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APPENDIX B

THE THEORETICAL APPROXIMATION OF THE RADAR
CROSS-SECTION OF VARIOUS MISSILES AND MANNED AIRCRAFT

B.l: Introduction

In the work at the Willow Run Research Center it has been neces-
sary on various occasions to estimate the radar cross-section of vari-
ous aircraft and missiles. In this appendix the results obtained are
summarized and, wherever possible, these theoretical results are com-
pared with experiment. Much work has been done in connection with
V-2 type and intercontinental ballistic missiles; it is planned to report
this work in a future paper in this Radar Cross-Section series. The
methods employed in finding theoretical values of cross-section are
briefly discussed in Section B-2. Manned aircraft are considered in
Section B-3,and Section B-4 contains the results obtained in the con-
sideration of the cross-section of missiles (excluding ballistic types).

B.2: The Methods Employed in Approximating the Cross-Section of a
Missile or an Airplane

The purpose of the following paragraphs is simply to place the
theoretical values of radar cross-section which are tabulated below in
their proper perspective with respect to experimental values of (7, and
to re-emphasize the need for the use of the concept of radar cross-
section with appropriate regard for its relation to the properties of the
radar system.

In determining the cross-section of a composite body such as those
under discussion here it has been assumed that components vibrate in
such a manner that their fields can be added in random phase. This ,
assumption leads to a simple addition of the radar cross-sections of the
various parts of the body in finding the cross-section of the composite
body itself. The following argument shows why “random phase” implies
this process of simple addition.
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The radar cross-section of an arbitrary surface is given by

s = lim  4re? |HS/AL|Z

o0

where r is the distance from the radar to the target and HS and Hi are

the scattered and incident magnetic field vectors respectively. For’
convenience we may write

JTEI
c A e = A
1 1 1
. |2
and o JA emz‘ =AZ
2 A% 2"

by

If the position of one of these scatterers is random relative to the other, :
the expected value of 0, E (0 ), is given by

2w 2n .
. 1¢1 1¢2 i¢2 —i¢2
E (o) == doz (Ale + Aze Ale + Aze d¢1
47
o (0]
A +AZ .
2
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The procedure used in finding these cross-sections involves con-
sidering a target as a combination of simple surfaces such as cylinders,
flat plates, prolate spheroids, etc, and then adding the calculated return

from each surface.

The justification for a random phase addition of the radar cross-
sections of the component scatterers is based upon the fact that the rela-
tive positions of the component scatterers (or at least the relative posi-
tions of the simple geometric configurations used to approximate them)

cannot be precisely determined.

In a more exact treatment, the relative positions of the component
scatterers would be specified and an approach such as this would not be
appropriate. But this approxirnate method has achieved a moderate de-
gree of success (Ref. B-1) at large wavelengths (for example, greater
than about 1| meter for manned aircraft); hence it is only natural to try
to extend this technique into the microwave region. Itis important to
note that for the longer wavelengths the radar cross-section is depend-

ent upon both wavelength and polarization.

Resonance effects are probably always present in the consideration
of conventional aircraft. Experimental values of G indicate that this
quantity is less dependent on polarization and resonance phenomena as
the wavelength decreases. Since the approximations of geometrical and
physical optics are such that the back scattering ¢ calculated by these
methods does not depend upon either polarization or resonance effects,
but does depend upon the relative magnitude of X and § (where? is a
characteristic dimension of the scattering surface), it is only reason-
able to expect a moderate degree of success when extending the above
technique into the microwave region (i.e., A {C I ),

The advantage of this technique is the relative simplicity of the
calculations employing physical and geometrical optics.

It should be noted that, although the calculated values of radar
cross-section presented herein in some cases seem high, they are
really not incompatible with values encountered in the field. The prob-
lem of correlating the analytical and experimental values of radar cross-
section fundamentally depends upon three factors: the condition of the

64




WILLOW RUN RESEARCH CENTER - UNIVERSITY OF MICHIGAN

UMM-127

equipment; the experimental method employed to observe the radar echo;

and the validity of the theoretical results.

During World War II a scientific team from the Radiation Labora-
tories made measurements of the performance of a number ot radar
sets and compared their range performance with the laboratory or
“ideally maintained and adjusted™ value. These results are shown in
Figure B.1 and discussed below. From this chart we see that in prac-
tice a large percentage of radar systems tested were not working at
their calibrated efficiency, but at 10 db or more below. Conscquently,
the values of G surmised from operational experience with these sys-

tems are too small.

One of the attempts to assign causes for this performance degrada-
tion may be found in Reference B-2, wherein the sources are taken to

be associated with

receiver noise figure,
S/N ratio.

collapsing loss,

beam shape loss,

plumbing losses,

AEERS A Y -NEN ORI SU R

b. operator lusses, and

7. ¢hserver tactor.

Though definitions of the above may vary, depending on the facility
to assign values for each error in a particular radar, the composite
effect is observable and measurable. Losses of 20 to 30 db are not un-
heard of. and thus with a particular measuring instrument such as a
usual field-type radar once may be measuring the properties of instru-
ment plus target, instead of the target alonc.

Linford (Ref. B-3) defines the effective radar cross-section as that:
value of U obtained from the radar range equation which is exceeded
during one-half of a series of measuring time intervals. In this way, as
Kerr (Ref. B-1) points out, the essential feature of the probability of
detecting the echo is introduced into the value of 9 . If desired, the re-
quired degree of probability could be modified, and the resulting value
of U would be changed accordingly.
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FIG. B-1 RADAR PERFORMANCE SURVEY, JULY 1945
Taken from Rodiaton Laboratory Series No. 1, "RADAR SYSTEM
ENGINEERING". Ridenour, McGraw - Hill, reproduced in Ref. B - 2
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Another factor important in correlating analytical and experimental
values of radar cross-section is the angular variation in target aspect
that occurs during the time of observation. This variation may be due
to surface vibrations of the scatterer, relative motion between target
and radar, etc. ’

As Barlow and Emerson (Ref. B-2) point out, the probability of de-
tection is dependent upon the nature of the fluctuations of the target .
signals from scan to scan. They say,

“A large bomber viewed at the short wavelengths used for A.lL
has an echoing area which is such a rapidly varying function of
aspect that the inevitable srnall aspect changes from scan to
scan are sufficient to cause considerable fluctuation.™

B.3: The Cross-Section of Manned Aircraft

The results obtained for the radar cross-section of the TU-4 (B-29),
the IL-28, and the B-47 are¢ tabulated in this section.

Throughout this section the aspect will be specifiedinterms of ¢ and
€ where ¢ is the azimuth angle measured from the nose in the plane of
the wing, and ¢ is thc elevation angle measured {from the nose in a plane
perpendicular to the wing and containing the axis of the fuselage, as
illustrated in Figure B-2.

B.3.1: The TU-4 (B-29)

For the purposes of this work, the radar characteristics of the
TU-4 are assumed to be essentially the same as those of a B-29,
(Retf. B-4),

Applying the techniques briefly outlined in Section B.2 above,the
followintg results were obtained for the aspects defined by & = 0° and
4%and ¢ = 0% to ¢ = 180° at 30° intervals at X-band, S-band, and
L-band. The results so obtained are listed below in Table B-1.
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FIG. B-2 BASIC GEOMETRY USED IN DETERMINING THEORETICAL
CROSS- SECTIONS OF AIRCRAFT

At the time of the computation of the following data, experimental
information could be obtained only for ¢ssentiaily nose-on and tail-on
views. Concurrent with the computation of those values a report on the
measurement of radar echoes from a B-29 was published at the Naval
Research Laboratories {Ref. B-5). A comparison of the theoretical
values given helow and the NRL experimental values, for comparable
aspects, 15 presented in the following graphs. The graphical method of
presentation is the same as that appearing in the NRL report, with the
theoretical values added. However, in the following graphs the plotted
NRL points are connected to form broken line graphs. Approximately
nose-on aspects are shown in Figure B-3, aspects near 300 in azimuth
are given in Figure B-4, those near 60° in azimuth are shown in Figure
B-5, and Figure B-6 shows the comparisomr for approximately broadside
aspects. Even though small differences exist between the theoretical
and experimental aspects compared, examination of the following graphs |
shows that the predicted values are in general agreement with those ob-
tained experimentally.
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ASPECT >
(in degrees) RADAR CROSS-SECTION IN m
® ¢ X-Band S-Band L-Band
0 0 65.1 66.2 68.0
4 0 68. 69.1 70.9
0 30 9.8 9.8 9.8
4 30 6.9 6.9 6.9
0 60 38.4 38.4 38.4
4 60 12.8 12.8 12.8
0 90 2630. 1200. 1370.
4 90 2530. 843. 474.
0 120 32.3 32.3 32.3
4 120 6.7 6.7 6.7
0 150 8.7 8.7 8.7
4 150 5.8 5.8 5.8
0 180 62.6 62.6 62.6
4 180 62.6 62.6 62.6

G for the TU-4 (B-29)
Table B-1

The monostatic and bistatic radar cross-sections at 600 mc for the
TU-4 (B-29) were also computed and compared for one particular as-
pect. The monostatic radar cross-section, Um, and the bistatic radar
cross-section, G, were calculated by means of physical and geometri-
cal optics. The target aspect is determined from the geometry in
Figure B-7 where points P and Q are 30 miles apart and where the tar-
get is at an altitude of 500 feet directly above the midpoint of a straight
line connecting P and Q.

¥

Q

FIG. B-7 BASIC GEOMETRY USED IN THE DETERMINATION OF THE ¥
BISTATIC CROSS - SECTION OF THETU-4 (B-29)
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The monostatic case analyzed is the case in which the transmitter
and receiver are both at Point P in Figure B-7. The monostatic radar
cross-section was found to be 316 square meters. '

The bistatic case analyzed is the case in which the transmitter is
at P and the receiver at Q. The bistatic radar cross-section was ound
to be 55,300 square meters.

It might be well to point out that to date there is, to the authors’
knowledge, neither experimental bistatic cross-section data on a B-29
for comparison, nor a method of obtaining an exact solution to the bi-
static radar cross-section problem for objects of this complexity.

Although the value of 55,300 m? may seem large, it should be noted
that Canadian early warning radar experiments indicate that large in-
creases in radar cross-sections do result from bistatic operation.

B.3.2: The IL-28 (Type -27)

The radar characteristics of the 1L-28 are based upon configura-
tions appearing in Ref. B-6. Since small changes in the configuration
of a scattering surface may produce significant changes in the scattered
energy distribution, it is reasonable to expect that the following values
of radar cross-section for the various aspects may change as more de-
tailed information becomes available regarding the configuration. The
IL-28 results are collected in Table B-2.*

Subsequent to the calculation of the radar cross-section for the
IL-28, it was pointed out in Reference B-6 that a Russian I1,-28 (Type
27) has approximately the same retlection characteristics as a B-45.
Consequently, the theorctical values of radar cross-section for the 1L-28
and the experimental values for the B-45 should be of the same order of
magnitude. This is found to be the case, as illustrated in the following
graphs. The type of comparison and the method of presentation are the
same as in Figures B-8 to B-12.

*The meaning of the aspect angles & and ¢ is indicated in Figure B-2,
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ASPECT 5
(in degrees) RADAR CROSS-SECTION IN m
6 ) X - Band S-Band L-Band
0 0 24.1 29.6 22.4 .
4 0 24.1 29.6 22.4 '
0 30 | 0.58 0.58 0.58
4 30 0.58 0.58 0.58
0 60 4.39 4.39 4.39
4 60 4.39 4.39 4.39
0 90 21000. 2090. 418,
4| 90 1030, 453, 324,
0 | 120 436 4.36 1.36
4 | 120 1.36 | 4.36 4.36
0 | 150 | 0.38 0.38 0.38
4 | 150 | 0.38 0.38 0.38
0 | 180 0.38 0.38 0.38
4 | 180 | 0.38 | 0.38 0.38

G for the TL-28

Table B-2

B.3.3: The MX-2091 and the 286-12 Bombers

The radar cross-sections of the MX-2091 and the 286-12 (see Fig's.
B-13 and B-11) bombers have also been computed by these approxima-
tion techniques. The aspect angles shown in Figure B-2 were used.

The results obtained for the 286-12 are given in Tables B-3, B-4,
and B-5. The results obtained for the MX-2091 are in Tables B-6, B-7,
and B-8.

B.3.4: The R-47A
The theoretical physical-optics nose-on radar cross-section for
the B-47A has been comrputed and previously reported in Reference B-7.

The results obtained were as tollows:

(1) L-Band, G = 2.79 m?
(2) S-Band, G = 7.44 n.
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FIG. B-12 COMPARISON OF THEORETICAL IL-28 CROSS - SECTION AND
EXPERIMENTAL B-45 CROSS - SECTION AT ASPECT DEFINED BY AZIMUTH
<120° AND ELEVATION =4°
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TABLE B-3

(Without the Bomb)

WAVELENGTHS (in meters)

A =003 A =0.10 A= 0.25
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TABLE B-4

RADAR CROSS-SECTION OF THE 286-12 BOMB IN SQUARE METERS

ASPECT WAVELENGTHS (in meters)
_undﬁg,r_ﬁgs.l..,__._ I
) & A = 0.03 A = 0.10 A = 0.25

0 56100 29.0-10-6 11.0-10-4

4 5.9.10" 0 11.0-10-° 2.0-10°0
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4 o019 | 02t [ 026
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TABLE B-5 ,

RADAR CROSS-SECTION OF THE 286-12 AND BOMB
IN SQUARE METERS

ASPECT WAVELENGTHS (in meters)
(in degrees)

0 e A = 0.03 A=0.10 A =0.25

0 0 87. 26. 1.9

0 4 4.6 1.5 1.5
15 0 EY; .37 .39

15 4 .37 .38 .39

30 0 61 .63 69
30 4 62 .65 73
45 0 1.3 2.2 2.4
45 4 1.3 1.7 2.4
60 0 3.9 4.0 4.1
60 4 3.9 4.0 4.0
75 0 22. 20. 24,
75 4 23. 20. 23.
85 0 140. 150. 140.
85 4 140, 140. 150.
90 0 46000. 7 11000. 4500.
90 4 13000. 43000. 2100.
95 0 80. 92. 84,
95 4 78. 83. 150.
105 0 22. 23, 25.
105 4 22. 23. 24,
120 0 3.9 4.0 4.1
120 4 3.9 4.0 4.1
135 0 1.3 1.7 2.3,
135 4 1.3 1.7 2.3
150 0 62 64 .70
150 4 62 64 70
165 0 37 .38 39
165 4 37 138 39
180 0 5.7 1.9 73
180 4 1.3 .60 47
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TABLE B-6

RADAR CROSS-SECTION OF THE MX-2091 IN SQUARE METERS
(Without the Bomb)

—————

ASPECT WAVELENGTHS (in meters)
(in degrees)
1) ® A = 0.03 A=0.10 A= 0.25
0 0 .37 .37 .38
P
! o | 4 37 .37 .38
15 | o .02 02 .02
15 | 4 .02 .02 .03
30 0 .08 .09 13 ,
30 4 .08 14 19
45 0 .20 .22 .29
45 | 4 15 18 32
60 0 80 | .92 1z |
60 4 .58 .59 1.7
75 | o 6.8 8.0 12.
75 4 6.4 6.6 12.
85 0 160. 250. 340.
85 4 160. 190. 250.
90 0 27000. 8300. 3400.
90 4 520. 600. 690.
95 | 0 160. 250. 350.
95 4 1000. 2100. 1000.
105 0 6.2 7.4 12.0
105 4 6.3 8.3 9.0
120 0 .90 1.1 1.4
120 4 .86 191 1.3
135 0 31 34 37
135 4 31 .33 .40
150 0 .02 .03 .10
150 4 02 .03 .09
165 0 .06 .39 3.2
165 4 .03 .05 .19
180 0 6.3 1.9 .88
180 4 31. 9.4 .39
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TABLE B-7

RADAR CROSS-SECTION OF THE MX-2091 BOMB
IN SQUARE METERS

ASPECT

. WAVELENGTHS (in meters) '
(in degrees)

¢ 6 A =0.03 A=0.10 A =0.25

0 0 6.7:10"7 7.2.1077 2.2.10-3

0 | 4 5.9-10-7 321002 | 2.8-107*
15 0 .0074 0074 | .0074
15 4 .0074 0074 | .0075
30 0 .035 .035 .035
30 4 .035 .035 | .035
45 0 10 .10 | .10

45 4 .10 10 B 10

60 0 .31 31 .31

60 4 31 .31 T 31

75 0 L7 1.6 1.5

75 4 1.7 1.6 1.5

85 0o | 130 150. |  150.

85 4 | 120, 130. 150.

90 0 59000. 5700. 1000.

90 4 | 1000, 1000. 1000,

95 0 120. | 120 120. '
95 4 120. 120. 120.

105 0 s | 1.4 1.4

105 4 1.5 1.4 1.4

120 0 .31 31 .31
120 4 .31 .31 .31
135 | 0 .10 .10 10
135 4 .10 .10 .10
150 | o .035 .035 .035
150 4 .035 .035 .036
165 0 .0076 ~.o082 .0075
165 4 L0076 0081 | .0079
180 0 1.5 .52 H .26
180 4 .69 30 | 17
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TABLE B-8

RADAR CROSS-SECTION OF MX-2091 AND BOMB
IN SQUARE METERS

ASPECT WAVELENGTHS (in meters)
(in degrees) )
@ 6 A = 0.03 A=0.10 A= 0.25
0 0 .37 .37 .38
0 4 .37 .37 38
15 0 023 028 . 25
15 4 .023 025 034
30 0 12 12 16
30 4 12 17 .26
45 0 .30 32 40
45 4 .26 29 42
60 0 1.1 1.2 1.5
60 4 .89 90 2.0
75 0 8.5 9.6 13.
75 4 8.1 14. I3.
85 0 290. 400. 540.
85 4 290. 320. 400.
90 0 86000. 14000. 4500.
90 4 1500. 1600. 1700.
95 0 280. 380. 470.
95 4 1200. 2200. 1200.
105 0 7.6 8.8 13.
105 4 7.7 9.7 10,
120 0 1.2 1.4 1.7
120 4 1.2 1.2 1.6
135 0 42 .45 47
135 4 .42 43 50
150 0 .059 065 13
150 4 .057 .069 13
165 0 066 .40 3.2
165 4 .038 .057 .20
180 0 34. 2.6 1.3
180 4 42. 13. 4.3
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B.4: The Cross-Section of Missiles

Using the aspect connotation given in Figure B-2, where the & and
¢ aspect angles are defined, and employing the techniques briefly outs
lined in Section B.2, the radar cross-section of the Loon, Regulus, and
Snark Missiles were determined at various aspects and at the three fre-
quencies denoted by X-band, S-band, and L-band. The configurations
used were taken from References B-8, B-9, and B-10 respectively and
the results of the computations are given in Tables B-9, 10, and 11.

Other missiles have been considered but not in as great detail as
those we have previously mentioned. All other theoretical missile
cross-section determinations made at the Willow Run Research Center
are listed in Table B-12, except ballistic missiles which will be analyzed

separately in a future publication in this series.
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ASPECT RADAR CROSS-SECTION IN m?
(in degrees)
6 0] X-Band S-Band L-Band
0 0 37.8 12.6 5.4
4 0 37.8 12.6 5.4 .
0 30 0.23 0.30 0.23
4 30 0.23 0.30 0.23
0 60 1.55 1.51 1.51
4 60 1.55 1.51 1.51
0 80 16.5 16.5 17.1
4 80 16.5 16.5 17.1
0 85 28.2 28.2 28,2
4 85 28.2 28.2 28.2
0 90 664, 227, 83.0
4 90 283, 143, 148,
0 100 21.6 21.6 22 1
4 100 21.6 21.6 22.1
0 105 34.8 34.8 35.4
4 105 34.8 34.8 35.4
0 120 2.63 2.63 2.58
4 120 2.63 2.63 2.58
0 150 0.45 0.52 0.45
4 150 0.45 0.52 0.45
0 180 4.11 2.02 1.15
4 180 4.11 2.0z 1.15

0" for the Loon Missile
Table B-9
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ASPECT RADAR CROSS-SECTION IN m?
(in degrees)

® ¢ X-Band S-Band L-Band
0 0 21.7 6.5 2.6

4 0 21.7 6.5 2.6

0 30 .060 060 1060
4 30 1060 .060 1060
0 60 0.486 0.486 0.486
4 60 0.486 0.486 0.486
0 90 4680, 1480. 640,

4 90 98. 150. 259,

0 120 0.486 0.486 0.486
4 120 0.486 0.486 0.486
0 150 7060 060 7060
2 150 1060 060 7060
0 180 745, %6.8 10.7

4 180 745, 66.8 10.7

0 for the Regulus Missile
Table B-10
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ASPECT RADAR CROSS-SECTION IN m?2
(in degrees)

6 ¢ X-Band S-Band L-Band
0 0 0.13 0.13 0.13
4 0 0.13 0.13 0.13
0 30 0.21 0.22 ,0.22
4 30 0.21 0.22 0.22
0 60 1.51 1.54 1.59
4 60 1.51 1.54 1.59
0 80 13.4 13.58 14.08
4 80 13.4 13.58 14.08
0 85 19.4 19.6 19.83
4 85 19.4 19.6 19.83
0 90 14900. 4500. 1847.

4 90 14900. 4500. 1847.

0 95 19.4 19.6 19.83
4 95 19.4 19.6 19.83
0 100 13.4 13.58 14.08
4 100 13.4 13.58 14.08
0 120 1.51 1.54 1.59
4 120 1.51 1.54 1.59
0 150 0.21 T 0.22 0.22
4 150 0.21 0.22 0.22
0 180 1020. 91.8 14.7
4 180 8.87 8.87 8.87

g~ for the Snark Missile

Table B-11
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WAVE 0 REFERENCE FOR
MISSILFE ASPECT LENGTH IN mZ CONFIGURATION
DATA
Navaho Nose-on A= It .8 B-11
Rascal Nose-on A= Ift. .12 B-12
Big Richard Nose-on A= It 67 B-13
G-2 Nose-on A - It .60 B-13
Bomarc Nose-on = Ift. .16 B-14
Bomarc 30° off nose-on A= It 11 B-14
Bomarc | 60° off nose¢-on A= It .98 | B-14
Bomarc ‘ 80° off nose-on X= 1t 2.38 B-14
Bomarc ! Broadside “ Az Ift. 1300. B-14
Bomarc 100° off nose-on | A= Ift. | 2.2 B-14
Bomarc | 1209 off nose-on ! x= UMt | 94 B-14
Bomarc } 150° off nose-on | A Mft. 12 B-14
Bomarc { Tail-on ' A= lft. | 14.2 B-14
Lockheed Ramjet i ‘ I
(missile only) | Nose-on | X-band I .04 B-15
" } Nose-on " S-band : 057 B-15
" I Nose-on " L-band | a7 B-15
Lockheed Ramjet ! ‘ f |
(missile + jetbrace) | Nose-on | X-band .04 ! B-15
" Nose-on i S-band .057 1‘ B-15
Nose-on | L-band | 17 | B-15
Lockheed Ramjet i | |
(missile + jet) i Nose-on ! X-band 062 B-15
" 1 Nosc-on S-band 069 B-15
i Nose-on L-band ; .193 i B-15
i Broadside ' X-band 2000< ¢
| ' <12300 B-15
' ! Broadside . S-band i 600 O
| g | <1500 B-15
i Broadside | L-band } 200 < ©
| J i < 310 B-15
Redstone Missile | Nose-on - l .18 -
Nike | Nose-on I - .07 -
Matador ‘ Nose-on E - , .22 -
| ] |
0 for Other Missiles

Table B-12
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B9 XSSM-N-8 Regulus Progress Report #1 (covering review of
progress through June 1951), Chance Vought Aircraft, Dallas,
Texas. SECRET.

Bl10 Project Snark, (A review intended to supplement lecture material
scheduled for presentation for the USAF Institute of Technology
Guided Missile Seminar & Wright Patterson AFB, May 1951),
Northrup Aircraft, Hawthorne, California, SECRET.

Bll “Standard Missile Characteristics”, WADC Report,

Bl2 “Bell Aircraft Quarterly Progress Report - Project Rascal -
Project Shrike, BMPR-25, June 1951, SECRET.

Bl3 “Surface to Surface Guided Missiles"”, Air Technical Intelligence
Center, Study No. 120-AC-51/44-34, January 1952. SECRET.

Bl4 “Bomarc Missile Design Data", Boeing Airplane Company,
Document D-11550, Model MX1599, September 1951. SECRET.

B15 Jenks, F. P. and Thoren, R. L., “Ram Jet Test Vehicle Report",
Lockheed Aircraft Corporation, Progress Report No. 22, October
1951. CONFIDENTIAL.
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APPENDIX C

EXACT SOLUTION TO ELECTROMAGNETIC
SCATTERING PROBLEMS

Exact solutions of Maxwell's equations for boundary value prob-
lems involving the scattering of electromagnetic waves by three -
dimensional configurations are very few indeed. The few exact solu-
tions which are known are discussed below.

The Sphere

The cross-section of a sphere was determined theoretically by
Mie (Ref. C-1), Stratton (Ref. C-2), Kerr (Ref. C-3), Aden (Ref. C-4),
Ohio State University (Ref. C-5), University of California (Ref. C-6),
and Brillouin (Ref. C-7). The above papers involved spheres which are
perfect conductors (Ref. C-1, 2, 3, 5, 6, 7) and also dielectric spheres
(Ref. C-1, 2, 3, 4).

Only in references C-5 and C-6 is found a comparison between
theory and experiment for conducting spheres of a pérticular size,
where the transmitter and the receiver are separated. Only reference
C-4 compares theory and experiment for water spheres.

Thus it is apparent that there is much to be done both theoretically
and experimentally before the general electromagnetic scattering from
even such a simple shape as a sphere is generally understood. The
theoretical aspect involves such matters as summability techniques and
the task of computing many more numerical values of cross-section. A
parallel expansion of experimental data pertaining to the dielectric sphere
1s necessary for an evaluation of the theoretical results.

The Prolate Spheroid

The back-scattering cross-section of a conducting prolate spheroid
has been determined exactly by Schultz when the incident Poynting Vec-
tor is on the axis of symmetry (Ref. C-8). Some of his results have been
used in the computation of the prolate spheroid’s cross-section by the
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Willow Run Research Center on the Mark III and his theoretical results
have been extended to general receiver location in Reference C-9,
Reference C-9 also solves several of the theoretical questions involv-

ing the prolate spheroidal recursion forrmulas.

No experimental results have been published, to our knowledge,
although some experimental work on the prolate spheroid 1s being con-
ducted at the University of California under Prof. S. Silver.

Again there is still much numerical as well as theoretical work to
be done, especially in the dielectric case, which is practically untouched,

as well as 1n the general bistatic case.
The Cone

The work of Hansen and Schiff (Ret. C-10) and Willow Run Research
Center (Refs. C-11 & C-12) has resulted in the exact cross-section for
axially symmetric back-scattering {rorn. 4 scemi-infinite conducting cone.
It is shown that up to at least a sccond order approximation for both
small and large cone angles the exact result is in agreement with the

physical optics result

1 6

]
where ) 1s the cross-scction, A\ is the wavelength,and €& is 1/2 the cone
angle.

Sletten (Ref. C-13) has done the experimental work for the axially
symmetric back-scattering problem. Work has been started on other
theoretical cone problems and it is believed that before too long a time
the conducting cone problem will have been completely resolved.

To our knowledge no work, either experimental or theoretical, has

been conducted concerning the dielectric cone.
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The Oblate Spheroid

In the ninth paper in the series of studies on scattering cross-
sections, the exact solution of the radar cross-section of an oblate
spheroid was obtained by the method due to Hansen (Ref. C-14). The solu-
tion obtained was for the case in which the transmitter and receiver
were both situated along the axis of symmetry for a perfectly conduct-
ing spheroid. As in the case of the sphere, for example, the radar cross-
section has been obtained in the form of an infinite series,

Unfortunately the defining relations for the coefficients in the series
are quite complex and their values have not been tabulated very exten-
sively. Consequently no numerical values of radar cross-sections exist
as yet for the oblate spheroid.

o

The Paraboloid

A solution has been obtained at the Willow Run Research Center for
a semi-infinite paraboloid. It has been found (Ref. C-15) for the case
in which the transmitter is along the axis of symmetry of the paraboloid
that the exact radar cross-section can be obtained by the Luneberg-
Kline method, based upon geometrical optics considerations. The exact
bistatic radar cross-section of a paraboloid is plotted in Figure C-1.
One can observe by substituting directly into Maxwell's equations and
the boundary conditions that the geometric optics solution for the above
case is the exact solution.
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FIG. C-1 CROSS-SECTION OF A PARABOLOID AS A FUNCTION OF 8
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