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Abstract

An integral equation approach is developed to determine the scattering
and absorption of electromagnetic radiation by thin walled cylinders of arbitrary
cross-section and refractive index. Based on this method extensive numerical
data are presented at wavelengths in the infrared for hollow hexagonal cross

section cylinders which simulate columnar sheath ice crystals,

ST e e Tt B A s e



1.  Introdugtion

This is the Final Report on NASA Grant NSG 5044 and describes the work
carried out in computing the scattering and absorption of electromagnetic radiation
by columnar sheath ice crystals. In this first section we begin by citing some of
the important geophysical problems which require such data, and note some of the
consequences of the lack of sufficiently accurate values for the scattering and
absorption properties of single ice crystals. Affer surveying the work done in
recent years to remedy this deficiency, we then summarise our own contributions
to the subject. The detailed results are given inthe remaining sections of the
report.

The reflection, transmission and absorption of visible and infrared radiation
by clouds and by polluted atmospheres is of considerable imporiance in many nrac-
tical areas. Cirrus clouds are composed of ice crystals. They are found over the
entire globe and their infrared and optical scatiering properties have a profound
effect on the atmospheric heat balanée. " The clouds g:atter and absorb the primarily
infrared radiation resulting from the earth and the lower regions of the atmosphere as
well as the mainly shorter wavelength solar radiation incident from above. The differ-
ence then plays a major part in the atmospheric heat balance which governs the glchal
location of energy sources and sinks and, hence, the atmospheric circulition patterns
(Cox, 1971; AFWG, 1972). Similarly, but on 2 much smaller sedle, the eirrus clouds
created artificially by jet contrails have been observed to markedly affect local o
weather (Appleman, 1968; Reinking, 1968); and a knowledge of the scattering by
clouds is also needed in using satellite measurements of the IR emission of water
vapor to estimate the relative humidity of regions above the clouds. Finally, we
remark that the use of LIDAR as an atmospheric probling tool depends on the dii-
ference io the reradiation of the aerosols and the much smaller background mole-

cules (Grams, 19753).
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Techniques for caleulating the transfer of electromagnetiz radiation through
clouds of particles have been summarized by Plass et al. {1973), and one of their
most basic ingredients is a knowledge of the scattering and absorption properties
of the individual particles. This may involve either single seattering or multiple
scattering in the case of optically thick elouds, Since each scattering event can
affect the polarisation by producing an electric field haviﬁg a component orthogonal

to the incident vector as well as parallel to it, and this field is in turn incident on

- another particle, an accurate treatment of the transfer problem will involve the com-

plete scattering and absorption matrices for a single particle.

In an atmospheric cloud, the particles are either water droplets or
ice erystals, The water drops are close to spherieal and it is not unreasonable to
model them as spheres. This enables Mie theory to be applied and the results
obtained are reasonably accurate. Ice crystals, however, are another story. The
shapes, sizes, conecentrations and fall patterns which have heen observed in clouds
have been discussed by Mossop and Ono, 1869; Ono, 1969; Aufm Kampe and
Weickman, 1857; and Heymsfield and Knollenberg, 1972. Both plate erystals, i.e.
cylinders of length much less than their diameter, and columnar erystals, i.e.
long thin cylinders, hollow as well as solid, are commonly found, and for shapes
as varied as this, a spherr cannot provide an accurate simulation of the scatiering
behavior. WNevertheless, for lack of a more accurate method for calculating the
scattering properties, the Mie theory has been widely uséd even for ice erystals,
thereby introducing unlmown and possibly large errors in the values for the radia-
tion transfer, which are the end products of extensive and expensive computations
{Kattewar and Plass, 1972),

The importance of using the proper scattering matrix when the particles are
irregular is clear from the data presented by Holland and Gagné (1970), They mea-
sured the elements of the scattering matrix for clouds of irregularly shaped, random-
ly oriented silicon flakes. The results were quite different from the matrix elements
predicted by Mie theory, particularly for back and forward scatter, and the depolari-

zation was also poorly predicted by the theory.




The last few years have seen several attempis to calculate the scattering
of more realistically-shaped crystals, and it is appropriate to mention here the work
of Jacobowitz (1971) and Liou (1972 a and b; 1973) which has been directed at the
seattering properties of columnar ice crystals. Jacobowitz's data were obtained for
infinitely long crystals hexagonal in cross section using ray tracing. All end effects
were necessarily omitted, including the 45° deviation of the rays passing through the
end faces which contributes to the large halo observed about ice clouds (see Miﬁnaert,
1954, section 104}, The method also excludes all diffraction effects produced, for
exampie, by the six longitudinal edges of the cylinder, as well as polarization effects,
and the caleulations were limited to cylinders not less than 40u in diameter (for a
wavelength of 0,55 u) with the apparent cbjective of assuring the reasonable validity of
geometrical optics. Finally, no a2ccount was taken of internal absorption by the ice
in spite of the fact that the appreciable imaginary part of the refractive index at some
infrared wavelengths suggests that absorption may not be negligible.

Liou's analyses are based on the _assumption that the ice crystal can be model-
led by an infinitely long, homogeneous dielectrie cylinder of gircular cros< section.
For this simplified geometry there is 2 mathematically exact expression for the
geattered field in the form of a series of Bessel and Hankel functions analegous fo
the Mie series for a sphere. It is therefore possible to compute the scattering matrix
precisely, with all polarization information present, and with internal absorption
taken into account, Nevertheless, end effecis are omitted by virtue of the modei
chosen, and the assumption of a circular cylinder necessarily suppresses those
features of the scattering which are peculiar to the hexagonal eross section of an
actual ice crystal.

The retention ofthe hexagonal geometry is one of the key features of the work
carried out under the present Grant, Based on an integral equa’ion approuch, a
numerical technique has been developed to compute the scattering patterns, and the
seattering and absorption spectra for eylindrical dielectric shells of arbitrary cross
sectional shape when illuminated by a plane wave of either principal polarizatien.

The dielectric can be lossy, and by applying the method to infinitely long cylinders



hexagonal in cross section, scattering and absorption data have been generated appli-
cable to hollow columngr {sheath) ice crystals in the infrared.

The method originated from a study of the scatiering properties of resistive
sheets and membranes (Knott and Senior, 1974) in which the non-zerc thickness
sheets were simulated by infinitesimally thin sheets of appropriate electromagnetic
properties. Accordingly, a bexagonal shell cylinder whose actual walls are composed
of a material of (complex) dielectric constant n, having thickness 7{smallr.ompared
to the free space wavelength A), is replaced by a hexagonal membrane having a com-

Y

plex relative resistivity
i

R .
2
Z (n -1)2%T

ohms per square. It is then possible to derive an integral equation for the current
which an incident plane wave of either principal polarizatior induces in the membrane,
andthe integral equation is guite amenable to solution by digital techniques. The
formulation of the equation and its subsequent solution constitute a significant con-
tribution to the theory and application of integral equation methods to electromag-
netic scattering and absorption problems. The mathematical details are given in the
Appendix along with a listing of the computer programs employed in generating the
data in this Report. For the most part the formulas are applicable for arbitrary
angles of incidence, but the numerical results presented here are for broadside
ineidence only. The problem is then two-dimensional, and we now turn to a presen-

tation and discussion of the data obtained.



2. Numerical Resulis

Our numerical results are given in the form of cross sections which are
defined as follows, For a power density S incident on the cylinder, the bistatic

scattering cross section is
ol8) = 271fS

where i is the power scaitered per unit length of the eylinder per unit angle about
the dirsetion 8 and measured in the far field of the cylinder. The angle 6 is defined
so that 8 = § is in the backsecattering direction and 6 = % is in the forward. The

total or integrated) scattering cross section is then

27
o = i—S o(0)d9
T 27 )
0

The absorbed power is measured by the absorption cross section

1
O, =3 (power absorbed)

and the extinection cross section is the sum

= g, +
Gext G'T O'A .

Formulas relating these two dimensional cross sections to the currents which are
computed are given in the Appendix, eqs. (37) through (41,.

The computations were carried out using the refractive indices n = o + iui

for ice in the infrared wavelength range given by Irvine and Pollack (1968; hereafter
veferred to as IP) and Schaaf and Williams (1973; referred to as SW). Their data
are plotted in Figs. 1 and 2 and show significant discrepancies in certain wave-
length ranges. To obtain some idea of how sensitive the scattering is to the partic-
ular refractive index chosen, computations have been made at two wavelengths using
the values from each reference.

For a given wavelength and perimeter of the hexagonal sheath, the

secattering has been computed for the incident plane wave polarized with its electrie

-
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vector parallel to the axis of the eylinder {E polarization) and also with its magnetic
vector parallel to the axis (H polarization). The directions of ineidence and observa-
tion are always in a plane perpendicular to the axis, but for each polarization we have

considered two directions of incidence corresponding to 'edge-on' and 'face-on' as

X

regards the hexagon, viz.

-

edge-on face-on

Most of the caleulations have been for a hexagoenal eylinder 3 um on a side
with a wall thickness 7= 0.1 um. Only these data are presented here though we have
carried out some exploratory calculations for other parameter values. Table 1 lists
the wavelength, the corresponding refractive index and its source, the appropriate
resistivity value and the Figure numbers where the computer-generated plot of the
bistatic scattering versus @ can be found. Each of these Figures shows the data for
edge-on and face-on incidence on the left and right respectively, with the intensity on
top and the phase below. The phase is that of a scattered field component at a large
(constant) distance from the axis of the cylinder and is shown relative to that of a
line source on the axis. The intensity plotted is actually the dimensionless quantity
o{8)/X in dB. This particular normalization is convenient for computation and pre-
sentation purposes, but since o{8) is a very complicated function of A {through, for
example, the refractive index), it must be borne in mind that o{B6)/x is not a wave-
length—igdependent quantity.

Speatral information is presented in Figs. 31 through 35 where o{0), of7w),

1)

A are plotted{in dB um) versus . Note that the explicit factor A

o*T, and Gext

has been removed, so tha’ !.2re the 'normalization' is relative to a micron (um).

2.1 Anpgular Data
The curves in Figs. 3 through 30 are self explanatory. They clearly show

&



Table 1: Computed Data for Hexagonal (Shell) Cylinder
3 um on side, 0.1 um thick

e Y 2

AMupm)  Pol. n Ref. R/Z, Fig. No,
0.76 B 1.307 P i1,70784 3
H 4
1.61 E 1,293 + 0, 000365 1P 0.00536 + i3.81395 5
H 6
2.0 E 1.291 + i0.00161 iP 0.02977 + i4.7T7438
H
2.25 E 1.254 + i0.001 SW 0.02740 + i6,25466 7
H 8
E 1.278 + i0.000213 1P 0.00486 + i5.65462
H
2.6 E 1.206 + i0.00080 IP 0.03876 + i9.10650 9
H L 10
2.8 E 1.152 + 0.0123 1P 13.5260 + i1.17250 11
H 12
3.0 E 1.130 + i0.2273 IP 7.79740 + i3.41910 13
q 14
E 1.045 + 10,429 SW 5.26973 - i0,54082 15
H 16
3.1 E 1.280 + i0.3252 IP 4.20510 + i2.69040 e
H ' 18
3.3 E 1,530 + 10,0625 iP 0.55000 + i3.84930 19
H 20
3.5 E 1,422 + i0.0163 IP 0.24680 + i5,44060 21
H 22
8.0 E 1,312 + i0.045 SW 9.82939 + i17.23610 23
H 24
9.0 E 1.269 + i0.043 SW 4.09006 + 122, 80586 25
H 28
11.0 E 1.093 + 0,242 SW  31.03981 + i7.98514 97
H 28
12,5 E 1.387 + 10,422 SW  12.08921 + i7.70071 29
H

30
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how the number of maxima and minima in 0 € @ £ 7 increases with decreasing A,

and at wavelengths which are much longer than the side length of the hexagon, i.e.

A 2 8 um, the cross section has almost no angular structure. Changing the incidence
from edge-on to face on has most effect in the directions closest to backscattering,
and we also note the substantial differences between the results for E and H polari-
zations. .

. 2.2 Spectral Data

7 A and T 28 shown as

functions of A in the infrared range in Figs. 31 through 35. Each Figure has two

The particular cross sections o(0), o{x), o

parts, covering the ranges 0,76 to 3.5 um and 8 to 12.5 um. Separate curves have
been included wherever the results for edge-on and face-on incidence are clearly
distinguishable. For the most part this is only with the backscattering cross sec-
tion or for A g 1.5 um, and in other cases the differences are confined to the imme-
diate vicinity of local maxima or minima in the data,

In the shorter wavelength range most of the data were computed using the
IP values for the refractive index. This range covers the main absorption band
centered on A = 3 um and a secondary one at A = 2 um as seen in the IP data
plotted in Fig. 2. The wavelengths close to these show the main discrepancies
between the IP and 8W data, and at A = 2,25 and 3 pm we therefore ran compu-
tations using both sets. The different refractive indices at A = 2,25 um do indeed
produce substantial differences in the cross sections, and because of this sensiti-
vity, we have not extended our detailed computations through the third absorption
band centered at A =<¢1.25 um in the IP data. For A < 1.61 um the scattering
has been computed only at the single wavelength A = 0.76 um of interest for a
particular application. Since theIPdataare given only for A > 0.95 um, the neces-
sary refractive index was obtained by extrapolation.

. The SW data for the refractive indexwere used in the longer wavelengti: range

8.0 A 12,5 um,

The geometrical effects are particvlarly pronounced for 0.76 < A < 3.5 pym.

This is not surprising since the dimensions of the cylinder are then comparable to

o e a2 R e <t Tkt
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the wavelength, or are low multiples thereof, and this is the region where resonance
effects and other interactions between the various contributors to the scatiering are
most important. As an example, while o A has a strong local maximum near the
maximum in o, at % = 3.075 pm, the shape and overall width of the maximum in
Oy is apparently affected by the side length of the hexagon being close to this wave-
length. of0) and o{w) both show a corresponding drop in this absorption region.

The behavior is quite different neaxr the secondary maximum in n, at A = 2 um.

For H-polarization but not for E, ¢ A is large as expected, while o{0) and o{7) have
loeal maxima for A just above 2 um with both polarizations.

Further evidence for the way in which a geometrical effect can dominate a
material absorption effect can be found by comparing the absorption cross sections
at 2.25 um computed from the IP and SW data. At this wavelength the SW value for
Ei is roughly five times the IP value, with nr almost equal in both listings, but the
SW value produced an absorption cross section which is about eleven times less
than that given by the IP value for the refractive index.

Tt ig therefore obyvious that any predictions of absorption and scattering
based only on the properties of the material of which the scatterer is composed mav

be considerably in error.




3. Conclusions and Suggestions for Future Work

In this Report we have derived the theoretical basis for determining the scat-
tering and absorption of electromagnetic radiation by thin-walled cylinders of infinite
length and arbitrary cross sectional shape. Numerical procedures have been developed
and have been used to cbtain data for hexagonal cylinders which moadel sheath erystals
of the type found in cirrus clouds. The procedures are economical for cylinders
whose cross sections are not moxre than about 15 Wavelehg;ths in perimeter, with the
- gost decreasing rapidly with decreasing size, .

For wavelengths comparable to or less than the face length of the hexagon,
the results {particularly for the back scattering) are quite sensitive to the polariza-
tion and direction of the incident plane wave, i.e. on whether the field is incident
edge-on or face-on as shown on p.6. At any given wavelength, the resulis ean also
be very sensitive to the refractive index employed Geometric effects can so influence
the absorptior that it is not at all safe to assume that the absorption versus wavelength
curve will follow that of the imaginary part of the refractive index.

The time available for the present study did not permit an adequate investiga-
tion of the effect of wall thickness, nor allow us to do a detailed comparison of the
results with those of the Mie-type series for hollow cylinders ecircular in cross sec-
tion. Although our data for the bistatic scattering cross section versus angle are
somewhat similar to those previously published (Liou, 1972a) for solid circular
oylinders at near broadside incidence, data showing the precise role played by the
geometry should have a high priority in any future continuation of the study. With only
minor modifications our computer programs can also handle irregular additions to the
hexagonal surface, thereby simulating rimed erystals, and allowing us to compute the
effects of riming., Since the theory for non-hroadside incidence has been derived, we
would also like to develop the computer programs necessary to obiain numerica’ data
in this more general case, and once these types of data are in hand, it would be pos-
sible and desirable to examine the forms of averaging that could simplify the practical

applicability of the da‘a without losing its essential properties,

i0
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Fig. 1: Data for the {reduced) real part of the refractive index of ice:
— (Irvine and Pollack,1968), » & « (Schaaf and Williams, 1973).
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Fig. 2: Data for the imaginary part of the refractive index of ice:

— (Irvine and Pollack, 1968), - + . (Schaaf and Williams,
1973).
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Appendix: Scattering by a Cylindrical Resistive Shell

A-1 Formulation

The shell erystal is simulated by 2 hexagonal cylindrical shell of uniform
thickness and constitution, which is in turn treated as an infinitesimally thin, elec-
trically resistive membrane.

The concept of such a2 membrane arises naturally from a consideration of 2
thin sheet of highly conducting material whose permeability u is that of {ree space.
If o is the conductivity and 7 is the thickness, we can define a surface resistivily

R as

S S SR |
R_UT—me-}:T (1)

where X, is the electiric susceptibility, €, is the permittivity of free space and 2
time factor e—jwt has been asswmed; and as 7 —>0 we can imagine ¢ to be increased
in such a manper that R is finite and ron-zero in the limit, The result isan idealized
{infinitesimally thin) electrically resistive sheet whose electromagnertic properties
are specified by the single quantity R. In terms of the {complex) refractive index n

of the layer material

.-J
™~
-~
I
-

where k and 7 are the propagation constant and intrinsic impedance of free space,
respectively. .
Mathematically at least, the membrane is simply an electric current sheet
whose strength is related to the tangential electric field via the resistivity R ohms/ mz,
which may be a function of position. Since u = Hos there is no magnetic current

present angd

8 (B -E)=0 (@
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where the affices + refer to the positive (upper or outer}) and negative (lower or
inner) sides of the sheet and f! is the outward normal to the positive side. If J is

the total current

8, -H) =4 @
and from the definition of the surfzce resistivity

A a T

n,\(nﬂ_@_ ) = -PL__'I . (5)

The tangential components of the electric field are therefore continuous across the
sheet, whereas the tangential components of the magnetic field have a jump discon-
tinuity J directly related to the electric field via the resistivity R. With R speci-
fied, the conditions (3) - (5) define a transition problem for the electromagnetic
field and were first used by Levi-Civitd (see Bateman, 1815} in studies of charges

and currents close to a conducting sheet,

A-2  Beattering by a Resgistive Membrane

It is convenient to start by considering a general resistive membrane in
three space dimensiens illuminated by an arbitrary eleciromagnetic field. We treat
first an open sheet for which a representation of the scattered field was obtained
by Knott and Senior (1974) and then examine the case of a closed resistive shell.

K 8 is an open electrically resistive sheet and we surround it by a

closed surface S., the scailered field at any point r outside S. can be writien as

1’ 1

E%(r) = VAVax + K21

= | (6)

H5(z) = Va VAL - KTVp 2
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where Y = Z = and 7 and = are the electric and magnetic Hertz vectors defined

as
#=(x) = i_kZ: %gnhﬂgds‘
s (7
i
i
0| 6
5
and
eikd
g= E{EIE') = 4rd (@)

with d = I r- 5'[ is the free space Green function. On eollapsing S1 to the two sides

of 8, the expression for w(r) reduces to

xx) = % S gﬁ,\(_f_if"-g_)gds'
g

ie., an =2 %S Iz gds' (%)

where the integration is now a one-sided integration along 5. Since
)

1 A{;E_+-§_) = 0, we have similarly
=0, (10)

and eqs. (9) and(10)are precisely those which would have been obtained by starting

with the concert of an electric current sheet. Hence

E(r) = EXZ)+V)Vaz
(i1)

Hr) = BD) - k¥V 1

where _E_i, _}f are the incident fieid vectors.
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I r is not on S, the derivative operations can ba applied directly to the

integrand of {9) giving

E(r) = _F:i(z)+ mz%& {cz(s')w —% [_4(5') -Vf! v g} ds' (12)
K

S

Hr) =§i(_1;)+ g_{(z') AVigas' . (13)
S

In the particuiar ¢ase when the incident field and the surface S are both independent
of & Cartesian coordinate z, eg.(12)was the starting point for the analysis of resis-
tive sheets by Knoit and Senior {1974). Integral equations for the {angential components
of § were developed by taking the limit r—>S, ard similar results can be obtained
even in three dimensions.

On tbe other hand, a somewhat different expression for the electric field
is also possible. By applying standard vector identities to the second term in the
integrand of(12), we have (Senlor, 1975)

E{r) =:E_i(3)+ikz %S {g(g')g--% {v! -g)V'g}dS'
k 8

-% V'g_v_l_g’)'ﬁ',\_di (14)

L
where V;, is the surface divergence operator and the line integral is in the positive
direction around the edge L of S. For a perfectly conduscting surface the line integral
vanishes by virtue of the edge condition, The electric rield expression (14) is then

identical to that given by Poggio and Miller (1873) for a closed surface S, and since

‘T oo sl - Ay ’+_ -
v g = iK¥p fe, = ikYH-(E -E) , (15)
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it is also identical to that produced by application of the appropriate Stratton-Chu
formula (Stration, 1941) to the closed surface consisting of the two sides of 5. For
2 ponmetallic surface, however, the line integral is in general nonzero. The
Stratton-Chu formulas ave no longer valid and to avoid the oceurrence of a line
integral it is necessary to use the representation (12).

If S is a closed resistive shell, the Stratton-Chu formulas can be used fo

give the following expressions for the total field at a point r outside S:

E(x) = Elm+ SS {ikz(fi'n Hig+ (8’ E)Vig+ (A EW g} ds (16)
S .
Hr) = o)+ SS {-ikY(ﬁ' AE g+, B ") aVig+(fr - _rf)v'g} ds’ (17
S

where the unit veetor normal is directed into the space containing r. In contrast to
(12) and (13), the surface integrals now involve the fields on one side of 8§ alone,
vather than their jump discontinuities across S. We recall, however, tkat(16} and
{17) are obtained by application of the vector Green's theorem to the volume exterior
to S containing the observation point. If, instead, we apply the theorem to the vol-
ume interior to 8 with the observation point still outside S, g will be regular through-~

out the entire volume of integration, implying

Q= %S {ﬂcz(ﬁ' AH g+ (B, ED) A Vig + (- E_-)V'g}dS' (18)
) .
gl
0= 38 {—m’(ﬁ‘,\ Elg+ @, H),Vg+ _Ig‘)vrg} ds' . . (19)
g

By choosing r the same as in egs. (16) and (17), subtraction of (18) from (1§) gives

=g+ S& (2@ , [a]lg + (B (2D 47 + (- [£] e} s
(]

where [E] = E -E and [§] =H -H . Similarly



(Cr
H(r) EE""M Ik&(n'n[_])"*'(n' [__l)f\\'/'g*'(n‘ LH_])V'g}dS'
1]

and when the boundary conditions(3), (4) and the relation (13) are used, we have

E(r) = i+ ikzgg {g(;’)g - —%{vrs -_J_)Vg} dst (20)
K
H() = Ei(s) +S g Hx')\V'gds' . (21)
S

The above results could also have been obtained using a Hertz vector repre-
sentation of the scattered field, and are identical to those for an open resistive sheet
when the line integral contribution to the electric field is ignored. More to the point,
when the steps leading from {12) to (14) are reversed and applied to (20}, eq. (12)
for an open sheet is recovered, thereby validating this integral representation for
both oper and closed resistive sheets.

For a closed shell either (12) or (20) can be used to generate an integral
equation for J, but the two equations are significantly different. On selecting the
tangential components of (20) and then allowing the observation pointto lie on either

side of S, we have

— i : £i & ¢ 1 '
B,E(x) =8 E( + KZ _;ns Sg{nﬁg@ e -;2 (v_- _,zmv.g}ds: (22)
and since

G = (A-2)Vg+ Vg,

the more singular term in the integrand contains only tangential derivations of the
kernel at the self point r' = r. It follows that the integral in{22) is continuous as
r approaches S, allowing us to apply the limit directly to the integrand, and impo-

sition of the boundary condition (5) then gives
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Er) = Rf, J(r) - 1sz 5, J(r'g ——(\7" I)8,Vghds' (23)
S

for r on 8. This is a valid integral equation whose only disadvantage is the occur-

rence of surface derivatives of d.
This difficulty can be overcome if we use the integral representation (12).

On paralleling the steps leading from (20 tc (22}, we have

A - A gl e i ' +-~1— nN-vf '} ! Tad
OyE(r) = 5, E(x) + lkzg—bs SS{ﬁAg(z )g kz[_q(g) V]V g}ds 24}
8

and because of the higher order, non-integrable singularity of the integrand at the
self point, it is no longer possible to apply the limit directly to the integrand. Since
the contribution of the 'self cell' tends to infinity as the cell size tends to zero, even
the limit shown in (24) does not exist, and though (24) differs from (22) only through
an integration by parts applied to the second term in the integrand, it does mt con-
stitute an analytically valid integral equation. Nevertheless, it can be used as the
basis of 2 numerical solution provided the segmentation of the integral which is
inherent in such a2 method is performed prior to the limiting operation, with the
segment size remaining non-zero. The resulting equation is in some respects

preferable to (22} and has been found more convenient for our present purposes.

A-3  Scattering by a Cylindrical Resistive Shell

We now turn to the problem of a closed cylindrical shell illuminated by a
plane wave at oblique incidence, and consider the form which the above integral
eguations take in this particular case.

Since the shell is independent of the z coordinate, the entire dependence on

z is that produced by the incident field. If, therefore,

_E_li(r) = Ei(_e) exp(ikzz), _gi(g) = gi(g) exp(ikzz) (25)
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" where r = ot 22, the total fields ¢dmit the same decomposition and, in particular,

Jr) = dls) exp(ik z) (28)

where s is the ecircumferential distance around the shell in the plane z = 0. Thus

SS dixgds' = % exp(ikzz) g(s')Hél){x.d)ds'
; C
whare (now)
d=p-p’
and (27)

kK = Vk --kz

The remaining integration is with respect to the circumiferential distance s around
the {closed) perimeter of the shell in the plane z = 0. Also

1 = —a— H 3 1
Va -d exp(ikzz*) {as' Ja(s )+1.szz(a )}

and since

%5 fp" exp(ikzz')V’g ds' = % exp(ikzz) f(a')(vg'- 1kz£) Hf)l)(xd) ds!
C

where V’t is the two~dimensional (transverse) del operator in the plane z = 0,

eq. {23) becomes

B Ei(s) = R, Js) + kZ a J(s’)H(I)(k:d) --L E{-B? + ik J (s'):l
A= A 4 TA = 0 2| as! Z 2
C 1Y
(V) - 1kz£)Hél)(xd)} ds! (28;
The £ component is simply
i K2 kz aJs (1)
YE_Z(B’ “YRJz(S’*Z_,E Jz(s')+i-2--— HO (d) ds' . (29)
: Jo £ os!
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whie!: is « coupled integral equation involving the longitudinal and circumiferential
components of the current, Likewise, from the % component of (28) we obtain the

second coupled equation

YEZ(S) = YRJB(S) +§ {J (8')8 - s')H(l)(

c

.K a3 - 0

—2[——,\ Ttk 5 (s0](8.dE, kd)past . (s0)
K (341 i 1

and though it is not in general possible to decouple (28) and (30), we can eliminate

J’z from the integral portion of (30), Differentiating (29) with respect to s, we

have
neA (1) r - kY 3
3 (88 - D, ks = {RJ (s)-E (s)}
JC
k 83
z S (2 A1)
-1=2 \ 5 6-9E) (kdde'

k Je

and when this is substituted into (30), the integrai equation becomes

k 5 i‘ k_’ 3
{E (s)-1—5 2 Y EZ(E)} LRJS(S)—IE ™ BJZ(B)}

od ‘
+E R {J (s")(5 - srm“’(m)-l—-— d)H“’M)} ds' . (31)

4 ag’
Jo
which now involves J 2 only as a pseudo excitation term.

Formally at least, the corresponding equations resulting from (24) can be

obtained from (20) and (30) by integrating by parts the terms involving 9J / os'.

Equation (29) is then replaced by




YEXs) = YRS )+ J_(8")H, 1)( d) ’EJ( ')("'-aH(”( d} dst (32)
zs— 8 {s :c-lxsss)l.tc)
and (30) by
vE s - YR (s) +5 5 JS(S‘)('S‘-é‘)Hg)(Kd)ds'
C
K fim ,_3__{:\_*‘ (1} } t
+4k‘_9—-=.>0 5 I8Nz [(S-DH, “ka) ¢ ds (33)
C
Kk
-1 —;ﬁf S Jz(s')(é-a)H(ll)(Kd)ds'.

C

The latter is meaningful only if the second integral on the right hand side is handled
in the manner deseribed earlier. With this proviso, however, (32) and (33) are
adequate for a numerical determination of the currents and we can, of course, elimi-

nate Jz(s') from the integral portion of (33) if we so desire.

The case considered now is that in which the plane wave is incident in a

plane perpendicular to the z axis of the cylindrical shell. Th-n kz = 0 imnlying

& = k, and (32) and (33) reduce to

YEf(s) = YRJ {s) r S J (s')Hm(kd‘ds , {34)
= Z 4 2z
c
YE(s) = YRI (s) + = S J (s')cé.éf)a‘”(kd)ds
s s 4 ]
c
(35)
5
+é9_1ﬁ3 3 (s) t(s 3)H(U(kd)} ds' ,

c
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Fig. A-1. Geometry.
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which are two uncoupled integral equations for the longitudinal and transverse current

components Jz(s) and JS(S) respectively.

If the incident field is E ~ polarized, i.e.

i Ae~ik(x cos@

g = 2 +ysm50)

0
where 60 is the angle of incidence with respect to the negative x axis {see Fig. A-1),
only the comporent Jz(s) is excited and we shall refer to (34) as the E - polarized

equation, Orne Jz(s) has been found, the scattered electric ficld in the far zone is

5§ _a _2_ i(k.O-?T/‘H
E =12 erp e PE(G,GO)

where the complex scattering amplitude PE is given by

_ k2 . ~ikB . p (38)
PE(G,SU) =-3 S\ Jz(s)e ds’
C
with B = %cos@ + $sinf

and in terms of P, the two dimensional scattering cross section is
4 2
ol8,6,) =+ IP(B,GO) |° (37)

If, on the other hand, the incident field is H-~ polarized, i.e.
L £e~1k(xcose + ysmeo)

0
the only component excited iz J S( s) and this can be obtained from the H - polarized

equation (35). Inthe far zone
_aAal2 i(kp - w/4)
i° z‘/—-—ﬂkp e P,(6,8,)

(38)
D S AP ~ikp-p'
where PH(B,GO) = -7 S p n'JS(s')e ds',

C

from which the H- polarized cross section can be found using (37).
Two quantities of particular interest are the total (integrated) scattering and

the absorption cross sections O and ¢ A respectively., The former is given by
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2T
1
UT(BO) =o G(B,GO)dE) {39)

t

and from the forward scattering theorem the absorption cross section is
4

O'A(GD) = - UT(BO) -1 Re. }?(t‘fiO + W,SO)_ (40)

We remark that for a finite shell of length £ (>>\) each three dimensionzal cross
section 0(3) for incidence in a plane perpendicular to the length and computed on the
assumption that the surface field is the same as for the infinite shell is related
to the corresponding two dimensional cross seetion by

(@ _ 28

=0 (41)

where A is the free space wavelength.

A-4  Computer Programs

The integral equations {34) and (35) are special cases of those solved by
computer program RAMVS (Liepa et al., 1974), and because of the availahility
of this general program we chose to concentrate on these equations rather than
the ones involving the derivatives of the currents. While seeking to refine RAMVSE
and to make it more efficient for a polygonal shell, we hecame awarea of certain
errors and/or deficiencies in the program which are most apparent when the
resistivity is small. These had pot shown up in the testing and verification done
earlier, and it proved quite time consuming to locate the errors and rectify them.
We believe this has now been done. In addition, the program has been extended
to compute the normalized two dimensional cross sections and to plot the normalized
bisiatic scattering cross section, where the normalization is with respect to the
free space wavelength to make the quantities dimensionless, The two programs
that resulted are designated RICE and RICH and are based on eqs. (34} and (35}

for E- and H- poiarization respectively.
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Both equations are solved by breaking up the integrals into N equal segments or
cells within each of which the current is assumed constant, but because the kernels
are infinite when the integration and observation points coincide, the self cells
must be treated analytically. This is a rather trivial matter in the case of eq. (34)
whose kernel has an integrable singularity, From the small argument expansion of the

the Hankel funection we have

kd _ 21
H( {kd)""[l-i— .En"—+ )}(1 ( ) }
. w(kd)
wherve v = 0.577215,.. is Euler's constant, and hence, for the self cell A of width

26,

Y
S‘ JZ(S)HO

A

(kd)ds' =2 287 (s) [ 14— En ?Xé-ﬁ- 0.028798. . )}

Equation (34) now becomes

YE (s) = [vr+ 28 [ + 2 2+ 0028708, )}] 3 ()
(42}

(1)

+ T g J (s"H_ (kd)ds'
oY 2 0
C-A

and this is the equation used in program RICE.

The same reasoning applied to the first integral in (35) gives

S 7 (s@- g0

A

26

(k) ds' =2 257 (s) [1+2 (m
s 7 A

+0.028798. . )} ,

but the second integral is more difficult to treat. When the self cell is excluded
from the range of integration, the limiting operation can be applied to the integrand

directly, and since JS(s') is assumed constant over each cell,

B1



dim g J(s‘)-—(( d)H(l)(kd)}

(1), 17 7P
P 15 [(s s, e |
C-A

(_..._ ._6
) p'=p;
i

‘Mz

Crmidn Lt
b O [

where the subscripts j and i denote the integration and observation points respec-

fively. To evaluate the self cell contribution we first use the fact that

s feormal - cfanacy - @ o} d w

(

- k(hr- Q) (A DA 1)(kd)

with the prime attached to the Hankel function dencting differentiation to express the

contribution as

J(s)_l;%l

A A~ A F .y 4 N '
where i=k S {(n"&)(ﬁ-d) - (s'-d)(s-d)} H(ll) (kd)ds'.
A
For a locally plane element with the observation point a small distance y above

its midpoint,

$

2 2
I = %k S XﬁHgl)(k 2 1 a
o ¥ Tt

and on inserting the small argument expansion of the Hankel funetion, we have

5
2 2
45 1 ~t 2, rk /2 2] y
~r 210 + = £ = ,
1SR oo S X—~2w2 {l+ﬂ(ﬂn[2/y w7 Jeyeg) toar
y OYT"

+9
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Hence 5

S N A U Y
y%OIﬁkékgl [ Gryeg) o

0

4 21/, 28
= e 1 4 — — 0. .
e R (En 29 1 0.528798 )}

the first term of which becomes infinite as the cell size tends to zere. Equation (35)

now has the form

2 X A

YE;(S) = [YIH—
T

i A Th 2i 25 )
5 {1 W(ﬂn 0.028788,... 0_5}]Js(s)

(1)

+—;1- 5 J (s EE s')H
c-A

(kd)ds' (43)

N
p'=p, Té
Z 3 (ﬁ d)H(l)(kd)]

rbll—'

'=g9 -§
p PJ

"H-H

]
i

whose solution is computed by program RICH.

Of the two programs it is evident that RICH is the more complicated, and
to obtain a feeling for the rapidity of convergence as a function of the cell size,
the pr'ogram was run for edge-on incidence ona hexagonal shell 3u on the side at a

wavelength 2, 6. The normalised resistivity employed was
YR = 0.03876 + i9, 10650

corresponding to a shell 0.1y thick and the refractive index
n = 1.2086 + i0, 00080

for ice at 2.6u quoted by Irvine and Pollack (1968). The resulis of decreasing the
total number N of cells from 72 down to 24 are listed in Table A-1, and we observe

that the total scattering and absorption cross sections are relatively insensitive to
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TABLE A-1: Effect of Cell Size
N ‘:;.‘isleiegtrh til(l;::s)ed ol B(Oc;g% YA joln i(- dag ,)90}/1 o;r(ﬂo I 0, ( % 72
72 10.4 10,911 -44,83 -6, 45 0, 02229 0, 00158
60 8.7 6. 645 -44,70 g,45 0. 02230 (1. 00157
43 6.3 3,768 ~44.48 ~G, 45 0. 02233 0. 00158
36 5.2 1.948 ~44, 04 -6, 46 0. 02241 0. 00153
30 4,3 1,332 -43. 63 -G, 46 0. 02250 0. 00151
24 3.8 0. 895 -42,91 ~8, 46 0.02272 0.00149




N, as is the forward scattering eross section, but the backscattering changeé'

- noticeablyon d_ecrgasing the sampling rate below (about) 8 cells per wavelength.
In running the program we have therefore used 9 or more cells per waveleﬁﬁ‘th
whenever possmle conmstent with the Iaximum of N= lOD a]lowed by the matrix
inversmn routine used. ' L

- Listings of the two programs follow.

s el e desiesfesle slesfede oo gt e e e el e e seste et cfesle e ek e sate Stk oot e deseale s sle s sty e et e sl st el s sbonke stk R e o
C INPUT FheMAT FOR PRAOGRAM RICE SEPT, 1975 L.
(e sieste st e aals fesie sea e sle e de e s el sl e e s st sk o kel skl stesle e e aieatr decle desie el e danie ol oty st sleale et e s e e 2
C CArRD 1 FﬂRMAT {1RA&) TITLE CARD: USE UP TN 72 CﬂLUM“S G
c. - ' C
€ CARD 2 FORMAT (I?.I3q5F10.51 MﬂRF¢KﬂDF ZFAF,HAVF FIRST LAST,INS C
W MORF=0 THIS WILL PF THF LAST RUM FAR THIS DATA SFT C
C MORE=1 THERF ARF MNRE DATA TN RF RFAN AFTFR THIS SET C
c KNRFE=0 CNMPUTES RISTATIC SCATTFRIMG PATTFEN o
c Knnk=1 COMPIITES RACKSCATTFRIMG PATTERN "
G ZFAC & CAMPLFEX FACTNAR MULTIPLYINMG ﬁfL FLFM"MT C
c WMAVE WAVFLENGTH : r
C FIRST TMTITTIAL SCATTFRING ANMD TMCIDFEMCE ANGLF G
C LAST FTIMAL ANGLF G
¢ INK AMGII_ AR TMCRFMENT G
c : : C
C CARD 3 FOARMAT (128X, TF10.5) M7 X2,YAXR,YR,ANG c
c M : NUMRER 0OF SAMPLIMG PORIMTS MM THIS SEGMEMT C
¢ z MAORMALTIZIFEN TMOFEDANCE NF THF SEGMENT C
C XA YA, XB YR SFGMENT FMODNIMTS C
c ANG ANGLE SUATEMDEDN RY THE SEGMFMT G
C ' ZERO IN CDL 2 SHUTS NFF C
C READING NF SERHFMTS c
G ' . : C
L CARD & FORMAT (I12,13.F10.5) nnRF KNDE,7ZFAC,FIRST +LAST, INK £
C ' THIS CARD TS lISER NNLY IF, C
C _ NN CARND 2, MNRF=]1 R 4
G gesks e et A e e sl s sk shse et s e et oo festete et e st ﬂ*:«+L**“i##¢$***##*#$*#**:*#*£#£C
C : ' R
c I SPFCIFICATINNS: C
C . BiINPUT.DATA: A:MUTPUT(PRIMTER): T7:OUTPUT(GRAPHICS) "
Feslese e Rk nde shesle e Hesle e gt sleole sk e s e e s shesin s de e sl sk ate e e sl sfeode shesinsies oot se ok i s ateske s et ste s e e st sle s e o =




CﬂMPLFXvR A(100.101),PH1(1001 pImean),zqtlo)
CCOMPLFX%R DFL.SUM,ZFAC :
REAL%4 LAST.IMK '
REAL®4L X(200) Y(zooy.xm(zno),vmigon) S(200})+ ﬂ%ﬂ(lD),ASUM(Bbliquumlnﬁl)
" INTEGFR%4 ID(lH).LHMP(ZDO],TPnL(?leV(lﬂo).MH(lOD) '
DATA MH/100/ -
CANMON. /PIFS/ Pl, TPI PIT, PIPI¢ YZSRED,NIG
CMATA IPNL /VFEEEY, THHHHY /- ~ .
| PATA [PP/1/
CuweoaRFAD TNPUT NATA AMD GFNERATF RANY PRNFILE
& READ (5.100} IP
T READ. {5,200) MARF.KNNE.ZFAC yMAVE,FIRST.LAST » INK.
WRITE(7,100) 1ID-
WRITE(T,LOL) WAVE IR
WRITE(7.199) FIRST, LAST,INK er
101 FORMAT(Y LAMADA=Y,F5.2.% MICRONS')
199 FNRMAT(1X,3F10.5,13)
© TWHICH=1 '
IF(REAL{ZFAC) <FOL0. AN AIMAF(ZFAF) Fn n.}
CRZBACELL L E=20,1.5=201)" '
WRITF {6vy1501 1D
WRITE (6.30M)
- CALL FFUH(LhﬂP Ka¥ o XN Yy s,nanzs,M>
o MT=MI? :
LL=LUMP (M)

- 20 - LF. (KﬂﬂF NE.O) BN TN 25,
' MING=T '
NRIT—1+IFI¥((IA§T FIRGT)/INK)
GN TN 30
2R NRIT=0-. ; . ' e
NMINC= 1+IFIK((LA§T FIRST)/INK}
30 WRITE {&.L50) [N : '
=3 URITF ( 64400) IP“L(IPD)QLL,MT NINFquIT UAVF ZF&f
: WRITE (6.425) FIRST
.'%HUHBSI‘LLL-
SO ZSUTYSZS{ YR EAL
:_35. Dﬁﬂ(l}uﬂqofI)/“AVF
S XK=TPI/WAVE : '
c.....rnNSTRHCT hAIRIx ELFMFNT§
IF(IWHIGHGENL.2)Y GO T 37 :
_ CALL MTX(MiMH KK e X o Yy XN Yo NS0y LIIMP 7S 4 4)
C.....C MMPLETFRE- TMCTHENT FIFLn AND INVERT MATRIX
37 TETA: RFD*FIRST ,
CT=COS{TETA) :
ST-SIN(TFTA) S
NN B0 T=2,M. 2 BT
HﬂLD“—XK*(CT*FIIl+§T*Y(T}) L
NFL= CMPLX(CDQ(HHLD),RIN(HHLD))
&0 - PINK{IIZ)—DFL L Sl e A
CALL FLIP(A.MT,MH Lv MM PIMK PHT IwHIrH) ORRﬂNAl'<AGEIS L .
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CueeesPRINT NUT CURRENTS AND ELEMENT PROPFRTIES FAR FIRST ANMGLE
WRITE { 6.500)
IT=0
NN A5 [=2,M,2
IT=TT+1
AMP=CARSIPHI{IT))
PHASE=DIGRATAN2{AIMAG{PHI{IT))sRFAL(PHI{IT}}}
ISFG=LIMPIT)
65 WRITE { &9250) IT+155GeX{I 4Y{I)1+SIT)+NSA(ISER)4ZS{TISEG) ,AMP,PHASE
CueeeaDNPE NUT THF APPRNPRIATE FIELD FACTORS
THE=FIRST=INK
K=0 .
IE (KONELJEQ.1Y GO TN 70
WRITE {&.800) FIRST
Gn TN 75
70 UWRITE {6y 600)
75 THE=THF+INK
IF (THF.GTLLAST)Y GO TN 185
IF (THE.EQ.FIRST) <N TN 85
CeeeanaIN THF FOLLOWMING LONP, PINK IS NAT MECESSARILY THE INCINENT FIFLD
TETA=RENETHF
CT=COS{TFTA)
ST=SIN{TFTA}
NN R0 J=2.M,2
HOLND==XKR(CTHX LV +ST=Y (1))
NEL=CMPLE{COSIHALNDY SSINIHALDY )
fN PINK{J/2)=NFL
IF (KANF.EN.O) (N TN RS
CALL FLIP{A;MT MHLLV,MM,PINK,PHI+2)
B5 SHUM=CMPLX{0.0.0.0)
CaeexshADN 112 THE CHRRENTS
NN 95 J=24M,2
JT=J/2
95 SUM=SUM+PHI(JTI1*PIMK{JTI*=NSO{LIMP({J))
SiiM==51M
SUMR=RFAL{ §1IM) : - -
SUMI=ATMAG(SUM)
SUMSQ=SIIMR®:ESUMRESUIMI%SIIMI
SCAT=10=ALNGLO{ SHMSO}+1.9A12
K=K+l
ASUM (K y=SUMSD
RSUM(K }=REAL(S1I)
PHASE=NIGHATANZ{SIIMI, SIIMR)
WRITE( 64901} THE.SCAT.PHASF
WRITE(T+900) THFE.SCAT,PHASE
GNn TN 75
105 DIFF=LLAST=-FIRST
IE(DIFE .NF. 1R0.0 .AND, DIFF JME. 360.0) G0 T0 205
INDN=MNN{K,.2) : -
IE(DIFF .EQ. 360.0 JAND. INDD NE. 1) GO 7O 205
IF(NIFF .E0. 1RD.0) FAC=Z.0
IFIDIFF .ER. 360.0) FAC=1.0
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Cakds SITMPSON IMTEGRATINN OF CROSSECTINNS
- KLAST=K
IF(INNN JENe N} KLAST=KLAST-3
SIGT=ASIIM{ LY +ASHM{KLAST)
SIG=0.0 .
NN 203 1=22.KLAST.2
203 SIG=ST1G+ASUM(I}
SIGT=SIGT+4.0%S5IR
51G=0.0
KLAST=K-2
NN 210 I=3o KLﬂSTvZ
Z10 SIG=S5IG+ASUM[{T)
SIGT=SIGT+Z2.0%5I6G
SIGT=SIGTINK/3.0N
IF{IOND JEQ. 0) SIGT=SIGT+3./B.%INK=
E(ASUM{K=3)+ASHM{K)+3 & [ASUM{K=2}+ASIIM{K~1])}}
SIGT=SIGT=FACH#REN/4,
Cass EMND STMPSON [IMTFGRATINON
KF=K
IF{FAC .F0. 1} KF=(K+1}/2
SIGE==RSUMIKF)
SIGA=~SIGT+SIGF
IF{KNNE) 220427204240
220 SIGTNR=10,0=ALNGIO(SIGT)
ITF{SIRA JLF. 0. 0) GND TH 225
CSIGANE=I0LOHALAGCIC{SIGA)
G0 TA 230
225 WRITE[ 648258) SIGT.SIGA.SIGF
WRITE(74.825) SIGT+S5IGA.SIGF
GO T 205
230 SIGTNR=10,0%ALNGI0O{SIGT)
WRITE{ 6,850) SIGT+SIGTNR,,SIGA,SIGADR
WRITE(7+851) SIGT+SIGTNR.SIGAL.SIGANR
SN TN 205
240 SIGTNR=1N.O0%ALNGLIOISIGT)
WRITE{ 6+4875) SIGT.SILTNA . : :
B25 FNRMATI(///+ 5% £OHFFANILS NFGATIVE ABSNRPTINM CRNOSSECTI(ON.//,
E15H ¢ BHSIGT=4 FR. G 5% e BHSIGA=,FR . 5.5X4BHSIGF=4yFR,.5]
850 FNRMAT(///+15X+8HSIGT=4FR.5+FB.2+43H NR.5Xy5HSIGA=,F8.5+FR.2Z,
£3H DR}
A51 FORMAT(///+15X«"SIGMA(T)I/LAMBDA=t4FR.5,FR.2,"' DRT 45X,
EYSIGMA(AY/LAMBNDA=* ,FR,5,FR.2.1 NRY)
BT5 FNRMAT(///+15X, THSIGAVE=aFR.%5+FR.2+43H DR}

205 1F (MNRF,EQ.0) GN TN 5
N0 103 I=1,LL
Z5(T)=25(1V/ZFAC
103 DSO{I)=NSO(TI*WAVE
DEL=ZFAC ORIGINAT, pyg
PWAVE=WAVE - OF POOR QUAL Ty
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RS S

100
150
200
250
300

400

&2

500

600

ROO

900
901

c

READ (54,2003 MNRFLKNE ¢ ZFAC 4WAVESFIRST 4LAST ¢ IMK

WRITE{7,100} 1IN

WRITE(7.101) WAVE

WRITE{7+199) FIRST+LAST,INK,IPP

FWHICH=1

IFIREAL{ZFAL) JFO, D AND  ATMAG{ ZFAC)uFDe e}

EZFRAC=(] ,F=20,1.F=-20) ‘

IFIREALIZFAL ) JFNJRFALIDNELI <ANNLATMAGI ZFAC ) . ENLATIMAG(NEL)
E.ANN WAVF FO L PWAVEY TWRICH=? .

N TH 20

FNRMAT {1R8A4)

FNRMAT (1H1.1R8r4)

FARMAT (12412, 6F10.5)

FARMAT {2I8,7F10.5.F1n,.3)

FNAMAT {10QHOSFG MU, 11X L 2Z&HFNDPOINTS NF THF SEGMENT,19%.,
EI1RMSERMENT PARAMETFERS/LIH. MIM CELLSOX«2HHAL BX+2HY A+ B8R« 24X B 8Y,
EZHYR, AX ( 2Z4HAMGLF RADTUS LENGTH 4X ¢ 14HRE-Z im=-zZ/)

ENRMAT (//31%,14HKFY PARAMETERS//
£16X.21IHINCTINENT PALARIZATINMN,Z22X.1481/

E16%e 23HMINMAFRR NF SFERMEMTS IISFN. 721/
£1AX.33HTNTAL MHKMAER OF CFLLS NN THE RONY.T11/
£1AX 3SHISIINARFR NF TMCINENT FIFLD DIRECTICMS. 19/
E1AX, ZOHMIMAFR NF RTISTATIC NIRECTINNSL,I15/

El1AX 1INHWAVELFNATH.F3L .5/

E1lAX 1 AHIMPENAMCE FATTIR«F1Aa D41 4 V.F1IN.5)

5 FNRMAT (///7+30%18HSNRFACE FIFLD NATA/S 27X,
E29HFNAR TNCIDFEMT FIRLD DIRFLTINM=.FT7,2)

FRRMAT (11H0 1 SEGaaXLHX{ T} AN AHY (T AX&HS{]) 5K AHNSRIT ),
Ea4¥e FHOS{T) 4%, 6HXS(T) L&XaHMAN{ 1) &Y .AHIRG[]) /) :
FNRMAT {11142 TX78=3A0RSCATTERIMGA CRNASS SECTINN//23X,
E3AHTHETA SIGMA/LAMBNA DR PHASFLNER)
FNRMAT (1H1423%.33HRISTATIC SCATTFRING CRNSS SFCTION/23X.

RZ29HFNR TRCINFMT FIFLD RTRECTINN=FT.2//73Y . .
E3GHTHFTA STRHA/LANANALNR PHASFE,NFER) : ‘
FARMAT (19X 4Fl3.2«F1%a2F16.1)
FARMAT {(15X,F13.24F1&.Z24F15.1)
END
SURRAOITINE MTX (M MH , XK e XY XMa YN NSO, LIMP,25,4)
RICE VERSINM, =—-PNLA-TZATINM
PRAL®RSG X{1)aY(1)y {1}« ¥YMI1)NSO{L)
INTEGFR=4 LIMP(1)
CNMPLEX#=R A(MH,1),7
CNMMON /PIES/ PILTP
TH=0
NN 10 I=2.M,2
TH=TIH+1
XI=X{1} 7
Yi=Y(1)} . _ :
JH=0 '
PO 10 J=2¢M,y2 : \ :
JH=JH+1 :
ISFEG=LLMP( )
NS=NSO{ISER)
IF{IH.ER.JH)GN T 50

JHZ 40054

51}
I+ PITs PIPTI, YZ.RED.DIG

69



RX=XT=X{.0}
RY=YI-Y!{.]}
R=SORTIRXERX+RY#RY)
RR=R*¥XK
CALLL HANKZL(RK.N,HZ.DIIM)
A{TH,y JHI)=PIT=H7Z*NS
G TN 10
50 A{IMH,JH)Y=ZS{ISEG)+
ENSHECMPLX{PITyALNG(NS I+, N2RTAR3T)
10 CAMTIMUE
RFETHRN
END
SHRRMITIME GFAMILUMP yX oY 4 XN, YNLS,NSDZS M)
THIS VERSINAN RFANS ANR GFMETATES SEGMEMTS TN CAUNTER-CLOCKWISE DIRECTION.
THE SURFALCFE MUST RF CLASFD.
POINTS ARE GEMFRFTFR AT THFE START AND MINDPOAINTS NF EACH CFLLS
THE START POINT NF THF FIRST CFLL EVENTIIALLY CNINCIDES
WITH THE FNMD PATMT NF THF LAST CFLL. '
CAMPLFX=AR ZS5(1) 7
REAL#4 X{I1)+Y{T1aXN{1)oYM{1),8({1)-DNS0(T1}
INTRGFER=A LIMP({1) .
coMMNN /PIFES/ PILTPIs PITs PIPI,. YZ+RENLDIG
1=0
L=0
CoueseRFAD IMPIT PARAMFTERS ANR PRFPARE TN GFNFRATE SAMPLING PAINTS
10 RFAN {5,200) MeZ.XA.Y2,XR.YR,ANG
IF{NLLT.1) &1 TN 120 '
L TM=2%N
TX=XA=-¥R
TY=YA-YR
D=SART( TRRTX+TY*TY)
=L+1
ZSiLYy=Z
IF [ANG.FR.N.0) AN TH 20
T=N  SHRENEANE
TRX=TY+TYROOAT AMIT)
TRY=TY=TXHCNTAM{T)
RAN=0.5%N/STH(T)
ARC=2.0%RAD®T
ALF=T/M
NSOELY=2.0%RAN*ALF
GA TN 30 '
20 RAN=999.999
ARC=D
NSA({LY=N/N
CeseesSTART GFNMERATING
30 NSS=0.
nS=NsSQ{L) /2.
N 50 JJ=14LTM

OO0

J=sam1 ORICINAT PAGE IS
S{11=NSS OF POOR QUALITY]
NSS=DSS+NS
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LUMP{I =L
IF {ANG.,FR.0.0) B0 TN &40
ARG=J%ALF
SIMO=SIN{ ARG)
CNSN=CNS{ ARG}
X(I)=Xﬁﬂﬂ.5*[TRX*(l.O-CﬂSD}-TRY*SINQ)
Y{T)=YA+0 5% [ TRXXSIMO+TRY*(1.0-CN50})
XN{I)=+0.5%{ TRXF:LASOHTRYESTNMOY SRAD
YM{T)= 0,5 ({TRXXSINOD-TRY=:CNSR}/RAN
&N o 50
40 X{I)=XA-N,5% 1TX/N
Y(I)=YA-O,E*J*TY/N
AIN{T)¥==TY/D
YN(TI)= TX/D
S0 COANTIMIF
100 WRITEL AeB00 L« Ma XA+ YAL KPR YR yANGRANLARC & 7
&0 T0h 10
120 M=]1
LL=L
200 FHQMAT{I2q3X.TF10.5}
3NN FNRMATI ISy I 694X eFiflaS+FTu2e4FL01a5)
RFTIIRN :
END
SURROUTINE HAMYZ1 ({2 NJHZEROLHONE]
CoweoeHAMEEL FUMCTINONS ARF MF FIRST KIMD—-=J+1Y
Coewsae M= RETIHRNMS H7FEM
Ceenan M=1 RETHRPS HOME
Cavana Mz? RETUHANS HZ7FRM AND HAOMF
C-...-SUR:\’H”TI”F .QF”“IQFS R)ﬂ
Coeewes SIRRAUITINE ANAM #IST RF SIPPLIFD BRY LISFR

DIMEMSIN® A{T)«RITICITI+NI 7Y T FITIaR{TY},H{T)

COAMPLEX WZFan,HANE _

NATA AeRoeCaNeFeF.faH/1l N, =2, 7409987 ,1.26502NR.—-0.31A3RAH.
EN JOGLLLTY =D NN0LLL D, N002]1 0 3ATLEHTT «NLENREQ3ARy N TEASNI3HAG,
B0283N011 Ty —NaNL2E1214 N NNL2TCTAL=N,ONN2LRLA, DL, —0.5Z24L99R5,
BN 21003873, -~0.036542189,0,N044331Q,~0.000317A1.-0.00001109.
=0 A3AALT8,0.2217091,2.16F2708,-143144R27,0.3123951,~0.0400574A,
E0JON27RT2, N, 7UTARAG A, =N  OON0N0TT «~0. 0055274, -0.00009512.
£0.00137237,-N.00NT20N5,0,0NN144T7A,~0.TR53GR1A,—N.0&1AA397,
£-0N.00003954,0.002A7873,-0,00054125,-n,000253233,0.00013558,
E0.TOTRALA AN NNNNNLIS AN NLASSAATD.0NN1ITING, -0, 00242511,
EN.ODLI13653+—N.00020033,~2.35619449,0,12499612.0.0000565,
E=0.N0A3THRTG N NNATL3LA, N, 0NNTIRZ4,—D, 00078104/

IF {R.LFE.D.0D) GN TN 50

IF (NoalLTL.0WJNR.N.AT.2) GO TN 50

IF (RaGTa2.0) GO TO 20

X=R%¥R/9.0

IF {N.EOLL)Y 6N TN 10

CALL ANAM{A.X.RJ)

CoLL ADAM{B,X.Y1}

BY=0,636619R:AING{N.S*R}=R J+Y

HZFRN=CMPLX({RI,RY}

IF {MJENLQ) RETURN
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B

10

30

50

90

10

10

CALL ADAMIC.%+Y)
RJ=R*Y

CALL ADAM{D.X.Y}
RY=(0, 636619RHALNGIN,S5HR I*RJI+Y /R
HMNE=CMPLX{R.,RY)
RETHRM

X=3.0/R

IF {N.F0O.1) G0 TA 30
CALL ADAMIE,X,Y)
FONL=Y/SORTI(R)
CALL AMAMIF,X,Y}
T=R+Y
ARJ=FNAL=CNS({T)
RY=FONL=SIM({T)
HZERD=CMPLX{R. «RY)
IF (N.FN.0) RETHIRN
CALL ADAM{G.XeY)
FRAMOL=Y/SORT(R)
CALL ADAM{H.X.,Y)
T=R+Y
RI=FNAL*CAS{T)
BY=FONL*STIN{T)
HONE=CMPLX({R.J.RY}
RETHRM

WRITE{ AsT0) N.R

FORMAT({32HOSICK NATA IN HANKZI #=QUITH Nzg[2,2Xs2HR=,F11.3)

CALL SYSTEM

FND -

SURROUTIME ADAM{CX.Y}

DIMENSTANM C(7)

Y=X*C{T7}

D0 10 1=1,5

Y=X2(C{T~1)+Y)

Y=Y+C(1)

RETIHRM

FND

SURROUTINE FLIPLA N, ML, LoMyXsYeIAT)
CNMPLEX A(MIZI)eX{1)aY(1}4N.RIGALHALD
DIMENSTAN L{1}.M{1)

IF {IAT.GT.1) G TO 150
N=CMPLX(1.0.,0.0)

PN B8O K=1,N

LiK)y=K

MIK)=K

BIGA=A{K,K)

NN 20 J=K,N

NN 20 I=K,.N

IF (CARS{BIGA).GE.CARS(ALT.J})) GO TO 20
BIGA=A(T,J) '
L{K)=I

RS




e

20 CNNTINMNUE
J=L{K}
IF (J.LE.K) GA TN 35
na 30 I=1,M
HOLN==A{Ky 1)
AlKeT)=A(J,T)

30 A{J,I)=HOLD

35 I=M{K)
IF (I.LFLK) GN TN 45
nn 40 J=1,M
HOLD==A(.,K)
AlJ+KI=A{J41)

40 A{J.I)Y=HOLN

45  TF (CARS{BIGA).NELOL.0) &GN TDO 50
N=CMPLX(0.0+0.0}
RETURN

50 NN 55 I=1,.N
IF {(1.FD.K) 0O TD 55
AlT+K)=—A(T.K)/BRIGA

55 CONTIMUE
nn 65 i=1,M
NN &5 J=1,M
IF {I.FOKeNRaJoFNGK) GN TN 65

AlT¢JI=Al T KISA(KLZJY+ATT 4 J)
65 CNMTINIF
nn 75 J=11N
IF (J.FN.KY GO TN 75
AlK.J)=A{K,.))/RIGA
76 COAMTIMUE
N=MN=RT1GA
A0 A{K,K)=1.0/RIGA
K =N
100 K=K-1
IF (K.LF.Q) RN TN 150
I=L({K)
IF {([.LF.K)Y GO TN 120
nno11n0 J=1,.N
HﬂLD:A(JvK)
A(.Jq-K)=~MJ-T)
110 AlJ.I)=H0OLD
120  J=f({K)
IF (J.LF.KY GO TN 100
Do 130 I=1,M
HOLN=A{K,T)
AlKyI)=—8{Js11}
130 A{Js I )=HDLD
G TN 100
150 NA 200 I=1.N
Y{I)=CMPLX{0.04D.0)
nn ZQO J=1,N
200 Y(IY=sAa{Tl.J)1=X(J)+¥{ 1)
RETHEN
END
RLACK NATA
COMMODN/PIES/PI,TPI,PIT«PIPI+YZ+RENNIG
NATA PI«TPIsPITAPIPT Y7 +RFN.NIG/3.1415927,6.2831853,
El.5707963:9.8896044,0,002652582440.N1745329,57.29578/
END
73
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€ INPUT FORMAT FOR PRAGRAM RICH SEPT, 1975

(0 e e steste s sl sk 1 e s s it o e s e sl ke o e e st e el et e o sl e seste oo el sk e e sk o e e e e ok ek e s sl e ke
CARN 1  FORMAT [(1RA&4) TITLF CARD: HSFE UP T0O 72 CALUMMS

CARD 2 FNARMAT (12+13+5F10.5]) MOREZKMNE+ ZFAL WAVE,FIRST4LAST, INK

ZFRN IN COL 2 SHUTS DOFF
REANING NF SFGMENTS

C
C

#=(

C

G

C

MNRE=D THIS WILL RF THE LAST RUN FNR THIS NATA SFT C
MORE=1 THERF ARFE MNRE DATA TN AF REAND AFTFR THIS SET C
KORF=0 COMPIITES BISTATIC SCATTERIMG PATTERN c
KONF=1 CNMPUTFES RACKSCATTFRIMG PATTERM C
IFAC A COMPLEX FACTOR MULTIPLYING ALL ELFMENT C
WAVE WAVFLFEMGTH . C
FIRST IMITIAL SCATTERING AMD INCIRENCE ANGLE C
LAST FIMAL AMGLF : C
INK . ANGULAR INCREMENT C
C

CARD 3 FNRMAT (IZ2+0X+7F10.5) " yZ XN YALXR YR, ANG C
M NUMRER AF SAMPLING POAINTS MM THIS SEGMENT o
7 MORMALIZFN IMPENAMCE NFE THF SEGMENMT C
XAy YA KR YR SEGHMENT ENPPATMTS C
ANG ANGLE SIHIRTFMNEN RY THE SEGMFENT C
C

G

OO OOCOOOonOOO0O N0 Oann 0

: C

CARD 4 FORMAT (12,13,F10.5) MORF,KMNE,ZFAC,FIRST,LAST,INK C

THIS CARD IS IISEN ANLY IF, c

NN CARND 2, MNRF=] c

o s sote st st e st ol e sl ot et kel et oo sl el s e et et ek ot sk s e e skl sk ket sk e sk e e sk ek ok ek e C

C

I0 SPECIFICATINNS: c

S:INPHT DATA: &:NUTPUT(PRINTER): 7:DUTPUT(GRRAPHICS) C

C

e e e sk s skt et e e s o et e e et e s sdesle s el sefe e sttt sl sk e skt g b kR Nk R R e ek R R R
CNMPLFEX®#R A{1DD,1n1).PHTI(100)PIMK{1I00).Z25(10)

COAMPIFYX=R NFL.SHM,ZFAC
RFEAL=4 | AST. TNK
RFAL®L X{200),Y(20N) ,XN(200),YM{200).5{200).NSO{10} ASUM{361)4RE5UM(3A1)
INTFGFR#=4 [D{I1R),LIWP{Z200),IPOAL{2i+LVI1IGQ),MM{L00)
NATA MH/100/
CnMMAM /PIFS/ PILTPI. PIT, PIPIy Y7.RED.NIG -
NATA TPAL /YFESFEY, THHHH!/
DATA IPR/2/
CooenesRFAN TNPUT NATA AMD GEMERATE RNONY PROFILF
5 READ (5,100) ID
READ (5.7200) MNRF,KNNF,ZFAC ,WAVF.FIRST yLASTy INK
WRITE{7.100) TD
WRITE(T.IN1) MAVF
WRITE(T7,199) FIRSTLLASTsIMK,.IPP
107 FORMAT(® LAMRRA=1,F5H.2,' MICRONSY)
199 FARMAT(1X,3F10.5.13)
IWHICH=1
IFIREALIZFEAL ) JFOLD AND  ATMAG(ZFAC ) e FO DL )
EZFAC={1laF=20.,1.F~70)
WRITE (&¢150) IND

WRITE { 6.300) " ORI
CALL GEOR{LUMP, X, Y XN, YNsS+NSN+7Z5+ M} OF gggﬁL PAGE I3
MToN/ 2 QUALITY

LL=LUMP{M)}

4




2N TE {KADFJNE.D) &N TN 25
NINMC=1
NBTT=1+IFIX{ (LAST=FIRST)/INK)
O 70O 30
75 MRIT=0
MIMC=1+IFIX{{LAST-FIRST)/INK)
30 WRITE (&.150) 1IN
WRITE {6+4400) [PNLIIPPI«LLMTyNINCsNRIT,MAVE,ZFAL
WRITE (Ae+&425) FIRST
3R DN 35 I=1,LL
IS(TY=ZS5(1)=7FacC
A5 DSOLIY=NSO{I)/WAVE
- XK=TPI1/WAVE .
C-.-..CHNSTRHCT MATRITX FLEMENTS
IF{IWHICH,FN. 2} GN TO 37
CALL MTRIMiMH A  Ka Y e AN YN NSO LIIMP L7585, A)
Ceowaa CAMPHTE TMNCINEMT FIELM AMND INMVFRT MATRIY
37 TETA=RFN=FIRST
CT=CNS{TFTA)
ST=SIM{TFTA}
NN A0 I=2,M,2
HOLN=- XK (CTAX( IV +S5T=Y{ 1))
DREL=CMPLA(CNS(HNLDN) ,SIN{HNILPY} )
A0 PIMK{T/2)=DRLHIXM{T)=CT+YMIT)®ST)
CALL FLIP{AMT MHLILV MM P IME PHT LTWHILH)
Caaae o PRINT ONT CHRRFENTS AND FLFMENT PRNPERTIFS FNR FIRST ANRLE
WRITE { &,500)
IT=0 .
NN A5 [=7,M,2
[T=TT+1
AMP=CABS(PHIIIT))
PHASE=NIRATAMP {ATMAG(PHI{IT) )2 REALIPHI(TIT) )
) ISFE=LIMPLT) _
65 WRITE (642501 ITISFRsX{T}4Y({I)+S{T)aNSR{ISEG}+7S{ISFG).AMP  PHASF
CaseaasDNPE NIHT THFE APPRNAPRIATFE FIELD FALTORS
THE=FIRST—IMNK
K=0
IF (KNRE.ENL1)Y GO TNt 70
WRITE (A.800) FIRST
N TN 78
TO  WRITE (Ae8600)
75 THFE=THExIMK
TF {THF.GT._ASTY 66N TN 108
IF {THE.FO.FIRST} GN TN 85 .
CacessIN THE FALLOAWING LNNOP, PIMK IS NNT NECESSARILY THE INCIDENT FIELP
TETA=RFN=THE ' _ e L
CT=COS{TFTA}
ST=SIMN{TFTA)
nn RO J::?qu?
HOLN=~X K (CTRX {0 ) +ST=EY A ) )
DEL=CMPLAE{CASIHALNDY ,SIN{HALD})

75

Ly g e L BFLE AT




| S

; RO PINK{I/2)=NFLE(UNIJ)SCT+YNT{JI%ST)
*. IF (KNPF.EN.Q) 6 TN 85
E CALL FLIP{A+MT 4 MH, LV, MM,PTNK<PHT+2) _
A8  SUM=CMPLX[(0.N,0.,0) 5
CewsesdND UP THE CHRRENTS |
Nl 95 J=2 .M, 2
JT=1/2
95 SUMSSUM+PHI{ JTIEPIMK(JTI#NSO(LUMP{ I} )
SUMR=RFAL {51JM)

SIIMI=ATMAG(S1IM)
SUMSO=SIUMRSESIHIMRASUMT=SHMT
SCAT=10.%AILNGIN{SIINSA)+1,.9612
K=K+1
ASUM{K)=5UMSD
RSUM{KI=REAL{ SliM)
PHASE=NIGHATAMZ { SIIMT ,S1IMR ) ;
MRITE( e 901) THFE,SCAT,PHASF _ t
WRITE(7.900) THF,SCAT:PHASF i
GO Tn 75
105 NIFF=LAST—FIRST
IF{NIFF JNF. 180407 .amn, NIFF «NF. 3640.0) G0 TN 205
TONN=MNN{K 2 )" :
IFINIFF LE0. 360,0 JAMD. INDD .NE. 1} G0 TO 205 i
IF(NIFF .EN. 180.0) FAGC=2.0 S - . !
[IF{NIFF LEN., 3&0.0) FAC=1.0 :
CHs SIMPSAN INTFGBRATIAM NF CROSSECTIANS
KLAST=K ' ;
TRCIOND JEN. D) KLAST=KLAST-3 - ' e S
STIGT=ASUM{ 1)+ ASUM{KLAST) ' o : L
S16=0.0 :
nn 203 1= ZvKIA§|.P_
203 S5TG=STG+ASUM{T )
GIGT-GTF|¢4 0%516
51G=
KLAST—K -2 _
RO 210 1=3,KLAST,2
210 SIG=STG+ASUM{T). .
- SIGT=SIRT+2.0%810
SIGT=SIGT#IMK/3.0 . L
TELINND (ED. 0) SIGT= GTGT+% IR I“Kw' -
SCASUMIK=3)+ASI{ K Y +3 % ( ASUM (K= ?}+Aqnm4x-1}})
SIGT=SIGTHFACHRREN/4.,
G END sxmpqnm INTFPRATIHN
_ KEsK
CIF{FAC .FQ. 1) KF= (K+l)/2 SR ST
_ SIGF—-RSHW(KC) F _ ST o ‘ o Lo
. STGA==SIGT+SIRE - e TR e T e e T R
T UIE(KODE)Y 220,270, ?40 R E 'Qéx e
220-SIGTDR=10.0%ALNGLO(SIGTY - - Ga%G,.
IF{SIGA LF. 0.0} 60T 225~ ST '3r@k%¢' ‘
-'--';SIGADFI 10. OmI\Lﬂrlﬂf QIGA) Cb‘é) @ PR
Gn Rl 230 : _ o T -u";@hsﬂaé -
R




CI—

ey

1
1

2

2

3

500

225 WRIVE( 4A+825) SIRT.S5IGA,SIGF
WRITE(T.825) SIGT,SI6A,SIGF
GA TN 205
230 SIGTNA=10.0%ALOGLO(SIGT}
WRITE( 42850} SIGT2SIGTNR,SIRALSIGANR
WRITE(7,R51) SIGT,SIGTPNR.SIGA.SIGANR
6N TN 208
240 STGTDR=10,0%ALNGIO{SIGT)
WRITE{6,875) SIGT.SIGTNA o _— :
R25 FNRMATL// /5%y &0HEFMI % NFRATIVE ARSNRPTINN CROSSECTINN, //4
CELAR Y EHSINT =2 FRU G5 OHSIGAS, FR 5y AN AHSIGF=4FRL. S}
A50 FORMATL/// 15X BHSIGT ~,FB.5,F8.2v3H nBJBX$5HSIGA=;F8.5rFR-?q
£3H DR) : -
B51 FNRMAT(///+15X%X.'SIGMA{T)I/LAMRNDA=,F8 5, FR.2+7 NRY,5X,
STSTIGMALAY /LAMBDA=Y ,FR.5,FB,2,' NP1}
875 FﬂPMAT(///q15Xg7HQIGAUF_.FR 5y FR . 2.%H NR }-
205 IF (MORF,.EQ.N)Y GN TN 5

nn 103 I=i.LLb
ZS(I)=7S(I)/7FAC
103 NSO =NSO(T)%=NAVE
NFL=ZFAC
PUAVE=WAVE
READ (5,200) MNRE,KNNF,ZFAC,WAVE, FIRST+LAST, INK
WRTTE(7,100) ID
WMRITE(74101) MWAVF
WRITE(7,199}) FIRSTLLAST.INK,IPP
IWHICH=1 _
TF(REALIZFACY.ENLOLANDATMAG{ZFAC).FO.0. )
B7FAC=({1.F=2N,1.F=2N)
IFIREALIZFAC ) FO.PFALINFEL) JAND ATMAG(ZFAC ). FN.ATMAGIDEL)
£ AND WAVE  FOLPHAVE) IWHICH=2
GOATN 20 :
00 FORMAT {1844
500 FNRMAT {1HI1,18484)
00 FORMAT (12,I3,6F1N.5)
50  FARMAT {215.7F1N.5.F10.3) ' o '
00  FARMAT (10HOSEG . NUM, 11X+ 2&HENDPNINTS .OF THF. SEGMENT, 19% 5. -
ELAHSEGHMENT PARAMETERS/11H MiiM CELLS s&% 2HXA, RX 4 ZHY A, ax,pHxa,Bx,
S B2HYR AKX 2EHANGLE - RADIUS - - LFNGTHy &X'y L4HRE-T . IM-?{) '
00  FNRMAT (//31X.14HKFEY PAR&MFTFRQKI . _ .
A16X, 21HI”CTDFNT PRLARIZATIAN, 22X, 1AL/
£ LAY 23RNUNRBER NF SEGHENTS USEN,T21/ ' - -
CURLAXS BFHTOTAL MUMAFR NF CELES ON THE BROAYLTITIZ oo 00w oo
§ 16Xy 3GHNIMARR NF INCINENT FIFLD DrperTInmq,Iq/
&1aX ¢ 29HNUMRER NF RISTATIC DYRFFTIONQ,{15/
_&lﬁx LOHHWAVELENGTH,F34,5/ o
L ELEX TEHTMPENANGE FATIIR, FLALG 1 y Ve E L0, 51
425 FORMAT (/7/7/+34%,18HSURFACE - FIFIﬁ NATA/ ., 27x,
E29HFNR INCIHFVT FIFLD DIRFCTINN=yF7.27 : ' AR
N, EORMAT (11HC. . SER ¢ &X44HX{T) 46X, AHY(I) 6X s 4HS(1) 15X, aanm(I),h,,,
'-a4x;6HR5f11 ,4x,auxstr) vaXs 6HMHD(J} ax,aHARGtJ)/J S o

n ?7?7f F L




600 FMRMAT (1H1+2TX.2RHRACKSCATTERING CRASS SECTINM/ /23X,
E36HTHETA STGMAZLAMBDAL DR PHASF +NFR)
A00 FEMNRMAT (1H1,23X,33HRISTATIC SCATTFRING CRNSS SFCTINN/23% .
£29HFOR INCINENT FIFLD NIRFCTINM=;FT7.2//23X,
E3AHTHETA SIGMA/LAMBDA DR PHASENEG)
900 FNRMAT (15XsFl3.24Fl4.2+F1h.1)
901 FNRMAT (15X ,F13.2, F14 2.F15.1)
ENMD. . -
SUBRNUITIMNE MTx(M,MH XK « LoV s XN, YN, NSO LIMP,ZSyA)
RICH VERSINM, H-POLARIZATION
REAL®L thi,vx1),XN(1).YN(1},DRO(1}
INTEGER®4 LUMP(1) '
CAMPLEX#®R A{MH.1)+ZS{1)4HZ,H1A,HLBDIM,HIRL,HZA,HZIB,HIBL
cnMMON /PIFS/ PILTPL, PIT, PIRTIy Y7 +REDSDIG :
IH=0
1L=0
nn 10 I=2,M,2
 TH=IH+1
CXI=X(1)
S ¥T=Y(TY
XNT=XNM{T)
YNI=YN{ T}
JH=0
NN 25 1=2,M.7
JH=JH+1
ISFG=LUMP{J)
NS=NSa{ISEG)
IF{IHLEN,JHIGD TN 50
CJda=d-1
JB=J+1 . :
IF(.J.FO.M) l]R=1
XJA=X(JA)
T YJA=Y(JAY
XJB=X{JR)
YJR=Y(.IR}
XN JASXN(JA )~
YNJA=YN{.JA)
XN JR=XM{JRY
YNJR=YN(IR)
RX=XI-X{.}
RY YI=-Y{J)
=SARTRXXRULRYERY )
SDSP XNIvXN(J)+YNI YN(J)
RK=R#XK =~
CALL HANKZI{RK O+HZ nnM)
HZ HZ‘SDSP R
RX=XI-XJR
- RY=YI=Y.R :
.R= SORT(RX“PX+RY*RY] .
'~SﬂR—(RXvYNT~RYﬂKNI)/R.~'- S
SNSP=} MI*XN!H+YNI <Y LR - )
' RBK R»XK SRR ' ‘ '



[ R
i
i
i
Srrr——

CALL, HANKZ1{RRKy2,HZR,HLR}
H1R=HIRx=SDR
HZR=SNSP%HZR
TRF{X AL FNXJRL. ANDLYJALFD.YJRLLAND.IL.FR.ILY BN Tﬂ 15
RX=XT~X.JA
RY=YI=Y.lA
R=SNRT(RYX“AX+RYXRY)
SNR={RYEYNI-RY=XNT) /R
SNSP=XNT=HXMIA+YM [2YM A
RAK=R=:XK
CALL HANKZL1{RAK,?2,HZA,HLA)
H1 A=H1 A=:SNR
HZA=SNSPXEHZA
GN TR 20
186 HIA=HIRL
H7Z A=H7RL _
20 ALIH JHI=RPIT=0S/ A, % {H7A+& ,2HZ+HZB) =0 .25 {HIR=H1A)
XJRL=X.R ' :
YJRL=Y.R
H1RL=H1R
. H7ZBL=HZR
G0 TN 25
50 A{THsJH)ZZS( ISER)+
.SCMPLX(PIT“DS/Z.ql /DSIPIPI+DS*(ALDG(DSJ+O OZRTQRBT)/?.l -
25 Ii=7 ' _
10 GCNMTIMIE
RETLRMN
Cf\ln
'aunqnunzmt GEOM{ LUMP Xy ¥ XM.YN,S NS, 75,M ' :
THIS VFRSIHN READS  AMD GENETATFS SEGMENTS IN CNUNTER-CLOCKWISE DIRECTIUN
THF SHREACF MUST RE CLNSED.
POINTS ARE GENERFTED-AT THE START AND MIDPOINTS NF Ef.H CELL:
THF START POINT nF THF FIRST CFLL EVFNTHALLY CnINCIDE
WITH THE END POINMT NF THE LAST CELL
T COMPLFX%R ZS5(11,.7
REAL#4 X{1)sY(1)y XNfl)-YN(1)yS(1)1D§ﬂ(1)
INTFGERS4 LUMP{1) . o o
CoMMnM - /PIES/ PI, TPIy PTT* PIPIf'Y21QFDyﬂIG
SI=00 . S

eleloEsxNe i

_ L= - , o Co R o
CaweeseBREAN INPUT PARAMETERS AND PQFPARE 70 GFMERATC SAMPLIMG BOINTS
10 RFAD {54200) hNeZ.X4:YAXR, YR, ANF : '
TF{NLT. 1) - Gﬂ T 120

Limezan’ 20,

TX=XA-XB

TY=YA-YR

n= SGRT(TV*TX+TY“TY)

L=L#1

ZStEYy=7 ‘ :

1IF {ANG.F0.0.0) GO TN 20

CTEOLSEREDHANG. - 0 oo o 0 ORIOINATIPAGRETIS
| S OF POOR. QUALITY



CTRY=TY+TYRCNTANIT)
TRY=TY=TX&CATAN(T)
RAN=0, 5%N/SIN(T)
T ARC=2 L OFRADET -
ALF=T/M
CNSA(L)=2.0RRADHEALF
~on TN 30
20 RAP=999.,999.
ARC=[ - .
NSO(LY=N/N _
ConwenaSTART PFMFQATING
an nss=0. -
Ns= nSntL)I?
na 50 JJ= 1,LIM
I I+1
SLI!:nSQ
nssS=NSS+ns
LMMPCT Y=L
IF (ANGLFO.0.0) G0 TN &0
ARG=JaALE
SINA=SIM[{ ARG
CNSO=CNS{ARG)
X({T1=XA=0.5%(TRX*{1.0-CNS0)~ ~TRY%STND)
Y{I)=YALD, 33 { TRY=STMOLTRY* {1 0=-CNS0})
KN T ) =+0. 5% { TRXROASN+TRYESTIND Y /RAND
YN(T )= 0a5%{ TRESSING=TRYRLORDJ/RED
: N TN S0 '
40 XUT)=XA=O G JETX /LN
Y(1)=YA=D 5= I=TY /M
AN T J==TY D '
C¥YN{IY= TX/D
50 COMTINUF : S .
100 MRITE(64300)LsMeXA, Yﬂ X va ANG,RAD ARr z
G0N T 10 _
120 M=1
LL=L
200 FNRMAT(IZ+3X.7F10. 5)
S 300 FDPMAT(I? T épaXy&F10.5 F? Z,AF10 5}
RETIIRN
FND
CSURRANTIME (HAMKZ1{R (N HZFRO,HONE ). ) L
7C.....HANKFI FHHFTIHNQ ARF 1ﬁ FrpgT KIND-—J+IY]'

" Cesens  N=0 RFTURNS HZERM
" Caswsn: N=1 RETHURMS HOANE . . .. .
Coewes . N=2 RFETHRNS HZIERD AN hnmp'
- ,C.....QUHRHHTINE REOIIRES .R>D
C..-..SHRRUHTINE ADAM MHQI f—%F bIIPPLIFn BY “SFR

HNBU f



10

20

30

50
90

DIMENSTON A(7)-R(713C(?)¢D(7!yE(7),F(?),G{739H(7)

CAMPLEX HZIFRNHOME

OATA AeReCoNeFeFafiaH/1.Na=2.249999741,2A5A208.-0,3163866.
a0.04a4a7q,—n.onaqaaa,n.ooozl.D.BﬁTAAﬁai,n.60559366,~0.743%03n4.
50.25300117,«0.n4261214,n.on427q16,-0.00024Ra5,n.5,—0.562a99ﬂ5,
80.210@%573,~0.03054?89,n.00443319,-0.00031761.—0.0000110@,
8-0.63661@890.2?12091.?.16827091—1.316¢827,O.3123951,—0.0400QT51
80.0027873,0.797R8h5A,un.000000?7,—0.00582?4,~0.00009512,
80.06137237q—0.00072805q0.00014476'-0.78539816.-0.04166397,
a—0.00003954q0.00262573t-ﬁ.0005h125,w0.000?9333,0.00213558,
HO.?Q?RQ456q0.0pnﬂﬂlﬁﬁgﬂ.0165Q6ﬁ?.0.00017105,—0.002&9511,
ﬂ0.00113653,—0.a0020033,—2.3561944Q,0.12&99612,0.00005659
5—0.0063TBTQ.0.000743&970.0007@824,~0.00029166/

IF {R.LF.0.0) GN TN 50

[F (MoLTL0.NR.N.GTL2) 6 TO 30

IF (R.GT.3.0) &0 TN 20

X=R#R/9.0

1IF (N.FD.1) GO TN 10

CALL ADAM{ALX.RJ)

CALL ADAMIR.,X.Y)

RY=0.636619R:ALNG{N.5%R =R j+Y

H7ZERMN=CMPLX{R.I.BY)

IR {NJEO.D) RETURN

CALL ADAM{( +X-Y)

RJ=R=>Y

CALL ADAM{D %X ,Y)

BRY=0.636619R%ALNGIN.EHR YR J+Y /R

HINF=CMPLX(R.1.BY) o

RFE THIRNM

X=3.0/R

IF (N.F0OL1)Y RO TA 30

CALL ADAMIF.X.Y)

FONL=Y/SNORT{R)

CALL ADAM{F.X,Y)

T=R+Y

BRJ=FONLHEGCNS(T)

BY=FNONL=SIN(T)

HZFRO=CMPLX(RJRY)

IF [(MN.FN.O) RFTIRNM

CALL ARAMI G X Y)

FONL=Y/SORT({R}

CALL ANDAM{HJX,Y)

T=R+Y .-

BJ=FNNL=CAS(T)

BY=FOOL=SIMIT)

HOAMF=CMPLX{ RJ.RAY)

RFTIHRM

EORMAT(32HOSICK NDATA IN HANKZL #0UIT= N=, [2¢2%s 2HR=4F11:%)

CALL SYSTEM

FND

SHRROUTINE ADAM{LC+X<Y)

NIMENSTAN C{T)

¥=X%C(T)

QFI@@ALLRAG
& .QUALJ%S 81



10

10

20

30
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40
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75

80

¥eX={C{T~1)+Y)

Y=Y+C(1)

RFETURN

END

S“RRDHTINF FLIP(A!MOMIQL!M‘FX !Y'rIAT)
COMPLEX A(MI,1)1:X{1}e¥{1)sD+RIGA,HILD
DIMENSTIOM L{1).M{1)

IF {IaT.GRT.1) G TR 150
N=CMPLX(1,0,0.0)

AN 80 K=1,M

LIKI=K

M{K})=K

BIGA=A(K,.K)

NN 20 J=KeN

NO 20 I=K.N

IF (CARS(BIGAY.GF.CARS{A{I.J)}} BN T 20
BIGA=A(I.J)

LiIKY=T

M{K}=.]

CANTINIIE

J=L{K)

IF (JoLF.X) 6N TN 235

AN 30 I=1.0M

MOl N=—al{K, 1}

A{K,Ti=A0J,1)

A{ JsTY=HNLD

I=M{K)

IF [T.LF.KY N TN 45

N &b JA=i,.M

HALN=w&{ 1.K)

AlJaRY=A{ J,T)

Al Jy I)=HNLD

I (CARSIBRIRAIME.D.OY GO TN 50
A=2CMPLRIN 0.0,0)

RFETHRN

NN 55 T=1,M

IF (I.F0.¥) 0 TN §55
A{TaR)i=-A{T.K)/BIGA
CARTINIIR

M A5 T=1eM

PR &5 iz=lgM

F {IaFOKNRL I FOLKY GN TN /5
BlTed)=AlTeKYEA{ K d)+A[T W0}
COAMTIMIF

AR 75 J=sleN

IF {J.FDLKY GN TN 75
A{KeJY=A[K, }/RTIMA

GCINMTINRE

N=N=R1GA

A{KeK)=1,0/RIGA

=N
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100

110
120

130

ish

200

K=K=~1

IF {(K.LFe0) GA TN 150
I=L{K}

IF {I.LF.K}Y RN TR 120
hn 110 J=1.4
HOLN=4{.1,K)

Al JeK)I==A(ds1)
&(JsT)=HNLD

J=M{K])

IF {J.LF.K) 6N TN 100
nn 130 I=1,N
HALN=A{K,I)
MKy IV =—=A(JoT)
AtJsTY=HNLD

&N TN 100

PN 200 I=1,N
YEI)=CMPLX(0.0,0,0)
PR 200 J=1,N
YOII=ALT, JIEXCII+Y(T)
RETHRM

FND

RLNCK NATA

COMMON /PIES/PT.TPILPIT.PIPI sY7+RFALNIN
DATA PT.TP1«PIToPTPI.YZ 2FN.NIR/3.7415977.6,2R31853,
sl.STO?Qﬁa,q_RﬁqsnAA.D.nnza52582¢.0.01?a5329,57.2957ﬂf

Ty d Ty L A A, LT
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