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Abstract

An integral equation approach is developed to determine the seattering
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.
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1. Introduction

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. After 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 importance in many prac-
tical areas. Cirrus clouds are composed of ice crystals. They are found over the
entire globe and their infrared and optical scattering properties have a profound
effect on the atmospheric heat balance. The clouds scatter 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 global
location of energy sources and sinks and, hence, the atmospheric circulation patterns
(Cox, 1971; AFWG, 1972). Similarly, but on a much smaller scale, the cirrus clouds
created artificially by jet contrails have been observed to markedly affect local
weather (Appleman, 1966; 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 dif-
ference in the reradiation of the aerosols and the much smaller background mole-

cules (Grams, 1975).



Techniques for calculating the transfer of electromagnetic 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 scattering or multiple
scattering in the case of optically thick clouds. Since each scattering event can
affect the polarisation by producing an electric field having 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 crystals. The water drops are close to spherical 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, concentrations and fall patterns which have been observed in clouds
have been discussed by Mossop and Ono, 1969; Ono, 1969; Aufm Kampe and
Weickman, 1957; and Heymsfield and Knollenberg, 1972. Both plate crystals, i.e.
cylinders of length much less than their diameter, and columnar crystals, i.e.
long thin cylinders, hollow as well as solid, are commonly found, and for shapes
as varied as this, a sphere cannot provide an accurate simulation of the scattering
behavior. Nevertheless, for lack of a more accurate method for calculating the
scattering properties, the Mie theory has been widely used even for ice crystals,
thereby introducing unknown 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 attempts 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
scattering 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 Miilnaert,
1954, section 104). The method also excludes all diffraction effects produced, for
example, by the six longitudinal edges of the cylinder, as well as polarization effects,
and the calculations were limited to cylinders not less than 40y in diameter (for a
wavelength of 0,55 u) with the apparent objective of assuring the reasonable validity of
geometrical optics. Finally, no account 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 dielectric cylinder of circular cross section.
For this simplified geometry there is a mathematically exact expression for the
scattered field in the form of a series of Bessel and Hankel functions analogous to
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 effects are omitted by virtue of the model
chosen, and the assumption of a circular cylinder necessarily suppresses those
features of the scattering which are peculiar to the hexagonal cross section of an
actual ice crystal.

The retention of the hexagonal geometry is one of the key features of the work
carried out under the present Grant. Based on an integral equation approach, a
numerical technique has been déveloped to compute the scattering patterns, and the
scattering and absorption spectra for cylindrical dielectric shells of arbitrary cross
sectional shape when illuminated by a plane wave of either principal polarization.

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 columnar (sheath) ice crystals in the infrared.

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

plex relative resistivity

R _ i

Z (n2- 12%x7
ohms per square. It is then possible to derive an integral equation for the current
which an incident plane wave of either principal polarization induces in the membrane,
andthe integral equation is quite 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
incidence only. The problem is then two-dimensional, and we now turn to a presen-

tation and discussion of the data obtained.



2. Numerical Results

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
o(0) = 271/S

where I is the power scattered per unit length of the cylinder per unit angle about
the direction 6 and measured in the far field of the cylinder. The angle 0 is defined
so that 6 = 0 is in the backscattering direction and 6 = # is in the forward. The

total (or integrated) scattering cross section is then

27
o = Lg o(0)do
T 27 ’
0

The absorbed power is measured by the absorption cross section

o, = — (power absorbed)

A

wn |~

and the extinetion cross section is the sum

=0, +
Oext  °T %"

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

The computations were carried out using the refractive indices n = n, + ini

for ice in the infrared wavelength range given by Irvine and Pollack (1968; hereafter
referred 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

scattering has been computed for the incident plane wave polarized with its electric
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vector parallel to the axis of the cylinder (E polarization) and also with its magnetic
vector parallel to the axis (H polarization). The directions of incidence 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 calculations have been for a hexagonal cylinder 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 6 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(6) is a very complicated function of X (through, for
example, the refractive index), it must be borne in mind that o(6) /X is not a wave-
length-independent quantity.

Spectral information is presented in Figs. 31 through 35 where o(0), of7),

O 9y and o oxt are plotted(in dB um) versus A. Note that the explicit factor A

has been removed, so that here the 'normalization' is relative to a micron (um).

2.1 Angular Data

The curves in Figs. 3 through 30 are self explanatory. They clearly show
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Table 1: Computed Data for Hexagonal (Shell) Cylinder
3 um on side, 0.1 um thick

Mum) Pol. n Ref. R/Z Fig. No.
0.76 E 1.307 IP i1.70784 3
H - 4
1.61 E 1.293 + i0.000365 IP 0.00536 + i3.81395 5
H 6
2.0 E 1.291 + i0. 00161 IP 0.02977 + i4.77438
H
2.25 E 1.254 + i0.001 SW 0.02740 + i6.25466 7
H 8
E 1.278 + 10.000213 IP 0.00486 + i5.65462
H
2.6 E 1.206 + i0.00080 IP 0.03876 + i9.10650 9
H , 10
2.8 E 1.152 + i0.0123 IP  13.5260 + il.17250 1
H 12
3.0 E 1.130 + i0.2273 IP 7.79740 + i3.41910 13
H 14
E 1.045 + i0.429 SW 5.26973 - i0.54082 15
H 16
3.1 E 1.280 + i0.3252 IP 4.20510 + i2.69040 17
H : 18
3.3 E 1.530 + i0.0625 IP 0.55090 + i3.84930 19
H 20
3.5 E 1,422 + i0.0163 IP 0.24680 + i5.44060 91
H 22
8.0 E 1.312 + i0.045 SW 2.82939 + i17.23610 93
H 24
9.0 E 1.269 + i0.043 SW 4.09006 + i22.80586 95
H 26
11.0 E 1.093 + i0.242 SW  31.03981 + i7.98514 27
H - 28
12.5 E 1.387 + i0.422 SW  12.08921 + i7.70071 29
H 30



how the number of maxima and minima in 0 8 < 7 increases with decreasing A,

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

X > 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

The particular cross sections o(0), o(x), O Oy and O ¢ 2re shown as

functions of A in the infrared range in Figs. 31 through 35. Each Figure has two
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 < 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 SW data, and at X = 2.25 and 3 um 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 X =21.25 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 index were used in the longer wavelength range
8.0 < A 12,5 um.

The geometrical effects are particularly pronounced for 0.76 < A < 3.5 um.

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



the wavelength, or are low multiples thereof, and this is the region where resonance
effects and other interactions between the various contributors to the scattering are
most important. As an example, while o A has a strong local maximum near the
maximum in n, at X = 3.075 um, the shape and overall width of the maximum in
O is apparently affected by the side length of the hexagon being close to this wave-
length. o(0) and o(7) both show a corresponding drop in this absorption region.
The behavior is quite different near the secondary maximum in n, at A = 2um.

For H-polarization but not for E, o, is large as expected, while o(0) and o(7) have

local maxima for A just above 2 /.cmAwith 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
n, 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.

It is therefore obvious that any predictions of absorption and scattering

based only on the properties of the material of which the scatterer is composed may

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 obtain data for hexagonal cylinders which model sheath crystals
of the type found in cirrus clouds. The procedures are economical for eylinders
whose cross sections are not more than about 15 wavelengths in perimeter, with the
cost 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 results can also
be very sensitive to the refractive index employed. Geometric effects can so influence
the absorption 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 circular 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
cylinders 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 crystals, and allowing us to compute the
effects of riming. Since the theory for non-broadside incidence has been derived, we
would also like to develop the computer programs necessary to obtain numerical 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 data without losing its essential properties.
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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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Fig, 31: Computed backscattering cross sections of hexagonal (shell)

cylinders, In this and the following four figures, -and e
show edge-on and face-on results respectively for IP data;
similarly x and ® are for SW data.
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Fig. 32: Computed forward scattering cross sections of hexagonal (shell)
cylinders.
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Fig. 33: Computed total scattering cross sections of hexagonal (shell)
cylinders.
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Appendix: Scattering by a Cylindrical Resistive Shell

A-1  Formulation

The shell crystal is simulated by a 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 a membrane arises naturally from a consideration of a
thin sheet of highly conducting material whose permeability u is that of free space.
If o is the conductivity and T is the thickness, we can define a surface resistivity

R as

R W
where Xe is the electric susceptibility, € is the permittivity of {ree space and a
time factor e_im has been assumed; and as 7 —»0 we can imagine ¢ to be increased
in such 2 manner that R is finite and ron-zero in the limit. The result isan idealized
(infinitesimally thin) electrically resistive sheet whose electromagnetic properties
are specified by the single quantity R. In terms of the (complex) refractive index n

of the layer material

R = w_iZ
(nz— kT

o~
)
\"'

where k and Z are the propagation constant and intrinsic impedance of free space,
respectively.
Mathematically at least, the membrane is simply an electric current sheet
: 2
whose strength is related to the tangential electric field via the resistivity R ohms/m",

which may be a function of position. Since u = u 0’ there is no magnetic current

present and

2 (&) =0 3)
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where the affices + refer to the positive (upper or outer) and negative (lower or
inner) sides of the sheet and fi is the outward normal to the positive side. If Jis
the total current

A, -H) =3 (4)

and from the definition of the surface resistivity

+
Dp(BpE7) =-RJ . (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-Civita (see Bateman, 1915) in studies of charges

and currents close to a conducting sheet.

A-2  Scattering by a Resistive Membrane

It is convenient to start by considering a general resistive membrane in
three space dimensions illuminated by an arbitrary electromagnetic 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.

If S is an open electrically resistive sheet and we surround it by a

closed surface Sl’ the scattered field at any point r outside S1 can be written as

E%(r) = VAT + AN

B(r) =V Uz - KYVpz
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-1
where Y = Z = and 7 and 7* are the electric and magnetic Hertz vectors defined

as

a(p) = % ggﬁ,\ggdsf
A (7)
1
o =- 2 Sg d,Egds'
) 8
and
Jd
g=8z[r) = 3 (8)

with d = l r- 3'! is the free space Green function. On collapsing S1 to the two sides

of 8, the expression for 7(r) reduces to

i.e., x(p) = % SS_{(}_")NS' | » (9)
, by

where the integration is now a one- 51ded integration along S. Since

nA(E -E ") = 0, we have s1m11ar1y
to=0, (10)

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

with the concept of an electric current sheet. Hence

E(®) = E\D+ Y)Yz
(11)
B() = 'p)- kY%
where g‘, y_’ are the incident field vectors.
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If r is not on S, the derivative operations can be applied directly to the
integrand of ) giving

E(r) =§_i(5)+1kz%§ {_{(5')¢+—12-[_§(§') -VZ’ V'g} ds' (12)
k
]

H(r) = !@*&% dx'),\V'gds' . (13)
S

In the particular case when the incident field and the surface S are both independent
of a Cartesian coordinate z, eq.(12)was the starting point for the analysis of resis-
tive sheets by Knott and Senior (1974). Integral equations for the tangential components
of J were developed by taking the limit r—>8, and similar results can be obtained
even in three dimensions.

On the 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 (S8enior, 1975)

E(r) = Er)+1kz g {g(_r_')g- —15 (v -g)v'g}ds'
k

iZ A
-—E- % V'us').nQAg- (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 conducting surface the line integral
vanishes by virtue of the edge condition. The electric field expression (14) is then
identical to that given by Poggio and Miller (1873) for a closed surface S, and since

1 + -
v J = ik¥p [, = kYH'-(E'-E) , (15)
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it is also identical to that produced by application of the appropriate Stratton-Chu
formula (Stratton, 1941) to the closed surface consisting of the two sides of S. For
a nonmetallic surface, however, the line integral is in general nonzero. The
Stratton-Chu formulas are no longer valid and to avoid the occurrence 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 to

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

20 - o Sg {M(ﬁ'f\ Eg+ G\ EN)vig+ (@ B 8} ds' (16)
S )
H(z) = E(p)+ S B NN WASSCR BT (m

where the unit vector 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 S alone,
rather than their jump discontinuities across S. We recall, however, that(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 S with the observation point still outside S, g will be regular through-

out the entire volume of integration, implying

0= %& {ucz(ﬁ' NHg+@' ED) Vg + (R g’)v';}ds' (18)
0= gg {-mv(a'A E)g+(@m,H),Vg+@- g‘)v'g} s' . (19)
S

By choosing r the same as in eqgs. (16) and (17), subtraction of (18) from (16) gives
E(r) = g‘(_z;) +S {mz(ﬁ' A [H]g + @'y [E] AV'g + (8" - [g:J)V';} ds'

where [E] =E -E and [H] =H'-H . Similarly
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H(r) = _lj‘(g) + S {-lkY(ﬁ' 2 [E])g + (' \[H]) £ V'g + (&'~ [H]) Vg }ds'

and when the boundary conditioms(3), (4) and the relation (15) are used, we have

E(r) =_1_‘3_1(5) + lkzgg {_{(5'): - -li(V; -J)Vg } ds' (20)
k
H(x) = ﬁi(s) + S g Jr)\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 open 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

3 . R 1 !
o, E(r) = ﬁAEIQ) + ikZ ;_1;% ES{nAg(Ev)g _1:2 (v -g)fw'g}dsv (22)
S

and since

ﬁAV'g = (ﬁ _ ﬁ')AV'g+ ﬁ',\V'g,

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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f,E(x) = R, J(x) - ikz Sf{ﬁA J(rg ——1_2-(\78" : g)ﬁAv{g}dsv (23)
k

for r on S. This is a valid integral equation whose only disadvantage is the occur-
rence of surface derivatives of J.
This difficulty can be overcome if we use the integral representation (12).

On paralleling the steps leading from (20 to (22), we have

A A i o 1 1 A
nAlil(I) = nl\El(E) + 11{Z££_1:7‘STl SS{ﬁA£<£')g +;2-[£(£')-Vv]n/\V'g}dS’ (24)
S

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 a numerical solution provided the segmentation of the integral which is
inherent in such a method is performed prior to thg 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
equations 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'r) = E'pexp(ik 2), Hir) = Hip)explik 2 (25)
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where r = p+z z'\, the total fields admit the same decomposition and, in particular,

J(r) = JI(s) exp(ik_z) (26)

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

85 Jxr')gds' = %oxp(lkzz) g(s')llgl

C

)(KMI'

where (now)

d=p-p'
and (27)

K= Vk -kz

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

VO = em ]k 1 -——8 ' ik []
s d 2" ){83' Js(' )+ sz(' )}
and since

85 flp") explik 2")V'g dS' = 'f;exp(ikzz) Aa')(V; - ik 2) Bf)l)(u'l) ds'
c

where V{ is the two-dimensional (transverse) del operator in the plane z = 0,

eq. (23) becomes

oJ
A A kZ A
n,\_l';‘(l) = Rn,J(s) + = 0 {_{(-')uf)”(xd) - -12' [3;,! + ﬂtsz(l')]
c k
«(V' - 1k Q)H(l)(xd)} ds' (28)
t L 0
The 8 compoaeat is simply
z‘s) YRJz(l)+:k' Jz(l')"'l's—" Ho kd)ds' . (29)
c kK ds'
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which is a coupled integral equation involving the longitudinal and circumferential
components of the current. Likewise, from the % component of (28) we obtain the

second coupled equation

YEL(s) = YRI (s) + X k {: (a'Xd .3')1:‘“««1)
{ +ik d (-')} .98 Vwa)bas . (30
s’ 2 1 o

and though it is not in general possible to decouple (29) and (30), we can eliminate

JZ from the integral portion of (30). Differentiating (29) with respect to s, we

have

3 (0 - DB Vixdras = 4582 (B3 (0)-E (-)}
z 1
c

6J

-1— (l d)Hm

(xd)ds' ,

and when this is substituted into (30), the integral equation becomes
k k
z 9 1 9
{E (s)-1— 1 s Ez(u)} {RJ (s)-1— 2 7 M ( )}

(

{J.(l')(ﬁ-i')ﬁ Dicay - 2 &)n“’w)} ' . (31)

+
NI

* 8!'
C

which now involves J , 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 aJZ [os'.

Equation (29) is then replaced by
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i % (1) K (1)
YEZ(S) = YRJ (s)+le 5 {JZ(S')HO (k d) -i= Js(s')('s\"ﬁ)Hl (Kd)} ds' (32)

C
and (30) by

YE(s) = YR (s) +=
S S

; 5 %mwaymg%w@'
c

K fim no_ (1) ,
+4k' pC 5 Js(S )as' {( l (Kd)} ds (33)
C

tckz (1)
-1y Jz(s')( ) ) (kd)ds' .
C

The latter is meaningful only if the second integral on the right hand side is handled
in the manner described 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. Then kZ = 0 implying

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

Loy = k Remey :
YEZ(s) = YRJZ(s)+4 S JZ(S )H0 (kd)ds (34)
C
YE i(s) = YRJ (s) k S J (s")(5.8") (1)(kd)d !
S 4 S 0
C
(35)
1 fim L0 (1)
Mgcj\swgyﬂ ‘d)H <m@ :
C



Y

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.

]-3-1 _ Qe—lk(xcoseo +ys1n60)

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

equation. Once Jz(s) has been found, the scattered electric field in the far zone is

s_ a2 ilkp-1/4)
E =12 ko © PE(G,GO)

where the complex scattering amplitude PE is given by
— lﬁ ] _ikﬁ ‘ B' 1] (36)
PE(O, 90) =-3 S\ Jz(s Je ds
C
with 3 = %cos@+§rsin6

and in terms of P, the two dimensional scattering cross section is
4 2
0(6,0,) = [P6,6,)]" (37)

If, on the other hand, the incident field is H- polarized, i.e.
Iil _ ﬁe—lk(xcos 90 + ys1n60)
the only component excited is J s( s) and this can be obtained from the H - polarized

equation (35). Inthe far zone
S A[l2 (ko - 7/4)
H = -
= T AT © Py(6,6y)

k ikp o
= _= A Dy N KPR 1oy
where PH(O,GO) 2 S 0 nJS(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 o A respectively. The former is given by
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6 (6) = —17; o(6,0 )do (39)

and from the forward scattering theorem the absorption cross section is

- 4
GA(GO) = - GT(GO) "k Re. PO + 7r,60), (40)

0

We remark that for a finite shell of length £ (>>\) each three dimensional 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 section by

2
0(3) = %— o (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 availability
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 RAMVS
and to make it more efficient for a polygonal shell, we became aware of certain
errors and/or deficiencies in the program which are most apparent when the
resistivity is small. These had not 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
bistatic scattering cross section, where the normalization is with respect to the
free space wavelength to make the quantities diménsionless. The two programs
that resulted are designated RICE and RICH and are based on eqs. (34) and (35)

for E - and H- polarization respectively.

60



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 function we have

2 2
(1) 2, kd _(kd &(gg)
H0 (kd)-’\-'f{1+ - (fn 5 +'y)}{1 (2) }+ —\2

where v = 0.577215... is Euler's constant, and hence, for the self cell A of width

26,

S J (s')H(l)(kd)ds' 228 (s) {1 + 21 (Enﬁ+ 0.028798. . )} .
zZ 0 Z s A
A
Equation (34) now becomes
i) 15 (2, %
YEZ(s) = [YR+ 1t . (lnk + 0.028798.,.)}] Jz(s)

(42)

+ o g 7 (snHE Y (kd)ds:
o Z 0
C-A

and this is the equation used in program RICE.
The same reasoning applied to the first integral in (35) gives
A 1 i
S 3 (58- 808 ka) as' =2 207 (9) [ 142 (m 224 0.028798...)} ,
s 0 S T A
A
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 J S(s') is assumed constant over each cell,
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'=p,+6
p'=p;

p'=p.-6

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

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

%{(é.a)ﬂ(ll)(kd)} = k{(ﬁv.ﬁ)(ﬁ.a) - (§'~81)(§.a)} Hm'(kd)

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

contribution as

fim
Js(s)p 5C 1

-—

where I =k S{(ﬁu&)(ﬁ-&) _ (év-d)(é.a)} H(ll)'(kd)ds'.
A

For a locally plane element with the observation point a small distance y above

its midpoint,

6 9 9
I:ZkS Y =t g k2 12t
2 2
o ¥ Tt

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

6

2 2
4is 1 yo -t 2/, [k [2 2] )
~ 20 + Ll 2 = .
T —— itk g — {1+ﬂ(m[2 y et |eyeg) | oa
y +6 0 y +t
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Hence

A {1+_2_1(1n&5+0.528798...)}
T T A

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

now has the form

P AN mef L 2(, %
YE(s) = [YR+W2 18 {1+ ﬂ(ln x +O.028798...-0,5)}JJS(S)
+2Lx JS(s')(é"é')Hél)(kd)ds' (43)
c-A
N
A P =p. 6
+1 Z J (s.) [(ﬁ-d)H(l)(kd)] )
4 S j 1 o' =p. =6
j=1 j
jti

whose solution is computed by program RICH.

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

wavelength 2.6u. The normalised resistivity employed was
YR = 0.03876 + i9. 10650

corresponding to a shell 0. 1u thick and the refractive index
n = 1,206 + i0. 00080

for ice at 2.6u quoted by Irvine and Pollack (1968). The results 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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N, as is the forward scattering cross section, but the backscattering changes
noticeably on decreasing the sampling rate below (about) 9 cells per wavelength.
In running the program we have therefore used 9 or more cells per wavelength
whenever possible consistent with the maximum of N = 100 allowed by the matrix
inversion routine used.

Listings of the two programs follow.

312302 53¢ sl sie 31 sl 3je 3k ke sl 3e 3l e e 3ie sl e sle sie o< i sfe ale sk sl e e sie ol 3ig ol sl sl sl o Sig i sie e sie sic it sie sk e sl st sl sl sl e sle sl sl sl sle sle st sle st slesie st sl sl sk
INPUT FORMAT FOR PROGRAM RICF SEPT, 1975
330 3 33 e R 3R ek e ste sk s sk ok sie e siesie e sie sl siesie sie sie sl ool sl sfeslk sl sie Sk ok sk sleole sk e i s sl sl sl s sk sl iR ik e Silk i e st sk skl ikl sk
CARND 1 FORMAT (18A4) TITLF CARD: USF UP TN 72 CNLUMNS
CARD 2 FARMAT (1241345F10.5) MORF 4KNDF 4 ZFAC ¢y WAVF 4 FIRST 4 LAST, INK
MORF=0 THIS WILL RF THF LAST RUN FAR THIS DATA SFT
MORF=1 THERF ARF MNRE DATA TN BF RFAD AFTFR THIS SFT
KNNF=0 CAMPUTFS BISTATIC SCATTERING PATTFRN
KNNF=1 COMPUTES BRACKSCATTFRING PATTERN
ZFAC A COMPLEX FACTOR MULTTPLYING ALL FLFMENT
WAV F WAVFI_FNGTH
FIRST INITIAL SCATTFRING AND INCIDENCE ANGILF
LAST FINAL ANGILF
INK ANGILAR TNCRFMENT

CARD 3 FORMAT (T1245X47F1045) NyZ ¢XAgYAZXR,YRyANG

N NUMRER NF SAMPLING POAINTS NN THIS SFEGMENT
7 NORMALTIZED IMPFDANCE NF THF SFGMENT
XAy YAy XRy YR SFGMENT ENDPNINTS

ANG ANGLF SUBTENNDED RY THE SEGMENT

ZFRN IN COL 2 SHUTS NFF
REANDING NF SFGMENTS

CARD 4 FNRMAT (12,13,F10.5) MORE 4KNDF 4 7FACsFIRST,,LAST, INK
THIS CARD IS USED NNLY IF,
AN CARD 2, MNRF=]
s st ke e soofe sk et ol st el sk e sl e sk e ok ek ok e sk e oo ek ek ettt s st skt s st skl sk st soloisi ol ook ook

N Ne N Ne e e lie e e R e Ne N Ne Ne B N e Bies len lies Mo lien len ien len Wen}

lsp e Nen e Nian Bitqp BNen Hien Nien Ben BEen Bien Bien Hien HEen Bien Hien Hien i en Hien Hien Hien Niwn Hien iken Mifen Hien HEen Bien Nian BEen B ea Nan |

C

10 SPFCTFICATINNS: C
5¢INPUT DATA: A:NUTPUT(PRINTER): 7:0DUHTPUT(GRAPHICS) C

C

et s stk el slestesiote sl sk ot il sielotei sl st sl st el st stk skl stk el sk stk ek skt stttk ikl skl
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COMPLFX%8 A(1004101)43PHI(100)4PINK(1I00)47S(10)
COMPILFX%B DFL4SUM,7ZFAC
RFAL%4 |LAST,INK
REALRA X(200)4Y(200) ¢XN{200) 4YN(200)4S(200),DSO(10),ASIIM(361)4RSUIM(361])
INTFGFR%4 ID(1R) S LIMP(200)TPNL(?2)+tV(100),MM(100)
NATA MH/100/
CAMMON /PT1FS/ PI1,TPIL, PIT, PIPIy YZ4RFD,DNIG
NDATA IPNIL. /YFFFFY', VHHHH'/
NATA TPP/1/
CeeeeeRFAD TINPHT DATA AND GFNERATF BRONY PRNFILF
5 RFAD (5,100) ID
READ (54200) MNRFLKNNE47FAC yWAVEFIRST4LAST, INK
WRITE(74100) 1IN
WRITE(7,101) WAVF
WRTITF(74199) FIRST4LAST,INK,IPP
101 FNRMAT(' LAMRDA=',F5,2,% MICRNONS?)
199 FNRMAT(1X,3F10.5,13)
ITWHICH=1
TF(RFALIZFAC) «F0eDGANDJAIMAG(IZFAC).F0DL)
E7FAC=(1,F=204,1.F=20)
WRTTF (64150) ID
WRTTF (64300)
CALL GEOM{LUMP o XyY 4 XNgYNgSeNSO97ZSoM)
MT=M/?
LL=LUMP (M)

20 TF (KNDFLNEL.O) GN TN 25
NTNC =1
NBIT=1+IFIX((ILAST=-FIRST)/INK)
GO TO 30
2?5 NRIT=0
NINC=1+TFIX((LAST=FIRST)/INK)
30 WRITE (64150) ID :
WRITE (64400) IPOL(TPP)yLLaMT4NINGyNRITWAVF,7FAC
WRTTE (64425) FIRST
38 DN 35 [=1,LL
7S(1)=2S(1)*%7FAC
35 NSO(I)=NSQ(I)/WAVF
XK=TP1/WAVF
Coees o CNNSTRIICT MATRIX ELEMFNTS
TEOIWHICHLFQ.,2) GN TN 37
CaLL MTX(MaMH XKy Xy Yy XNy YN4NSOyLIMP47S,A)
Coeeee CAMPUTF INCIDFNT FIFLD AND INVERT MATRIX
" 37 TFTA=RFDN%FIRST
CT=CNS(TFTA)
ST=SIN(TFTA)
NN 60 I=29M02
HOLD==XK* (CTHRX(T)+ST%Y(1))
DEL=CMPLX(COS(HNALD) 4SIN(HNALN))
A0 PINK(TI/2)=DFL
CALL FLIP(AMT ¢MH,LV MM 4P INK,PHT ,TWHICH)

66



CoeeseoePRINT NUT CURRFENTS AND ELFMENT PRNOPFRTIFS FNR FIRST ANGLF
WRTITFE (64500)
IT=0
NN A5 I=2,M02
[T=1T+1
AMP=CARS(PHI(IT))
PHASE=DIGHXATAN2 (ATMAG(PHI(IT) )9y RFAL(PHI(IT)))
ISFG=LUMP(T)
65 WRITE (694250) IT9ISFGeX(I)aY(I)sS(T)yDSOCISFG)4ZSIISFG)4AMP,PHASF
CoeoeeeNNPF DUT THF APPRNPRIATE FIFLD FACTORS
THF=FIRST=INK
K=0
TF (KNNDELEONL1) GN TN 70
WRTTE (6,800) FIRST
GN TN 75
70 WRITF (6,600)
75 THF=THF+INK
IF (THF.GTLLAST) GD TO 105
IF (THFLEQO.FIRST) GN TN RH
Coeeeee IN THF FALLNWING LNOP, PINK IS NNT MFCESSARTLY THE INCIDFNT FIFLD
TFTA=RFNx=THF
CT=COS(TFTA)
ST=SIN(TFTA)
nn 80 \'=29M92
HALND==XK* (CTxX(J)+ST*Y(J))
NFL=CMPLX(COS(HNLD) 4 SIN(HNLNY))
RO PINK(J/2)=DFL
IF (KNDFL,EO.0) GN TN 85
CALL FLIP(AyMTyMH,LV4MMy4PINKsPHT,?2)
85 SHUM=CMPLX(0.0,0,0)
CoeeseaeADD UUP THE CURRENTS
nPO 95 \|=29M02
JT=1/2
95 SUM=SUM+PHI(JT)®PINK(JIT)*NSO(LIMP(.1))
SUM==SUM
SUMR=RFAL(StIM)
SUMI=ATMAG(SUM)
SUMSQ=SUMR*SUMR+SHIMI*%SUIMI
SCAT=10.*%ALNG1IO(SIIMSO)+1.9612
K=K+1
ASUM(K)=SUMSO
RSUM(K)=REAL (SUM)
PHASE=DIG*ATAN? ( SUMI, SUIMR)
WRITE(74900) THF,SCAT,PHASF
GO TN 75
105 NDIFF=LAST=FIRST
IFIDIFF «NF., 180.0 JAND, DIFF NFE, 360.0) GO TN 205
INANN=MNN(K,42)
TFINIFF +FQ. 360,0 JAND, INDD NF, 1) GO TO 205
TF(DIFF +EQ. 180.,0) FAC=2.0
TFIDIFF +F0. 360.0) FAC=1,0
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Cxx3% STMPSON INTFGRATINN OF CRNOSSFCTIONS
KI AST=K
IF(IOND +E0. 0) KLAST=KLAST-3
SIGT=ASUM(1)+ASUM(KLAST)
SIG=0,0
NN 203 [=2,KLAST,?
203 SIG=SIG+ASUM(T])
SIGT=SIGT+4,0%SIG
SI1G=0.0
KLAST=K=-2
no 210 1=3,KLAST,2
210 STG=STIG+ASUM(T)
SIGT=SIGT+2.0%S1IG
SIGT=SIGT®*INK/3,0
TFCINDD «EQe 0) SIGT=SIGT+3./8Be*INK3*
ECASUM(K=3)+ASUM(K)+3 % (ASUIM{K=2)+ASUUM(K=1)))
SIGT=SIGT*FAC*REN/4,
Cxxx END SIMPSON INTFGRATION
KF=K
IF(FAC .FQ. 1) KF=(K+1)/2
SIGF==RSUM(KF)
SIGA==SIGT+SIGF
IF(KODE) 22042204240
220 SIGTNDR=10,0%ALNGLIO(SIGT)
IF(SIGA LE. 0.0) GO TN 225
SIGANDB=10,0%ALNG10(STIGA)
GN TN 230
225 WRITE(64825) SIGT4SIGA,SIGF
WRITE(7,825) SIGT4SIGA,SIGF
GO TO 205
230 SIGTDR=10,0%ALNG1O(SIGT)
WRITE(64850) SIGTSIGTNBSIGA,SIGADR
WRITE(T74851) SIGT4SIGTNDRSIGA4SIGANR
GN TN 205
240 SIGTDR=10,0%ALOGI0(SIGT)
WRITE(64875) SIGT,SIGTNR
R25 FORMAT(///+5Xs40H*FNUL* NFGATIVF ARSNRPTINN CRNSSECTION,//,
E15X e SHSTIGT=gFBe5 95X s5HSTIGA=3FB,5,5X45HSTIGF=4FR8,5)
R50 FNRMAT(///+415Xe5HSIGT=9FBe59FB4243H NR45X45HSTIGA=FB.5,FR.7,
£3H NB)
851 FORMAT(///+15Xe'SIGMA(T)/LAMBDA=YyFB,5,FR.2,' NR',5X,
EYSIGMA(A) /LAMBDA=Y ,FB8,54FRs2+' DR')
R75 FNRMAT(///+15X, THSIGAVE=4FR.54FR.243H NR)

205 IF (MORF.EQ.N) GN TN 5
NN 103 I=1,LL
75(1)=7S(1)/ZFAC

103 DSO(I)=DSO(T)*WAVF
NFL=ZFAC
PWAVE=WAVE
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C

100
150
200
250
300

400

42

500

600

800

900
901

RFAD (5,200) MORF4KNNE,7ZFAC yWAVF 4 FIRST ,LAST,s INK

WRTTF(74100) 1IN

WRITF(7,101) WAVF

WRTITF(74199) FIRST,LAST,INK,IPP

IWHICH=1

TF(RFAL(ZFAC) oFOe0JANDJAIMAG(ZFAC)<eF0O0.)
E7FAC=(1,F=20,1.F=20)

IF(REAL(ZFAC) FOLRFALINFEL)4ANDJAIMAG(7FAG)FOLAIMAG(NFL)
&« AND WAVF ,FOPWAVF) IWHICH=?

6N TN 20

FNARMAT (18A4)

FORMAT (1H1,18A4)

FORMAT (12,13,6F10.5)

FORMAT (21547F10.54F10.3)

FORMAT (10HOSFG  NUM411X,24HFNDPNINTS OF THF SEGMENT, 19X,
E1RHSFEGMENT PARAMETFRS/L11H NUM  CFLLSyb6Xe2HXAy8X 4 2HY Ay 8X y 2HXR 4 8X,
f2HYR, 6X 9y 24HANGLF  RADIUS LFNGTH,4X,14HRF =7 M=7/)

FNRMAT (//31X414HKFY PARAMETFRS//
£16Xs21HINCINENT PNLARIZATINN,22X,1A1/
616X, 23HNUMBER OF SFGMENTS USFDy 121/
£16Xe33HTATAL NUMBER OF CFLLS NN THF RODY, 111/
£16X435HNUMBFR OF INCIDENT FIFLD NDIRFCTINNS, 19/
£ 16Xy 29HNUMBER NF BISTATIC NDIRFCTINNS 4115/

§16Xy 10OHWAVELFNGTH,F34,5/

£16Xe1 FHIMPEDANCF FATNR G F16454' o',F10,5)

5 FORMAT (////+36Xe18HSURFACE FIFLD NATA/ 27X,
£29HFNR INCIDENT FIFLD DIRFCTINN=,F7.7)

FORMAT (11HO I SEGeaX e 4HX (T )y 6X44HY (1) yb6Xe4HS(1)45X,AHNSO(T),
E4Xe BHRS(T) 46Xy BHXS(I) $4X46HMNAN(J) 46X 4 6HARG( ) /)

FORMAT (1H1,27X,28HRACKSCATTFRING CRNSS SFCTINN//23X,
£36HTHETA SIGMA/LLAMBDA , DR PHASF ,NFG)

FARMAT (1H1423X,33HBISTATIC SCATTFRING CRNSS SFCTINN/23X,
§29HFNR INCIDFNT FIFLD DIRECTION= F7.2//23X,
£36HTHETA STGMA/LAMBRNDA,NR  PHASF,NFG)

FORMAT (15X4F13.,2,F14,2,F16.1) '

FORMAT (15X4F13,2,F14.,2,F15.1)

FND

SURROUTINE MTX(MyMHy XKy XyYsXNyYNyNSO4LIMP,7S,A)

RICF VERSINN, F=PNLARIZATINN

RFAL®X4 X(1)9Y(1)eXN(1)aYN(1)sNSO(1)

INTEGER*4 LUMP(1)

CNMPLEX#*8 A(MHy1)43ZS({1)4HZNIIM

COMMON /PIES/ PI,TPI, PIT, PIPI, YZ,REN,NIG

TH=0

NN 10 T=24M,2

TH=TH+1

X1=X(1)

YI=Y(1)

JH=0

NN 10 J=24M,?2

JH=JH+1

ISFG=LUMP(J)

NS=NSN(ISEG)

IF(IH.FOLJH)GN TN 50
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RX=XT=X(.)
RY=YI=-Y(.)
R=SORT(RX*RX+RY*RY)
RK=R3*XK
CALL HANKZ1(RK4NeHZ«DUM)
A(THy IH)=PITxH7%NS
GN 70 10
50 A(TH,JH)=ZS({ISFG)+
ENSHCMPLX(PITZALNG(NS)+,028879R37)
10 CNANTIMNUF
RFTURN
FND
SUHBRNOUTINE GFOM(LUMP g X oY ¢ XNgYN4SyNSO47ZSeM)

C THIS VFRSION RFADNS AND GENETATES SEGMENTS TN CNUNTER-CLOCKWISF DIRECTION.
C THF SURFACF MUST BF CLOSFED,

C POINTS ARF GENFRFTFED AT THF START AND MINPOINTS NF FACH CFLI

C THF START POINT NF THF FIRST CFLL EVENTUALLY CNINCIDES

C WITH THE END POINT OF THF ILLAST CFLL.

COMPLFX:R 7S(1)47
RFEAL®4 X(1)9Y(1)gXN({1)aYN(1)4S(1)sNSO(1)
INTFGFR*4 LUMP(1)
COMMON /PIFS/ PI,TPI, PIT, PIPIs Y74RFN,DIG
=0
.=0
CeseesRFAD INPUT PARAMFTERS AND PRFPARFE TN GFNFRATE SAMPLING PNINTS

10 READ (54200) NyZyXAyYAyXRyYRB,ANG
IF(N,I.T.1) GO TN 120
| TM=2%N
TX=XA=-XB
TY=YA-YR
N=SORT(TXXTX+TY*TY)
L=L+1
75(L) =2
I[F (ANG,FQ.0.0) GN TN 20
T=0,5%RFNXANG
TRX=TX+TY*CNTAN(T)
TRY=TY=-TX*CNTAN(T)
RAD=0.5%N/SIN(T)
ARC=2.,0%RAD*T
ALF=T/N
NSO(L)=2,0%RAD*ALF
GN IO 30

20 RAD=999,999
ARC=D
NSO(L)=N/N

CeeeeeSTART GFNERATING

30 NSS=0.
NS=NSO(L) /2.
NN 50 JJ=1,L1M
I=1+1
NENNES
S(1)=NSS
NSS=NSS+NS
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LUMP(T)=L

IF (ANG,FQ.0.,0) GN TN 40

ARG=JxALLF

SINO=SIN(ARG)

CNSN=CNS(ARG)
X{I)=XA=0,5%(TRX*(1,0-CNSO)=TRY*SINQ)
Y(T)=YA+05%( TRX%SIMO+TRY*(1.0-CNSO))

XN(T)=+0,5%( TRX*CNSO+TRYXSINO) /RAD
YN(T)= 045%(TRXXSINO-TRY*CNSO)/RAD
GN TN 50
40 X(I)=XA=045%IJKRTX/N
Y(T)=YA=0,5*)*TY/N
XN(T)==TY/D
YN(T)= TX/D
50 CNNTINUF
100 WRITE(69300)LeNgXAyYAGXRoYRyANGGRAN,ARC 47
GN 70 10
170 M=1
LL=L
200 FNARMAT(I2,43Xs7F10,5)
300 FORMAT(I341694Xs4F10654F742,434F1045)
RFETHRN
END
SURROUTINE HANKZ1(R4N,HZERN,HNNF)
CoeeeeoHANKEL FUNCTINNS ARF NF FIRST KIND==J+1VY
Coooes N=0 RETHRNS HZFRN
Cooooe N=1 RFTURNS HNNFE
Ceoene N=2 RFTURNS H7FRNO AND HONF
Coeee e SUBROUTINE RFOUIRES R>0
Coeeeee SURROUTINE ANDAM MUST RF SUPPLIFD RY UISEFR
DIMENSTON A(T)4BLT)sCUT)aD(T)sF(T)oF(T)3G(T)4H(T)
COMPLEX HZERDGHNNE
”ATA AvRvaDv E’FQGQH/]..09‘2.249999711'026R62089_0. 3163366,
£0.0444479,-0,0039444,0,00021,40.,36746691,0,60559366,-0.74350384,
£06253001179=0.0626121440,004279169=0.00024846,0.5,-0.56249985,
£0,21093573,-0,03954289,0,00443319,-0,00031761,~-0.,00001109,
£=0.6366198,042212091+42.16827099~143164827,0.3123951,-0,0400976,
£0.002787340,79788B456,4,=-0.00000077,-0,0055274,-0.00009512,
£0.00137237,=0.00072805,0.000144764-0,7R539816,-0.04166397,
£§=0,00003954,0.,00262573,-0.00054125,-0,00029333,0,00013558,
E0.7978845640,0000015640,016596A740,00017105,-0,00249511,
£0,00113653,-0.00020033,-2,35619449,0,12499612,0.0000565,
£=0.0063787940.00074348,0,000798244-0,0002916A/
IF (R.LF.0.,0) GN TN 50
IF (NoLTe0.0RNGGTL2) GN TN 50
TF (ReGTe3.0) GN TN 20
X=R*R/9,0
IF (N.FO,1) GN TN 10
CALL ADAM({A,XsRJ)
CALL ADAM(B,X,Y)
RY=04,6366198%AI.N0G(0.5%R)%BJ+Y
HZFRN=CMPLX(R.J«RY)
IF (NJFOL0) RETHRN
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10

20

30

50

90

10

10

CALL ADAM(C 4+ X,4Y)
RJ=R3kY

CALL ADAM(D¢X,4Y)
BY=0,6366198%ALNG(045%R)*RJ+Y /R
HOANE=CMPILX(RJ,4RY)

RF TUIRN

X=3,0/R

IF (NJFOL.1) GO TN 30
CALL ADAM(F,4XyY)
FONL=Y/SORT(R)

CALL ADAM(F,4X,Y)
T=R+Y

RJ=FONOL*CNSI(T)
RY=FONL*SIN(T)

HZFRN=CMPLX{RJ«RY)

IF (N.FQO,0) RETURN
CALL ADAM(GeXoY)
FOOL=Y/SORT(R)

CALL ADAM(H,X,Y)

T=R+Y

RJ=FOOL*COS(T)
BY=FNNL*SIN(T)
HANE=CMPLX(RJ,RY)

RF TURN

WRTTE(6490) NyR
FORMAT(32HOSICK DATA IN HANKZ1 *QUIT*
CALL SYSTEM

FAD

SURROUTIME ADAM(Co4X,sY)
NDIMENSINN C(7)
Y=X*%C(7)

PN 10 T=1,5
Y=X)(C(T=-1)+Y)

“Y=Y+C(1)

RETHRN

FND

SURROUTINE FLIP(AGNGMI, L oMyX,yY4T1AT)
COMPLEX A(MI41)eX(1)eY(1)eDyRIGA,HOLD
NIMENSTINN L({1),M(1)

IF (IAT.GT.1) GO TO 150
N=CMPLX(1,0,0.0)

NN 80 K=1,N

L(K)=K

M(K)=K

RIGA=A(K,K)

NN 20 J=K,4N

NA 20 I=K,N

IF (CARS(BIGA).GF.CARS(A(TI,J))) 6N TOr 20

BIGA=A(T,J)
L(K)=1
M(K)=
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20  CONTINUF
J=1 (K)
IF (JJLF.K) 6N TN 35
NN 30 T=1,N
HNLN==A(K, 1)
AlKyT)=A(JVT)

30 Al(JyI)=HNLD

35 JT=M(K )
IF (I.LF.K) 6N TN 45
NN 40 J=1,N
HOLND==A(.,K)
A(JeKY=A(Jy 1)

40 A(Je1)=HOLD

45 TF (CARS(BIGA).NF,0.0) GN TN 50
N=CMPLX(Ne0DsNN)
RFTHRN

50 NN 55 [=1,N
IF (I F0.K) GN TN 55
ALToK)==A(T4K)/RIGA

56  COANTINUE
NN 65 T=1,N
NN 65 J=1,N
IF (IeFOJKeDRGJLFOLK) GN TN K5

AMToJ)I=ACTWKIKA(KZJ)+A(T4J)

65 CONTINUIF
NN 75 J=14N
TF (JoFN.K) GO TN 75
A(KQJ)=A(K9J)/RIGA

75 CNONTINUF
N=P*BIGA

RO A(K4K)=1,0/RIGA
K=N

100 K=K-=1
IF (K.LF.0) GN TN 150
I=L(K)
[F (T.1LF.K) GN TN 120
PN 110 J=1,N
HOLD=A(J.K)
AlJeK)==A(J,T)

110 A(Jd,I)=HOLD

120 J=M(K)
IF (J.LF.K) GN TN 100
NN 130 I=1,4N
HNI ND=A(K,TI)
AlKyI)==A(JsI)

130 A(J,1)=HOLD
GA TN 100

150 NN 200 I=1,N
Y(T)=CMPLX(0s040D.0)
PN 200 J=14N

200 Y(I)=A(T,J)%X(J)+Y(])
RFETHRN
FND
RILNCK DATA
COMMON /PIES/PT4TPIGPIT4PIPIsyY7+4RFNsNIG
NDATA PIoTPTIoPITePIPT Y7 4RFN¢NIG/3,141592T746.,2831853,
EL1e5707963,9.8696044,0,002652582440,N01745329,57.,29578/
FND
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SIE RT3 23N sk sl sl sl e sie sl e sk st sl sie st sle sl sl slaosle sl sie sie slesle ste st st slesie sl sl sleosie sieosie sie st sl sle st sl ik st sl sl sl sk sk e sk st sl st s st skeosie st i sisle sl
[NPUT FORMAT FOR PROGRAM kIrH SEPT, 197R
Senesk < 312 31 g 3l 3je e e e s sie st e sie sl sfesie sfe sie sl siesle sie sde sl sleosie sle sl aie sieosle st siesle sie sl sie sk sk sl sl 3ie sl sie sie st st st sl st st sl sl sl st siesie slesk ik
fARD 1 FORMAT (18A4) TITLF CARW: IHSF Up TO 7? CNLUMNS

CARD 2 FORMAT (12,13,5F10,5) MOREGKNNESZFAC s WAVF 4 FIRST, LAST, TNK

MNRF=0 THIS WILL RF THF LAST RUN FNR THIS DATA SFT
MORF=1 THFRF ARF MDRF DATA TN BF READ AFTFR THIS SFT
KNNF=0 COMPUTES BISTATIC SCATTFRING PATTERMN

KNNF=1 COMPUTES BACKSCATTFRING PATTFRN

7FAC A COMPLEX FACTOR MULTIPLYING AlLL FLFMENT

WAVF WAVFILFNGTH

FIRST INITIAL SCATTFERING AND INCINENCE ANGLF

LAST FIMAL ANGIF

I NK ANGUILAR INCRFMFNT

CARD 3 FORMAT (T1245XeTF10.5) NyZ ¢XA3YA4ZXRy YR, ANG

N NUIMRFR NF SAMPLING PNINTS NN THIS SFGMENT
/ NORMALIZFD IMPEFDANCE NOF THF SFGMENT
XAy YA XRy YR  SFGMENT FNDPNINTS

ANG ANGLFE SURTFNDED BY THF SFGMFENT

ZFRN IN CNL 2 SHUTS NFF
READING NF SFGMFENMTS

CARD 4  FNRMAT (12,13,F10.5) MORF sKNNE ¢ 7FACsFIRST«LAST, INK
THIS CARD IS USFD ONLY IF,
ON CARD 2, MNRF=1

PR RN PR e e she sl e e e o , e ste e e sl G b
1€ 22 e e 3k 3 B3k e sieofeok sie sk siesie sle sie sieole sk 3o sde sl siesie sl sie slesie siesie sfesle ook Aesle e sie sl s e sie sie s sie st sie sl sleste sie s il ste sk stk sl slesie stk

IN SPFCIFICATINNS:
STINPUHT DATA: 6:NUTPUT(PRINTER)Y: 7:NUTPUT(GRAPHICS)

16 33 3O sie e sle sie e e e e st siksle sl v sie ole sk sl sk e sie sie sie sfe sik sl sieoole sioole sl sie stele s st st st sde >l i ik sl sl Sl i sl sl s s st sk st sl st sl sie e ek
CAMPLF X8 A(100.101)9PHI(IOO)yPINK(100)97S(10)
COMPIFEX%8 DFL,SIIM,7FAC
RFEAL®4 | ASTTNK
REALXG X(200)4Y(200) ¢XN(200) 4YN(200)4S(200)4NDSO(10),ASIIM(361),RSIIM(3AT)
INTEGFR=4 ID(1R) 4 LIIMP(200) 4 IPOL(2)yLV(100),MM(100)
NDATA MH/100/

CAMMON  /PIFS/ PI4TPI, PIT, PIPIy Y74RFN,NIG
NATA TPNL /YFEFFY, VYHHHHY/
NATA TPP/2/
CeeesaeRFAD TINPUT DATA AND GFENERATF RNONDY PROFILF
5 RFAD (54100) 1ID
REAN (54200) MNRFKNNF47FAC yWAVF FIRST 4 LAST, INK
WRTTE(7,100) ID
WRTTE(74101) WAVF
WRTTF(74199) FTRSTGLAST,INK,IPP

1017 FORMAT(Y LAMRDA=t',F5,2,' MICRNNS 1)

199 FNRMAT(1X43F10.5.13)

TWHICH=1
TF(RFAL(IZFAC) «FQe O ANDGATMAG(I7FAC) FQL0NL)
E7FAC=(14F=2Ns1.F=20) '
WRTTE (64150) 1IN

WRTTF (64300)

CALL GEOM(LUMP X Y XMy YNyS9yNSQy7ZS M)
MT=M/?

[ L=1UMP (M)
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20 TF (KNNDF.NF,0) GN TN 25
MINC=1
NRTT=1+IFIX((LAST=FIRST)/INK)
GNTO 30
265 NMRIT=0
NINC=14+TIFIX((LAST-FIRST)/INK)
30 WRITE (Ae150) ID
WRITE (64400) TIPNLIIPP)4LL«MT4NINCyNRIT,WAVF,ZFAC
WRTTE (64425) FIRST
2R DN 35 [=1,LL
7S{1)=7S(1)%7FAC
35 DSO(TI)=DPSO(I)/WAVF
XK=TPT/WAVF
(aeeeae CNNSTRUCT MATRIX FLFMFNTS
TF(IWHICH,F0O.,?2) GN TN 37
CALL MTX(M'MHQXKOXOYQXNQYN?DSO9L“MPQ?S,A)
Coeeees CAMPUTFE INCINDEMT FIFLD AND INVFRT MATRIX
27 TFTA=RFD#FIRST
CT=CNOS(TFTA)
ST=SIN(TFTA)
NN AD T=24M,2
HOLD==XKX (CTXX(I)+STxY(T))
NEFL=CMPLXI{CNOS(HALDN) 4 SIN(HNLDY))
A0 PINK(T/2)=DFELX(XN(T)=CT+YN(T)*ST)
CALL FLIP(AGMT gMH,LV MM ,PINK PHI ,TWHICH)
CeeeeePRINT OUT CURRFNTS AND FLFMFNT PROPFRTIFS FNR FIRST ANGLF
WRITE (64500)
1T=0
nnN 65 I=2,Mq2
IT=1T+1
AMP=CABRS(PHI(IT))
PHASE=DIGXATAN? (ATMAG(PHI(IT))9yRFAL(PHTI(IT)))
TSFG=LUMP(T) ’
A5 WRITE (64250) IToISFGeX(I)eY(I)9S(I)yDSO(ISFG)47S{ISFG)4AMP,PHASF
CeoeeeNNPE NUT THF APPRNPRIATF FIFLD FACTNRS
THF=FIRST=INK
K=0
IF (KNDE.EONLY) GN TN 70
WRITE (64800) FIRST
GN TN 75
70 WRITFE (64600)
75 THF=THF+INK
TF (THF,GTLLAST) GND TN 105
TF (THELFOLFIRST) GN TN RS
Ceooee IN THF FALLOWING LNANOP, PINK IS NOT NFCESSARILY THE TINCINDFNT FIFLD
TFTA=RFD*THF
CT=CNS(TFTA)
ST=SIN(TFTA)
NN 80 J=24M,?2
HOLND==XKX (CTxX())+STxY(.))
NFL=CMPLX(CNSI{HALN) 4 SIN(HNLD))
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RO PINK(J/2)=DNFL3( XN 1)CT+YN(J)=xST)
TE (KNNFLENLO) 6N TN RS
CALL FLIP(AGJMT MH,LV4MM,PINK4PHTy?)
85  SUM=CMPLX(0.0,0,0)
CeeeesAND UP THE CURRFNTS
NN 95 J=2 M, 2
JT=0/2
95 SUM=SUM+PHTI (JT)=PINK(IT)=DSO(LIMP(.1))
SUMR=RF AL (SUIM)

SUMI=ATMAG(SIIM)
SUMSO=SUMR%SIIMR+SUIMT*SIIMI
SCAT=10.%A.NGI10O(SUMSO)+1,9A12
K=K+1
ASUM(K)=SUUMSO
RSUM(K)=REAL(SIIM)
PHASF=DIGHATAN2(SIIMI ,SIIMR)
WRITF(64901) THF4SCAT,PHASF
WRITF(74900) THFSCAT,PHASF
GN TN 75
105 DIFF=LAST=FIRST
IFIDIFF «NFe 180,0 JANDe DIFF «NF. 340.0) GN TN 205
INNDD=MNN(K,2)
IF(DIFF +FDe 360,0 <ANDe INDD «NF. 1) GO TN 205
IF(DIFF LF0O. 180,0) FAC=2.0
[IFINIFF +E0, 360.,0) FAC=1.0
Cxxx SIMPSNON INTFGRATINN NF CROSSFCTINNS
KLAST=K
TFLINDD (EQ, 0) KLAST=KLAST-3
SIGT=ASUM({1)+ASUM(KLAST)
S1G=0,0
NN 203 1=24,KLAST,?2
203 SIG=SIG+ASIIM(TI)
SIGT=SIGT+4,0%S1G
SI1G=0.0
KLAST=K=2
PN 210 1=3,KILLAST,?
210 SIG=STG+ASUM(T)
SIGT=SIGT+2,0%S1G
SIGT=SIGT*INK/3,0
TECINDDD JEQ. 0) SIGT=SIGT+3,/8 &INK
ECASUM(K=3)+ASUM(K)+3,%( ASUM(K=2)+ASIM(K=1)))
SIGT=SIGT*FACXRFN/4,
Cxx3 FND SIMPSON IMNTFGRATINN
KF=K ,
IF(FAC .F0Q. 1) KF=(K+1)/2
SIGF==RSIM(KF)
SIGA==SIGT+SIGF
TF(KNDF) 220,220,240
220 STGTDR=10,0%ALNGIN(SIGT)
TF(SIGA JLF. 0,0) GO TN 225
SIGADR=10,0%ALNGIO(SIGA)
GN TN 230
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2725 WRITE(64825) SIGT.SIGA,SIGF
WRITE(T,825) SIGT«SIGA,SIGF
GN TN 205

7230 SIGTNR=10,0%ALNGIO(SIGT)
WRITF(6e850) SIGT4SIGTNDR,SIGA,SIGADR
WRTTE(7,851) SIGT.SIGTNR,SIGA,SIGADR
GN TN 205

240 STGTNR=10,0%ALNGIO(SIGT)
WRITF(64875) SIGT,SIGTNR

R25 FNRMATI(///¢5Xy&0HEFO X NEGATIVE ARSNARPTINN GCRNSSFCTINN, //,
£15Xe5HSTOT=9FBe545X45HSIGA=4FReHyBXSHSIGF=4F8,5)

R50 FORMATI(/// 415X ¢5HSTIGT=4F8.5,F8,2,43H NR 45X s OHSIGA=yFB.54FR. 2,y
£3H NBR)

851 FNARMAT(///415Xe"SIGMA(T)/LAMRDA=1,FB,5,F8,2,' NR',5X,
EVSTIGMA(A)/LAMBNDA=Y ,FR,5,FR.2,' DRI

R7H FﬂRMAT(///915X97HSIGAVF=9FR-6vFR-293H PR

205 TF (MNRF,EQ.N) GN TN 5

NN 103 I=1,LL
7S(1)=7S(1)/7FAC
103 NDSO(T)Y=NSO(T)*WAVF
NFL=ZFAC
PWAVF =WAVEF
RFAD (5,200) MNRFKNNF4ZFACWAVF4FIRST4I.AST,y INK
WRITE(7,100) ID
WRITE(74101) WAVF
WRITE(74199) FIRST,LAST,INK,IPP
TWHICH=1
TFIRFAL(ZFAC) oFO N ANDAIMAG(ZFAC) FOL0.)
E7FAC=(14F=2041,F=20)
TF(REAL(ZFAC) oFORFALINEL) 4ANDGAIMAG(ZFAC)FNLATMAG(DFL)
S AND JWAVFFOGPWAVF) TWHICH=?
G0N TN 20

100  FNRMAT (18A4)

160 FNRMAT (1H1,1RA4)

200 FAORMAT (1241346F10.5)

750 FNRMAT (215,7F10.5,F10,.3)

300 FNRMAT (10HOSEG NUIM, 11Xy 246HENDPNINTS OF THF SFGMENT 419X,
£1R8HSFGMENT PARAMFTERS/11H NUM  CELLS 46X 2HXAGBXy 2HY A4RX 4 2HXR 98X,
E2HYR y 6X o 24HANGLF RADIUS LFNGTHy4 Xy 14HRF=7 IM=7/)

400  FORMAT (//31X414HKFY PARAMFTFRS//
16Xy 21HINCINDENT PNLARIZATINNG22X91A1/
£16X,23HNUMBFR NF SFGMENTS HSFND,T121/
£16Xs33HTNTAL NUMRFR NF CFILLS NN THF RNNY, 111/
£16X,35HNUMRFR NF INCINENT FIFLD DIRECTINNS, 19/
616Xy 29HNUMRER NF RISTATIC DIRFCTIONS, 115/
£16Xy10HWAVELFNGTH,F34,5/

E16X,16HIMPEDANCE FATNRGF1Ae54 " 91 4F1N.5)
425 FORMAT (////¢36Xs18HSURFACF FIFLD DATA/ 427X,
§29HFNR INCINFNT FIFLD DIRFCTINN=¢F747)

500 FORMAT (11HO I SEG o4X g4HX(T) g6Xg4HY (1) 96X 94HS(T) 45Xy 6HNSO(T),

£4X o BHRS(T) 44Xy BHXS{T) 44Xy AHMOD( ) 44Xy AHARG() /)

77



600 FNRMAT (1H1427Xe28HRACKSCATTFRING CRNSS SECTINN/ /23X,
E36HTHFTA SIGMA/LAMBNAGDR PHASF4DNFG)
R00 FORMAT (1H1473X433HRISTATIC SCATTFRING CRNSS SFCTINON/23X,
§29HFNR INCIDFENT FIFLD DIRFCTINN=yF7.2//23X,
E3AHTHFTA SIGMA/LAMBDA 4 DR PHASF,,DFG)
900 FNRMAT (15X4F134724F14,24F16,.1)
9N01 FNORMAT (15X,F13.2,F14.,2,F15,.1)
FND
SURRNUTIMNE MTX(MyMH XK oX oY g XNy YNGNSO4LIIMPy7S,A)
RICH VFRSION, H=PNLARIZATINN
REAL*4 X(1)eY(1)eXN(1),YN(1),DNSO(])
INTFGER*4 LUMP(1])
CAMPLFX*®8 A(MH.1),7ZS({1)4HZ4H1A,HIR oDIMGHIRLyH7AZHZR 4H7BL
CNAMMAN /PIFS/ PI14TPI, PIT, PIPTs Y74RFDyNIG
TH=0
IL=0
NN 10 1=24M,2
[H=1H+1
XT=X(T1)
YI=YI(T)
XNT=XN(T)
YNT=YN(T)
JH=0
DO 25 =24My?
JH=JH+1
ISFG=LUMP(J)
NS=NSO(ISER)
TF(IH.FNLJHIGN TN &0
JA=J-1
JB=J+1
IF(JeFQO M) JR=1
XJA=X(.A)
YJA=Y (JA)
XJR=X(JR)
YJB=Y (. JR)
XNJA=XN(JA)
YNJA=YN( JA)
XNJR=XN(JB)
YNJR=YN({ JB)
RX=XI=-X(.)
RY=YI=Y(J)
R=SORT(RX%XRX+RY%RY)
SNSP=XNIXXN({ J)+YMT®RYN(J)
RK=R*XK '
CALL HANKZ1I(RK«D4H7 ¢DLIM)
H7 =HZ*%SNSP
RX=XI=-X.IR
RY=YI-Y.UR
R=SORT(RXxRX+RY%RY)
SNDR=(RX*:YNI-RYXNT) /R
SNDSP=XNT3XN JR+YNMNTRYN JR
RRK =R XK
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CALLLL HANKZ1(RRK 4?2 4H7R4HIR)
H1R=H1R*kSDR
H7R=SNSPxH7R
TRIXJAGFOGXJIBLGANDSYIJALFOLYJRLLANDGTLFOLTL) GNA TN 15
RX=XT-XJA
RY=YI=-Y.IA
R=SORT(RX*RX+RY*RY)
SDR=(RX*YN]=RY*XNT) /R
SNDSP=XNT=XNJA+YNTI=YN JA
RAK=R3%:XK
CALILL HANKZI(RAK?24H7A4H1A)
H1 A=H1 A%SNR
H7A=SDSPxHZA
G TN 20
15 H1A=H1RL
HZA=H7RL
20 ACTHy JH)Y=PITHDS/ Ao (H7ZA+4 ;xH7+HZR) =0 ,25% (H1R=-H1A)
XJRL=X.IR
YJRIL=Y.R
HI1RL=H]R
H7RL=H/R
GN TN 25
50 A(IHyJH)=ZS(ISFG)+
ECMPLX(PIT#NS/2¢914/NS/PIPI+NSH(ALNG(NS)+0,02RR79837)/2,)
25 TL=1
10 CANTINYFE
RFETURN
FND
SURROUTINE GEOMLUMP ¢ X3 Y ¢ XN g YN 43S yNSO47S4M)
THIS VERSINN READNS AND GFENFTATFS SFGMENTS IN COUNTER-CLOCKWISF DIRECTION,
THF SURFACF MUST RF CLOSFD,
PNINTS ARF GENFRFTEND AT THF START AND MIDPNINTS NF FACH CFLI s
THF START POINT NF THF FIRST CFLL FVENTHALLY CNINCIDES
WITH THE END POINT NF THF [AST CFLL.

COMPLFX%R 7S(1),7
RFEAL®G X{1)gY(1)oXN(1)eYN(L1)yS(1)4DSO(1)
INTEGFRY%4 LUMP(1)
CNMMNN /PIFS/ PI1.TPI, PIT,s PIPTy Y74RFD,DIG
=0
=0
CeoeseRFAD INPUT PARAMETFRS AND PRFPARE TN GFNFRATE SAMPLING PNINTS
10 RFAD (54200) Ny74XAgYAeXRy YRy ANG
IF(NLTel) GN TN 120
LIM=2%N
TX=XA-XB
TY=YA-YR
N=SORT(TXXTX+TY*TY)
=1 +1
75(01L)=7
IF (ANG,FQ.0.0) GN TN 20
T=0,5%RFN*ANG
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TRX=TX+TY*RCOTAN(T)
TRY=TY=-TX*CNTAN(T)
RAD=0,5%N/SIN(T)
ARC=2? 4 O%RANXT
ALF=T/N
NSO(ILL)=2 OXRANXALF
GO TN 30

20  RAD=999,999
ARC=D
NSQ(L)Y=N/N

Ceoeees START GENERATING

30 NSS=0.
NS=NSn(L) /2.
no 50 JJ=1,L1IM
I=1+1
J=JJ-1
S(1)=NnSS
NSS=NSS+NS
LUMP(T) =L
IF (ANG.FQ.0.,0) GN TN 40
ARG=J%ALF
SINO=SIN(ARG)
CNSO=CNS(ARG)
X{T)=XA=0,5%(TRX*(1.,0=-CNSO)=TRY*STNQ)
Y(I)=YA+05%( TRXXSINO+TRY*(1,0-CNSO))
XN(T)=40,5%(TRX%CNSO+TRY*XSINO) /RAD
YN(T)= 045%(TRX%SINO=-TRY*XCNSO)/RAD
GO TN 50

40 X(I)=XA=045%%TX/N
Y(I)=YA=0 5% TY/N
XN(T)==TY/D
YN(TI)= TX/D

50 GONTINUF )

100 WRITE(64300)LeNe XAy YAJXRaYRGANGZRANGARC,7
GN TN 10

1720 M=1
lLL=L

200 FORMAT(I?43X,7F10,5)

300 FORMAT(1331634Xe4F10.54F74244F10.5)
RFTHRN
FND
SURRNUTINE HANKZI1(R4NHZFRNO,HNONF)

Ceeoeos HANKFL FUNCTINNS ARF NF FIRST KIND==J+I1Y

Coeaoce N=0 RFTIRNS H7ZFRN

Coevase N=1 RETURNS HNNF

Coeaeoooe N=2 RFTURNS HZFRN AND HNONF

Ceeoees SURROUTINE RFOUIRFS RN

Ceeeoes SURRAOUTINE ADAM MUST BF SHUPPLIFD RY 1ISFR
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10

20

3N

50
qn

DIMENSTON ACT)oeB(T)9CUT)oD(T)9F(T)eF(T)oG(T)4HIT)

COMPILFX HZFRMO,HNNF

NATA AQRQCQDQEvFQGOH/].-O!'?-249999791.?556?089‘0.31533(‘769
£0.0444479,-0,0039444,0,0002140.3674A691,0,605593664,~-0.743503R4,
£0427253001174=0.0426121440.004279164=0.00N24846,0,5,-0,56249985,
£§N0.21093573,-0,03954289,0,00443319,-0,N00031761,~0.00001109,
£-0e6366198,0,221209142.16827094-1.3164827,0.3123951,-0,0400976,
£0,0027873430.7978R4564,=0,00000077,4=0,0055274,-0.00009517,
£0.00137237,=0.00072805y0.000144T764-0,78539816,-0.04166397,
£=0,00003954,0,00262573,~-0,00054125,-0,00029333,0,00013558,
£0.7978845690.0000015640,01659667+0,00017105,-0,00249511,
£0.,00113653,-0.000200334-2,35AQ19449,0,12499612,0.0000565,
£§=0.0063787940,00074348,0,000798244-0.00072916A/

IF (R.LF,0.0) GN TN 50

TF (NeLTe0eNRJN,GTL2) 6N TA 50

TF (R.GT.3.0) GN TN 20

X=R%R/9,0

IF (N.FQ.,1) GN TN 10

CALL ADAM(AyX4RJ)

CALL ADAM(ByX,Y)

RY=0,6366198%ALNG(045%R)*RJ+Y

H7FRN=CMPLX(R.J4RY)

TF (N,FO,0) RETHRN

CALLL ADAM(C4XoY)

RJ=R*Y

CALL ADAM(DN 4 X,Y)

RY=0,6366198%ALNG(0L5%R)*BJ+Y /R

HONF=CMPLX(BR.J,RY)

RFTHRN

X=3,0/R

IF (N.FO,1) GO TN 30

CALL ADAM(F4X,Y)

FONL=Y/SORT(R)

CAILL ADAM(F4X,Y)

T=R+Y

RJI=FNNL*COS(T)

BY=FONL*SIN(T)

HZFRO=CMPLX(RJ+RY)

IF (NJFO,0) RFTHRN

CALL ADAM( Gy X,yY)

FONL=Y/SORT(R)

CALL ADAM(H,.X,Y)

T=R+Y

RJ=FONL*CNS(T)

RY=FONL*SIN(T)

HONF=CMPLX(RJ,RY)

RF THRN

WRITE(6490) N,R

FORMAT(32HOSICK DATA IN HANKZ1 *0UIT* N=,12,2X42HR=,F11,3)

CALLL SYSTEM

END

SHURRAUTINE ADAM((C4X,Y)

NIMENSTON C(7)

Y=XxC(7)

PN 10 I1=1,5
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10

10

20

30
35

40

45

50

55

A5

75

R0

Y=X*(C(T7=T)+Y)
Y=Y+C(1)
RFETURN

FND

SUBROUTINFE FLIP(AGNGMI 4L oMyX,Y,TAT)
CNMPLFX A(MIS1)eX(1)eY(1)eDyRIGAZHNLN

NIMENSTION L(1)eM(1)

ITF (IAT.GTe1) GN TN 150

N=CMPIX(1,040.0)
NA 80 K=1,4N
L(K)=K

M(K)=K
BIGA=A(K,,K)

NN 20 J=K,yN

NN 20 T=K,4N

TF (CARS(BIGA)«GF.CARS(A(T,44)))

RIGA=A(T,.J)

LIK)Y=1

M(K)=

CANTINUE

J=1(K)

IF (JoLF.K) GN TN 38
NN 30 T=1,4N

HNI D==A(K,y1)
AlKyT)=A(J,s1)

AlCJy I)=HOLD

I=M(K)

IF (I.LF K) GN TN 45
NN 40 «'::]"\-l
HNI.D==A(J,K)
ACJyK)Y=A(JyT)

Aldy T)=HOLD

TF (CARS(BIGA) NF.0.0)
N=CMPILX({0,0,0,0)
RFTURN

NN 55 T=1,N

TF (I.FO,K) GN TN 55
AlT+K)==A(1,K)/BIGA
CANTINUIF

PO 65 T=1,4N

NN 65 d=1,M

IF (T.FOKeNR,JJFOLK)

GN TN 50

GO TN 65

AT oJ)=A(T o KIXA(KGd)+A(T,))

CONTINIIF

NN 75 J=1,N

IF (JoFO.K) GN TN 75
AlKyJ)=A(KyJ)/RIGA
CONTINUF

N=n%B 1 (A
AlKsK)=1,0/RIGA

K=N
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100 K=K-1
TF (K,LF.0) GN TN 150
I=L(K)
IF (IJLF.K) GN TN 120
NA 110 Jd=1.N
HNOLN=A( 1,K)
Al JeK)==A(01)

110 A(J,I)=HNLD

120 J=M(K)

TF (J.LF.K) 60 TN 100
NO 130 T=1,4N
HNIEN=A(K, 1)
AlKeI)==A(JsT)
130 A(J,1)=HNLD
GNoTN 100
150 NN 200 I=1,N
Y(T)=CMPLX(0s0,0,0)
NN 200 J=1,N
200 Y(I)=A(T.J)%X()+Y(T)
RFETURN
FND
RLACK DNATA
COMMON/PTIES/PTWTPIZPIT4PIPIsYZ+sRFNsNIG
NDATA PIoTPIGoPTITyPIPTI&Y7eRFNWNIG/3.1415927,6,2831853,
£1e570796399,860604440,002652582440,017465329,57.2957R/
FND
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