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PREFACE

This paper is the fourteenth in a series of reports growing out of
studies of radar cross-sections at the University of Michigan’s Willow
Run Research Center. The primary aims of this program are:

(1) To show that radar cross-sections can be determined analyti-
cally.

(2) To elaborate means for computing cross-sections of objects of
military interest.

(3) To demonstrate that these theoretical cross-sections are in
agreement with experimentally determined values.

Intermediate objectives are:
(1) To compute the exact theoretical cross-sections of various
simple bodies by solution of the appropriate boundary-value

problems arising from the electromagnetic vector wave equation.

(2) To examine the various approximations possible in this problem,
and determine the limits of their validity and utility.

(3) To find means of combining the simple body solutions in order to
determine the cross-sections of composite bodies.

(4) To tabulate various formulas and functions necessary to enable
such computations to be done quickly for arbitrary objects.

(5) To collect, summarize, and evaluate existing experimental data.

Titles of the papers already published or presently in process of publi-
cation are listed on the pages following the title page.

K. M. Siegel
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INTRODUCTION AND SUMMARY

Project Wizard, initiated at the University of Michigan in 1946, is
concerned with defense of the United States against missiles of the bal-
listic type. These missiles may be divided into two classes: short-
range ballistic rockets of the V-2 type, and long-range intercontinental
rockets of the Atlas type. This report deals with the radar cross-
sections of both classes of missiles.

For a particular defense system it is possible to specify the maxi-
mum range at which each of the system's many radars must function.
This range can be related through simple equations to the radar cross-
section of the target, and to the requisite power and other factors de-
scribing the radar. If the cross-section is known, it is possible to specify
accurately the radar requirements of the system in terms of design
parameters. Since it is necessary to make such a specification at some
time during the system design, the radar cross-sections of targets must
either be known or guessed at; the results in this report are presented
with the belief that they predict cross-sections within a factor of 10.
This maximum error is tolerable because the range varies as the fourth
root of the cross-section. In other words, if the radar cross-section is
known within a factor of 10, the range performance of the radar system
is known within a factor of 1.8.

Contributions to the cross-section of ballistic missiles may come
both from reflections from the missile surfaces and from phenomena
associated with missile flight. The latter includes reflections from
shock fronts, reflections from the ionization clouds produced at high
speeds, and reflections from exhaust flames. Since the reflections re-
ceived from the missile surfaces are small under most conditions, the
contributions from these flight phenomena must be investigated because
they could conceivably dominate the radar return. Each of the flight
phenomena is considered.
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The cone angles of the shock fronts to be expected are computed
(Sec.II) and it is shown that, even if they were perfect reflectors, the
contribution of shock fronts would not be large in comparison with the
reflections from the missile surfaces.

Objects traveling at extremely high speeds (notably meteors) form
ionic trails which have been observed by radars. It can be stated that
ionization will not contribute to the cross-section of V-2 type missiles

since V-2 type missiles never reach the velocities required for measur-
able ionization. Since future Atlas type missiles may travel at speeds
equal to those of the slowest meteors, the possibility of detecting these
missiles from their ion trails has been investigated (Sec. III). Enough
experimental knowledge of this subject does not exist to make precise
estimates about Atlas type missiles, but it was found that, even by making
the most optimistic of assumptions (from the point of view of the defense)
the maximum speed and the size of the Atlas are such that its associated
ion cloud either will not be detectable by a radar or will be visible for
only a short time, and in any case not above an altitude of 200 kilometers.

Since exhaust flames exist in the very early portion of missile flight,
and since the Wizard study did not visualize that an attempt should be
made to detect ballistic missiles on their way up, no major effort was
made in this field. The little work which has been done is summarized
in Section IV. Thus, for the total portion of missile flight of concern to
the defense, no flight phenomena will contribute significantly to the
radar return from the missile.

Large quantities of information have been gathered in the last several
years, at the Willow Run Research Center and elsewhere, on the radar
cross-sections due to the surfaces of ballistic missiles. These data in-
clude the results of static experiments, dynamic experiments, and theo-
retical calculations. Because the design of Atlas type missiles has only
recently been initiated, much more data are available on V-2 type mis-

siles than on Atlas-type missiles.

The results of static experiments performed by various organizations
are compiled in Section V in the form of graphs showing cross-section as
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a function of aspect angle for equivalent full-scale missiles. These ex-
periments have been performed for V-2's at equivalent full-scale fre-
quencies between 20 and 2900 Mc and for Atlas between 75 and 1000 Mc.

Dynamic experimental data for ballistic missiles have been obtained
to date only for the V-2 type missiles (Sec. VI). These data were obtained
by the Willow Run Research Center (using models) for full-scale frequen-
cies at S- and L-bands and by the Naval Research Laboratory (on V-2's)
at 100, 1250, and 2825 Mc.

Theoretical computations have been carried out for both Atlas and
V-2 type missiles. These computations were carried out by use of vari-
ous approximation techniques, principally physical optics (Sec. 7.1).
Comparisons have been made, where possible, between theoretical cal-
culations and experimental data to determine if the two methods lead to
equivalent results.

The agreement among static measurements, dynamic measurements
(where they exist) and theoretical calculations is seen in this report to be
quite close. Hence, it is believed that a fairly clear picture has been
obtained of the radar cross-sections of ballistic missiles over a wide
range of operating conditions.

The cross-section picture of the Atlas 7-OC warhead is summarized
in Sections 5.2 and 7.2. The data presented indicate that the nose-on
cross-section of the 7-OC warhead is approximately 1 square meter for
each of the frequencies at which information has been obtained. The total
range in the 7-OC nose-on cross-section at frequencies of 75, 100, 225,
333, 600, and 1000 Mc is from 0.15 to 1.5 square meters.

The nose-on V-2 data are summarized in Figure 2-2 and Sections V
and VII.

Because of the large quantity of information available on the cross-
section of ballistic missiles, certain compromises have had to be made
to keep the size of this report within reasonable bounds for publication.
All information available to WRRC on missile ionization and results from
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many of the known ballistic missile experiments are presented. The
presentation of the results of the theoretical work performed by WRRC
has been abbreviated because so much of it appears in other, unclassi-

fied reports.
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II

REFLECTIONS FROM SHOCK FRONTS

The following three claims are frequently advanced in support of the
theory that supersonic missiles may be detected by radar reflections
from their associated shock fronts:

1. Small meteors have been observed at great altitudes.

2. Although the reflection coefficient of a shock front is small, the
extent of the shock front is so large that its cross-section may be sig-
nificantly greater than that of the missile body.

3. One often hears (although no written references are known to the
authors) that, during World War II, radars detected shells at anomalously
long ranges.

These three arguments will now be considered in order.

1. It has been established (Ref. 12) that the detection of small
meteors at great altitudes is accounted for by the reflections from the
associated ionic clouds, and hence proves nothing concerning reflections
from shock fronts.

2. The nose-on cross-section of an infinite cone is small.

It is demonstrated in Section 2.1 that the energy returned to the
radar by reflection from the shock front is negligible in comparison
with that returned from the missile body.

3. Although the vagueness of claim (3) above makes it very difficult
to counter with more concrete evidence, two lines of argument do show
that such observations are by no means proofs of the radar-reflecting
efficacy of a shock front. First, the calculations which are given below
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show that nose-on detection of shells is not appreciably enhanced by the
presence of a shock cone. Furthermore, results of dynamic experiments
at Boston University (Ref. 1) show that when a radar observes a bullet
from the rear, the cross-section at speeds above Mach 1 decreases with
an increase in Mach number, whereas the intensity and extent of the
shock front would be expected to increase with an increase in speed.

2.1 Calculation of Reflections from Shock Fronts

The following considerations are valid for a missile such as the V-2,
with fins and conical nose-section, in supersonic flight.

In Figure 2-1, obtained from Reference 2, shock front angles are
presented as a function of missile nose-cone angles and Mach numbers.
The trends shown in Figure 2-1 are indicative of the results to be antici-
pated as the missile velocity increases without limit. References 3 and
4 both contain more accurate information than can be obtained from
Figure 2-1, and also contain the extension to large Mach numbers. The
shock front angle for a typical V-2 (nose cone about 30 degrees, thus
@5 = 15 degrees) can be obtained by interpolation from Figure 2-1. (The
dotted curves represent separation of the shock front from the cone.)

The nose-on cross-section of a metallic (reflectivity ~ 1) semi-

2 4
A’ tan® 05 (Ref. 5).
l6m
Applying this relation to the cross-section of the V-2 shock front, an

upper bound is obtained for the shock front cross-sections for various
wavelengths and Mach numbers, as indicated in Table 2-1.

infinite cone can be represented accurately as: 0=

TABLE 2-1

“Metallic” Shock-Front Cross-Sections

o (meters)?
A(meters) || M=4(0,,=22.5 degrees) | M=6(,,=20.0 degrees) M=9(0,=18.9 degrees) | M=00(f=16.5 degrees)
0.1 5.8x10°° 3.5x 1078 2.7x1078 1.5 x 1078
1.0 5.8 x 107* 3.5 x 107* 2.7x107* 1.5x 10°%
5.0 1.5x1072 8.7x1073 6.8 x 1073 3.8x 1073
10.0 5.8 x 1072 3.5 x 1072 2.7x1072 1.5 x 1073
30.0 5.2 x 107! 3.1x107! 2.5x 107} 1.5 x 107}

= SR
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Figure 2-2 shows static experimental nose-on cross-sections of a
V-2 at various wavelengths. These results (as shown in detail in Sec-
tions V-VII) are not radically changed up to aspect angles of about 70 de-
grees from nose-on.

A comparison between the data of Figure 2-2 and that of Table 2-1
shows that the cross-section of the shock front is negligible in compari-
son with that of the V-2 itself, even if the shock front is assumed to be a
perfect reflector. Only a very small percentage of the energy which
strikes a true shock cone is reflected. Ref. 1, Ref. 6, and many others
state that typical values for the coefficient of reflectivity of shock fronts
vary from 1073 to 107°.

The conclusion that the reflection from the shock cone is negligible
is valid for nose-on and near nose-on aspects, up to approximately the
normal to the shock cone. For a V-2 at Mach 9 this is about 70 degrees
from nose-on; however, at such large aspect angles, the V-2 itself has
a vastly increased cross-section, and the contribution from the shock
front would be of less importance.

Although the Boston University results in which bullets were ob-
served from tail-on by radar (Ref. 1) show a decreasing cross-section
with increasing supersonic speeds, these same data show a transonic -
cross-section slightly greater than the subsonic cross-section. This
was explained in Reference 1 on the basis that the shock wave is now
moving away from the bullet, and presents an almost plane reflecting
surface to the radar, contributing to the total cross-section in a measur-
able fashion:; however, even here the increase in cross-section is only
about 10 per cent of the subsonic value.

2.2 Effects of Refraction Near a Missile

Since refraction effects were shown to have a measurable effect on
the tail-on cross-section of the bullets in the Boston University experi-
ments (Ref. 1), it might be suspected that refraction through the shock
cone at nose-on aspect would produce a similar result. Whereas re-
fraction at the tail-on aspect diverges the radar waves away from the

SECIRET
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target, refraction at nose-on converges the waves onto the target. This
allows the V-2 to draw energy from an effectively larger area of the in-
coming waves. However, even this could affect the radar cross-section

of a ballistic missile only slightly because of the small changes in index
of refraction and the small differences between 6y, and 65 for Mach
numbers of interest, so that it would have only a negligible effect on the

radar cross-section of a ballistic missile.

Thus for almost all missile

cross-section problems of interest the effects of shock fronts may be

neglected.
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REFLECTIONS FROM IONIC CLOUDS

Ionization will appear about a high-speed missile, such as the Atlas
missile descending through the atmosphere, and an ionized trail will
stream behind it. Hence it is necessary to consider the effect of this
ionization on the radar reflections from the missile. Depending on the
distribution of ions the radar cross-section of missile plus ion cloud
may be greater or less than the radar cross-section of missile alone.
(At altitudes of primary interest, i.e. greater than 200 km, there will
be no perceptible shock wave because of the low ambient density.)1

An analysis of this problem, contained in Appendix 1, shows that no
significant increase in radar cross-section of the warhead is to be ex-
pected due to this ionization at altitudes above 200 km. No analysis was
felt necessary for the separated booster.

Since the relative importance of the possible mechanisms for ioni-
zation is affected by body altitude and speed, the fact that meteors are
observed by radar reflection from the broadside aspect of their trails
does not constitute an objection to our conclusions. The meteor obser-
vations by radar? are primarily below 120 km (Ref. 12). Most meteor
speeds exceed greatly the missile speeds considered here, and the mis-
siles are artificially cooled, so that different mechanisms may be re-
sponsible for the bulk of the ionization in the meteor and missile at the
altitudes of interest.

The authors do not feel that the ionization question is closed. Some
mechanisms of ionization have undoubtedly not been considered in this

1. It is felt that, due to the velocity of intercontinental ballistic missiles,
detection must occur at altitudes greater than 200 km to allow suffi-

cient time for defensive action.
2. Reference 17 contains an excellent summary of the theoretical work

done on the meteor problem.
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paper and it is hoped that further work will be done in connection with

this question.

For the trajectories and velocities proposed for Atlas, it appears
that ionization is not important before the final minute of missile flight.
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RADAR REFLECTIONS FROM EXHAUST FLAMES

There appears to be little definitive information available on the
contribution of the combustion products leaving an aircraft or a missile.
F. C. MacDonald, for example, has observed much larger echoes before
V-2 burnout than after and has attributed this difference to the exhaust
flames (Ref. 19).

W. W. Balwanz states that he has not found any reliable experi-
mental data or theoretical reasoning which would indicate that appreci-
able reflections are obtained from the exhaust stream of a turbojet
engine (Ref. 18). The following information is known:

1. F. C. MacDonald has found experimentally that the radar cross-
section of a V-2 before fuel cut-off is ten or more times greater than
after cut-off (Ref. 19). These results are discussed in more detail in

Section 6.2.

2. Considerable work was done in Germany during World War II on
the deflection of electromagnetic waves passing through the combustion
jet of a V-2 (Ref. 20) and on the physically related problem of the reflec-
tion properties of thunderheads (Ref. 21).

3. Many experiments have been performed on the attenuation of
radiation passing through V-2 exhausts, but have yielded meager data.
In one experiment, for example, a value of attenuation of 16.5 £ 2 db/m
was obtained (Ref. 22).

4. Some experiments have been carried out and others have been

proposed on propagation through propellant gases (Ref. 25 to 32).
References 31 and 32 are most up-to-date in this field.
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5. The physics of the exhaust gas problem are well described in
Reference 24.

6. The ionization from flames at altitudes of 30 to 150 km has been
investigated (Ref. 6).

7. Some measurements of the conductivity of a jet flame have been
made (Ref. 23).

Although little is known about the cross-section of exhaust flames,
considerable uncorrelated work has been carried out by various experi-
menters on increasing or decreasing this cross-section by the introduc-
tion of various chemicals into the fuel which change or add to the prod-

ucts of combustion. As far as is known, no success has been obtained
by the use of such “additives.”

1
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REFLECTIONS FROM THE MISSILE SURFACES--
STATIC EXPERIMENTS

5.1 Static Data Available

Many laboratory experiments have been performed on missile
models to determine the radar cross-section of ballistic missiles.* The
results of these static experiments are summarized graphically in this
section. The cross-sections are plotted as functions of aspect angle * *
for a variety of wavelengths. In all cases the data presented in this
section are scaled up to full missile dimensions.

Static tests on Atlas-type configurations (Fig. 5.1-1) have been con-
ducted by the Microwave Radiation Co., Inc., Venice, Calif., and by the
Evans Signal Laboratory, Belmar, N. J., at the instigation of Project
Wizard. The results of these experiments are described in Section 5.2.

Static experiments on V-2 type configurations have been carried out
by the Microwave Radiation Co., Inc., Ohio State University Antenna
Laboratory, Columbus, Ohio, the Sperry Gyroscope Co., Great Neck,
N.Y., Federal Telecommunications Laboratory, Nutley, N.J., the Radar
Research and Development Establishment, Great Malvern, Worcester-
shire, England, and the General Electric Co., Schenectady, N. Y. The
results obtained from these experiments are described in Sections 5.3
through 5.8 and are summarized in Section 5.9. A typical V-2 configura-
tion is shown in Figure 5.1-2.

The techniques used in the experiments are discussed in detail in
Appendix 2. Some of the data (the nose-on data) have been summarized
in Reference 37,

*All laboratory tests in which the model is not in flight are classified in
this paper under the heading of static tests.

**The aspect angle, referred to on each graph, is measured in the plane
determined by the axis of the model and one fin (unless otherwise indi-
cated).
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5.2 Atlas-type Missiles*

Static cross-section experiments have been conducted by the Micro-
wave Radiation Co., Inc. (MRC) and the Evans Signal Laboratory (ESL)
on Atlas-type configurations. These experiments were performed at the
instigation of Project Wizard on models designed by the Willow Run Re-
search Center.

The experiments conducted at MRC were on 1/124 and 1/41.33 scale
models at a frequency of 9300 Mc, corresponding to full-scale frequencies
of 75 and 225 Mc. The configurations involved were the 7-OC warhead,
shown in Figure 5.1-1, and three variations in this warhead, namely a
hemispherical stern, a flat stern, and an elongation of the cylindrical
portion of the body from 99.3 to 138 inches (Fig. 5.2-1).

The ESL experiments yielded information about the cross-section of:

1. the 7-OC warhead at full-scale frequencies of 75, 225, 333, and
1000 Mc

2. the 7-OC (with hemispherical stern) at full-scale frequencies of
75, 225, 333, and 1000 Mc

3, the 7-OC Booster (see Fig. 5.1-1) at full-scale frequencies of
75 and 225 Mc

4. the “Needle-Nose” warhead** (see Fig. 5.2-2) at full-scale fre-
quencies of 75 and 225 Mc

Figures 5.2-3 and 5.2-4 are photographs of the models used. The
ESL experiments were conducted at 3000 Mc and 9000 Mc on 1/9 and
1/40 scale models.

*See Appendix 2 for descriptions of the experimental techniques em-
ployed. Where possible, theoretical results (Section 7.2-1) are also
shown on the figures of this section.

**This warhead configuration was one of the early Atlas configurations.
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Figures 5.2-5, 5.2-6, and 5.2-7 contain all the 75 Mc data pertaining
to 7-OC type warheads. The theoretical curve (see Section 7.2.1) is in-
cluded on Figure 5.2-5 for the purpose of comparison.

Figures 5.2-8, 5.2-9, and 5.2-10 contain the 225 Mc data for the
7-OC type warheads. Figure 5.2-8 also contains the theoretically com-
puted curve (see Section 7.2.1).

The 333 Mc data for the 7-OC warhead and the 7-OC with hemi-
spherical stern are shown in Figures 5.2-11 and 5.2-12.

Figures 5.2-13 and 5.2-14 contain the 1000 Mc data for the 7-OC
warhead and the 7-OC with hemispherical stern. Except for frequency,
their content corresponds to that of Figure 5.2-11 and 5.2-12. Figure
5.2-13 also contains the theoretical curve.

The cross-section of the 7-OC Booster is graphed in Figures 5.2-15
and 5.2-16. Figure 5.2-15 contains the 75 Mc experimental data and
Figure 5.2-16 contains the 225 Mc data. The theoretical curve (Section
7.2.1) is included in Figure 5.2-16.

The last two graphs, Figures 5.2-17 and 5.2-18, deal with the cross-
section of the “Needle-Nose” warhead. Figure 5.2-17 contains the 75 Mc
data and Figure 5.2-18 contains the 225 Mc data with the theoretical re-
sult also shown.

The MRC results have been previously published in Reference 33;
the ESL results were, until now, unpublished.

It is to be noted that the experimental results of the MRC and the
ESL are in good agreement and that in most cases the theoretical
curve indicates quite well large-scale trends and average valves over
large angular intervals. This was all that was desired from the com-
putations. It should be emphasized that, if they had been needed, more
accurate but time consuming computations could have been made within
the scope of our present knowledge.
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5.3 Static Cross-Section Measurements on V-2 Type Missiles - Micro-
wave Radiation Company, Incorporated.

Static measurements* made by MRC on V-2 models furnished by the -
Willow Run Research Center were conducted at a frequency of 9200 Mc
(Ref. 38) and 9300 Mc (Ref. 39) on a 1/12.9 scale model and at 9300 Mc
on an approximately 1/9 scale model (Ref. 33).

All of the tests performed at MRC were designed to serve as a static
“check” to be used in connection with the dynamic tests conducted by the
Willow Run Research Center (these dynamic tests are discussed in Sec-
tion VI and in Reference 40).

A sketch of the model used in the experiments reported in Reference
33 is shown in Figure 5.3-1, A photograph of the model mounted in the
support structure is shown in Figure 5.3-2.

Figure 5.3-3 shows results reported in Reference 38 for an equiva-
lent full-scale frequency of 710 Mc. Figure 5.3-4 shows the results re-
ported in Reference 39 for an equivalent full-scale frequency of 721 Mc.
To obtain information on the effect of the fins on the nose-on cross-
section, measurements were made using vertical polarization on:

1. model without fins

2. model with four square fins

3. model with two vertical square fins (no horizontal fins)

4, model with two horizontal square fins (no vertical fins)

5. model with four square fins (one vertical fin displaced longi-
tudinally A/4 with respect to the other)

6. model with four V-2 type fins

*The experimental method used is described in Appendix 2.
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The results of these six nose-on measurements are shown in Table
5-1, with all cross-sections scaled to full V-2 size at 721 Mec.

Figure 5.3-5 contains the results reported in Reference 33.

TABLE 5-1
Cross-Section of Modified V-2 Models at 721 Mec.

RADAR CROSS SECTION

CONFIGURATION Square Meters
V-2 without fins 0.21
V-2 with swept
back fins 0.55
V-2 with four
k4 . 2'3
square fins
V-2 with two ver-
tical square fins: 1.7

no horizontal fins

V-2 with two hori-
zontal fins: no 0.52
vertical fins

V-2 with four square
fins: one vertical
fin displaced longi-
tudinally A /4 with
respect to the other

0.41
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FIG. 5.3-1 V-2 TYPE MODEL USED IN STATIC EXPERIMENTS AT THE
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FIG. 5.3-2 MODEL MOUNTED IN THE SUPPORT STRUCTURE
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5.4 V-2 Type Missiles - Ohio State University Antenna Laboratory

A large number of static experiments have been conducted on V-2
type missiles by the Antenna Laboratory of the Ohio State University
Research Foundation. The results of these experiments are reported in
References 41 through 49. The experiments provided data at the full-
scale frequencies of 20, 50, 100, 300, 600, and 1200 Mc; the data were
obtained by rotating models about a vertical axis for orientations of 0,
15, 30, 45, 60, 75, and 90 degrees from horizontal.

In presenting a summary of these experiments in this section we
shall, for each wavelength, present a plot of ¢ vs aspect angle only for
the 0 degree elevation for both horizontal and vertical polarizations. To
indicate the effect of increasing elevation angle, the polar plots for a few
of the elevation-angle cases are given (for the 20 Mc V-2 case), as well
as the calibration curve which permits one to determine ¢ from the
polar diagrams. (The angular variation shown on the polar plots is that
of aspect.)*

Since the WAC rocket is a ballistic missile, the data obtained by
OSU for this missile is included. The WAC was measured at each of the
seven frequencies mentioned above and also at a frequency of 2900 Mc.
The results obtained by OSU from measurements made on Willow Run
Research Center models of the UMA-I missile are shown in Section 5.4.8.
These measurements on this V-2 type missile yielded results corre-
sponding to the full-scale frequencies of 400 and 621 Mec.

Section 5.4.9 contains a summary of the bistatic measurements made
at the Antenna Laboratory of the Ohio State University.

*These polar plots, plus the calibration curve also serves to illustrate
the method of presentation used by OSU.
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5.4.1 - 20 Mc Data

The data obtained by OSU at 20 Mc, (Refs. 41 and 48) are shown in
Figures 5.4.1-1 through 5.4.1-4, and the WAC data in Figure 5.4.1-5.
The elevation angle * cases of 0, 30, 60, and 90 degrees are used to indi-
cate the effect of increasing elevation angle on the cross-section of a V-2.

The experiments were conducted at a frequency of 3000 Mc on 1/150

scale models.

* The elevation angle is the angle formed at the line between the radar
and the model and the plane in which the aspect angle is measured

(see page 15).
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5.4.2 - 50 Mc Data

The OSU 50 Mc data (Ref. 42 & 48) are summarized in Figures
5.4.2-1 and 5.4.2-2; the first figure is devoted to the V-2 data, and the
second to the WAC data.

The experiments were conducted at a frequency of 3000 Mc on 1/60
scale models.
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5.4.3 - 100 Mc Data

The OSU 100 Mc data (Ref. 43) appears in Figures 5.4.3-1 and
5.4.3-2. The manner of presentation is the same as for the 50 Mc data
in Section 5.4.2.

The experiments were conducted at a frequency of 3000 Mc on 1/30
scale models.
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The OSU 300 Mc data (Ref. 44) are displayed in Figures 5.4.4-1 and
5.4.4-2. The manner of presentation is as used before.

The experiments were conducted at a frequency of 9000 Mc on 1/30

scale models.
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5.4.5 - 600 Mc Data

The 600 Mc data obtained by OSU (Ref. 45) appear in Figures 5.4.5-1
and 5.4.5-2. The content of these figures is the same (except for wave-
length) as those used in the preceding sections.

The experiments were conducted at a frequency of 9000 Mc on 1/15
scale models.
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5.4,6 - 1200 Mc Data

The 1200 Mc data obtained by OSU (Ref. 46) appear in Figures
5.4.6-1 and 5.4.6-2. The content of these figures is the same, except
for wavelength, as those used in the preceding section.

The experiments were conducted at a frequency of 9000 Mc on 1/7.5

scale models.
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5.4.7 - 2900 Mc Data (WAC only)

Reference 49 contains the results obtained by the Antenna Laboratory
of the Ohio State University Research Foundation on their measurements
of the WAC at the “full-scale” frequency of 2900 Mc. This data are pre-
sented in Figures 5.4.7-1 and 5.4.7-2; the 0 degree and 90 degree eleva-
tion angle cases are presented.

These experiments were conducted on a 1/3.1 scale model at a
model frequency of 9000 Mc.
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5.4.8 - 400 and 600 Mc Measurement on the UMA-1

In May 1950 Ohio State University made some static cross-section
measurement on WRRC models of the UMA-1 missile. These models
(similar to a V-2) had removable fins; Figure 5.4.8-1 shows the dimen-
sions of these models with the swept back fins removed. The equipment
was at X-band and the models were three feet and two feet in length.
Thus the data obtained correspond to the full-scale frequencies of 400
and 621 Mc. Figures 5.4.8-2 through 5.4.8-5 show the results of these
experiments. The theoretical results (see Section 7.5) are included for
comparison.
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5.4.9 Bistatic Measurements

Ohio State University conducted some measurements of the echo
characteristics of V-2 type missiles for transmitter and receiver at
separate locations (Ref. 47). (Such operation is called bistatic.) The
full scale frequencies involved were at 20, 50, 100, 300, 600, 1200, and
2900 Mc. As in their other tests, measurements were made for eleva-
tion angles of 0, 15, 30, 45, 60, 75, and 90 degrees. Two bistatic cases
were investigated: one in which the transmitter and receiver were
separated by 30 degrees and the other in which the angular separation
was 45 degrees (the 45 degree separation was used for 20 through 100
Mc cases and the 30 degree separation in the 300 through 2900 Mc cases).

Table 5-2 indicates the manner in which the reciprocity rule* held
in these experiments. It is felt that this serves as a good. measure of
the accuracy of the experiment, and in only one instance does the reci-
procity rule fail to hold to within an order of magnitude.

Only the 0 degree elevation cases are presented in the figures of
this section. In Figures 5.4.9-1 through 5.4.9-7, the cross-section is
plotted as a function of the azimuth angle to the receiver; thus, the trans-
mitter is located either 30 or 45 degrees from the plotted azimuth angle.

*This rule states that for smooth finite surfaces, the effective radar
cross-section remains the same if the transmitter and receiver are
interchanged (Ref. 57).
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TABLE 5-2
Radar
Cross-Section in Square Meters
Missile Frequency Polarization Angle between . »
(Mc) . Receiver Transmitter
Transmitter
. nose-on nose-on
& Receiver
V-2 20 Horizontal 450 0.38 7.0
V-2 20 Vertical 45° 5.0 4.6
V-2 50 Horizontal 45° 3.0 3.6
V-2 50 Vertical 45° 15.0 13,
V-2 100 Horizontal 450 .12 .21
V-2 100 Vertical 450 .041 .10
V-2 300 Horizontal 30° 2.4 2.1
V-2 300 Vertical 30° 2.9 1.8
V-2 600 Horizontal 300 0.94 1.0
V-2 600 Vertical 300 0.51 0.15
WAC 1200 Horizontal 300 0.031 .0092
WAC 1200 Vertical 30° 0.11 .33
WAC 2900 Horizontal 30° .10 .065
WAC 2900 Vertical 30° 0.02 .02
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5.5 V-2 Type Missiles - The Sperry Gyroscope Corporation

The Sperry Corporation conducted static tests on V-2 type missiles
having a 6-to-1 length-to-diameter ratio (Ref. 50). The experiments
were carried out at a wavelength of 3.2 cm on models which were 2.25,
3.6, 4.8, 6, and 12 inches long. Thus, the results scaled to full V-2 di-
mensions* give data on V-2 cross-sections at frequencies of approxi-
mately 40, 60, 80, 100, and 200 Mc (Figs. 5.5-1 through 5.5-6).

Sperry drew the following general conclusions from the results of

their experiments (Ref. 50):

1. “For missiles up to approximately 3A in length, the effect of fins
on the back scattering of the rockets is negligible within experi-
mental accuracy. This represents a V-2 seen at wavelengths
down to 3 meters.

Z.HThe scattering from missiles of greater lengths than 4A is af-
fected markedly, particularly at aspects other than head-on, by
addition of fins. In general, for aspects other than head-on, the
echo from a target with fins mounted is 2 to 15 times greater
than the corresponding echo from the missile without fins. Ro-
tation of the missiles (with fins mounted) about the longitudinal
axis, that is changing polarization with respect to fins, gives
markedly different results at aspects other than head-on, the ef-
fect increasing with aspect. (These remarks apply to a V-2 type
missile seen at wavelengths less than 2 meters.) "

A discussion of the experimental technique employed appears in
Appendix 2.

*It is to be noted that these models have a length to diameter ratio dif-
ferent from that for a V-2.

85

ECRET

]




SECIRIET

UNIVERSITY OF MICHIGAN

UMM-134

1000

o (m?2)

» O
\\
_—

AN—
A \ I\
7/ \ -
6
/ \ |
w7 \ l]
2
8 y 4 \
7/ \
6 / \
| \
4
—_l_— Without Fins
|
2 1 I
Polarization is perpendicular
to axis of rotation
0.1 I I
0 10 20 30 40 50 60

ASPECT ANGLE IN DEGREES FROM NOSE-ON

FIG. 5.5-1 CROSS-SECTION OF A V-2 TYPE MISSILE
AT ~ 40 MC (SPERRY CORP.)

70

SECIRNETT




S5ECIK

= 1

UNIVERSITY OF MICHIGAN

UMM-134
1000
8
)
4
2
100 ,,A""'\\
8 7 \\
/
6
." ‘%
/
4 7
/ \
7 \}
2 4', ‘L Without Fins
7
/ \
N / \ ewemenenee e Fins
-~ Sewer’ //\ \ ‘$. /
E 10 =\ %
© 8 A\ 1
é 1 JA|
1 A\ AN
\ y N
4 \ ‘e " A \‘
\ ! H/AN
] T
\ | ! AR
2 ‘ 't ;
J [/
1 I ‘u
W [
1.0 i1 l
Il
8 1!
5 L\ |
\ s \
\
2
Polarization is perpendicular
to axis of rotation
0.1 L |
0 10 20 30 40 50

60

70
ASPECT ANGLE IN DEGREES FROM NOSE-ON

FIG. 5.5-2 CROSS-SECTION OF A V-2 TYPE MISSILE
AT ~ 60 MC (SPERRY CORP.)

87

=

=C=

—

—.

= I



S

= CIRET

UNIVERSITY OF

MICHIGAN

UMM-134
100
8
-]
4
2 72—
o) — e
8 \ " \'\ "v
% u‘\ A y)
6  AEERN \ I\
’ \\ W\ l 1
4 I \ ‘l\A nl
) 4
! N\ \_‘ /
I
| N
2 /] /N 2
’ \ H 4
\
|
E 1.0 “ \“ i! “ ,'
) 8 \ { ]
1
° Vi
\
4 Y
\\ /
2 \ A A
\ | |
ool L L
8
é Without Fins — |
4 O ez Fing ‘$
e emememene Fins &
’ i |
Polarization is perpendicular
to axis of rotation
.01 I |
0 10 20 30 40 50 60

ASPECT ANGLE IN DEGREES FROM NOSE-ON

FIG. 5.5-3 CROSS-SECTION OF A V-2 TYPE MISSILE
AT ~ 80 MC (SPERRY CORP.)

70

S

=

| E—
—

i




S

=Cc=

= 1

UNIVERSITY OF

MICHIGAN

UMM-134
100
8
)
4 ,‘,’ -\\
/ \".
/‘ L N\ \
2 :,’/ \‘ \
4 \
N
‘\
10 \ \
8 X
6 - -\“ Fal
N\ ¥ \ \
4 \\ ‘\ N/ \ ,l
\.’ b
L NN /
g N\ LA
é 1.0 ‘1 Y T\ 111
) 8 . Nl Z T \[V]
1 N T\ I
6 LI P B W |
! 1
) A%
I [
N |
I [4
. /
o1 |
8
6 Without Fins
4 Fins -@- —
o omom om e Fins &
2 i i
Polarization is perpendicular
to axis of rotation
.01 | I
0 10 20 30 40 50

ASPECT ANGLE IN DEGREES FROM NOSE-ON

60 70

FIG. 5.5-4 CROSS-SECTION OF A V-2 TYPE MISSILE
AT ~ 100 MC (SPERRY CORP.)

89

=

—
—

= CI

i




SECRET

o (m?)

UNIVERSITY OF MICHIGAN

.01
0

UMM-134
100
8
6
4
2
,’\
10 NEV4AA
A
s 1t 1
6 AL 47,07
ST VR
4 YL
\ ! )
1 AW
S y
Y N~ Y [
\4.\ /f\ A
0 1\ / 1R,
. 1 \/ J v
8 LI I 1
1\ 1/ ]
6 + \ T 5 o
+—\ !
4 | \ | 1 wl
v P ’ \
—
Ve \
(I | Jd 11 i
1 !
Ay
Without Fins —]
.Fins-$- —
--—---‘Fins g
1 1
| |
Polarization is perpendicular
to axis of rotation
| l
10 20 30 40

50

ASPECT ANGLE IN DEGREES FROM NOSE-ON

60

FIG. 5.5-5 CROSS-SECTION OF A V-2 TYPE MISSILE
AT ~ 200 MC (SPERRY CORP.)

90

70

(=

| E—

= CIX

s

—




SECIRETT

UNIVERSITY OF MICHIGAN

UMM-134

5.6 V-2 Type Missiles - Federal Telecommunication Laboratories, Inc.

The experiments conducted at the Federal Telecommunications
Laboratories (Ref. 34) are summarized in this section in Figures 5.6-1
through 5.6-9.

The experiments resulted in data on the cross-section of a V-2 at
the equivalent full-scale frequencies of 50, 100, 110, 200, 250, 300, 500,
750, and 1000 Mc for both vertical and horizontal polarizations (Figs.
5.6-1 through 5.6-9).

Figure 5.6-10 shows a plot of the cross-section of the V-2 nose-
section at 2000 Mc. In the experiments the models were rotated about
a vertical axis (keeping two of the fins perpendicular to the ground) for
three different elevation angles, (0, 45, and 90 degrees). Only the 0 de-
gree elevation cases are presented in the figures of this section.

These measurements were made using the radar set method (a lay-
out plan of the measuring equipment is shown in Figure 5.6-11). Appen-
dix 2 contains a description of the method employed.
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5.7 V-2 Type Missiles - Radar Research and Development Establishment

The experiments conducted on missile models at the Radar Research
and Development Establishment in England (Ref. 52) are summarized in
Figures 5.7-1 through 5.7-9. These experiments were conducted at an
actual wavelength of 3.22 cm on finned and unfinned models which varied
in length from 3.88A to 30.59\; the diameters of the models varied from
0.5A to 4A.

Measurements were made with two different nose shapes (see
Figure 5.7-1). Figures 5.7-2 and 5.7-3 show the effect of the different

nose shapes.

The method of measurement is described in Appendix 2.
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5.8 V-2 Type Missiles - The General Electric Co.

The General Electric Co. conducted some experiments on Missile
Echoing Area using an underwater sound analogy (Ref.53 and Appendix2).
The Model used was one of the Hermes A missile (a V-2 type). The re-
sults (Fig. 5.8-1) are for an equivalent full-scale wavelength of 17.8 cm
(i.e. approximately 1690 Mc).
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5.9 Comparison of Static Experiments

The static experiments on Atlas type missiles were conducted at
75, 225, 333, and 1000 Mc and since all of these data appear in Section
5.2, it is not necessary to summarize them here.

The range in frequency involved in the V-2 type experiments is
quite large, and since the number of experiments and experimenters is
comparatively large some summarizing comments are called for. Table
5-3 presents a summary of the contents of Sections 5.3 through 5.8, in-
dicating the range in frequency and the experimenter.

Examination of this table indicates that the frequencies of 50, 100,
300, and 1000 Mc were covered by more than one experiment. Figures
5.9-1 through 5.9-3 contain comparisons of horizontal polarization data
at 50, 100, and 300 Mc and Figure 5.9-4 contains a comparison for ver-
tical polarization at 1000 Mc. Figure 2.2 is repeated here for the pur-
pose of comparing the experimental data obtained from these various
sources in the vital nose-on region.

111

SECRET




S

=C=

UMM-134

TABLE 5-3
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Summary of Static Cross-Section Experiments (V-2)

Frequency | Microwave | Ohio | Sperry | Fed. Radar General
(Mc) Radiation | State | Gyro. | Tel. Res. & Electric
Co. Univ. Co. Lab. | Dev. Est. Co.
20 X
40 X
50 X X
60 X
70 X
80 X
100 X X X
110 X
165 X
185 X
200 X
210 X
225 X
250 X
300 X X
325 X
400 X
500 X
600 X
621 X
650 X
710 X
721 X
750 X
1000 X X
1200 X
1690 X
2000 Xk
2900 X
(* Nose-cone only)
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VI

REFLECTIONS FROM THE MISSILE SURFACES -
DYNAMIC EXPERIMENTS

6.1 Willow Run Research Center Experiments

After a study * of the static experiments on V-2's was made, it was
concluded that the results obtained in the past were not very accurate
in the vital nose-on region.

In order to evaluate the different static experiments in the
nose-on region and in order to have a more realistic check between
theory and experiments, the Willow Run Research Center embarked on
a dynamic measurement program in which V-2'type models were to be
dropped from aircraft and their cross-sections near nose-on measured
by ground-based radars. This experiment was undertaken after a search
of the literature in the field indicated no dynamic nose-on V-2 type
missile cross-section data were available.

One-third scale V-2 type models (Fig. 6-1) were used in the dy-
namic experiments. Static comparisons of the drop-test models were
made by the Microwave Radiation Co., Inc. It was believed that their
facility was capable of doing very accurate work. An attempt to have
other facilities make similar static experiments was unsuccessful, since
other facilities contacted felt that the accuracy of their experiments
would be too open to question to warrant such experimentation.

The methods used in the dynamic tests are reported in Reference 40.
Great care was taken to set up an experiment which would be as accurate
as possible in the field. While these efforts were generally successful,
the precision of the experiments was degraded by errors in the data re-
duction which, according to the operational set-up at HAFB,** was not

* Reference 69
*% Holloman Air Force Base
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under the control or even surveillance of the Willow Run Research
Center. However after the data reduction (by Telecomputing Corpora-
tion at HAFB) was completed, the Willow Run Research Center obtained
the raw data, and, to the extent that time and money allowed, re-reduced
the data, thus eliminating the effects of some of the worst errors. How-
ever the errors could not be entirely removed in the allotted time, so
that the data should be looked on as not necessarily accurate to better
than 10 db.

Despite all this, several important conclusions may be drawn:

1. A feasible method of dynamic testing of missiles with small
nose-on cross-sections has been developed.

2. The nose-on cross-section of ballistic missiles is sufficiently
large that such missiles can be seen with properly adjusted and
maintained present-day radars.

3. Theory, many static experiments, and dynamic experiment have
produced radar cross-sections of the same order of magnitude.

4. As the aspect angle varies, there are more and deeper minima
than those predicted by static experiments.

Unfortunately, certain questions which require high precision of test
data cannot be answered; on the other hand, several theoretical conjec-
tures have now been verified experimentally in the field.

Figures 6.—2 through 6.—20 present the data obtained in the dy-
namic drop tests for V-2 type missiles with square and swept-back fins.
The models were 1/3 scale; thus X- and S-band radars yielded full-scale
results at S- and L-band respectively.* Figures 6.—2 through 6.—11 are
plots of the maximum and minimum cross-sections obtained for the
models as a function of the angle off nose for the model frequencies
(X- and S-band). The two curves result from the fact that at each angle

*The frequencies actually used in the experiment were 2839 Mc and
9376 Mc.
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off nose, data were usually obtained for a set of aspect angles; thus there
will, in general, be a set of cross-section values for each angle off-nose.
Figure 6 - 12 shows the A-scope return vs time for a typical sphere
drop, to indicate quality of the radar performance. The remaining eight
figures are plots, corresponding to full-scale V-2, of the mean cross-
sections vs aspect angle for horizontal and vertical polarizations. These
polarizations are of interest for comparison with static experiments.

Horizontal and vertical polarizations are defined in those cases
where there exists a plane containing the radar site and an arbitrarily
chosen fin of the model. In these instances, the angle off nose is meas-
ured in this plane. The incident radiation is said to be vertically polar-
ized when the electric vector is perpendicular to this plane and horizon-
tally polarized when the electric vector is parallel to this plane.

It is apparent from Figures 6 - 13 through 6 - 20 that the circum-
stances corresponding exactly to horizontal and vertical polarizations
occurred at relatively few angles off nose. The term latitude angle
used in Figures 6 - 13 through 6 - 20 is the angle off-nose meas-
ured in the plane of the fins.
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6.2 Other Dynamic Experiments:Aspects Other than Nose-on

The Naval Research Laboratory, Washington D.C., has conducted
dynamic measurements of V-2 cross-sections (Ref. 19 and 55). Meas-
urements were made at White Sands, New Mexico between 20 February
and 17 April 1947 employing an SCR-270 radar. Values of cross-
section were obtained by comparison with the cross-section of a balloon
covered with wire mesh. The conclusions reached from this test were
(Ref. 19):

“At 100 Mc the V-2 missile has a peak radar area of 150
square meters and shows a fluctuation of about 3 db before fuel
cut-off. An accurate knowledge of the ground reflected energy
might reduce this value to between 25 and 65 square meters.
After fuel cut-off, the peak radar area varies from 0.3 square
meters to 3 square meters and fluctuates more than 10 db.”

Tests were also conducted at White Sands by NRL on 27 May 1948.
The measurements were made at 1250 Mc and at 2825 Mc. In describing
the method of measurement, NRL states that (Ref. 55):

“The antennas were pointed optically throughout the flight.
The S-band antenna is an 8 ft. diameter parabolic dish with a
small section cut off the top and bottom. The L-band antenna is
a 4 ft. x 15 ft. parabolic section. The peak powers of both radars
are nominally 750 kw. Both radars were pulsed at 120 c.p.s.

“The received signals were recorded on two cameras per
radar. The first camera, a 35 mm movie camera, recorded the
A-Scope presentation. The second camera, a continuous film
camera, recorded the amplitude of each pulse by the following
method. The radar video is applied to the horizontal deflection
plates of a CRT. There is no signal applied to the vertical de-
flection plates. The positive range gate pulse applied to the con-
trol grid of the CRT makes the spot visible only for the duration
of the pulse. Thus, horizontal deflection is only visible when a
signal is in the range gate. The vertical travel of the film serves
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to separate on the film the individual appearances of the range
gate.

“Time was recorded on each film by means of seconds counters
within view of the cameras. A fifth camera recorded a dial box
showing time, range, bearing and elevation.

“The output of a calibrated signal generator was also recorded
on the A-Scope and continuous films. In order to convert re-
ceived signal into radar area, the various radar parameters
were measured before the flight.”

The results obtained from these tests were (Ref. 55):

“At 1250 Mc, the radar area was frequently of the order of
one square meter. This value is verified by the upward portion
of the trajectory and by the general level when the rocket was
tumbling downward.

““The conclusions obtained at 2825 Mc were not nearly so defi-
nite. A tail view of the rocket after fuel cut-off gave values of
radar area between 10 and 300 square meters. The tumbling
period after blowoff indicated that the usual level considering
all aspects is below 40 square meters.”
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VII

THEORETICAL CALCULATIONS AND COMPARISONS
WITH EXPERIMENT

7.1 Approximate Methods

7.1.1 The Physical Optics Approximation

During World War II, Dr. R. Spencer, now of the Cambridge Re-
search Center, generalized and simplified the methods for applying

physical optics to electromagnetic scattering problems (Ref. 54).

procedure was originally proposed by Kirchhoff and later criticised by
Poincare”(see Ref. 56). The major objections to applying physical-optics

approximations to electromagnetic theory have been:

1. A shadow region is completely black according to Kirchhoff's
theory whereas experiments show that such regions are not com-

pletely black.

2. The boundary between the “illuminated” and shadow regions is,
according to Kirchhoff's theory, sharp and precisely defined.
Again, experiment shows that there is no such definite boundary.
Also, the concept of a sharp boundary around a black shadow
region is untenable mathematically as it implies conditions on
the total field which cannot be made consistent with the usual
boundary conditions at the body and the radiation condition at

infinity.

3. Since Kirchhoff’s approximations were used and derived for
optical problems where the wavelength (A) of the radiation is
small with respect to the characteristic dimension (f) of the
scatterer, it was felt such approximations would be poor in the

resonance region, i.e., when A z(.
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The objections to using Kirchhoff's theory have not disappeared;
however increased experience in the electromagnetic scattering field
validates Spencer's methods. It is now known for example, that Kirch-
hoff’s method predicts the exact solution for the scattering of electro-
magnetic waves by a paraboloid when the incident Poynting vector is on
the axis of symmetry (Ref. 57). It is also known now that, for axially
symmetric backscattering (Ref. 5) and for small angled cones in the
bistatic case with the transmitter located on the axis of symmetry
(Ref. 58), the Kirchhoff approximation is extremely close to the exact
solution. (Note that this is in contradiction to 3.) Furthermore, a
dihedral corner reflector with angle of separation between sides of
7f/n (n an integer), the Kirchhoff approximation is the exact result
(Ref. 59). Agreement between Kirchhoff’s theory and experiment
even for such complex shapes as a B-47 at wavelengths from 3 cm to
5 meters is quite good (Ref. 60).

7.1.2 Conically Pointed Bodies

It was originally expected by Hansen and Schiff (Ref. 61) for physical
reasons that, in the nose-on region, the cross-section of a semi-infinite
cone and an ogive (the body described by the rotation of a circular arc
about its chord) would be approximately equal if the nose angles were
equal and the chord length exceeded A. Similar reasoning would show
that the radar cross-section of any rotationally symmetric pointed
body which fitted within the cone tangent at the nose (a conically pointed
body) whose contour curved smoothly into the shadow region before
terminating could be approximated in the nose-on region by the cross-
section of the semi-infinite cone whenever the length of the body was
large with respect to the wavelength. The validity of this approach is
exemplified by the experiments of Sletten (Ref. 62) for ogives. He
obtained excellent agreement between both the theoretical and experi-
mental cross-section of the ogive and the theoretical cross-section
of the semi-infinite cone.

There has always been some uncertainty as to the validity of the
physical optics approximation for a finite cone because of the circular
discontinuity of “zero” dimensions at the base and because when the
length of the finite cone is large with respect to the wavelength, its pre-
dicted physical optics cross-section in the nose-on region appeared to
be so much larger than that for an infinite cone. Specifically
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FIG. 7.1-1 CONICALLY POINTED BODIES
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where H =length of finite cone, and 0= ;— cone angle.

However, static experimental data obtained by the Federal Telecommu-
nications Laboratories (Ref. 34) show that the physical-optics approxi-
mation is fairly close to being correct for the finite cone (Fig. 7.1-2).
The theoretical curve shows marked oscillations whereas the experi-
mental curve does not. The nulls of the static measurement are not as
deep and the values of ¢ are generally slightly higher than those of
physical-optics theory. Experience has shown that most recording de-
vices tend to smooth over the nulls and hence that the physical-optics
nulls could easily be more representative of the true situation. In any
case, it seems clear that the physical-optics result is not inconsistent
in predicting the amplitude of peaks. The experimental results indicate
that the nose-on ¢ predicted for the finite cone by physical optics is
either right or too small. It certainly is not too large as had originally
been believed. This shows the great difference between having an abrupt
termination of a body in the edge of the “lighted” region as compared
with having it well into the “shadow” region.

7.1.3 Other Bodies

For several shapes, such as the circular flat plate (Ref. 63), the
physical-optics approximations are quite good even in parts of the
Rayleigh region (\>>f) where ¢ is proportional to A%, For those
shapes for which physical optics gives poor results in relation to the
exact theoretical solution in the resonance region, such as the sphere
and the prolate spheroid (Ref. 64), other methods of approximation must
be used. For example, it now appears as though wire theory (Ref. 65)
making use of the new tables for thin wires (Ref. 66) makes it possible

to predict the successive maxima in the ¢ Versus-3- curve. A knowledge

of the ¢ of the sphere, the ¢ of a 10/1 prolate spheroid, and wire theory
will probably make it possible to predict the cross-sections of most other
prolate spheroids.
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7.1.4 Approximation for the V-2

The physical reasoning which allows an ogive to be approximated by
a semi-infinite cone in the nose-on region, similarly allows certain kinds
of fins to be approximated with a section of an infinite wedge. Other
types of fins can be replaced by finite cylinders with radii of curvature
both large and small with respect to the wavelength. From theoretical
considerations the fin contribution as a function of the wavelength will
be considered to be in the form

Osin = k, A", where n<2, and k, is independent of A.

For off nose-on incidence, if the radius of curvature of the edge of the

fin is small with respect to the wavelength, n=2; if the radius of curva-
ture is large with respect to the wavelength, n 1. Since, in most cases,
the V-2 body configuration is similar to that of an ogive, abody (no fins)

= k, A%, where k, is independent of A

Since n can be less than 2 for the fins, it becomes clear that at
large wavelengths the body contribution to ¢ may dominate while at
small wavelengths the fin contributions might easily dominate.

In the resonance region other types of approximations must be used.
One of these methods (successfully used by Franz and Depperman, Ref-
erence 67, for the cylinder), based on the interference of a specularly
reflected wave with an exponentially damped wave which has crept
around the object, has been used for missile cross-sections in the
resonance region.

On the basis of the above arguments, the variation of the V-2 cross-
section with frequency should appear as shown in Figure 7.1-3.

The question remaining is that of determining the constants k;
(Region “A-B" would not exist if k,<<k,.) “Best fit" curves to the
experimental data shown in Figure 2-2 imply that a region may exist.
“Best fit" curves indicate that V-2 nose-on cross-sections depend on an
exponent between one and two. Many laws, varying in accuracy and
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convenience of application with different exponents and constants, can be
arrived at on the basis of the available data. For example, in the wave-
length region 0.3 A <5%meters, a convenient “rule of thumb” of

0 = 1.2A2 has been used at WRRC for the nose-on cross-section of mis-
siles of the V-2 class, with swept-back fins. Such laws will, in general,
be of sufficient accuracy for first-order system design purposes and ex-
perimental work, providing care is used in applying them only in the ap-
propriate wavelength region and range of aspect angles and only to the
particular class of missiles for which they are derived.

Al B
A
FIG. 7.1-3 GENERAL SHAPE OF V-2 CROSS-SECTION CURVE

*This explains why no comparison was made between theory and the dy-
namic experimental data for the smaller wavelength in Section VI. For
small wavelengths, the cross-section must be approaching the
optics answer. We can observe that the cross-sections at S- and L-bands
are fairly close to each other and as a result it seems clear that the op-
tics answer for a V-2 must be fairly close to the experimental S-band
results obtained.
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7.2 Atlas Type Missiles

Theoretical radar backscattering cross-sections have been com-
puted for the 7-OC Atlas intercontinental ballistic missile (Fig. 5.1-1)
at several frequencies between 25 and 1000 Mc. Cross-sections have
been determined for the warhead alone; warhead with booster, and booster
alone. In addition, the cross-sections of the “needle-nose” interconti-
nental ballistic missile (Fig. 5.2-2) have been computed.

7.2.1 Theoretical Calculations

7.2.1.1 Cross-Sections of the 7-OC Warhead Between 25 and 100 Mc

The final stage (warhead) of the Atlas ballistic missile has a length
L, of about 20 feet and and average diameter of about 2 feet. Computa-
tions were made at wavelengths of approximately 40 feet (25 Mc), 13.3
feet (75 Mc), and 10 feet (100 Mc). The region of interest is one in which
the quantity L/A is approximately one and hence one in which the appli-
cability of physical optics is doubtful.

A theory, which makes use of ideas similar to those presented by
Franz and Depperman in their paper on the semi-infinite cylinder (Ref.
67) has been used to make an estimate of the Atlas warhead nose-on back-
scattering cross-section. Briefly, the theory involves considering the
backscattering cross-section to be due to the sum of two contributions.
One of the contributions is the radiation scattered from the first Fresnel
zone on the body or, in the case of a pointed body, from the tip of the
body. The other is due to radiation which creeps about the rear of the
body and comes back to interfere with or add to (depending on the rela-
tive phase) the radiation scattered from the forward part of the body. In
the limit of small wavelengths, this latter contribution is negligible.
However, in the resonance region under consideration, it is an important
contribution. Thus, the oscillations in ¢ as a function of wavelength
which occur for the nose-on cross-sections of a sphere and a prolate
spheroid in the resonance region may be thought of as being due to the
interference of the two contributions. At the peaks they are in phase
and in the valleys they are 180 degrees out of phase. For a pointed body
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with a well rounded rear such as the Atlas 7-OC warhead, the main con-
tribution to the nose-on cross-section is the contribution of the radiation
which creeps about the rear of the body and comes back in the forward
direction, since the contribution from the tip is very small. An estimate
of the magnitude of this contribution can be obtained from a knowledge

of sphere cross-sections. Thus, by the above argument:

Opeak = [AG.O. t Arear]z

where O peak is the sphere cross-section at a peak in the resonance re-
gion, Ag.Q. is proportional to the field amplitude due to the first Fresnel
zone, and may be taken to be \/1—7?, and Arear is the contribution due to
the radiation which creeps about the rear of the body. Values for 0 peak
may be read off existing graphs such as the one in Kerr (Ref. 68) and the
above equation may be solved for Arear. This procedure indicates that
(Arear)? is equalto .033A% Y A/a. By setting a = 2 feet (the approxi-
mate radius of the rear bulb of the warhead), values of ¢ of 1.5 square
meters and 0.8 square meter are obtained for the nose-on cross-section
of the Atlas at 75 and 100 Mc respectively.

For off-nose aspects for 75 and 100 Mc, the results of thin wire
theory were applied. At 75 Mc, L/A =1.5 and at 100 Mc, L/A= 2.
Curves for these cases drawn in Reference 65 were used to determine
the cross-sections.

Although the experimental data for a V-2 for the L/A =1 and
L/A = 2.5 cases (Ref. 48) do not involve the specific ratios under con-
sideration, the data for these V-2 cases can be used as a guide to the
order of magnitude of the cross-section to be expected for off-nose
aspects at 75 and 100 Mc for the Atlas 7-OC warhead. As the V-2 length
is about twice that of the Atlas (the ratios of length to average diameter
are about the same), the V-2 cross-sections were scaled down by a factor
of four. In addition, the results for L/A =1 and L/A = 2.5 were aver-
aged for each aspect. This average curve was regarded mainly as a
guide to the order of magnitude to be expected of the cross-section
rather than the shape of the curves to be expected at 75 and 100 Mc.
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Finally with the aid of the values computed, thin wire theory, and
the experimental data for the V-2, judicious estimates were made as to
the true cross-sectional curves at 75 and 100 Mc. These curves appear
in Figure 7.2-1.

Nose-on values for 25 Mc (a/A = .05) cannot be obtained by the
method used for 75 and 100 Mc as these values were derived with the
aid of Kerr's curve from points for which a/A 2 0.15. For the sphere,
a/A = .05 is within the Rayleigh region and there is little scattering from
the rear bulb. The scattering from the tip is also very small. The appli-
cation of physical optics to a cone of dimensions approximating those of
the warhead for A = 40 feet yields ¢ <0.001 square meter for a rounded
base and 0 < 0.005 square meter for a flat stern base.

For the estimation of the cross-section of the Atlas at 25 Mc, the
experimental results for a thick wire for L/A = 0.5 were used. The re-

L(Missile)] 2

sults, scaled by the factor [ L{wire) , also appear in Figure 7.2-1.

7.2.1.2 Cross-Section of the 7-OC Warhead Between 225 and 1000 Mc

Values of the cross-section for 225, 600, and 1000 Mc were computed
by means of the methods of physical optics. The technique of polynomial
approximation outlined in Reference 57 was used to obtain monostatic
radar cross-sections at various aspect angles ranging from 0 to 50 de-
grees. The following table of values was obtained:

O in square meters

1000 Mc 600 Mc 225 Mc
0° .28 .14 .26
5 .089 .018 .18
15° .014 .036 .079
30° .018 .006 .19
50° .071 .15 11
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FIG. 7.2-1 THE THEORETICAL CROSS-SECTION OF THE 7 - OC WARHEAD
AS A FUNCTION OF FREQUENCY AND ASPECT ANGLE
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For angles of incidence ranging from 75 to 90 degrees evaluation of
the physical-optics cross-section by the technique of stationary phase
(see Ref. 57) yielded the following values:

O in square meters

1000 Mc 600 Mc 225 Mc
75° 27.8 16.7 6.2
83° 1.5 2.5 3.3
90° 35.0 21.0 7.8

It is apparent from the first table shown that the cross-section is
highly oscillatory in nature as is to be expected for a configuration such
as the Atlas 7-OC warhead which consists of cones attached to cylinders.
The contributions of the conical and cylindrical components to the cross-
section alternately cancel and reinforce each other. In addition, study of
the physical-optics cross-sections of cones and cylinders indicates that
each of the individual contributions of the conical and cylindrical sec-
tions oscillates in magnitude. It would be highly desirable to use a tech-
nique whereby the averaged value (i.e., averaged over an oscillation
period) of the cross-section may be obtained easily. Therefore, the
methods of stationary phase outlined in Reference 57 were used to obtain
formulas for the cross-section of the conical and cylindrical components.
These values for the cross-section contributions were added assuming
arbitrary phase (i.e., assuming all possible phases equally likely). These
results also appear in Figure 7.2-1.

It is important to remember in using Figure 7.2-1 that the oscilla-
tions have been averaged out. Although the cross-section for the most
part is expected to remain within a factor of 10 of these curves, there
may be points at which nulls occur. The stationary phase formulas from
which the curves are derived appear in Section 7.2.1.5.
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7.2.1.3 Cross-Section of the Atlas Booster

The radar cross-section of the Atlas 7-OC Booster (see Fig. 5.1.1)
has been computed by the method of physical-optics. Curves of the
cross-section of the booster at 1000, 600, and 225 Mc are shown in
Figure 7.2-2. To compute the near nose-on cross-sections, it was as-
sumed that the total energy scattered from the interior was in equilibrium
with the amount incident upon.the nose aperture. In addition, a cos 0 di-
rectional dependence was assumed. For the purposes of a rough esti-
mate, this assumption was deemed adequate.

In addition, the composite cross-sections of the warhead attached to
the booster for 1000, 600, and 225 Mc were computed as shown in Figure
7.2-3. As the interior of the booster is no longer visible, the first as-
sumption concerning the nature of the interior of the booster is of no
importance for these cases.

7.2.1.4 Cross-Section of the Needle-Nose Warhead

Values of the radar cross-section of the needle-nose warhead (Fig.
5.2-2) were also computed by the method of physical-optics. Curves of
cross-sections at 1000, 600, and 225 Mc appear in Figure 7.2-4.

7.2.1.5 Stationary Phase Formulas Used in Atlas Computations

The formulas used in the stationary phase method of computing ¢
for the Atlas missile are listed in the section. In these formulas the
symbols are defined as follows:

tan 6
B=L+L, tan aan- tan 6
lo= length of nose cone of missile warhead
L, = length of cylindrical section
L -1,= length of rear truncated cone
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p = radius of cylindrical portion of missile
°
o = half cone angle which is 15 for the 7-OC warhead.

6 = angle of incidence

_ i i U(x)=0 x<0
U(x) = unit function U(x)=1 x>0
k = 27/A
Nose Cone Contribution
47
g = Tz— I gll 2

3 2ikl,cos(a + 6)

_‘/ﬂ‘tana i U(at+0) tan (@ +0) e Vio cosa
8 * 4k3 sin @

2ikl,cos(a - 6)
+ U(at - 0) tan (a-O)\/Toe cos a

This formula is not valid for § = 0° and for o+ 6= 90°.

Cylinder Contribution

The physical optics contribution of the cylinder may be obtained
exactly, but the stationary phase formula given here is a much simpler
one to use computationally.

47
0=‘X'2‘|gz |2

eZikL‘cose 1 e-Zikpl'sin9| ‘/ﬂ’pltan 0|
4k3 cos @

159

5 =Cc|=

n
_
—




SECRET

UNIVERSITY OF MICHIGAN

UMM-134

Shadowed Truncated Cone

S

, 2ikL cos(o+6) 2ikﬂcos{0¢+9)}
t U(a+0) t 0) <YL
oV | e tern {E O g

2ikL cos(at-6)
+ U(L-B) U(a-6) tan(o-6) {\/f e cos O
2ik B cos(ot-6)
- \/_ e cos O

This formula is not valid for @ = 0° and for ¢ £ 6 = 90°.

Averaged Cross-Section

0 ost = —g}‘?{:an o [(L+ZQ tan? (@+6) + ltan® (a-6) U(a-6)

sin 0
angles

+ (L+B) tan?(a-6) U(L-B) U(a-O)]

21
+ 2. tan 9}
cos @

This formula is not valid at nose-on, broadside, or for angle of incidence

perpendicular to a cone generatrix. The following formulas apply for the
latter two cases.

87 sin @ 3, 13 3/213/2
0.0 cone = X cos* sinb L3+1% -218/2L

_2mpLy
aBroadside - A
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7.2.2 Comparison Between Theory and Experiment of the Cross-Section
of Atlas Type Missiles

The results of static experiments on Atlas type missiles (Sec. 5.2)
and the theoretical computations on Atlas type missiles (Sec. 7.2.1) were
compared in Figures 5.2-5, 5.2-8, 5.2-13, 5.2-16, and 5.2-18. These
figures are repeated here for reference.
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7.3 Theoretical Determination of the Monostatic Cross-Section of V-2
Type Missile (144-1000 Mc).

For purposes of the theoretical computations, a V-2 type missile
was assumed to be comprised of the following three components:

(1) the body, which was considered as a surface of revolution starting
at a conical tip and tapering gently to a cylinder-like rear portion.

IV 48 Ft. l

-~

(2) the fins, which were considered to be thin flat plates of the shape
depicted below,

13 Ft. —-|

(3) the motor, which was considered to be comprised of an exterior
flat plate ring and an open interior cone.




SECIRETT

UNIVERSITY OF MICHIGAN

UMM-134

The cross-sections due to these components were computed sepa-

rately by the methods of physical optics and then summed to give the
cross-section of the entire missile.

7.3.1 Contribution of the Body

by:

The physical optics backscattering cross-section of the body is given

zend 2

I =7 eitkz g [A(z)] , ko= D

Zo

where z is measured along the line of propagation of the incident ray, z,
is the point where the wavefronts first meet the body, and A(z) is the
projection onto the plane z = z, of the surface area lying between the
plane z = z; and a plane coincident with the wavefront at z. The plane
parallel to the wavefronts and farthest removed from z, but still in con-
tact with the missile is denoted by z = zgpqg.

Direction of

|nciden7

/




SECIRETT

- UNIVERSITY OF MICHIGAN

UMM-134

To evaluate the integral I in closed form is usually difficult. To obtain
values for the V-2 body radar cross-section, the integral has been ap-
proximated by making use of the vibration curve analysis used in physi-

cal optics.

The idea of a vibration curve arises when considering an integral

X

2
f eldX f(x)dx as the limit of a sum of the form

X1
N . '
E elO(x, t nh) f(x, + nh)h as N—o0
n=1
X, - X
h h =-2_"1
where N

If a complex number is represented as a vector in the complex plane,
then the magnitude of the above sum is the same as the magnitude of the
resultant to the polygon formed by a series of these vectors, the n'th
vector of which is oriented at an angle of OZ(X1 + nh) to the real axis and
has a magnitude of hf(x, + nh).

In the limit, the vibration polygon becomes a smooth curve (if £(x) is
continuous) and the magnitude of the resultant to this curve is equal to

the magnitude of the integral,

X

el0X f(x) dx.

The radius of curvature of the vibration curve at a point is given by:

169
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since f(x) dx is the element of arc length along the curve and adx is
the element of angle through which the curve has turned about its in-
stantaneous center of curvature.

The V-2 body has a conical tip portion tapering gently into a tail
which is almost cylindrical. Hence A(z) is continuous and A'(z), the
first derivative of A(z), exists so that

Zend Zend

eikz ga(z) = eikz Al(z) dz.

0 29

Furthermore, A (z) is continuous, although A" (z) is not. The continuity
of A'(z) implies a continuously changing radius of curvature for the cor-
responding vibration curve since the magnitude of the radius of curvature

for the curve is given by%-ﬂ_ A'(z).

Another important characteristic of A'(z) for the V-2 body is that at
z = zgnd» A'(z) = 0 for all aspects. This means that the vibration curve
has a zero radius of curvature at z = zgnq SO that the resultant of the
vibration polygon also marks the final position of the center of curvature.
If it were possible to trace the positions of the center of curvature, the
desired value for

Zend

eizkz Al(z) dz

Zo

would be obtained. Fortunately, there are a great many qualitative state-
ments that can be made about the motion of the center of curvature.
Where the radius of curvature is rapidly varying, the center of curvature
also moves about rapidly. Where the radius of curvature varies slowly,
the center of curvature remains essentially constant. For a body for
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which A"(z) increases at first rapidly and then decreases very slowly to
zero, the vibration curve would at first spiral out rapidly, and hence the
center of curvature would move away from its original position. For a
conical tip body A’ (z,) = 0 for angles of incidence with respect to the
axis of the body which are less than the complement of the cone angle,
so that the original position of the center of curvature would be the origin
of coordinates. If the body tapers gradually from the initial conical tip,
then in the region of gradual taper the radius of curvature decreases
very gradually so that the vibration curve spirals in, gradually retaining
a practically constant center of curvature and finally, as A'(z) goes to 0,
ending up at this constant center of curvature. Thus the variation of
A (z) during its period of increase in the conical portion of the body ac-
counts almost entirely for the final position of the center of curvature;
Zend .
or equivalently, the value of the integral f eilkz dA(z) may be ac-
Zo
counted for largely by tip scattering. Such is the case for the V-2 body
(without fins) when viewed nose-on. As the aspect is moved off-nose,
A’(z) still increases rapidly at the conical tip and then less rapidly in
the tapered portion of the missile. During the rapid rise, the center of
curvature assumes its tip scattering position and this position remains
approximately constant during the subsequent gradual change of A' (z).
However, when passing into the transition region at the base of cylinder,
Al (z) rapidly decreases to zero with a consequent motion of the center
of curvature. The vector denoting the resultant motion is called the base
scattering contribution.

The tip scattering vector added to the base scattering vector gives
the final position of the center of curvature, and the magnitude of this
resultant gives the magnitude of the desired integral. The tip scattering
and the base scattering contributions have been added assuming random
phase, i.e., the cross-section for the body, Obody» Was taken as

41
Ttip t+ Opager Where Utip and 0,4, Were computed as being ")z times

the square of magnitude of the tip scattering vector and the base scatter-
ing vector respectively. This procedure may be justified by noting that
small changes in the length of the body will completely change the phasing
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of the tip and base contributions for the wavelengths considered. When
considering a V-2, it is well to assume all phasings are equally likely
because the dimensions of one V-2 may differ by several wavelengths

from another.

7.3.1.1 Computation of Tip Scattering

The tip scattering contribution may be found by computing the value
of the integral:

Z =00
eiZkz dA(Z)
z=0
for an area function whose first derivative has the same initial rise as

the area function of the body which is of interest and then very gradually
sinks to 0. Assuming that

o0 o0 [+

E ' -B E ' E '
Oge sz Apz®| dz where og =1

s=0 n=0 s=0

o0
00 © OgApn!

ei2kz dA(z which in the limit as

Zlk n+1
0 s=0 n=0
O Ap n!
, g o o 0y 3 e -—* ) i 1 .
B, B Bs 0, is equal to 2 (-Zik)n"'l

n=0

For large k, the 1/k term dominates the expansion so that the integral

o0

. A,i AgA

ei2kz 4A(z) is approximately given by T i e providing Ay £ 0.
0
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Since, for z small, A z is approximately the area function, A(z), the
above expression is simply (i/7) (Area of the first Fresnel zone). For
A, =0, A, #0 the 1/k? term dominates the expansion so that

ooiZksz y 22, (Z)a f first F 12
—| e (z) = 7T 15 A1 = (77 |Area of first Fresnel Zone|.

The case for Ao = 0, A1 ;4 0 corresponds to a conical tip. For the
V-2 body this is the case for angles of incidence which are less than the
complement of the cone angle. For angles greater than the complement
of the cone angle, the first formula above applies as Ay # 0.

Ag=0 Ag# 0

The expression for the area function, A(z), for a cone for various
angles of incidence has been obtained analytically: For angles of inci-
dence less than the cone angle,

z2 Ttan? 0
cos® 9'(1 - tan? @ 'tan® )3/2

A(z) =

where ' is the angle of incidence and @ is the half cone angle, 9' < 0.
For A(z) given by this formula, the tip scattering contribution to cross-
section is, using the results developed above,

2
4T |2 A2 7T tan2 6

A% tan? 0
A2 |2 16 (1-tan?6 tan?6'f/2 cos® 6'

T 167 (1-tan® ftan? 6)° cos®6’
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For 90°-6 > 0'> 0 we have

A(z) = az? [b cos"! <—€-> +1/c? - b2 ]

where
tan 6

& % cos 0" (1-tan® tan? g')1/2
tan 6

b = 5

cos2 §'(1-tan2 0 tan2 @) and

tan '

C = .

cos? @ (1-tan® ftan?§')

For angles of incidence such that 90°- 6 £ ' < 90°, the tip scatter-

: : P ¥ AP A2
ing cross-section contribution is Y 3 ’;1— I K

A, was evaluated graphically for the third case.

For 6 > 90° the wave fronts strike the cylindrical base of the model
first; and, as the function A'(z) decreases very gradually at the conical
tip of the missile, tip scattering represents, for these cases, a
contribution small compared to that of base scattering.

7.3.1.2 The Base Scattering Contribution to the Cross-Section

Case I: ' < 900

The wavefronts for these cases approach the cylindrical edge as
shown below

*For @' = 90° (broadside) this tip scattering contribution is the sole con-
tribution to the cross-section since A'(z) approaches 0 gradually at

Z = Zend-
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X T
Shadow R /
A i -
o' Z=1,+Rsin g’
1=1,

Let z! =z - z, where as before, z is the distance along the incident rays,
and z, now represents the coordinate of the “transition edge” depicted
in the diagram above.

The area function A(z') is, to within an additive constant (which is
not important in the process outlined below), given by the expression

R sin @' - 2!

o O V2Rz' sin ' - z'2

A(z') = 2Rz tan §' +

|
- R2 sin 0 tan ' cos-! < -ﬁ,)
where @' is angle of incidence and R is the radius of the cylindrical base.
The numerical magnitude of the radius of curvature, R/, of the vibra-
tion curve at a point corresponding to the edge of the transition region is

given by —};?ZR tan 6" The center of curvature for the curve will lie

along the normal to the curve at a distance numerically equal to R. The
final position of the center of curvature relative to this position may be
obtained by integrating ei2kz A'(z') with respect to z' over the transi-
tion region and adding to the resultant complex number, a complex num-
ber equal in magnitude to the radius of curvature at the edge of the region

. 4T
and having a phase (——X- Zg -—2-7!.-) The diagram below illustrates this

process.
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, 1(2kzg - /2)

Value of Integral A

Z =Rsin @
f e i2kz dA(Z)

z=0 /

Base Contribution
Vector

Final Position of
Center of
Curvature

Position of Center of
Curvature Upon Entrance
into Transition Region

This procedure yields:

The desired integral is evaluated readily.

R sinf’ 2
1 :f eizkz [ZR tanf' - \/;R z' sin@' - z'2 ] dz,

cos@'

0

where z' =z - z,.
Integrating the first term:

I = A 2R tan §' exp|(4miRsin 0'/m) - 1]

AT 1
2 R sinf' )
-— ci2kR sin 0} /R2sin® §'-(R sin @' -z')? dz.
CcOSs
V4
Let | -~ w07 ¢. Then
176
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m|:-_\

2R2sin @' 4_7)\HR sinf' (1- cos @)

A 4 . . l/
I = 47Ti ZR. tane [exp( 47T1R51n 9/ A) - l] - W— e -
0 sSin ¢d¢.

The integral on the right is expressible in terms of the Bessel and Struve
functions of 1st order.

I= -Z%R tan@' [exp(4iRsin /) - 1] - AR tan@' ei2kR sin6'
' J; (2kR sin 6')-iS, (2kR sin 6')]
From this expression, the base contribution to the cross-section can

be computed.

4 A .
Opase = A2 I+ HRtan 6

In the above equation, care has been taken to add the radius vector in its
proper phase.

Case II, 6' >900

For 6'>90°, the base contribution is the main contribution since
the conical tip contribution is negligible (Sec. 7.3.1.1). The value of
Opase Was computed in a manner which was completely analogous to the
technique used for 6' <90° except that allowance was made for the fact
that the wavefronts approach the body so as to strike the base portion of
the body first. A'(z) increases from the value 0 at z = z; = 0 to the
value 2R tan (180° - ') at the end of the transition region.

AN A YA /z=o
Shadow)?Q(
Y

AN

S5ECR
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R sin (- 6')
The value of the integral, I = f eilkz A'(z) dz added to
0

T 2R tan (7 - §') (i(2kR sin (- ') +7/2)

gives the desired resultant position of the center of curvature. This is
illustrated in the diagram below

il2 in(m-0")+m/
%2R tan(ﬂ-e)el[kRsm( ) 2]
T

Resultant Position of

Vector Representing Center of Curvature
Resultant of the
Integral Above Initial Position

of the Center

The area expressions and the resulting integrals are entirely simi-
lar to those encountered for 6' <90° and, as might be expected

Obase (/2 +9) = Opase (/2 - ¢).
Therefore, it is unnecessary to use any additional formulas for Case II.

7.3.2 Motor Contribution

It was assumed that the return ( ' >90°) from the motor portion of
the missile would emanate primarily from the nozzle (1) and the annular
plate (2) shown in the figure below. The basis for this assumption is
that the geometry of the combustion chamber combined with the rough-
ness of the head (3) suggests that the entire combustion chamber may be
considered a black body to within the accuracy of this method.
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The physical optics backscattering cross-section for the plate por-
tion may be expressed as

47T : : 2
g :}\— [of 0] 0' / CIka sin 0' dA(X)
Plate
Surface

where "= 1800 - 9’( 6'is the angle of incidence of rays to missile axis)
and where x and dA(x) are defined as in the diagram below.

Y

'X=R

R= Radius of Outer Ring
r=Radius of Inner Ring

The integral / ei2kx sin 6' dA(x) is expressible as

plate
surface
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X'—'R " X=r "
2 f ei2kx sinf" YRZ_ 42 4x _f eikx sin@ y2_ 2 gy
X

=-R X=-Tr

Making the substitutions x/R = cos @ and x/r = cos O' respectively for
these integrals

T m
2 |R? feiZk R cos O sin ensinzad ol- rz'/‘eiZkr cos O'sin 6" sin?a' do'
0 o
/o ﬂ/z

= 4 RZ/ cos(2kR cos @ sin ") sinzada-rzfcos(Zkr cos @' sind')

0 0
sin2 o' do'
These integrals may be easily evaluated to give
vwr ) )
m I \2 2
4| R2—————~ J,(2kR sin ') - rz—@— J,(2kr sin 6') .

2kR sin @' 2kr sin@'

From this expression the cross-section, O, may be computed.

The contribution of the interior cone was obtained by projecting
graphically the “visible” portion of the interior cone lying between the
two planes depicted in the diagram below and separated in distance by
A /4 onto a phase plane; the area thus obtained was measured. This area
of course corresponds to the area of the first Fresnel zone (see diagram
below).

The cross-sectional contributions of this interior cone were com-

4T
puted by squaring the above area and multiplying by T
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Aly

giodow ? o

Direction of
Incidence

7.3.3 The Fin Contribution

The major differences in cross-section at high frequencies (s, X,
and K bands) among different members of the V-2 class are due princi-
pally to different type fins (Sec. 7.1). Theoretical V-2 cross-section re-
sults at these frequencies are very sensitive to the type of simple shape
used to approximate the fin. For some V-2 type missiles, thin wire
theory appears most appropriate, for others small flat plates appear
appropriate while for still others, when the leading edge has been made
almost knife sharp, wedge theory appears appropriate.*

In the graphs shown in Section 7.3.4, the choice of which method to
use was weighted by available experimental cross-section data. For

these computations, the fins were considered to be thin plates. Their
edges were swept back. This plate method minimizes the contribution

of the fins in the nose-on direction so that it became necessary to as-
sume that the nose-on fin-body interaction dependence is proportional to
A2. The fins were assumed to be mounted so that two of them were

*1t had been hoped that precise information would be obtained from the
dynamic V-2 experiments (Sec. 6.1) to help decide which of the many
possible approximation methods is best suited. Unfortunately the dy-
namic test data were too inaccurate to answer this question.
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perpendicular to the plane defined by the axis of the missile and the in-
coming rays, so that for broadside incidence the fin contribution was

4

-E—(ZA)g, where A was the surface area of a fin. For angles of incidence
other than broadside or nose-on, the fin contribution was obtained by

evaluating the physical optics integral for the fin shape.

7.3.4 The Over-All V-2 Cross-Section

The back scattering cross-sections for the V-2 body computed are
shown in Figure 7.3-1 where 0 is plotted against angle of incidence.
Since the cross-sectional contributions of the various portions of the
missile were added assuming arbitrary phase, no scintillations or rapid
oscillations due to phasing of the components is exhibited in these curves.
Also the oscillations which would normally occur due to the flat plate
areas (the fin and motor) have been averaged out so that the resultant
curves are smooth. The theoretical computations were carried out for
the representative frequencies of 144, 225, 400, 600, and 1000 Mc.

7.4 Theoretical Determination of Bistatic Cross-Sections of V-2 Type
Missiles

The study of the radar cross-section of the V-2 included considera-
tion of the case of bistatic radars, that is, radars in which the transmitter
and receiver are geographically separated. The purpose of this bistatic
study was to determine whether increased effective cross-section of a
V-2 could be obtained by use of this mode of operation. These studies
were carried out for frequencies of 225 and 1000 Mc for vertical and
horizontal polarization, and for the V-2 fins in the plane defined by the
missile heading and the transmitter location, or at 45° to this plane.

The monostatic and bistatic radar cross-sections of the V-2 as func-
tions of § (Fig. 7.4-1) are plotted in Figure 7.4-2 for frequencies of
225 Mc and 1000 Mc and for three different values of o(Fig. 7.4-1),
In this graph the target line of flight, transmitter, and receiver are
assumed coplanar (8 =0). The horizontal fins of the V-2 and the
direction of the electric vector are in this plane. That is, the polari-
zation of the electric vector is horizontal at both the transmitter
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and the receiver. It can be seen from this graph that the largest bistatic
cross-section is obtained when @+ @ = 180°, providing both & and 6
are restricted to be less than or equal to 180°. If ¢ and @ are both re-
stricted to small angles, such as angles less than 459, then there is little
advantage to be gained from bistatic operation. It can also be seen that
although the peak cross-section obtained at 1000 Mc is greater than that
at 225 Mc, the latter frequency is more advantageous if comparatively
large cross-sections are desired for a wide range of receiver angles.

The effect of transmitter, receiver, and V-2 heading being non-
coplanar (B # 0) is shown in Figure 7.4-3. This figure, drawn for the
case of forward scattering (@ = § - 180°), shows that the cross-section
decreases as the angle B increases. It can be seen that the 225 Mc fre-
quency yields higher cross-sections than the 1000 Mc frequency for most
orientations if B varies appreciably from zero degrees.

The variation of cross-section with polarization, fin angle, and fre-
quency is illustrated in Figure 7.4-4. The differences between horizontal
and vertical polarization, and between 0° and 45° orientations of the
missile fins with respect to the plane of the transmitter, are both less
than a factor of five. The frequency variation for vertical polarization
is the same as that for horizontal polarization.

The methods used in arriving at Figures 7.4-2, 7.4-3, and 7.4-4 are
described in detail in Appendix 3.
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7.5 Comparison Between Theory and Experiment of the Cross-Section of
V-2

A great deal of work has been done both experimentally and analyti-
cally in an attempt to determine the monostatic radar cross-section of
V-2 type missiles. In this section, the monostatic cross-sections of a
V-2 as a function of aspect angle obtained experimentally and theoreti-
cally are compared. Very little experimental work has been done on the
bistatic case (Sec. 5.4.9); hence no attempt is made here to compare
theory and experiment for the bistatic case,

In May 1950, Ohio State University made static cross-section meas-
urements on WRRC models with removable fins (Sec. 5.4.8). 0.S.U.'s
c-w Magic T equipment was at X-band, and the models were three feet
and two feet in length. Thus, in real V-2 dimensions, the corresponding
radar frequencies were about 400 and 600 Mc. The results of the Ohio
State experiments, (presented in Section 5.4.8) and the theoretical results
(discussed in Section 7.3) are compared inFigures 5.4.8-2 through 5.4.8-5
which are repeated here. The theoretical curves appearing in these fig-
ures have had the nulls which were obtained theoretically “smoothed
over”.

The agreement is excellent considering that the V-2 and the UMA-1
(an early “Wizard” model) do not have identical dimensions and that the
computations were done at a slightly different frequency than the experi-
ments.

As discussed in Sections 5.3 and 6.1, both static and dynamic experi-
ments have been conducted on WRRC V-2 models which yielded 1000 Mc
cross-section data. These experimental data and the theoretical results
were compared in Figure 6-15,
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VIII

CONCLUSION

Inroads have been made on the major physical problems
in the ballistic missile radar cross-section field. It is felt
that sufficient knowledge now exists so that one can state
what theoretical and experimental radar cross-section work
should be done on Intercontinental Ballistic Missiles. It is
further felt that enough is now known so that numbers may
be specified which have physical meaning. The attainment
of this knowledge and the ability to specify numbers has been
the purpose of WRRC's work in the ballistic missile radar
cross-section field.
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APPENDIX 1

THEORETICAL CONSIDERATIONS ON IONIZATION

The radar return to be expected from the ionic clouds produced by

a high-speed missile depends upon the number of ions and free electrons
produced, their distribution about the missile, and the aspect from which
the cloud trail is viewed. Unfortunately, the experimental data available
are insufficient for accurate computations of either the number of charged
particles produced by such a missile or their spatial distribution. How-
ever, enough can be said to conclude that at altitudes above 200 km there
will be insufficient ionization to appreciably affect the radar cross-sec-
tion of a missile traveling at speeds below 10 km/sec.

In this appendix it is first established that a minimum missile speed
of about 12 km/sec is required to form an appreciable number of poten-
tial ion producers above 200 km on the basis of various models for the
ionization process, although a small number may be formed even at
10 km/sec. Even the latter speed is above that presently contemplated
for intercontinental ballistic missiles. However, the analysis is con-
tinued on the assumption of sufficient ion production to estimate the ex-
pected spatial distribution of the ions (and associated free electrons) and
the effects of such clouds on radar cross-section. These computations
are then used to show that, for the radar cross-section to be appreciably
enhanced, the required ion densities can be achieved only if several free
electrons are produced by each energized atom or molecule. Although
no data are available on the ionization probabilities for the primary type
of collision of interest (0 + 0 — 0 + 0t + e), any type of collision where
more than one electron is freed is so improbable, at the energies avail-
able, that the situation required for radar cross-section enhancement
can be considered impossible.

In carrying out the various computations, wherever data or theory
is lacking, the computations have been made so as to overestimate the
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radar cross-section contribution of the ion cloud. The above conclusions
were obtained in spite of these overestimations.

In making radar cross-section computations, a distinction is made
between ionic clouds in which the density, N, of charged particles is
above a certain critical density, N¢, and clouds in which the density is
below that value. Where N 2 N, the index of refraction for the cloud is
imaginary or zero. If the density of a cloud of charged particles is high
near the cloud’s center and decreases to zero at the edges, the inner part
of the cloud will be bounded by a surface on which N = N¢. Then the outer
part acts as a diffuse scatterer of incident electromagnetic energy, while
the surface on which N = N¢ acts as a perfect reflector.

For a gas with primarily one type of scatterer, the index of refrac-
tion is given by (Ref. 7, p. 327, for example):

N q?2
= e -1
n ‘/1 4T 12 me (A.1-1)
Setting n = 0 gives
47%m €f?
N, =————c—1—2-—— (A.1-2)

Where m = mass of charged particle,
dielectric constant of free space,

frequency of the radiation,
magnitude of the charge on the particles.

€

f
and q

In an ionic cloud, it is the free electrons which do most of the scat-
tering, rather than the positive ions or the heavy negative ions formed by
attachment, since the electrons have less mass and are thus more readily
set into oscillation by the incident electromagnetic field. Thus, for scat-
tering purposes, an ionic cloud should be thought of primarily as a free-
electron cloud. For a free-electron cloud, Equation (A.1-2) becomes:
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£2
N =57 % 108 electrons/cm3. (A.1-3)

where f is measured in Mc.

An alternate view of this phenomenon is that there is a critical fre-
quency fc which must be exceeded for the electromagnetic waves to
penetrate an ionic cloud of given density. Thus, to observe by radar a
missile, which will be in or above the ionosphere layers, it is necessary
to use frequencies above the critical frequencies for these layers. The
largest* of these ionospheric critical frequencies is about 8.5 Mc.

A.l.1 Estimates of Minimum Speed Necessary for Ionization

Any estimate of the minimum missile speed required to produce ap-
preciable ionization depends on the mechanism assumed for ionization.

We shall consider the following mechanisms:

1. Elastic collisions of stationary air molecules and atoms with a
rigid missile skin of infinite mass give these particles sufficient
energy to ionize other air molecules and atoms by subsequent
inelastic collisions.

2. Elastic collisions of air molecules and atoms with individual
atoms of the missile skin give the rebounding air constituents
sufficient energy to ionize other air molecules and atoms, as
above. (This case is distinguished from (1) because we treat the
atoms of the metal not as rigidly bound in a lattice, but as free
bodies having finite mass.)

3. Emission of metal atoms by evaporation from local “hot spots”
on the missile skin.

4. Primary collisions of types described in 1 and 2 directly
lonizing the air molecules and atoms which collide with the missile.

Two altitudes will be considered: 400 km and 200 km.

*In practice one should not consider operating lower than 20 Mc.
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At the higher altitude, the only important constituent of the atmos-
phere is atomic oxygen (Ref. 8). It is therefore not necessary to con-
sider molecular processes such as excitation of vibrational and rotational
levels which might compete for energy with ionization. Also, since a
dense gas cap will not form at the altitudes considered, we have not dealt
with collision of oxygen atoms with those in a gas cap. Neither will
ionization caused by high temperatures associated with the passing of
air through a shock wave be treated, since no shock wave is present at
these altitudes.

Although the density of nitrogen molecules is roughly 10 percent of
the atomic oxygen concentration at the lower altitude considered, we shall
neglect competing molecular processes at this altitude too. We thus over-
estimate the ion production.

The first two processes considered involve the ionization of air
atoms or molecules by collision with other air atoms or molecules which
have acquired high velocities by striking the missile skin. In order to
determine the missile velocities at which the phenomenon is initiated,
we must first compute the velocity that an air molecule or atom must
attain before it can ionize another. In our calculations we shall first
neglect the thermal velocities of the atmospheric constituents and then
show them unimportant in cases where they might conceivably effect our
conclusions.

A.1.1.1 Molecular Velocities for lonization

To obtain a rough idea of the minimum missile speeds required for
ionization we shall for the moment neglect the thermal velocities of the
air molecules. In Section A.1.1.3 the thermal velocities and their dis-
tribution are taken into account.

If a particle of mass m, and velocity v; collides with an initially
stationary particle of mass m,, the maximum amount of energy, u, which
can be transferred to the second particle is
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u = ve (A.1-4)

2 m; +m, 1

Setting u equal to the first ionization potential of atomic oxygen, we find
that an oxygen atom must exceed 18.1 km/sec in velocity to ionize another
stationary oxygen atom. For a collision between two nitrogen molecules,
the minimum v, is 14.6 km/sec. We shall not consider N,-0 collisions
since the probability of ionization in such collisions is much smaller

than in those considered (Ref. 8). These figures assume that ionization
occurs for u = ionization potential, whereas heavy particles usually re-
quire several times this ionizing energy before they become most effec-
tive in ion production. This is reflected in their ionizing probabilities.

Having estimated the minimum velocity that a gas particle must have
acquired to ionize another one, we now turn to considerations of the
mechanisms by which this velocity is imparted to the particles. The in-
troduction of these models permits the computation of threshold missile
velocities (those which impart the above minimum values of v, to the

rebounding particles). 1

A.1.1.2 Specular Reflection

The first model considered, in which the gas atoms and molecules
collide elastically with a rigid missile skin, is based on one due to Cobine
(Ref. 6). In such a model, the missile is considered to have infinite mass.
The speed of a gas particle rebounding specularly from a conical nose
surface is vy = 2Vsin &, where V is the missile speed and & is the
half-angle of the cone. For & = 15 degrees (Atlas 7-OC), the minimum
missile speed required to ionize atomic oxygen is then 36.1 km/sec,
while a 28.8 km/sec missile speed is needed to ionize nitrogen molecules.
This is considerably above the presently contemplated speeds of less
than 10 km/sec.

A.1.1.3 Direct Momentum Transfer

The model which we treat next is a better approximation to the
physical situation. The experiments of Compton and Van Voorhis (Ref, 10)

199

S=ECIRXETT




SECRET

UNIVERSITY OF MICHIGAN

UMM-134

on accommodation coefficients for ions incident on platinum and molyb-
denum cathodes indicate considerable energy transfer to the metal sur-
face. Therefore the direct momentum transfer model, which allows such
energy transfer, appears to be more realistic.

This model assumes that the gas-metal collision is so rapid that the
metal atom may be treated as if free, the lattice forces not having time
to transfer appreciable momentum. According to this picture, the speed
attainable by a stationary air particle of mass m, colliding with a missile
atom of mass M and speed V, is given as a function of the angle 02 be-
tween the missile axis and the direction of rebound by

_ 2VM cos 0,

\'2
m+ M

(A.1-5)

Introducing the maximum v obtained from this formula into the ex-
pression for u, we find that the maximum energy available to ionize an
atom or molecule of mass m' is

2
1 { mm’ 2MV )

4= 7(m+m’) (M+ m

(A.1-6)

Equating this energy to the ionization potentials of N, and 0 we obtain
estimates for various types of missile skins of the minimum missile
speeds needed for ionization. These speeds are displayed in Table A-1.

Table A-1

THRESHOLD SPEEDS FOR IONIZATION
BY SCATTERED AIR MOLECULES

Material 0+0—>0+0t+e N,+N,—N,+Nt + e
Fe 11.5 km/sec 10.9 km/sec
Ni 11.4 km/sec 10.7 km/sec
MgO 12.5 km/sec 12.3 km/sec
Al 14.3 km/sec 14.9 km/sec
200
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It appears from Table A-1 that a 10 km/sec missile will produce no
ionization if the skin is made of the above materials. Since thermal ve-
locities of the 0 atoms and N, molecules struck by the rebounding par-
ticles have been neglected, it might seem that this conclusion is too
severe. However, even on the assumption of an ambient temperature of
1000° K (Ref. 8), we shall show that only a small fraction of even those
air constituents which have most favorably oriented velocities will have
great enough speeds to undergo ionizing collisions.

The relative kinetic energy of two colliding particles of masses m,
and m,, with velocities v, and v,, is

— — 2
TR =1 (7 -7, (A.1-7)

If we use for IVII the maximum rebound velocity of an oxygen atom from
a 10 km/sec iron missile, 15.6 km/sec, assume both particles oxygen
atoms, and equate TR to the first ionization potential of atomic oxygen,
13.5 e.v., we obtain

V, V-2V, -V, = .82x 10" cm?/sec? (A.1-8)
Then taking
Va .. W
[z 7]
. - . -
to obtain the smallest 'vz l , we find lv2| = 2.4 km/sec.
0 - . 3kT
But at 1000° K, the average speed, v, of an oxygen atom is .921 \/——
m
or 1.15 km/sec (Ref. 51). Thus we require :’—E_ll = 2.10, and less than
V2

.01 of even those atoms whose velocities are favorably oriented have such
speeds (Ref. 51),
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For N, molecules, |¥,1 = 13.2 km/sec, and the ionization potential
is 15.5 e.v. Then
- - - - 12 2 2
Vy, Vv, -2V, -V, = .38x10° cm”/sec (A.1-9)
and |V, min = 1.4 km/sec. Here V, = .873 km/sec and the ratio

lﬁl_l.n_i.ﬂ = 1.6 is attained by about 10 percent of the molecules.
Va

Since we have neglected the directional distribution in velocities of
the struck particles which requires less favorable directions and there-
fore improbably high speeds for an enormously high fraction of them, it
is clear that thermal velocity of the ambient atmospheric constituents
will not make it possible for our 10 km/sec missile to produce many ions
by this model.

Furthermore, even if missile speeds greater than those of Table A-1
are attained, there will be a distribution in direction, and therefore, by
Equation (A.1-5), in magnitude of rebound velocities. This distribution
will reduce the number of rebounding particles which are potential ion
producers. For a given V the minimum value of cos 92 which pemits
ionization may be computed from Equations (A.1-4) and (A.1-5). We
shall assume a probability density%— cos § for a rebound at an angle 6
from the normal to the cone side (Ref. 70). On this basis the probability
that @,| <y is found to be

P = sindsiny, y<ao
1 (A.l—lO)
=5 [1-cos(a+ y)],y>a.
Then for an Fe skin typical results for the probability of rebounds suffi-
ciently rapid to cause ionization in 0 - 0 collisions, neglecting thermal

velocities are:

Table A-2
V km/sec P
12 .066
15 210
202
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The direct momentum transfer model affords only a small number
of sufficiently energetic collisions for a 10 km/sec missile. This fact
will be shown to require an unreasonably high probability for ionization
in such a collision in order that ionization sufficient to give rise to an
observable radar cross-section be produced. We shall therefore be
able, by our computation, to rule out this model as a significant source
of ionization.

A.1.1.4 Local Heating

The “local heating” model, developed by Hippel and Blechschmidt and
more recently by Townes, explains the sputtering of cathode material by
high-speed ions (Ref. 11). According to this theory, the energy transfer
when an ion strikes a metal surface takes place so quickly that there is
no time for heat to be dissipated. High local temperatures are obtained,
and atoms evaporate from the cathode. This model gives minimum mis-
sile speeds not significantly different from those in Table A-1. However,
since the mechanisms stopping positive ions and neutral atoms in a metal
differ, we think it unsound to base an expectation of ion-producer emis-
sion on this model. We are therefore forced to neglect it, with the res-
ervation that more detailed analysis might show it to be significant.

Al.l.5 Tonization by the Primary Collision

Equation A.1-4 applied to collisions of O or N, with either the
missile as a whole or a free Fe atom, shows ionization by direct elastic
collision energetically impossible. We also neglect inelastic collisions,
since energy transfer to the lattice rather than to the O or N, is to be
expected physically.

A.1.2 Near Nose-On Aspects

The radar cross-section of the ion cloud for the nose-on aspect of a
missile is of special interest since it is for this aspect that a missile
body (having a pointed nose) yields its smallest radar return. For the
ion cloud to have a large cross-section from aspects near nose-on, it
must contain a dense supra-critical region, whose surface is rounded
and sufficiently large with respect to the wavelength of the incident radi-
ation when viewed from the radar. Section A.l.l demonstrates, on the
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basis of very simplified physical pictures, the possibility of an ion cloud
of this shape (but not necessarily supra-critical density) forming about
the missile in the upper atmosphere, provided sufficient ions and free
electrons are produced.

A.1.2.1 The Shape of the Ionic Cloud

As the potential ion producers discussed in Section A.1 rebound
. from the missile skin the density of collisions and drops off as

Ae -x/ there x is distance normal to the skin measured from the
point of rebound, ( is mean free path, and A is a constant. Hence a
contour of constant density will form at a distance

_i{(.p) Vx|
6-‘—V,—';—m (A.1-7)

from the missile, where Vp is the component of the missile velocity in
the direction normal to the missile surface at the point in question, i

is the relative velocity of the rebounding ion producers and Vﬁ is the
component of V' in the direction of V. In using this formula at 200 km
altitude and above it is probably safe to use the mean free path of the
ambient atmosphere since it is not likely that an appreciable gas cap will

have formed about the missile at these altitudes.

According to this model, the contour within which most of the ions
would be initially formed about the conical nose of a missile would be a
cone with a spherical tip. Certainly diffusion would smooth out the tran-
sition from cone to rounded tip, so the contour would roughly resemble a
hyperboloid and will be taken of that shape in the cross-section compu-
tation.

A.1.2.2 Cross-Section of a Supra-Critical Density Cloud

We shall assume N 2N¢ within a hyperboloid. Physical optics rea-
soning (Ref. 57) yields, for the radar cross-section of a hyperboloid
whose radius of curvature at the nose is ro and whose asymptotic cone
has an half-angle 6.:
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2
0= mré +-%7-? tant 6.. (A.1-8)

In other words, the cross-section of this hyperboloid may be represented
by the sum of the cross-sections of a sphere and a cone. These are dis-
cussed in Section A.l1.4.1 below.

A.1.3 Effect of the Diffuse Part of the Cloud

The above considerations give no idea of the form taken by the more
diffuse part of the ion cloud. This is now investigated on the basis of a
simple diffusion theory. From the results, it is then shown that the dif-
fuse region cannot increase the radar cross-section of the whole ion
cloud above that of the critical-density region. We shall therefore con-
sider only the critical-density region in computing the cross-section of
the ion cloud.

A.1.3.1 The Electron Density Distribution

To consider the diffuse cloud, we begin by describing the distribution
of electrons at a distance from the missile for altitudes above 200 km,
where free molecule flow prevails and the effect of recombination may
be neglected. For study of the distribution of electrons far from the
missile (i.e. at distances large compared to both the mean free path and
the missile dimensions), the missile may be considered to be a moving
point source of electrons. The electrons spread by diffusion away from
the missile. The equation which must be solved is the diffusion equation:

V2 N(?) =-Il3 agi?) (A.1-9)

in which V2 is the Laplacian operator, T is the position vector from the
source to the point of observation, N(2) denotes the electron density N,
D is the diffusion coefficient, and t is the time. Consider a point source
to be moving in the negative z-direction at a speed V, and producing 7
electrons per unit length of its path. The resultant density is equivalent
to that due to integrating the contributions of a distribution of stationary
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sources along the z-axis which initiated their effects at successive mo-
ments in the past. This integration yields the following solution of the
diffusion equation for a time of otservation t = 0:

Y (r-s)

>\ n 2D )
N(r) = T7D: Ve (A.1-10)

The integration was carried out over all past time and a constant D was
assumed. This implies constant altitude flight. For vertical flight D is
variable and in fact the missile was not in the atmosphere and acting like
an ion source for more than a limited time. Numerical examination of
the integrand for suitable parameter values and an average D showed that
the error in using an infinite integration time would be negligible; on the
other hand it greatly simplifies the integration. (The anisotropy intro-
duced by the earth's magnetic field could have been taken approximately
into account by using a tensor diffusion coefficient.)

The contours in space of constant density given by Equation (A.1-10)
above may be put in the dimensionless form

exp [0(s -P)]

=1 (A.1-11)

R~

where

p=— s:-:i-,-a: , z — (A.1-12)

For each value of & a contour profile may be plotted. The factor,
a, represents the scale of the contour, whereas O determines the con-
tour shape. The contours represent surfaces of revolution about the
s-axis. Figure A.l1-1 depicts several profiles for values of & ranging
from 0 to «. The condition & = 0 corresponds to a spherical contour,
o =100 corresponds roughly to an elongated cylinder with a spherical
nose. @ = « corresponds to a straight line.

Note that the succession of contours in Figure A.l1-1 does not directly
give the spatial distribution of electron density. Since both a and O are
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inversely proportional to N, the surfaces of constant density in rz space
are small spheres of high density surrounded by larger elongated sur-
faces with rounded noses representing lower density. Even this picture,
of course, does not describe the situation near the missile surface. We
shall, however, use it to show that if the missile is surrounded by a
critical-density cloud of electrons, the larger and more diffuse clouds of
the type described above do not increase the cross-section of the inner-
most critical-density cloud. Thus, when in subsequent computations, we
assume that the return from the ionic cloud accompanying the missile is
essentially that of a metallic conductor having the shape of the critical-
density cloud, we obtain an upper bound on the cross-section.

A.1.3.2 Refraction by the Low-Density Part of the Cloud

The index of refraction is given by
Nq 2
2 _ 1 ____q.__ -
me € W2 (A.1-13)

where 472 % in (A.1-1) is replaced by W?, and me equals the mass of
an electron.

Using Equation (A.1-10) for N, Equation (A.1-13) becomes

Nq?

S —_— d1-14

n = \/1 _]_\;ge-V(r-z)/ZD, where

For rays incident nose-on close to the z-axis, the variation of the
index of refraction is nearly radial. For points close to the negative
z-axis, z = -r, and the expression for n becomes

n =\/ -g—fe-Vr/D (A.1-15)

We shall assume that this expression holds for r >rc, the radius at the
nose of the critical density hyperboloid. Since for wavelengths of inter-
est, the critical density hyperboloid reflects like a sphere of radius r¢,
the second term in Equation (A.1-8) being negligible, it is justified to
replace it here by a sphere (Fig. A.1-2).
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Fig. A.1-2

If a small bundle of rays is incident along the z-axis the incident rays
furthest from the axis are refracted through some angle @, For an index
of refraction dependent only on r, such as we have here, an application of
Luneberg's work (Ref. 9, Sec. 27) shows that @, may be expressed as

) pldr
0, =2 / (A.1-16)
% r‘/n2r2 _p:2

where r* is the minimum of r along the outermost rays of the bundle and
P' is the radius of the incident bundle of rays. Here, r* is given by the
equation

()2 [a(r9)]2 - (0')? = 0 (a.1-17)

/
For a ray coming in along the axis, that is in the limiting case asP —0,
r¥ —rc, provided a density N = N; is achieved in the cloud.

The geometric optics approximation for the radar cross-section of
this rounded ion cloud is

p‘z
= lim 4T—y.  (A.1-18)
po 9!

0= lim 47T
p'0

r2-T pr
TR® tan® 01

We may write therefore
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4mp2
P - ul (A.1-19)

=p}1:n’0 4 f°° Pdr 2 f°° dr 72
r* rVnzrz-piz r. nr?| .

-Vr
VBe D
Dr ’

g

For

(A.1-20)

we have

/°° dr 2
re r3/? ‘/r , \L'%e'vr/D . (A.1-21)

An upper bound on this expression for 0 is ¢ = Trrcz. We see, then, that
a diffuse cloud of ions or electrons cannot increase the cross-section of
a critical-density cloud which it surrounds.

A.1.4.1 lonizing Efficiencies Required for Critical-Density Clouds,
Nose-On

We shall assume that the minimum radar cross-section in the fre-
quency range of interest will be 7 square meters (which is of the same
order of magnitude as the broadside radar cross-section of the missile
body), and inquire as to what efficiency of ion production is required to
maintain a critical-density region of the missile nose which will have

such a cross-section.

It will be recalled (Eq. A.1-8) that the radar cross-section of a
hyperboloidal ion cloud of critical-density is given by

2

_ 2 . A 4
0= Trg +1_67T tan 90.
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Even at the lowest radar frequency which might be used in observing the
missile (we shall consider 25 Mc, since higher frequencies require even
higher critical densities and efficiencies), the second term is negligible
compared to the first. We must then investigate the possibility of filling
with ions a hyperboloid of 1 meter equivalent nose-radius. (If the ions
are actually formed in a smaller region, the radar cross-section will be
less than Tsquare meters. To fill a larger region would require a still
higher efficiency than that which we shall compute.)

We shall underestimate the required efficiency in two more ways.
First, we shall neglect the variation in collision density with distance
from the missile, which would require a supra-critical density interior
to a critical-density surface. Second, we shall replace the hyperboloid
which must be maintained at critical density with the included sphere of
radius r.

The ionizing efficiency required may now be computed. In order to
maintain critical-density in a sphere of 1 meter radius, the missile
would have to produce NcV electrons or ions over a path length (, where
V is the volume between 2 spheres of 1 meter radius whose centers are
displaced by a distance {{. (This is the new region to be filled as the
missile proceeds forward.) This volume ismf M2 Now if the efficiency
E is the number of ions produced per air particle struck by the missile,
ro is the maximum missile radius, and Np is the ambient density of
atoms and molecules, the missile will produce Noﬂ'rz E { ions in a
path of length ﬁ

Maintainence of critical density then requires

2
Nty Ef = Nemff (A.1-22)
or
N, E o<
r
0

Now E is the product of the probability (p,) of the air particle struck
by the missile acquiring sufficient energy to ionize another, the probability
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(p,) of colliding with another air particle, and the probability (p3) of
ionization if a sufficiently energetic collision occurs. p, will be taken
as 1. (At the energies available, only one ionizing collision is possible.)
The mechanism of direct momentum transfer yields a p, smaller than
10-2 for oxygen atoms at 10 km/sec. At 400 km then, where only oxygen
atoms are of importance, only a value pg >1 would permit p, p, p; to
equal the required E. Such a value is, of course, impossible. At 200 km,
where both nitrogen and oxygen are present, Equation (A.1-22) may be
written more explicitly as

Me | NNz EN; + NO EO (A.1-23)
rg

in which collisions between N, and 0 have been neglected, since ioniza-
tion probabilities for mixed collisions are negligible compared to those
for homonuclear collisions (Ref. 8).

The ambient densities at 200 km altitude are 4.3 x 10° nitrogen
molecules/cm® and 1.75 x 101 oxygen atoms/cm3. Repeating the com-
putation of Section A.1.1.3 for an ambient temperature of 640° K will
lower p, for 0. The new value is less than 10-3. For N,, the probability
of sufficient thermal speed is now < 0.02. If we overestimate the proba-
bility of favorable direction of the thermal velocity by counting all ve-

— N
locities within unit solid angle of ¥,, p,? becomes < 0.02/4 Tor
1.6 x 10-3 and p? becomes < 0.8 x 10-%. We may then write

1 m? N,

8.68 x 108 /cm 3 x Gmf - (4.31 x 10°/cm3x 1 x 1.6 x 107% P,

+1.75x10°/cm® x 8 x 10-5° p30

or

2.24x10-% = 1.6 x 103 p?z + 0.325 x 1073 pg,

*The superscript identifies the molecule or atom to which the associated

symbol refers.
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which cannot be satisfied by values of p; less than 1. Since many fac-
tors which would increase the required efficiencies have been over-
estimated or neglected, we may conclude that for a 10 km/sec missile
none of the mechanisms considered will produce sufficient ionization to
yield a nose-on cross-section of - square meters even as low as 200 km
altitude.

It should be noted that even at missile speeds slightly above thresh-
old the previously mentioned distribution of rebound velocities will par-
tially counteract the smaller contribution of thermal energy required, so
that even then ionization may not be significanc.

A.1.4.2 Off Nose and Broadside Aspects

From the previous sections it is evident that a critical density region
can fill at best only a thin shell about the nose of a 10 km/sec missile.
Furthermore there will be practically no ionization formed along the
cylindrical sides of the missile by the mechanisms discussed. In the
rare atmospheres under discussion, diffusion is quite rapid, and there
is no reason to expect a large percentage of the electrons displaced ra-
dially by the missile in its passage through the electron cloud at its nose
to remain near the cylindrical sides of the missile. Hence there is little
reason to expect ionization of density exceeding N, toward the rear of the
cylindrical portion of the missile or in a trail behind it. The compara-
tively large radar cross-section of the off-nose and broadside aspects
from the missile surfaces will therefore not be enhanced by ionization.
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APPENDIX 2

MEASURING TECHNIQUES

A.2.1 Measurement Techniques and the Techniques Used at Microwave
Radiation Company for Static Measurements*

A.2.1.1 Introduction

[
The measurement of radar scattering cross-section is essentially

the measurement and comparison of quantities which are related to the
magnitude of the wave scattered by the target and the magnitude of the
wave incident upon the target. The phase information is not necessarily
used in the comparison procedure. The basic problem is to obtain a
signal proportional to the scattered wave with as high a signal-to-noise
ratio as possible. The noise is produced not only by the customary noise
sources, but includes energy leaking directly from the generator to the
receiver, scattering return from the ground and the support structure
for the target, internal reflections in the microwave components and
antenna, and additional noise sources peculiar to the basic circuitry be-
ing employed in the measurement device.

(

‘ Each of the three general techniques employed, pulse, f-m, and c-w,
has its region of best use, as determined by model size and data required,
and its fundamental limitations and inherent errors (Ref. 35). The re-
gions of best use are specified by the target size in wavelengths at the
full or scale frequency. Small targets are arbitrarily specified as from
0 to 50 wavelengths in extent, intermediate size targets are from 50 to
250 wavelengths in extent, and large targets are greater than 250 wave-
lengths in extent.

*This appendix, except for the notation used for references, sections, and
figures, is quoted verbatim from a letter report by M. J. Ehrlich of the
Microwave Radiation Company.
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A.2.1.2 Measurement Techniques

{«
The pulse system is one in which the transmitted pulse is made ex-

tremely brief in time duration, and the transmitted signal and its induced
effects in the receiver have ceased when the scattered signal reaches
the receiver. One of the principal shortcomings of the pulsed system at
present is the limitation of the minimum measurement range to values
between 500 and 1,000 feet. This limitation arises from the high “Q" of
the duplexer circuitry and/or the “recovery time” of the receiver. The
resultant “ringing” is still of sufficient magnitude upon return of the
scattered signal to cause excessive error. The minimum range allowed
introduces considerable illumination of the ground between the target
and transmitter. In order to reduce ground reflections, a large support
structure is necessary. The support structure must be quite large in
order to be out of the main beam and thus have little return. The rela-
tively small back scattered signal of a thin needle-shaped target in the
nose-on and quartering aspects may easily be lost in the return signal
from the support structure and intervening ground. In addition, fluctua-
tion in pulse height and variations in TR and ATR tube characteristics
serve to introduce considerable error.

“Pulsed systems cannot accurately measure back scattering cross-
section for the great majority of models at ranges of 1,000 to 2,000 feet
at the present time. However, for very large models in terms of wave-
lengths, or full scale models, it is the only available technique and thus
may find ample use despite its many shortcomings.

“The f-m or doppler system is one in which filters are employed to
utilize the difference between the transmitter frequency at the time of
return of the scattered signal and the frequency of the scattered signal.
Variations of this technique employ moving or oscillating models to gen-
erate frequencies different than the transmitted signal, and thus furnish
a basis for differentiating between the model return and the ground and
s.upport structure return.

1
The f-m system is limited in use to the measurement of scattering

cross-section of models large in terms of wavelength. The reason for
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the limitation is the requirement of an appreciable frequency difference
between transmitted and received signals. Implicit in the requirement

is the assumption of a considerable range to the target which ensures
ample time for the transmitter to change frequency by an adequate
amount. The problems of return from structure and ground are thus also
present in the f-m system. Reference 35 was somewhat optimistic in
that larger bandwidths were assumed for the magic-T than may be fea-
sibly obtained. The resulting amplitude modulation introduces large
error signals in the i-f section and places further restrictions on re-
quired minimum range.

“There are other factors which at present preclude the use of an f-m
system for the measurement of the scattering return of small and inter-
mediate size targets. Among these is the fact that current f-m systems
do not measure signal amplitude but measure instead relative velocity
and range. The system circuitry has not been developed to measure
signal amplitudes, and any such future development will be necessarily
a long and costly procedure.

“A system is in use abroad which utilizes a rectilinear motion of the
target toward the transmitter to produce a doppler shift for measure-
ment of backscattering cross section. The system is, unfortunately,
adversely affected by return from the moving model support, as it is
unable to differentiate between model return and support return. The
required complexity of model support and towing carriage, the length of
tow required, and the relatively short time of measurement combine to
make this system too inaccurate for precision measurement of any
models but those very large in terms of wavelengths.

“ The c-w technique is one in which the isolation qualities of a properly
terminated magic-T are utilized to separate the transmitted and received
signals, and thus allow the magnitude of the scattered signal to be deter-
mined. The experience gained by the Microwave Radiation Company,
Signal Corps Evans Laboratory, McGill University, and Ohio State Uni-
versity have demonstrated the feasibility of use of the c-w system for
the measurement of monostatic radar backscattering cross section of
small and intermediate size targets. The technique is presented in some
detail below.
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A.2.1.3 Discussion of the C-W Measurement Technique

A.2.1.3.1 Theory of Operation

“The c-w technique employs the isolation obtained between the arms
of a magic-T to separate the received from the transmitted signal as
shown in Figure A,2-1. The transmit-and-receive antenna is connected
to one symmetrical arm of the magic-T and a tuning network to the other
arm. The receiver is connected to one of the asymmetrical arms of the
magic-T and the transmitter is connected to the other. The tuning net-
work is adjusted so that the field reflected from it into the receiver arm
very nearly cancels the signal in the receiver arm arising from reflec-
tions from the symmetries in the antenna arm, discontinuities in the
antenna, and back scattered signals from the ground, nearby objects, and
the model support structure. The model is then placed in the support,
and the output of the receiver is a measure of the back scattered signal
from the model. A calibration of the absolute level is obtained by meas-
uring the back scattered signal from spheres of different radii.

A.2.1.3.2 Error of Measurement

“
The principal portion of the error of measurement in the c-w system

is measured by the vector sum of the reflections coupled into the receiver
arm from sources other than the model and the opposing reflection sup-
plied by the tuning network. This vector sum, or residual signal, here-
after called the “cross-coupling error signal”, is usually the preponder-
ant part of the probable error of the measurement.

({4
The ratio of the amplitude of this residual signal to that of the gen-
erator output specifies the isolation of the magic-T.

“The cross-coupling error signal is extremely frequency sensitive
because it is the vector sum of reflections arising at discontinuities
many wavelengths apart. Hence, frequency stability of the klystron
source, reduction of ground and support reflections, and reduction of
mechanical vibration and thermal variation are essential. In addition,
the tuning network, used to balance out the reflections causing the
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cross-coupling signal, must be of sophisticated design in order to have
the required bandwidth and sensitive adjustment characteristics, so that
the probable error of measurement may not become excessive.

A.2.1.3.3 Problems of Measurement of Monostatic Radar Back Scattering
Cross-section Using a C-W System

«
It is now evident that the fundamental limitation of the c-w system

is the magnitude of the required isolation of the T. Very great isolation
levels, in excess of 90 db, are required to measure accurately the re-
turn from missile and supersonic vehicle configurations. Since measure-
ments must be made in the far zone of the target, it is qualitatively clear
that, owing to the upper bound on feasibly obtainable isolation levels in
the magic-T, an upper bound must exist on target size. Above this size
limitation the errors increase rapidly. Contrary to intuition, the larger
the model, the larger the required isolation. This seeming paradox
arises from the fact that a larger model requires a greater distance be-
tween the model and antenna in order to ensure operation in their re-
spective far zones, and hence the returned signal rapidly decreases with
increasing distance. A quantitative relation has been obtained (Ref. 13)
between the target size in wavelengths and the target reflection charac-
teristics, in order to obtain a specified signal-to-noise ratio. The nose-
on and quartering aspect returns of missile-like targets investigated
have been found to have backscattering cross-sections 15 to 20 db less
than the return from a sphere whose diameter is equal to the maximum
dimension of the target. A graph of the isolation required to obtain a
unity signal-to-noise ratio for a spherical target, as a function of sphere
radius, is shown in Figure A.2-2. It is clear from the graph that in any
feasible, physically realizable c-w system incorporating a magic-T, an
upper bound must be placed on model size, in wavelengths, in order that
the probable error of measurement not become excessive. It is seen
from Figure A,2-2 that the isolation level required for a specified re-
turn signal-to-noise ratio is proportional to the square of the size of the
target in wavelengths.

« Hence, a change in the scale frequency used to simulate the full
scale problem does not serve to alter the isolation level requirement.
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It merely serves to change the dimension of the pattern range and c-w
system microwave components. The general experience has been to
limit the highest scaling frequency to X-band.

“It is to be noted that an increase in the power output of the trans-
mitter does not improve the system performance, as it is the isolation
level of the magic-T that specifies the performance. Adequate trans-
mitter power is provided by a medium-power klystron. A check on
transmitter power level is furnished by noting the presence of the cross-
coupling error signal in the receiver output.

A.2.1.3.4 Optimum Size of the Transmitting Antenna

¢ [deally the size of the antenna should be equal to the maximum di-
mension of the target (Ref. 35), assuming, of course, far zone operation,
in order to realize maximum return signal. Inasmuch as a wide variety
of targets of different dimension may be measured in the course of op-
eration of the instrument, a compromise must be made regarding the
number of different sizes of the antenna used. Usually the antenna will
differ from the optimum, and the signal will be less than the theoretical
maximum.

“The target is a passive scatterer, and the return signal is inversely
proportional to the fourth power of the range. Hence, a severe penalty
is paid in reduction of the signal-to-noise ratio for performing measure-
ments at distances in excess of the allowable minimum. A pattern range
of variable size is therefore implied in the foregoing discussion.

“Similar arguments as to size may be made regarding the target
support structure. The support structure should be reduced in size for
the smaller targets because the structure return signal contributes in a
coherent manner to the target return signal. Thus a relatively large
error may be introduced. Concomitant with the increased range intro-
duced by large targets is an increased ground return signal. The fre-
quency stability of the r-f source of the c-w system is such that the
ground return is also a coherent signal and introduces substantial errors
in the target return signal.
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A.2.1.4 Revision of the Classical Far Zone Concept

«
The majority of targets to be studied are long, needle-shaped objects

with sharply swept back wings and/or fins. They have high aspect ratios
and long tapering front ends. It is almost needless to state that the radar
backscattering return signal from such targets is exceedingly small for
all aspect angles except the near broadside and broadside aspects. The
cross section information of principal concern, however, is in the region
of small return, i.e., nose-on and quartering aspects off nose and tail.
«The range required between the target and antenna is the far zone
of the target or antenna, whichever is larger. The far zone as specified
by the maximum target or antenna dimension is much too great to obtain
a usable signal-to-noise ratio for any but the broadside aspects of large
models. Consequently, measurements of scattering return for the nose-
on and quartering aspects may be in error by several orders of magni-
tude when measured at this maximum far zone distance.
“A revision of the classical far-zone concept (Ref. 14) has been made
(Ref. 13) which shows that the far zone of the target, which is a passive
scatterer, is a function of the target dimension and of the angle of inci-
dence between the propagation vector of the incident plane wave and the
longitudinal axis of the target.

“The required far zone is proportional to the angle of incidence. The

smaller the angle of incidence, i.e., more nearly nose-on, the smaller
the required far zone distance. At broadside the far zone distance of the

target is given by

2
r = %—, where D = largest dimension of model
A = free space wavelength;

and for the nose-on aspect

b2
TEX where b = largest transverse dimension.
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Thus the target may be placed closest to the transmitting antenna (the
transmitting and receiving antenna being coincident in backscattering
measurement) for the nose-on aspect and moved farther away as the in-
cidence angle is increased.

“The magnitude of the back scattered signal is markedly increased
in this manner, and more accurate data is obtained, provided the cross-
coupling error signal is not allowed to increase above a specified maxi-
mum value. It is assumed, of course, that for all angles of incidence
the target is in the far zone of the transmitting antenna, which is defined
by the relation

r = — where A = maximum aperture dimension
of transmitting antenna.

“The size of the transmitting antenna should be increased as the angle
of incidence is increased and the target is moved further away from the
antenna, in order to take advantage of the allowed decrease in beamwidth
as the range is increased.

“ When the distance between antenna and target is adjusted to be near
the optimum, i.e., computed from the greatest dimension of the model
transverse to the line of sight between antenna and target, the spherical

1
wave behavior of the transmitted wave (-r— variation over the length of the

target) introduces an error. Consideration of some simple targets shows
that an upper bound may be placed on this error. The error introduced

1
by the?variation of the incident field is much less than that caused by

the exceedingly small signal-to-noise ratio of the return signal for the
low return aspects when the target is placed at the classical far zone
distance. Thus a reasonable error whose upper bound is readily esti-
mated is obtained in place of an intolerably large error of unknown mag-
nitude. Experimental substantiation of this hypothesis has been obtained
(Ref. 13) for a wide range of target sizes and aspects. Nose-on and
quartering aspect returns may be measured in this manner with error
less than 30 per cent.
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A.2.1.5 Errors of the C-W System Arising from Thermal Variation,
Mechanical Vibration, and Frequency Variation

i
Great effort has been expended by many workers to reduce mechani-

cal, thermal, and frequency fluctuations to tolerable levels in order to
utilize automatic recording systems incorporating continuous rotation of
the target and fixed pattern range size. It has already been pointed out
that for the preponderant number of targets the range is too great to ob-
tain adequate return signal for all but the broadside and near broadside
aspects. It will be shown in the following sections that the use of afc
circuitry alone is insufficient to reduce the cross-coupling error signal
caused by mechanical and thermal fluctuation, and that the tuning net-
work must be readjusted to effect the desired reduction.

A.2.1.5.1 Cross-coupling as a Function of Frequency

"
The principal phenomenon causing difficulty in any c-w system is in

the fact that the greater the isolation between the arms of the T, to which
the receiver and generator are coupled, the narrower is the bandwidth
over which the isolation is achieved. The bandwidth is measured at

X -band (8200 - 12,400 mc) not in megacycles but in kilocycles. A nu-
merical example serves to illustrate the case. A practical system, with
85 db isolation, has a maximum bandwidth of approximately 220 kilo-
cycles, i.e., 9300 mc + 110 kc, or +0.0011 per cent. The required fre-
quency stability of the_klystron is 1 part per 100,000. The same system
with a 100 db isolation has a bandwidth of 50 kc, i.e., 9300 mc + 25 kc,
and the required stability is 5 parts per 1,000,000. -

“Greater isolation and increased bandwidths have been obtained in
c-w systems terminated in closed matched loads located at the imme-
diate ends of the T. However, when the conjugate arms of the T are
terminated in (1) an antenna many wavelengths in extent radiating into
free space, and (2) a tuning network of geometry as nearly identical to
that of the antenna as possible, the sources of reflection are large and
separated by paths many wavelengths in extent. These inherent operat-
ing conditions of the c-w backscattering system result in reduced isola-
tion and decreased bandwidth as compared to the closed magic-T network.
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[
It is clear from the consideration of the narrow bandwidth involved

that frequency stabilization is essential to the system operation. A
manually-monitored, free-running klystron immersed in oil or some
form of afc system is usually used. The former has a purer output spec-
trum but requires a skilled operator; the latter has poorer spectrum
purity but does not require as close attention. The spectrum purity is
important when very great isolation levels are required, and the free-
running klystron is customarily used to obtain these levels.

A.2.1.5.2 Contribution to the Cross-coupling Error Signal from Thermal
and Mechanical Variation

"The effect of mechanical shocks and vibrations, and changes in di-
mension produced by thermal fluctuations cause large variations in
cross-coupling error signal. The effects of thermal and mechanical
variations on the system are (1) alteration of the impedance seen looking
into the arms of the T, and (2) alteration of the impedances seen looking
into the antenna, tuning network, receiver, and signal source. The
changes in impedance produce very great increases in cross-coupling
error signal, and the return signal-to-noise ratio suffers a correspond-
ingly great decrease. Unless the tuning network is readjusted, the error
of measurement rapidly becomes excessive.

! The backscattering ranges now in operation using a packaged auto-
matic c-w system do not monitor cross-coupling level, the great source
of error in the measurements. Instead, the frequency only is monitored
and stabilized, a necessary but by no means sufficient condition to obtain
accurate data.

“There is no currently available automatic system in which the cross-
coupling error signal is monitored and the necessary compensatory
changes made in the tuning adjustments as mechanical and thermal
stresses deform the system. Adjustment of the frequency alone will not
prevent the increase in the cross-coupling error signal produced by
these deformations. The tuning network must be readjusted to affect the
necessary reduction.
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A.2.1.6 Technique Used at Microwave Radiation Company for Static
Measurements

“The technique developed at the Microwave Radiation Company to
overcome the errors arising from mechanical and thermal fluctuations
and to utilize the shorter ranges obtained from the revised far-zone
theory is one in which the measurements are made point by point. Cross-
coupling level and frequency are checked before and after each measure-
ment. Calibration data are taken before and after each point measure-
ment and consist of the measurement of the backscattering of spheres
of known radii. Several measurements are made at each point. Changes
of range are made as a function of angle of incidence in order to increase
signal-to-noise ratio for the nose-on aspect.

‘ The detailed study of the fin and body contributions to the total back-
scattering cross section of a V-2 as presented earlier in this appendix
clearly demonstrates the fruits of this point-by-point variable range
technique. The separate contributions and interactions were determined
in detail. The resolution possible by use of the technique is to be con-
trasted to the experiences obtained using an automatic recording, fixed
distance range, where it was found that the target could be resolved only
for the broadside and near broadside aspects.

A.2.1.7 Conclusions

“The point-by point procedure as described takes longer and re-
quires highly skilled personnel to perform the study and make the meas-
urements. These requirements are stated by Fubini and Fails (Ref. 35):

Conclusions and Recommendations

A careful examination of the methods in use today
for the measurement of radar cross-section (especially
the Ohio State University system) leads to the conclu-
sion that present methods though satisfactory for lab-
oratory measurements are not yet ready to be packaged
into a completely engineered unit. The most important
reasons for this statement are the following:
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1. The equipment is critical in adjustment and very
sensitive to temperature variations and mechanical vi-
bration.

2. The methods employed require skilled personnel
to operate the apparatus and interpret the results...’

”These statements were made in 1949, and there have been no sub-
sequent developments which in any way invalidate them. If anything, the
problem is more severe because the scattering cross-sections of pres-
ent sonic and supersonic targets are markedly less than those of the
models measured in 1948-49. The measurement of radar scattering
cross-section is a laboratory procedure utilizing laboratory instruments
pushed to the ultimate limits of their sensitivity, and requires highly
skilled personnel to perform the measurements and evaluate the data.

A.2.2 Measurement Techniques Used at Evans Signal Laboratory and
Ohio State University Research Foundation

Radiating systems used by Evans Signal Laboratory were the same
as those used by Ohio State University Research Foundation. Inasmuch
as the same plumbing, horn beamwidths, and the like were used in both
systems, the following direct quotation (except for designation of figures
and references) from Appendix I of Reference 15 applies to both experi-
ments.

i
The microwave sources for production of the incident field and

the receiving systems used in the measurements here were devel-
oped at the Antenna Laboratory of The Ohio State University during
the past several years. Two operating frequencies are available
for free-space wavelengths of 3.33 and 10 cm. The facilities for
alternate operation at these different frequencies greatly increase
the system flexibility since two choices of model size are possible
for each frequency to be simulated.

« -

The microwave energy for measurements at either frequency
is radiated by means of electromagnetic horns. The horns are re-
quired to radiate a sufficiently wide angle beam to provide substan-
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tially uniform amplitude of the incident field over the model apera-
tures. On the other hand, it has been found necessary to maintain

the narrowest possible beam width in order to minimize the excitation
of background objects with subsequent interfering reradiation. These

conflicting requirements were met adequately with the use of horns
having half-power beam widths of about seven degrees, both with an
operating range of about 11 meters.

u“

Since the equipment is designed for the measurement of echo
areas, it is necessary to use the same antenna for both transmission
and reception. As a means of separating the received signal, of
relatively low power, from the transmitted signal, a hybrid “T"
waveguide section is used. The hybrid “T” is the wave guide counter -
part of the hybrid transformers used in telephone systems. A dis-
cussion of the theory of the hybrid “T” can be found in any good book
on microwave techniques (Ref. 16). Figure A.2-3 shows schemati-
cally the arrangement of the hybrid “T"” section and the horn antenna
used at either frequency.

Receiver

Dummy load [

Antenna

Transmitter

Fig. A.2-3. Hybrid “T" section with horn antenna.
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]
It has been found that in order to employ the above method of

isolation of the transmitted and received signals, an exceedingly
stable operating frequency must be used. For this reason the micro-
wave signals are obtained by starting with the output of a crystal-
controlled exciter, oscillating at a frequency of approximately 5 Mc.
This output is unmodulated. By successive frequency multiplication
and amplification, a frequency of 3000 Mc is obtained. This pro-
vides a free-space wavelength of 10 cm. For the 3.33-cm wave-
length operation, the 10-cm output is used to excite a frequency
tripler.

“The microwave signals for both 3.33- and 10-cm wavelengths
are unmodulated as they are obtained from the output of the respec-
tive frequency multiplying klystrons. However, it is desirable to
modulate the signals before radiation in order that the received
echo signals can be demodulated to give an audio frequency voltage
for recording of data. Consequently, each microwave signal is
modulated by a square wave of fundamental frequency of 1000 cps
before being delivered to the hybrid “T" junction which feeds the
radiating horn. This modulation is accomplished by applying square
pulses to the grids of amplifying klystrons used as final amplifiers
in the transmitters.*

“The available transmitted power for 10-cm operation is suffi-
ciently great to permit using direct crystal detection of the echo
signal received from typical targets. The crystal is mounted in the
receiving arm of the hybrid “T" section and delivers a square wave
of 1000 cps fundamental frequency to an audio amplifier which drives
a data recorder. The crystal has a good square-law characteristic,
i.e., the peak audio-frequency output voltage is very nearly propor-
tional to the square of the peak radio frequency voltage detected.

*Square wave modulation is used because this wave shape produced
minimum detuning over a modulation cycle and yields maximum
average radio frequency power for a given maximum instantaneous
power.
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As a consequence, the audio frequency voltage to the recorder varies
directly with the received power.

“For 3.33-cm operation, the power output available from the
klystron amplifier in the transmitter is very much lower than that
in the 10-cm system. This necessitates the use of a superhetero-
dyne receiver to offset the decreased inherent sensitivity of the sys-
tem. The superheterodyne operation is accomplished by mixing the
received microwave signal with a fixed microwave signal in a crys-
tal located in the receiving arm of the hybrid “T". The fixed signal
is obtained from a stabilized oscillator identical in design to the 3.33
transmitter, but it delivers a frequency 30 Mc higher than the trans-
mitter frequency. The square-law crystal yields, among other things,
a signal of 30 Mc frequency which varies directly with the received
microwave voltage. The 30 Mc signal is then amplified and detected
yielding an audio frequency output signal with a square-wave shape
of fundamental frequency of 1000 cps. In this case, however, the
audio voltage varies directly with the received microwave voltage
and not with the received power.

“ In both the 3.33- and 10-cm systems the audio output from the
receiving system is used to drive a Speedomax recorder which re-
cords data by means of an inking pen moving radially on a sheet of
polar-coordinate paper. These recorders have good linear charac-
teristics, so that as the polar paper is rotated on a servo-controlled
table, the recording pen traces out the polar plot of the received
power with the equipment at 10-cm wavelength (or received voltage
at 3.33-cm operation).

“As was mentioned before, a servo system positions the record-
ing table to conform with the target rotation about a vertical axis.
As a result, the polar plots are interpreted in terms of model echo
area when the systems are calibrated.

. The calibration of the measuring equipment at both frequencies
is done by using standard metal spheres as targets. The echo area
of each of a series of calibrating spheres has been calculated so
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that the recorder reading with a given sphere as a target can be in-
terpreted as a known echo area. This provides a scale factor for
the interpretation of recorded plots in terms of echo area when the
law of response of the over-all system is known. The response
curve for the over-all system has been obtained by checks of re-
corded data against a series of calculated echo areas of the targets
producing the data.”

In addition to the general technique described above, Evans Sig-
nal Laboratory (ESL) took special precautions in the very low-level
reflection measurements.* A block diagram of the complete ESL
system is shown in Figure A.2-4. The limiting factors in measuring
reflection are insufficient sensitivity and secondary reflections from
the model support members. The latter effect was determined by
trying various methods of support. Limited sensitivity was partially
combated by operating in the evening when low wind velocities re-
sulted in the best possible mechanical stability of the plumbing.
Another technique used was the repetition of patterns at two or more
ranges. This did three things. First, the possibility of doubly re-
flected energy errors was diminished; second, the reliability of the
measurements was improved; and third, a comparison was provided
for evaluating the pattern deterioration resulting from the use of
very short ranges.

A.2.3 Measurement Technique Used by the Sperry Gyroscope Corporation

The measurement system used at the Sperry Gyroscope Corporation
consisted essentially of a 3-centimeter c-w klystron generator which fed
power to an 18-inch diameter paraboloidal reflector through a magic-
“T" bridge circuit. This doppler c-w radar was chosen because of the
relatively high measurement accuracy attainable. In Reference 50 it is

*The following information was obtained in a letter from James T. Evers,
Chief, Radar Development Branch, Radar Division, Evans Signal Labora-
tory.
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stated that an accuracy of 20 per cent was attainable over a wide range
of ¢ (0.001 to 1000 square wavelengths) with a minimum of effort.

A description of the procedure used and the validity of the results
obtained is quoted below from Reference 50.

“The missile model whose echoing area was to be measured
was supported by means of a nylon leader in the center of a six-
foot square wooden frame (Fig. A.2-5). This frame could be rotated
360 degrees around either a horizontal or a vertical axis (the figure
shows the set up for rotation about the vertical axis only). The
nylon leader was used because it was found to give the smallest
reflection (just barely detectable at the lowest end of the range of
0 measurable) of all supports tested.

“Measurements were made with the frame at distances of 7 to
25 feet from the transmitter.

“The magic-tee bridge was unbalanced slightly so that, with the
model held stationary in the field, the reflected energy mixed with
a portion of the transmitted energy. The result was detected by
means of a crystal detector, amplified by a d-c amplifier, and then
recorded by an Esterline-Angus recorder.

“For obtaining a measurement, the missile model was moved
slowly along the axis of the antenna beam through about two wave-
lengths (at 3 cm). Moving the missile through a half wavelength in
space resulted in the crystal output voltage going through a com-
plete maximum-minimum cycle, the peak-to-peak value of which
was a measure of CO.

“The system as described was calibrated by measuring the re-
flections from a series of metal spheres of known diameter. The
backscattering of a sphere is known accurately theoretically, and
the metal spheres were so chosen as to cover the whole range of ¢
measurable. The calibration curves were obtained at every distance
used in the actual measurements.
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FIG. A.2-5 EQUIPMENT USED IN MEASURING THE EFFECTIVE ECHOING AREA
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«
Although the procedure just described did not permit the

measurement of 0 automatically on a continuous polar plot (it was
felt the additional time and expenditure involved were not warranted),
the results desired could be obtained quite rapidly and simply.”

Sperry believes that some of the difficulties encountered in using

null c-w methods and pulse methods were by-passed. Reference 50
goes on to state.

“For the doppler c-w method, reflections from steadily moving
targets are measured. Hence, constant readjustment of a null bal-
ance is not necessary, and reflections from stationary or very slowly
moving targets do not have to be accounted for. The nylon leader,
although also in motion, has a barely detectable reflected signal.
Thus, the signal from the model is the only echo actually measured.
(If proper precautions are not taken, however, results may be in
error due to multiple path reflections from the target.)

“To ensure the validity of the results obtained, particular pre-
cautions were taken to eliminate the possibility of multiple reflec-
tions occurring. The antenna was tilted at as large an angle from
the ground as was possible with the equipment used, and metal plates
were used to test for ground reflections over the entire ground sur-
face between the antenna and the frame.

“ Since power limitations and equipment sensitivity restricted
measurements to a range of 7 to 25 feet from the antenna, within
the Fresnel zone for the operating wavelength (3 cm), some time
was spent investigating the effects of the Fresnel patterns on the
results. This was done primarily by checking and cross-checking
the results obtained at various distances, with proper regard for
beamwidths at these distances. These results were found to check
well within the accuracy of the experiment and so they can be con-
sidered satisfactory. These results, incidentally, corroborate
similar results obtained by investigators at Ohio State University
who found measurements obtained by their “close-in method™ to be
correct for distances as close as seven feet.
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“The calibration method, which used spheres as standards,
served as a further check on the accuracy of results obtained. By
plotting 0 in square meters (or square wavelengths) versus the
reading on the Esterline-Angus recorder for the spheres at a given
distance, a straight line is obtained on log-log paper. In a typical
case most of the actual points lay on this line, with some scattering
well within the 20 per cent accuracy figure quoted previously. This
calibration with spheres was checked constantly, and for a given
distance it was found that approximately the same straight-line
calibration was obtained at all times. For various distances the
different calibration curves were found to be parallel to one another,
as was to be expected. These results, obtained on spheres at vari-
ous distances, are an indication of the consistency of the measure-

ments.”

A.2.4 Measurement Technique Used at the Federal Telecommunications
Laboratory

The measurements at Federal Telecommunications Laboratories
were made with an AN/TPQ-2 radar set at equivalent full-scale fre-
quencies of 50, 100, 110, 200, 250, 300, 500, 750 and 1000 Mc. Both
horizontal and vertical polarizations were employed, and three elevation
settings were used for each polarization (model axis horizontal, verti-
cal, and 45 degrees above horizontal). In all measurements one set of
fins was placed in a vertical plane.

Federal Telecommunications Laboratories give the following rea-
sons for choosing the radar set method of measuring echoing areas in
preference to the free space standing wave and c-w hybrid-“T" methods:

Although the standing wave procedure is simple and requires little
apparatus, it is much less sensitive than the radar-set technique. The
magic “T", on the other hand, is, in general, the most sensitive of the
three set-ups. However, if its i-f bandwidth were much greater than the
video bandwidth, noise would reduce its sensitivity below that of the
radar set. Further, providing that the target distance is great enough
that the radar echo is received after the end of the recovery time, the
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radar-set method affords discrimination against extraneous reflections
because of the difference in arrival times. Finally the echoing areas
for pulsed and c-w illumination were expected to be different, and it was
decided that pulsed operation would be of greater interest.

The range of operating frequencies was determined by the site,
target size, and electronic equipment available. The target distance in
wavelengths, a pure numeric, is not scaled. Obstructions, in front of
which the target must be placed, restrict this distance and therefore the
frequencies used. Also, if obstructions exist toward the sides, a fre-
quency which allows use of a narrow-beam antenna should be chosen.
Model size in wavelengths is also unaffected by scaling. A frequency
range which permits a reasonable model size must therefore be selected.
Finally, the state of development of components usually favors lower-
frequency work. However, because of site requirements and the model
length of 50 to 100 wavelengths, an operating frequency of 24,000 mc
was necessary.

The AN/TPQ-2 radar set which has an 1/6 micro-second pulse
width, a repetition rate around 5000 cps, peak power up to 50 KW, and a
10 Mc receiver bandwidth, was used.

Although the early work employed a transmitter and receiver du-
plexed on one antenna, simplex operation was found necessary to elimi-
nate ringing and changes in gain of the receiver. In simplex operation,
the transmitting antenna was a 2-foot-diameter parabola fed, with a
“question mark” feed horn. The E-plane half-power width was 1.4 de-
grees and the H-plane half-power width was 1.5 degrees. The first side
lobe was down 30 db. The receiving antenna, mounted below the trans-
mitter, was a 4-foot-diameter parabola with a question mark feed horn.
The E- and H- plane half-power widths were 0.7 degrees.

The target was mounted on a 15-foot galvanized iron mast, 1200 feet
away from the radar. A mechanism for rotating the model in azimuth
and a selsyn to indicate the angle were mounted on top of the mast. To
minimize background reflections and those from the mast, half a steel
I-beam 5 1/4 inches wide was attached to the top of the mast through a
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swivel clevis. At the bottom of this shield, a screw (to allow tilt in ele-
vation) and a turntable (for rotation in azimuth) were provided.

To measure cross-section, a corner reflector was first mounted on
the mast, and the transmitter and receiver oriented for maximum return
as observed on an oscilloscope. The shield was rotated to reduce back-
ground to a minimum steady value. The method of separating signal from
background involved moving the target through about half a wavelength so
the signal went in and out of phase with the background. From the maxi-
mum and minimum signal received in this “peaking” motion, the return
from the target alone may be computed, since the background is constant.
It was convenient to fix the noise level by adjusting the i-f gain of the
receiver, and reduce the signal to twice noise level by means of a cali-
brated r-f attenuator between the receiving antenna and receiver. The
signal strength was related to cross-section by using a calibrating
sphere. For the 6-inch-radius sphere used, the operating frequency of
24,000 Mc is in the geometric optics region and hence this sphere had
an echoing area of ma? at all aspects.

A.2.5 Measurement Technique Used at the Radar Research and Develop-
ment Establishment*

The measurements made at RRDE were performed using the appara-
tus shown in Figure A,2-6.

The model under observation is supported on a tall tapering vane of
plywood so shaped as to give minimum reflection from the vane to either
the antenna or the model. The vane is carried on a trolley which is well
out of the path of the incident radiation. The trglley, vane, and model
travel at a constant speed, the model being in a c-w field radiated from
a dipole at the focus of a parabolic reflector. A screen of absorbent
material is placed behind the model. The signal reflected back from the
moving model is shifted in frequency owing to the Doppler effect. This
reflected signal received at the antenna is mixed with the oscillator signal

*Large portions of this appendix are quoted directly from Reference 52.
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Fig. A 2-6

to give at the receiver amplifier a signal at the difference frequency of
10 cps. After passing through a tuned amplifier the output is measured
on a valve voltmeter.”

“The amplifier input/output characteristic was calibrated by means
of a 10-cps signal generator. The region in which the model moves was
then explored to ensure that the field presented a plane wave of constant
amplitude in the vicinity. In making the measurements of echoing area
a sphere of diameter 3.62 cm. was used as a standard. The receiver
output was recorded with the sphere and then the missile model supported
in turn on the moving vane. The supporting vane alone did not give a
signal greater than 0.001 A ¥ which was the minimum detectable signal.

«

The method was validated by measuring the echoing areas of spheres
of different sizes compared with the standard, since for spheres rigorous
theoretical computations are available.”‘

A.2.6 Measurement Technique Used at the General Electric Company

The effective echoing area of a Hermes A missile was determined
by use of underwater acoustic techniques. A 6-inch model and a frequency
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range of 288 to 860 kc were employed to simulate a missile 30 feet long
and 3.5 feet in midsection diameter, and to simulate wavelengths between
10 and 30 cm. The model was finless since preliminary tests had shown
the fins important only at broadside.

The tests were conducted in a swimming pool, in order that the
source-to-model distance would be large enough for the radiation in-
cident on the model to approximate plane waves and in order to minimize
echoes due to multiple reflections and side lobes. Unfortunately, because
of attenuation in the water and the limited available signal power, the
source-to-model distance which had to be used was so small that the
incident waves could not be considered plane. (This effect was not con-
sidered in computing values of cross-section.)

Reflections from spheres and discs were used to calibrate the re-
turned signal. At the lower frequencies, the sphere radius and the wave-
length were almost equal, but it was still assumed that the effective area
of the sphere is a2 (a = radius of sphere).

To obtain maximum model refléctivity, a hollow, air-filled model
was used. These models were fabricated by first casting a solid model
in a metal of low melting point (type unspecified), then plating this solid
model with a few mils of nickel, and finally melting out the solid inner

core.

The model was not rigidly supported, nor was the measurement of
aspect angle precise, since most of the effort was directed toward ob-
taining additional power output rather than refinement of the measuring

techniques.

A pulsed Hartley oscillator, which gave r-f pulses variable in length
between 80 and 300 micro-seconds at a variable prf of 25 to 180 pps was
used in the transmitter. A tube in the cathode circuit was used for key-
ing, so that the oscillator could be cut off completely between pulses and
the noise level thus could be kept low. With optimum coupling, 850-Volt
r-f pulses (peak to peak) were obtained across the transducer crystal.
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A double-conversion, superheterodyne receiver, which tuned over
the frequency range, was found to have a sufficiently low signal-to-noise
ratio. This receiver had a bandwidth of 15 kcs in order to be able to
pass a 100 micro-second pulse and an input level below 2 micro-volts.
The receiver’s i-f frequencies were at 3 Mc and 455 kcs to minimize
the beating of harmonics, which would have made several points in the
frequency range unusable. An r-f stage output was used to improve the
signal-to-noise ratio and a cathode follower to prevent loading of the
i-f output.

Several crystal transducers were used in order to obtain the maxi-
mum frequency response everywhere in the frequency range. With 830
Volts output (peak to peak), a power of 0.35 watts was applied to the
transducer. Assuming 30 per cent efficiency, a power of 0.105 watts
was transmitted into the waver. The beamwidth was approximately
6 degrees. The t-r system used 1N34 crystals connected back to back.
The transmitter coupling was a compromise between the requirements
of matching the high impedance oscillator during transmission and hav-
ing low impedance during receive time, the circuit being tuned for maxi-
mum echo strength.

The measurements of signal strength were made on an oscilloscope.
The attenuation circuit and gain setting were calibrated for each setting
on the scope. The receiver linearity was checked with a signal genera-
tor at the various gain settings. This method of taking measurements
on the face of the scope, while not accurate, was within other experi-
mental error values.
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APPENDIX 3

THEORETICAL DETERMINATION OF THE BISTATIC
CROSS-SECTION OF V-2 TYPE MISSILES

Applying the methods of physical optics to bistatic cross-sections
as is shown in Reference 57, the theoretical values of the bistatic cross-
section of a V-2 type missile at 225 Mc and 1000 Mc were computed.

The computations were made for a V-2 type missile which had the fol-
lowing component parts:

1. A surface of revolution, forty-eight feet long in the form of a

conical tip tapering gently back to a long, almost cylindrical,
base of about five feet in diameter (Fig. A.3-1).

- 48 Ft. -

Fig. A.3-1

2. Four fins, which were flat plates of the shape depicted below
mounted at right angles to one another (Fig. A.3-2).
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Fig A 3_2 of a Fin

3. A flat rear portion in the form of a ring of outer radius of about
2.3 feet and an inner radius of about 1.2 feet (Fig. A.3-3).

2.3 Ft.

Fig. A.3-3
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For any particular combination of polarizations of the transmitting
and receiving antennas, it would be desirable to be able to compute the
cross-section contribution of each of the three missile parts separately
and then to add them together assuming random phasing as wds done in
computing the monostatic cross-sections. In most bistatic cases, how-
ever, some difficulty is encountered in attempting to do this as there is
an interaction between the body and fin radiations. For example, radia-
tion from the rear of the body may be specularly reflected to a fin and
then deflected by the fin as shown in Figure A,3-4. Inasmuch as the fins
extend along only one fourth of the body length, the amount of body radia-
tion deflected by the fins from a given specular direction is small com-
pared to the total amount of radiation which would reflect in that direc-
tion. Hence, the presence of the fins have a negligible effect in reducing

Fig. A,3-4

the cross-section in a direction of specular reflection. However, the
radiation deflected by the fin into the mirror image (with respect to the
fin) of the specular direction may constitute an important contribution
in that direction especially if the cross-section in that direction in the
absence of the fin would be small. Hence, the procedure was to compute
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the body and fin contributions separately and, in certain directions, to
add the contributions due to deflection of body radiation by the fins and
fin radiation by the body. In general, the effect of such deflections is to
spread the scattered radiation more uniformly throughout space and to
create narrow peaks where they might not be expected. In treating the
contribution of the fins it is not, in general, possible to treat each fin
separately as reflections of radiation from one fin to its neighbor must
be taken into account. In order to shorten the computations, use was
made of reciprocity relationships which are believed to hold for the
exact solutions to the scattering problem and extensive use was also
made of the symmetries of the missile shape.

A.3.1 Body Contribution

Suppose that 2 is the direction of magnetic polarization of the
transmitted waves and that d is the direction of the magnetic polariza-
tion of the receiving antenna. In addition, suppose that the axis of the
missile lies along the % direction and that the direction from the trans-

mitter to the body is /120 while the direction from the receiver to the
H
body is 7. Then if the vector § is defined as being }47R |ﬁ'_scl , where
inc
Hsc is equal to the scattered magnetic field at a distance R in the far
zone in the direction -ﬁo and |ﬁinc| is the magnitude of the incoming
magnetic field, then |g - @] ? would represent the cross-sectional con-
tribution of the body for the magnetic polarization direction d of the re-
7\
ceiving antenna. The quantity g . d according to the methods of physical
optics is given,to within a phase factor, by the expression

ViF (@96, 9@ 96 - 4)

- A ey =™ A "
where v =A n exp [ikT" + (A, + kq)] ds,

7 is the normal to the surface, T is the radius vector from the
origin to a point on the surface, and the region of integration R is that
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portion of the surface which is “seen” by the transmitter. The main task,

therefore, is to find a suitable method for approximating V.

Direct evaluation of the integral defining Vis difficult. However,
the following line of reasoning leads to a choice of a suitable approxima-
tion. Consider a rounded body surface such as the one in Figure A.3-5,
The planes of constant phase, which are given by the expression
?(ﬂo +Qo)=c, first strike the body at a point P,. For a rounded body,
such a point always exists and corresponds to what is known as the sta-
tionary phase point i.e., it is the point on the body for which

No
A
n (PO) ////
A Shadow
ko Region

Fig. A.3-5

¥- (8, +K,) is a minimum. At the stationary phase point, the phase
planes are tangent to the surface so that the normal to the surface at
fig + k o :
this point, fi(P,) would be given by - Llhﬁél_ which is the negative of
_ . o T Xo
the direction of the phase planes T - (fiy + ko) = c.

If, starting at the stationary phase point, the surface is sliced with
phase planes spaced apart by some small fraction of A (Fig. A.3-6),
then on each slice of the surface the phase factor is approximately con-

stant. Therefore, the integral f fexp [kiT' - (A, + ﬁo)] may be ap-

R

ke f ﬁde where cj is the phase factor
s

proximated by the sum _]E e )
J
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Fig. A.3-6

associated with the jth phase plane,i.e., for the jth planeT (R, + ﬁo) = ¢js
and where sj is that portion of the body surface which is bounded by the

jth and (j +1)th phase planes. Now, the integral L f dsj may be approxi-
mated fairly well by #(P,) Aj where Aj is the surJface area sj projected
into the direction of n(Po) The reason for this is apparent from the
geometry., For each tiny portion of sj dsj, w1th a normal direction, ng,
making an angle of # with the d1rect1on QJ , there is a portion of the
surface dsJ , of approximately equal area lylng on the opposite side of
ﬁ(Po). All components of the two wectors {\10 dsj, and n'g dsj' except

those lying along f(P,) will nearly cancel.* The integral L o ds; may
J

be approximated, therefore, by the expression ﬁ(Po) J; . ﬁ(Po) dsj =
J

ﬁ(Po) Aj. Therefore, the integral fR Nexp (ik?P - (ﬁo + ﬁo) ds may be
approximated by ; exp [1ij] J n dsj which, in turn, may be approxi-

ik
mated by n EAJ ! CJ The smaller the surface division, Sj» the
better is the f1rst approx1mat1on so that fA(P,) Z A;j exp(ikcj) may be

*This statement is “most true” in the region near the stationary phase
point and “less true” away from it.
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A

ko)

kr' . (i, +
written as the integral #(F,) fR e’ (B dA where dA is equal

to ds(d - A(B, ).

The last integral may be written as

no+ Ko}
- jla_:_{__k_:.' [fexp ikz Iﬁo + kol dA(z)]

where z is the distance measured along the normal to the phase planes.
Since, for a rounded body, dA(z) approaches zero as the shadow region
is reached the absolute value of the bracketed integral above may be
approximated by the expression A,/ where A, is the area of the first
Fresnel zone (Ref. 54). This zone is defined in this case as the surface
area cut off by the phase plane

7. {ﬁo +ﬁo} = F(P,) .{ﬁo +f<\°} +—}£—

projected in the direction f(P,). The final approximation to the integral

is therefore

A
Consider now the expression for g . d which is obtained by use of
this approximation for the above integral:

A AD)(+R, - Ry)-(@K,) (B-7,) VEL Y
)\2

.d =
g [ + m

|
=]
]
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To obtain this expression, the fact that & and d are transverse to the
transmitting and receiving directions respectively is used.

The above results can be extended to a body with a conical tip. Al-
though a stationary phase point will not, in general, exist for each trans-

mitter and receiver direction, the direction - ————§Q—(ﬁ° +& ) is still defined
as is the first Fresnel zone still defined if it islil‘gotglgt! of as being the
surface area cut off by the phase T-(Rg+Ry) = To- {ﬁo + Qo} + —}%- (T is

a, + &}
fiy +ky|

(For cases when the phase planes do not strike the conical tip first, a

the radius vector to the conical tip) projected in the direction - |

stationary phase point exists.)

The evaluation of the area A, for a body like a V-2 type missile is
not, however, easily done computationally. For this reason, it was felt
that in order to facilitate computation, it would be well to use for the
actual missile body, an “equivalent” well rounded body for which sta-
tionary phase points existed and for which the contribution of these sta-
tionary phase points might be easily expressed using the methods of
geometrical optics. “Equivalent” refers, of course, to a body that would
give approximately the same trends as the missile body. Comparison
with theoretical monostatic cross-section data for the missile body
(Sec. 7.3) would be a check on any “equivalent” body. A prolate spheroid
seemed, therefore, a natural choice for an “equivalent” body, especially
as its geometrical optics bistatic cross-section is readily expressible
in a simple form. The semi-major and semi-minor axes of the “equiva-
lent” prolate spheroid were determined by matching its nose-on and
broadside cross-sections with the monostatic data computed for the
missile body. Using these axes, the backscattering cross-sections were
computed for angles of incidence varying from nose-on to 180 degrees.
The values thus computed were in excellent agreement* with the data

*The agreement was so close in fact that the two curves were hardly
distinguishable when plotted on 3 cycle semi-log paper.
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obtained by more refined methods. Accordingly, an “equivalent” prolate
spheroid was used to compute the magnitude of the bistatic cross-section
contributions of the V-2 body.

The bistatic cross-section by geometrical optics for a prolate
spheroid of major axis 2( and the minor axis 2t is given by the expression

m? t
(2cos?a +t?sin® a2

o(ﬁot aor V’ t) = [

1 ’R'(ﬁo*'ﬁo)

where o = cos” ~ , and k is the direction of the major
|80+ &
axis.
f,+ Rk
Using this “equivalent” prolate spheroid data and using - TA—°.+
n, +k,

as the direction of v, g d becomes

§°c11\ - 81{ {1 +2(Q3 ;1-&% ﬁo} ‘[)’(Qo, ﬁo, (, t

This expression was the one which was used in the computations.

A.3.2 Computation of the Cross-Sectional Contribution of the Rear Flat
Plate

The computation of the contribution of the rear flat plate was carried
out by the methods of physical optics. The rear flat plate was oriented
perpend1cu1ar to the axis of the m1SS11e its center lying on the axis. If
& is the direction of the missile axis, -k would be the outward normal
to the rear flat plate. The physical optics expression for B g is

4
A2

gd = @8R AHER)] [ explitc (B +ho)] as

T

where T is the region of the plate “seen” by the transmitter.
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It may be shown by a host of simple counter-examples that the above
. -~ A . . . : . .
expression for g.d does not satisfy reciprocity relationships. In fact, in
general, the physical optics expressions for flat plates are not recipro-
cal. In the computations, however, reciprocity relationships were as-
sumed to hold for the flat plates since reciprocity is known to hold for
the exact solution to the electromagnetic scattering problem (Ref. 57).

On carrying out the integration, the following expression was ob-

tained for ‘g‘é\

4T

88 A SF @A K+ @D EA)] ikil [RJ, (kRf)-r Ty (krf)]

where f = f(a,f,60) = \/(sin o + cos Bsin §)? + sin?f

R = outer radius of flat plate, J,,J, = Bessel Functions of
order zero and one,

r = inner radius of flat plate,
A
= the cos™!? (Q-ko)
the angle the direction i, makes with its projection on the
plane spanned by % and 0

™ R
"

6 - }:\he angle between the projection of #, in this plane and the
k direction. (Fig. A;3-7)

No
A
- ):
9 |
o T
ko
Fig. A,3-7
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As the rear flat plate only enters into the view of the transmitter
when 90° <& < 270° the rear flat plate contribution was computed only
for these cases.

A.3.3 Computation of the Fin Contribution

For the cases in which the transmitter direction lay in the plane of
a fin, the computation of the fin contribution was relatively simple. The
fins were treated as flat plates of trapezoidal shape. At most three fins
at a time were illuminated by the transmitter: the two fins vertical to
the plane spanned by k and ﬁo: and one of the fins lying in this plane.
There was no overshadowing of one fin by another. The contribution of
the illuminated horizontal fin was neglected. For fi, not in the plane
spanned by % and ﬁo, the contributions of the two vertical fins were
added assuming random phase for, if A is small with respect to the
diameter of the body, the phase of the fins as 7, moves out of the plane
of k and Qo depends critically on the diameter of the body. For ﬁo in
the plane of R and ﬁo» the fins were considered to be in phase. The ex-
pressions used to compute 3.d were

2
g.d = [((’i\-g)(?pﬁo)-(é\-ﬁ)(ﬁ-ﬁ )] ’or‘ exp[ik ;sinﬂ +(cos o +
8 0 \/2— j;in Xp y
cos Bcos 0)z} | dzdy

where fi is the normal to fin surface and the angles O, ﬂ, and 0 are as
defined in the previous sub-section. The fin integral was evaluated with
ease. The fact that the factor of 2 or ﬁ was used depending on whether
or not f, was in the plane of R and Qo occasions no great difficulty as
far as continuity is concerned because of the size of the discrete steps
in B used in the computations.

For the case in which the transmitter is in a plane making an angle
of 45 degrees with the planes of the fins, the situation is more complex.
Let us suppose that the transmitter lies on the same side of the missile
axis as fins 1 and 2, and suppose that ﬁo lies in the plane of T and Qo
(Fig. A,3-8).
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Figc A%3-8

In general, all four fins will be illuminated, although fins 1 and 2 in all
cases (except in the transmitter nose-on cases) partially overshadow
fins 4 and 3 respectively. When & = 90 degrees, the overshadowing is
complete. In computing the contribution of fins 3 and 4, the integrations
are carried out only over the regions of those fins which are not in the
shadow of either fin 1 or fin 2 or the body. The contribution of fin 3 was
computed by use of the formula

A
Vam 8o = (@B, 8y) - @8,)(88)]
f I: s1na+ cosfsin @ - sinB)x

7z +(cosBcos 0+ cos a)pil dxd p

R,

The contribution of fin 4 was computed by use of the formula:

A oA
i T8 = [(9)(8,4,) - (&.8,)@4,)]

f exp l:ik[(Sin a+cos B sin 6+ sin B)x +(cos B cos f+cosar) pildxd p
R vz
1
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The region of integration R, is the illuminated portion of the fins.
For 0 £ & < 90° (c is the angle between the & and Qo directions), the

region R, appears as in Figure A,3-9. For 90° < & < 180° the region
R, appears in Figure A,3-10.

p- cot R
x_{coa\[—' } 0< o < 9pe
'I+cot0!‘l_|h
1\

X 4 =
\

Shadow

Ny
1 [ /] ] { Body Shadow \\ \\qu\\\

1), . Ry

Fig. A,3-9

.. 0, _
x=—1t"2-F o 90° < & < 180°

|cota|
J4

Z

) 1, //// Shadow
ey //X

T Body ¥ Shadow 1177/ 755NN,
fk V2.1

Fig. A.3-10

Although the expression for the general limits of integration are
difficult, for each particular range of & the integrals may be carried out
readily. For fins 1 and 2 some of the radiation incident on either fin is
specularly reflected to the other and then deflected. For angles of inci-
dence near broadside, these fins constitute a corner reflector system
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and must be treated as such. Radiation reflected from one fin to its mate
tends to decrease the cross-section in the direction of specular reflec-
tion off the first fin and enhance the cross-section in the direction of the
mirror image in the second fin of the specular reflection direction. Ac-
cordingly, the contribution of a fin is evaluated by integrating the primary
distribution of current due to the incident radiation over its entire sur-
face and then adding, in the proper relative phase, an integral which takes
account of the current induced on the neighboring fin by the radiation re-
flected specularly. The region of integration of the second integral will
correspond to that region of the neighboring fin upon which specularly
reflected radiation is incident. For o = 90 degrees this region corre-
sponds to almost the entire area of the neighboring fin. In tracing the
radiation from fin to fin, the magnetic polarization must be kept track of.
Thus, for example, if radiation of magnetic polarization & is incident on
fin 1, upon specular reflection the magnetic polarization of the scattered
radiation incident on fin 2 will be (4 - 2fi,(f1,-4)). The contribution of

fin 1 may be therefore expressed as

58137 (@06, 4,)-@4)@8,)]

f exp 3ik[(5ina +sinfB - cos 8 sin 0)x!
V2
fin

+ [(Ry-Ro)d-(8-2 B, (8-8;))-(3-8,)((8-28, (8-4,)) -B,) ]

f exp| ik [gsina- sin B- cos B sin 6 x' + (cosa +cos Bcos 0)pﬂdx'dp
R V2
2

The region R, is that region of fin 2 which received reflected radia-
tion from fin 1. For 0 < & £90°% R, is just the complement of the R,
shown in Figure A3-9. For 90° < a < 180°, R, is the complement of
R, shown in Figure A,3-10.

+(cos Bcos B +cos a)p]}dx dp

entire

For fin 2 §.d is given by the expression
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2'60) '(é\ﬁz)(aao)]

8>

5.4 -\ 5 )[(a-sx

o cim gy - P
Xf exp iik [x( sin@t-cosf sinf - sin f) +p(cosOcosﬁ+cosa)] dx'dp

R, V2

+ [(Q[A-2 8,(8,9) (&,8)-(@8,) [Fo-(8-2 A,(8,-9)]]

Xf exp %ik [x'(sind+sinﬁ-cosﬂsin0) + (cosa +cos BcosB)p] dx'dp,
R,

VZ
where R, is defined as above.

The contributions for the 4 fins were added assuming random phase,
since the relative phasing of the fin contributions for a small A depends
critically on the dimensions of the body. The total fin contribution to the

cross-section is
2 _ 2 2
fin = Fl'ﬁ fin3?t ‘Erqﬁn 4

Ofin = Igf'a

A.3.4 Body-Fin and Fin-Body Reflection Contributions

2 e
fin2 T Fs'd

2
fin 1 + ‘E2&

Fin-body contributions to the cross-section refer to the contribu-
tions to the scattering cross-section of the radiation which is incident
upon a fin and is specularly reflected from the fin to the body and then
deflected.

Body-fin contributions to the cross-section refer to the contributions
of the scattering cross-section of the radiation which is incident upon the
body and specularly reflected to a fin from where it is deflected. The
methods used to compute the body-fin contributions for the cases when
the transmitter is normal to the axis of the missile are described first.
With a few modifications the results may be extended to the other cases

of interest.
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Let the unit vectors ’i\, fj\, and k form a right handed orthogonal co-
ordinate system; let the kK direction correspond to the axis of the mis-
sile, and let the transmitter direction, ﬁo’ correspond to the 1 direction.
Furthermore, let fi, be the normal to one deflecting fin and let 32 be the
normal direction to the second deflecting fin. For the cases in which the
fins are normal to the plan spanned by ﬁo and ﬁ, ?11 = 32 =1. Let ﬁy be
the unit outward normal to the body and let ¥ be the angle which this
vector makes with the positive 1 direction. There exists a critical angle
Y o such that the rays which strike the surface at points for which
Yo < l Y ‘577'/2 are deflected by the fins (Fig. A,3-11). These rays in-
duce currents on the surfaces of the fins which in turn are responsible
for a diffraction pattern throughout space. Inthe computations the shape
of this pattern was determined only in that region of space which is on
the same side of the fins as the transmitter. Unfortunately, the integra-
tions necessary to determine the shape of the pattern cannot be carried
out by the rnethods of physical optics. For d1rect1ons of the receiver, i,
such that n 0" k = k . K = 0 and such that no .1 satisfies the relationship
0 <cos-! (A1) < 7 - 2y, there are stationary phase points on the sur-
face for which y, < % |< /2. The magnitude of the cross-section as
computed by the technique of stationary phase for these directions is

2TTRD 2 * . . . .
N where R is the radius of the cylinder, and D is the length of

the fin which is effective in deflecting radiation. The direction of the H
field to be associated with these receiving directions is given by the ex-
pression:

[8 - 2ny (4 . &)] {21} {nl}.{g - 2ny (ny - 3)}
na ol

| Magnitude of Numerator |

*At the edges of the range, stationary phase gives 1/2 this value. Ac-
tually the decrease to 1/2 takes place gradually over a range depending
upon A/R. In order to get the approximate shape of the pattern graphi-
cal addition of the elementary contributions may be carried out.
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FIG. A.3-11 GEOMETRY FOR BODY-FIN
DEFLECTION CONTRIBUTIONS
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The half-width to be associated with the radiation pattern in the plane
A
spanned by ] and k will be taken as § = A/D.

When f(-ﬁo # 0, the body-fin deflection contributions will favor those
receiving directions, ﬁo, for which ﬁo-ﬁ = -ﬁo-ﬁ. All those directions,
ﬁo, which satisfy this condition and in addition satisfy the condition that
0 <cos-i(fiy1) € m- 27, will have stationary phase points on the body
for which ')’o < |)\ IS 71'/2. The magnitude of the cross-section in these

i o . 27RD* * N
directions is given by the expression N The direction of the

scattered H field is as in the preceding paragraph. The half-width of
the pattern in the plane spanned by j and & will be taken as A/D.

The fin-body contributions may also be taken into account by such
first-order approximations. These approximations are only good in the
regions of the spectrum for which A is much smaller than the radius of
the body. The chief virtue of these approximations is that they are
simple and that they do give a rough idea of the width and height of these
deflection peaks.

A.3.5 Addition of the Component Contributions

For each polarization :i\ of the receiving antenna, the (g-d) of each
component were added assuming arbitrary phase, i.e., the correspond-
ing cross-section was obtained by adding the squares of the magnitudes
of each (g .d) for the various components;

oag = Zlg-d|?

components

where 2 denotes the incident magnetic polarization corresponding to
the g.

*D will be a function of &, . k.
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Since 'l\co is transverse to a all possible polarizations of the incident
field are expressible as linear combinations of the two polarizations

ko x [& x k]
A ____o_ A -
a ol and a, Iko < [3 < ko '

o

o>l o>
LS
L Pl

where € is an arbitrary vector which is not parallel to k In computa -
tion, if the m1s511e axis direction, k, was not parallel to ﬁo, k was
chosen to be C. Since, in the far zone, the radiated field is transverse
to the direction of propagation, -ﬁo, of the field, § is expressible as a
linear sum of
A b x go
| b x ng|

B x [bx 0p]

A
and d ~—
Ino |_b xno]|

where b is arbltrary and not parallel to #,. Whenever R was not

A
parallel to no, b was chosen equal to k. For each combination of no
and ko, g d was computed for the four combinations of & and d: 31 d ,

8,d,, 4,d,, and 4,4,.
The following cases were considered:

(1) A fin was considered to lie in the plane of f(o and K. For each
position of K, in this plane (K, was rotated about K in steps of 15 or
30 degrees) cross-sections were computed for 30 varying throughout
space in steps of 30 or 15 degrees in azimuth and zenith. Reciprocity
relationships were then used to obtain the cross-sections for receiver
and transmitter interchanged.

(2) The fins were rotated through 45 degrees but the plane spanned
by k and i\-(o was unchanged. For each position of &o' cross-sections
were obtained for n, varying through space, in the same manner as in
(1). The body and rear plate contributions remained the same as in (1)
and only the fin contribution had to be recomputed.
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In an effort to take account of the scattering from the sharp edges
and fin-body junctions, an empirical constant, determined for the nose-
on monostatic case, was added to all cross-sections computed thus
shifting the curves upward by a constant amount as was done in the
monostatic case. This extra contribution was assumed to have the same
polarization as the body contribution. Except for nearly nose-on aspects
this modification represents a very small percentage change in the
cross-section.

Figures 7.4-2, 7.4-3, and 7.4-4 shown in Section 7.4, constitute only
a small portion of the results which were obtained.
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