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hnology InstituteD-17235 NeustrelitzAugust 18, 20101 Introdu
tionS
attering of ele
tromagneti
 waves on nonspheri
al parti
les is appli
able to remote sensing of the earth'satmosphere as well as in te
hni
al and medi
al diagnosti
s. Studying the in�uen
e of dust like parti
les onour 
limate system, estimating size distributions of powder probes, and analyzing red blood 
ells are onlya few examples of where it is used. There are an in
reasing amount of modern measurement te
hniquesdeveloped during the last de
ades whi
h make it ne
essary to take light s
attering not only on spheresbut on more realisti
 parti
les into a

ount. Unfortunately, there are two fa
tors whi
h make this a
omplex task. Firstly, the numeri
al e�ort is mu
h higher than that known for spheri
al parti
les withinthe 
onventional Mie theory. It depends strongly on the morphology of the parti
le under 
onsiderationand 
an be performed online only in very spe
i�
 situations. Se
ondly, the 
onvergen
e pro
edures ofthe existing approa
hes are mu
h more 
omplex 
ompared to those used with spheres. To obtain reliableresults requires a detailed knowledge of the methodology behind the approa
h. Otherwise, one 
an runinto a lot of pitfalls.To over
ome these problems we have developed a software pa
kage (
alled mies
hka) to analyze lights
attering on rotationally symmetri
 parti
les in �xed and random orientation using an automati
 
on-vergen
e pro
edure. Moreover, to release pra
titioners from dealing with those aspe
ts where possibleand to provide an easy a

ess to s
attering data for use by appli
ations as well as ben
hmark purposes,we have established a database for spheroidal parti
les in random orientation. Details of the methodologyused 
an be found in [1℄.2 Method and Convergen
e Pro
edureThe software pa
kage mies
hka is based on the so-
alled T-matrix method. With this approa
h the in
i-dent �eld as well as the s
attered �eld are represented in spheri
al 
oordinates by �nite series expansions
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aτnl RgΨτnl(kr) (2)in terms of appropriate ve
tor expansion fun
tions Ψτnl(kr) and RgΨτnl(kr). The expansion 
oe�
ients
fτnl of the s
attered �eld are 
al
ulated from the known 
oe�
ients aτnl of the in
ident �eld by use ofthe T-matrix relation

f = T · a . (3)The T-matrix itself is the produ
t of three matri
es,
T = −Q−1 · RgQ . (4)1



Their elements are boundary integrals over the s
atterer surfa
e. Obviously, matrix Q must be inverted.Thus, the overall 
onvergen
e of the method depends on the following 4 aspe
ts:
• A

ura
y of the 
al
ulated boundary integrals
• A

ura
y of the matrix inversion
• Number of expansion terms used
• A

ura
y of the orientation averaging pro
ess used.The 
onvergen
e pro
edures employed are as follows:2.1 A

ura
y of the boundary integralsThe 
al
ulation is performed in two steps by use of a 7 point (�rst step) and a 15 point (se
ond step) Gauss-Kronrod quadrature rule. The width of ea
h integration interval is mat
hed to a pre-determined relativea

ura
y of integration with respe
t to these two steps. The a
tual a

ura
y of integration a
hieved aswell as the number of the fun
tion 
alls ne
essary are stored further 
onvergen
e 
onsiderations. Thenumeri
al evaluation is realized with the adaptive NAG �90 module nag_quad_1d.2.2 A

ura
y of the matrix inversionTo perform the matrix inversion, we have tested several algorithms. Most stable results have beenobtained with the two NAG �90 module nag_gen_lin_sys. The 
ondition number 
al
ulated by thesemodules is a �rst 
he
k regarding the a

ura
y of the matrix inversion. The NAG pro
edures providea warning that the matrix under 
onsideration has be
ome ill-
onditioned. In this 
ase, the user must
he
k the �nal result obtained very 
arefully (see also the next pro
edure).2.3 Number of terms used in the expansionHere we have to determine the trun
ation values ncut of the series expansions (1) and (2). To determine

ncut we 
ompare the di�erential s
attering 
ross-se
tions in the whole s
attering plane for two su

essive
omputations (ncut and ncut + 3) for light in
iden
e along the axis of symmetry of the parti
le. Thesu

essive 
omputation is stopped if the pre-determined relative a

ura
y is a
hieved for 80% of alls
attering angles. This pro
edure has proved to be e�e
tive in many appli
ations.To determine lcut for random orientation an e�e
tive phase fun
tion is introdu
ed whi
h is 
al
ulatedfrom averaging over 9 di�erent angles of orientation. As for ncut, two su

essive 
omputations (but nowwith the steps lcut and lcut + 1) are performed. The pro
edure is stopped if the pre-determined relativea

ura
y is a
hieved for all s
attering angles.2.4 A

ura
y of the orientation averaging pro
essTwo di�erent pro
edures have been used to perform orientation averaging. One pro
edure applies numer-i
al integration for orientation averaging, and a se
ond pro
edure uses an analyti
al orientation averagingby employing Clebs
h-Gordon 
oe�
ients. If the numeri
al integration was used to perform orientationaveraging the same pro
edure as des
ribed in the subse
tion �A

ura
y of the boundary integrals� wasapplied to the phase fun
tion at all s
attering angles. Due to the rotational symmetry of spheroidalparti
les this requires now a two-dimensional quadrature rule (pro
edure nag_quad_2d from the NAG �90 library).In addition, the spe
ial fun
tion routines of the NAG �90 library have been used to 
al
ulate the ne
essaryBessel and Neumann fun
tions. It should be also emphasized that the detailed error handling andwarnings produ
ed by the NAG �90 modules were very helpful espe
ially during the development andvalidation phase of the mies
hka.Fig. 1 shows an inter
omparison of the phase fun
tions of a spheri
al and a spheroidal parti
le in randomorientation. A typi
al di�eren
e in the ba
ks
attering region (i.e., for s
attering angles larger than 90degree) 
an be observed. 2



3 Database for Spheroidal S
atterersVery often, we are fa
ed with the situation where the s
attering signal from a 
ertain volume elementis 
aused by an ensemble of parti
les rather than a single parti
le. Su
h ensembles of parti
les are
hara
terized by di�erent geometries, sizes, and diele
tri
 properties. Size averaging then requires a hugeamount of s
attering 
al
ulations whi
h 
an be
ome a tedious task if nonspheri
al parti
les are 
onsidered.Having a database with pre-
al
ulated s
attering data would therefore be of some bene�t for the user.With the above mentioned software pa
kage we have established su
h a data base for spheroidal parti
les.The geometry of these parti
les is given by
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= 1 (5)In the data base the geometry is des
ribed by the aspe
t ratio av = a/b (a - semi axis along the axisof symmetry) and the size parameter kreqv(v) to whi
h the s
attering problem 
an be s
aled. An aspe
tratio av > 1 belongs to prolate spheroids, and av < 1 
orresponds to oblate ones. The e�e
tive radius
reqv(v) =

3
√

ab2 represents the radius of the volume equivalent sphere, and k is the wave number of thein
ident light. For the aspe
t ratio and the refra
tive index the following grid was used:
ℜ(n) 1.31 1.33 1.4 1.5 1.55 1.6 1.7 1.8
ℑ(n) 0 0.001 0.005 0.01 0.03 0.05 0.1
av 0.67 0.714 0.77 0.82 0.87 0.93 1 1.075 1.15 1.22 1.3 1.4 1.5The resolution with respe
t to the size parameter is ∆kreqv(v) = 0.2. This allows for an interpolationwith a su�
ient a

ura
y if intermediate size parameters are needed. This interpolation is realized with
ertain splines from the NAG �90 library. The angular resolution in the s
attering plane is dependent onthe size parameter region: size parameter 0o-10o 10o-173o 173o-180o0-20 0.75o 2.5o 0.75o20-40 0.5o 1.5o 0.5oDue to these parameters and resolutions the total amount of pre-
al
ulated s
attering data sets is nearly60,000!Fig. 2 provides an example of the ba
ks
attering depolarization of di�erent spheroidal parti
les. Su
h
harts are of interest in Lidar appli
ations, for example. The bluish regions mark parameter sets with alower depolarization, while the reddish ones designate larger depolarization values. In general, randomlyoriented prolate spheroids (av > 1) exhibit larger depolarizations than oblate ones (av < 1). In ea
h tile,both regions are 
learly separated by the zero-depolarization band originating from spheri
al parti
les. Itis furthermore seen that, within the 
hosen parameter range, the largest depolarization di�eren
es o

urfor small real parts and small imaginary parts of the refra
tive index.We are 
urrently working on further improvements and enlargements of this data base.Referen
es[1℄ T. Rother: �Ele
tromagneti
 Wave S
attering on Nonspheri
al Parti
les: Basi
 Methodology andSimulations�, Springer, Berlin Heidelberg New York 2009.
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Figure 1: Phase fun
tion of a sphere and a prolate spheroid with an aspe
t ratio of av=2. The refra
tiveindex of both parti
les is n=1.5. The size parameter of the sphere is 2πr
λ

= 10. The spheroid has thesame volume as the sphere.

Figure 2: Ba
ks
attering depolarization for spheroidal parti
les in dependen
e on the refra
tive index(real and imaginary part), aspe
t ratio, and size parameter.4


