an amplifying

circuit located in the metal box under the recorder

which provided shielding. A common ground for the

y
' coaxial cable snield, the Proto-Board containing
} : . . .
the circuit, the shielding metal box, and the
recorder was provided with 10 AWG copper wire
e

attached to a water pipe. The reasons for building
the circuit shown in Fiqure 67, were for the high

impedance (1.5 TQ), provided by the operational

TEYTWVD Y YUY Y YY v -
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amplifier (CA 3140 - FET device), additional filtering
for 60 cycle noise, and the gain provided prior to
reaching the Y input of the X-Y recorder by way of
another shielded cable,

The X-input to the X-Y recorder provided
horizontal position information about the probe in

the chamber. 1In Figure 68 is seen a close-up of the

Figure 68: Experimental arrangement
for horizontal and vertical
probe positioning.

1L A X
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pulley assembly showing the coaxial cable existing

through a slit cut in the side wall of the chamber.

=
&

-
=
b
- -
b
. -

After passing over the upper pulley, which is
matched on the oppousite side of the chamber, the

cable passes over a rubber covered pulley attached

to the shaft of a 1K resistance, 10 turn potentio-
meter (Helipot). With a 5V power supply connected
j. across the potentiometer, and a vernier feature on
the X-input pre-amplifier on the recorder, one-to-
one distance information was provided between probe

position and X-coordinate.
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The mechanical scanning system was simple
and effective. The horizontal probe movement was
accomplished using the 1/40 HP variable speed;
reversible laboratory stirrer (G.K. Heller Corpora-
tion, Model GT-18 connected to a GT-21 Motor

Controller) shown connected to a lead plate in Figure

66. A casting line was connected to a strap mounted

on the coaxial cable and to a threaded shaft on the

DERN. Lk A2 B A e

® motor which, when counter balanced from the opposite
. side of the chamber, provided for positive, variable
Li speed horizeontal displacement of the probe. The
:;- vertical position was simply adjusted by placing

L gt 4

matched, horseshoe shaped, wooden spacers under the

Conm s

vertical stops of the pulley as seen in Figure 68.
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Calibration

Several measurements were taken to establish
the linearity of the recorded induced voltage to the
magnetic field strength at the probe. The first
step was to vary a D.C. input voltage to the
magnetic field probe pre-amplifier circuit and
record the output. The results are shown in Figure
69 (a gain of 5 was eventually sufficient). The
next step was to measure the power at the probe and
compare it to the recorded voltage. Two calibrated
power density meters (Figure 70) were available and
tested against each other (a General Microwave
Corporation Radiation Hazard Meter, Model 481A
with probe Model 82 and a NARDA Microline Electro-
magnetic Monitor, Model 8100 with probe Models 8122A
and 8121A). The situation of needing a power meter
in the chamber while taking probe measurements was
circuiwvented by establishing linearity of the
microwave source output meter readings with that of
a power meter located at the target location with
both target and probe removed. The results are
shown in Figures 71 through 74. Measurements were
now taken of the X-Y recorder response Lo varying
microwave source power inputs. The data best fit

with a second degree polynomial (Figures 75 to 78)
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Figure 70: Microwave power meters.

as one would expect since power 1is related to the

magnetic field as follows: =

> _l > 2
{ savg = Re (E x H¥%*)

since = - Iin free space -

0

i8]

"
N+~
:l\

O

fa od

N

(64)

==

where
> =

time averaged Poynting vector

62
[}

avg




.................................

(2314
]

electric field intensity

o] 4
]

magnetic field intensity

i =
o
]

peameability of free space

permittivity of free space ir
The relationship of the square root of power to F
induced voltage at the recorder is seen in Figures

79 through 82 to be linear in the region of
experimental interest (nonlinear diode characterstics
are evident very near zero).

Very similar results were found using the
following, more sophisticated equipment from the
Precision Measurement Equipment Laboratory:

Power Meters - HP 432A (8478B Thermistor

Mount) if
Signal Generator - HP 8640B (937 MHz)
— HP 8620C Sweeper Oscillator
with 86222B-H69 RF plug-~in
The signal source was connected at the diode and
the cutput from a microvoltmeter was observed at
the X-Y recorder. Results appear in Figures 83
through 90.

Therefore, the voltage seen at the X-Y

recorder is linear with the magnetic field at the

probe and thus, linear with surface current density

on the metal plates.
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POLYNOMIAL MODEL: Y=A(M>*X~ M+RAC(M-1)%X~(M-1)+...+AC1)*#X+A(D>

Coefficients:
A(BY=, 11682797204
AC1)>=,17834452214
A{2)=-,000788344988

Source Df
Regressiaon 2
Residual 8
Total 10

NOTE :

Figure 75:
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MS F
26.703 502,623
. 853

Source power
in watts

Probe response
in volts/inch
at the x-y
recorder

Correlation of magnetic field
probe response to source
power (937 MHz).
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Probe response in
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Correlation of magnetic field
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power (2.45 GHz).
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POLYNOMIAL MODEL: Y=ACMI>*X "M+A(M=1)%#X~(M=12+,..+AC1)*X+A(D)
Coefficients:
RCBY=,342032967
AC1)=,06075487813
A(2)=-1,95157342700E-04
Source Df Ss MS F
Regression 2 32.795 16,397 621,352
Residual 10 264 026
Total 12 33,039
NOTE: =x-coordinate Source power
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Figure 79: Correlation of magnetic field
probe response to the square
root of source power (937 MHz).
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Figure §2: Plot of magnetic field
9 probe response vs square
E root of source power
(2.45 GHz).
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DATA
Point #1: X=@ Y=0
: Point #2: X=,01 Y=,083
Point #3: X=.03 Y=, 227
Point #4: X=, 1 Y=.565
Point #35; X=,3 Y=,98
o Point #6: X=.5 Y=1,37
Point #7: X=,7 Y=1.65
Point #8: X=1 ¥=2.04
o POLYNOMIAL MODEL: Y=A(M)#X~M+R(M-1>%X~(M=1>+,,.+AC1)*X+ACD)
) Coefficients:
! AC@)=, 10211248286
o AC1)=3,2482190112
e AC2>=-1,3444856344
t;
L Source Df sS MS F
e Regression 2 4.87S 2.038 235.223
Vo Residual 5 .043 .009
Total 7 4.119

NOTE: x-coordinate - Input power to
. probe in mW
!! y-coordinate - Probe response
2 in volts at the
oy x-y recorder

o Data taken in conjunction with the Precision Measure-
i‘ ments Equipment Laboratory (USAF Academy).

Figure 83: Correlation of magnetic field
probe response to input power
1 (937 MHz).
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Figure 84: Plot of magnetic field
o probe response vs input
o power (937 MHz).




. DATA
{ Point #1° X=0 v=0 !
;. Point #2: XK=, 1 Y=.,03 i
- Point #3: X=, 3 ¥=.092 .
- Point #4; X=1 Y=,26% -
- Point #5: ¥=3 Y=.653 o
. Point #6: Xe1@ Y=1,61 >
Point #7: X=15 ¥Y=2.12
Point #8: X=20 ¥=2,695
4
{ . i

POLYNOMIAL MODEL: Y=R(MI*X "M+A(M=-1)2X~(M=1)+,..+RC1))=X+A(D>
Coefficients:

A(B)>=,04570077953

AC1)=,18422614543

A(2)=-,002783808761 3
Source Df Ss MS F IS
Regression 2 7.717 3.858 1194.314 N
Residual 5 .016 .083 F
Total ? 7.733 -

o
NOTE: x-coordinate - Input power to .

probe in mW

y-coordinate - Probe response &
in volts at the o
X-y recorder -

Data takgn in conjunction with the Precision Measure- o
ment Equipment Laboratory (USAF Academy).

Figure 85: Correlation of magnetic field

probe response to input power
(2.45 GHz).
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Input Power to Probe (mW)
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Plot of magnetic field probe
response vs input power

(2.45 GHz).

Figure 86:
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Point
Point
Point
Point
Point
Point
Point

. Linear model:
'1 A=-, 14264353313
o B= 2.15036803366

Source

Residual
Total

#12
#2:
#3:
#4:
#8:
#6:
#7:

Regression

137 i

YaR+B#X

X=, 1 Y=, @85

X=, 173 Yn, 227

X=.316 Y=, 565

X=, 548 Y=, 98

XK=, 707 y=1,37?

X=, 837 Ye1.65

xel Y=2,04

Df s ns F
1 3.259 3.259 3123.496
s . 805 . 001

6 3.264

NOTE: x-coordinate - Square root
of input power .
to probe -
y-coordinate ~ Probe response P
in volts at the
X-y recorder

Data taken in conjunction with the Precision Measure-

ment Equipment Laboratory (USAF Academy).

Figure 87: Correlation of magnetic field

probe response to square root
of input power (937 MHz).
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T Square Root of Input Power to Probe

Figure 88: Plot of magnetic field
probe response vs square
< root of input power (937
MHz) .
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DATA
Point #1: Xm] Y=,263
Point #2; X=1,732 Y=,653
Point #3: X=3,16 Y=1.,61
Point #4: X=3.873 Y=2,12
Point #3; X=4,47 Y=2,695

Linear model: Y=A+B#¥X
A=-,48433909502
B= .682802632602

Source Df ss MS F
Regression 1 3.935 3.935 625.961
Residual 3 .019 .06

Total 4 3.9%53

NOTE: x-coordinate - Square root of
input power to
probe

y-coordinate - Probe response
in volts at the
X~y recorder

Data taken in conjunction with the Precision Measure-
ment Equipment Laboratory (USAF Academy) .

Figure 89: Coorelation of magnetic field
probe response to square root
of input power (2.45 GHz).
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=5 1.965T
| | T 1,865+ |
S 1.765 T
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- ., 1.565+
1 1.465 1
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. 51.265+ /
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! S’, .965 + /,..-"
o
.865 +
3,
o 7657 y
24
(]
Q
o}
d
=¥}

. 485 T //
365+ .

T 1 ' T =4 s 1 ] 1 ! 1 1 1 1 1 5 U 1
T v qUd > | L I B L L L L N L) 1 1 1
T + n w in gV w Tp] (Tp] m w Tp] (Tp) A u
. o M (V] . ~ od . ~ ol
. - — . . od . . [np] . [}
o - — oJ oJ ™M ™ <

‘® T
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4 Figure 9Q: Plot of magnetic field
[ J probe response vs square
root of input power (2.45 GHz).
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CHAPTER V
PROBE MEASUREMENT OF SURFACE CURRENTS

To obtain total current at any point on an
object, two orthogonal components are required. For
a plane polarized wave at normal incidence on simple
symmetric flat plates, it is well known that certain
"cuts" or scans across the plate will have a
dominant current component in the direction of the
incident electric field. The terus "vertical" and
"horizontal" will continue to refer to the
experimental arrangement whereby incident E is
vertical and B is horizontal. The semirigid coaxial
cable probe measurements roughly corresponded to the
loop/diode measurements and only the loop/diode type

probs are considered here.

Procedure

The probe scans were done at three horizontal

positions on each of the plates.,

The height above the ground plane were

consistently taken as follows:

...........
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Plate height (inches) Scan height (inches)
Upper Middle Lower
2,41 (6.12 cm) 2 1.25 )
3.15 (8 cm) 2.5 1.5 )

These heights were selected so as to sample the
surface currents in unique locations with respect
to probe integration areas and to remain clear of
the needed copper tape used for support and electric
contact.

Precautions were taken to assure that the
probe remained in a given orientation to the plate

with an insulating jacket in contact with the plate.

As seen in Figure 91, a styrofoam support was made

Figure 91: Magnetic field probe in front of
a me:al target.
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in which the probe remained fixed. The plates were
positioned in an identical centerline location at
100.5 cm from the antenna for probe and IR measure-
ments. This location was slightly ahead of the
coaxial cable so that a slight positive pressure was
present as the styrofoam/probe structure was guided

along the plate surface.
Results

Both horizontal and vertical probe measure-
ments were made. The vertical orientation results
are presented in this chapter using scan levels
mentioned earlier with the exception of the free
field scans which were done at .75 and 1.75 inches
from the ground plane.

The results for the horizontal orientation
are presented in Appendix E. Free field
samplings at .75 and 1.75 were unable to detect a
signal as wculd be expected with the incident H field
also in the plane of the loop. The induced voltages
were down from the dominant, vertical orientaticn but
not quite as symmetric, revealing possible unexpected

coupling.
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CHAPTER VI

IR MEASUREMENT OF SURFACE CURRENTS

The capability of detecting a current induced
heating pattern and taking the digitized information
in isotherms, converting to temperature, then finally
to currents will be shown. The target compositions
were discussed in Chapter III. It must be emphasized
that current densities obtained through the IR
technique presented here are the current densities
in the given coatings, either aguadac on plexiglass,

or carbon/paraffin over metal.
Technique

Having discussed the digitization of thermo-
vision data, and the application of the calibration
curve to transform from isotherm to temperature, the
relationship between current density and temperature
must be made. This is accomplished by fitting
emperically obtained data to a functional relation, a

second order polynomial.

The experimental arrangement for relating




current density is given in the following figure.

Digital
Ammeter

——J \\\~__/// 5“

. Variable o

' voltage gizte o

' -~ Source Y
;:»

! 2
3

e

Figure 102: Circuit for relating
current and temperature.

The plate shown in Figure 103 is composed of 59 um

A 7

X

. é, ~
o i
» ~ooo B
. : §.

% -
d
)

Figure 103: Experimental arrangement for
relating current density andg
temperature.
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layer of adquadac on a 1/16 inch thick plexiglass

plate. Two parallel copper tape strips were placed

[ - DR

on the surface gnd a thin connectinj strip of

silver paint was applied on the copper and aquadac f?

surfaces overlapping the junction to assure that

good electrically contact was made. The copper strip

electrodes were connected to a Kepco Power Supply

(Range 0-36V, 0-1.5A) and a digital ammeter (Sabtronics
! Model 2000). A plate of identical composite was then :
placed near the test plate (right side in Figure 103) h

to provide an ambient reference source of identical

Dol

emissivity. Voltage levels were incrementally

increased across the electrodes as the differential

temperature levels between test and reference plates

were determined using the Thermovision system. At

each new total current level the system was allowed

to reach steady state (about 15 minutes) before

readings were taken. It was assumed that the current

densities were uniformly distributed throughout the ¥

thin coatings.

‘ The data was then fit to a quadratic function ;
and plotted using a program called 'J vs T' found in

- Appendix D. A maximum likelihood routine was used

q to find the coefficients of the squared (Vlavg) and
linear (V2avg) terms. The results for the two target

|
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compositions are found in Figures 104 and 105. Now,

on a point by point basis, knowing the differential
temperature between an illuminated elemental area

and the ambient condition the functional relation was
easily solved for current density. Having the needed
relaticnship to obtain current density, the problem
of random errors associated with the interface
remained.

A statistical procedure was developed to
reduce the influence c¢f random errors on the final
matrix from which calculations were made. The IR
data was accomplished with known sources of IR,
such as overhead lignts, extinguished, and a steady
state heating pattern established. Approximately 10
minutes of illumination at approximately 10 mw/cm2
at 937 MHz and approsimately 15 mW/cm® at Z.45 GHz
were used. Seven frames of deta were collected for
the rtatistical analysis in all cases. Sensitivity
settings of one and two were used such that nearly
fuil scale variation of E isotharm units (0 to 9)
existed on the surface but without being outside of
the selected sensitivity window. Any spurious
readings cutside of the 0 to § range were not included
in the averaging procedure. The remaining data was

considered on an element by elem>nt basis. The values
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at an element position were averaged, a standard E

deviation was taken and points outside of one standard :

deviation were discarded. Thus, a new mean was

computed from the remaining yvalues and the element

was now assigned this new mean for the “FINAL"

' matrix. This procedure is the basis of the program

called 'IRSTAT' found in Appendix D.
I Results

From the statistical procedure the remaining

matrix or "FINAL" matrix could be transformed to a

«En

temperature matrix or a current matrix using the
previously discussed development which, along with
some graphics routines, comprise the basis of a
I program called "MEGAIR" found in Appendix D,

All electric sizes are presented for the

composition of carbon/paraffin over metal. Only the

I .50 and 1.0 wavelength disks and square plates are
examined for the aquadac on plexiglass case. Tne

digital presentation in numbers for the temperature

1
and current matrices and complete profile matrices
for the illuminated, temperature, and current matrices
are given for the 1.0 wavelength square plate for
' i

carbon/paraffin over metal.
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The depicted profiles are IR obtained matrix

rows that correspond to the horizontal scans of the
magnetic field probe given in Chapter V. The key is
as follows:

Upper - dotted line (**r-*)

Middle - broken line (—¢e—:.—)

)

Lower - solid line (
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Figure 107

.38 wavelength circular
disk - carbon/paraffin over

for
metal.
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Figure 108: Thermovision data profiles for
.38 wavelength circular disk -
carbon/paraffin over metal.
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Figure 109: Temperature profiles for .38
wavelength circular disk -
carbon/paraffin over metal.
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Figure 110: Infrared obtained current
profiles for .38 wavelength
circular disk - carbon/
paraffin over metal.
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.38 wavelength square plate -

Thermogram for an iliuminated
carbon/paraffin over metal.

Figure 111
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Figure 113: Thermovision data profiles for
.38 wavelength square plate -
carbon/paraffin over metal.
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Figure 114: Temperature profiles for .38
wavelength square plate -
carbon/paraffin on metal.
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CURRENT .38 LAMBDA SQUARRE PLATE
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Figure 115: Infrared obtained current profiles
for .38 wavelength sguare plate -
carbon/paraffin on metal.
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Thermogram for an illuminated
.50 wavelength circular disk -
carbon/paraffin over metal.

Figure 116

Digitized thermovision data for
.50 wavelength cirvcular disk -
carbon/paraffin over metal.

Figure 117:
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Figure 118:
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Thermovision data profiles for
.50 wavelength circular disk -
carbon/paraffin over metal.
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Figure 119: Temperature profiles for .50
wavelengch circular disk -
carbon/paraffin over metal.
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Figure 120:

20 30 40 S0
Horizontal Position

Infrared obtained current
profiles for ,50 wavelength
circular disk - carbon/
paraffin over metal.
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.50 wavelength circular disk -

Digitized thermovision data for
aguadac on plexiglass.

Thermogram for an illuminated
.50 wavelength circular disk -
aquadac on plexiglass.,

Figure 121
Figure 122
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Figure 123:

20
Horizontal Position

Thermovision data profiles for
.50 wavelength circular disk -
aguadac on plexiglass,
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Figure 128:
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Thermovision data profiles
for .50 wavelength square
plate - carbon/paraffin over
metal.
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FINAL .50 LAMBDA SQUARE PLATE *
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Figure 133: Thermovision data profiles for
.50 wavelength square plate -
aquadac on plexiglass.
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Figure 134: Temperature profiles for
.50 wavelength square
plate - aquadac on
plexiglass.
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Figure 135: 1Infrared obtained current
profiles for .50 wavelength
square plate - aquadac on
plexiglass.
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Figure 136
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1.0 wavelength circular disk -

LCigitized thermovision data for
carbon/paraffin over metal.

Figure 137
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FINRL 1.8 LAMBDA DISK
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Horizontal Position

Figure 138: <%“hermovision data profiles for 1.0
wavelength circular disk - carbon/

paraffin on metal.
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Figure 139: Temperature profiles for 1.0 wave-
length circular disk - carbon/
paraffin on metal.
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CURRENT 1.8 LAMBDA DISK

Normalized Current Density (Percent of Maximum)
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Horizontal Position

Figure 140: Infrared obtaincd current profiles
for 1.0 wavelength circular disk -
carbon/paraffin on metal.
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Thermogram for an illuminated

Figure 141:

1.0 wavelength circular disk -
aquadac on plexiglass.

=<4 DU

mEraauro

T3V 0L DY

M= T TV

[ala b godak o gV alTe]7 ol

bt b b b i NIl

WX T T T T T W
CIFACTA (M~ =t S OO T
=MWt T T
UM EINO M T T T T T 16T
OO PITUOL M MO MUl 5 o8
PICACY IO M MO o <+ DLW

3 PICNOY O M TN U T

r NPT MM MY T
PICUDIALEHIOY 0 MO MY T TT
g IO YCGm mcaw Uit
Syl O IO o o vt
RITUN] AICTIN] €T} TN 7 e M T
QU MO N W= 4 CO <+ 17

. MO T T T
TS UG0S MW O vt o = ok N
0 MY T St N
U rYOIO FICOM T DT T U T
CUNICIM MUCIM =~ DL UL
A s e by I R duic gl go gl o
S AUTLICR FTION O MITT TN e
MUC0) MG M My~ ¢ < W~
UCUM MM T M~ T 10T N UMD
PIDDCT - DO (O vt = o U2
T TNt -t U
MY TT ¥ OOT T uuwr

ot = i1 o -~ (T My ok U
Dt Tt rmer

N U0 T T T DT

AV DD DS

DD AN T U T

(0 AWM L

MDA DD

T \DLD

for 1.0 wavelength circular
disk - aquadac on plexiglass.

Digitized thermovision data

-
.

142

igure

F




FINAL 1.8 LRMBDA DISK*

10

Isotherm Units
[ §;]

[ %)

' EE .-: ! .:.\. : ;':

S L 3

T D S SAPTE TN ST PN U el
10 20 30 40 50

Horizontal Position
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CHAPTER VII
CORRELATION

Selected situations for relating current
density distributions from theory, magnetic field
probe measurements, and IR obtained results will be
presented. The computer solution for the perfectly
conducting disk was favorably compared in Chapter II
to disks of smaller and larger electrical size than
those observed in the experimental portion of this
work. The theoretical solutions to the square plates
differ and the only directly applicable scan to this
study would be the 1.0 wavelength square plate and
the observation that the small plate (.15 wavelength)
solved by Wilton compares well in form with the
smallest plate (.38 wavelength) used in this work.
The .38 wavelength disk and square plate provide
situations where the dominant current component is
vertical and thus probe measurement for the vertical

component can be considered as that of total current,

thus compared with the IR result for total current.
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Disk Components

The disk problem has been solved theoreti-
( cally in Chapter II in the logical coordinate system,

cylindrical. To compare the theoretical disk results

with the magnetic field probe scans, the polynomial
R fits for the maximum Jp and J¢ current components can

be used to solve for the horizontal and vertical

components of points along horizontal lines. The

{ restriction of remaining somewhat away from the

T el
y .

center and rim for the computed results will still
apply. The three vertical distances from the ground
plane used with the probe are now used when solving

for theoretical Jhoriz' Jvert' and Jtotal' The :; ”

expression for total current would still be o

- 2 2
Jeotal = J,° + 9,0 % (65)

where T

) Jp = Jp max singé X

J =

¢ J¢ max COS¢

Now, the horizontal and vertical components are -3
simply

= i +
J Jp sing Jpcos¢

horiz (66)

= : + J i
J Jp cosé 0 sing¢

vert

(67)




In the program called "DISK" found in
Appendix D, it was convenient to transform to
rectangular coordinates and iterate along the
horizontal limits of the disk at a particular

height. The key to the following figures is:

J

total " solid line ¢ )

Jhoriz - broken line (—'o [ Rk -—..)

Jvert - dotted line (*°***°*)




215

19MOT) ¥SIP 1eTndITd yibuaTsaem 8¢°
ay3 103 sjusuodwod 3us1IND JO 3014

(ud) 20303STd TROTIIBA WOad uot3lTsod

¥y € (A 1

0 T

1e3U0ZTI0H

v

~—

tTLT °oanbta

9

9 S

.....

e em— e w_ s A4 A

=

e,

.-
’

.
=
-t

NYOS &3MO7

e e e i e & sl A& 14 Smmemm

-S

ASI0 HOgWyT BE”

| ¢H/r|




M y - . . r el 253 DN i . \. . .. EU
. 2 s N Pty R N P R B

. Q g , - . - . DR LA -l 4 - - v .. 2 . M .- I - . V . . 1 b o=t . N

- bt s LY RIS, L ‘...... ‘ s L ' ; R KRN SRR R v ; .

ROIEEE W SOUARL I AP R R G o R R ek s ST aad i . s

217

+ (ueos #
STDDPTW) YSTP I1eTNOITO Y3buayaAes ge' S
sy3 103 sjuaucdwod 3ulIIND JO 30T :PLT 2Inbra .

{(Wo) I0303STH TeOTIAIA WoiJg UOT3ITSOJd TEBIUOZTIOH

9 S 14 € [4 T 0 T [4 € v S 9

) T A\ — ™ T v ™ By T

_a

4

9

2

i A
.\..\ . AT K ' ...
i

4+ K
,. 1

-ﬁ- .. t B
o S

= -

er IuTIL. C 7

NBDS 370AINW NS0 HOAWHT 8E° e

Ak e .t N —_—




218

* (ueos
12ddn) ysSIp aeTNOITO YyibuaTaaem gg¢-
ay3z 103 sjusuodwoo Jua1AND JO JOTd :ELT 2anb1a

(u2) J0309STg TEOIIISA WOAJ UOTITSOJ TeIUOZTIOH

9 S ¥ ¢ 4 T 0 1 [4 £ ¥ s 9
’ ” —T r u - .

O
~
e}
—I-

NHDS a3ddn ASIA BAgWHT 8E”°




* (ueds 13MOT) HSIP ILTNOITO yjzbuoaTaaesm
0S° 9yl 103 sjuduodwod juaIInd JO 3JOTd

iy LT 2anb1g

(D) 10309STg TEOTIISA WOIJ UOTITSOd TeIUOZTICH

8 L 9

S 14 ¢ 4 I 0

T

(4

€

14

S

9

L

-

raddd

r La v

NHDS d3MOT1

-r

G

~

<
%3

PERIPEIT - ot BROIIPORVE W L0 SR T L W PR

p—

v

\J

.

MSIad vdgWy™ BS*°




.
i,

G L
AL

h

ORI VP T VP URF T T SUPLIS St

Y

"

e

AP S T A
Bt e .

(S
A

)
Sl

220

« (uess aTppPTW) YSIPp ILTNOITO Yizbualaasem
0S° 9yaz 103 sjusuodwoo FuaIInd Jo 3JOTd  :SLT 2Inb14a

(wd) 10309STd TBOTIIBA WOIJ UOTITSOd Te3UuOZTIOH

9 S 1 € [4 T 0 T (4 € F S 9 L 8

T T ™ 4 v T T 4 T Ly Y T

NHIOS 3100 IW MSId vagwWe 8s-”




221

L

"-‘h'\\'. —--‘.n"\-"
aratat Attt

R T

DL RN

ek "

e AT

f,

*(ueds 1a8ddn) ysTp IBTNOITO y3zbuaTaaem

05° 9yl wory sjusuodwod 3ua1ind Jo 3074 9LT 2anbig

(ud) I0303STY TEPOTIISA WOIJ UDTFTSOJ TPRIUOZIIOH
1] 4 £ Z T 0 T 4 € 14 ) 9

¥ T T T v 4

NHDS a3d4dn ASIA HOEWH™T 85°

o




TS T A

Ly

R

;
]
p
4
.
4
;!
i
‘—.b
[]
-
]
4
A

‘7' o“ \‘
latatatacafts la

-

R e S

222

* (ueds I9MOT)

YySTIP 2eTNdOI10 yabuaiaaems 0°1

ayy 103 s3jusduodwod 3UIIIND JO 3I0T4

$LLT 2anb1a

(10) 10309STd [EOTIIS9A WOIJ UOTITSO4 TBIUOZTIOH

9 & 14 € ¢ 1 0 T [4 € 4 S 9
t
}

NEJS d3MO71

_rm m..
L.

ASIO HadWB @71




223

* (ueos

3TPPTW) }YSTp JIeTn2ITd yjzbualaaem (-
943 103 sjudsuodwod 3ud1iINd JO JOT4 :gLT 2Inb1g
(d) I10308STg TPOTIIISA WOIJ uoT3I1sog

S ¥ t C T 0 T [4 £

TE3UO0ZTIOH
9 4 S 9

T —
)
~
=+
-
llm —_—
NHOS 3INdaIW ASIQ Haghs B° 1
MRS - TERREE - TR R i s = = » 4




e i el S R — 2 aaote o v O by

* (ueds 12addn)
JSIP IeTND1I1D yzbuaraaem 0T =yl
703 sjuauodwod 3ua1IND JO 3JOTd :6LT 2Inb1g

-y .

‘e b

(uD) 10309STg TROTIIIBA WOIJ UOTITSOJ [PIUOZTIIOH

9 s ¥ € 4 1 0 T Z € 4 S 9

r T T T T 2 ’ T T >— T

b R e ap A

'™
[ e —
e

\
\

.‘J‘

J

RN

=N

t
[Te]

N N

: NEDS &3ddhn ASIO HO9Wd™T 8° 3

224




225

S

(WD) 30303STH TROTIISA
T

0

* (URDS I3MOT) YSTP IBINDITO yibusatsaesm
£°T ®2Y3 303 sjusuodwod 3uUaTIND 3O 10Td

wo1g uor3}TSod T[e3IUOZTICH

9

<

08T aanbtg

NHOS d3MO7]

+

T

MSIO sBagWy €°1

r




*(ueds STPPTIW) I}STP IBTNOITD YlbusaTsasem
€°T @2y3 103 sjusaucdwcd 3JuaiInd JO 30fd 18T a2ianbrg

(wo) 10309STg TEOTIASA WOAJ UOT]ITSOd [PIUOZTIOH

8 L 9 S 12 £ 4 T G T < £ 14 S 9 L 8

 —

S o TR e ThEeTmEE TR TR TR TS mATRES wRR T fte eraiss e

_ o
. =
. TS e
w NYUO2S 3710dIwW ASIT BAGWHT €71
“ 0
] N
_ o~
W M ERET ) LA TP R IR Y AN | | . | - N an - '




* (ueos 13ddn) HYSIp IEINDOITO yYizbualsaeam
£€°T @Yz Fo sjusuodwod JuarInd jJo 3014 +Z81

(wo) 10309STH TEOTII3IA WOIJ UOTIITSOd TRIUOZTIIOH
L 9 S 14 € Z T 0 T Z 13 v S 9

e T T v ™ 4 ¥ T Ly Y o T T

j..'.\ll.. .... r.... .Jlf:.llr.ul..g

seac =" TN e reas -

*

NUOS d3ddn ASIA BAgGWYHT £°1




- — v T e e e P .

. L P Rt B AT
. B Tela el 0 S BRI
S vLe T T PIREPSRP PR A L

N A T st SO R AR PR TR TR I T

R el & P ENL L0 A S B g

228

Relative Current

To compare the vyalidity of IR detection at
this stage in the overall project, one is interested
in the form of the obtained current solution rather
than a closed form relationship of coating current
denisity to the unperturbed metal plate current
density. Thus, for the .38 wavelength square plate
and disk a comparison follows for the vertical
magnetic field probe results which correspond
essentially to total current in this case, the IR
results, and the theoretical solution for the disk.
The technigue is that of scaling the plots from this
work to a common horizontal distance for a given
horizontal scan and scaling the vertical distance
from the zero current base line to a common vertical
distance for the current at the mid point of the scan.
The equipment uscd included an HP 9875A Digitizer, an
HP 9835A Minicomputer and an HP 9872A Plotter, Thus,
form is perserved though a numerical comparison does
not apply.

The key to the following plots is as follows:

Magnetic Field Probe - smooth line

IR Detection Results - jagged line

Theoretical Solution - XxXxxx
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Now, to compare the square plate theoretical
results one looks at the bisecting lines of the 1.0
wavelength square plate solved by Wilton and notes
once again that the dominant current is vertical so
that the vertical magnetic probe measurement applies
though, unfortunately, is the least symmetric probe
result obtained. The 1.0 wavelength and .50 wavelength
square plates are included for the lower scan for
plots on carbon/paraffin over metal and for aquadac
on plexiglass. Note that the shapes are essentially
the same but the variations from maximum to minimum
current density levels are higher for aquadac on
plexiglass. The key for these four plots remains
as in the previous ones. The last plot is a comparison
of the theoretical solutions. Wilton's is the solid
line and the Body of Translational results from

Appendix C are "X"s. Note the decrease at the

midpoint of the "X" plot.

......
________
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CHAPTER VIII
CONCLUSIONS

The qualitative studies on the infrared detec-
tion of microwave induced surface currents has been
extended to a quantitative investigation for flat
plates. Though high resolution, infrared-obtained
current density distributions were not achievable
with the present state of coating development and
available equipment, a methodoclogy for verifying
the IR results against classic approaches was
demonstrated.

A laboratory facility was designed and
constructed to test the merits of the IR approach
using simple shapes. A plane wave was established at
the target and verified with a magnetic fieid probe.
The vertical current component was correlated through
magnetic field probe measurements with the theoretical
prediction for the perfectly conducting case. The
vertical probe measurements for dominant vertical

component cases detected total current and compared

favorably with similar patterns seen by the IR on both

Ful g
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carbon/paraffin ovar metal and aquadac on plexi-
glass.

The case of the .38 wavelength square plate
and circular disk exhibited a high degree of
correlation with theoretical and magnetic field probe
results., The asymmetries and lack of high resolution
of some of the other targets could be attributed in
part to coating inhomogeneities and separation distance
from the metallic plate as well as a digitization and
storing process that eliminates one half of the
available data. The thermal reservoir effect of a

large aluminum ground plane is also detrimental for

optimum current detection based on a heating pattern.

Supplementary investigations such as the
angular dependence of emissivity and subsequent
utilization of a correction matrix point to
applicability for complex structu: where probe
measurements become increasing more difficult and
time consuming.

Having developed an experimental procedure
to relate isotherm unit determinations to temperature,
and finally current density, one can proceed with
further study of the coating problem. Verification
should continue along this established path of correla-

tion with magnetic field probes and theoretical
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results until coatings are improved and simple

shapes have been studied. As target complexity

increases, the rapid method of information

collection over the entire object using infrared

e
i

technigdes should prove to be increasingly

significant when contrasted with classic point
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by point measurements and mathematical modeling

techniques.
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APPENDIX A

WAVE DEMONSTRATOR

A ripple tank was designed and constructed for

two~dimensional modeling and visualization of wave
phenomena. The water wave interactions should roughly
! correspond to electromagnetic wave interactions in an
anechoic chamber, This appendix develops the basic
theory of water wave propagation and includes data

@ from experiments conducted to characterize water wave

propagation in the tank.

Tank

The wave demonstrator tank was constructed of
a 5' x 8' sheet of 3/16 inch plexiglas, with 2" x 6"
wood sides waterprocfed with epoxy paint and fastened
with 1/4 inch bolts at the cormners. The plexiglass
sheet was fitted into a 3/4 inch slot around the wood
sides and sealed with silicon adhesive. Figure Al
shows the construction drawings. fThe assembled wave

generator apparatus is seen in Figure A2, The center

support was usually necessary to prevent sagging of
the vlexiglass sheet as the tank could be filled with

up to 3 cm depth of water.
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Construction drawings.
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A 28 volt D.C. motor turned the wave generator
drive shaft, which rotated two eccentric circular
cams. Ten inch aluminum rods set on the cams, which

drove the probes which extended into the water and

WX

produced the water wave. The circular cams were
drilled 3/16 inch off center, which produced a near-
sinusoidal motion at the cam of 3/32 inch amplitude.
The pivot ends of the aluminum rods and the probe
attachments were moved toward or away from the cams to
make the probe oscillation amplitude variable between
3/32 inch and 1/2 inch.

Several different probes were attached to the
wave generator. With the cams rotated in phase, a
cylindrical rod was attached to produce plane waves.

A single round bead was attached to one rod to produce
spherical waves. Two element antenna array simulation
was accomnplished with a two bead/two rod arrangement.
The point sources could also be driven out of phase
by rotation of the cams on the drive shaft.

The wave generator was designed to be clamped
to the side of the wave demonstrator tank, or it may
be suspended above the tank for experiments away from
the tank sides.

When a variable voltage power supply was used,

the frequency of the wave generator was variable up

to six cycles per second. The maximum voltage which
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could be applied to the D.C. motor was 28 volts. The

graph (Figure A6) shows the frequency for the wave

generator as a function of applied voltage, and was
used to obtain desired frequencies in the wave

demonstrator tank.

Miscellaneous Equipment

A point light source suspended from the ceil-

ing was necessary to project the images of “he water

waves onto the floor beneath the tank. Alsc, a strobe %

light was used to stop or slow the apparent motion of
the v wes for detailed study or wavelength measurement.
A white screen ruled in 20 cm x 20 cm squares was used

on the floor beneath the tank to facilitate viewing

and analysis of the wases. Black and white photographs

of the wave images on the floor were zlso taken by

mounting the flash above the tank and focusing the

camera on the floor from the side of the tank. The

proper camera f-stop for tank photographs with 400

ASA film was f/8.5. BAbsorbing materiul, including

cloth strips, foam rubber, and sloping barrier

inserts could be added to :he tank wherever reflections

were not desired.

Theory of Water Wave Propagation

The following analysis iz from Water Waves by

N. F. Barber {1). A more detailed derivation

including water viscosity and surface tension .nay be
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found in Ripple Tank Studies of Wave Motion by W.

Llowarch (2), and a circulation approach by complex

analysis is developed in Water Waves by J. J. Stoker

(3). The approach taken in this appendix is
sufficient to understand wave propagation for ripple
tank modeling, and gives results which correspond
closely to those observed in the tank.

The motion of water molecules in water waves
is both transverse and longitudinal--the actual
motion is approximately elliptical. The molecules at
the tops of the wave crests move forward, in the
troughs they move opposite the direction of the wave,
and in the leading and trailing slopes the molecules

move up and down, respectively.

o Propagationy

Direction

Figure A3. Wave Motion.

The motion of any single molecule may be
broken down into two components: Traverse and
longitudinal. These amplitudes, A and B, respectively,

are shown in Figure A4,

Ry T 7
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Figure A4. Wave Amplitudes.

Note that A is not necessarily equal to B, and in a

shallow wave tank, A will generally be much smaller

than B. Also, the amplitudes of the motion A and B

will be much smaller than the wave length i. If the
shape of the wave is assumed to be sinusoidal, then

the angle between the vertical and the normal to

the water surface where the water slope is the

2;A , shown in Figure A5, below.

greatest is

{
!
i
'

Figure A5. Wave Slope.
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The ratio of the horizontal acceleration of the water

at that point to the acceleration of gravity is

simply the tangent of 27A

¢« and since A<<), can be

considered equal to 3%5 . Thus,
Horizontal Acceleration (Max) _ 27A
Gravitational Acceleration =~ A
and thus
Horizontal Acceleration (Max) = 27Ad

-
Knowing the longitudinal amplitude of the sinusoid B
and the horizontal acceleration, the anqular frequency
w may be deduced:

Horizontal acceleration (Max) = w?B,

thus E%?E = w?B

SO w =

2
The period T equals :F ; SO

, = 9T A
- 2n B

. . A
Since the wave velocity V equals T

_ /A gr
vV = B 27 (Al)

Equation Al shows how the wave velocity depends on the
wavelength, and thus the frequency. As the frequency
increases, the wavelength decreases, and thus the wave
velocity decreases. '

Also as the water gets shallower, the ratio
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% in equation Al gets correspoadingly lower. There-
fore, as the depth of the water increases or
decreases, the velocity of the waves in turn increases
or decreases.,
For very shallow water (for example 5 mm in

the wave demonstrator tank) the depth of the water D N -
is much less than the wavelength A, If the vertical
velocity component of the water is assumed to also
follow a sinusoidal function, then the ration % equals
27D .

A
Substituting into equation Al:

V= gb (A2)

Therefore, for very shallow water (where D<<i), the

wave velocity is only dependent on the depth of the
water, and little dispersion of the different frequency
components oi a wave should occur.

Comparing the predicted results from equation

Al to actual results in the wave demonstrator tank:

For % assumed equal to 1, » = 0,1lm, g = 9.81 mz
]

The experimental value tank measurements was

vV=20.5 2 . For a water depth of 5 mm, using equation

A2:
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v= gp E

=0.,71
S

The experimental value from tank measurements was ;““
V=20.4 2 . Therefore, the theoretical results
corresponded favorably to the actual results obtained
from the wave demonstrator tank.

Theory of Wave Demonstrator Operation

The wave demonstrator tank provided a visual-
ization in two dimensions of wave phenomena by
comparison with water waves. The water waves exhibit
many of the characteristics of electromagnetic waves:
They reflect at their incident angle with a 180° phase
change; they interfere constructively and destructive.y
to produce standing waves and interference patterns;
they travel slower through shallower water to

simulate higher indices of refraction, etc.

Although the waves themselves were very
difficult to see in the tank, they were easily observed
by projecting their images onto the floor beneath the
tank. When a "point" light source was suspended above
the tank in a dark room and a sheet of white paper was
placed beneath the tank, the convex and concave
curvature of the waves acted like converging and
diverging lenses, projecting bright and dark lines on

the paper. The arrangement is shown in Figure A2,

which also shows the distances from the tank to the
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light and the paper used for the experiments described
in this appendix. These distances were not optimum
for all wavelengths and water depths, but were con-
venient and suitable for a general range of use.

Experimental Wave Characterization

Plane Waves

The wave generator was clamped to the tank
side and the plane wave generator attachment (a 4' Eg
wooden dowel) was connected to the wave generator arms. -
Using a meterstick and a stopwatch, measurements of
wave velocity and wavelength were made at various
water depths from 5 mm to 30 mm and frequencies rang-
ing between 1.5 and 5.5 cycles per second. The
experimental data and calculations of wave velocity,
frequency, wavelength, and voltage applied to the
motor are available in a laboratory notebook at the
Air Force Academy. The data is shown in Figures A6
through A8 as graphs of frequency as a function of
voltage applied to the motor, and wave velocity and

wavelength of functions of frequency for various

water depths. These graphs were used to choose the
required water depth and motor voltage to produce a

desired frequency, wavelength, and/or wave velocity. '

Circular Waves

Because the circular wave probe (a wooden

bead) displaces much less water than the plane wave -;-
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probe, and due to the % dependence of the amplitude Ei,

of a two dimensional wave and the great attenuation
over distance of a water wave, the images formed of -

a circular wave were considerable dimmer, especially 54.'.
at low frequency and shallow water depth.
Consequently, it was recommended that a minimum water
depth of 10 mm or minimum wave generator frequency of
3 cycles per second be used to obtain easily visible %“‘
circular wave images. The included calibration

charts were used to set approximate motor voltages and
water depths for desired frequencies, wavelengths, and
wave velocities.

Visual Characteristics

The waves in the tank projected sharper images b
on the floor as the water depth was increased. How-
ever, dispersion of the higher fregquency components
becomes more of a problem with increased water depth,
as shown in the wave velocity vs. frequency chart in

Figure A7. The best balance between image clarity

and reduced dispersion was determined experimentally
to occur at approximately 15 mm water depth, for wave-
lengths associated with antenna modeling and acoﬁstic
characterization experiments. This is especially ]
important for circular waves produced by a spherical

probe, since the amplitude of the plane waves produced

by a cylindrical probe is greater. For reflection, -.
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refraction, and interference experiments where higher
frequencies (5 to 6 cycles per second) were used,
slower waves with less dispersion were obtained and
seen easily using shallower water depths (less than
10 m .

Operation of the Wave Demonstrator

Water depth and wave generator frequency most
suitable for proper wavelength and velocity and
sharpest viewing were selected. For short wavelengths
with maximum clarity, a shallow water depth (10 mm or
less) is most desirable, providing the least dispersion
and low wave velocity at the shortest wavelengths,

For demonstrations of varying wave velocity with vary-
ing frequency (dispersion), a deeper water depth (30
mr) were most effective. Where waves were scaled to
the dimensions of an anecheic chamber containing a
reflectcr and scattering object a compromise between
wave image brightness and frequency dispersion was
achieved with a water devth of about 15 mm. Once the
proper water depth had been selected, the desired
wavelength or wave velocity was found from the included
graphs. After selecting the required wavelength or
wave velocity from the family of water depth curves,
the required frequency was read from Figure pg. The
applied voltage for the motor was determined from the

frequency vs. voltage graph.

T, e
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?ﬁ The wavelengths in the graphs were measured
. from the images projected on the paper by the setup
(E in Figure A2, To convert these lengths to actual '3
p wavelengths of the water waves in the tank, the :
dimensions were multiplied by %%% -~-the ratio of
distances of the light from the tank and floor. i
With the tank filled to the required depth, E'
the light was suspended approximately 1.7 meters above
{ the water, and a white screen positioned approximately
| one meter below the tank. For the best wave images,
the height of the probe was adjusted so that the
probe comes as close as possible to the plexiglass
bottom of the tank, without touching the bottom at
the lowest point in its motion, or breaking contact
with the water surface at the top. The best images
usually occurred with minimum wave generator amplitude,
except when using the circular wave generator at low
frequency, where a larger amplitude will be needed.
The images of the waves in the tank were clearly
visible on the screen beneath the tank when
illuminated by a "point" light source above the tank.
The antenna patterns from corner reflector
antennas were modeled to scale in the tank using the
circular wave generator probe and placing straight -3

rigid barriers at an angle behind the probe.

Recommended dimensions for corner reflectors were




found in "Gains of Finite-Size Corner Reflector
Antennas" by H. V. Cottony and A. C. Wilson (4).
Parabolic transmitting antennas were modeled in the
tank by generating circular waves at the focus of the
parabolic reflector. A waveguide and microwave horn

antenna were also modeled in the tank by propagating

plane waves down a %x wide constriction in the tank

and into a diverging set of rigid barriers. Reconm-
mended dimensions for horn antennas may be found in

Antennas by John D. Kraus (5).

The photographs that follow were taken using
only a flash mounted above the tank in an otherwise
dark room. An open shutter at £/8.5 was used with
400 ASA film. Note the relatively plane wavefronts
after approximately three divisions on the screen.
The dark vertical lines are meter stick barriers
modeling the sides of "perfectly" reflecting anechoic
chamber walls. Corner reflector aperature angles and
antenna to apex distances were varied to investigate

gain and plane wavefront parameters.
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APPENDIX C
BODY OF TRANSLATION SQUARE PLATE RESULTS

The square plate problems were run with a

Bodies of Translation Code (BOT) called A~STAR. This
code, developed by McDonnell Douglas Research Labs,
models bodies which have a constant cross sectional
geometry such as flat plates and cylinders. The code
predicts two orthogonal components of surface current
distribution and radiated near and far electric and
magnetic fields. The code also has the capability of
modeling enclosing encaps on the geometry as well as
attached thin wires.

The concept of this model assumes model current
distributions of the form exp(jntA/L) along the length
of the body. This model is presently limited to

bodies of about 10 square wavelengths.
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Figure C6: Normalized current contour plot for the
.38 wavelength square plate (BOT).

TP, s

Figure ¢7; Normalized current contour plot for the
.50 wavelength square plate (BOT).
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1.8 LAMBDA SQURRE PLHTE.

Figure (g, Normalized current contour plot for the
1.0 wavelength square plate (BOT).

1.3 LAMBDRA SQUARE PLRTE

Figure (C9: Normalized current contour plot for the
1.3 wavelength square plate (BOT).
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Table Cl 5
F Current Components from the Body
of Translation Code for a 1.0 vy
wavelength square plate 3
1 1
“horizontal (A/m), Jvertical (A/m)
.763E-09 .472E-02 B
. 226E-09 .341E-02 ;
| 3
.864E-09 . 386E-02 b
.355E~09 .393E-02 ;
.115E-08 .374E-02 _
.502E~09 . L93E=02 3
.135E-08 .386E-02 U
.455E~11 . 341E-02 8
.
.661E~09 .472E-02 ko
3
..-
)
;

e :
". . e Wt
. [
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APPENDIX D
COMPUTER PROGRAMS

CAMCAL - Calibration for Thermovision

J vs T - Quadratic fit from empirical data

IRSTAT - Statistical Analysis on the
Initial and Final IR data then
stores it

MEGAIR - Calculates temperature and
current from data - also graphs

PDISC - Bouwkamp disk solution

DISK ~ Cartesian and Total current

calculation
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APPENDIX F

EMISSIVITY DEPENDENCE ON ANGLE

Emissivity is the absorption/emission
properties of a substance as compared to the isotropic
and perfectly absorbing/emitting properties of a
black body radiator. To determine the true temperature
of an elemental area on an object surface using an
infrared system, the{directional nature of the IR
photon emission was investigated. A simple point by
point correction using a stored object matrix taken
in an ambient temperature, non-illuminated state was
found to be effective with temperature elevations up
to 59 K above ambient. This work was reported through
presentations and publications to SPIE - The Inter-
national Society for Optical Engineering (4) and
the IEEE (5). It represents an important gain in
knowledge that is most applicable for viewing angles
that are other than normal incidence.

Experimentally Determined Emissivities

In determining the surface temperature distribu-
tion of three dimensional objects by thermographic

analysis, the problem of directional emissivity--
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angular and material dependence of infrared emission
from varying surfaces--must be accounted for. At a
given temperature, different materials emit differing
intensities of infrared radiation, and the intensity
is also directionally dependent. This could cause
problems with correlating the thermographic output
from an infrared camera with actual surface tempera-
tures on objects of various material coatings or
complex geometries. A simple experiment was conducted
using a hollow aluminum sphere coated with a carbon
base paint and maintained at a constant temperature
with an interior water bath held at the boiling point.
The arrangement is seen in Figure (Fl). The Thermo-
vision, depicted the sphere in ten colors, each
representing 1° C, as nine concentric rings around a
center circle, Figure (r2). The Thermovision depiction
of a ten degree temperature range contrasted with the
nearly uniform temperature profile actually present.
This demonstration clearly indicated the requirement
to correct for geometry to obtain accurate results.
The influence of the emissivity dependence on thermo-
graphically determined temperature distributions was
also noted by Hsieh and Ellington (2) in 1877.
Idealized plots of emissivity and angular dependence

can be found in several sources (6 ). However, because
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various coating preparations were to be used in the
thermographic analysis, it was felt necessatry to
experimentally determine the directional emissivity
of various potential coating materials.

For this determination, an apparatus to
determine emissivity at various viewing angles for
several different materials and coatings was built,
and is shown in Figure (F3). Patches of different
resistive coatings which could be used in our
analysis were applied to the side of a water-filled
aluminum box. A 15 cm diameter spherical aluminum
chamber coated inside with lampblack and welded into
the side of the box with a 5 cm diameter circular
opening at the front of the box served as a simulated
blackbody radiator, with which the emissivities of
the various coating patches could be compared. The
emissivity of the blackbody reference was taken as
ey=1, and verified to be isotropic by viewing the
blackbody with the Thermovision camera at angles
between 0° and 70° to the normal of the face of the
box (the detected IR radiation from the blackbody
simulator did not vary with angle until the camera
could not longer see inside the lip of the simulator

opening at 70° from the normal). The water was

maintained at boiling (about 92° ), and thermographic

B ARSI
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data was taken at angles between 0° and approximately

90° from the normal to the box face with an AGA
Thermovision 680 interfaced with a HP 9845B mini-
computer described in the previous section. The
emissivities as a function of angle were calculated
using the following formula, explained in the AGA
Thermovision 680 Operating Manual (1 ):

Ai+e (I_-I_)
¢ (0) r’'r "a

Io-1a

where Al is the difference in isotherm levels on the
Thermovision between the test material (varying with
angle 0) and the blackbody reference, and I, Ia’ and
Io are the isotherm levels of the blackbody reference,
ambient, and test material temperatures, rezpectively.
Figure (F4) shows the position of the material
on the simulator face and a digital printout at 10°
from normal incidence. Only the center portion was
used to determine coverage isotherm readings used in

the calculations.
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.o Figure (F5) depicts experimental results from “
= "
- the emissivity test apparatus for teledeltos paper and 1]
3& smooth/rough surface preparations of aquadac. E
N
Teledeltos is a resistive paper, and aquadac is also
Ej available resistive coating, discussed earlier. Also ]
ﬁi shown for comparison are the results for a typical

dielectric (wood) and aluminum, on which the samples

were attached. Curves for wood and aluminum are

taken from the literature. The dielectric nature of

TS 2 ICTOIETOIGIGR 85 VDA

the coating appeared to account for the decreasing IR

emittance from the normal to tangential viewing angles.

Fough Aquadaq 5:'_"
Smooth Aquadagq
Teledeltos F‘i
Wood -
; Aluminum -
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! Lt
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Figure F5: Total Directional N
Emittance Distributions o
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It was interesting that roughness appeared to

be a factor for material emissivity and this prompted
ﬂg a brief Scanning Electron Microcrope observation of
the coating surfaces to be used in the IR detection
&; of surface currents. The results are seen in Figures

! (F6) and (F7).
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(a) Aquadac (1300X). E

(b) Aquadac (5200X).

Figure F6: Micrographs of the aquadac coating. o
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‘g (a) Carbon/paraffin (1300X).

(b) Carbon/paraffin (5200X).

Figure F7: Micrographs of the carbon/paraffin
coating.
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Correction for Angular 341
Dependency of EmMissivity

As was discussed, a correction was necessary
since an accurate determination of surface temperature
was a prerequisite for obtaining surface current
information. The emissivity variation with viewing
angle was determined to be the needed correction. The
theoretical, mathematical approach was presented (3 )
and later replaced by a simpler experimental one,
summarized here. For temperature variations that
typically do not exceed 5° ¢ it was found that a
matrix of temperature values taken of the object at
a steady state ambient temperature condition prior to
irradiation by microwave, could be used effectively
for emissivity correction for geometry. Experimental
verification of the validity of the correction for
angular dependence of emissivity by simple subtraction
of the correction matrix from a final "heated"
temperature matrix was carried out over a range of
temperatures above ambient for the hollow sphere.

The procedure for determining currents on
complex shapes would involve storage of a correction
matrix obtained from an average of several frames
taken of the object at ambient temperature. A

several frame average of an illuminated or "final"

matrix is stored. The correction matrix is then
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subtracted from the illuminated to yield a difference ;
matrix in ISU units which now has accounted for :
emissivity variation with angle. The standard

conversions to temperature and current are then

made. The following five figures depicts this

procedure applied to an early aquadac/plexiglass

flat plate.
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Figure F8: Correction Matrix.
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Figure Fll: Difference Matrix (degrees C).
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