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NUMERICAL METHODS FOR MIE THEORY OF SCATTERING BY A SPHERE

GHANSHYAM A. SHAH

ABSTRACT

A new procedure for evaluating ths bamc quentties oonnectad with the Mie theoty of scattaring by a
sphare 1a prasantsd. Boms indepandent numarical techmques ars davelopsd to enable one to achieve the
degired accuracy. The mathad is quite general In the sansa that it works for arbitrary but fimite values of raal. pure
Imaglnary or complex indioss of refraction and the size-to-wavelength parameter. Sample caloulationa are given
for a range of #lze-to-wavelength parameter, for a varlety of indices of refraction. The computer program ls

given in the Appendix.

Kay Words: elsotron soattering—MIs thoory—spherioal Bosgel functions—saattering and absorption efflclen-

olas—albedo —radiation pressure—backscattering

1. Introduction

Tha theory of scattering of plane electromagnetlo
wavas by a homogeneous, isotrople, and smocth
sphere of arbltrary size and Index of refraction was
originally presented by Mle (1908). Since then,
numerous applications of Mie theary have been made
In atmospharic eclences, aerosols, colloids, planetary
atmospheres, Interplanetary and Intersteller dust, and
many other fields, Some of the readily-avallable
numerlcal results come from Gumprecht and Sliepce-
vich (1981), Penndorf (1956), van de Hulst (1957),
Denman st al. (1866), Deirmend]lan (1988), and
others. Unfortunately, most work in thee !lterature
has baen done only on real indices of refractlon and

sometimes the slze-to-wavelangth paramater, X = 3{'.!:

18 chosen st rather large intervala, Besldes, the
published work on the valuas of the radiatlon para-
meters of the scattersd wave are of limited use In
practice bacause of the differences in the values of x
and Index of refractlon, m, Thersfore, It need not
be emphasized that & sultably aocurats, rellable and
time-saving method of bringing out the theoretloal re-
sults from the Mie theory |8 of prime Importance so as
to meke meaningful comparleon with the expsriments,

The present computar-oriented numerical methods
have bean developsd with this view In mind. They
are useful for arbltrary values of the wavelength (1),
the size of the ephere (a), and Index of refraction

(m=m’-/m*). The advanlages of the present
numerical techniques will be discussed in a later
gection. A thorough understanding of tha Mie
theory of soattering by a amooth uniform sphere Is
prasumed. |t wlll be aseumed that the scattered
beam has the same frequency as the Incldant ona.
A apeclal reference la made to van de Hulst's {1857)
classlc work whose notatlons have besn malnly
accepted in the baslo formulas that follow.

2, Analytical Results from the Mle Theory
of Beoattering

The symbols and notations have the following
meanings :

A ~ the wavelength of the incident plane electro-
magnestic wavs,

8 = the radius of the sphere,

.2
k r
X =ka = _Z{g = the elze-to-waveiength parametar,

m = m’ - /m" = the complex Index of refraction of the

materlal of the aphere,
z = mxl

It is oystomary to expresa A and a& In microns.
The derivatives of the spherlcal functions with reapect
to the partioular argument are denoted by a prime,
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The plane containing the directlion of the incldent
beam of radiation andthe direction of obasaervation
dsfines the plane of observation. In the cess of
natural (i.e. unpalarized) incident beam the Intensity
of the acattered radlation In the plana of observation
Is generally expressad by two Intensity functlons,
1,.and I; , for the two cases of the electric vector
vibrating perpendicular and parailel, respectively, to
the plane of observation. These Intenslty functions
are glven by

I,~{Tu(0)]? (1)
and
I[|-'IT9.(0)|’ ’ (2)

where T () andT, (0) are the scattering amplitude
functlons. The scattering angle, 0, ia defined as the
angle between the direction of the scattering and the
propagation veator of the incident radlation. We have
ugad the letter T In place of S for the amplllude func-
tions In order to avoid confusion with the symbol S.
for the Riccetl-Bessel functlon, Somewhat expliclt
forms for T1 () and Ty (@) are

« (2n+1
T (0) = E‘lm { eom(p) +bara() } . (3)
M

© (2n11)
Ty (0) = YY) { boma{) 18umal) } . (4)

n=1

where it =Cos 0, 7ra and 74, omitting the argument, z,
ere polynomlals of real varlable u only; they are, In
fact, related to the assoclated Legendre polynomlala
and thelr derlvatlves, The quantitles a, and b, are the
so-called Mle coefflclents (sea van de Hulst, p. 123).
The functions m, and 7, can be evaluated In a stralght-
forward manner fromthe followlng recurrence relations

#(2n —1)n t.;.l—n«..z ' )

Te=Nl wa~ (N +1) moa (6)
with 70=:0.0 and 7= 1.0,

=

The amplitude functiona T, (0) and T3 (0) deter-
mine the intensity- and state of polarization of the
soettered radlation In any direction speolfled by angle
0. The radiation Incident on the sphare may have
an arbitrary Intenslty and state of polarization,

Qaenerally, the scattered radiation (s elliptically polari-
zed, even Ifthe Incident beam has linear polarization,
bacause Ti (0) and Tz (0) are complex quantities with
differing pheases. The scattered light is linearly polarl-
zed when the plane of obaervation ie parellel or
perpendicular to the directlon of the elactric vector in
the primary beem of light. However, Rayleigh acat-
tering (x < <1) afforda the speclal case In whioh the
acattered light la lineary polarized for any arbitrary
direction of observatlon In azlmuth as well as letltude.

The acattered baam In any directlon in the plane
of observation has Intenslty T at a distance r from the
soatterer;

I=I, (1L + I1j) J2k%2 7

where [,= Intenslty of the incident beam of radlation,
The degree of polarization of the scattered beam Is
glven by

I!--l”
TN ITE (8}

The total forward extinctlon efflciency, Q. |8 defined
as the extinction oross seation, Cext, por unlt geome-
trical cross sectjon of the ephere,

Cont

Qa:l' ‘ﬂ'n’ . (B)
Using the fundamental extlnotlon formula (van de
Hulst, 1957, p. 31), one abtaina
4

Qo= 35 Ao {T (09} . (10)
in the caee of homogeneous, lsotroplc and smooth
spherea, the scattering amplitude functions are [den-
tioal for the forward directlon (0= 0°), l.e. T; (0°)=
T1 (0°) =T (0°}. Thia Is the case ofthe highest symme-
try implying that the extinction s independent of the
state of polarization of the Incldent light. Thus we
have for §~0°

1
T{0)=5 2 (2n +1) {&a+ by}

(11)
n=1
Camblining {10) and (11) one obtalns
Qo= 5 ), @+ Re {mtbe} . (12

n=1
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The tatal scattering effleiency is glven by

Ques ,-'*:; E @n+1) {[aaf 2 + [ba]2}  (13)
n=1
If " =0, Quxt~=Ques a0d Qupy=0.0.

Finally, the absorption efficlency, Q... obtalned
from the law of conservation of energy, Is given by

O-Ibl=0l\.l._'0vlﬂ. (14)
The albedo Is eimply defined by
Qeca
albedo = o (16)

These and othar quantities like sfflolenay for radiation
pressure, asymmetry feotor, backscattering cross sec-
tion, Stokes perameters of the scattered radistlon,
etc., can be computed without difflcuity once the Mie
coefflcients a,andb,are made avallable. One may
congult van de Hulst (19887) for further detalis about
these guantlties.

3, A Simple Representation of the Mle
Coefficlents

The numarical evaluation of the Mie coefflclents
(see van de Hulst, p, 123} can be considerably
facliitated If they are reprasented as follows :

An(z) ~ m Bn(j)

B = Aa(@) Ga(x) — m Ha(n) (19)
: m An(z) — Ba{x)
ba = () Gn() — Halm) (17)
whera
S'u(2)
Ag(z) = Sa (2) (18)
%
Ba{x) = 8 (%) (19)
— ‘ﬂ x
Ga(x) = —LLs.. o (20)
Ha(%) = ‘S—'{E)L @)
and where
ta{x} = Sa(x) + /Cu(x) (22)

S (x) and C, (x) are the Rlocatl-Bessel functions
defined by

8@ = (%) 4,4, @ (23)

X\
et ==~ (FIN, 00 (24)
where J, + j and N, + § are the spherlcal Bessel
and Neumann functlona respactively. Note thatn ls
an Integer including zaro.

The two logarithmic derivatives, A,(z) and B,(x)
fn aquatlons (18) and (19), and the two ratios In
equations (20) and (21) are essentially the four
quantitiea to bae evaluated numerically, The first two
of these and portions of the last two are datermined
In & very indirect manner by using the method of
contlnued fractions discussed by Brouwer and
Clemence (1981). These authors have shown a
method of derlving acocurately the higher Integral
orders of Besssl functions of real argument, It was
further extended to complex varlable by Shah (1967)
In connaction with the scattering of EM waves by an
Infinite clrcular cylinder at oblique Incidence. We
have developed here a simllar procedure for evaluating
the Riccati-Bessel function S,(z) and simultanaously
Ita logarithmic derlvative A,(z) In Just one downward
recursion, This holds for S,(x) and Ba(x) also,
Furthermore, If neceasary, one can compute the
epherical Bessel funotlons as by-products from the

deflnltion (23) without an additional downward
recursion.

It may be mentloned that A,(z) given In equatlon
(18) is a logarithmic derivative firet Introduced by
Infeld (1947) and subsequently used by Aden (1961)
to compute Its value by upward recurslon. Un-
fortunately, the upward recurslon for A,(z), Sa(z) or
Ju+i(2) could become unstable, especially for n> >z.
Recently Kattawar and Plass (1987) have chosen
almost the same numetrical scheme of Aden with the
difference that they apply a downward recursion on
a |ogarithmio derivative. However, they seem to
obtain another logarithmlc derivative [G,(x) in thelr
notation] by an upward recursion. Now thelr G, (x)
is & composlte funotion of S, (x) and Cn(x) both, In
practice, the numarical evaluation of these functions
ls stable if one uses downward recursion on S, (x)
end an upward recursion on C,(x). Therefore, It is
advisabie to avold the use of upward recursion on
such compoaite funations, partioularly for large vaiues
of n andfor x.  Also, Kattawar and Plass perform
separately downward and upward reoursions on
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Ja+i{x) and N +}(x), respectively. This means
unnecessary extra wark In the computation of S,(x).

The present procedurs Is independently developed
end has nothing In common with other methods
except for the well-known speclal functlons and thelr
recursions. The objective Is to get rid of the Inherant
truncation errors and avold Indiscrate use of the re-
curslon relations, The function A,(z) has been cb-
tained as a by-product In the derlvation of the higher
orders of S,(z), as explained in the naxt sactlon.
We do notrequire an additional recursiononJ,+3(x)
at all,

4, Numerlcal Procedure

The Riccati-Bessel functlons, S,{x) and C,(x),
aallsfy the following recurrence relatlons:

S0 () - 20501 (0) - Sual@) (26)
with
S,(2) - slnz (284)
Si(2) - ‘—'1-;-'3-# cosz (26b)
W)= =TS () + S (1) 27)
Ca (%) 2n_;1 Cra(x) — Caa(x) , (28)
with
C,(x) -~ cosx (298)
Cr (%) = °—‘:‘°—’E +s8inx (28b)
C'a(¥) = —~2Ca (%) + Cout (%) (30)

The argument, z, may be elther real or complex.

Woe dofine a set of coafficlents P, and Q, In the
case of S, (z} and Ra In tha case of 8, (x) as follows :

S.(z)_ aQ
S @ 81
M__ -Rn (32)
5,1 (%)
From (25) one obtains
Si8) _20=1 Sa(a) )

Sl Tz Sl

Substituting from equation {31) this reduces to

1 2n-1
Pn-l +/Q n-l-

- (Pa+ Q) (34)

Letz=y, + /vy andy = |z|%, where y, = xm’' and

ys = —xm'. Deflne
(2n—1)ys
ay = “_7—' “ T (35)
(2n—1) y2
B = —y t & . (386)
Now one obtalns, after some algebra,
Pot = 37
wl an’ + ﬂl’ ) ( )
and
Qn-l = a.a_:ﬂ-g . (38)
Similarly,
Rodl = s 39
ot T Gao1) - xR, (39)

The equations {36-39) are usad to carry out down-
ward recursions which provlde the coefficlenta (P, ,
Q. ) andR; of all necessary orders for arguments z and
x, regpactively. Inltlally, the starting value N forn|s
assumad sufflclontly [arge, preferably much larger than
the [argest z or x enticipatod, sothat Py, Qy and Ry 0an
be set equaltozerointhefirat instance. Then equa-
tlons (37, 38 and 39) are used to calcuiate Pu., Qu-1
and Ru.1, respectively. These downward recursions
are carrled out successively tlll one obtalns Py, Q, and
Ri. The ooefflolents P, Qn, Rashould be stored by
troating them as dimensloned varlables Intha computer
program., The Initlal guess of N, however, may be
varled and experimented upon to derlve the related
Beasel functions of orders greater than zarc, The
argument of course would have the largest value
likely to bs encountered In practice. N ls raised suc-
casslvely untll the desired accuracy la achleved; thia
happans when ralging N higher than a certaln value
does not affect the acouracy anymore. A comparlson
with the published tabies of Bessel funocticns may be
helpful In the beginning. Thus let us suppose that
the coefflcients P,, Q, andR, are computed forn = N,
N-1,----3, 2, 1. Thaecosfflcients P,,, Q, and R, may
be required to be stored up to ordera N, (<N). The
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mannar In which N and N, have bean selected smplirl-
cally |8 explained In the [ast sectlon,

The higher orders of S,(z) and S, (x) are obtalned
from the definltlons of ths coefficlents themaelvaes as
follows :

Re {8n (z) }~PrnRe{8s(2) }~Qulm{ a1 (z) }, (40)
Im { 8n (z) }=PaIm {8 s (z) } FQ Ra {80 (2) }, (41)
8a (X) = Ru 8p.1 {X) (42)

The starting values of the functlons 8, (z) and
8. (x) are adopted according to equation (28a). For-
tunately for our purposes, the computations from
squatiana (40) and (41) need not ba done et all
bacauee the logarithmlo darlvatives A, (z) and Ba (x)
can be expressed directly in tarms of the coefflciants
P» and Q, as follows :

M) = (Pa+i0)" -2, (43)

1 n
By (X) = (RT - (;) ' (44)
So far we have shown howto avaluate two of the
four quantities eagential for the calculation of Mle
coofficients. The rsmaining functions, Ga(x) and
H. (x), are treatad In what follows.

From aquations {19-22) we have

Ga(¥) =1 + /S (: (45)
¢\
He () = Ba(8) + 1 50 (46)

Notlce that S, (x) and By, {x), appearing In equations
(46) and (46}, have already besn made available in
equations (42) and (44), reapectively, and hence
they save some time of computation. It remains to
compute C, (x) andC_ (x}. Here the upward recursion,
88 In the case of Neumann functlons, Is found to be
stable. Tha method consists of computing C. (x) and
C1 (x) flrst from thalr definitlons [equationa (294, b)].
Then the higher orders of C,(x) and C,(x) can be
evaluated with the help of equations (28) and (30),
respectively. Howaever, some simplification mey be
aocomplished by the following method. Divlding
equations (28) end (30) by C,—, we obtain (omitt-
Ing the ergument)

6. A. 8hah
> - - L@ (48)
Deflne: 1, gﬂi'—'- (49)

The atarting value for n = 1 In equation (49) la
1 = Co/C, and can be evalugted easlly with the help
of equations (29a, b). Equatlons (47) and (48)
reduce to new pairs of recurrence relatlons,

no. st (50)
g;"—_‘— 1 -3 (,1_-) (51)

Tha next step Is to compute rq from equation (60) and
then Cq Is obtained from the definition In equation
(49). Initlally, C'x (x) le avallable diractly bscause C,
and 1 have been known. Now C,(x) can be
ovaluated from equatlon (61). The process can be
continued up to the desired ordar, N. k 3 clear that
. has been useful In the computetion of both C,
andC'n. The program statements may be sultably
arranged to avoid dimenslon varfabes from G, and
C’s and posslbly S, (x) and S, (z) as waell.

Another method of deriving Ca 8 to employ the
Wronskian relation

.. 2
Nedpt1 = Nptidy = ﬁ (62)
Using the definitions of S, and C, in terms of Jo+i
and N+ , respectively, one obtalns

cn = Rn cu-l — ;31—

ns1

(63)

where R, I8 given by equation (32). It may be recalled
that R, and 8, for all ordera (n=1) have been calculat-
edpreviously. Therefore, with C, as the only starting
functlon, one can darlve C,forn=1 from equation
(62). Use Is made of equatlon (30) to obtain C’,.
This apparently elegant method of obtaining C, with
the eid of the Wronskian relation turned cut to be
somewhat |ess accurate comparad tothe one describ-
ed previously. The difference occurred In the sixth
signilcant digit while working with 8-digit storage of
numbers in IBM 1620 1ID,
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This completes the easantials for the calculations
of Mle cosfflclents.

6. Results and Discusslon

The results for extinction, total scattering, absorp-
tion and back scattering efflclencies, albedo, asym-
metry factor, radiation pressure and angular Intenslty
functlons foi vatlous Iindexes of refraction, agree with
tho evalleble sources In the Iliterature. It has been
found that the calculations are correct to at least flve
gignificant digits whilo working with 8-diglt pre-
clsion. An example, form 1.6- 0.0/and x 23.1
and 23.2, has been glven for tho extinction efficlency
in Table 1. These computations have been done on
an IBM 1620 11D computor, Tho flrst column repre-
sents the precislon of the floating point numbers
stored In and carried out from the memory core aroa
for aveluating the arithmetlc expressions.

Teblo 1. Tast case of extinction by a sphore
Index of Rofraction. m 1.6- 0.0/

" Preclsion Extinction Efflolonoy: Caxe (X)
(Daoimaldigite) Que (x  23.1) Qox; (x - 23.2)
8 2,4627872 2618401%

10 2 40226837 2.518491086
1 2.4622603154 2.6164910884
12 2 46226831772 2,61849106577

18 2.4822883171240436

2,81684019502681802

Pravious calculations (Penndorf, 1966) form 1.6
—~0.0/, parformed on an IBM 7080 computor, glve
Qevi~2.482268316 for x-23.1 and Q.-2.618481911
for x=23.2. Theso values of Q..\ agresupto 10 and
8 signlificant digits, respoctively, with thoso of Table1,
A survey of the Ilterature does not show eny compara-
tive results for elther a real or complex index of refrac-
tlon. Therefore, it Is difficult to assess the accuracy
of the higher precisionin Table 1. However, chosing
the 18-digit preclelon as standaid, one can find
out the correct numbsr of slgnificant digite at iower
pracision. This I8 Indicated by a flag before which
all the digits are bellaved to be correct, It can be
cono{uded from Table 1 that the computer program
MIEHISS, glven In Appendices A and B must be op-
erated at a precision of at least thres digits higher
then the numbr of correct significant digts deslred.

Some Interesting results on resonance in the
extinstion due to small metalllo partlcles are shawn In
Flgure 1. A notlceable feature In each of the ourves

for sodium, potassium, and calcium Is the prominent
flrst maximum In Qew.  The minima are much shall-
ower compared to tho maxima., The peakse racur at
neerly regular Intervals, Ax ~ 0.7 for Na, K and Ca,
The moan value of Q.. is far above the case of
dielactric dirty ice (m = 1.33-0.0B6/) sven up to
falrly lsrge values of x. The empiltudes of the
successivo maxima decrease with Inciease In x and
the curves spproach the usual extinctlon efficlency
at rather large velues of x. A more dramatic slze-
dopandant rosonance effect has baon plotted In Figure
2. Thoindex of refractlon, m = 0.003636 —1.41776

/, roughly coiresponds to that suggested by Unsold
(1864) in connectlon with the unidentifled diffuse
intorstellar absorption band at 14430. [t may also
be mentionad that Q... tends to zéro as x — 0 for all
the curves in Figures 1 and 2. We wonder If these
and similar slze-dependent resonance effects can
explaln certaln structures in the Interatallar extincticn
and polarization,

T ] (] ]
§IZE YO WAVELIMTH PARAMETER X

Flg. 1 Theoratloal axtinction efficlenolen, Qaxt ve. slze-to-

wavalength paramatet, x r- 2—';:’ + showing slze- dependent ra-

sonanos affect by small metalllo partioles.

The computer program, MIEHISS (Mle theory of
scattering by & homogsneous lsotropic amooth
gphere), I8 based on the numerlcal techniques
deacribed In sectlons 3 end 4. In orderto gain some
idea about ite range of valldity we have given some
general reaults on sundry phyalcal quantities [n Table
2, They are pressnted only for seleated values of x
and m. However, thay have an important purpoas to
serve. The optimization of the program for specific
applications In a glven m-x domain (8) may render

. the program more efficlent, The author would antl-

cipate that some users might llke to meke appropriate
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SIZE TO WAVELENGTH PARAMETER X

Plg. 2 Comparison of Mia osloulstions of Qe for particles
of sodlum and for a hypothstical materlal representing the
absorption within the unidantified interstellar band at A44:30

changes after preliminary experimentetion. There-
fore, Table 2 would certeinly ald In checking out any
modifications one might Introduce In the present
computer program MIEHISS. The angular scattering

functlons are also avallable from the program
MIEHISS but we have preferred to omit them here
for apace saving. Nota that all the results in Table
2 hava been obtalned by employlng single preclsion
on a CDC-36800 computer. Some Indlces of refraction
In Table 2 have been chosen following the work of
van de Hulst (1967) and Deirmendjian (1969). The
time taken for the entire calculations In Table 2 Is
approximately 16 minutes, Including compllstion,
executlon, and print output.

Some physlcal laws of scattering and precision
can at once be visuallzed from Table 2. For instance,
Raylelgh's law of scattering, for m* - 0, shows up [n
that Q.. varles as the fourth power of x (or size or
Inverse wavelength) for x <1. An addition of a
small Imaginary part (m") reveals that the absorption
contr|butes predominantly to Qe for x < 1, and that
Qa.: and Qups are proportional to x as long as x ls
sufficlently gmeall compared to unlty. An interasting
feature of the backscattering efficiency, Quack, I8 that
It attaina nearly & constant vaiue starting with and
beyond sufficlently large x, provided that m” Is non-
zero. This happens for x ~ 100 In Table 2. The
exact value of x can be found from more extensive
caloulations. Herman and Bsttan {1961) have re-
ported that the Iimiting value of Qg... for large values
of x can be expresged in terms of the Fresnel reflec-
tion coefficient for perpendleular Incidence of the
slectromagnetic wave. Deirmendjian (1968) has
verifled almost perfect validity of this fact which can
be written symbollcally es

IIm

- (54)

o [m=1]?
- { Qbul (mrx) } [m
The preaent calculatlons in Table 2 strongly conform
to squation (64); though Its analytical proof, using
Mie ooefficlants, remalns obacure so far,

A closer look at Table 2 further Indicates that
albado, asymmetry factor (< cos § >), and radlation
pressure behava In a fashlon simllar to the case of
Quack for large values of x. Here one may notice
that the condition, m"#0, sesms to be relaxed to
some extent, The asymptotic values of Q,, and
< cog 0 > for real indices of refraction glven by
Debya {1909) begin to be almost satlsfled for
x 7 100,

Some unusuallylerge values of the backsocettering
officlenoy, Obeck, may be noted for real Indloes of
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refraction (e.g., m = 1,33, 1.6, 1.8, 2.0, 4.0, 5.0,
etc.) and certain large values of x> >1. This appears
to hold also for weakly absorbing spheres {m*< <1),
A maximum value of Qpuw ~ 38 for x - 60.0 and
m - 1,78 - 0,0024/ (Ice apheres llluminated by micro-
waves) has been raported by Herman and Batten
{1861). It is gratlfying thet the calculations for the
same set of parameters, using our program (MIEHISS),
glves Qpacx  38.68; moreover, Qu.. conforms to
aquetlon (64) asymptotically for very large valuas of x,
Wo feel that the large values of Qua.i for certaln very
large values of x and predominantly real m, as are
avidenced In Table 2, could speek of an important
factor in LIDAR and RADAR backscattering ex-
psriments and some physical phenomena.

The extinctlion efflclancy for vary large values of
X, and index of refractlon In the range, 1.0 Sm <2,
can be oalculated on the basls of the best approximate
formula suggested by van de Hulst (1967, p. 264) :

Quet ~2.041.84X-18 | Im[ { 1(}(}*—‘4";-’)‘1 V' %I):] (56)
where p 2x {(m—1). Here the contribution due to
ripple has been Ignored. Sampla calculations bassd
on equation (66) have been compared wlth the Mia
theory results In Table 2. It has been found that
equation (66) ia a reasonable approximation in that It
givea errors much less than 1% in most cases, The
complex Index of refractlon seems to be admisslble in
aquation (66), It may be Interesting to inquire about
the valldity of equation (65) In the (x — p) plane for
a glven tolerance of accuracy of Qq...

8. Conoclusion

It may be useful to give some practlegl hints [n
concluglon. Nommally, one needs the Mie serles to
be summed up to acartaln order N, which Is usuallya
few parcent larger than the particuler value of x, For
Inetance, If x ~ 2000, N, ~ 2064 or less depending
on m’, m" and the propesed acouracy, Wa havo set
the maximum value of N, 10 be Ny, mix = 2100 assur-
Ing a safe margin for all valuae of alze to wavelength
paramatet In the range x £ 2000 Irrespective of the
order at which downward recurslons are started.

Thus we have
X < 2000.0 ,

No: mRx = 2100 )

Ne = Ky |z] + KoX + Ka . (66a)

No  IENo< N, maa
No = 1 (56b)

N,. e If No > No, mac

The downward recurslons for P, , Q, and R, are
started at the highest order given by

(678)

No | Ksx + Ky, fm* = 0
(57b)

No | Kix 1 Ke, Ifm* ¥ O

At preaent the following velues have been adopted
for varlous constants in an empirical manner :

1-m' #fm" <1
Ko { .

fm' > 1,
Ki : 1.01, K2~ B60.0, Ky —0.76,
K¢ = 60,0, K3 = 0.76, Ks = 50.0.

Tha constants, Ky (1 - 0 to 8), can be optimized after
caraful oxperimantation In order to further sconomize
machlne time and storage. The cosfflclents P,, Q,,
and R, would have to be stored from n = 1 to N.;
this also epplles for the Mie coefflcients, a, and b,
if ono la Interested In angular intenslty functions.

The comblnatlons of x, m* and m” should be
such that N., caloulated according to equation (66b),
doas not exceed the number of memory words pro-
vided for each of the dimensloned variables. For
example, In Appendix B, the value of No, the highest
order coefflclents storod, must be less than 2100,
The value of x oan vary typlcally from 10 to 2000.0.
If x > 2000, It le advlsable to Increase the argument
of the dimensloned varlables, provided the computer
memory dosa not overflow. Similarly, it would bes
convenlent to reduce the argument of the dimanalened
variables if one I8 concerned with the use of moderate
values of X << 2000, The program MIEHISS gan
be operated for any finite value of pure real, pure
imaglnary or complex Index of refraction. However,
a simllar program oan be written down for the per-
feotly conducting case, m =eon, The starting equa-
tions for the corresponding Mie coeffloients are far
mare simplifled becauss they contaln the Rilocati-
Bensel functlons and thelr derivatives of real variable
only.
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Appendix A

" Explanation of some FORTRAN words in the Computer Program MIEHISS

':R,':';z“ E%ﬂgp Meanling or Equivalence in the text
NMAX Arguments of the dimensloned varlables, Pn, Qn, Rn. &n and bn

218
X Slza-to-wavelength parameter, X = e
AMU1 Real pert of the Index of refractlon, m
AMU2 Absolute value of the Imeginary part of m. Thus m = AMU1 —/AMU2
NYY {66a) N’
NX (66b) No
N (67a, b) N
CX (29a) Co (x)
c() (29hb) Ci (x)
SX (26h) So ()
ca (49) r = Co (x)/Cy (x)
Qc (60) Subsequently QC and CQ are used to acoommodate the recursion

relatlon
PJN1 PJN1, QJN1 and RJN1 are the values of the coefflolents Pp. Qn, Rn;
QJN1 and In the firat instant they are eet to zero fon == N for starting
RJN 1 downward recurslons In equations (37), (38) and (39). PJN, QJN,
PJN (37) RJN sre the sama coefflalants for one lower order.
QJN (38)
RJN (39)
JN Current order of the coefficlents P,, Q, and Rn. These coefficlents
are stored If JN < NMAX,
CN = NS n, current order of the Mle cosfflolents
§(NS) 8a{x) }
Riccatl-Bessel funotions.
C(NS) Calx)
DCX C'a(x)
ZR1, ZI (49) Real and Imaglnary parts of A, (z)
X1 (44) Ba(x)
ZR2, Z12 (46) Real and Imaginary parts of G,{x)
ZR3, ZI3 (48) Real and Imaginary parte of H,(x)
ARNS, AINS (16) Real and Imaginary parts of a,
BRNS, BINS (17) Real and Imaglnary parts of bs
TEST Current contribution to axtinction relatlve to the total extinction
Quantities fellowing atatement Number 20 ;

QEXT (12) Extinction efficlency
QABS (14) Absorption efficlency
ALBED (1) Albedo
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53:,’3" ﬁ%‘:n“g:r" Meaning or Equivalence in the Text

ASYM * Asymmetry factor, <coa (0)>.

QPR . Radiation pressure.

QBAK . Efficlency for back scattering.

NN Highest order upto which the Mis coefflalants have been considered
depending on the acouracy presoribed. |If TEST <10 forn - NN,
then the Mie series |s terminated at n=NN.

THETA Scattering angle 0 In degrees,

§S1, 882 (1) (2) Angular Intensity functions 1. (0) and I}y (0), respectively.

88 Just preceding statement number 160, it represents the avarage
angular intensity function.

POLAR (8) Degree of polarization,

* See van de Hulst (1857).
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Numerical mathods for Mle thaory of soattaring by a sphere

INOEX OF REFRADTION: NEAL PARTm  1.2300049400 *IRABINARY PARTE 040000080804
X an:z ALBEDO ARYN PR aBAK |
1+00000E=uls 1-100!:::2* MEBEERIE 1000008t 00  1,03083E=11  14199B9E~R1  1+45403K~p) 2
LeOO0OUE=Us 141098 N 1.00000K200  1.832796=09 1o 10%09K=17 1.04403E=]7 ]
1.00808E=03  1,109008x13 ¢, 1000000408 4, BIETAE=8T  1,10%99E=13 1,04483=13 2
1v00p0BE=u2  LoLOPONEnET 1 IRTAOEMRD  Lo00000K400  1.83877EweS  1.109846=09  1.0GATRER)Y ]
1400400E=0] lolg'lil-ll l.hl;itl-lt t S00EE0E L. BD)VEE=8) %-IOTOIE-QB 1o608RIE=08 ]
1e00REE+00 T I9BAR~IR Ay aightEe) 0000E¢ 0 1. A4BITE=R] +0B9I0E=0R 8. 402BIK~0R B
Le®0O0OEu]  ZoROGNNESQGS  1oaR1e9Emis  LeORUOOE+03 T IRAO9EnQ]  O.344TAE=9)1  B441179E=p1 17
1:00000E¢vd  2.1Q199E404 1, ARL0Em1A t-IIGOﬂtioo 80031 8E=0]  BoTOOBEEwE]  RJRAOVIELN 114
2oBU00QE«NZ 2. 01NB3Ee00 0, o 08 0, TRITIEAg] R ATIOSEm41 4, B7TO0E=pl 2Ty
Be00008E*NR  Z.0IBITEN0  L1+4R109E=14 1odd (1] a15aAE- RedotéBE=g]l  1.4T188K4 98 [}
1+00000E+83 2, 014808000  1leoaR1QWMels  letp0d [l SMI=01  ReISTHRE~1  G4TOROAE=§] 1930
LebTH00E403 ReOLTHAENE0  LoARLOOEnLE  1,000000400  8,8R3288-0]1  2.37T294F=01  LGR4TAE+0] 140D
1+60000E+03 2,01 it O 1400060E+09 a.:zz:ot-ox l.:gl‘; w§l 2,8800BE=p)l 14
1.89000E+93 2,01 0 l.4R109Ea14 1,00080Ev08 &, 3E.8l 6ITE«4)  1,997RBE+p4 1B
2.00000C€¢p3  ROIORBERNS  ledBLOPEm14  Lo00000K*NS 8. 0ARAJEngL Iullfil!-il 1SR M
INDGLE OF REPRAQTIONy REAL PARTe 1,3300808000 =IMADINARY PART=  ,0BQ00000Q8
1 QERY ml ALBEDO AIYH arR QRAK ]
1:00000K=05  1v1RIGTE~eS 1o 1RMTE=g4  1,91096K=]5 1 83RTBE=1]1 1. 1R36TK~0b 1-7.397!‘!; i
1+00808E~04 1 1RIGTERQE Lo 12307E=48  1,01096E=12 1.03)90K=0%  L412387TE=0B  1.T74397E=) ]
1e00000E~03 1o LRIGTE~4  1,1R36TE=04  1.01096E=90  1,83188K=07 1, 12047E=04 1,702VTE=1] 3
1o00M8E=02 1, 1RITIE=03  1,12371K=03  1401091Cngs (. 0318TE-gE 1. 1RI71E~83 1THINVE~Y 4
1:00000E~0)1 L. 1RODOEepR  ),127088=02 1.:3!41!-0: 1.831492-03 1, 12899E=02 1.,49812Exql 8
1¢000000°08  2431TB0Ewg)  1.39909Ewp]  J.99BATE~g] | BTE96E=g]1  2.143630~g] B.20e8BE~g2 .
1i0000E+0L  Z:36404E+09 1- AEE+00  B.A2940E-4] A, 6B10BE=Q] 1. 2IREIL+00 6, 34400E=0R n
La0ORROEINE 1:0900RE+00  F.R85WE=01  B.24990E=#1 9.T§B5ZE-al 1.02103K+04 Z.08)11E=~42 124
TBONIEFOR 2.04910F+00 9B 18M=0] B I2MBBE=0]  9,TI2TRE=01  F.B98220=01 R+0014BEwaR )1
BaOOROIE+0R 2,031DMES00 9.4 06B0E=01 B IINUBE=GL 9, TIA)VE=0L 9, TTHAE~g1  R.iBioél-ak BN
L1e#0008E*03  2001904K¢00  9:404038a0)  B+34dT1Ewp)  9,T1436E~01 9 TIZALE-R1  Zo#Blo4E=0R 1047
LeBTOBPES0S RaplABTEe00 9237963L=01  BoJAN1AE~01  9.T1410E~01  9,88734E=01 2.0B)1edE=2 1624
Leb0oogE+yd  R.01AIPEF00  Vo3TARMEna]  Be2a4QVE=g)  5,TI4I1TE-81  9,60882E=01 2.08104E~2 1482
LoBOWAE203  2,01331Ee00 9. 37401E~21 B I4JVEE=g) S T14)1E=01 9. 48160E=01 P 0810408 1868
Eo00080E%0]  Z.01X4LE400  943TelaEwpl  Bo24d0AKwg)  9,7T1498F=g]  9.6TTERE~g1  ReOB1Q4E=pR 2097
INDEX OF REFRACTION: REAL PART»  |.3300000008 ~IMAGINARY PART® o1 0g0000804
X XY QGABS ALHEDO ASYN QPR anaK L]
1o00089E=yl  2.24TOTE=pl  ReRATATE=gb  B,402BBE=14  1.8307THE=]1  2.2470TE=06 1. 0R164E=p 1
10000008=g8 R 24TOTEmgl  pRogdVOTEwgB  BadgaBBE=)y 1,857 )108E<g% . geTOTE~QE  JoB2164Ex) )
1og0@dvE=03  2.24T787TEnpd  RepdTTE=gé  Boedg2BBEK=~) 1.!;!115-91 Hi24T8TE=0d  ]oBR164E=12 ]
PRI T T 1L AT Eulifﬂitnol Re24THE=g3 I-A dagl-og .lg?lelnob To2ATME=Q) l-llll#lﬂ.’ &
L+ 08000E=a1 .lnrs::-oa ZoRBORLE-02  B,3THadp-0s |, aZadlE=33 2, RETARE-NZ allllE-ul ]
1.00008Esgg  J,086188-01 R, Te03TE=gl 6102301 1.90BaREAR] 3, ATHaOE-4]1 B, A3099E.02 [}
Lep@0seEsdl  ReITOBIE404 LeRLLIBE¢00  A49BdlE=g1 9, 19222E~p]l  123009TE+R0  RaRETETE=QR 1
La0000sEsex R 08TEEE4DS 9-&#5!3!-51 BadBJBAEng)  9,89021E=0] Leg)WAVE4gn  Re100)1AEmQR 111
EeB0000K R 2:04008K008 -n::l:!-u: 5i337abErp]  9.v9TIBE~p]l W BBg¥7Eng]  Re1NG11E=g2 X0
B gogopEss2  2e03002E400 T iAMMRBE~(0]  b.3bZOlE~y] Fe8FTIE=g)l V. TENT 2018671 Ewg2 [
LeO0BRE+0]  T40LVARESOD  9+2TT0Mhepl  Be3BABOE«Q) 9, 690B2E-¢] lufgll E=g1 Re10610E=p2 Lot
}-l?O QE'0]  R.9)4ABLHE0 9.3B3dpE=gl  B.3G68BE-g 3,69851E=0 V67883801  Re)BO10E=pR  J0R4
o6G0002+03 R.OLARGE4N0  9.383BRE=0]  be3BoBAE«0 9,69840E-0 Vp4TTT~0)  2410010K=02 [ ]
LeB0N0UE+03 R, 413]9F400 S, J4TORELQ] B, I86TIE-0f  9,898%3E.0] 9,478930-01 R,)184)00-02 1OB8
Ro000008403  ReQ1EILEs00  9.3443Kapgl B IBGBAE-p]  T6FBAAE~g]  FohbeoEmpy  Ei18810Ems2  R87
IMOEK OF AEFRACTION) REAL PARTw }.4230400004 =INAOLNARY PART® 0,0000000000
X REXT GARS ALBEDO ASYM arn QBAK N
1o08000E~0% 1+ 138PBE~E]  G.plOE3E=36  1.000000+08  L+BJ499E=1]1 1412020K=21 1.69R43En3] ]
1.00000E~04  l.la828E-1T @, 1,00000K+80  1,83928E=89  1,12020K%17 lob’lzll-lf 1
1o08000E=03  1,10828Kal0  R.ARIVDELZT 1. 00000F+0g 1 AISEEE.4T  1,1R0R0E13  1,09243E13 2
140000002  1.12828K~4% g 1600000E40g 1, 835RBE~3B } o IZAZBE=09  1.49234ExpY 3
Le0OORaE"0L  1e)1RT47EngB g 100000040y  1o0344RE=01 1, mu-ol 1+683TREwS 3
Fa00000E*00  FBABR4E~02 B, ABITAL~)a  1.04000K%4q LoBa738E=D] vllol-ul 0:4] 2098E~2 ]
1ea0e0ok*ol  2+)BT4GECQQ  Lo4R109E=14  1agpoedK*oe T ;l!out—ul t.ailt!!-o; Bkl BE=y] 11
LeB000eE*0R  Rel1997H408  LoaR10WMn1d  Leqo0d0E¢9s BTSRE=0L  RehIIIGE=§] R ATRIGE=p) 114
2eB0000E*00  RgBAILEHGT 0. 140090040 l-Tl#lll-!l L899 aEnp) l-s&llltouo ITu
FoQeO00E*RR  Ro00ROEFG0  1o4R1GVE~1A  1e0ge00Ev0p  B.TVAQOEmEL  ReddtA3Ewg) TATH [
10000008403  RegRRBLESS0 ) «4219%Wm14 l-lOOﬂll*ls BeBoaAE=41  ZoARBAGE=L  JoA4%AAENN)  LR0
1oBTedeE+gd  2.013B0KE+08  1e4R10MEw14  1o000w0E*00  B.028g0E-pl R IBVAOESQ]  BobbsnEng] 1843
1600008402  Rod1BToE400  RBARITE=14  Lo0000E%0g N 021TEE=0)  2.IB4TIE=01 B.6%127TH=pl 1834
1o80000E+03  NeOLTEEO8  Lo4RLOM=14  1o00000E40p  BoRZRRRE~0]  2:3T087E~01 BoGAdB4ERg] 1039
Es90000K403  24P1142K+08 0e 1s00000K*0y  BoBEVIBER] R IBERAE=D) R i4BNATE~GR 4N

57



G A. Shah

. -
INDTX OF REFRAGTION, REAL PMiTe  1,3330080004 ~IHAGINARY PART=  «DFREONON00
Ll 1]
oaxr aAns ALBEOO ASTH am amax -
LeiginhE=08 L, 12140E~00 1+ U2934E~-1D 1., 0328 06~11 LoiR1bAE=08 1.TILEIE=E1 [
L012100E03  1,4RLNE-08  1,0P0GAE-AF 1, 03ASSE-08  1,01h8E-03  1e73104K-17 H
142104604 L 12i0AE=Bh  L.0E0RAK=09  L.83A390-07  1,4R16aE-0h 1o TILFAE=1] 3
1.A2(N00-07  £,021088-03  L.OPRROK-08 L 8TA3DE-45  L.12140H-83  1,771N2E~89 h
1008850-02 1, 18BRAE-AZ  1.023670-01 1 03MBA-A1  1.12681E-0F 1sTEZEPE-0P »
2, 1340HE=14 1.391310=01 A, MDA TE~01 1.870010=01 B BT IME-04 8, h04T9E=02 L ]
BoTNGHIECEN L OTANOEHDN  B.BOIBSE-D1  AoMETRIK-B1  1,21A5AT+90 T
LAGNIATHAN 0, 0800ME-01 D UTESVE-01  9.70FZ70-01  1.02087K+00 t 1
ZoOAOLLEAON S STROOE-0L B ERABMT-01  9.70WGE-B1  9.0939iF-01 ¥, 082F0E-92 a8
L. AF10TER D | L ISIETCTER . 3013TE=01 [ Pyet, TTETEN 2:TTI6RE=D1 2. 002300~ 00 [ 2]]
RoOLUAIESEE 9, 30926H~0L B INMDME-01 9 TLLNOR-DL  S.7IARAE-01 2. 082R9E-0F 4447
2HABTEHIE W 3THOE-EL  S.INAGE-83  BTLONTH-4L  S.80830E-01 2. HAZRIR-0Z {424
BoALNIIEIO0  S.ITANBE-01  B.IAGAAE-01  S.TLOSTE-01  9,GABAGK-01  E.0BREYE-OR 1693
L VLTILE+ I 536820001 B Bhl3nE-01 S rimaE-i11 508007~ 01 B DOLEQE=-12 1088
EoRLPMECIS 9 BPIE-01 B IAMA9K-01 9. 740TAE-81  9.6TEOM-01 £, GSEEOE-0L  EAPT
INDEX OF REFRAGTION, REAL PAAT= 1. 28348880 ~IMAGIMARY PART= 040000000008
X aext aAes ALBEDO ARYH
LoONORE-NS  L.ioMibE-ZL W, LOMRIEND  L.RMBE-lt  Lateia-nt  Lreenes ™
L00000E-0% 1 8A19E-1T 0. LoBAITAE~09  4.40NLBE-AT  L.77683K-4T '
1.40000E-03 1 1841FE-13 3, O779AE-ES 1, 00ETRE-07  1.10019E=13 1. T74E3R-13 ?
Lo000800-08  1,BMAKE-09  1,32345€-23 1. 062740-05  {,100LEE-08  1,77614K=9) H
T.00800E-01  1.A63608-19 1 08A206-19 L 06I0BE~DT  1.401P20-08 1, 767R0K~0B 3
1000409E+08  1,00029E-01  1,3Ree7E-15 LOAPTITE-4L  B2RATEE-0E 9, A7IABE-2 5
L ANNOAEIRL  2.04B37ENS 4, SuOBBATE-D1 . IIINEE-01  hoWONOIE-01 47
L.00000K+02  L.A399ATHA0  4,421000-14 STAMZE~EL  £,07075H-01  £.DROQE-81  41¥
B SUOBNEHAE  ELORRLTEVAD L AELMWE-14 BOSTUNECNL  B.6PRMAN-D1  1.65803K008 e
S UI0TH0R L AIRITEION 1 BiTHMOE=02  BOASNGR-0L Do TS7OMECES 823
L.0MEBEENT  B.ORSDBESEN  1.42109E-14 BTAIBGE-0L  BAGATE-01  2.ATBIEC) i858
LSTORDEINT  BLDAEWTECDN  1.AR109E-14 S.ONNOE-1L  B.AMSBAL-01  1.00019E408 108
16000007 BoabSPIETIE 4, S.79030E-01  E.ABOAZE-DL 1, 896h Hih
LoOIOESHT 2. 0L300EHIN 1) 4R1BOE-1K H - . 411t R 10!
00 BTERAE-01 2. AiSLaE-01  1.A9007C¢98  183f
BLOIIMENT 2 HPTIEH0N L AROSE-10  LUBAIOEVME  B,TOALBE-01  R.AINORE-DL  §.0G420Ecpt  FeIt
INDEX OF REFRAGTION, REAL PART= 1.3428008008 ~IRAGIMARY PART= 41000090890 -
aExT aARs ALPEDO ASYH anR a
BV EROBAE=-00 T 2ZHOMI= 00 0, TTA31E- - - oy "
piher e plBe el nlbe ol
- - E=07  2.289%4K 1.932128-13 H
2EI003E-01  BL.EINOBE-NT  G.TTODNE-ST 1830 bo0p ooy
B2IOTSESAE  EEAGDAR-0Z  B.TAMOTE-RG  10030BE-D3  Eesbuocns L oaresE- H
LIENIHE-01 B TRINTE-B1 B, TAANTE-DE  4.01420R-81 Sseetucoes o SIREAK-0F 1
TARIENIN L EABRREVAL  ALOBINZE-01 9. I6RVBK-81 1 3iomenens o oMTE-er H
IAMORENND 0 ATSUM-1L B PPRAAL  S.4TTERE-01 vitteerel  Soraireet
OR300 9, BILPEE=21 BoINGSRE-N1 Oy 6MMATE-81 Q:Iflilt [] 2 J1002E~00 i
EsUIORAESON W h20LME-d1 5, 30110E-01 SABNRE-0L  g.Tel IE=01 lo‘ill.lc-ll ({31
TULIMEHID 9, BBNLIN-1 D, IEIBEE-01  SAAMTE-BL 9 09sain-s. b aiosrE-ik 93
B RLAABECIN S, ISABE-BL  B.IABTOR-N1 9. GMSTAN-41 5.6 3iee-ns Ll oreasi-1  ibks
LLULSRTESON D 3UNG7E-0L  S.ASTRE-01  9.605710-01 o oraipe-i S
EVIENE  SdNnn baeiil MOISTLE- GETAINI-N 2 3i0REee 1860
. -8 N.CEWBTE-01  $.3i00
BRI 9 IMRN-EL U TSMAE-0L  S.LAMAE-DL  S.4BBTAL-01 £, ieRBeesE  Sob]
TWORY OF REFRAQTION, REAL PART= 1.4%58000000 ~INASTRARY PWRT» 1,5800000088
oExXT QARs ALBIDD ATYH m
2.3FTR5E-08  2.35788E=15  1,03(14K- - arR QEAK L]
LETSEE-1 L ITTeieh IBLisE-tr A ireeneoa b3t 41 :
. - BEE-33  1,03110€-8¢  1.iPagef-e7 ¢ . -
LIBTITE-42 L ABTOTE-0T 1, 031435-08 1,12 GITRAE-E3 3, 448TOf-12 3
RII-AL  IIemae  Lericil Limet-es  LBToTEeer L eveers-es 5
503 LoMA138+00  F,747046-01 4, VP RE-00 R, J0VBAE~N1  3,S0ENLK-04 y
thag s Ty . =Pl LUETATEB  2.06REBNMNS  1)89107E080 s
LLUSEONEIE 20100000000 7.000000-0s e JodITea-uf  Lagesyrens joEarEs a
BN BWTIENL GTSneeci L7itas-ed ToThauiE-n o airiEsend H3 ALl
. + 8.8 - - ’ - K-
L.00000EHAT  2,821TAELEL M:}}:_g :.17;::::-” ;-;:ll =0 9, T7IEW-01 1, mngaﬁ ::t
LOTIAOEAAT 2 MLBOMEHAN G BORAE-0L 6, 72482E-01  7orinne]s  WTLSMNE-HL  2.970e88-01 1047
bhibd nomn MEED DR el G oomm
. . 00 G STIIEE-0L  6.73RARE-11 : M (JTAGIE-0L  14Wd
Z.U0000EHT 2, 13482400 - ToTAMRAR-01  0.60000K-01 2
. SSTRITE-0L  GTINE-BL 7, 70N T7Ead1  9.08998E-01 a:g=um¢:=1 33'1



Numaerical methods for Mle thaory of scattering by & sphers

INDEX OF REFRACTION, REAL PART=  1,BO00080008 ~INAGINARY PARTa 0.0008400840
X aExrt aAes ALBEDO AYH are GBAK -
1.00000K-05 2. Z8681Z-21 4, 1.908008+¢06  1,90340T-11 L. JUBLE-R1 S ASAZiN-PL ]
1,000000~0%  2,30681E-17 B " LoBBIS6E-09 R, 20B21E-17 T 480R1E=i7 2
1,00080E«03 R TE0B1E=1% -1.5i599K~E7 1,90333E=07 L. INRBRE=13 I, MBARIE-13 L
1,000000=02 2,308BRE~00  1,32Bh9K-23 1498332605 2, 304782-09 3, &000TE=89 I
1.8 B BEOAIE~IF  2.168400-19 1.98477E~03 2. 303820-0F b 3
TLISH90E-01 R, 08470E-16 1,9094R0=01 1, 72IMGE-d1 ’
1,000 L. 882008408 0. LoORUADE+I0 7. RPOLIE-01  7.A09288-01 1.8909 17
1.nnum+n 2098380400 0, 1,00000E+08 8. 10ZR8E=01 3, 0086RE~R1  1.736Z1EeM4  1iF
L UO0REEL0E B NSLATE400 1, ARLO9E-1%  1,00808E¢D0 4. PAL7EC-01 3,583MIF-01 I, ISANAEHNE 264
FotORONEHRE B, O0APASE+A0 2. 44Z17E-1%  1.00000F+08  B.25I08E-01 T PE31E-01 A SUSTRE-N4  BEF
1000046403  Ro01308Ke 00 1,02L09E=1%  1.80800E+08 8, PTESRE-B1  J.44638E-01 L AZSLSE+L 1028
B ETAA0EC0T R, 0LTEIN+N0 L. ARLOOE-1h A 00ONOE00 B, 208120-01 3.ABE9IE=81 7,0BETEH0N AL
Lo GROBEEFET R, OLTSOE+DE Ny 1.00000+D0 B, 2A0THE-01 A WBAN7E-01 1.93797E+81 1433
1. 800008082 B N128AK+ED & PABREA=1h L, 000N0F+0 N, BOPRAE~NL  AATGABE-91 L. P2EBGE+0L 183t
Z O0000EHIT R DR9BNEHNE B, L. 00000E+00  S.2902E-01 T.SIGABE-01  1,85090E+0L  EATA
INDEX OF REPRACTION; REAL PARTw  1,5000888000 =THAGIMARY PART= 1004040084
X QExT GABS ALBEDO ASTH arR anAK NN
1o00000E=00  1.99R9RE-08 4, 99202E-08 L. ZABATE-18  L.97080E-11  1,99ESRE-08  F.80Z3E-EL [
4, 00000E=04  1.99282K-08  1.9980PK-45  4,ESAJE-1f 1,G7976E-#9  1,992B28-0F  3.00336E~17 ]
1000008=07  L.992828-04% 1 99EFRE-0h  1,2090FE=0% 1, 97975K-07 1.9GRSRE=04  3,803350-13 |
1 00000E=0 1. 99R80E~08 L. 990AXE-43  1.RMUSTE~06 4., 97TW735-40 1, 99PR3E-03 3. 60921E~09 &
1, 00000E-01 R BUGASE-0E R, BOZOME-2  1,19471E-03  L1.97T023E-03 " T.58078K-08 ]
L, 000008400 A B2I7OE-01 B TMAOE=41 A JAE7IOE-81 2. 0BSSTI-~01 & Lo7A962E-01 .
1¢00000E+01 R ASOTOELO0 1, BZAGEE+N0  F,0Ri34M-01 9. PPIFNC-01 1, 3Z0RAR400 9, ETRTiE-N2 n
10000402 2,08082K400 9 ITOOME=01 B ALTITE-UL  S.BOMRE-NL L RIBABEHIN &, AFTAME-NE 47y
BuBRROOTHIE 2 UN0ZOECED 9. 29TABL-01 B, A6480H~N1 S, FOSAGE-DL 0, 0&R7ER-1 &, 1B238E-42 )i
SE+A8 B, QTLLBE4AE G 10BEAE-01 B TTIIE-04 G TILTIE-01  Hei92IME-NE 038
LoULOTHEHON 9 1ZTTME=01 B adM7E-01 NATINIE-41 &, 153340-02  L008
L. 01A84KHA0  9.40M08E-01 5, h8QFIE-01 GABLE-01 K. IBTTSE~N2  160%
B OLGATEFED 9, 100248-01 B, AA0NTE-N1 SeURTINK-P1 &, LBITME-DE  105E
S RLAITEE00  0.0997TME-0L B 80EE-B1 9. 50789K-01  9.6ARTAE-01 & ASJIBE~AE 1458
z.mmna ZoVIEAPEHA0 UaRRGLME-05 B AAGOGE=81 9. 507TH=01  D.0FO0FE=01 &, I9FIBE-0 REB7
INDEX OF REFRACTION, REAL PART= 1.BE50000R0S =~IHASTMARY PART=  , BEZNENGNS
QEXT gAny ALBEDO ASYN ] QmAK ]
88 1 3UBEE-08 L. BITARE-A8 1. 91B2E-1 B, NOBATE~1L 1, 33F0RE-A6 1, ORRRIE=RL T
Ol 1,IFESRES08 L. IITATE-13 1. 0iORBE-LZ B MISBTE-09  LJAIF0ZI-0F  F.ARPREE-1T ]
<03 L. TE38RE-8%  L.333020-0h  L.91042E-09 2. Q09S6K~87  L1.Z3702E-0%F 1. §REEBE-13 ]
0t L, T3N90E-03 1, 33790E<03  1,91032E=06 Z,DOFPAE-DS L, 33TN0E-83 3, JR2B9E-0% "
Befl L. 36RiBE-0E  1,741600-02  4.8973TH-43 L. 00BE-8) L. ZhbiSE-02 3. 007 34E-19 [
nwe mmn-u 1.9030TE~EL  5,408808-01 R OGESAE-DL X, TEBITE=01 4, 94hI6E-Di [
O L1oiBTRIE+N  BohTO9LE-81 9. L4TTIE-01 L, RY7ATESN0 3 0000911 1n
T3 FePpRhal=01 B ABOUOE-01 G RRTATA-0L 1 0439400 4 HRNH-IL idk
sz 9.:nru-u BohTTRBE=B1 Vo hBOBDE-0L N BHRONE-01 &, J9200K-42  B8L
T :.lumm T T T 01 JILITE-0L A MBIt 938
I3 L.0197TEH0 P IINTE-04 007001 5, 29R08E-0R  LGMA
ST R NLAGIE+NE BoANT0E= 01 SebhiLal=n1 b, HOZOBE-0F 1826
+03  SHiLATH+I0 1 S.A0mTE-04 &8 0L NGA7INE-01 A JNESNE-0E 1403
L A00EME4IY T LTIREH00 L OTBAM~0L 1, A9R62E-{1 w.uul-u SRR ITAE=01 4, FORISE-0Z  L0SS
l.mum: ZALRAATHRE DL 7108801 O AORRBESDL O RBANOE-01 S 6INTRTUL & IOTMIE-6E  EAFY
INOKX OF REFRADTION, REAL PART= 1,6000000088 ~INAGINARY PART= 3, 0080008400
anxy aAns ARYN arR ]
BE=00 , T.ARR9GE~21 R AATaif-1F EoATOTER1L B, iZQ9E~E1 ]
-0 :.uw-u 1. 970L0K-24 2, 00100K=88  3.iB m-:r t
-8 3, 12U04E~1T L, 4i0FNM-E7 T u.umu-u ]
sel-0t 3, 1pi0it-09 B A HLTME=0% )
1. mul-u S ANBIE~0F 0, 97 &2 MBITLE=00 3
T00007E-01 0. L, S4B IR-01 RIRASE=01  EJBR193E-04 $
IORNMHEL  E BARTTRHED 1, h21088=14 ToABRTOE~01  ABLABE-0] i, IBABTEHIL ir
N BeORTATESAN L 42100810 ToSETh el S ABBTRE-0L  SoAOTABEFM 118
~SIOVIEHEE R 042008400 ;.uu =tk 70000001 & ETHARE-01 B, 11833080 ne
s, NI T ToWTOME=01  So00abl~01 0, 401848006 2R
!.., SORME+ES R.0RARVENNN 1..:. 1914 (Y1 T.99590I~01 R, 9TONICHNL 3420
smum-u T Ty T O TAMTIE-01 By 0InedeNt 1084
e THLHTEN 0, M IZIZTE~01  E.TATOTESSL 4831
l.ltf'lﬂl o T O Pyt T “:
18 1. 421000-14 B OSETHE-01 L BARONERY




Q. A. 8hah

INDEX OF REPRAOTION, REAL PART= 1,&080088000 ~INAGINARY SART= . 0080108000
XY oA ALDEDD Avvn apr QuAK W
LOMTEE-10  LTH-10  1,090000-11  Z.08mBR-11 1, 04672E-18 4, 881h0E~21 E
LOASTRE-09 1 0M72E-0 T 004SA-08 1, PABTZE-09  A.G014AE~1T 1
1.M870E-00  1,00872K-08 B AMBIEAT  LAAGTEE-08 b SRLANE-d] 3
1.0TH-07 1. 4M0AE-07 2. 0018 8K-20 4o $01R0E-09 "
L, VLLAME-43 1, 0590P0-08 2, 47988L-03 4o GASILE-0 »
BASAIAE-E1L R VLTTE-UF R ONSBOE-ML B, 2.58191i0-11 .
RIRZTIELEE D OBUM-0A 9, ISMIEE-1  T,ABBIRE-S1 4. AB38SL-01 1,0 18
BOATORENIE By RBONIE=07 9. 9TWAE-01  7.029220-81 A ATTHIE-1 A 119
BBAENE  LARRTE-03  D.OPRCE-1 T BATAE-8L  N.REIEE-0L 5. MiiEess  £70
Jhaeet EORATRESEN L 00B00E-02  0.010018-91 T SPRAE-I1  A.13A0MK-01 S, 2AMTEME  B83
L1.00000EH03 2, HKLIN4AN IOMIM- 5 A0MLE-01  LIMEN-EL A ARIIE-AL  LITROIEYAL 1AM
L.57000K00T 2 01BP0EHNE  S.ABHOAE-4E  S.TFATAE-01  S.OMMRNE-01 A RBLI6E-01 2, 38MEBEe01  1i8
1,60000040T 2, 01RATHOAN  B.ORRRNE-EE . TROME-N1 S, 07WTHE-01 &, JLUSM-01  EATANRE401  iead
LoRUR0IENIT 2 ATTREONS  GuBVROFE-0D 9, 600TOE-01 B ARAOTE-01 4. ZITRAE-01  2,379L4K404 1487
B 00RIEEN]  BOLONAE0RS  So80171R-0 S PTROE-U1 B LUANRE-01 & ITAAOM-81 3. 17092E+8L 2080
L L L}
INDEX OF REFRAOTION, REAL PART= 1,8000000080 ~IHAGINARY PARTE  (GBODEE0SNN
aExXY anes ALBEDO RN QPR aBAK L]
SRIREBR-07 S, EIZIM-O7 I ANATIE-15  2.07894f-11  S.pM236L-07 A, 7iSAGE-21 e
9, RIRIGE-06 9. RRZIGE-06  TANNTIE-1E D, 00004K-09 . RIEINE-06 . T1R0SH-1T :
LELITE-05 9, RIZATE-05  J.ANTE-09 R 0RMA9E-D7  W.RIRITA-0S . 71B0SK-iD 3
$.ZRUNLE-04 D RBEOOE-UN 3. ADABAE-06  B.BSMSTE-15  9,23F01K-04 A TIADAE-0Y %
9, IT50E-03 | D.PGTHIE-03  F.ITSTIE-BF  LATMOOE-03 9, I2B02E-03 k. 89471(-00 ]
LUMDMESI  MAMEIE-0L  DoAITPLE-BL  GoTTSNB-01  BoidIEE-01  B7ENOM-4)  BaTdsiier 4
Lo00OURENIL  2UETIRECRD L, 0ATABESEN B OMIRTE-AL  G.0GMEOK-DL 1, ZIBOSEHAN  6,9097ME-01 2l
Lo OROREESDN  .ARLABE=01 D AS0AE-01  S.390656-01  1.013020+00  FoJO0ATE-02  ivé
B AASSTELIN  S,16200E-01  B.URVARE-01 9, hRALMI-01 Tt B ISRATE-I2 281
2ATLITEHIN D 0SAAPE-01 S BALASE-HL  S.A0WRE-0L Bo36CAPE-02 834
LoURNIEHI3  £.01004E¢00  6.99910E-01  .PAMBEE-BL 9 MOESIL-41 S EAONPE-RE 1048
LoSTRASEORT  2.04080K408 S, OTA7OE-01 B DAAJIE-01 B, MIFE-04 Bo360AAE-1E 1624
LoSIIOEENT 2, 0ANOEFED B OTCRRE-01 B FAMIHE=B1  9,M81328-11  S.6ANGUN-B1 5, 360AME-02 1853
LoBRURMEHIT B RLTALECNN B, 07i00K-01  B.BAMORE-01  S,MRA07E-0L  9.GAQLIKE-D1 B J6CAME-0Z 109D
ToOBORITHE  ZHLEPMIS O  S.90804M=01  B.RTSBE-41  S.ARNSE-0L  9.630ATE-01 B, ISeNAE-DR  RAYT
IHDEX OF REFRAOTION; REAL PART=  1.6000000080 ~IMAGINARY PART= 1008908808
ENT aARs ALBEDO ABYH arr qeAK NN
LONTRE-18 L, 0ABTM=06 L, TIONLR-1D B ATGABE-15  1.8AB72E-08  N.41B90N-R1 2
LONSTRE-IF 1, 03788=05 1, 739810-1F 2. 07HZE-09 L ABTEE-09 &, 41998017 ]
LANB7EE-04 1 0WBTEE-0h 1 7BOFLE-09 B O7O0AE-07  1.84B720-0% A, J1DOME-13 3
Lo0eBOSE-03 L OABOME~IT  L,7IMRE-04  LO77HOE-RF L ASSE-E3 A, 015M08-19 5
188116002 L, AS7VM-02 L TETBSESND  B.A7AABE-8I L. ES1iBE-1R &, TH9ZLL-08 ’
BTUBARE=0L B, 7EBOWE-0L  5,{8006E-04 L. 10TaNE~DL B, 06370E-D1 sr-at )
BoABOOALIES  1.19621E¢00 B 1Ti09E-01 9, 1S3L00-01  1,30298+00 71
B ASEIZEA0 O ARGITE-0L B ASONGE-01 9. INMIFE-01L  1.41784K+00 124
LORMBELIR D 1AABBE-01 B BIGEME-R1 9. I0ATON-#L 9, $3B3AE-01 21
TABLIOEHI S UABIGE-0L  S.SATINE-01 9, JONLBE-01  9.78BitE~9) 538
2018708000 O ONBOZE-01  N.UBIBME-DL N 3OLTEE-OL  9.aO7PE-B1  B.AGREGE-AE  10A
BoRLNBBEIND  B.OSANTE-IL D FB0 9. 3917BE-01  9,8437BE-91 B AGNRSL-02  162H
2o1AABE+N S 9A27AE-D1 9,I01660=41 D, GNRISE-AL B AGEZOR-02 1483
1800018403 o013I0008  8.9BERR-01 $oI94010-01  W.ATGATE-D1 B NSSROE-42 14D
TLOOIDIKIES  .ALEASERS  B.9BATTH-BL  B.BRIMME-NL  S.U9Li0I-01  S.ONMEE-0L  BACPEREAE  EeBT
=
INDEX OF REPRAGTION, REAL PART= 1,7800880088 ~IRAGINARY PART= . Q024080008
oexT aAss ALBEDO ASYN apR aBAK NN
307022808 T H382RE-00 L, RETORE-11  R.ITSTOR-11  J.BARE-08 7, 0hA9AE-EL t
TAUSLEE-0T D AASTRE-7 1, RPEOFE-10  R.RTAYTE-0% B, BTALRE-DT T, 08090E-17 3
3.030230-08  JoATSEEE-UE  1,2PP9DR-07  B.ATA3SE-07  3.BFREIC-06 T, RAGHE~1d 3
TAAIE-05 T ANSH-IS L, ZEITIE-0h I ATEIR-AF  B.AFVNRE-08 7. 0h074E-09 &
ReIVRAL-0h L ATOUM-04 L ORMTE-IL 2, ATHVE-03 A JeADOE-04 T, 0RETIR-US ]
NRARE-01 T LIRNAZ-0F 9 MEANRE-01  B.TAIIOE-01  3,0006K-81  2,9283aE-$1 r
101N339E-01  9.022980-41 6, DARETE-AL 8, 98352E-01  1,00398K+4 1
L OIBEOEHIE  BLLIGBSENDD  BLPIBANE=01  T.POUIOE-01  RuABBOSE-RL  B.1i0RAC-N1  1.0BTIAEVeL 153
ZSOORALIE R ORTISEANN A OTSAGE-0L 6, THNAE-0L  0,99751E-D1 O P TIT T TR 1T
S.AMMROEL02 R O3UAIEHEE  B.TLIRBN-01  §,710ESE-01 9, 171B8E-01 L.OTEI6E-01  S1B
LoBOONOESAT 2, 0108RE¢00 B, 7ONLJE~0L D, 66TAPE-#1  9.192090-04 ToBAIEAE-0T 1446
ToBTARHEERT  B.OLATOEVEE  B,7294BH-01  5,667i12-01 9, 19249E-04 =01 7.07198K-02 1824
1o60008E+8T 2, LANSREINL  Du7EATHE-0L  B.OS7RGE-01  8.1010h%-0L  0,651g0E-01 7.07TiE-0F  18%3
Lo 8UARNEC0T 2o 0L3AREHI0 G TR4RAE-B1  .80640E-01  9.A91N9E-01  9.640N0E-01 7,472h2E-02 1098
BLOORIOEIES  2.01ZB20400 A TZOVAE-01  9,00B6E-01  9,10i238-11  9,65320K-01  T.07ZRGE-0Z 2084



Numerioal methoda for Mie theary of soattering by a sphere

INBEX OF REFRAOCTION,

REAL FART» R.NRSORARONN

=IMAGINARY PARTw

x oxxt akes ALBEDO ASYM arR ]
1.U0ME=0 B SANTE-EL &, M1MSRE=3F 4, 0000AR+B0 2, B4B0A0~i1 G GEASTE=P3 2
1, 00000K-88 G S0687TE-17 B OMAIM~TL Lo 00MIBEHER X BASKIN-EY S.0084TH-17 t
1o 000CT-13  8,88587TE-13 G, MARIBE-27 1. BONANSNE B BABANELRT 4.0404TE-13 =12 2
1,00000E~02  B.BAG43E-19 1:00000K+08  E.D4FRE~H G GOGTSE-09 0. W9S82E-19 3
1. 00000-01  §,003IM=00 . JTONE-19  1,00000R+00 £, FATNAE~01  6.07THIM=05 9, 9817HI-08 3
1 000000+0E T O0ENNE-01 =T 10FA3E=15 1. 000RIEHEN R, TR199-01  W.TETATE=RL B, 3578804 ]
LoR0ONIE+HEL B, ONTGPEANR L, GZ1A0K=1h A NO0QUE400 O thRSE-01  7.797FME-01 4. 131790:00 18
1. 000008+0R ZJATAZER+AN R ERFRAE«1h L UORRAEHAE 4 TTAYE~S1  B.ABATTE=N1  9.000788+0L 114

[ 111]]% 2.A8200¢M0 1eb2109E=14 1,000000¢00 ToOOFLAR=01 G 0ROZRE=-01 2, 85TEBR+I2 11
LALISTE+IN T, Lo 00000KH0E T OUBOFE-L  B.RMDRME~01 5 EShBREe0E BIN
E 01130400 A, 4200014 L, 00000E+00  7,14R34K-01  BoaUSAME~01 1, 064310403 1029
2 ANHAEHED  Lo210BER1N 1.umnu T HIRANE=01L B 0ATONE-S1  1.40085E+01 1s08
B BLOSELNE 0, E+00  T.0985BE-01 B, 0808E-01  1,715821403 iR
u 0063400 L, 0 ELI0E-14 ToOEMEE-H By O0INPE-01 1, 909280+07 1034
L OROUBEHIT B i20RE+R0 A AZLNE-14% 1, QUORRNHFRE T ATBRAN<01 B 7SGAME-01 2. 10064EHT  B4ED
INDEX OF REFRACTION, REAL PART= z,0008008800 =IMAGINARY PART=  ,2aNeneseed
QExt aAne ALBgooO ASYH ar aBAK 1
L.004THI=0  R.GLIFGR-15 £, PI1NIK~11  EASATBE-04  1.0399FI-R0 t
2.804700=0F R, G4iBGR-4E R, BEIPRE=09  R.ABATEE-AF  1.8399FR~18 1
EoOBATOR=0%  R.OLANBE-R9 R BRLAOE~07 B 4BATHE=04  1,03900K-1i2 |
2.658000-13  2,811370=08 2. FILNCE-}P mum—u 1, BINE~06 4
L,0900EK-0R  2.483088-02 2, BATANR-0Z 2, 92490K~83 BAE=02  1.03600E~04 8
LIVSEOEHEN B O8AMI-EL  B.SIBRLE-01 2, 80A23N-01 1.numu & BATHIE~D1 7
T NOASREAEE  LoloBAaEe0l % RERTOE=RL G TEONAE-TL A JNZTALHO0 1, T2050E-84 1
BoUQUNBESNR B BRIROE-01 . 77AGAE-NL 8, 9ZA020-03 1, OANEREHEN L AB0MAE-01  AZh
ToOMOBAEHEN B, BTTABE-NL b AIFTIR=-A1 N, BEOVSR-AL 9, 00MIM~01 A 100MPE-AL 284
T,0FLB0NH00  BuATRASE~0L ¥ A2AORE-01 0, 9170R0=01 O, TRRATE-N1 1, 1BphE-01 BB
EoA1996E+00 S ALBANE-U1 B BUATAE-01 S, QiBAGE-01 Q. 4PPONK-01 4, 1FPhAE-i1 ﬁg
B ULA7AE400 B TUTESE-HL. B 0F10TE-01 8, 9L497K~01  S.OTTROE-01 4, 19 MAAE=-01
B RLAGARENE S FUASMI-UL B O310BF-801 0. 9L0890-#1  SATARAI~IL L, 15BheE-01 1453
2,0L158K400 5, 29R000-01 B ATLOMI-01 0, 94B37E-01  WATRIVE-NL L. 100MME-01  (ADS
EoNNN0E4E3 R, NARUEMAD A TARIGE=01 S, 031700-01 G 0VISE-I1 0, BBBE-01 L. 1BAMMI-8L  ZeST
TNDEY OF REFRACTION; REAL PART= 2, 230008VIMN «IHASIMARY PART= . 2EMOBISSID
- L]
oxxT GABS ALBEDO ASYH oMt QBaX -~
ZoAOSLOE-06 R ARBIME-M L. SiSA0E-AF 2, 00090011  RukbdiSN~04 1. T0iVEt-nn 3
LA00LSE=00 2. AG0LNE-N9  J,DAiBWE-1Z R, MOEG9E-8 R WGRANE-OF L, M0LFNE-16 1
Bohb0i0H-h R HO0L0E-04  J.BAiFNAK~09 2 BOESAK=0T  L.ASOANE-04  1.301F1iK-1R H
EcHOBSEE-DT  2,h0HHE-0T 3. PiPi0E-06 2, S0E86T-0 s ZoAOISEE=0] 1.mm-n 5
. BOOLAE~0F B FOIASE-IT 3, 47RESE-01 R, MMEPE RSN 0LGL-02 PIATEE=14 .
LTIM6ZEC00 6, 35027E-01 9. 932RIE-01 3, uuu-u 1.36000R+ 88 l. 9128801 4
] LoL8T0LEHI0 S ARITERDL . DE4330-01  L.29THREHE8  1.2TH9BE-01 n
S BRAPHE=-01 B OOAITE-S1 B TAMBE-DL L DiTVAEIN  i.aRATIE-B1 124
8, 32907C-01 c.umt-u STANME-01 S 0954BE-01  1,eA000-01 M
B RTANSE- L S.THTEE=01 %, 79436E-01  1.04680E-01 B34
L. 02001K+00  8.16768K-01 5 60ME-01 LobhGNE-01 100b
L 1A02E0 00 5, 105490-01 0. 697230~01 01 L AASEME-B, 1824
By UinGhEe0D 8. 1hATOL-01 S 8UTL2E-01 9. TOONAE=01  1,408800=01 1097
P TE T TR T $OBAFIE-0L W TOTNSE-0L  1L,MABSIE-1L 1008
2012620400 A, 13080E-1 S UIFOE-IL L, TONRIR=0L  L1,008AE-01 Z0FT
INDEX OF REFRAOTION; WAL PART= 3. 5000800084 =IHACIMANG PART= 0, SE400RERNN
L]
agxr oars ALBEDO ATYH art ABAK W
Lo040ATE-R0 N, 1000000400 w1008 BI-11  1,41007E=28 2, 11D70E-2¢ t
1oML087E=18 L, 577TRE=30 L, 000000¢80 A 100A0E=09  1AANNTE-1S 2, 11B7T =16 t
LeMOATE=LT 6, hOZINI=TT o AMNAR-0T  1,M10ATE-A2 B, 11PTHI~1R £
1, 41090K=08 2, 84890K-12 Ao {90FNE=AF L, AL0NRR-08 B, 11BATE-04 3
Laa2i29E~08 =4, 67T0R0-19 e l9TLAE~0F  1,A1B330-0% B, 11PS9K-04 3
Lo00NNNE+IN  Bud lTIf:l 8 Ro SMAIE~EL  B.ERVOREHID B, 2TTRIEHIG ]
L T T N T T T T S UNTROR=IL 1. M819LE+00 2. GAR9BE+0D T
10000 IEHIE | B ERAGDE+ A s.nuu-u +OPIIM-I1 S BANLITE-RL 1, 20986K401 11
T HN0NAEHNE 2, 118B3K+00 P BABATE=01  §oTi004E-01 3, 20TVRE4NL  ©8d
B.ADIDIELAE  1.90002K+04 r.una-u FoARORBA-A1  W.ROSLAE-01 1, 9Wi4MEHIL 923
Lo00000K40T 2, BATHTEHID  1.0T108E-14 908 =01 G, ITHA7E-0L L. GABMAEHNL 1029
1, 970001403 1,991520¢00 &, BoBiTRRR-01 S IR998E-01 S HIZTEHIL  SA03
Lo00000E403  2iTTOEON 0, FeRiTISA=01 S PRAVOE-DL 2. OTREMEHNL  163E
1,000800+83 L. AJRIKHOS N, 1000008400 V. B0URER=01 8. PEARZE-01 1, ZOLQJE+IR 1073
ToOBURREHET 1, 990FBNH00 T AOBNRE-1R L. OVE00EHAN B 0STOE-0L  B.ETAAME-01 W TELSTE+NL PO

61



82

G. A Sheh

INDEX OF REFRAQOTION, REAL PART= 3Z,4140008000 =IMAGINARY PARTe {.94800088M4
QEXT ALBEDD ASYH QPR ABAK (L]
FATRIBE-14 173162K-18 I TATRRE=11 0, 02936E=06 3. PACRME~LH X
FA2935E-0% Sy TEUARE=1F  B.TO70AE=49 F. A29INE-N5 T, Z629AE-1i6 1
By 829R0E-04 T T3810-09  J.TATOTE=QY  9,02930E=0h 3. 2820AR-12 1
5. 071098-03 ToTIOINE=00 T THAFE=IF  B,431096-03 3. 26J0RE-08 &
1. S 10519-02 & TeFPGL6E=03 3 TABVLE-DY B, 485liK-02 3, 2604BE-dN §
1000088400 T W10180+00 1, 607GREOE  F.1e000E=01 9, RXMLE=02 3. 1SITAEHE0  1.95400E+0D 4
Lo R0+ L. H00TORCR0 S, 2PROBE-BL  G.PSIREE-01  T.00187E-#1  1.290355480 3. 85635K-01 14
L.0H00EHIR B 10041E+00 4. J8B02E-01 S 90430E=-01 T, 17B2RE=81  1.05279K+88 4, 1238QE-01 i3
00000602 R OBATSEHON &, LABBSE-01L  TLATLAOE-0L T, AFER9E-D1 1, 0RIFZEHOE N.1Z3GAR-8L L1 2"
S.00000002  2.0367aK+A0 9,990800~01 T ABSAGE-01 Y. 12619B=-81  1.01B81E400 4. 12368E-01 ”ns
12000088 +03 L BEZAZELDRE B VLVTAE~IL T, ETWEE-01  T.LEMQAE-01  1.000AE+04 A, LRZSBE-0L 1067
1. F7000E+03 R, 01688K+00 B 0NITBE~01 T A7899E~01  7,1i001%~81 1, 00051K+00 &, 1236BE-01 1824
LoB0BAN+N3 2, W1BATEXNE B B8QTRE-1 T A7HLBE-ML  7.11T79E-01 1. 0008L1E+00 &, ARDGRE=0L  1GBA
1. 000000483 2, 015138400 B, 88194E=0L 7. R8NL8E-01  7.11G45E=-01 9. 9901SK-01 %, 1R365E-01 1456
T ORMIBEHET B D1H1ME400 B A7RZAE-01 T HRR9E-81 T, 11B3AE-01  9.99230E=01 4. 12360C~01  ENBT
INDEX OF REFRAOTION, REAL PART= &, Ad08000040 =IHAGINARY PART= D, 0080000080
X QEXT QAES ALBEDO ASYH oPR aBAK L]
1,00000E-00  1.85188E-20  Q,OEUGNE-3F 1, 00000E+0F B FLARAE-11  1.0F1MSE-24 L, T77TTAC-RN | 3
[ 1.8518H~16 N § G BLAZOE~08 1, 891MSE-18 2, 777TRE-10 ]
L.851888~12 0, S P1AZ9T=-07  1,8918BE-12 RL.T7TT78E-1R 4
1.80202E-08 4,00879K-22 6: PL4TBE~0F  L.0F100E-48  2,777BGE-00 3
1.46951E~04  4.A7152E-19 G.B010DE-0F L, 45Y0MI-0h B, 7ASINE~OQH 3
G AS2LYE+OR B, M04THE-1n Lad8hiE-01 G, A53182+00 9. 2093TELM0 ’
B BITEBE+ON 1, heBYUTUE-0L 1, 399VE4+00  1,89R80E+01 ir
L, 0649700¢00 &, B 2TRITE=01 9, 7779TE~M1  3.T71iF3iK+01 119
TeDI600E+00 L. 0R2109E=14 $.192509E-01 Q. 79RANE-dL 0, 000648K¢01 4%
2 0135 AE+H00 1. aR1INOE-1y %, E0SE~01 TWSRATIE=01L 9, TO21E+01 "l
LOITOIEHER B, ANRLTE-1N S, 31912101 9, M97iME-BL 1. DHOFOELNZ 1029
E+03 Lo RLBIZE4AR L, 420098-14 B U18FRE-01 . e38A0E-01 P, DORISE+O2 142
1.60000E+03 2 02ERGE+00 1, hR1098-14 S, JRAG5E-01  9,501600-01 2, 8073cE+02 1433
1,000000+03 B ALFATH400 A 0EL00E-1% Bo TG AE-0L  9.381913-01 N TATRAEHIEZ 100
RAPOROE4T L ROBTREFED 4, 1. 00000E+00 I.llll&l-ﬂi 'l-llll!!-li JeI113K+02 RO
INDEX OF REFRADTION, REAL PART= S.4000000800 -II‘AGIHIY PIRTI f.ata00000M
L. 13] QARS AIYH o QBAK L]
L, 10700820 1, 05100834 9. 909338=114  2,10700E=20 3, 1604%E-24 L]
Re10TONE=16 3, 90438820 S FOUAR=-09  Z,10700E-16 3. 10049E-18 [
BvAITIM~1E L. 2925TE~28 9 50WBE-07 R AA7MBE-12 3. 180M00-18 +*
L ATRIE=0E B, .FLMAE-0F B LOTHLE=-00 B 1B049K-08 3
B A28~ 4, 3I641K-10 9. 557040-03 R 10033004 3, 1E99T7E<DN 3
Tohhibol=01 5, FSETAE-1P «B 25402001 9,10819K-01 9, 90787E-01 [ 4
Iul"llli-ll I BuWHILE-01 L, 169P3E+04 R, H1993K400 i
Lok2i09E~14 §ORBR2M=01 L. OTESSEMIE L, JINURE+NL 11s
1, FORULIEE-01 L.01K00EHEN 1.90349K+01 e
i 152100014 $ NE9NE~01 1. 007928400  1.0ETHREML Liud
Eo0TRLMEH00  1,081000-14 FANRR2E-01 L. 00333E+00 & THEELE4EL LOMR
Lywsas+an 0, 4, 99480001 S 9097TE-01L * 1804
Lo997TTE+04 . PPR7IE-14 Bo 01030K-01 9, 9BR48K=41 T,38Ta4E+0L 1833
B DASREHED 1, 4R100E-14 B WR{3RE-01 e 9hdulNl  1.58373M¢02 1035
fLhigisgeee 0, Fo BOROBE-11 h'li"l-lt S 0i4TaR+IL 034
INDEX OF AEFRAGTION, REAL PART® B 0000080084 =IRASINARY PAIT' sithaenmd
QEXT OARS ALBKDO ABYH aPR QeAK L]
LuGARISE~07  LuGABIRE=17  1.28114E-13 9. 0PMITE~11 L.GhNIDE-AT 3. 18135K-E0 2
L1,84505E=08 1,80D00E-08  1.B4118B=18 9.90 09 LushRaNE=06 3, 18A35E-14 3
LiGaBeTE=0F  1,6MMTE=08 4, E8i14E-07 LubaSaTi~1F ¥ 1013M=-12 3
Lo84801R-0h  1.084008~04  1.279928-44 184041008 T . 18100E-08 L]
BeRLORAR~03 L P63 ~03 L. 05400E-01 L7113 o130 L4
LoUOBASELEN  F,T9398K-81 G PANe1E-01 1, 23095E+00 9. ERBIRE~1 7
ZoR1000E408 T ASBARE-R1L K TTOBRE~N E g LTI TY R, - L) 0n
LATIEORHAN B, 0TFAME-01 T .HITIME-NL LoibeoMi il 4 WA01TR-01 i3
Lo OABONAN B ANOTEE=dL T AGBIBE~01 G 0NEBE-DL 1, 1ZHM+4IL & HMLR-RL (1)
Lo IZTNREHAN B, TERASE-A1 T AWRLE-04 G, HO0008-B1 L, HLGRAI400 &y MABPRE-RL r
BouiSinitid B ABRLTE=01  ToiVBROE~01  S.H9%RE-8i L.ldOM 1044
LELMTEC0S B ATAARE=0L T istheE~01 8, WAlAE-04 1403
LoALARBESN0  DuSTAINE-01  T.L0NMEE-0L S OBMTE-D1 1683
B 013200400 hl“lﬂ'li ToI030TE=01 & P5IDMI-BL 140 L id
T LREAEHAN MPETE=0L  TyidiTal=01 G VBREEE-D1 1-“71“'“0 o bhTNE=01 "we



Numerical methods for Mia theory of soattering by a aphare

INDEX OF REFRACTION, RARKAL PART= ¥, 4003000000 ~IHAGINARY PARTs £,0000000084

X GEXT aAme ALBEDO ABYH arn omAK ™
1,000006<05  E FOINEE-U8 B FOIATE=00 0, 0088MH«1F  §.ATEROE~14  R,UAINRE-d% 3. ohABAE-EM 2
Lon0DOE=0% 2. UETHEN-0F 2,603426-15 S 0AMOE-1P 5,770~ 2. EETA2E~08 3. AASMI-18 3
1,00000E=03  2,BBINBE-RN TORAEAIE-0h S, OMNTOR-BD  B.ATESTH-07  E.BOTABE-#6  D.esBef-t #
ToDONINE-92  2.900AGE~0F B DAGAAE=E B BTORIE=DS 0, LiTENBE=F B SEEAGL=42 1403581 "

QUMME-D1 B, 9190TE-UE R O9BEIE~I2 T MET7E-43 -1 EL0M4E-0E ¥, AZTHAE~I4 ;

3, 00960E+09 1, FEOLHECED B APAEBE-01 4 RATeleeee  ©SIOMErs 7
2.3T6OBKLNE T NOSNAE-BL  8.97TOOE-N1  0,650B5K~01  L.ZOZNUKRS A BJOMM-NL 1t
ZLOMI0EHA0  BoOLLABE=01  T.3TMRAE-01, G, 7PRARESIL  L,0080ER0  AIHTE-N 13
ELOBAITEAON D IATISE=RL T WTTRAL-01' &,73100E-01 1, QI4LTE+60 4000384 g0
ELUISOREHEN B ZSLTTE=E1 T NBASSE~L &, TiGRBE-$1  1,0RRENEHN0
B OREZPE+0E B BAMI7E-01 7. ARISLE-01 8, 70680E-3 1, 01008K+88 freed
B.MLOALEHEN S 10ATIE0L  7,MES73E-NL (1) 1012988+ 80 1024
S.EABRINH0N B dBEVIM-D1 7, 42897K-04 1. 01E07E 00 1653
B BLAITEE DL ATTASE-0L  T.AdMARE-01 1. DLEROE+QS T+
0000103 2013970480  BLATESBE-HL  ToATIBTE-01  B.60MAR-IA L) 011TAE "
INOEX OF REFRAOTION, REAL PART= 65023000000 ~THAGINAKY PART= &, 3T40468800

X aExt aAns ALPEDD ASYH QR QUAK ]
1,00000E-88  1,4S079E-08  1,49079E~06  4,64683E=18 £, J0T4AE=10  L.409T9M-08  3,784M7K-08 r
L 0RENOE-0h 1. AUO7HE-0F L, 4WOTSE-0F 1, BhM3E-11 L, 3AW018~-H  1.49970€-0F 3. 7H48TH-16 ]

" 149980808 L AABE=0F L GASTOE-RE 1 JATIR-0 L, A9080K-44  Z,THAMGL-iP ]
1 LU05ZRE-03  L.SHEM=01  1.¢4U05K=0F L J030K-t4 L, S00250-03  Z.TRAReE-18 "
1o0NONOE-A1  T.i06SBE-0E  2.00i0AE-0F  1.i06J1E-02  1.30898K-0F I, =12 T hMANE-1h ’
LL00000E08  ZABTOREIN A ORATREA00 G ROOASI-NL o, ASITE-IE B, PLEODEs0N B BURLMEHN l'

L.ESRRTEANN  FoAOTHSE-01 T URRROE-01 G ZOMIME-IL L. BABADKHIN B TPTALE-DI
EoOMREER+ND A, Q0348001 T, TOUIEE-01 B, JULETE-N1 L MRATAEYER B, MEPTE-0L 1
Z,0LO0NHAS R ATTIBE-0L T ONRNPE-01 S, RTATIN-U1 L OMGAEHNT G, AR 2
LAINZALAR0 A BTORA-OL T OSAOE-01 6, EA1ABE-NL L, 03RLIEN0 6, MAISES0L BWP
SLUEZEOEHND N ETIRAE=GL ¥ RBGIZE-01 G EASRDE-0L L AZDEDLAON 6, M6AMI=01  ilM4
T 0LONBE+RE B RAMIOE=01 T, OOABE-NR1 4, ERINEE-01 L, QRRFAE4NN G, 0000Ml-0f 1823
BoRLOATEAEE A RABOTE=0L  7.09975E=01 G AATLOE-I1  LOREADEADS G, MBASME-NL 1683
ToUPROLH00 M ZIAANL=0L T ORTETE=D1 4, RMATTE~IL L. 0ZLBAKHUE K ORASME-IL 1468
T 04010E400 4, RFASBE-01 T ROMITE=01 G, EARTE-01 L ALARSEHEA 6, 0000MR-01  RONT
- INDEX OF REFRAOTION, AEAL PART= . US88000000 ~IHAGINARY PART= S0.0008000000

x oExY oABa ALMEDO ASYH arm 4BAK ™
LUMIOEE-0F 9. 04011 Q. 84583E-£4 R T7YOOE-10 =4, SELOGE-19 N GLFAIE-11 &, 00OSLE-RD 2
L,00008K~00 Q. OREQIE-L0  N.0220TE-10 2. 7THNRE-0T <3, SEAMAR-0T O, GELATH-10 . 1DWOTE-14 ]
L1 0P00AE=07 1. 020A4E-08 1. 020LTE-08 R BVRIEKBA =8 JLOOTR-UF A MZ0AE-0E &, 0102901 H

' ToBEOTARNT  ToSERRAR-07 B BURORE=DR 8. iPTORE=1]  T.BWLSi0-07 &, TERE-D8 A

B009TSE~0% T ILREDE=0F 7 OTAZIN-01 ~LA0UL6E-01 A IUIRIE-04 G FIRLLE~0A ’
R ARMOTEHN0 R APRATE-AN 9, 90U03E=N1 -L.TASMIR=01 B, MUATALH0 3. TASAREHIS ‘
EOSBATEHOE  LoBLTBOE-06 9, 890ABE=01 & 0SBERE=01 1, 0603RE+M8 9. MSOELE-0L 19
EJUEORIR+RE 1, L0AT7E-05  S.00MAPE-03  F,0FRR0E=0L A, NUBITEHEQ 9,977 060 e
B0TRLEN0 Lo OWTEIE-06 S HIONSH-01 5, 02822083 L, 0011300 N 00088f-11 1
LALITTEHND L, 0MA7IE-0% 9, 990RAE-01 B DZIEAN-HL L. RO0FRL L4 I
LA00LAREND S, 09TR7E<00  9,99MAE-01 B 01NEBE~0L SIMIN-H 183t
TOOTIAEIEE L, 0AMIE-0Y 9. 09NAK-01  §. 9174301 LMLE-0L UM
LAT100000 L E909%E-44  9,99M8L-01 E=8i b0l 1AM
L ANBETENE Lo 09POM-M  9.99MGL-01 " S 1637
2ANGSTESRD 1, 092030=0) 9, 0UNOE-01 B 01613E-08 L, 800LBK+AN 8, 99M410<01 20NN
INDEX OF REPRAOTION) REAL PARTS By, 0800400000 =IHAGIMART PART= Su.0000asaned

X QEXT QABS ALBEDO ABYN orR apAK ™
Lo0000NE-0T B ANOOTH-40 K. HOODTE-NR APOE-12 1, 300F3E-11 B AUNOTE-D0 Ao ORdONE-T0 L
1 00MHIE-04  E.ANMBTE-QT 2, 4408TH~07 i AMIE-09 L, IBTI-09  RANSATESST B, BORNOE-18 3
L, 000ME-03 T S04ATE-04 l.uurl-g BoNSBERR-07 B TEOLON=0F D ARABTE-08 &y 80Q00E-12 3
1o 00000=02 S, 49112E-04 6. 8008M- 1 OTIZPE=AB ~T2TOTLOR-0% G A0ALRE=0N b, 80700E-00 b
1. 000000-01 A OBYTIE=02 by AEORLE-02  G.ROOEOE=0] =F.0S637E-01 & 04000K-02 T MATLBE-44 ’

e R AAMEOKENE A NTPOE-01 S BALINE-AL -3, TRSREE-01 R ASRSELRD 3, BTa0ME+N) r
L A9T0AE+A0 B ONOLTE=02  A.TRATOE-1 D, 000RGX-0L 1, 47ATREHA0 . TEMS1E~0L 21

L IZIOREHEE B RPRSNE-02 01 BeL19RRE-E1 L, 01B7HE4S8  S.PTLNE-01 i

ERIMEEIG)  Buiphibe-oe BediO7OH-01 L A1ARNEH0R ¢ 0, 007830-81  £IT

R 40208 ¥, 10379~ b2 Bed0W0Rngl  4,01062E400 S HITITE-01  BEA

B, L3943T~ 02 SoLOMLZE-01 L, MRONEE D MITIER-DL 1042

B 126ANE~02 E-01 S 097UM-01 L, BUGTAEHSS 9. S0TVEE-IL 1616

FoLReSSE-0R S, 7AMSTE=NL By ORTRE-01 L, 0MOTARGEE  9.4070RE=01 18

l BotZITIM=68 S, 7AATLE=01 B4 0160 10-N1 S6MHIE  0.0ITIM-01 1050
£,00000K+03 BoiiSRTR-02  B.TAMIE-41 S 0GR IE-0S L ERMODE4EN 9. 0THAK-AL OB




