8525-1-F

Copy ——~

"l SAMSO-TR-68-90

THE UNIVERSITY OF MICHIGAN

COLLEGE OF ENGINEERING
DEPARTMENT OF ELECTRICAL ENGINEERING

Radiation Laboratory
8525-1-F = RL-2179

Investigation of Coated Re-entry Vehicle Cross Sectior (U)

[ 4
S
5 ; ] Final Report
033 O 18 December 1966 - 18 December 1967
Jox
3 §§ 5 By
393 g R.F.GOODRICH, J. J. BOWMAN, B. A. HARRISON,
Q2 g g E. F. KNOTT, T. B. A. SENIOR, T. M. SMITH, H. WEIL
3% & and V. H. WESTON
Hia
w3 e
5283 g January 1968 R RS T ONe
al, Y, |
: - 4 = g vuuuinonzea visclosure Subject to Criminad
g gg 3 29 Contract F 04694-67-C-8055+"
(9] 8 A (S 2

Distribution Statement: In addition to security requirements which
apply to this document and must be met, it may be further distri-
buted by the holder only with specific prior approval of SAMSO,
SMSD, Air Force Station, Los Angeles, CA 90045 '

Hq. Space and Missile Systems Organization

Air Force Systems Command

Contract With:
Norton Air Force Base, California 92409

Administered through:
: F g ‘r ié’rhh document ¢

OFFICE OF RE%E}A?R,CH

P EE W e B o B
national defense of

»MINISTRAI‘IQVN?_-\- ANN ARBOR

ins information affecting the

Usited States within the
Laws, Title 18 U. 8. C.

transmission or the

GROUP
meaning of the E

DOWNGRADED AT 3-YEAR INTERVALS; sections T93 and T84
DECLASSIFIED AFTER W YEARS e ethor o poc sy 1a pedabired oy Tam
/ \




MISSING
PAGE



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN
8525-1-F

FOREWORD

(U) This report, SAMSO-TR-68-90 was prepared by the Radiation Labora-
tory of the Department of Electrical Engineering of The University of Michigan
under the direction of Dr, Raymond F., Goodrich, Principal Investigator and
Burton A, Harrison, Contract Manager. The work was performed under Con-
tract F 04694-67-C-0055, "Investigation of Re-entry Vehicle Surface Fields
(SURF)"., The work was administered under the direction of the Air Force
Headquarters, Space and Missile Systems Organization, Norton Air Force Base,
California 92409, by Capt. J. Wheatley, SMYSP, and was monitored by Mr,
H,J, Katzman of the Aerospace Corporation,

(U) The studies presented herein cover the period 18 December 1966
through 18 December 1967.

(U) In addition to security requirements which must be met, this document
is subject to special export controls and each transmittal to foreign governments
or foreign nationals may be made only with prior approval of SAMSO, SMSDI,
Air Force Station, Los Angeles, CA 90045,

(U) Information in this report is embargoed under the Department of State
International Traffic in Arms Regulations, This report may be released to
Foreign governments by departments or agencies of the U,S. Government sub-
ject to approval of Hq. Space and Missile Systems Organization (SMSDI), Air
Forse Station, Los Angeles, Calif., 90045 or higher authority within the De-
partment of the Air Force. Private individuals or firms require a Department
of State export license,

(U) The publication of this report does not constitute Air Force approval
of the report's findings or conclusions. It is published only for the exchange
and stimulation of ideas. \

SAMSO Approving Authority

William J, Schlerf BSYDR
Contracting Officer
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ABSTRACT

(S) This is the final report on Contract F 04694-67-C-0055, an investi-
gation of re-entry vehicle radar cross section, the third phase of a program
designated Project SURF. The objective of the SURF program is (1) to achievd
the capability to determine the radar cross section of metallic and coated re-
entry vehicles which are sphere-capped-cones in shape, or modifications of
that basic shape, (2) to determine the effect on radar cross section of the
plasma re-entry environment and (3) to study methods for countering short
pulse discrimination of these re-entry shapes. Parts (1) and (2) of this pro-
gram are based upon the interpretation of surface field data obtained on models
illuminated by radar in a specially designed facility. Radar backscatter mea-
surements and computer programs are used to check theoretical conclusionst
This final report discusses the work carried out in the fourth quarter of this
contract and such formulas for radar cross section as were developed and

which extend the results previously reported.
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I
INTRODUCTION

(S) This is the Final Report under Contract F 04694-67-C-0055, It re-
ports the results of the third phase of Project SURF, a complex program to
determine the radar cross section of cone-sphere-like re-entry vehicles under
exoatmospheric and re-entry conditions. The investigation is part of the
ABRES program. It was carried out under the auspices of Space and Missile
Systems Organization (SAMSO) at the Radiation Laboratory of the Department
of Electrical Engineering of The University of Michigan. The SAMSO project
officer was Captain James Wheatley. The work was monitored for the Air
Force by the Aerospace Corporation under the direction of Mr. H.J. Katzman,

(S) SURF made use of experimental methods of measuring the surface
currents induced on metallic and coated models of re-entry shapes to obtain
a basis for an analytical synthesis of radar cross section formulas. Inasmuch
as the re-entry shapes being considered were of extremely low cross section,
it would have been difficult to study them solely with radar range techniques
or using full-scale models and it would have been impossible using these tech-
niques to isolate in a practical or economical way, the effect on radar cross
section of perturbations, coatings and antennas.

(S) The objectives of the SURF investigation were to achieve a capability
to determine the radar cross section of metallic and coated re-entry vehicles
taking into account variations in shape, particularly in the generally spherical
termination of the conical portion of the body and the effect on radar cross
section of slot and annular (ring) antennas. The study included a determination
of the radar cross section of these bodies in the plasma re-entry environment
and a determination of methods for countering short pulse discrimination tech-

niques.

1
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(U) The groundwork for meeting these objectives was laid in studies
under contracts AF 04 (694)-683 and AF 04 (694)-834 under which radar
reflectivity of metallic bodies was investigated and the studies to determine
the effect of coatings, perturbations of shape and the effect of antennas were
initiated. Included in the Final Reports on these earlier phases (Goodrich
et al, 1965 and 1967), was a '"Handbook" of radar cross section formulas for
computation of the reflectivity of the shapes which were studied in those per-
iods. The present report supplements that '"handbook in Section VII.

(U) Many of the radar cross section formulas which were constructed
were checked with experimental measurements. The comparisons are des-
cribed in Section 3.2 and were undertaken as a result of recommendations
made by the Aerospace Corporation in a Technical Discussion meeting, one
of the several technical meetings held by SAMSO, Aerospace Corporation and
Radiation Laboratory personnel to review the progress of the program. How-
ever, the most recent results of the SURF programs embodied in the radar
cross section formulas of Section VII have not been compared with experimental
data and it would be desirable to do so in order to obtain a figure of merit
and a range of validity for them.

(U) During the course of the SURF investigation, many computer pro-
grams were written for the machine calculation of the radar cross section of
the various shapes which were studied. An independent programming effort
was also undertaken at the Aerospace Corporation by Dr. Fred Meyers who
produced programs for the radar cross section formulas of the first two
"handbooks." However, it was believed to be desirable to have a very use-
ful computational tool in the form of a general computer program for metallic
and cdated rotationally symmetric shapes. An attempt has been made to

construct such a computer program and the results of this work are described

2
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in Section VIII. The problem proved to be mucn more difficult than had been
anticipated at the onset of the analysis. More time and effort have been put
into it than had been initially planned and although at many times it seemed
that the programming was completed, difficulties in numerical analysis con-
tinue to preclude a satisfactory solution to the problem.

(S) The plasma re-entry study was started during the second phase of
SURF under Contract AF 04 (694)-834. It has as its objective the formation
of a theoretical foundation to explain the data which was being obtained during
flights carried out under other Air Force programs and to facilitate the cal-
culation of the radar cross section of plasma embedded bodies. During this
year, an experimental program was set up here to investigate the soundness
of the assumptions on which the theory was based. As will be seen from the
disucssions in Section V, the course of the experiments, more questions were
raised than were answered. It had been expected that this would be a con-
tinuing study but with the termination of this program, the solution of some of
these problems will have to be deferred. If a resumption of this work is un-
dertaken in the future, it would be desirable to have more empirical data on
the nature of flow fields.

(S) The short pulse study described in Section VI was based upon the.need
to investigate the feasibility of countering short pulse discrimination techniques
which might be used distinguish between the radar echoes of a re-entry vehicle
and decoy bodies by scrutiny of their short pulse radar returns. A method for
studying perfectly conducting bodies has been developed and is described in
Section VI, It can be made applicable to coated bodies for which impedance
boundary conditions hold.

(U) A list of technical reports, in addition to the quarterly reports writ-

ten under AF 04694-67-C-0055 is given in Section X.

3
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II
EXPERIMENTAL INVESTIGATION

2.1 Introduction and Review of Program

(S) The experimental basis for the SURF program rests on two experimen-
tal techniques. One technique, radar backscatter measurements, is well-known
and anechoic facilities for making these measurements were in operation at the
Radiation Laboratory at the start of the investigation. The other technique,
surface current measurements, was a relatively new technique. It was com-
pletely new in this application. A small facility has been constructed and op-
erated before the SURF program began in order to test the feasibility of using
this technique to obtain information which would be useful in devising met-
hods for computing the radar cross section of extremely low cross section
shapes. The technique was shown to be a valuable tool and upon the initiation
of the SURF program, a working facility and special electromagnetic and elec-
trostatic probes were designed and constructed so that it could be applied to
models of the re-entry shape under investigation. The particular shape, of
course, was that of the cone-sphere re-entry vehicle typified by the LORV
series of missiles and perturbations of cone-sphere typified by the indented rear
termination of the Mark-12 re-entry vehicle and by the antenna and rocket
nozzle perturbations of the LORV and Mark-12 vehicles. It was necessary that
the surface current measurement technique be applicable to both the metallic
and the absorber coated models under study.

(U) The surface current facility which evolved is described in Knott (1965),
A brief summary of the experimental program is given in the following pages
along with typical results for the increasingly complicated experimental situa-
tions which were studied. Detailed analysis of the experimental results are
given in Section III of this report. For added coherence, the re-entry plasma
experimental work is described in Section V in conjunction with the theory and

analysis of the plasma embedded re-entry vehicle.

4
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(S) In retrospect we can enumerate items of special interest. For one,
the "indentedness'" of the base cannot be discerned from a flat back and this
is because the radius of curvature immediately aft of the join, and not that of
the indentation, is the most important contributor to the radar cross section.
We also learned that in general sheets of absorbent material markedly de-
creased the effects from perturbed models. The absorbing material acts as
a shield and hides the underlying model from the incident field. However,
perturbations in the form of annular slots can be large and frequency depen-
dent, because the impedance looking into a typical slot depends strongly on fre-
quency.

(U) Probably the most important thing we learned during the last year
was the importance of maintaining sets of experimental measurements which
can be readily compared with each other. This is not always easy to plan in
the beginning of a long program because one cannot always see the direction
the research is going to take. Early in the program we began measuring sur-
face fields bn objects and recorded the data by hand from observations of
meter readings. We plotted the data manually. We soon discovered how to
do this efficiently and during the second year made a great deal of measure-
ments this way by the third year it was apparent that linear, not logarithmic,
plots of amplitude vs distance along the surface were more convenient. We
had been measuring amplitude in decibels, which is a logarthmic sys;em, and
a hand conversion was required to compare data. Therefore, early in the
third year we designed and built a semi-automatic recordihg system, construc-
ted to index and probe, in small steps. The system permitted the probe to
stop wobbling or dancing after indexing and after a short interval of about 3

seconds, the pen on the recorder was commanded to drop down onto the re-
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corder chart paper to record a datum point. After the point had been re-
corded the system told the probe to index one more interval and the process
was repeated. In addition, the recorded data was plotted linearly and not in
decibels. The purpose was, of course, to provide plots that could be observ-
ed directly without the laborious hand conversion process from the logarthmic
system. The system worked well but used a great deal of chart paper and
later, to solve this problem, we halved the chart scale. This had the effect
of putting the data on half as much paper and therefore consumed less space.
The upshot of all these changes was that we had a series of hand-recorded
data in decibels, some linear recordings at one distance scale and some linear
recordings with half that distance scale. This made comparison of many sets
of early and late measurements difficult.

(U) These variations in the recording format show up in this report.
The reader will observe as we progress through some experimental results
that the scales are sometimes logarthmic and sometimes linear and that the
distance scales along the surface are not always the same. This is because
we are comparing data taken over many months of the contract period and have
had some trouble comparing all the data on this basis.

(S) In the remainder of the experimental section we will review the ef-
fects of coatings on cone spheres, work that was actually carried out late in
1966; the behavior of surface fields on coated cone spheres obliquely illumi-
nated; show how coatings suppress the effects of perturbations on cone spheres,
such as the annular tip antenna simulations and join antenna simulations; show
that the slots in the absorber jacket of a cone can seriously perturb surface
fields by exposure of the underlying structure and by the formation of surface
discontinuities in the absorbent material itself. We will also show that the

indentation of concave-capped models is not important if the object is coated

6
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with absorber and, finally, will present surface field and backscatter data for
flat-backed models which show that the radius of curvature at the join is a
dominant influence on backscatter.

2.2 The Influence of Absorber on Cone Spheres

(S) The experimental results previously obtained are documented in
quarterly reports and in the final reports for Phase I and Phase II of SURF.
In this section we intend only to hit highlights and to point out major influ-
ences of coatings on cone spheres. It will be recalled that several coatings were
examined by means of transmission line experiments and some of these coat-
ings were applied to cone spheres. Thin, heavy resonant coatings, flexible
urethane foam coatings, a thick, heavy, lossy coating called "Eccosorb CR"
were used. In Fig. 2-1 is a photograph of a 3-inch diameter, 15° total angle
cone sphere covered with Eccosorb CR material and is probably the best mod-
el that we produced with a coating on it. The observer can see that the tip is
a sharp one, that the surface is smooth, and that auxiliary distance scales
appear on the side of the model to augment reading out probe position. This
coating had magnetic, as well as dielectric, loss and the coating was about
3/8" thick. In Fig. 2-2 is a photograph of a model coated with LS-26 mate-
rial. Observe that the coating was sewn on with thread and that we also have
a scale on this model to indicate probe position, Note that near the tip the
threads cause irregular, but unavoidable bumps on the surfac‘e; because of the
flexible nature of the material and because of its thickness, the coating could
not be wrapped very accurately around the tip. The model therefore is some-
what shorter than it would have been, had the coating been of uniform thickness
all the way out to a sharp tip. This fact will be evident as we progress
through the experimental plots. The coating on the model in Fig. 2-1 was not
removable, but the coating jackets seen in Fig. 2-2 could be removed and re-

placed with other materials because of the sutures.

7
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FIG. 2-1: OUR BEST ABSORBER-CLAD CONE-SPHERE HAD A
MACHINED OUTER SURFACE; CONE HALF-ANGLE IS
7.5°, BASE DIAMETER IS 3.000", COATING THICKNESS
IS 3/8".

8
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FIG. 2-2: FLEXIBLE ABSORBE%RS HAD SUTURED SEAMS; CONE
HALF-ANGLE IS 7.5, BASE DIAMETER IS 3.000",
COATING IS APPROXIMATELY 1/4" THICK.

9
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(S) In Fig. 2-3 we present the results of surface field measurements on
three models for ka = 1, where a is the radius of metallic spherical base. The
fields in the plot have been normalized with respect to the incident magnetic
intensity, Ho . The underlying model in each case was a 3'" diameter cone
sphere with a 15° total angle at the apex. We present amplitude in db and thus
have a logarithmic scale. The results for three coatings are shown and it will
be observed that two of the coatings behave nearly identically and, in fact, the
curves tracing out the response for LS-22 and LS-26 coatings are nearly the
same as that for a base model: this is because the coating is nearly trans-
parent at this frequency. The Eccosorb CR coating, on the other hand, had a
slightly better effect but not much near the side. The field intensity for the Ec-
cosorb CR coating extends much further to the left than does the LS coating
because the Eccosorb coating was more perfect and formed a more perfect,
hence longer, tip. There is a sharp dip shortly aft of the tip but the intensity
builds up to a value of about 2 db. The amplitude remains constant at about
2 db until one reaches the join and at the very antipode the intensity is 0 db.
The marked oscillations for the LS coatings are spaced very nearly a half wave-
length apart.

(S) Turning now to Fig. 2-4 we see the effect of much increased fre-
quence upon the same models. Again we plot amplitude in db as a function of
distance traversed along the surface aft from the tip and for this figure, ka =
2. Note that although the fields attained a maximum intensity of about 8 db
as shown in Fig. 2-3, they fall to about - 5 db in Fig. 2-4. This is be-
cause the coatings were much more effective in attenuating the wave traveling
along the conical portion. One can also see that the perturbations are much
faster along the side, evidence that a higher frequency was being used. Note
that once the join has been passed the fields decay quite rapidly until the anti-
pode reached. The Eccosorb absorber is much more efficient in suppressing

the wave near the tip than the LS materials, but after about 2 wavelengths
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aft of the tip the LS coatings proved to be more effective. It was once
thought that the LS-22 coating was more efficient than the LS-26 but the data
in Fig. 2-4 suggested this is not true. It may be possible that the technicians
interchanged coatings and failed to note the change in the data. We note that
both Figs. 2-3 and 2-4 are for nose-on incidence.

(S) In Fig. 2-5 we see the effect of changing the angle of incidence.
There are four curves displayed here’ representing angles of incidence running
from 00, which is nose-on, to 82.50 which is broadside to fhe conical surface.
The model in this case is coated with Eccosorb CR and ka = 5. Observe
that we have a symmetrical pattern, with the tip lying near the left and right
extremes of the figure and the antipode near the center. For nose-on inci-
dence we would expect a symmetrical pattern and indeed we do get one as
evidenced by the solid trace. If now the angle of incidence is changed to 7. 5°
we see that the fields on the lit side (the left side) of the figure are more
intense than on the shadowed side, which is the right side of the figure. If
we change the angle of incidence to 37. 5° the fields on the lit side increase
even more, approximately 5 db above the nose-on case, while on the right
side the fields are reduced of the order of 15 db. Finally, as we go out to
82. 50, the fields attain their maximum intensities on the lit side and their
minimum on the shadowed side. There are small perturbations near the tip
on the lit side which are about half a wavelength apart and they are eﬁdence
of waves traveling back and forth along the illuminated surface, despite
the fact that the incident wave has no component in this direction.

(S) Note that on the illuminated side for the 82. 5o incidence angle, the
field intensity is nearly constant at a level of about + 3 db. Ordinarily if the

model has not been coated the intensity would have been very close to 6 db.
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This suggests that the absorber is nominally at 3 db absorber. The data very
graphically show that the absorber, although it may be a poor one for normal
incidence, is a good one for attenuating waves traveling along the long slanted
surface. One would expect that even though an absorber would be very poor,
say only 2 or 3 db, it would be a reasonably good one if the body is a long
one viewed nose-on.

2.3 Coated Perturbed Models.

(S) In this section we will show that if a smooth body,r like a cone
sphere, is perturbed by either tip antennas or antennas situated near the join,
these can be large contributors to surface field perturbations and backscatter
measurements. Then if these perturbed bodies are sheathed in an absorber
jacket the perturbations will practically disappear and the cross sections of
the bodies will be much reduced. Finally, we will show that if slots are cut
in the coating just above the antenna simulations, that the perturbations will
again arise and be relatively large contributors to the backscatter. Figures
2-6 and 2-7 are photographs of the perturbed models that we built in 1966 to
aid surface field studies. The model in Fig. 2-6 is called LSP (Lucite
Spacer, Point) while the model in Fig. 2-7 is called LSH (Lucite Spacer,
Hemisphere). The antenna simulations were provided by lucite wafers, 1/4"
thick. These two models form the models for which a great deal of experi-
mental work was done.

(S) In Fig. 2-8 we present a composite trace of the surface field in-
tensities for the two models and we compare them with a plain cone-sphere
for which ka = 5. Observe that we again plot amplitude in db as a function
of distance aft from the tip. The tip lies on the left side of the figure, the
antipode lies at the right, and the join is clearly marked by a dashed line.
The solid trace, the behavior of the surface fields on a plain cone-sphere, be-

gins near 0 db at the tip and rises gradually to about 5 db two wavelengths aft,
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and finally near the join attains a value of about 6 db. If we now examine the
trace comprized of the long dashes, we see that the fields begin at the tip
slightly below that of the plain cone-sphere but have a series of very strong
oscillations amounting to more than 10 db in amplitude. These oscillations
are due to the spacer near the tip and once the spacer has been traversed,
the trace is much like that of an ordinary cone-sphere. We conclude that the
effects of the Lucite Spacer Point are felt only forward of the spacer and not
aft. Finally, considering the trace comprised of the small éhort dashes, we
see that the intensity begins again at 0 db and builds up to about 6 db near
the join, but that the intensity has a series of quite regular perturbations
amounting to about 2 db in amplitude. Since the spacer for this model was
near the join and since the perturbations are largely along the conical sur-
face, we can see that the LSH model perturbs the entire surface field
structure. Near the spacer we can see the strong rise in intensity and the
fields around the back are not the same as they were for a plane cone sphere.
Bearing these characteristics in mind we now turn to Fig. 2-9 through 2-12
which illustrate the effects of covering the model with an absorber layer.

(S) In Fig. 2-9 we plot the results for ka = 1. Note that we plot the
linear field intensity normalized to the incident field, not decibels, as a func-
tion of distance along the surface. All three models show very nearly the
same behavior and we are led to conclude that the coating shields the spacers
from the incident field. The fields on model LSP show a very small dip
slightly inward from the tip and the fields from model LSH show another small
dip very near the join. Aside from these tiny perturbations, the structures
along all three models are practically identical. Figure 2-10 shows that

for a ka = 3 the model LSH produces a phase inversion of the
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surface fields; i.e., the reflections seem to peak up where previously there
were nulls and to have nulls where there were previously peaks. Note that
beyond the Lucite spacer the fields for the plain cone-sphere and for model
LSP are practically identical. For this ka we see the strongest effect for the
LSH model and the fields around the rear are some 2 db lower than for model
LSP or for the plain cone-sphere.

(S) In Fig. 2-11 the fields are plotted for ka = 5. Notice that model
LSP shows some perturbations but that the plain cone-sphere and model LSH
also have these perturbations, We ascribe the similarity to the roughness of
the tip because of the way the coating was sewn on. The fields for all three
models decay to about 0.6 near the join and between the join and the tip the
fields are about the same for all three models. Around the back there are
small differences but again we ascribe these to experimental errors. In Fig.
2-12 appear the results taken for the highest ka (ka = 8). Again there are
perturbations on both the LSH and LSP models due to irregularities in the
coating near the tip and all three traces are very nearly coincident from tip
to antipode. In reviewing Figs. 2-9 through 2-12 we conclude that the coating
markedly suppresses the effects of the perturbations of the underlying model.
If the model is long enough in terms of wavelengths, surface field intensities
near the join will be very much those that would be found on an infinitely long
cone, as will be brought out in later sections of this report.

(S) The above results show that an absorbent coating can reduce the
surface fields, and therefore the backscatter,from long targets provided the
coating covers the entire model. But if there are antennas on the object which
must radiate, the coating will interfere or reduce the efficiency of that radi-

ation. We therefore undertook to expose the underlying perturbations (the
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Lucite spacers), by cutting slots in the absorber coating directly above them.
Two jackets of LS-26 were fabricated, one with the slot aligned at a point di-
rectly above the point where the spacer would be for the LSP model, and one
having a slot in the coating directly above the point where the spacer for the
LSH model would be. This is illustrated graphically in Fig. 2-13.

(S) To fully assess the effects of model and coating combinations, we al-
ternately left the slots air-filled or we loaded them with Lucite. We inserted
model LSP, as well as the plain cone-sphere, into the upper left hand jacket of
Fig. 2-13 and used the air and Lucite loading in the slot. This had the effect
of producing four different measurement situations. We also inserted model
LSH and the plain cone-sphere in the absorber sheath shown in the upper right
hand figure of Fig. 2-13. With the slot loaded with air or Lucite we produced
four more model combinations. The total effect was 8 models which we ex-
amined for four ka values: we will not present the results for the ka values
but instead have selected typical ones for ka's of 3, 5, and 8.

(S) Turning now to Fig. 2-14, there are four traces showing effects of
the surface fields for the four models mentioned above for ka = 3. These
curves were traced directly from the raw data and the quantity displayed is
the amplitude of the surface field intensity as a function of distance along the
surface, not db. Notice that the air and Lucite perturb the fields about equal-
ly, independent of which model is used inside the coating. On the other hand,
the reader will note that the perturbations are much stronger if the underlying
model is the LSP model and the perturbations seem to be largely on the for-
ward side of the spacer. Aft of the spacer the field intensities are practically
identical for all four model configurations, and although around the back there
seems to be one trace that is much different from the other three, we ascribe

it to experimental error.
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Model LSP Model LSH

Plain Cone-Sphere

FIG., 2-13: VARIOUS COMBINATIONS OF MODELS AND SLOTTED
ABSORBER SHEATHS PRODUCED EIGHT SEPARATE
MEASUREMENT SITUATIONS.
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(S) Turning now to Fig. 2-15, which is for the same ka as Fig. 2-14,
we have shown model LSH and a plain cone-sphere inside the absorber coating.
Again, notice that the air and ‘Lucite seem to perturb the fields about the same
but that if the underlying model is the LSH model, the perturbations are much
stronger than if the model underneath is a plain one. Again, we see a phase
inversion due to the presence of the LSH model, similar to that seen in an
earlier figure. Observe that the fields around the back of the model are
markedly different and that one would therefore have to know the impedance
looking into the slot in order to predict the fields around the back.

(S) In passing to higher ka, Fig. 2-16, we have the results for a ka = 5.
For this figure we have again studied the model LSP where the slot in the
coe;ting beam forward, and this time the air seems to perturb the fields more
than the Lucite. In fact, the greatest perturbation occurs when the model un-
derneath was model LSP and when the slot in the coating was filled with
Lucite. The amplitude of the fields along the conical part between the spacer
and the join decays in nearly the same behavior but with slightly different
phases, Around the back of the model, from the join to the antipode, there
is hardly any difference between the four models, It appears that some per-
turbing effects can be obtained even with a plain cone-sphere underneath, but
if the underlying model is LSP, then the effects are much greater and they
always appear forward of the spacer, and not aft. In Fig. 2-17 are displayed
the effects of inserting model LSH inside the sheath. From the tip back very
nearly to the join the fields are nearly the same, which we ascribe to the
fact that the absorber is attenuating the incident wave much more than when
the spacer is near the front. Careful examination shows the model LSH per-

turbs the field slightly more, especially aft of the spacer.
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30

UNCLASSIFIED



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN

8525-1-F
2O T T T T T T T T T T T o
‘ ) R P S st A baka
o R P : Surface Fields on Models
""" 3 ' with Slotted Coating o
R R a (R
2.0 R 1 Incidence: Nose-on
2
- Tip———————
1.5 2 .
~ 5
j % Slot
AN
1.0 0 |
N |
I—I-I-‘ . . . . . 4\ \ ) | il\ 1 j[“ .
\H‘ L .. N i l'
0] o .
i Slot Air-filled, Model Plain ¥ 1§ Y\ /|
T /N
0.5 —-—- Slot Lucite-filled, Model Plain / ‘ \ D
| 1‘\\ y ( ‘
|~ —— Slot Air-filled, Model LSH AN 5
-______Slot Lucite-filled, Model LSH A — —
° ;!“ 2° | | 10 ' o ‘ 0 o
e N — Di§;canceI Alor}g Surface ——
R 108° w0 > 36° |

FIG. 2-17: A REAR SLOT SEEMS TO HAVE LESS PERTURBING EFFECT
FOR ka = 5.0 THAN ka = 3.0. Coating: LS-26,

31

UNCLASSIFIED



SECRET

THE UNIVERSITY OF MICHIGAN
8525-1-F

(S) Finally, turning to Fig. 2-18 we caution the reader that the scale has
been expanded because the field intensities were very small. The frequency
for this figure was such that ka = 8 and in this figure model LSH was slipped
inside the sheath. Note that the fields are not perturbed on the front nor
around the back but that a small local perturbation is centered near the slot.
The perturbation seems to be about the same whether the model underneath it
is LSH or a plain one, and it seems to be about as strong whether the slot
is filled with air or filled with Lucite.

2.4 Indented Base Models

(S) Early in the contract we constructed a series of indented base models
and measured the surface fields on them. Results of these measurements
show that the surface fields were more or less independent of the depth of
indentation on the back. In Fig, 2-19 is a sketch of ti.e geometry of the ter-
minating base and it can be seen that the base was formed from two circles,
one near the join and another whose center lay on the axis of the model. Thesd
circles were tangent to each other and to the sides of the cone. The radius
C was selected to give the variation in the depth of indentation while the radius
just after the join was held fixed at 0.553". These models were given the
names ID-1, ID-2 and ID-3 with the depth of indentation increasing with in-
creasing model number. The models were coated with an absorbent jacket,
as shown in Fig. 2-20, and because of the geometry of the base we found it
difficult to glue the absorbent material onto the indentation, We therefore
stretched the absorbing material directly across the back forming a void be-
tween the material itself and the surface at the indentation. We measured
these models for four values of ka, but will preseut the results for only three

ka's.
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FIG. 2-20: THE ABSORBER JACKET WAS STRETCHED ACROSS THE
INDENTED BASE AND CREATED A VOID.
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(U) The results of the measurements are summarized in Fig, 2-21. Therd
- are three families of curves displayed, one for each ka value used: these were
ka = 3, 5 and 8, The curves for each of the ID models are clearly identified
as solid, alternate solid and dashed, and dashed traces. The coating was LS-
26 and the angle of incidence was held at nose-on.

(S) Notice that for all three values of ka the field at the tip is the same,
Considering firstly the uppermost curve, ka = 3, the three traces are nearly
coincident. The incident field begins near unity, builds up to a value of 1.8,
and then is nearly constant aft to the join. A series of small perturbations are
spaced about half a wavelength apart and the intensities drop off beyond the
join and around the back. For ka = 5, the center group of traces, the fields
barely reach a value of 1.4 about a wavelength behind the tip and at the join
they attain the value of about 0.6. For ka = 8, the lower group of traces, the
fields drop off exponentially attaining a value of about 0,4 at the join, and the
traces are substantially coincident.

(S) From Fig. 2-21 we can see two things. One is that, independent of
ka, surface fields on all three models behave practically identically. Secondly,
as ka increases the mean value of the intensity greatly decreases, showing that
the absorber was more effective at higher frequencies. Since the three models
had varying degrees of indentation and since the families of curves are very
nearly coincident, we conclude that the nature of indentation is not important.
We will see in a later presentation of data that it is not the depth of indenta-
tion, but the radius of the curvature near the join, that influences the back-
scatter.

2.5 Flat-Based Models

(S) In the foregoing description, we discovered that the radius of curva-

ture near the join did not influence the measurements because that radius was
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not changed. The depth of indentation was the only variable and we found that
the indentation is not important. Therefore, we constructed a series of flat-
backed models whose radius of curvature near the join varied from model to
model. These models are shown in the photograph of Fig. 2-22. Notice that
two conical front portions were used in conjunction with any of four caps to
produce the four models. These models were labelled the FB series, FB
standing for flat-backed. In Fig. 2-23 is a sketch of the models and we pru-
dently selected the radius of the base of the cone to be 1.878" so that ka would
be precisely the frequency expressed in GHz. Depending on the radius of cur-
vature just after the join, the maximum model diameter could exceed 1. 878"
by a small amount, but this was of the order of half percent, at most. The
small radius b was selected to provide ratios of b/a to 0.1, 0,2, 0.3 and 0. 4.

(S) We measured the surface fields on the flat-based models for four
values of ka, but will present only the data for ka's of 3 and 8 for illustration.
The results for all four models are summarized on a single plot (Fig. 2-24)
for ka = 3. Observe that the smallest radius of curvature, that of FB-1, gives
rise to the largest perturbation on the side of the cone, and that the model with
the largest radius of curvature, FB-4, has the smallest perturbation. In gen-
eral the normalized fields attain a value of about 2.0 near the join, and the
curve for model FB-4 is displaced downwards somewhat from the other three.
This, we believe, is due to experimental error in the calibration of the data.
Figure 2-25 shows the surface fields for these four models for ka = 8. Again,
the strongest perturbation occurs for FB-1, and the slightest perturbation for
FB-4, It seems that the strong effects of the smallest radius of curvature
continue for relatively high frequencies.

(S) In examining Figs. 2-24 and 2-25, one notices that the curves for the
larger radius of curvature extend farther to the right than the ones for the

smaller radii. This is because the distance around the back of these models
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~

\_

MODEL b, INCHES b/q
FB-| 0.188 o.|
- FB-2 0.376 0.2
' FB-3 0.564 0.3
FB-4 0.75| o. 4

FIG. 2-23: TgE FLAT BASED MODELS WERE BASICALLY
9" (HALF-ANGLE) CONES. Sketch is not to scale.
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FIG. 2-24: SURFACE FIELDS SHOW STRONGER PERTURBATIONS FOR
SMALLER RADII OF CURVATURE FOR ka = 3.0.
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FIG. 2-25: PERTURBATIONS IN SURFACE FIELDS PERSIST FOR ka = 8.0.
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was larger, and therefore, extends farther to the right by virtue of the increased
radius of curvature. As the base of the model becomes flatter by virtue of
sharper corners, the reflections due to the corner radii will be greater and
the radar backscatter will be greater. As a confirmation of this we turn to
Fig. 2-26. Here is plotted the radar cross section of the four FB models and
we display, in addition, the results of a plain cone-sphere for comparison.
The measurements were all made for nose-on incidence and although complete
azimuthal scattering patterns were obtained, only the nose-on aspect was read
from the patterns and plotted. Observe in Fig, 2-26 that radar cross section
in db relative to a square meter, is plotted and if we are to strike averages
through these curves we must do so cautiously because of the logarthmic scale.
(S) The data span quite a large difference in ka, running from about 1
on the left to 6 on the right. This required the use of both L-band and an
S-band scattering systems. Note that there is a relatively shallow null for
FB-1 and that this null increases in depth as we go to models FB-2, 3 and 4,
and reach a maximum depth with model FB-4, Observe, also, that the posi-
tion of the null has a tendency to shift gradually to the left, toward lower Kka.
If one were to carefully strike average values through each of these four pat-
terns, one would see that the average cross section is creeping upwards
slightly with decreasing radius. Notice that the average return is from 2 to
10 db higher than for a cone sphere, depending on the sharpness of the radius

and upon Kka,
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10

-30 1 | ] ] | |

FIG. 2-26: NOSE-ON BACKSCATTER MEASUREMENTS SEEM TO
QUALITATIVELY VERIFY PREDICTIONS BASED ON SURFACE
FIELD DATA: Experiment datum points have been deleted
and replaced with smooth curves.
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I
INTERPRETATION OF EXPERIMENTAL DATA
3.1 Introduction

(U) This section contains an interpretation of the experimental data and
gives comparisons between the computed (theoretical) and measured (experi-
mental) values for the surface current and for the backscattering cross section
for a variety of cone-sphere-like objects. Some of this interpretation and
comparison has been grouped under the heading, ''Agreement Item". This is
the term given to work initiated and carried out as a result of recommen-
dations made by Aerospace Corporation personnel at Technical Discussion
meetings and agreed to by SAMSO and Radiation Laboratory representatives.
The Agreement Item, Section 3.2 of this report, describes comparison be-
tween computed and measured values for the cone-sphere with a concavity at
the back of the sphere (the ID models), the cone-sphere with a dielectric in-
sert representing a ring antenna near the tip of the cone (the LSP models) and
coated cone-spheres. In Section 3.3 is a further discussion of the backscat-
tering behavior of the LSP type of vehicle.

(U) A study had been made of the effect on radar cross section of vari-
ation of the radius of curvature near the cone-sphere-join. Experimental data
was obtained on metallic models with different radii of curvature. The con-
ical portion of the models was terminated with a flat back (the FB models).
An interpretation of the data on the FB models is given in Section 3.4.

(U) It is important to know the limitations of the theoretical approach.
Although effective formulas for computation have been derived and comparisons
with measured data show excellent agreement between theory and experiment,
the formulas cannot be applied to all situations without understanding their
limitations. Section 3.5 is a discussion of such limitations which we call a

"failure' of a scattering estimate,
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(U) The experimental investigation which accompanied the study of the
radar cross section of a re-entry vehicle in a plasma environment is reported
in Section IV which also includes a report on the theoretical investigations of
the re-entry plasma.

(U) The formulas for the computation of radar cross section which were
developed under SURF III are given in Handbook form in Section VI although
some of them appear prior to Section VI in the various technical discussions,
e.g., in the report of the Agreement Item.

3.2 Agreement Item (Task 3.1.1)

3.2.1 Introduction

(U) At the SURF Technical Direction Meeting held on 14 and 15 March
1967, it was agreed that a comparison would be made between predicted
values for the backscattering cross section based on formulas originated under
the SURF program and the results of experimental measurements that we have

carried out. The bodies listed for this study were:

I A conducting shape (such as a cone-sphere)
(a) with concavity

(b) with ring-type antenna

II A coated shape (such as a cone-sphere)
(a) with lossless coating

(b) with lossy coating

and it was requested that the comparison be performed for all angles of inci-
dence out to the specular glint, with (preferably) the same ka value (or fre-

quency) employed in each case.
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(U) Implicit in this agreement was that we would use experimental data
already acquired (and reported) under the SURF program. As of March 1967
data was available for a bare (metallic) cone-sphere at 10 values of ka (15
patterns); the bare ID-1 model (indented base) at 4 values of ka; the bare LSP
model (Lucite spacer point, simulating a nose-tip antenna) at four values of
ka, and models coated with LS-22, LS-24, or LS-26 at seven values of ka
each. In every case the polarization used was horizontal,* and the half-cone
angle, a, was 7. 50. Table IMI-1 gives a listing of the available data, and
shows the variety of shapes and parameters for which the theoretical compar-
ison could be made.

(U) In the following we present comparisons of the theoretically-predicted
cross sections withb a selecti'on of the measured patterns, together with cer-
tain additional curves aimed at indicating the degree of correspondence of
theory with experiment in those cases where no complete comparison is in-
cluded. Although there was no express requirement for a consideration of
the bare metallic body per se, it was felt desirable to make the comparison
for this body also. In all cases the experimental curves are direct tracings
of the measured pen recordings with the vertical scale expressed in db rel-
ative to a square wavelength. To convert this to dbsm it is merely neces-
sary to add a constant to the ordinate, which constant depends of the frequency

used. For four typical frequencieé the constants are given on page 50.

“This negated the original intention that the theoretical comparison be carried
out for vertical polarization, and because of the relatively low and irregular
nature of the backscattering cross section for horizontal polarization in the

aspect range between the backward cone and the specular glint, the resulting
tests of the theory were more stringent than they would otherwise have been.
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Available Backscatter Patterns

ka Freq. (GHz) Radius, a(inches) Pattern No.
2.976 2.953 2.21 3905
2,976 2.53 2.21 3970
3.010 3.77 1.50 3946
3.010 3.77 1.50 3948
3.494 2.97 2.21 4086
3.965 3.37 2.21 3898
4,506 3.83 2.21 3903
4,506 3.83 2.21 3904
4,655 5.83 1.50 3944
5.212 4,43 2.21 4090
6.318 5.37 2.21 4088
6.318 5.37 2.21 4089
6.732 8.43 1.50 3942
6. 741 5.73 2.21 3891
6. 741 5.73 2.21 3892
Base ID-1
ka Freq. (GHz) Radius, a(inches) Pattern No.
2,976 2.53 2.21 3969
3.965 3.37 2.21 3978
4,5059 3.83 2,21 3980
6. 741 5.73 2.21 3963
48
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ka Freq. (GHz) Radius, a(inches) Pattern No.

2.976 2.53 2,21 3967

3.965 3.37 2.21 3976

4,5059 3.83 2.21 3983

6. 741 5.73 2.21 3965

Coated Cone-Spheres
Radius, a Pattern No.
ka Freq. (GHz) (inches) LS-22 LS-24 LS-26

2.976 2.53 2.21 3914 3972 3911
3.010 3.77 1.50 4003 3935 3998
3.965 3.37 2.21 3912 3974 3900
4,51 3.83 2.21 3917 3949 3901
4,54 3.83 2.21 3924 3986 -
4.655 5.83 1.50 4006 3938 =3995
6. 732 8.43 1.50 4002 3939 3999
6. 741 5.73 2.21 3918 3956 3889
6. 741 5.73 2.21 3921 3987 -
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Frequency (GHz) Additive Constant (db)
2.53 -18.5
3.37 -21.0
3.83 -22.1
5.73 -25.6

3.2.2 Bare Cone-Sphere

(U) For a metallic cone-sphere of radius a and half-angle o viewed
at an angle 6 to nose-on with horizontal polarization, the expression for the
theoretically predicted backscattering cross section given in Goodrich et al,
(1967) is:

[AJ within the backward cone (0 < 6 < a):

2
g 1
Z "7 |51 T8 S (3.1)
A
where S1 is the tip contribution
-i tan2 a -2ika cosecacos 6
S17%p "2 2 2 3/2° . (3.2)
P (1 - sin 6 sec o)
82 is the join contribution
S, =8, . =1-se02aJ (ZkacosasinG)e_ZIkasmacos9 (3.3)
2 join 4 0

and S3 is related to the sphere creeping wave contribution
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4/3 . in/3 2/3
S k—; 3 e — > (323i’+9) (l_{z__) L 5
oW 608 2 B {Ai(-B )}
1 1 1
: 1/3 . 1/3
. -ir [6 ka ir/6 3 oy [2
exp { itka-e T8, ( 2) - 6—031 (Bl 9) (ka) (3.4)

in which Ai(-x) is the Airy function with Bl =1.018793 and Ai(-Bl) = 0.53565617.
The phase associated with each term in (3.1) is that appropriate to an origin
at the shadow boundary.

(U) The contribution S

is related to S as follows:
3 CcCwW

S3 =8 ) (3.5)

cw

where vy is an enhancement factor.

Based on surface field measurements,

an empirical curve showing the dependence of

given by Senjor and Zukowski (1965, Fig. 2-10).

7.5° has been

v on ka for a

A theoretical (asymptotic)

approximation to vy, is

1 Bl 1 (k 2/3 2 2 -ir /3
v = 2<§ + Ai(—x)dx) 1+ 5 (‘Ea) a Ble u +
0
, 1/3 ,
2 2 - -
ST R R R

(Hong and Weston, 1965), and it will be noticed that in this approximation ¥y
is complex, albeit with only small imaginary part (phase of order 50). Eq.
(3.6) fails when ka is amll, a fact which is evident from the comparison given
in Fig. 3-1. Nevertheless, for all ka > 3 it may be adequate (and is com-
putationally covenient) to use Eq. (3.6) in the theoreticaly prescription of the

scattering.
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(U) To obtain an appreciation of the magnitude of the various contributors

to the scattering, we show in Fig. 3-2 a plot of lstipl , |S. . | and [Scw] for

join
@ =17.5 and 6 = 0. It will be observed that ‘Scwl is somewhat greater than

ISjoinI throughout the range of ka considered, and that by comparison with

these two contributors, Stipl is negligible. The theoretical nose-on cross
sections computed from Eq. (3.1) using the empirical and asymptotic enhance-
ment factors for the creeping wave contribution are plotted as functions of ka
in Figs. 3-3 and 3-4. The experimental values are those of Blore (1964),
together with the one derived from the measured patterns listed in Table II-1.
The agreement is excellent, bearing in mind the scatter of the experimental
data particularly for the larger ka values and for ka < 3 (say) the superiority
of the empirical enhancement factor over its asymptotic approximation (3.6)

is clearly evident from Fig, 3-4.

[B] between the backward cone and the specular flash (@ < 6 < 7 /2 - a):

o 1 2
2 ’Sspec) (3.7)
A
with
. . \
s =1jaeml "La__cg_u am (@ + p)e2ikacotacos(a+ 6)
spec 7 sin 6
X {I-F Bﬁkacotacos(a+9){l} (3.8)
where
2 .
i i
F(r) = " e dt (3.9)
0
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0.01 :
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FIG. 3-2;: COMPARISON OF TIP, JOIN AND UNENHANCED CREEPING WAVE SCAT-
TERING AMPLITUDES FOR NOSE-ON INCIDENCE ON A CONE-SPHERE,
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THEOR(E)ITICAL NOSE-ON BACKSCATTERING CROSS SECTION FOR A CONE-SPHERE WITH
a="1.5, COMPUTED USING THE EMPIRICAL ENHANCEMENT FACTOR (—) AND ITS

ASYMPTOTIC APPROXIMATION (---).

FIG. 3-3:
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FIG. 3-4: THEORETICAL NOSE-ON BACK(S)CATTERING CROSS SECTION FOR
A CONE-SPHERE WITH o = 7.5, COMPUTED USING THE EMPIRICAL
ENHANCEMENT FACTOR (—) AND ITS ASYMPTOTIC APPROXI-
MATION (---).
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is related to the Fresnel integral. In the direction 6 = 7 /2 - @ of the specular

flash itself, Eq. (3.7) reduced to

2
3
12 _ _cosec a2secoz (ka) . (3.10)
A O

The cross section computed from this is plotted as a function of ka in Fig,.
3-5, along with the experimental data points obtained from Blore (1964) and
from our own measured patterns. The agreement is relatively good, though
we do observe a tendency for the measured values (particularly those of Blore)
to fall below the theoretical estimate by an amount which increases with ka.
At least part of this seems attributable to near-zone effects in the measure-
ments.
[C:‘ Comments:

(U) When the backscattering cross section provided by Egs. (3.1) and
(3.7) is computed as a function of 6 for given ka, the resulting curve has an
abrupt discontinuity at the edge, 6 = a, of the backward cone for all except
the very largest values of ka. The discontinuity arises partly from the as-
sumption of a reduced join contribution for 6 > @, but more particularly from
the assumed absence of any creeping wave return outside the backward cone.
Inasmuch as the creeping wave contributor is the dominant contributor for ka
= 0{10) or less, the net effect is a jump of order 10 db or more for small
ka, and only for ka > 100 (say) is the discontinuity * of no concern. It is
clearly desirable that we attempt to bridge it.

(U) To this end, the first (and obvious) modification of the theoretical

prescription is to retain the expressions for S,, and Sjoin even outside the

tip
backward cone, and only transfer the formula (3.7) at such a value of 6 as

sk
Note that the discontinuity does not appear with vertical polarization.
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FIG. 3-5: THEORETICAL SPECULé‘\R FLASH CROSS SECTIONS FOR A CONE-
SPHERE WITH « = 7.5, COMPUTED USING EQ. (3.10). Experi-
mental Data, eee Keys and Primich (1959), xxx Radiation Laboratory.
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the use of the wide angle formula for the Bessel function is truly valid. Since
the join continues to be excited outside the backward cone, the modification is
theoretically defensible, and leads to some (but not a complete) reduction in
the magnitude of the jump at 6 = a.

(U) The second modification is more empirical in nature and is promoted
partly from a consideration of the nature of the shadow boundary excitation
(the origin of the creeping waves), but more from an examination of the mea-
sured patterns. It is found that (i) the width of the nose-on lobe in the pat-
terns is in no degree equal to @, but does appear to decrease with increasing
ka for given a; (ii) marked (single) side-lobes are apparent between the nose-
on lobe and the commencement of the build-up to the specular flash; (iii) the
widths and center (6) values of these side lobes tend to decrease with in-
creasing ka; and (iv) the heights of the side lobes relative to the nose-on lobe
do not appear to depend on ka, and average -8 db or less. These facts are
suggestive of a Jo dependence for the creeping wave return as well as for the
Join contribution, and by likening the shadow boundary to a (pseudo) ring sin-
gularity, it is apparent that the multiplicative factor should be Jo (2ka sin 6).
Note that within the backward cone (0 < 6 < @), these modifications have only
an infinitesimal effect on the cross section provided by Eq. (3.1).

(U) The resulting prescription for the backscattering cross section is
now 0 < 6<B:

g

2
A

1
= + + i
- S1 SZ S3J0 (2 ka sin 6) (3.11)

where Sl, 82, and S3 are as shown in Egs. (3.2), (3.3) and (3.5) respectively.
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B<O<T[2 -0:

g

)

2

+ | Sepec
2 T Sspec (3.12)

where SSpec is as shown in Eq. (3.8). The angle 8 at which the transition

between the two formulae is made should be beyond the value of 6 corres-
-1 2,405
2ka

ponding to the first zero of Jo (i.e. beyond sin ), and at the first
subsequent intersection of (3.11) with (3.12).

(U) Comparisons between the measured and predicted values of the cross
section for ka = 2,98 and 4.51 are given* in Figs. 3-6 and 3-7 respectively.
The agreement is less good at the higher frequency, though we remark that
the measured flash values are lower than for other (similar) models at the

same frequency, and that the nose-on lobe width is atypically large, .

3.2.3 Indented (ID) Models

(U) The basic ID Model is a metallic cone of half-angle 7.50 terminated
in a toroidal ring of radius 0,533 inches, which ring is itself joined to a con-
cave spherical surface of radius c. The profile of the rear portion is shown
below (Fig. 3-8.) At each junction in the profile the tangents are continuous,
and the termination is therefore a smooth one simulating an indented base.

(U) Three ID models were constructed differing only in the values of the
parameter c¢. In particular, the maximum radius, a, was the same for each
and was insignificantly different (by less than one percent) from the value
2.210 inches appropriate to the corresponding cone-sphere. For the three

bodies the parameter ¢ was as follows:

*
Here, and subsequently, all wide angle computations based on Eq. (3.12) were
carried out on a digital computer, and the rest by hand.
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FIG., 3-7. COMPARISON BETWEEN THEORY AND EXPERIMENT.
Solid line is experimental data.
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FIG. 3-8: TERMINATION OF ID MODEL,

ID-1, ¢ = 4.558 inches
ID-2, ¢ = 2.212 inches
ID-3, ¢ = 1.519 inches

implying that the indentation was greatest for model ID-3. Surface field data
was obtained for each of these models, but as of March 1967, backscatter
patterns had been produced only at four isolated values of ka for model ID-1.
Since that time, however, a much greater volume of more accurate data has
been accumulated not only for model ID-2 but also for other shapes related to
the ID series, and it is convenient to refer to (and reproduce some of) this
later data in support of the theoretical estimates of the cross section. Never-
theless, in accordance with the ground rules, the oblique incidence compar-
ison will be carried out using two of the initial (inferior) patterns for model

ID-1.
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(U) For incidence at or near to nose-on the contributors to the back scat-
tering cross section are again the tip, the join and the creeping wave, but the
last two are vitally affected by the nature of the termination. Taking first
the creeping wave, this is born in a region which is non-spherical and, for
nose-on incidence, starts out along a geodesic whose longitudinal radius of
curvature is b. According to our philosophy under which the creeping wave is
primarily determined by the local geometry, and leaks off energy in the tan-
gential direction at all points of its path, the way in which the wave crosses
the indentation is by means of this leaked energy and any contribution from
energy which has followed the surface is negligible by comparison. Because
of this, the backscattering cross sections of all three ID models should be in-
distinguishable, and this is confirmed by the results for models ID-1 and ID-2
shown in Fig. 3-9. The theory also implies that were we to cover the inden-
tation with a (flat) metal disc the cross section would be unchanged, and this
was verified by probe measurements following first a free space trajector
across the indentation. In consequence, the scattering is determined only by
the parameters a and b, and is independent of c, and in judging the efficacy
of our theory we can therefore make use of the quite complete data for the
FB models (having b/a varying from 0.4 to 0.1, and otherwise flat back, and
a = 90) in addition to that obtained explicitly with the ID models.

(U) The far field prescription for a body having half angle o and radii
a and b as previously defined is as follows: 0 < 6 < f:

2

= 1/r S, * 8, + 8,9 (2 ka sin 6) (3.13)

g

7\2

where S1 is the tip contribution shown in Eq. (3.2); 82 is the join contribution

whose specification is (see Section 3.4):
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FIG. 3-9: MEASURED NOSE-ON BACKSCATTERING CROSS SECTIONS FOR
MODELS ID-1 (x x x) AND ID-2 (e o o).
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. 2 _93 N
S =—sec a = B(kb)J (2kacosasinb)e 21kb sina cos 0 (3. 14)
2 4 b 0
for kb1 < kb < o, where
_3n sin 27 /n
Kb = - 3n sin 27 /n (3. 15)
1 2
16 cos o
with n = 3/2 + a/m, and
C
B(kb) = 1 - G (3. 16)
(kb)
with
6n sin 27r[n 0.6
C =5/64 |- 5 ; (3.17)
cos a
and
S, = -i 1Ecosec n J (2kacosa sin@)e"2 ikb sin o cos (3.18)
2 2n n o
for kb < kb P and S3 is the creeping wave contribution
| 1/3 2ik(a-b}+ L
S, = y(ka) B(kb) 2= @—b) e 12
1/2k (a -b)
X T sV x) (3.19)
Bl {Al(-Bl)}
where
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S(l)(kb) 3 (%)4/3 eiﬂ/3 1+ _3115/_3_2_ (323? + 9) ._.__1____?:_
607 B Bl{Ai(-Bl)}
xexp{inkb-e'i”/ﬁmﬁl _i7/8 eﬁé (Bf - 9)} (3.20)
1

3
1/ . B(kb) is as defined in Eq. (3.16), and <v(ka) is the en-

(1)

hancement factor appropriate to a cone-sphere of radius a. Note that S '(kb)

with 7 = (kb/2)

is the (unenhanced) creeping wave contribution for a sphere of radius b and,
as such, its expression is identical to that in Eq. (3.4) with a replaced by
b. B<OL<[2-B:

(3.21)

__—
2—1/7r ‘S

N spec

(see Eq. 3.12).

(U) Plots of 8, computed from Eqgs. (3.14) and (3. 15) for 6 = 0 and
@ = 9° as functions of ka for various values of b/a are shown in Fig. 3-10.
For this value of @, C = 0,2625 and kb ) = (0,2356, Note the smooth contin-
uation into the flat-backed cone result. It is our belief that the expression for
the join contribution given in Eqs. (3.14) and (3.18) is valid and numerically
effective for all a, b and «, and, as such, its derivation is a notable
achievement. In contrast, the expression for the creeping wave contribution
(see Eq. 3.19) is not quite so accurate, and though the results obtained from
it are, as we shall see, more than adequate for almost all ka and b/a, the
transition to the flat-backed cone result (b — 0) is not correctly reproduced

for small ka, and the transition to the pure sphere result (b — @) is dis-

continuous for all ka.
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(U) A comparison between the predicted and measured nose-on back scat-
tering cross sections of models ID-1 and ID-2 is shown in Fig. 3-11. For
ease of computation we have here* omitted any tip contribution, and have ne-
glected any creeping wave enhancement (i.e. taken y = 1), The fit is ex-
tremely good, and the slight discrepancy in the depths of the minima could
almost certainly have been removed had we included a tip contribution. A
similar comparison, but now for model FB~4 (b/a = 0.4, u = 90) is given in
Fig. 3-12, and hence again the fit is excellent,.

(U) The measured and theoretical backscatter patterns for model ID-1 at
the frequencies 2.53 and 3.83 GHz, corresponding to ka = 2,98 and 4.51, are
presented in Figs. 3-13 and 3-14 respectively. At the higher frequency the
agreement is reasonably good, though there is some discrepancy in the struc-
ture of the pattern just outside the nose-on lobe.A At the lower frequency,
this discrepancy is much more marked, and there is not much agreement be-
tween theory and experiment in the aspect range between nose-on lobe and the
side lobes of the specular flash, The discrepancy has its origin in the failure
of the Bessel function factor Jo to adequately reproduce the creeping wave be-
havior at oblique incidence and, as noted elsewhere (see Section 3.5), the -
measured patterns for the ID and FB models in this region are, for small
ka, in closer agreement with the patterns for a true flat-backed cone than for
a cone-sphere-like object. We also observe a slight discrepancy in level in
Fig. 3-13, but since this occurs equally at broad-side and nose-on, it is be-

lieved due to an error in experimental calibration.

As was done in all computations throughout this section.
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FIG, 3-11: COMPARISON BETWEEN THEORY (—) AND EXPERIMENT FOR
NOSE-ON BACKSCATTERING FROM ID-1 (xxx) AND ID-2 (eee).
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FIG, 3-12: COMPARISON BETWEEN THEORY (—) AND EXPERIMENT
(xxx) FOR NOSE-ON BACKSCATTERING FROM MODEL
FB-4 (b/a = 0.4, a = 9°).
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3.2.4. Nose Tip Antenna (LSP) Model

(U) The LSP (Lucite spacer point) model is a bare cone-sphere of half
angle a = 1, 5° and base radius a = 2.210 inches from which a segment 1/4
inch thick centered 3-3/8 inches from the tip has been removed and replaced
by a lucite insert of the same size, so that the resulting model has the same
dimensions as the original cone-sphere. The lucite disc is meant to simulate
a nose-tip antenna.

(U) In order to provide a rigorous derivation of the effect of the lucite
on either the surface or far fields, it is necessary to measure or compute
the complex far field amplitude of the spacer regarded as a ring antenna ex-
cited in those modes appropriate to the incident field, the radiation impedance
of the antenna so excited, and the loading impedance provided by the lucite
and measured at the surface. Such an analysis would be tedious, though rel-
atively straightforward, and would be similar in all respects to the approach
generally adopted in the consideration of problems involving the reactive load-
ing technique; and in view of the extremely close agreement between theory
and experiment in such reactive loading problems, the accuracy of the far
field specification for the LSP model resulting from this analysis could be ex-
pected to be very high,

(U) The purpose of "reactive loading" applied to scattering problems is
the control of the scattered field by appropriate choice of the loading imped-
ance, and a feature of this technique is that relatively small variations in the
applied load can produce large changes in cross sections, Ergo, any practi-
cal antenna must be modeled most precisely, including simulations of the feed
and line impedances, for the measured data to be truly indicative of the cross
section that would be realized. In contrast, the LSP model is only a very

crude simulation which can at most indicate the type of cross section changes
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that could occur, and because of this there was neither reason nor justification
for undertaking the detailed analysis that could have led to an entirely theo-
retical and rigorous prediction of the backscattered field. Rather was it our
intent to investigate the modifications to the surface field which might result
from the presence of the antenna (a full description of these can be found in
Goodrich et al, 1967) and, in the present note, to compare a formula for the
cross section with measured data. In such a formula there is one parameter,
representing the excitation strength of the antenna, which is unspecified; and
in the absence of a general analysis of the form described above, it is nec-
essary to deduce this parameter as best we can from the surface field data.

(U) The far field amplitude in the backscattering direction associated with
the spacer alone can, for angles of incidence not greatly different from nose-
on, be written as

. -2ik(a-a cosa)coseca cos 6
s -3 kasf_‘e1¢Jo(2 ka_sin e (3.22)

sp 9
where aS is the radius of the spacer at its mid-point, [ ei¢ is the complex
excitation strength, and the phase is referred to an origin at the shadow
boundary of the cone-sphere. Inasmuch as surface field measurements at
points beyond the spacer show the field to be relatively unaffected by its pre-
sence, it is concluded that the join and shadow boundary contributions will
remain those which are appropriate to a pure cone-sphere, and accordingly,
Eq. (3.22) is but an additive effect. SSp must be included (and may be dom-
inant) in the aspect range 0 < 6 < B, where B is the limiting angle defined
following Eq. (3.12), Depending on [ and ka , it may still be significant
outside this region but, for practical purposes (and computational convenience)
can be neglected outside this range in view of the rapidly increasing side lobes

of the specular flash.
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(U) The far field prescription is now as follows: 0 < 6 < f3:

2

= + + i
1/m S, +8, + 8, J (2 ka sin 6) + sS]p (3.23)

9

)t2

(see Eq. 3.11), where S, S., and S, are as defined in Egs. (3.2), (3.3)

and (3.5) respectively, anld Sszp is give?r’x in Eq. (3.22); B<O<7/2 -@

2
spec ‘ (3.24)
(see Eq. 3.12).

(U) Both [" and @ could be estimated from measured data for the am-
plitude and phase of the surface field on model LSP at the appropriate fre-
quencies. Unfortunately, only amplitude data is available, but from this the
curve of ['versus ka shown in Fig. 3-15 has been constructed. We ob-
serve that for ka = 2.98, [ = 1.0, whereas for ka = 4.51, ['= 2,9,

(U) Comparisons between the measured and computed values for the back-
scattering cross section of the LSP model at near nose-on aspects with fre-
quencies 2.53 and 3.83 GHz corresponding to ka = 2,98 and 4.51 respec-
tively, are shown in Figs. 3-16 and 3-17; and to illustrate the large variations
that can result from changes in the phase (} of the spacer excitation, we
have in each case computed 0/)\2 with @ chosen such that the spacer con-
tribution is in-phase or out-of-phase with the remaining contributors to the
cross section. This entailed the choice g = - 42, 846° (in-phase) and § =
137.154° (out-of-phase) for ka = 2.98, and § = -108.952° (in-phase) and
¢ = 71.048° (out-of-phase) for ka = 4.51. At each frequency, the two curves

are the extreme ones as regards the nose-on lobe, and these bracket the
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FIG, 3-15: AMPLITUDE [' OF EFFECTIVE RING EXCITATION FACTOR
FOR LSP MODEL, INFERRED FROM SURFACE FIELD DATA,
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FIG. 3-16: COMPARISON BETWEEN THEORY AND EXPERIMENT (—) FOR
THE LSP MODEL WITH ka = 2,8. The Theoretical Values are
Computed from Eq. (3.23) with [" = 10 and ¢ = 42.846° (in-
phase, xxx) and § = 42.846° + 180 (Out-of-phase, eeoe).

78

UNCLASSIFIED



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN
8525-1-F

a/X
(db)

-12p

-16]-

20~ L | | | | 1 J
54 36 18 0 18 36 54

0, Degrees

FIG. 3-17: COMPARISON BETWEEN THEORY AND EXPERIMENT (—) FOR
THE LSP MODEL WITH ka = 4,51. The theoretical values are
computed from Eq. (3.23) with ["'=2,9 and § = 108, 952° (in-phase,
xxx) and @ = - 108, 952° (out-of-phase, eee).
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measured data. Using only the lobe shape and magnitude as a guide it would
appear that to fit the dataAat the lower frequency, ¢ should be chosen near

to, but somewhat distinct from, its value corresponding to the out-of-phase
condition, and for the purposes of the subsequent comparison we selected

¢ = -42, 846° + 2250. In contrast, at the higher frequency it would appear
that we can do little better than to choose § corresponding to the in-phase
condition, that is, ¢ = - 108.9520. Note that these values are not necessarily
the optimum, and since the nature of the side lobes in a scattering pattern is
quite critically dependent on @, it is entirely possible that other values of ¢
would lead to a better overall fit to the measured data.

(U) The theoretical backscattering patterns for ka = 2.98 and 4.51 com-
puted from Eqgs. (3.23) and (3.24), using the above values of §§, are shown
along with the measured patterns in Figs. 3-18 and 3-19. The agreement is
rather good, and though there are some discrepancies in the 'sensitive'" as-
pect ranges midway between nose-on and specular, it is probable that these
are attributable partly to a less-than-optimum choice of § and partly to a
failure of the Bessel function Jo( 2 ka sin 6) to adequately diminish the creep-
ing wave contribution at wide aspects.

3.2.5 Coated Cone-spheres

(U) Although the scattering behavior of a metallic cone-sphere-like body
is by no means simple, the presence of one or more non-metallic coatings
complicates the problem by many orders of magnitude, and it is only in such
trivial cases as the sphere or infinite circular cylinder that even the case of
uniform homogeneous and isotropic coatings has received rigorous consider-
ation. In order to make progress with the cross section prediction problem
when coatings are present, it is therefore necessary to adopt some approach

which builds on the information gained from the study of the corresponding
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metallic shape, but yet enables us to take the coating into account, and for
this purpose the impedance boundary condition is almost ideal. Such a boun-
dary condition simulates the effect of the entire coating (which, in practice,
may be intentionally variable in its properties as a function of depth, and un-
intentionally variable in the transverse directions) by means of a single boun-

dary condition,

E-(G.Bh=n0xH (3.25)

applied at the outer surface, where E, H are the total (incident plus scat-
tered) fields, n is a unit vector normal in the outwards direction, and Zis
- the intrinsic impedance of free space. n is the parameter representing the
effective impedance of the coating relative to that of free space, and is zero
for a perfect conductor -- in which case, the boundary condition (3.25) reduces
to that used heretofore.

(U) For a single homogeneous coating composed of a material of relative
(complex) permeability u, and of depth large compared to the skin depth at
the frequency of interest, n is simply the bulk impedance of the material

and is

n=1/u/e . (3.26)

If the depth, 6, of the layer is not that large, so that a significant amount
of energy returns to the surface after reflection at the (metallic) substrate,

the expression for n required for use in (3.25) becomes

n=-i]/gtan(VTu‘ ko, (3.27)
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where k is the free space propagation constant, and in the limit ké — oo,
Eq. (3.27) reduces to the form shown in (3.26), It is convenient to refer to
(3.27) as the tangent approximation,

(U) The formal conditions under which the impedance boundary condition
(3.25) can be justified are fairly restricted, but from an examination of sur-
face field measurements for a variety of shapes and coatings, it is believed
that the condition has a much wider practical applicability provided only that
adequate estimates of the effective surface impedance can be arrived at. It
certainly affords the only feasible method for estimating scattering when non-
uniform coatings are present and/or when the body is not of trivial shape.

It also enables multiple coatings to be taken into account via a simple (com-
putable) modification to the postulated impedance and, last but not least, makes
possible the computation of both the surface and far fields for a class of non-
trivial shapes by a development of those same techniques that have proved ef-
ficacious for the corresponding metallic bodies. The condition (3.25) is there-
fore basic to all our analyses of coated bodies, and because of the generally
small thickness of the coatings that have been considered, the required sur-
face impedance must be computed from (3.27) using the bulk properties of the
material determined from coaxial line measurements (see Goodrich, et al,

1966, Section 2.1.6).

(U) From surface measurements on pointed non-metallic bodies it has
been concluded that at points not too close to the tip the surface field can be
estimated using the known fields on a infinitely-long circular cylinder of the
appropriate radius (see Senior 1966) and composed of the same material; and
as we recede still further from the tip, the field components reduce to what

they would have been had the surface at that point been part of an infinte
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tangent plane. In practice this limiting behavior is almost always* attained
prior to the cone-sphere join being reached, and for near nose-on incidence

it is therefore sufficient to modify the join contribution by the Fresnel reflec-
tion coefficient. Moreover, as we go to more oblique angles, for which the
incidence is more nearly normal to the side of the cone, this limiting behavior
is attained more early, and over an ever greater percentage of the illuminated
side the field behavior is that obtained by invoking the Fresnel reflection coef-
ficient in conjunction with the fields that would have existed had the cone been
metallic. It is therefore trivial to derive the expression for wide-angle scat-
tering from that which has already been given for a metallic body.

(U) 1t will be recalled that the other main contributor to the scattering
from a metallic cone-sphere is the creeping wave, and that its expression is
derivable from a consideration of a sphere in isolation. The same is true
when the surface has an impedance n associated with it, but whereas the
sphere creeping wave had a simple asymptotic expression which was accurate
even down to very small values of ka (<< 1: see Section 3.4) this is unfor-
tunately not true for n = 0. Creeping waves of both the electric and mag-
netic type can now be excited, and even if we postulate ka >> 1 (as was done
in the original derivation of the creeping wave expression for a metallic
sphere), the computation of the corresponding result for a coated sphere still
requires the solution of two transcendental equations. Thus, for a sphere
coated with a material of surface impedance 7, the far field amplitude pro-

duced by the creeping waves in the backscattering direction is

(3.28)

The exception is for very small values of ka.
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with
4/3 . .
(e) _ (ka irka -ir /6 1
S c (2) e (2], dnf3 2 (3.29)
3 Al(-Bs) Bs-e q,

where

q * (ka/2)' /3 (3.30)
and the BS are the roots of

AV (-B) - q AL(-B) =0 ; (3.31)
and

2
S(m) : (ka/2)4/3 e17rka1—17r/GZ: qmm 7 . (3. 32)
S Ai(-ars)ie as-q_m$

where

q = - (ka/2)'/3 % (3.33)
and the ozs are the roots of

Ai' (—as) -4, Ai(—as) =0 (3. 34)

Since n is, in general, complex, the roots of Eq. (3.31) and (3.34) are
similarly complex. Although no difficult should arise the determination of
these roots in any given case, the computation will almost certainly be tedious

and has not been attempted.
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(U) The only other contributor to the scattering from a cone-sphere is
the tip, and this is quite inconsequential for an infinitely sharp (ideal) cone-
sphere. For completeness, however, its contribution will be included in the
estimate of the scattering, and from a consideration of surface field data it
is believed to be unaffected by the coating. The resulting prescription for the
backscattering cross section of a cone-sphere or half-angle o, radius a and

surface impedance n is now as follows: 0 < 6 < f3:

< -1/r |S. +S.+8,J (2ka sin 26) (3.35)
x2 1 2 30

where S1 is the tip contribution given in Eq. (3.2), S2 is the join contri-

bution, namely

s2 = R (6) sjoin (3. 36)

with

R(O) - 1 -n sin (6 + @) (3.37)

1+ n sin (6 + q)

and Sjoin as given in Eq. (3.3), and S, is the creeping wave contribution

shown in Eq. (3.28). B<O0<7/2-

3

R(6) s (3. 38)

o. -
1 spec

>t2

where R(6) is as given in Eq. (3.36) and Sspec as given in Eq. (3.8).
(U) For a specified surface impedance n, the computation of the expres-
sion (3. 38) for the wide angle scattering is entirely trivial. But such is not

the case for nose-on and near nose-on scattering to which the creeping waves
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form a dominant contributor. The expression for Scw given in Eq. (3.28)
incorporates not only the influence of the magnetic waves, but also the change
in the contribution of the (dominant) electric waves resulting from the changes
in birth and launch weights, as well as in decay rates, attendant on the coating,
Inasmuch as these effects can be rigorously determined only by laborious com-
putation of Eq. (3.28), and the digital programming necessary for this has not
been carried out, it is fortunate that alternative and physically-motivated ap-
proximations to Scw are possible to those limiting cases called for in this
Agreement Item.

(U) Since all coatings of interest are electrically thin, and since the tan-
gent approximation which must then be used for n introduces a pseudo-atten-
uation effect which attributes a '"loss" component 1 as.a consequence of the
thickness, it is unrealistic to label a coating 'lossless'" or 'lossy" from an
examination only of the real and imaginary parts of the effective surface im-
pedance. Indeed, were we to do so, it would be found (see Table II-2) that
all of the coatings employed were lossy. In contrast, surface field measure-
ments strongly support the contention that some of the coatings were lossless
at least some of the frequencies considered, and to provide a more unambig-
uous categorization of the coatings it is necessary to examine the extent to
which power incident on the coating is actually absorbed. A measure of this

2; if this is al-

effect is provided by the power reflection coefficient, IR(O)
most unity, the coating clearly behaves as an almost lossless one, but if it
is much less than unity (< 0.5, say) it would seem safe to regard the coating
as a lossy one. Inasmuch as this distinction is maximized at normal inci-

dence on the surface, the following definition will be adopted:

lossless:
2
l-n 1
1+ ~
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lossy:

1l -n

<< 1
1 + 7

(U) A listing of the cases for which coated cone-sphere backscatter pat-
terns had been measured as of March 1967 is given in Table II-2, It will
be observed that three different coating materials were employed: LS-22,
LS-24 and LS-26, and each is a lossy poly-urethane foam impregnated with
graphite particles. The LS-22 coating averaged 0. 1875 inches in thickness,
but the other two were somewhat thicker (6§ = 0.25 inches). In general the
effect of each coating was measured at 7 different frequencies (see Table III-1),
but since the highest frequency (8.43 GHz) is considerably beyond the range for
which the bulk electrical properties of the coating materials were determined
(Goodrich et al, 1966), it is necessary to confine ourselves to the lower six
frequencies in the selection of patterns for the thoeretical comparison.

(U) Tahble II-2 gives a listing of the bulk parameters of the coatings at
these six frequencies deduced, where necessary, by interpolation from the
coaxial line data, together with the corresponding values of the real and im-
aginary parts of the surface impedance -n computed using Eq. (3.27), and the
power reflection coefficients at normal incidence. It will be o bserved that n
has a significant imaginary part in every case, and that the variation with fre-
quency is more or less the same for each coating. Indeed, the general im-
pression is that each coating appears relatively lossless at the lowest fre-
quency, but as the frequency increases, leading to an increase in the electrical
thickness of the layer, the loss increases substantially.

(U) According to our previous criterion of "lossless", only the LS-22
coating at the lowest frequency (2.53 GHz) unquestionably fulfills it, and since

the associated value of ka is 2,98, it is convenient to select this as the loss-
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2.53 GHz

3.11
1.05
1.00
0. 0438
0. 0273
-0.259

0.903

2.53GHz

7.81
1.65
1.00
0.0191
0. 0884
-0.298

0. 722

2.53GHz

1,81
1.73
0.997
0. 0292
0. 0858
-0.291

0. 729
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TABLE III-2:

3.37GHz

2.42
0.948
1.04
0.0577
0. 0524
-0. 364

0.831

3.37GHz

6. 32
1.21
0.9%
0.0716
0.213
-0. 388

0.474

3.37GHz

5. 77
1.41
1.05
0. 0463
0.187
-0. 400

0.523

8525-1-F

Coating Parameters.

3.77GHz

2.43
0. 942
1.00
0. 0009
0.0410
-0. 399

0. 868

3.7TTGHz

6.01
1,04
1. 10
0.0113
0. 343
-0.482

0. 326

3.77GHz

5. 72
1.52
0. 965
-0, 0441
0. 168
-0.407

0.561

90

3.83 GHz

2.45
0. 946
0. 985
-0.0115
0. 0372
-0. 400

0.879

3.83GHz

5.98
1.05
1.13
-0.0073
0. 361
-0.491

0.310

3.83GHz

5.76
1.60
0.950

- 0.0665

0. 153
-0.401

0.590

5,73 GHz

2.01

0. 649
0.998
0. 0942
0.185
-0. 643

0.593

5.73GHz

4,39
1.08
0. 952
0. 0290
0.496
-0.429

0.181

5.73GHz

4,25
1.42
0. 9693
-0, 0029
0. 353
-0. 468

0.311

5.83 GHz

2,04
0.631
0.983
0.0698
0.173
-0.658

0.617

5. 83 GHz

4,37
1.14
0. 966
0.0156
0.483
-0. 427

0.189

5,83 GHz

4,26
1.48

. 1.00
-0.0216
0.353
-0.456

0. 307
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less case for the comparison of theory with experiment. To typify lossy be-
havior, either of the coatings LS-24 or LS-26 at any of the higher fre-
quencies would suffice, but since the ka values 2,98 and 4.51 are the pre-
ferred ones, attention is naturally directed at the LS-24 coating at the fre-
quency 3.83 GHz (for which the power reflection coefficients is 0. 310),

[A] Low Loss Coating

(U) For any type of coating the theoretically correct prescription of the
scattering is that given in Eq. (3.35) (for 0 < 6 < f}) or Eq. (3.38) (for B <
6<m /2 -a). As previously remarked, however, the computation of the
creeping wave contribution presents some difficulty (or, at least, tedium) and
here and in the next section we offer alternative, practically-motivated, es-
timates of this particular contribution which are appropriate to the cases of
low- and high-loss coatings respectively.

(U) For a coating which is essentially lossless, the fields induced on the
surface of the body are of the same character as in the case of the metallic
body, with only their magnitudes differing somewhat. In particular, the mag-
netic creeping waves are insignificantly excited (because 9, >> qe, implying
very rapid damping of the magnetic waves). Moreover, lqe| << 1 due to the
smallness of |n| in most practical cases, and it therefore appears reasonable
to postulate an electric creeping wave which is identical to that supported by
the metallic body, which suffers no additional decay due to the coating, and
which even has its amplitude unchanged since the field is incident at grazing
angles at the shadow boundary.

(U) The resulting prescription for the far field scattering is then as

follows: 0 < 6 <f:
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= 1fr |S, +8 +S3JO(2kasin 6) (3.39)

2
2 1 2
A

(see Eq. 3.35), where S1 and S2 are as defined in Egs. (3.2) and (3. 36)

respectively, and

S, = S (3.40)

where S 1s as given in Eq. (3.4). B<O<7/2-a:

2
_0-_2 = 1/7r (3. 41)
A

R(6) S
S

pec

(see Eq. 3.38).

(U) The best example of lossless behavior that is available is coating
LS-22 at 2.53 GHz for which ka = 2,98, Even for normal incidence on the
surface the power reflection coefficient is only - 0,45 db. This is the amount
by which the peak of the specular lobe is reduced by the coating, with the
reduction being less away from the specular angle. Near nose-on the reduc-
tion in the cross section is infinitesimal since only the join contribution is
affected by the coating, and this is smaller than, and almost in-phase with,
the creeping wave contribution at 2.53 GHz. The comparison of theory with
experiment is shown in Fig. 3-20, and overall the agreement is quite good.
[B] Lossy Coating

(U) As the loss increases one must expect that the contribution of the
magnetic creeping wave will increase relatively to that of the electric one and
may, in fact, exceed it. But at the same time, however, the contribution of both is|
decreasing as a result of the higher decay rates associated with the coating and for

coatings of sufficiently high loss the creeping wave contribution will be negli-
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gible compared with the join contribution. The creeping waves can then be
neglected in their entirety, and an examination of surface field data suggests
that this is a reasonable approximation for many of the cases examined.

(U) A rough (very rough) estimate of how much the creeping wave contri-
bution is reduced by the coating can be had by likening the wave to a surface
wave traveling over a plane surface characterized by a surface impedance qe

ir ka 2

2
reduction obtained in this manner is then 1-q which, for the

or q . depending on which type of creepinT wave is considered. The net

e
LS-24 coating at 3.83 GHz, amounts to -33.3 db. This certainly supports
the contention that we may neglect the creeping wave, in which case the cross

section prediction becomes: 0 < 6 <

9 .

KZ

/7 (3.42)

1 2 l

where S1 and S2 are as defined in Eqgs. (3.2) and (3.36) respectively.

B<oO<T/)2 -0

g

2
A

= 1/7r (3. 43)

R(6) Sspec
(see Eq. 3.38).

(U) The predicted cross section obtained in this manner is compared with
the measured pattern for coating LS-24 at 3.83 GHz in Fig. 3-21. Once
again the agreement is quite good, and though there is a tendency for the the-
oretical formula to slightly underestimate the return at near nose-on aspects,
the discrepancy is a good deal less than that between the two measured pat-

terns for this one case.
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3.3 Backscattering Behavior of Model LSP

(U) The LSP (lucite spacer point) model discussed in Section 3.2.4 is a
bare cone-sphere of half-angle 7. 5° and base radius a = 2.210 inches from
which a segment 1/4 inch thick centered 3-3/8 inches from the tip has been
removed and replaced by a lucite insert of the same size, so that the resulting
model has the same dimensions as the original cone-sphere. The lucite disc
is meant to simulate a nose-tip antenna.

(U) Complete backscattering patterns have been measured at a series of
43 S- and C-band frequencies spanning the range 2.5< ka < 6.8, and from
these patterns, values of the cross sections at nose-on, specular and rear-on
incidence have been read. Corresponding patterns have been obtained for the
pure cone-sphere of identical dimensions and it is the purpose of this Section
to examine the effect of the spacer at these particular angles of incidence, andj
to compare the resulting cross sections with the theoretical estimates based
on formulae given heretofore.

(U) The measured values of the rear-on cross sections of the pure cone-
sphere and LSP models are plotted as functions of ka in Fig. 3-22 where,
for clarity of presentation, we have displaced the values for the latter model
by 10 db. Taking first the cone-sphere data, the theoretical estimate of the
cross section is based on the existence of only a specular contribution pro-
vided by the spherical rear, and using the formula (Senior, 1965) for the
specular return from a sphere, we have

< - 1far ka) 1+ ——

3 (3.44)
)y (2 ka)

Inasmuch as the second term in braces gives the correction of less than 0.17
o}
db over the range of ka covered by the measurements, we can neglect it for
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all practical purposes and take
(o) 2
= = 14 (k)" . (3.45)
A

The curve computed from this equation has been included in Fig. 3-22, and
is seen to be in excellent agreement with the measured data for ka less than
(about) 4, but for larger values of ka the formula appears to underestimate
the cross section by as much as 3 db. The nature of the discrepancy is morg
clearly seen in Fig. 3-23 where we have plotted the ratio of measured and
predicted cross sections. There is some evidence that the error is oscillatoryr
in character, with quite long period, and though a likely explanation is the
existence of a traveling wave contribution associated with a reflection at the
tip, the period is incompatible with this. We note in passing that the theo-
retical estimate of such a traveling wave return is based on the concept of a
long thin wire and, in consequence, provides no effect at end-on incidence.
Only away from, but near, end-on incidence is a contribution predicted, but
because of the significant 'thickness'" of the present body, a return at rear-
on incidence would not be unexpected.

(U) For the LSP model the specular return at rear-on incidence is the
same as for the cone-sphere, and the corresponding curve has been super-
imposed on the LSP data in Fig. 3-22, Quite large discrepancies of as much
as 7 db are evident, particularly for ka in the vicinity of 5, and to throw
some light on their nature, we have plotted in Fig. 3-23 the ratios of the
measured to the theoretical (specular) cross sections. The result is a high
frequency oscillation or remarkably regular period constrained within a slowly
varying envelope. There is no doubt but what this is the consequence of a

traveling wave effect whose reflection is provided by the ring antenna. On
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the assumption of a wave which proceeds directly the the shadow boundary and
thereafter follows the surface back to the ring, traveling with the velocity of
light throughout, the resulting interference with the specular returns leads to
an oscillation in the cross section of (uniform) period 0.44 in ka, compared
with the period 0.41 evident in the measured data. The difference could be
attributable to an effective phase velocity of the traveling wave smaller than

c by about 7 percent. Since the mean of the data for the LSP model in Fig.
3-23 is near unity, it is apparent that the other (specular) contribution is

accurately predicted by theory. We therefore postulate

2
g

(3. 46)

1 + A (ka) exp {i(aka + ¢)}

o

where the exponential arises from the phase difference between the traveling
wave and specular returns, and A(ka) is proportional to the amplitude of the
former. Some of the values of A(ka) determined from the envelope of the

oscillations in Fig. 3-23 are as follows:

ka A(ka) ka A(ka)
3.5 0.10 5.5 1.04
4.0 0.30 6.0 0.68
4,5 0.66 6.5 0.32
5.0 1.09 7.0 0.10

A(ka) is, of course, proportional to the amplitude of the (voltage) reflection
coefficient at the ring antenna. We observe that it displays a characteristic
resonance phenomena centered on the frequency for which the circumference
of the ring is one wavelength. Such resonance was previously observed in

studies of the cross section of the LSP model at nose-on incidence.
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(U) Turning now to incidence in the specular direction, the measured
data for the cross sections of the cone-sphere and LSP models are shown in
Fig. 3-24, where for clarity, the values for the latter model have been re-
duced by 10 db. The differences between the cross sections are quite mini-
scule, implying that the ring spacer has no effect at this aspect. This is in
accordance with theory in which the cross section is likened to that of a cyl-
inder whose length is the slant length of the cone and whose radius is 4/9
aseca (Senior, 1967). Regardless of the presence of any ring, the theoretical

estimate of the cross section is therefore

2
_02_ _ _cosec o; sec a (ka)3

A O

- 0.6667 (ka)° for =15,

and the curve computed from this formula has been included in Fig. 3-24,
The agreement is good, a fact which is more clearly shown in Fig. 3-25,
where the ratios of the measured to the theoretical cross sections have been
plotted, but even so we do notice a tendency for the measured values to fall
below the theoretical ones for ka greater than (say) b, with the discrepancy
increasing as ka increases. As remarked on previous occasions, such a
discrepancy is often an experimental error attributable to a near-field effect
and caused by the necessity of bringing the model closer to the antenna in
order to measure accurately the nose-on cross section,

(U) The measur ed data for nose-on incidence is given in Fig. 3-26, with
the upper sequence of points showing the values for a cone-sphere, and the
lower sequence showing the corresponding values for the LSP model. The
latter have been reduced by 20 db to permit a clearer presentation of the

data. Whereas the cone-sphere cross section displays the regular sinusoidal
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FIG. 3-24: MEASURED VALUES OF SPECULAR FLASH CROSS SECTION OF
PURE CONE-SPHERE AND MODEL LSP.
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oscillation that is expected, the values for the LSP model follow a much more
irregular pattern composed of a high frequency oscillation of period approxi-
mately 0.4 in ka superimposed on a slowly varying curve. For ka < 3.5
this mean curve is indistinguishable from the cone-sphere curve, but for ka
> 3.5 the mean LSP cross section departs considerably from its cone-sphere
value, and exceeds the latter by almost 20 db for ka in the range 4.5 to 6.0.
(U) A comparison between the measured data for the pure cone-sphere
and the theoretical formula for the cross section is shown in Fig. 3-27. The
computed curve has been taken directly from Fig, 3-3 of ""The Agreement
Item, " using the asymptotic formula for the creeping wave enhancement factor.
We note in passing that the empirical factor (see Fig. 3-2 of Section 3.2)
gives better agreement with the cross section data in the vicinity of the peak
near ka = 3,1, but leads to somewhat deeper minima near ka = 4,0 and 5.8,
We also observe that a value for the enhancement factor even greater than
that provided by the asymptotic formula would improve the agreement with
experiment for ka > 4.0, but in spite of these comments, the agreement be-
tween theory and experiment evident in Fig. 3-27 is more than satisfactory.
(U) According to the theory for the LSP model outlined in "The Agree-

ment Item,'" the cross section for nose-on incidence is

2

G -

5 = 1 lscs + sspl (3.47)
A

where Scs is the far field amplitude for a pure cone-sphere and
YE) if-2ik(a - a  Cos@) cosec @

S = ka ["e (3.48)
Sp 9 s

is the far field amplitude of the ring (spacer) antenna. Here, as( =a[5) is the
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ka

FIG. 3-27. COMPARISON OF MEASURED AND THEORETICAL NOSE-ON CROSS
SECTIONS FOR A PURE CONE-SPHERE.
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g

[™ and § are, at most, slowly varying functions of Kka, Ssp will beat in and

(center) radius of the ring and r‘ei is the excitation strength. Assuming
out of phase with Scs as a consequence of the large phase possessed by Ssp
and the resulting period of oscilllation is in excellent agreement with that of
the high frequency oscillation displayed by the cross section of model LSP.
If, therefore we average out these oscillations to obtain a mean cross section,
g, for model LSP, it now follws from Eq. (3.47) that

2 2

— o
g _ cS 4
5 = —5 * 1/m = —xz t o |kasl"'| (3.49)

A A

enabling us to deduce [ as a function of ka from the measured data. The
resulting curve for [ is shown in Fig. 3-28 along with the curve previously
deduced from four isolated sets of measurements of the surface field behavior.
Using the curve now obtained, the measured data for the LSP cross section
can be reproduced precisely, and though the curve for [ does differ in
several particulars from that used in '""The Agreement Item," the two are
reasonably close at the two frequencies (corresponding to ka = 2,98 and 4.51)
which were considered in detail there.

3.4 Effective Estimates for the Nose-on Backscattering of Flat-Back (FB)

Models.
(U) In the light of the analyses given in Section 3.2 of Goodrich et al,
1967b, the expression for the nose on backscattering cross section of an FB

(or ID) model is now as follows:

2
9

)t2

=1fr|S, +8S, +8 (3.50)

1 2 3

where
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T
0 0.25 0.5 ka 0,75 1.0 1.25

FIG. 3-28: EXCITATION STRENGTH ' OF RING SPACER FOR NOSE-ON

INCIDENCE. Deduced (—) from present far field data; postulated
(———) from isolated surface field measurements.
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-9 +b si
Sl=-i/4 tanzae ik (a cot @ cos @ + b sin @) (3.51)
is the tip contribution;
S. = if4 sec® o e 2IPBIN @ 4 (3.52)

2

is the join contribution, with the factor A(kb) as given in Section 3.1.3 of

Goodrich et al, 1967b: and S_, is the net creeping wave contribution which

3
differs from the function discussed and computed in Section 5.2 of the pre-

sent report only in an enhancement factor, viz.

Sy = S, (3.53)

1/3 eZik(a-b)+i1r/12 ) (1)

Scw ) 3%(2@) 2 S
ﬂzk (a-Db) B1 {Ai (-Bl)}
(1)

S is here the creeping wave contribution for a sphere of radius b, and is

(3.54)

computed from the formula

. i [3
RORRRL/E) — (326? +9) L ;
607 B, BI{Al(-Bl)}
) . -in[6 _inf6 _m 3
exp{mkb e T Bl e —60781 (B1 9)} (3.55)
(see Senior 1965), where T = (kb/2)1/ 3. Extensive tables of S(l)(x) have

been given in the above-mentioned report and in Section 5.3, and have since
been extended down to x = 0,05,

(U) It would seem natural to take the creeping wave enhancement factor
Y to be the same as for a cone-sphere, and that is what is advocated. How-

ever, the purpose of the present Section is merely to investigate the general
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character of the cross section predicted by (3.50) to determine the effective-
ness of this formula. To these ends we shall:
(a) Ignore any creeping wave enhancement, i.e. take v = 1; and

(b) omit the tip contribution Sl'

From an examination of the magnitudes of the terms in (3.50), it is clear
that the effect of S1 would be noticable only near deep minima in the cross
section, '

(U) The join factor A(kb) was discussed in Section 3.1.3 of Goodrich
et al, 1967b, and asympotic expansions for large and small kb were there
presented. There is the question as to which of these to employ for the values
of kb near unity that are of most interest to us; and as to how many terms
to retain in the expansion in order to achieve the most effective numerical
values., From the initial computations that have been performed it appears
probable that the best (numerical) extimates are obtained by using only the

leading term in the high frequency (large kb) expansion, and to begin with

we shall therefore take
A(kb) = a/b . | (3.56)

The resulting formula for the nose-on cross section is now

2
< = 1/r|s. +S l (3.57)
2 2 3
A
with
_ia 2 -2 ikb sin o
S, = 7p sec ae (3. 58)
and
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1 (1)

S
2k (2 - b) Bl{Ai(-Bl)}z

2
(U) The computation of the above expression for o/x" is quite straight-

1/3 2ik(a-b)+im/12
kb) : (kb).  (3.59)

.2 (kb
SS_Zb(2

forward, and is facilitated using the values for S(l)(kb)‘ computed from Eq.
(3.55) and listed in Table III-3. Observe that the modulus and phase maintain
their smooth character even down to ka = 0.1 and beyond. S(l)(kb) is

graphed in Fig. 3-29 and in Fig. 3-30 |s is plotted as a function of ka for

3
b/a = 0.5, 0.25, and 0.1. Formally at least, these three curves are iden-
tical to the corresponding ones in Fig. 4-7 of Section 4.2 over the ranges of
ka for which they are shown in the latter Figure, but in contrast to the
roundabout method of computation-there adopted, the present curves have been
obtained directly from Eq. (3.59). Notice that for small ka the moduli tend
to increase with decreasing ka, with the up-swing setting in at a larger value

of b/a. The lowest curve in Fig. 3-30 is for b/a = 1, and is simply S(l)(ka

of ka as b/a decreases. It becomes apparent at about kb = 0.1 regardles;
transcribed from Fig. 3-29.
(U) Even at this stage and without more detailed computations it is pos-
sible to get a general impression about the behavior of the cross section
o/kz for different b/a, and for this purpose we shall henceforth take a = 9°
as appropriate to the FB (but not the ID) models. We then have
S. = 0,25627 = (3.60)
2 . -b 2 .
which is independent of ka for fixed b/a. The values corresponding to
b/a =1, 0.5, 0.25 and 0.1 are indicated by the horizontal lines in Fig. 3-30,

and whereas for b/a = 0,1 the join contribution always exceeds the creeping
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TABLE III-3
kb S(l)(kb) arg S(l)(kb), degrees
0.05 0. 32065 190.017
0.10 0.33389 194.682
0.15 0. 34615 202,183
0.20 0. 35629 210,555
0.25 0.36488 219.320
0.30 0. 37230 228.296
0.40 0. 38462 246, 592
0.50 0.39459 265,128
0. 60 0.40286 283.796
0.70 0.40988 302,537
0.80 0.41588 321,321
0.9 0.42107 340. 136
1.00 0.42558 358.963
1.10 0.42950 377,802
1.20 0.43291 396. 645
1.30 0.43590 415,490
1.40 0.43849 434,333
1.50 0.44075 453.178
1.60 0.44268 472,009
1.170 0.44435 490. 837
1.80 0.44576 509.663
1.90 0. 44696 528,481
2.00 0.44794 547,295
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wave one, and does so by almost a factor 2 in the range 1 < ka < 10 (im-
plying relatively shallow minima), the two contributions are almost identical in
this range (implying very deep minima) for b/a = 0.25. I b/a is increased
still further, the creeping wave contribution dominates until such time as tle
exponential decay characteristic of the larger ka has reduced it magnitude to
that of the (constant) join return.

(U) The locations of the maxima and minima can be determined using the
almost-linear phase variation of S(l)(kb) as a function of kb, Thus, for
0.3< kb <3.0 arg S(l)(kb) = 187.916kb + 171.312 (degrees) with a maximum
error of 0.6 degrees. The formula is also effective, with only slightly greater
error, for kb outside this range, and using it we have arg 83 = (114.592 +
73.424 b/a) ka + 186,312 (degrees). Hence arg S; - arg §, = (114,592 +
91.350 b/a) ka + 96.312 (degrees), and the maxima and minima in the cross

section occur at those values of ka for which this is an even or odd multiple

of 180 (degrees) respectively. Some locations are as follows:

b/a = 0.5 b/a = 0.25 b/a = 0,1
max. ka = 1,677 ka = 1,919 ka = 2,131
min, = 2,821 = 3.228 = 3.586
max, = 3,966 = 4,538 = 5,041
min, = 5.110 = 5,848 = 6,496
max. = 6.255 = 7,158 = 1,950
min, = 7,399 = 8,467 = 9,405

(U) By direct computation of the expression given in Eq. (3.57) at a
sequence of values of ka, and using also our knowledge of the precise loca-

tions of the maxima and minima, the cross sections shown in Figs. 3-31
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FIG, 3-31: o/x?f FOR FB MODEL WITH b/a = 0.5, COMPUTED FROM
EQ: (3.57).
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through 3-33 are obtained. The associated values of b/a are here 0.5, 0.25
and 0.1 respectively. The curves certainly have the character necessary to fit
the measured cross section data for the FB models (see Section 3.2, 2 of Goodrich
et al, 1967b), and both the positions and depths of the minima vary with b/a in
the manner displayed by that data. But there is some discrepancy in the heightg
of the first one or two peaks, particularly for small b/a, and to illustrate this
fact we show in Figs. 3-34 and 3-36 respectively the theoretical curves for

b/a = 0.4 (corresponding to model FB-4) and b/a = 0.1 (corresponding to model
FB-1), along with the measured data for the cross sections. In Fig. 3-35 the
theoretical curve of Fig. 3-32 for an FB model with b/a = 0.25 is compared
with the measured data for ID-1 and ID-2, Both of these experimental models
have bfa = 0.25 and, in consequence, the formula should give a valid* estimate
for these. For purposes of comparison, we have also included in each figure
and theoretical curve for a flat-backed (right circular) cone.

(U) Taking first the comparison between the theoretical and experimental
values for model FB-4 shown in Fig. 3-34, we observe the fact noted above,
namely, that the theoretical curve overestimates the cross section, and does so to
a degree which decreases with increasing ka. Thus, to fit the first maximum and
minimum, a reduction of approximately 3 db is called for, but at the second
maximum the required reduction has decreased to about 1.5 db. Such a changing
reduction of the theoretical values would, indeed, lead to a better fit to the exper-
imental data at all values of ka, not merely those corresponding to the maxima
and minima, and we further observe that for ka less than that of the first maxima,
the data points are closer to the curve of the flat backed cone than they are to the

FB model curve.

*
The sligh:c) displacement of the minima is undoubtedly dug to the fact that we have
used o =9 in the computation, rather than the value 7.5 appropriate to ID-1 and
ID-2,
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FIG. 3-32: ¢/A” FOR FB MODEL WITH b/a = 0,25, COMPUTED FROM EQ. (3.57).

118

UNCLASSIFIED



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN
8525-1-F

-20-
{ v | ! I v | ! |
0 2 4 ka 6 8

2
FIG. 3-33: 0'/7& FOR FB MODEL WITH b/a = 0.1, COMPUTED FROM
EQ: (3.57).

119

UNCLASSIFIED



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN

8525-1-F
10
-
e Flat-Back /
F = 0,
‘ B (b/a = 0.4) /,—\ i
x x x FB-4 Exp, / N\ /
Od
o/kz
(db)
-10
=20+
v T v v T v 1
0 2 ka 4 X 6 8

FIG, 3-34: MEASURED DATA (xxx) FOR THE BACKSCATTERING CROSS
SECTION OF MODEL FB-4, COMPARED WITH THE THEO-
RETICAL PREDICTION (EQ. 3.57) FOR THIS MODEL (—)
AND FOR A FLAT-BACKED CONE (----),
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FIG. 3-35: MEASURED DATA FOR THE BACKSCATTERING CROSS SECTION
OF MODELS ID-1 (xxx) AND ID-2 (eee), COMPARED WITH THE
THEORETICAL PREDICTION (EQ. 3.57) FOR AN FB MODEL WITH
b/a = 0,25 (—) AND FOR A FLAT-BACKED CONE (---),
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FIG. 3-36: MEASURED DATA (xxx) FOR THE BACKSCATTERDI' CROSS
SECTION OF MODEL FB-1, COMPARED WITH THE THEORET-
ICAL PREDICTION (EQ. 3.57) FOR THIS MODEL (—) AND
FOR A FLAT-BACKED CONE (---).
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(U) The same conclusions apply to the comparison shown in Fig. 3-35,
but because of the unusually deep theoretical first minimum, whose depth would
undoubtedly be changed were the tip contribution to be considered, we can only
derive reduction factors based on the first two maxima, Note, however, the
tendency of the experimental data points to follow the curve for the flat-backed
cone, and this is even more clearly seen in Fig. 3-36, where the comparison
for model FB-1 isgiven. Substantial reductions of the theoretical FB values are
now required throughout the range of ka covered by the experimental data,
reaching as much as 10 db in the vicinity of the first maximum,

(U) Similar comparisons of the predicted and measured values of the
cross sections at the maxima and minima have been carried out for models
FB-2 and FB-3, and when the required reduction factors thus obtained are
examined in toto, it is found that these factors are functions of kb alone, and
are more or less independent of ka. From the levels of the maxima and
minima for all the bodies for which experimental data is available, and ex-
cluding only those few minima where it is clear that the full depth was not
plumbed experimentally or where the theoretical depth would be markedly
changed were the tip scattering to be included, we obtain the voltage (or am-
plitude) reduction factors shown in Fig. 3-37. The quantity plotted here is
the factor that must be applied to the net (join plus creeping wave) scattering
amplitude in order to best fit the experimental data. Denoting this factor by
B(kb) and re-plotting log (1 - B) versus log kb, we find only a small amount
of scatter about a linear variation, A visual fit to the points leads to the
empirical curve

0.25
(kb)o' 6 ’

B(kb) = 1 - (3.61)

and this has been included in Fig. 3-37.
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(U) Since B(kb) < 0 for kb < 0,9921, it is legitimate to ask what hap-
pens to the join contribution, for example, as kb approaches (and goes be-
yond) this value. To answer this, we show in Fig. 3-38 the moduli of the join
contributions for bodies with b/a = 0,1, 0,2, 0.5 and 1,0 as modified by the
reduction factor B(kb), It is observed that each curve, as a function of Kka,
approaches the line corresponding to the join contribution for a flat-backed

cone, namely

wn
"

-E osec 2 - 3,2
j 2n n SRR

0.40793 for @ = 9° (3.62)

becomes almost tangent to this line, and then falls away from it., This is
just the sort of behavior that we were seeking in Section 3.5, and clearly the
required join contribution is that obtained by following each curve down to its
first intercept with the flat-backed value, and then following the latter line
thereafter. This first intercept occurs at kb = 0,312 regardless of b/a.

(U) The prescription would, of course, be tidier if the reduced join con-
tribution curves were truly tangent to the flat-backed one, and we note that

merely by changing the formula for B(kb) from that given in Eq. (3.61) to

0.2625
()-8

B(kb) = 1 - (3.63)

the tangency is assured, with the point of tangency occuring at kb = 0,236,
Such a change in B(kb) in no way affects the quality of the fit shown in Fig.
3-37, but to some extent the aesthestic improvement obtained thereby is illus-
sory. Although the particular formulae (3.61) and (3.63) were deduced from

an examination of measured data for bodies having o = 90, both the formulae
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themselves and the technique by which they were derived are believed valid
for all pointed objects of small included angle. Since the proportionality fac-
tor in the expression (3.62) for Sj is a function of «, albeit a very slowly
varying one, the above expression for B(kb) will produce tangency only when

. o . .
a is 9. We can, however, generalize it as follows:

B(kb) = 1 - CB - (3.64)
(kb)
where
on 0.6
5 6n sin _n
C = 'g':l - —-—2-— (3.65)
cos o

and with this value of C, the curve for the join contribution modified using
the factor B given in Eq. (3.64) is tangent to the curve for the flat-backed

join contribution at kb = kb1 with

3n sinﬁ

kb, = - -—————7;—9— (3. 66)
16 cos «

for all a. Typical values are:

a C kb

1
7.5° 0.2631  0.2366
q° 0.2625  0.2356
15° 0.2615  0.2341

For a = 9° the resulting formula for B(kb) is, of course, identical to that
in Eq. (3.63), and computed data based on this expression are given in Table

-4,
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TABLE III-4
kb B(kb) (db)
0.1 -0.0451 —
0,15 0, 1806 -14,86
0.2 0. 3105 -10. 16
0.25 0. 3968 -8.03
0.3 0.4594 -6.176
0.4 0, 5451 -5,217
0.5 0, 6020 4,41
0.6 0,6433 -3.83
0.7 0.6748 -3.42
0.8 0.6999 -3.10
0.9 0.7203 -2,85
1.0 0.7375 -2.64
1.2 0, 7647 -2,33
1.5 0, 7942 -2,00
1.8 0,8155 -1.71
2.0 0. 8268 -1.65
2.5 0, 8485 -1,43
3.0 0, 8642 -1,217
4,0 0,8857 -1,05
5.0 0. 9000 -0,92
8.0 0, 9246 -0, 69
10.0 0,9341 -0.59
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(U) As a result of these studies, the prescription for the join contri-

bution is
kb ) <kb<owm:
S, = L sec2 a e-2 kbsina 2 B (kb) (3.67)
i 4 b
where B(kb) is given in Eq. (3.64),
-9 .
kb <kb,: S, =-i ka cosec o e ikb sin @ (3.68)
1 j 2n n
. -21ikb sin o .
Observe the phase factor ie that has been inserted, at least tem-

porarily, into Eq. (3.68). This has been done to preserve continuity of phase
through the point kb = kbl, but the same effect could have been achieved as
regards the total scattering by having the creeping wave contribution discon-
tinuous in phase at kb = kbl in such a way as to counterbalance a discon-
tinuity in Sj'

(U) If the reduction factor B(kb) as given in Eq. (3.64) were to be
applied only to the join contribution, with the creeping wave contribution S3
(see Eq. 3.59) left unchanged, the predicted cross sections would still depart
somewhat from the measured data, This is illustrated by Figs. 3-39 and
3-40 for b/a = 0.4 and 0.1 respectively in which the original predictions
(with no reduction factor included) are shown as solid lines, and the predic-
tions with only the join contribution ‘reduced as broken lines.

(U) Nevertheless, the factor B(kb) was originally derived on the pre-
mise that it would be applied to both the join and creeping wave contributions,

and when this is done we arrive at the predictions shown as broken lines in
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FIG. 3-39: PREDICTED CROSS SECTIONS FOR b/a = 0,4 WITHOUT RE-
DUCTION FACTOR (—), AND WITH REDUCTION FACTOR
APPLIED TO JOIN CONTRIBUTION ONLY (---), COMPARED
WITH EXPERIMENTAL DATA (xxx).
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in Figs. 3-41 through 3-45 for b/a =0,4, 0,3, 0.25, 0.2 and 0.1 respectively.*
The agreement with the measured data is hearteningly close in each case and
for all values of ka. The solid lines again show the original predictions
with no reduction factor applied, and in the case of the broken lines we have,
for convenience only, terminated each at the value of ka corresponding to
the transition value of kb = kbl’ namely at ka = ka% .
(U) The factor B(kb) applied to the join contribution was found to have
the desirable effect of smoothing the transition from the values appropriate to
a smoothly-terminated cap to that corresponding to a flat-backed cone, but |
when we come to examine the creeping wave contribution, with or without the
factor B(kb) incorporated, we find a peculiar and somewhat distressing be-
havior. When the original (unreduced) creeping wave contribution is plotted
as a function of k for fixed b/a, we obtain the moduli shown in Fig. 3-30
and each curve intersects the straight line representing the creeping wave
modulus for a flat-backed cone at an acute angle. Application of the factor
B(kb) to these curves has the effect of bending each one over the lower end
of the ka range, with the bending being greatest the smaller b/a is, and
the resulting curves no longer reach the flat-backed one. Undesirable as this
is, the trouble may not seem unsurmountable, but a far more graphic illus-
tration of the shortcomings of the creeping wave expression is obtained by

plotting S, as a function of b/a for fixed ka. The results are shown in

3
Fig. 3-46 for the case in which no reduction is applied, and in Fig. 3-47 for

the case in which the factor B(kb) is incorporated. On the left of each

graph are the values appropriate to a flat-backed cone, namely 0.61569 ka,
(1)

and on the right are the values of S appropriate to a sphere, Taking

*
In Fig. 3-43 the pgediction has again been based on the choice o = 9° rather
than the value 7.5  appropriate to the ID models.
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FIG, 3-40:

PREDICTED CROSS SECTIONS FOR b/a = 0.1 WITHOUT RE-

DUCTION FACTOR (—), AND WITH REDUCTION FACTOR

APPLIED TO JOIN CONTRIBUTION ONLY (---), COMPARED
WITH EXPERIMENTAL DATA (xxx).
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FIG. 3-41: PREDICTED CROSS SECTIONS FOR b/a = 0,4 WITHOUT (—)
AND WITH REDUCTION FACTOR B(kb) FULLY INCORPORATED,
COMPARED WITH EXPERIMENTAL DATA (xxx).
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FIG, 3-42: PREDICTED CROSS SECTIONS FOR b/a = 0.3 WITHOUT (—)
AND WITH (---) REDUCTION FACTOR B(kb) FULLY INCOR-
PORATED WITH EXPERIMENTAL DATA (xxx).
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FIG, 3-43: PREDICTED CROSS SECTIONS FOR b/a = 0.25 WITHOUT (—)
AND WITH (---) REDUCTION FACTOR B(kb) FULLY INCOR-

PORATED, COMPARED WITH EXPERIMENTAL DATA FOR
MODEL ID-1 (xxx) AND ID-2 (eee).
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FIG, 3-44: PREDICTED CROSS SECTIONS FOR b/a = 0,2 WITHOUT (—)
AND WITH (---) REDUCTION FACTOR B(kb) FULLY INCOR-
 PORATED, COMPATED WITH EXPERIMENTAL DATA (xxx).
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FIG, 3-45: PREDICTED CROSS SECTIONS FOR b/a = 0,1 WITHOUT (—) AND
WITH (---) REDUCTION FACTOR B(kb) FULLY INCORPORATED,
COMPARED WITH EXPERIMENTAL DATA (xxx).
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THE MODULUS OF THE CREEPING WAVE CONTRIBUTION
WITH NO REDUCTION; COMPUTED FROM EQ. (3.59).
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FIG. 3-47: THE MODULUS OF THE CREEPING WAVE CONTRIBUTION WITH
THE REDUCTION FACTOR B(kb) INCORPORATED FOR 0 < b/a<1,
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first Fig. 3-46 we observe that only for the very largest ka (> 50 say) is there
any evidence of a natural continuation into the flat-backed cone value. But
much more distressing is the upswing in each curve that occurs as b/a ap-
proaches unity, and that takes place for b/a as low as 0.5 for ka as small
as 2. Such an upswing occurs no matter how large ka is, and in view of
the factor 42k (a - b) in the denominator of the expression for SS’ it was
predictable that it would do so. Not expected, however, was the fact that it
would be significant at such low values of b/a. It occurs, for example, at
b/a = 0.84 for ka = 100, and here 2k(a -b) 232, This is certainly large
compared with unity.

(U) Incorporation of the reduction factor B(kb) (see Fig. 3-47) does
nothing to diminish these undesirable trends in behavior and does, in fact,
accentuate them. The curves for ka = 5 and 2 now show a reverse turn-over
for small b/a which further complicates the task of arriving at a smooth tran-
sition to the flat-backed cone results. Indeed, the entire curve for ka =2 is
now most peculiar, and is almost the mirror image of what one would prefer.

(U) In spite of all these difficulties, the theoretical cross section pre-
diction that we have given is numerically acceptable providing b/a < 0.5 (as
it was in all cases that we exam!:ed), and the peculiarities that are evident
in the behavior of the creeping wave estimates for small b/a are entirely
masked by the large join contributions that then occur. It is, however, in-
cumbent upon us to produce a theoretically tenable estimate of the creeping
wave contribution, not only to permit cross section estimates for 0.5 <b/a<
1.0, but also to explain (and almost certainly remove) the pecularities evident
in Figs. 3-46 and 3-47. Indeed, these figures cast some doubt even on the
validity of Eq. (3.59) on an asymptotic basis for large ka, kb and k(a - b),

and using the numerical 'feel' obtained from them, one is tempted to believe
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that a viable expression for the creeping wave modulus could be obtained using
smooth parabolic-shaped lines joining the extreme values representing the re-
sults for the flat-backed cone and the cone-sphere.
3.5 A Quantitative Failure of a Scattering Estimate

(U) In Section 3.1.4 of Goodrich et al, 1967b we examined the nose-on

scattering from models ID-1 and -2 and derived an expression for the back-
scattering cross section based on the 'corrected*formulae for the join and
creeping wave contributions given in Sections 3.1.3 and 3.1.2 (of the same re-
port) respectively. As is true with most of our results, however, this ex-
pression is an asymptotic one, valid only for large kL where L is the smal-
lest ‘effective! dimension of the body, and in order to justify its use, it was
conceded that kL. may have to exceed (say) 5. Nevertheless, we often have

to stretch the limit with asymptotic formulae, and in some cases at least (e.g.
a sphere, or a cone-sphere) it has been found possible to obtain results which
are quantitively accurate for values of kL as small as unity (or even less).

(U) The ID models are characterised by two effective radii of curvature:
the longitudinal radius, b, at the shadow boundary, and the transverse radius,
a (which is tantamount to the maximum radius), For both ID models, a = 4b,
We note in passing that for the FB models subsequently measured, a/b varies
from 2.5 for model FB-4 to 10 for model FB-1.

(U) Since b < a, kb is the parameter that can be expected to limit
the validity of the asymptotic expansion for the join and creeping wave con-
tributions, but if we were to demand that kb > 5, this wauld, for the ID
models, exclude all of the range out to ka = 20, and thereby exclude the
range of most practical interest, Indeed, for the ID models, the available
experimental data for the nose-on cross section is confined to the range 1.2

< ka < 4.5, corresponding to kb satisfying 0.3 < kb < 1,125, and to believe
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that the formulae will provide accurate estimates in the range may be no more
than a pious hope. This is particularly true of the join contribution, which

undergoes a marked change of character as kb approaches

3(a - b)

- (

4a

o

for a = 4b) ,

but the absence of any rapid change in the creeping wave contribution is no
criterion for judging the accuracy of its formula as kb approaches unity or
less.

(U) These facts notwithstanding, computations of the nose-on cross sec-
tion of the ID model for 0.25 < kb < 1.25 were performed and, as shown in
Section 3.1.4 of Goodrich et al, 1967b the results are in tolerable (but by no
means good) agreement with the experimental data. In brief, our feeling was
that all qualitative features of the experimental data were predicted by the
formula, and that any quantitative shortcomings in this range of kb would
rapidly disappear with increasing kb. However, when we came to apply the
same analytical prescription to the estimation of oblique angle scattering from
an ID model, even the qualitative features of the measured pattern were not
reproduced, and it appeared that any agreement with experiment for this range
of kb was little more than coincidental. And when the more extensive mea-
sured data for the FB models became available, it was found that the formula
which, for given ka and b/a, is the same regardless of whether the back
is flat or indented, was quite inadequate for the estimation of the nose-on be-
havior even for kb as large as 2 with a = 2.5 b.

(U) In order to try to pinpoint the reasons for these shortcomings, let
us survey some of the successes and failures of the theoretical prescription
for backscattering by a body with smooth non-spherical termination. In the

first place, the theory predicts that for nose-on and near nose-on incidence on
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an indented-back model, the scattering is a function of ka and a /b, and is indepen-
dent of c. This is confirmed by the identity of the measured nose-on cross sec-
tions of models ID-1 and 2 (see Section 3. 1.3 ~f Goodrich et al, 1967b) Since
the parameter c does not enter into the formula, ... -ross section should remain
unchanged if we allow c to become infinite whilst keeping a and afb fixed. The
resulting model is of the FB type, and to show that the scattering is still the same,
we show in Fig, 3-48 the measured nose-on cross sections of models FB-2 and 3
(for which a/b = 5 and 3. 33 respectively) and of model ID-2 (for which afb = 4),

As required, the measured values for the FB models effectively bracket the data

for ID-2,
(U) The nature of the formula for the creeping wave contribution Scw

for a body with non-spherical rear is such that over the range 1 <ka< 10
the magnitude of Scw is almost independent of a/b and smaller than the
analogous quantity for a flat-backed cone by a factor 4 or more. The con-
sequences of this are two-fold: (a) the character of the predicted oblique
angle scattering more closely resemble the behavior of a cone-sphere rather
than a flat-backed cone ‘over this range of ka. In contrast, the measured data
for the ID models, for example, is more closely akin to the data for a flat-
backed cone, as is evident from Fig. 3-49 where we show the measured pat-
terns for ID-2, a flat-backed cone* (Keys and Primich, 1959) and a cone-
sphere for ka = 2,98 and 4.51; (b) the formula is unable to reproduce the
correct magnitudes for the peaks in the nose-on backscattering cross section
of the FB models as a function of ka, and, in particular, fails completely to
predicted the increasing depth of the minimum near ka = 5.5 as b/a decreases
from 10 to 2,5. The fact that the formula did lead to tolerable agreement
with the nose-on data for ID-2 in the vicinity of the minimum near ka = 3.3

was entirely a consequence of the rapid variation in the join contribution taking

*
The actual ka - values for the flat-backed cone are 3.08 and 4. 56.
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FIG. 3-48: COMPARISON OF MEASURED DATA FOR MODELS ID-2, —
(a/b = 4), FB-2 eee (a/b = 5) AND FB-3, xxx (a/b = 3.33 9.
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FIG, 3-49: COMPARISON OF MEASURED SCATTERING PATTERNS FOR MODEL
ID-2 WITH THOSE OF FLAT-BACKED CONES AND CONE-SPHERES,
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place near kb = 0.8, and the more one studies the measured data (see Fig,
3-50), the more one is led to believe that the agreement was merely fortu-
itious.

(U) Because of the tendency for the measured data to approach the flat-
backed cone behavior as a/b increases, and to approach it quite closely for
even small values of a/b (> 1) for ka in the range 1 to 10, it is of in-
terest to examine the formula for nose-on scattering from a flat-backed cone.
It is known (Kleinman and Senior, 1963) that the formula based on Keller's
second order theory is in close agreement with measured data even for ka as
small as unity (or less), particularly for small values of the half-cone angle
a. The resulting expression for the far field amplitude in the backscattering

direction for nose-on incidence is

cos _ cos s 2ika - %
ka or ka il n n e

2n n 2 n T 37\ 2 (3.69)
4 - _ 20 .
n @os 0 cos Zn) 1/1r ka

with n = 3/2 + o/r, The first term on the right hand side of (3,69) is clearl
the degenerate form of the join contribution as b — 0, where as the second
term is the degenerate form of the creeping wave return, Denoting these by

§j and gcw respectively, we have, for a = 90

l§;' 0.40793 , arg § =0

—~ o~ T

S = 0.61569 4 k: S =2ka +3 - . o7
‘ cw’ a , arg S ka + 3 2 (3.70)

* Whereas o = 7.5° for most of our previous models, the FB series have o = 90.
The change in the numerical constants in (3. 70) on going to @ = 7.5 is small,
with the first being replaced by 0.40339 and the second 0.63348,
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FIG. 3-50: COMPARISON OF MEASURED DATA FOR NOSE-ON BACKSCATTERING
OF MODEL ID-1 (xxx) AND ID-2 (0oo) WITH COMPUTED CURVES
FOR ID MODEL (—), FLAT-BACKED CONE (—-—-) AND CONE-
SPHERE (— — -),
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(U) The modulus of the degenerate creeping wave contribution for a
flat-backed cone (b/a = 0) is plotted as a function of ka in Fig, 3-51, along
with the corresponding quantity for a cone-sphere (b/a = 1), For simplicity,
we have omitted any enhancement factor from the latter, and have taken the
results directly from Senior (1967b), supplemented by new computations for
ka > 10, It will be observed that the sphere curve is almost asymptotic to
the curve for a flat-backed cone for ka small, and the latter provides a nat-
ural continuation of the former for ka < 0,3, say.

(U) It is a most reasonable assumption that for any body having b/a <
1 the curve of the creeping wave modulus as a function of ka will lie between
the bounds established by the flat-backed cone and sphere, and this is regard-
less of whether we insist that b remain constant, or allow b/a to be held
fixed; and we further expect that as b/a decreases, the value of ka at which
the curve for the creeping wave modulus 'breaks away' from the curve for a
flat-backed cone will increase.

(U) Using asymptotic analyses, a formula for the creeping wave contri-
bution associated with an ID or FB model has been derived. This was pre-
sented in Section 3.1.2 of Goodrich et al, 1967b, and has been computed as a
function of ka for b = 0.25 a (appropriate to the ID models). From an
inspection of the formula it can be seen that, for a body having b = aa, the

creeping wave contribution is

! i(1 -4e) %{2
S (ka/4a) = = e * [s ] , (3.71)
cwW 4 VoAl-0a) cwW

a = 0,25

where the last factor on the right hand side is the quantity already computed
for the body having b = 0.25 a, and this enables us to trivially deduce the

creeping wave return for bodies having other (fixed) ratios of b to a. In
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FIG. 3-51: COMPUTED MODULI FOR CREEPING WAVE CONTRIBUTION

FOR BACKSCATTERING AT NOSE-ON INCIDENCE.
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this manner we have computed the modulus of the creeping wave contribution
for bodies having o = 0,1, 0.2, 0,3 and 0.4, and two of the resulting curves
are included in Fig. 3-51. They do not in any manner conform to the guide-
lines given above, and, for ka less than (about) 9, the moduli are even less
than for a cone-sphere (for which o = 1). What is more, for ka < 9, the
moduli are relatively independent of o, and this has been found true for all
the values of o considered. It is clear that such values for the creeping
wave contribution are not likely to be consistent with the marked dependence
on a of the nose-on cross sections of the FB models.

(U) In attempting to improve ‘the theoretical estimate of the creeping
wave contribution for a body with non-spherical rear, particularly for values
of kb not much greater than unity, it should be borne in migd that the for-

mula is, without doubt, correct for sufficiently large "kb. For kb >> 1, we

can replace the function §(&) appearing in Eq. (3.1) of Goodrich et al, 1967b,

by the leading term in its asymptotic expansions for large argument, viz.

T i1
) e51 5 , iSBle 3
q (&)~ 5 € ) (3.72)
A7 B, {Ai(-Bl)}
and thereby obtain
S,,lia; (@) 2/3 e21k(a-b)+i7rkb .
4 \2 V 2k(a - b)
T
i T
ir B ('k—};))l/3 e 3
. 1 1'2
5 7 © . (3,73)
A {Ai(-Bl)}
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which is in accordance with the result provided by the geometrical theory of

diffreaction. Using this asymptotic approximation, we have

S(ka, @ ka) . @) )2/3 1- ,
S(ka, o, ka) | %1% l-a
2 1
3 3 3 3
exp {- E T Bl (ka/2)1/ (111/ - 021/) (3.74)

with b = @a, and for sufficiently large ka, the right hand side of (3.74) is
less than unity for o, < @, Thus, at high enough frequencies, the magni-
tude of the creeping wave contribution increases with decreasing o, as ex-
pected. This is otherwise evident from the computations of the original for-
mula for S: for ka large (near, say, 100), the curves correctly ordered as
a function of a, being closest to the sphere curve for o near unity, and
tending upwards towards the flat-backed cone curve as o decreases. Note
that the relation (3.74) does not, unfortunately, enable us to deduce the creep-
ing wave amplitude for general o from its known values for either of the
limiting cases o = 0 or 1.

(U) Even though the formula for Scw is asymptotically correct for
large kb, and can therefore be expected to yield an accurate numerical es-
timate of the creeping wave return for kb large enough, inspection of Fig.
3-51 suggests that for ka as large as 50 with @ = 0.4 (implying kb = 20)
the estimated modulus is beginning to depart from the behavior expected of it.
The slope of the curve here is somewhat different from that desired, and this
is certainly true of the curve for o = 0.1 when ka = 100. It seems probable
that we are, in fact, seeking two refinements of theory: one which is signif-
icant even for kb as large as 10 or 20, and which is doubtless associated

with the higher order attenuation effects that have been neglected in the deri-
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vation of the creeping wave expression: and one which is only of concern for
kb quite small (less than 2, say), and has as its origin the rapid transition
in the birth and launch weights as the radius of curvature of the shadow boun-
dary decreases. The investigation of the latter is a relatively basic study,
and is already in progress using a parabolic cylinder as the model. However,
the first refinement may be the more significant one for practical purposes,
and though a rigorous derivation of the correction would be a lengthy task, it
may still be possible to arrive at an empirical and numerically effective cor-

rection,
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v
THEORETICAL STUDIES (SURF)

4,1 Introduction

(U) In analyzing the surface field data and the backscatter data obtained
experimentally, it was necessary to carry out theoretical studies of the phys-
ical factors which contribute to the observed effects. Where an exact theo-
retical description could not be constructed and where approximate methods
did not give sufficiently accurate results, empirical modifications of formulas
were obtained from the experimental data itself, Where a synthesis of a
cross section formula for a specific shape could not be developed by a direct
solution of the scattering problem for that shape, the formula was obtained by
the extension of the solution for similar shape. This section reports on
studies of this nature.

4,2 An Empirical Correction to the Estimated Creeping Wave Contribution for

a Non-Spherical Body.
(U) In Section 3.1,2 of Goodrich et al 1967b, the 'corrected' asymptotic

expression* was given for the far field amplitude attributable to the creeping
wave excited on a non-spherical body at symmetrical incidence. Specifically,
for a body whose transverse radius of curvature at the shadow bbundary is a,
and whose longitudinal radius is b, with the latter radius remaining the same}
up to or beyond the point at which the profile is perpendicular to the axis of

symmetry, the expression quoted there is*
, 2ik (a-b)-i" /4 i’f/e 1/3
S =-7 kaeMkb £ (= kb 2/3 li(g) 2

o 2k (a - b) 2 30~V“ ()2l
: Z —t )exp(-EBe 1/6:] (4.1)
s, )} g°

S

%
There is one additional correction over and above those previously described.

This amounts to the removal of a factor el /2 from the space factor and,
hence, from the overall expression for S, , and is necessitated by the fact that
we are dealing with the (electric) field component normal to the surface.
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where

e A (4.2)

the BS are the zeros of the Airy function derivative, and q(§) = q(o)(‘é’) is
the function tabulated on pp. 8-18 and 8-19 of Logan (1959). Detailed com-
putations have been made as a function of ka, 1 < ka < 100, for a body having

b = 0.25a, and using the fact that for a body having b = «aa,

ka
i(1 - 4a) —
s (ka/da) = ﬁ, (13_ e 2a [chg , (4.3)
¢ ot -a @=0.25

where the last factor is the quantity already computed, it is a trivial matter

to deduce the creeping wave contribution for a body having o F 0.25.

(U) The above expression for Scw was derived under the assumption
that kb >> 1 and, as such, is not valid in the limiting case of a flat-backed
cone (kb = 0). It also breaks down in'the limiting case of a sphere(b = a)
due to the 'space' factor involving a -b in the denominator, and we there-
fore cannot investigate either of these cases directly using (4.1). However,
it is believed that these cases, whose creeping wave effects can be deter-
mined by alternative methods, provide effective bounds on the creeping wave
contribution that the present’ class of bodies can produce; and as shown in
Section 3.5 the results computed using (4. 1) violate these bounds, and do not
lead to good agreement with the measured data for backscattering from cones
with non-spherical terminations (e.g. the ID and FB models).

(U) There are probably two main sources of these numerical discre-
pancies: firstly, the inaccuracy of the high frequency expression for the birth
and launch weights of the creeping waves when kb is not large, and secondly,
the failure of the expression (4.1) to take into account the higher order atten-

uation factors which are known to be important even at relatively high fre-
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quencies (Senior, 1965). In this present section we shall endeavor to provide
an empirical (or numerical) correction to the formula for Scw sufficient to
remove some of the numerical inadequacies, and in so doing will concentrate
on the higher order attenuation factors as the main source of the correction.

(U) Figure 4-1 shows the modulus of the creeping wave contribution for
a =0.1, 0.25 and 0.5 computed from Eq. (4.1). The results for o = 0.1
and 0.5 have been deduced from those for « = 0.25 using (4.3), and this
accounts for the reduced spans of the curves in these cases. Note the close
agreement between the computed values for all three values of o« when ka
is less than (about) 9. The broken curve in Fig. 4-1 is for a sphere (a = 1),
and will be discussed in a moment.

(U) The effect of omitting the infinite sum from the right hand side of
Eq. (4.1), i.e., replacing the interior of the square bracket by q(£) alone, is
illustrated in Fig. 4-2 for the same three values of a. It will be observed
that the main result is an increase in the level of each curve, with the bend
that formerly characterized each curve for small ka being somewhat reduced.
The broken curve is again that for a sphere.

(U) To emphasize the increase that occurs with the deletion of the
series, the results obtained with and without the series included for o = 0.25
are replotted in Fig. 4-3. It is seen that the increase can be as much as
33 percent (for ka in the vicinity of 2), and is still in excess of 10 pércent
at ka = 20 (implying kb = 5), This change is surprising as much in its
direction as in its magnitude. The origin (and intent) of the series is a cor-
rection to take into account the finite transverse radius of curvature of the
body and, as such, would be expected to include, at least in part, the effect
of higher order attenuation factors. Certainly the expression with the series
included should be more accurate than with the series deleted. As a result

of our previous work, however, it was concluded (see Section 3.5) that Eq.
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FIG. 4-3: MODULUS OF CREEPING WAVE CONTRIBUTION FOR BODY

HAVING b = 0,25a, COMPUTED FROM EQ. (4.1) WITH (—)
AND WITHOUT (---) THE SUMMATION INCLUDED.
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(4. 1) under-estimated the true magnitude of the creeping wave effect, partic-
ularly for ka < 10, and it would therefore seem most natural were the de-
letion of the series to reduce (rather than increase) the magnitude.

(U) Aithough the creeping wave contribution for a sphere is not immedi-
ately derivable from Eq. (4.1), we can obtain one or more expressions for
comparison with (4.1) by going back to the basic analysis for a sphere given
by Senior (1965), If we retain only the dominant term for high frequencies

in the expression for Scw given in Eq. (90) of the above reference, we have

SCWN(%)‘I/S ei1r (ka +1/3) 1 5
T

T
3

i
e {ir B, (kaf2)/® o (4.4)

and if we now introduce the effect of all higher order (s > 1) creeping waves,

then S ~SL , Where
cW cwW

St s 27 Gafo)tf? TR 1D g (4.5)
with
g, = v (ka/2)'/? (4.6)

Alternatively, the exponential in Eq. (4.4) can be wriften as the product of
two exponentials, each with half the exponent shown in (4,4), To introduce
the effects of additional creeping waves into each exponential separately now
entails the physical assumption of the waves being launched and re-born at
some point, and is mathematically justifiable only at such high frequencies
that the leading term in each sum above suffices, but if we do sum in this
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manner over each exponential separately, we can arrive at an approximate ex-

pression for S in the form S = sP , where
cwW cw cw

P - gy (K23 inlka - 1/3)31 {Ai(_ﬁl)}z [6(52)] 2

cwW 2
with

1/3

£, = /2 (af2) (&9

This is analogous to Eq. (4.1) with the series deleted, and it was using Eq.
(4.7) that the sphere curve given in Fig. 4-2 was computed. We note in
passing that for all ka > 0.5, Sj“w‘ and S:w differ by less than 6 percent.
This reinforces somewhat our acceptance of the reasoning leading up to Eq.
(4.7) and certainly demonstrates the insignificance of all higher order creeping
wave contributions.

(U) In line with the analysis leading up to Eq. (4.1), we can seek to
'improve' the estimate Szw of the sphere creeping wave by incorporating

the series expansion contained in (4.1), and in this way we obtain

2
4/3 i -
SR (523) [3 i (ka 1/3)31 Ai(-B)) [q(sz)
. Z?‘T
+
301/_‘ (ka )2/3 Al(-B )
+ 3/B) ) em (5B € ] (4.9)

where 82 is as given in Eq. (4.8). This is, of course, a function of ka
only, and its modulus is shown as the broken line in Fig. 4-2. It bears
about the same relationship to the results for a # 1 as does the sphere
curve based on Eq. (4.7) to the computations of Eq. (4.1) with the series
deleted.
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(U) Having transfered our attention to the sphere creeping wave, we are
in a position to estimate the accuracy of numerical data obtained from Eqgs.
(4.5), (4.7) or (4.9) by using our knowledge of the true creeping wave con-
tribution for this body (Senior, 1965), and in Fig. 4-4 the moduli computed
from Eqgs. (4.7) and (4.9) are compared with the exact values. As suspected
from our studies of Figs 4-1 through 4-3, the incorporation of the 'correction'
provided by the infinite series actually worsens the accuracy of the numerical
approximation, and Eq. (4.7) provides a somewhat better apprbximation than
does (4.9). Even (4.7), however, does not yield a good approximation at
those values of ka of most practical interest. At ka = 5, for example, the
estimated modulus is in error by almost 60 percent, and the error is still
of order 10 percent for ka approaching 100. This in spite of the fact that
(4.8) furnishes the correct leading term in the asymptotic expansion for large
ka, and is numerically equivalent to Eq. (4.4). This is, in turn, the approx-
imation furnished by the geometrical theory of diffraction, and its inadequacy
for ka < 10 has previously been commented upon (Senior, 1965), Moreover,
the primary source of the discrepancy is known to be the neglect of higher
order terms in the expansion for the 'true' creeping wave decay factor.

(U) Inasmuchas the exact expression for the sphere creeping wave
contribution is available, it is a trivial matter to find the numerical factor
which, when applied to Eq. (4.7) (or, indeed, Eq. (4.9)), will yield the cor-
rect estimate for the creeping wave. Confining ourselves henceforth to the
situation in which the infinite series is omitted, we show in Figs. 4-5 and
4-6 the modulus and phase respectively of the ratio of the true creeping wave

contribution for a sphere to that computed using Eq. (4.7), i.e.

. S
[M(ka) = “_1 (ka)| olf ka) -;—W-
SCW
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FIG. 4-6: PHASE DIFFERENCE BETWEEN EXACT AND APPROX-
MATE (EQ. 4.7) CREEPING WAVE CONTRIBUTION
FOR A SPHERE.,
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Clearly, such a factor is of no practical utility if it relates only to a sphere,
and we must next ask ourselves whether it can be used to correct the estimates
for the creeping wave contributions of non-spherical terminations given in
Fig. 4-2. To apply the factor nx) with the argument x equal to ka im-
plies that the correction is primarily determined by the transverse radius at
the shadow boundary, and it is found that this does not lead to a change in
the modulus of the type satisfying the intuitive guidelines discussed in Section
3.5. On the other hand, it would seem most natural that the longitudinal,
rather than the transverse, radius should be the relevent parameter, and if
we use the factor [ (x) with x = kb, the resulting moduli of the creeping wave
contribution for bodies having various « = b/a are as shown in Fig. 4-7,
along with the bounding curves provided by a flat-backed cone and a cone-
sphere. The curves now have much more the character expected of them,
Their levels increase uniformly with decreasing o and, providing the curves
are duly cut off at their intercepts with the curve for the flat-backed cone
return, all are contained within the bounds set by the cone-sphere and flat-
backed cone. It is therefore suggested that for a cone with non-spherical
termination a reasonable estimate for the modulus of the creeping wave re-
turn should be obtained by following the flat-backed curve out to its intercept
with the curve for the appropriate (non-zero) value of «, and thereafter fol-
lowing the latter curve. The estimate is, of course, only an approximation
whose effectiveness for cross section purposeé has yet to be determined. In
particular, the abrupt change of slope at the intercept is obviously non-phys-
ical, and a better approximation should reveal a fairing-in of each higher-
frequency curve as its intercept point is approached from above. We note in
passing that with the four curves shown in Fig. 4-7 for o # 0, 1, the point

of intercept increases from ka = 1.8 to ka = 20 as o decreases from
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FIG. 4-7:. AMPLITUDES OF THE CREEPING WAVE CONTRIBUTIONS

FOR VARIOUS FB MODELS, DEDUCED FROM EQ. (4.7)
AND USING THE CORRECTION FACTOR [ ‘(kb).
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0.5 to 0.025, corresponding to kb decreasing from 0.9 to 0.5, Values of
ka < 1 are just those where we would expect a fairly rapid change in the
nature of the scattering, with changes in the nature of the birth and launch
weights of the creeping waves and, perhaps, some direct backscatter. Such
transitional behavior is presently being studied using the parabolic cylinder as
a model.

In spite of the round-about manner in which the curves in Fig. 4-7 have
been derived, their theoretical basis is relatively simple. Bearing in mind
that what we have really done is to 'correct' the estimate in Eq. (4.7) or,
equivalently, Eq. (4.9) using the 'true' values for the creeping wave contri-

bution of a sphere, it follows that for an FB model

2ik(a -b) + ir /12

TR (kb/2) 1/ X
cw ],Zk (a -b)
X 1 > s Vi) (4. 10)
Bl {Ai(-ﬁl)}

(

where S 1)(kb) is the true far field amplitude of the creeping wave for a

sphere of radius b, In effect we have used the function S( 1)(kb) to account
for the influence of the curved portion of the path, and modified the result
by the space factor and differing birth and launch weights demanded by the

FB model. The function S(l)

(kb) has a relatively simple (asymptotic) ex-
pression which is numerically accurate over a very wide range of kb, and
a selection of the available computed values was listed in Table IV-1 of
Section 4. 3.

(U) The amplitude of the function Scw defined in Eq. (4.10) is certainlﬁ'

very close to that required for reproducing the measured backscatter for the
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(1)

FB models. Moreover, since arg S L (kb) is almost a linear function of kb
over a substantial range of kb, it is trivial to estimate arg Scw' In par-
ticular, for 0.3 < kb < 3.0 arg Scw = (114.592 + 73.42 o) ka + 186,312
(degrees) with a maximum error of 0.6 degrees, and this phase is in excel-
lent agreement with that demanded by the positions of the maxima and minima
in the FB data when ka is large. In Section 3.4 we shall attempt to predict
the nose-on scattering behavior of these models using the above expression for

the creeping wave contribution.

4,3 Various Approximations for the Creeping Wave Contribution of a Sphere.

(U) In the course of our attempts to provide a numerically effective ex-
pression for the creeping wave contribution of the rear of a non—spherically
terminated cone (e.g. one of the FB models), it has proved desirable to in-
vestigate various approximations for the creeping wave contribution of a sphere

(U) For this purpose, consider a sphere of radius a illuminated with
a plane wave, One of the major contributors to the far field amplitude is the
creeping wave, and if we confine ourselves to the backscattering direction,
then, as shown in Senior (1965), a highly accurate approximation to the creeping

wave return is S(ka) = S(l)(ka) where®

T ir/3
Mg = 7 el 31, ,e W (32513+1) . ! -
- explirm ka—e—m/6 ™ [31—ei7r/6 6_077[-[3—1 (313-9) (4.11)
1/3

with 7= (ka/2) B, = 1.01879297. . .,

Note the omission of a factor # from the third terms in the exponents of
Eqs. (90) and (91) of Senior (1965).
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and Ai(-B) = 0.53565666 .... The phase origin has been taken at the center
of the sphere (or, equivalently, at the shadow boundary) and a time factor
e-iwt has been suppressed.

(U) The asymptotic approximations leading up to Eq. (4.11) are fully
detailed in the above-referenced Report and computed values of 2 [ka S( 1)(ka)
are given in Table 10. As a result of the checks that have been carried out,
it is concluded that for ka > 0.7, and certainly for ka > 1.0, the estimate
of the creeping wave contributed provided by Eq. (4.11) is accurate enough
for all practical purposes. Indeed, it is so accurate that throughout the rest
of this section we shall regard Eq. (4.11) as giving an exact expression for
the creeping wave amplitude.

(U) A selection of the computed values listed in Table 10 of Senior
(1965) are reproduced in Table IV-1 along with the results of some later
computations of the same expression for both larger and smaller values of ka.*
Although there can be no question of the meaningfulness of the results when
ka is large, it is by no means certain that the same is true when ka < 0.7,

(U) An alternative, but inferior, approximation to the creeping wave
contribution is that provided by the geometrical theory of diffraction. For
numerical purposes, the associated expression can be obtained from Eq. (4.11)
by omitting all higher order terms in the amplitude factor and in the exponent.
If we denote the resulting expression by Sk(ka), where the affix k is short
for Keller, we have S(ka) & Sk (ka) where

Sk(ka) = 74 ei7r/3 1 {iﬂ ka—e_iﬂ/G'nr Bl} . (4.12)

exp
oo

Computed values based on this expression were also given in Senior (1965).
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TABLE IV-1
ka S(l)(ka) arg S(l)(ka), degrees
0.3 0. 372297 228.296
0.4 0. 384624 246,592
0.5 0.394588 265,128
0.8 0.415880 322, 146
1.0 0.425575 358.963
1.5 0.440747 453,178
2.0 0.447937 947,295
2.5 0.450308 641,232
3.0 0.449529 734,981
4,0 0.442182 921.945
5.0 0.430490 1108. 302
8.0 0. 386793 1664, 667
10.0 0.357137 2033.961
15.0 0.291536 2953.574
20.0 0.239536 3869, 785
25.0 0.198751 4783, 171
90.0 0.088872 9335.938
170

UNCLASSIFIED



UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN

8525-1-F

A selection of this, together with some later ones, are shown in Table IV-2.

The last two columns give the amplitude and phase of the factor

(1)
Pk(ka) [E —'——Sk (ka)j]

S (ka)

by which Sk (ka) must be multiplied to yield the exact creeping wave values.
Observe the considerable error inherent in Eq. (4.12) for small values of ka,
and the fact that the discrepancy (particularly in modulus) is still quantitively
significant for ka as large as 10.

(U) Wwe might seek to remove the part of this discrepancy by incorpor-
ating the effect of creeping waves other than the first, but still neglecting
higher order terms in both the amplitude and exponential factors. In this way

we obtain S(ka) = SL(ka) where

sVika) = 247 o2 TR - 1/2) 4 e (4.13)

1

with § 1 = 7 1. The function

4 ) = g v —

U ofr B, {Ai(—Bl

5 ex(if.B ei7r/6 +5 i7r/6}
j

has been tabulated by Logan (1959) for & 15 0.5(0.1)8.0 (see Table T of this
reference) and the affix L used above is short for Logan. Computed values
based on Eq. (4.13) are given in Table IV-3, and these are seen to be almost
indistinguishable from the corresponding values of Sk (ka) even for small Kka.
It therefore follows that PL and r’k are almost identical, implying that the
higher order creeping waves are not responsible * for the discrepancy between
the exact and approximate values for the creeping wave.

+
This is, of course, otherwise obvious from the fact that the so-called exact
expression (4.11) involves only the lowest order creeping wave.
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TABLE IV-2
ka 1Sk( ka)l arg Sk(ka) {Pk(ka)‘ arg rk(ka)
0.3 0.062515 162,718 5.9553 65.578
0.4 0,079104 185,621 4,8623 60.971
0,5 0. 093985 207, 762 4,1984 57, 366
0.8 0. 130797 271,559 3.1796 50. 587
1.0 0. 150426 312,775 2.8291 46,188
1.5 0. 187865 413. 307 2. 3461 39.871
2,0 0.213971 511.691 2.0934 35. 604
2.5 0.232604 608. 771 1.9359 32.461
3.0 0.246002 704. 960 1.8273 30,021
4.0 0.262324 895, 524 1.6856 26,421
2.0 0.269735 1084, 444 1, 5960 23.858
8.0 0.266684 1645. 551 1.4504 19.116
10.0 0, 255656 2016, 790 1. 3969 17.171
15.0 0.221080 2939. 480 1.3187 14, 094
20.0 0.187926 3857. 543 1.2746 12,242
25.0 0. 159565 4772, 797 1.2456 10,974
50.0 0.075535 9328. 107 1.1765 7,831
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lSL (ka) I

0. 062094
0. 078555
0. 093357
0.130187
0. 149859
0.187596
0.213874
0.232548
0.245921
0.262442
0.269890
0.266701
0.255784
0.223762
0. 187782
0.159842

Beyond range of Logan's table.
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TABLE IV-3

arg SL(ka)

163.
186.
208,
271,
312,
413.
911,
608.
704,
895.
1084.
1645,
20186,
2939.
3857.
4772,

173

735
301
221
698
838
237
607
710
926
452
382
518
737
402
461
684

, PL(ka) ‘
. 9957
. 8962
. 22617
. 1945
. 8398
. 3494
. 0944
. 9364
. 8279
. 6849
1. 5951
1.4503
1, 3962
1. 3029
1.2756
1.2434

= = NN W O L,

arg DL(ka)

64. 560
60.291
56. 907
50,448
46,125
39. 941

'35.688

32, 522
30. 055
26,493
23,920
18. 149
17,224
14,172
12, 324
11,087
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(U) Still another approximation to the sphere creeping wave follows from

Eq. (4.12) on rewriting the right hand side as

. 1
4 im (ka + 3)

T e Bl {Ai(—BI)} 2 L 5
Bl{Ai(—Bl)?

2
-in /6 TTr Bl }
exp <€ —

and if we now insert the effect of higher order creeping waves using Logan's

function ﬁ(&’), we have S(ka) = Sp(ka) where

; - 2ra 2
Sp(ka) = -47 7'4:e17r (ka - 1/3) Bl {Ai(_Bl)} [q(&‘z)] (4. 14)

with 82 =7 7/2. The affix p denotes a product form, and Eq. (4.14) can
be visualized as resulting from the instantaneous launch and re-birth of all
creeping waves after they have traversed only half their path.

(U) In view of our earlier finding about the numerical insignificance of
the higher order creeping waves, it is to be expected that the approximation
(4. 14) will do little to remove the discrepancies inherent in Sk and SL ,
and rather is it our aim to see if the incorporation of the product has wors-
ened the approximation to any extent. This is important because of the role
played by an expression analogous to (4.14) in our estimation of the creeping
wave return for a non-spherical body.

(U) Computed values based on Eq. (4.14) are shown in Table IV-4.

Observe that the differences between S and SL or Sk are quite small

except when ka is small; but what differences there are are such as to de-
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TABLE IV-4
ka l SP(ka) | arg SP(ka) I MP(ka) I arg [P(ka)
0.3 0.070167 175. 424 5.3059 92,872
0.4 0. 085564 196. 468 4. 4952 90. 124
0.5 0.099293 217.236 3.9740 47, 892
0.8 0. 133481 2178, 307 3.1156 43. 839
1.0 0. 151664 318, 380 2. 8060 40, 583
1.5 0. 186599 417,112 2, 3620 36. 066
2.0 0.211430 514.416 ° 2.1186 32.879
2.5 0. 229226 610. 847 . 1.9645 30. 385
3.0 0. 242272 706. 567 | 1.8555 28.414
4,0 0.258837 896, 442 1,7083 25,503
2.0 0. 266692 1084, 974 1.6142 23.328
8.0 0.264679 1645.614 1.4614 19. 053
10.0 0.254356 2016, 774 1.4041 17,187
15.0 0. 220739 2939, 339 1. 3207 14.235
20,0 0.187841 3857, 420 1.2752 12, 365
25.0 0. 159657 4772,631 1.2449 11. 140
50.0 0. 075584 9328. 035 1.1758 7.903
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crease somewhat the discrepancy between the approximate and exact values
for the creeping wave. This is presumed to be fortuitous.

(U) The final approximation that we wish to consider is one in which
we attempt to account for some of the effect of the transverse curvature of
the sphere (all previous approximations take into account only the curvature
along the creeping wave path), thereby incorporating to some extent the con-
tributions of the higher order terms in the exponential factor that were ne-
glected in Eqs, (4.12) through (4. 14). The result is analogous to sP but
differs in the presence of a series correction to Logan's function, namely
S(ka) = S°(ka) where

2

s 4 in(ka - 5)
S (ka) = -47 T e Bl {Ai(-Bl)} 31(52)

ei7r/6 1/3

2 1 3
+ ~— (1+ )
309 (ka)z/ ] zn:{Ai(-B )%2 BB
n n
. 2
exp (-8, Bne'”/6>] (4.15)

The affix s indicates the incorporation of the series, which series has been
hand-computed for the required range of Kka.

(U) Computations based on Eq. (4.15) are shown in Table IV-5, and the
fact that immediately stands out is that the series does not carry out its in-
tended function and does, indeed, increase the discrepancy between the approx-
imate and exact values for the creeping wave contribution. The increase in
the discrepancy is particularly noticeable for small ka, but is still evident
for ka as large as 50. It must therefore to concluded that the approximation

Ss(ka) is numerically (if not mathematically) inviable.

176

UNCLASSIFIED




-~
(Y

e
w

o
'

e e
o

oo

—
o

p—
()]

10.
15.
20,
25,

S

o O O O O O o o ou o

UNCLASSIFIED

THE UNIVERSITY OF MICHIGAN
8525-1-F

| 55(ka)|

0. 056553
0.065129
0.074435
0.101880
0.118096
0. 151450
0.176681
0. 195578
0.207634
0.228700
0.240164
0.243499
0.234364
0.207960
0.179458
0. 153791

TABLE IV-5

arg Ss(ka)

86. 944
123,058
155.131
234,316
281.049
390. 642
491,883
591, 645
688.957
882.474

1073.220
1636. 958
2008.934
2933. 564
3852.819
4768, 751

177

| ()|

6.5832
5.9056
5.3011
4,0821
3.6036
2.9102
2,5353
2.3024
2.1650
1.9335
. 7925
. 0885
. 5239
.4019
. 3348
.2923

—

— e et e

arg fﬂs(ka)

141,
123.
109,
81,
1.
63.
59,
49,
46,
39,
35.
21,
25,
20.
16.
15,

352
534
997
830
914
536
412
587
024
4171
082
709
027
010
966
020
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(U) There is one overwhelming conclusion that can be reached as a re-
sult of our study, namely, that the higher order terms in the exponential
factor and, perhaps, the amplitude factor of the creeping wave expression are
numerically important for all but the very highest values of ka. Failure
to include them, or to provide an adequate simulation of them, leads to es-
timates which are unsatisfactory for detailed computations of scattering be-
havior, and compared with these terms, higher order creeping wave contri-
butions are comparatively insignificant.

(U) If the surface over which the creeping waves travel is not spherical,
and cannot be decomposed into portions which are either planar or spherical,
we have no alternative but to use one or other of the approximations (4.12)
through (4.15). The approximation Ss(ka) given in Eq. (4.15) is distinctly
inferior to the other three, but of the others it would seem to matter little
which we use. Based on computational convenience, Sk(ka) given in Eq.
(4.12) is the more attractive, and we would then have no alternative but to
accept the error that this approximation entails. On the other hand, if we
can incorporate the 'exact' expressions S(l)(ka), it is clearly to our advan-
tage to do so, and one such 'mon-spherical' shape for which this is possible
is the rear of an FB model. Such an application is discussed in Section 3.4.

(U) There is one final point that can be made in regard to S(l)(ka)
that is of some convenience in cross section estimation, = Over substantial
ranges of ka, arg S(l)(ka) is almost a linear function of ka, Using the meth-
od of least squares, the following fits have been obtained:

0.3 < 3.0 (16 values):
arg S(l) (ka) = 187.916 ka + 171,312

maximum underestimate is 0.610 degrees
maximum overestimate is 0.316 degrees
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1.0 < ka < 10,0 (23 values)

arg s(l) (ka) = 186.033 ka + 176. 327

maximum underestimate is 1,810 degrees
maximum overestimate is 3.397 degrees.

4.4 Surface Current in the Illuminated Region on a Parabolic Cylinder.

(Focal length is comparable to the incident wavelength),

4.4,1 Introduction

(U) The surface current in the shadow region had been studied earlier
and the results of the study were reported in Section 3.3.2 of Goodrich et al,
1967c. In the illuminated region, the surface current may be represented by
the summation of a geometrical optics term and a residue series which may
be defined as the reflected creeping waves. In the penumbra region, the sur-
face current may be obtained by the series expansion of the integral repre-
sentation about a point on the shadow boundary.

4,4,2 Integral Representation for the Surface Current.

(U) In Section 3.3.2 of Goodrich et al, 1967¢, the surface currents were

shown to be
. -ikr (i ‘cansli)n U (z)
_dk oy n’ o
JD T 2rr 2 sec 9 sinTtn Wn(z'o) dn (4.16)
C2
and
e (itan%)n U (2)
JN ST 2 5y sintn W' (z") dn (4.17)
c n o
2

for Dirichlet and Neumann problems respectively. If we consider the region

X < 0 where § is negative, we have the following relations
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Utz = -i®V () -iw (2) (4. 18)
n n n
U(z) +V(z) +W(z) =0 (4.19)
n n n

z =ik £ where Un(z) and Wn(z) are defined by Egs. (4.18) and (4.19).
(U) Following Rice's (1954) derivation, the leading terms in the asymp-

totic expansion for Un(—z) along the contour 02 are obtained as follows:

Ulz) = G720 -2 ar 4720, (4. 20)
n 0 1
1
f(to)
t' e
(0]

A' = (4.21)

2477 (ike? - 2m)

f(t')
f e
Al = 1 (4.22)

Lo (ike? - 2m(1/4
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zt' + m/2 - m{n t (4.23)

. % [}/1—125 n 1/11{ g Zm} (4.24)
i - % [,/Tkg - Yk - 2m] (4. 25)

-+
=
"

z=qfike, &£>0.

In fact, the asymptotic expressions of the function Un(—z) in the various
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regions of the m-plane are listed in the following table when z =i / 1/? g,

{k' £> 0.

Region in m - plane Un(-z)
m=n+1
I (7202 A 4720,
a o 1
I Mg 420y,
o 1
-2n 2n ,
-2n . Al
I_b (i i )(AO Al)
I (i72R 2 A

The contour 02 passes through regions Ia and II in which Un(—z) has

different asymptotic forms (Fig. 4-8). Because the stationary phase point

is found within the region Ia’ i.e.

. 2
-in . 22
0 ié
—2 < < 3
2 “ 2 ’

we may use the asymptotic form in Ia for Un(-z) along the entire contour

Cz. When (4.20) is substituted back into (4.16) and (4.17) we obtain
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Im [f(t'o) - f(t'l)] - 0

FIG. 4-8: REGION IN THE COMPLEX m-PLANE CORRESPONDING
TO DIFFERENT ASYMPTOTIC EXPRESSIONS WHEN

g =ik £ .
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A?
_ . . \h 0 w,n
Ip = - 2 Mo (iw) Wn(z‘o) dn * Mo ( i)
Cy Cy
A'ldn
o 4,26
sintnW (z') (4.26)
n o
and
Al
: Y ¢
Iy = " 4N (iv)" z) dn +
C n o
2
n A'1 dn
i 4,27
* No (/i) sin7n "W (z') ( )
c n o
2
v

- -ikr -ikr
M = ke secﬂ and N ° sec v
o 27r 2 2 o) 9 2
1/7r
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