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Chapter 1

Introduction

1.1 Radiation pressure
on Interstellar and Circumstellar Matter

An important branch in astrophysics is the study of interstellar and cir-
cumstellar matter. The main topics are the study of interstellar and circum-
stellar nebulae and the formation of planetary bodies from the circumstellar
nebulae. Important sources of observational data are the Infrared Space Ob-
servatory and the Very Large Telescope. This data is usually analyzed with
radiative transfer theory, which assumes the matter making up the nebulae
to have certain scattering-properties. These scattering properties depend on
the chemistry and the shape of the scattering particles. The properties and
dependencies of light scattering particles in general have been and still are
subject of investigation, see e.g. [1, 2, 3].

The matter in the nebulae exists of fluffy and porous particles, [4]. These
are thought to be aggregates of dust-grains. The formation of these aggre-
gates has until now been studied taking into account merely coagulation, see
e.g. [6, 7, 8]. Gravity becomes only important for kilometer-sized objects
and is therefore neglected. Radiation pressure calculations on fluffy /porous
particles and dust-aggregates have been done, [9, 10, 11, 12]. It is the goal
of this research to address the influence of radiation pressure on dust coag-
ulation.

Exact solutions to the problem of light scattering by a particular parti-
cle do exist for some mathematically convenient geometries, such as spheres
(MIE-theory) and infinitely long cylinders. In 1909 Debye used MIE-theory
to calculate radiation pressure on a sphere, [13]. For solving the Maxwell
equations for arbitrary geometries, one has to rely on approximative or nu-
merical techniques, see [3] for an extended overview. One such numeri-
cal technique for obtaining a solution in the frequency-domain, is the Dis-
crete Dipole Approximation (DDA) [3, 14]; others are the Digitized Green’s
Function method (DGF), [3, 15], the Volume-Integral Equation Formulation



(VIEF), [3, 16] and the T-matrix method, [3, 17]. The DDA, DGF and VIEF
are all discretizations of the integral form of the Maxwell equations, which
makes them all examples of the general Method of Moments, [16]. These
numerical methods do not require the scattering particle to have any special
shape and are therefore well suited for treating dust-aggregates, which in
general have a fractal-structure. Here the DDA will be used.

For solutions in the time-domain there is the Finite-Difference Time-
Domain method, frequently used in engineering, [18].

1.2 Elastic Light Scattering

Studying elastic light scattering from a particle is done by considering a
plane harmonic wave incident on the particle. The behavior of the scattered
fields produced by other time-dependent incident radiation, can then after-
wards be constructed by Fourier transformation, see Bohren and Huffmann
[2]. This book offers a thorough and transparent description of scattering
theory and its applications. This paragraph merely resumes chapter 3 of the
book.

The grain-diameter dg;q, for particles of interest is 0.01 pm < dgrain <
0.2 um, see [5, 19] for grains in the interstellar medium and [20] for grains
in the solar system. The wave-length A of the illuminating stellar light in
the interval 0.2 um < A < 0.8 um. These ranges exclude the use of ap-
proximate theories like Rayleigh scattering (A > d) or geometrical optics
(A < d). They even so prohibit Rayleigh-Gans theory, which requires the
refractive index m to obey |m — 1| < 1 and kd|m — 1| ~ 1 with k = 2T
the wave-number. Read chapter 5,6 and 7 from [2] for a description of these
approximations.

Before any calculations, exact or approximate, can be done, a suitable
coordinate system has to be chosen. It is custom to choose the z-direction
parallel to the direction of propagation of the incoming wave, see fig 1.1.
In this diagram é;, é, and é, are the standard Cartesian unit vectors. The
angles 0, ¢ together with the unit vectors é,, €4 and éy define the standard
spherical coordinate-system. For any scattering direction é, the scattering
plane is defined by é, and é,.

The EM-fields, inside the particle, denoted by subscript 1, as well
as outside the particle, subscript 2, must be solutions of the macroscopic
Maxwell equations

V-E 0, (1.1)
V-H = 0, (1.2)
VxE = iwuH, (1.3)
VxH = —iwekE. (1.4)



Figure 1.1: scattering geometry; for an explanation of the symbols, see the
text

The boundary-conditions imposed on the particle boundary (with n the
unit-vector directed outward and normal to the particle surface), are
(E1 — Ey) x 7 =0,
(Hy — Hy) x 7 = 0.
The outside field is the sum of the incident and scattered field;

Eine (1.5)

EQ = Esca+
+

H2 = sca

with -
Ejne(F) = Ep.e'FT)
Hine =k x Eipe  (k=k/k)
The components parallel and perpendicular to the scattering plane of
the incoming field, Ej,. | and Ej,. 1 respectively and the scattered field,
Eqcq, and Egcq, 1 respectively, are related through the amplitude scattering

matrix (r—2)
Esca,” _ e So 53 Einc,” ) (17)
Esca,J_ —ikr 54 Sl Einc,l_

Experiments measuring these matrix elements are rather difficult. Exper-
iments measuring the elements of the related Mueller-matrix pose slightly




less problems, [3]. The Mueller-matrix connects the four Stokes-parameters
I, Q, U and V of the incoming and the scattered radiation. [ is the power
of the radiation measured directly by a detector. The other three parame-
ters are constructed by taking the power of the radiation after it has passed
through a particular polarizer. Each parameter is the difference in power
transmitted by one pair of orthogonal polarizers. The Stokes-parameters of
the incoming and scattered wave, collected in so called Stokes-vectors, S;n.
and sg, respectively, are connected through Mueller-matrix M

Ssca = MSmc,

Line Tscq St Sz Sz Sua

o | @ime . — Qsca M= So1 S22 So3 S
e Une |7 75 Useca |’ S31 Sz S33 Sz
Vine Vsca Sau1 Saz Siz Su

With E’sca available, the second step is calculating
e the extinction cross-section Clegy,

e the absorption cross-section Clps,

e the scattering cross-section Clycq

e and the asymmetry-parameter g.

The starting point for deriving these quantities is considering the flow of EM-
energy across a spherical surface enclosing the particle. The (time-averaged)
Poynting-vector on this surface A is

§ = JRe(Brx 15) = S+ Soar + S (18)
Sine = G Re(Bine x Hjye)
Seat = Re(Fine x 12+ By x 1)
Seea = %?Re(ﬁsca x Hiy)

® Sinc : power inserted by the incoming wave

—

e S, : interaction between scattered and incoming field

e S,cq @ power carried out by the scattered field.

Integrating over A one can write

Waps = —/§-éTdA (1.9)
A
= Winc + Wea:t - Wscaa



Wine = —/ Sine - 6rdA, (1.10)
A

Wzt = —/ St - e,dA, (1.11)
A

Wsca:/gsca-érd/l. (1.12)
A

If one assumes the medium surrounding the particle to be non-absorbing,
Wine vanishes. The absorption cross section is Cyps = Woyps/ Lo, with Iy the
magnitude of ginc. The expressions for the scattering and extinction cross
sections are similar and related through

Cezt = Cabs + Csca- (113)

For obtaining explicit expressions for the cross sections we assume the
incident wave to propagate along the z-axis and to be x-polarized '. Further-
more we choose A large enough to be able to use the far field approximations
in which the EM-waves are transverse,

ikr—z

R (1.14)

Esca = EO —ikr )

ﬁsca = 7ér X Escaa
pw
with
X = (52 cos ¢ + S3 sin ¢) &g — (54 cos ¢ + S sin qS) ép, XLlé
Evaluation of (1.11) yields

Cont = —2Re(X - &4)p—0. (1.15)

Using (1.14) one can rewrite (1.12)

X’Q
Coea = /’kQ‘dQ (1.16)

with dClseq/dS) the differential scattering cross section. Derived quantities
are the phase function or scattering diagram

1 dCsca
Csca ds)

p

Lthe derivations and resulting expressions for y-polarized light are similar; expressions
for unpolarized light are obtained by taking the mean

10



([, PdQ2 = 1) and the asymmetry parameter

g:/ dQpn. (1.17)
4m

(with . = (sin € cos ¢, sin @ sin ¢, cos@)) This definition of the asymmetry
parameter is taken from Kimura [9] and can be interpreted as the mean
direction of the scattered light; the definition given by Bohren and Huffman
is just the component along the z-axis. The latter only tells how much light
is scattered in the z-direction.
The radiation pressure cross section Cp, is composed from three of the
above quantities
Cpr = Cegt— < c056 > Cleq. (1.18)

This is a measure for the radiation pressure in the direction parallel to k.
This expression was rigorously derived by Debye, [13], for spherical particles
by integrating the Maxwell stress-tensor. For an interpretation of (1.18)
consider the waves to be streams of photons. The incoming photons transfer
an amount of momentum to the particle, proportional to Ceys. Part of this
momentum leaves the particle, carried away by the scattering photons. The
momentum of the photons scattered in the forward direction is proportional
to < cosf > Cyeq. For spherical particles the amount of momentum lost in
directions perpendicular to this forward direction is cylindrical symmetrical
and therefore amounts to zero; for particles whose scattered field does not
exhibit cylindrical symmetry, this cancellation does not occur.

1.3 Discrete Dipole Approximation

This description of the DDA is based on an overview by Draine and
Flatau, [14], and a publication by Draine [21]; for more details on DDA 1
refer to these articles and [3].

In DDA the shape of the scattering particle is approximated by a set of
N polarizable volume-elements, with corresponding polarizabilities a; and
electric dipole moments ]3] The electric and magnetic fields at 7, radiated
by a dipole at 7}, when excited by a plane harmonic wave are (omitting

e—iwt)
5 9. 5 . eiijl
Ejl = k (nﬂ X ]Dl) X njl +
le
. /a = —» 1 ik\ ...
(37 (R - P) — P) <3 - Q)QZkTJl
o7y
- Aj- B, (1.19)
= N 1 ez’krjl
By = k(ayxP)(1- 1.20
i = R A)(1- ) S (1.20)

11



with
Fuo= T
Ny = /7

(see Jackson chapter 9, [22] and Lakhtakia [23]). The complex 3 x 3 matrix
A, is commonly refered to as the geometrical factor and has properties
A=A = A;*-Fl. This matrix is not Hermitian.

The dipole at 7, in volume-element j, is excited by the accumulated
fields of the scattered radiation due to other dipoles and the incident wave,
inducing a dipole moment 13] The constant EM-fields in volume j are
related to ]3[ by

Ej = a;lﬁj
. N
= Eoe™ +> Ej, (1.21)
J#l
. N
éj = Eoeik'Fj+Z§jl. (122)
J#l

Hence finding the N dipole moments P, means solving a system of 3N lin-
ear, complex equations of 3N complex variables. In principle any method
for solving a lineair system Ax = b will do. But the mere size of the (dense)
matrix involved in this problem, makes direct methods computationally pro-
hibitive. Therefore iterative methods are much more suitable for doing the
job; here a Conjugate Gradient method is used (see [24] for details on the
particular CG). First used by DeVoe in 1964 [25], DDA’s use was extended
by Purcell and Pennypacker by including retardation effects in 1973 [26].
The latter was used here with two computational enhancements :

1. If the polarizable elements are located on a rectangular grid, the
matrix-vector product (1.21) is actually a discrete convolution, [27].
Exploiting this feature the O(NN?) complexity for regular matrix-vector
products can be reduced to O(NlogN) with Fast Fourier Transforma-
tion (FFT).

2. Parallelization of the above FFT-enhanced matrix-vector product, [28].

Also see chapter 2 for a more detailed discussion of these matters.
The various cross sections and asymmetry parameter in terms of the

12



dipole moments are

4k N 2
Cope = SmB: - (a7 ) P — k3B - Py (1.3
b mw;{ Bl } e
N
4 - 5
Cort = 2N (B, - P, (1.24)
| Eol? j=1
2
dCsea K al 53 5 iknT,
_ B — alh o~ ki T 1.25
B = (R P (1.25)

Expressions for Cs, and g follow from (1.16) and (1.17) respectively. Fur-

thermore the scattered electric field in the far field regime is given by

. kZ eikr N .
B = 5 STIB -

>

Jj=1
rF=r7rn

1.4 Description of research

The following issues will be addressed:

e,

(1.26)

e Earlier work on applying the DDA to radiation pressure calculations

by Kimura, [9], and Draine, [29], will be considered. The routine both
authors used, based on (1.18), will also be implemented here. An in-
tegration routine will be implemented on top of the already existing
DDA-code. Test-cases will be spherical particles, allowing for com-
parison to MIE-calculations. The scattering cross-section will also be
calculated by integration and compared to Cseq = Cept — Cups. This
will allow for a separation of the model-error in DDA and the error
due to numerical quadrature, and for an

An alternative algorithm that will arrive at radiation pressure by first
calculating the force per dipole will be developed, implemented and
tested on the same cases as the integration-routine. Next to the ob-
vious experimental comparison, the two different ways for calculating
radiation pressure will be compared theoretically.

Adaptation of the communication routines, currently implemented in
PVM, to MPI making the parallel DDA-code more portable, see e.g.
[30, 31] for detailed descriptions of PVM respectively MPI. Next to
that, the current FFT-enhanced CG-algorithm only allows for non-
absorbing particles to be simulated. This serious restriction will have
to be removed before any simulations can be done.

13



e Finally the available DDA-code will be adapted to do simulations of
dust-aggregates. Some example aggregates will be tested and the force-
field resulting from the alternative algorithm will be visualized. The
shape of the force-field might indicate possible deformations in the
dust-aggregate due to the radiation pressure.

14



Chapter 2

Adapting existing DDA-code
to absorbing, inhomogeneous
particles

2.1 Introduction

This chapter will focus on two issues. In the next section the trans-
lation of PVM-based communication to MPI-based communication will be
discussed. The last section of this chapter will deal with the correct use of
Fourier Transformation the in matrix-vector products used in the Conjugate
Gradient algorithm. But first the use of Fast Fourier Transformations and
parallelization in the DDA will be introduced.

The basic DDA-equations (1.21) can be cast into the form

Eine = (I-AC)E (2.1)
— BE,
with 3N-vectors
E = {Ei,...,En},
Eie = {Einct,- s Binen’,
and 3N x 3N-matrices

0 Ay ANy
A = Ao ' : 7
: AN-1N
ANt Anv-1) 0
o 0
c = | : ;
0 apn



It is also assumed that the polarization is isotropic, i.e. a; = a;I3, which
makes C diagonal. The dipole moments follow from ]5; = ajﬁj.

If (2.1) is solved with a Conjugate Gradient method, then for each iter-
ation matrix-vector product(s) involving the full matrix A and Af will have
to be evaluated. The memory-requirements are O(N?) and the complexity
per iteration is also O(N?). By locating the dipoles on a rectangular lattice,
the matrix-vector product BE in (2.1) can be formulated as a discrete con-
volution. Denoting Fourier Transformation in three dimensions by F', the
convolutions in BE can be evaluated by

BE = E — F'(F(A)F(CE)). (2.2)

For non-rectangular particles the coupling constants belonging to lattice-
sites not occupied by the particle, are set to zero. This will increase the
number dipoles to Nz. Because of the O(Ny) memory-requirements for
storing F'(A) and specifically the O(NrlogNy,)-complexity of FFTs, see [27],
this increase will pay off.

Even with FFT, the DDA is limited by both processing speed and
memory-use. The bulk of the execution-time is spent on evaluating the
matrix-vector products in the iterative solver. Further the memory-use by
the DDA is O(Ny) and its accuracy rises with the number of dipoles used
to represent the scattering particle, see e.g. [14, 21]. Since with distributed
computing the processing speed as well as the amount of memory can be
improved, it will increase DDA it’s applicability. The actual parallelization
is discussed in [28].

2.2 Porting PVM-based communication to MPI-
based

The message passing environment P(arallel) V(irtual) M(achine) was
introduced in DDA in 1995, [28]. The reason for also implementing the
communication-routines of the parallelized DDA-solver with yet another
message passing environment, M(essage) P (assing) I(nterface), next to PVM,
is the portability and standardization of MPI. MPI was designed to incor-
porate the best features of earlier message passing communication systems,
to allow it’s users to parallelize their programs as smoothly as possible, and
to be portable.

While replacing PVM-routines with MPI-routines, the standard global-
communications of MPI were used as much as possible, but the critical
transposition routine, was ported by merely replacing PVM-calls with cor-
responding MPI-calls. This transposition routine changes the decomposition
of the FFT-grid from decomposition in the z-direction into decomposition
in the x-direction during each Fourier-transformation and vice versa during
each inverse transformation, see [28]. Since these all-to-all communications

16



take the largest part of the communication time, the port has been done
effectively by replacing PVM-calls by their corresponding MPI-calls.
The scalability of the PVM- and MPI-version has been compared in fig.

Figure 2.1:

2.1. In this figure the time per iteration is shown as a function of the number
of processors and the number of dipoles in the DDA-simulation. These ex-
periments have been performed on a Parsytec CC. MPI clearly shows better
performance. This was due to the fact that this particular implementation
of MPI buffers its data less than PVM and is therefore no indication to a
better performance of MPI in general !

2.3 (Re-)enabling DDA to heterogeneous,
absorbing particles

The original fast DDA implementation, [28], was not able to produce
correct results for absorbing and/or coated spheres. This was caused by an
erroneous implementation of multiplication with the hermitian matrix.

The Conjugate Gradient algorithm used for solving the DDA-equations,
[24], requires both B and its hermitian Bf. Using the definition of an her-
mitian matrix, Bf expressed in terms of A and C is

Bf = I—-(AC)T,
= I-CfAT,
= I—C*A*

The hermitian product, including Fourier Transformation, becomes

BE=E - C'F! (F(A*)F(E)). (2.3)

!Private communication, F. van der Linde
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This formulation of the hermitian product deviates from the one originally
implemented

(BIE)urony = B~ F~'((F(A)'F(CE). (2.4)

For Fourier-transforms in general the relation
F(f() = F(f7(-n) (2.5)

holds. Since the geometric factor obeys A(7; — ;) = A (7 —7}), the identity
F(A*) = F*(A) is valid. For homogeneous, non-absorbing particles (2.4) is
therefore equal to (2.3); in that case C is the unit-matrix in 3/N-dimensional
vector-space I3y times a real number, which makes the complex conjugation
of C = C* and which makes C* and A* commute. For weakly absorbing,
homogeneous particles, the complex conjugation of C in (2.3) does matter,
but the deviation from (2.3) is still relatively small, which still permits the
CGNR-algorithm to converge, only along a different, longer route through
iterant space. For heterogeneous, non-absorbing particles C* and A* do not
commute. Still, if the refractive indices do not differ to much, the CGNR-
algorithm will still converge. This is why the results of a simulation of a
concentric sphere with refractive indices m = 1.02 and m = 1.05 in [28] were
in close correspondence to MIE-calculations.

The hermitian multiplication (2.3) is not the one actually implemented.
Exploiting the identity A*E = (Af)*)* reduces both memory-use and run-
time (one less matrix to initialize).

The radiation pressure calculations for absorbing particles prove this im-
plementation to be correct for homogeneous, absorbing particles, see chapter
4. For heterogeneous particles some coated spheres were simulated and com-
pared to MIE-results (see tables 2.1 and 2.2). The refractive indices of the
different layers of the coated spheres were chosen to have clearly distinct,
complex values, since this is what the original fast DDA implementation
could not deal with. The core and coat radii were chosen arbitrarily. The
errors in these cases are appreciable, 5 percent, but acceptable since the
refractive index, sphere 1, and size, sphere 2, are in the regime where the
DDA is known to experience difficulty.

case | core refr. core coat refr. coat
index radius index radius

1 1.14 +0.38: | 3.517577 | 2.5+ 1.44 5.02511
1.33 +0.017 | 7.039179 | 1.81 + 0.487 | 10.05597

Table 2.1: sphere-characteristics
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Qeac N 7Qeac N Qsca, 7Qsca,
case : DQDe:t,ZWIEt L (perc.) DQDsfa MIE e (perc.)
1 3.5 -0.80
2 3.0 5.2

Table 2.2: errors in percents
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Chapter 3

Extracting radiation pressure
from DDA:
Theory

3.1 Introduction

In this chapter an expression will be derived for calculating the radiation
pressure in the Discrete Dipole Approximation. This method will calculate
the forces per dipole; the total radiation pressure can then be obtained from
a trivial summation. This new method will be compared to another method,
based on integrating the Poynting vector of the scattered radiation.

Similar to the electro magnetic fields the radiation pressure will be con-
sidered as the sum of two parts; one arising from the incoming radiation,
ﬁmc, and the other arising from the scattered radiation, ﬁsca. ﬁmc turns
out to be proportional to the extinction cross section Cpys. Similar to the
scattering cross section there are two methods for determining the scatter-
ing force Fie,. One way for obtaining the scattering cross section is (1.16),
integrating the irradiated scattered intensity. F., can be obtained similarly
by integrating the Poynting vector.

The other method for calculating Cy., is equation (1.13). It is preferable
for two reasons. It has a lower complexity, two O(INV)-operations instead of
one for each scattering direction, and it will be shown to be the analytical
solution to (1.16) !. This other method will be called direct as opposed to
the indirect integration-method, because of the extra quadrature error of the
latter. The force and cross section resulting from the direct methods will
get the subscript 'd’ for direct to distinguish them from integrated values,
labeled with subscript ’i’. A direct method for calculating the scattering
force does not yet exist and will be derived in this chapter. The analytical

'Precisely formulated the numerical value of (1.16) will be shown to converge to the
numerical value of (1.13) for rising accuracy of the numerical quadrature
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solutions of F, sca,i and Cieq s Will also be shown to be exactly equal to F sca,d
respectively Cgeq.q. Schematically this theoretical work can be summarized
by figure 3.1.

Figure 3.1: transition

3.2 Starting point and previous work

The starting point for the radiation pressure calculations will be the
electro-magnetic force on one dipole. As Gordon showed, [32], the force on
a dipole j in an electro-magnetic field, E; = E(7},t) and Bj = B(7},t), is

, . ~ 1 dP; .
Fj = Re (PJ . Vj>Re <EJ> + ERe <dt]> X Re (Bj). (3.1)

If the time-dependence is harmonic, time-averaging of (3.1) leads to

—

1 - . _, _
< Fj >= 2R6<(P;F . Vj)Ej + ZkZPJ* X Bj>. (32)

See appendix (A.1.1) for a detailed derivation.
Draine [29] proceeded by separating the electric field into two parts

Ej = Einc,j + Esca,j (33)
_’inc,j = E_’Oeik-Fj ) (34)
_‘sca,j = Zﬁjl7 (35)

i

and similar expressions for Ej; the force per dipole is separated in a similar
fashion
< Fj >=< Fin&j >+ < FSCQJ > .
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The force due to the incoming field < F;-nqj > is

_ 1 L . o
< Finej > = Re([ij'ik]EinC,j + ika x (k x in&j))a

1> 3 %
here two the vector-identity
Ax(BxC)=B(A-C)—C(A-B) (3.7)

was used. Accumulated for all dipoles and with the substitution of (1.24)
this yields (in cgs-units)

<Enc> = Z<F_§inc,j>
J
1 N ~
= g Ceat |Eol* k, (3.8)

as has already been shown by Draine [29]. The next step will be deriving
an expression for the scattering force < Fieq j >

—

1 D * o 1. D* 5]
< Fsca,j >= §R€ (f’] . vjEsca,j + ’Lkpj X Bsca,j) . (39)

Neither Draine nor Kimura, [9], followed this approach, because they were
not interested in the force per dipole. Instead they only calculated the
total scattering force. For a derivation Draine considered the conservation
of momentum. The photons of the incident field result in < F’mc >, while
the outgoing photons of the scattered radiation give rise to < Fou >. Using
conservation of momentum, the resulting force on the particle < F > is
therefore
< F>=<Fpe>—<Fuu>.

Identification leads to < ﬁsca,i >= — < F; >. The (time-averaged) trans-
port of momentum carried out by the scattered radiation, is obtained by
integrating the Poynting vector of the scattered field over a the total space-
angle

< Fout > = / erQRe{Esca X ésca} <3'10)
A
= / r2dQRe{Eseq % (A X Egeq)}
4

4
= k— dQn
8 A

N . 2
S AP - P} e
j=1
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This expression was derived by again applying (3.7) and substituting the far
field approximation for F., (1.26). The z-component of (3.10) is equal to

E|?
< Fout,z >= _‘ ‘ gz Cscaa
8
SO =
E
< F, >= Qcpr.
T

3.3 Evaluation of the scattering force I:
Integrating the Poynting vector of the scat-
tered field

In this section the numerical quadrature of Cyq,; and < ﬁout > will be
discussed. The integral expression for the scattering cross section is

N
k4 = = e |2
Ciscai = —=— / dQ(Z{pj —q(n - Pj)} e | (3.11)
‘EO‘Q Q j=1
The integrand of < ﬁout > is the same as the one for Cy.,;, save for the
extra unit vector n in the scattering direction. Since the behavior of the
extra sines and cosines in 7 is smooth, the integration error for each of the
three integrals making up < Fy,; >, is expected to behave like the error in
Csca,i-
The integral (3.11) is of the form

™ 2m
1:/0 d@[/o d¢f(¢,0)]. (3.12)

As is suggested by (3.12),the result of the integration in the ¢-domain will
be treated as the integrand for the integration in the #-domain. Here the
Romberg-method will be used for the integration in the ¢-domain as well as
in the ¢-domain (read Numerical Recipes in C, [33] for a detailed description
of this and other integration method). It is basically a sophisticated version
of the trapezoidal rule,

T _
/m1 dxf(x)zh%f1+f2+...+%fM h:%.
A straightforward and efficient way to reaching a certain level of accuracy
with this procedure, is making successive estimations with h — % for each
new estimation (see fig 3.2). This makes the n’th estimate use 2" + 1
points. Convergence is checked for successive estimates s, and s,_1 by
testing whether |s, — sp—1| < € or not, with € some small constant. The

23



Figure 3.2: refinement scheme

Romberg-method does not merely use the trapezoidal estimate s,, in the n-
th refinement stage, but combines the K previous estimates s,_1,...,Sh_K
for an estimate to yield error-cancellation.

The book Numerical Recipes in C' offers a standard routine for calculat-
ing one dimensional integrals with the Romberg-method. Both integrations
in the 0- as well as in the ¢-domain are evaluated with this routine, i.e. ob-
taining one integrand-value for the #-integration requires one full integration.
Some objections/questions can be raised to this rather crude approach.

1. The sampling of the integration intervals is uniform. This might cause
trouble with particles whose scattering intensity is strongly peaked
in some direction(s); there accurate sampling of the peak-direction(s)
might become computationally prohibitive rather soon.

2. This method does not refine the integration-grid simultaneously for
both integration-variables.

These (integration) matters will not be addressed here, since there is an-
other, direct method, see section 3.4.

Since a parallelized implementation is used and the dipole moments are
distributed, the scattered electric field values will be calculated in advance,
allowing the communication for the field-calculations to be done at once.
Doing the communication for calculating the field for each direction sepa-
rately, would mean spending much more time on communication.
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3.4 Evaluation of the scattering force II:
a direct method

Calculating the scattering force per dipole is more demanding in two
respects:

1. the procedure of working out (3.9) is straightforward but of consider-
able length.

2. The actual computation of < ﬁsca,d >= Z;VZI < ﬁsca,j > is O(N?),

whereas (3.10) is O(N). It will be argued that < Fi, > is a convolu-
tion similar to (1.21), thereby reducing the complexity to O(N log N).

It is convenient to reformulate Ejl, equation (1.19), into

—

E;

k2 1 ik = 3 3ik k2
3l T

" 3 + T)PI + (*3 -5 — 7)ﬁjl(ﬁjl - F)|3.13)
g .

eikrﬂ (
T
= Ay -B.
This shows the evaluation of ]5;?* -V Ejl to consist of four non-trivial differen-
tiations. See appendix A.1.2 for the mathematical details and the resulting
expression for PJ?" -V,iEj.
The magnetic term expressed in dipole moments is

kP x B, = Py P P Lyt
kP’ x B; = i *x (1, x 1-—
R Z Z#ZJ ’ <nﬂ l>< ikrjl) i

iks k2 ok T\ A~ D* A~ D ikr;;
= 2 G = )\ (B - B — (Ff - ) By ) e(3.14)
bl

Combining the previous results in this section, < ﬁsca,d > can be expressed
as

N
. 1 .
<Fuad> = 5> ReGj (3.15)
J=1 l#j
Gy = e ((13;’131)?%'1 + P (i B) + (P ) By
5(B - )i (i 13)><3 Sik kz)
- l l | 4 T a2 T o
7o T;‘ll T?l "’;2'1
. - N —» k3 k2
+((P] Pt — (P} - fuj) g (i - l)) ( - 2>]
le le
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3.5 Calculating the force per dipole using Fast
Fourier Transformations

The computational burden in evaluating < ﬁsca’d > comes from the
double summation in (3.15). This burden can be relieved by using Fast
Fourier Transformation. In order to make this more clear, the complex
3-vector éjl in (3.15) is expressed in terms of complex 3 x 3 matrices

Gji= P} M - P ép. (3.16)

(at the right hand side the Einstein summation convention is used).
The complex 3 x 3 matrices Mj; ,,, depend only on k and 7j;. They are
defined by

My = € [

3 ik k2
(Ujtm + Vjim + Wim — 5Tjim) (4 -3 = 2)
rhoTho T
ik® k2
G- T () ol
le le
Tim = Dutnjm
Ujl,m = 1njl,m
le,m = ﬁ’lem

Wiim = Ay

with Ay, = 0mn. The m-th column of matrix Vi », is 71, its other columns
contain zeros. Similarly the m-th row of matrix W ,,, is i and its other
rows contain zeros. Just as the geometrical factors A j; the matrices M;; ,,
are symmetrical. The matrices Tj;,,, and Uj;,, are both symmetrical on
their own. While Vj; ,, and Wy, are not, their sum V., + W, is
symmetrical. Therefore each of the matrices Mj; ,,, is symmetrical. Contrary
to the geometrical factors they are anti-symmetrical in the pair of indices j
and [, since the unit vectors n; have odd powers, 1 and 3, whereas in the
geometrical factors they have even powers, 0 and 2. Introducing

P = {ﬁl,...,ﬁN}EC

0 Mizm ... Min,m
Mm — 21,m

: K : MN_-1,Nm

M1 ... My N—1m O

equation (3.15) can be written as

< ﬁsca,d >= (P* : Mm : P)ém (318)
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As an intermediate step the scattering force on dipole j can be calculated
by
< FSC“J >= P;jn(Mm : P)3j+ném- (319)

Again the Einstein summation convention is used.

Because the dipoles are arranged in a rectangular grid and their coordi-
nates merely appear in the form 7 = 7 —77, (3.18) is a discrete convolution.
Discrete convolutions can be evaluated with O(N log N)-complexity rather
then O(N?)-complexity [27]. Implementing (3.15) with FFT is straightfor-
ward, in principle.

3.6 Connecting the integration and direct method

In this section the integrals (3.11) and (3.10) will be solved analytically.
First both will be cast into a different form :

. X
<Foy> = &TZA dQ a1 (7)), (3.20)
j’l &

N
= Z < FI,jl >
Jil

—

= _<Fsca,i >,
.
Cocai = —=— / dQI; () (3.21)
’Eo‘Q j.l 4
with
Ln@) = (B Bi= (B -a)(a- F)) ™,

rjl = T’j—Tl.

The reversal of summation and integration is of no concern, since the number
of dipoles N is large but finite. The relation

‘Z{p’ ’fl’fl P’) zknrj

Z Ljn(#

follows easily from working out the left hand side; further, one should notice
that I;;(7) = Ij5(7), which will cause the complex parts of each integral-
term jl and [j in the double summation to cancel.

The actual evaluation of (3.20) and (3.21) is complicated by the expo-
nential factor

exp (zk:ﬁ . F]l> = exp <ik(sin 6 cos prj, +sinfsingry,, + cosd rjl7z)> ,
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which arises for j # [. The complexity of the integrals (3.20) and (3.21) can
be reduced by considering each integral-term separately and aligning the z-
axis for the spherical coordinates parallel to 7. This will reduce the complex
exponent ikn - 7y to ikrj cos . Working out in full detail (3.20) and (3.21)
will show that it is possible to separate each term into a #- and ¢-dependent
factor. The integration of the ¢-dependent parts is straightforward, the 6-
dependent parts need some more attention.
All #-dependent integrals are of the form

@—/ df sin 0 f (cos 0)eikrst cos? (3.22)
0

where f is function of cosf. Working out (3.20) and (3.21) in full detail,
will also show that only the ¢-dependent parts, whose corresponding 6-
dependent parts have no odd powers of sin 6, do not vanish. So there is no
case where f contains odd powers of v/1 — cos? 6, but only even powers and
will therefore merely be a polynomial in cosf. This calls for a substitution
t = cosf, which reduces (3.22) to

0= /_ 11 dt f (t)ekratt (3.23)

The integral
1
Iu(a):/ dttt et u€eNaeR,
-1
will be solved in appendix A.2.1.

With the above expressions at hand, writing down the solutions to (3.20)
and (3.21) is a matter of accurate administration. Similar to previous math-
ematical details, for this case they will be treated in appendix A.2.2.

First the scattering force will be discussed. Introducing the dummy
variables

a]l — eikrjl7

by o — B3 _ 3ik k2

Lt T?l T?z 7"]2'17

b ik3 k2

2,51 — T]l %7

P;ﬂc PI’Z + P;,z Plvff

- * *
cj=| Pjyli.+ PPy ;

* * *
Pj7x ‘Pl’x + Pjvy B’y B 2‘Pjvz Pl,Z
C2,51 = (P;:m B,:p + P;jy B,y) €z,

the integrated scattering force becomes

= k4 .
<F[7jl> = g QdQanl(n)

= ! [Im(a bi)Im(ci) + Im(abg)Im(ca)| . (3.24)
2 jl
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The imaginary part of < F, 741 > has already been omitted; save for being
cancelled by the imaginary part of < F 715 >, it will not be of any importance
in the next steps. After inserting ny; = €, in éﬂ in (3.15), the direct
scattering force expressed in the same dummy variables is

. 1 .
< Fjl > = iReGﬂ
1 o o
— 5 Z Re(a bl c1 + abg Cg)jl
J#
1 o o
= 3 Z [Re(a b1)Re(c1) — Im(aby)Im(éy)
J#l
+Re(a bQ)Re(EQ) — Im(a bQ)Im(52) . (3.25)
gl
It is clear that
— < nyjl >75< Fjl >,
but
— < Frjy>—<Frj>=<Fj >+ < Fj; >. (3.26)
This is true since ¢ j = —E’{lj and o = —E;lj. Therefore < ﬁsca,d >

and < F. sca,i > are exactly equal, i.e. the numerical result of the integration
method will converge to that of the direct method. At first sight this feature
is rather surprising; the direct scattering force uses the full expressions for
the electric fields, but the integrated scattering force uses the far field. A
starting point for an explanation might be offered by Jackson [22], chapter
9. In his derivation of the scattered field of a single dipole he invoked the
far field approximation. This could mean the DDA already is a far field
approximation. This idea has not been properly investigated.

The integrated scattering cross section can be treated analogously. With
the additional dummy variables

P11 = 2T T r3)
o =3k2 ik 3ik
b2.41 = 2 + o 3

—»jl —
ql,]l = P]* : H?
RTINS & P

the integrated scattering cross section becomes
2k 3|2 -
4 | FIF Jg=1

Crji | B2 {Re(apl)Re(ql) + Re(apz)Re(q2) jg#l

gl
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(again the imaginary part of Cy j has been dropped for j # [). The direct
method for calculating the scattering cross section is

Csca = Cext _Cab57

4k N = =i > —1\* px 2k3 D12
= Bof? > | Im(Py - By — Pi(ag ') P + ?|Pj| -(3.28)
0 j=1
By substituting
Im(ab*) = Re(ia*d)
Einej—aj Py = =3 AP
ﬁjl = éz

the direct scattering cross section becomes

Csca = Zle
3,

4, = .
1P j=1
4 _
Cp — ’E:TQ [ Re(api)Re(q1) — Im(apr)Im(q) (3.29)
0
+Re(ap2)Re(q2) — Im(ap1)Im(q) J#I
jl
Again it is clear that
Crj # Cj,
but
C]’jl + C[’lj = le + Clj, (3.30)

since qp ;1 = qilj and g2 j; = q;‘,lj. Therefore Cyeqq and Cyeq are exactly
equal, i.e. again the numerical result of the integration method will converge
to that of the direct method. This is a rediscovery of work by Markel [34],
who used it for an alternative derivation of the absorption cross section. The
equality Cseq.d = Ciscayi is less surprising then < ﬁsca,d > and < ﬁsca’i >,
since the expressions for Cey¢, Cups, and Cse, are all derived in the far field
approximation.

Although the derivations of both equalities (3.26) and (3.30) are quite
similar, their implications are not. In practical computation < ﬁscm >
will always converge to < ﬁsca’d > for rising accuracy, even if the set of
dipole moments is not the correct solution (or a set of random complex
numbers for that matter). But by using (1.21) in (3.29), the correctness of
the dipole moments is assumed. This implies that if C.q ; does not converge
to Csea,d, the set of dipole moments cannot be the correct solution to the
DDA-equations. This feature will be used and elaborated in chapter 5.
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Chapter 4

Extracting radiation pressure
from DDA:
simulating spherical particles

4.1 Experimental Setup

Both the integration and direct method have been tested on a number of
spherical particles with different size-parameters, x = {2.5, 5, 10}, and for
relative refractive indices m listed in table 4.1. The DDA input-parameters
for each case are tabulated in appendix C.1. Due to a lack of time, the

m material

1.05 Human cells

1.14 + 0.38¢ | HyO at 10K illuminated

by A = 0.1u-radiation

1.33 + 0.017 | dirty ice

1.68 + 0.037 | Amorphous silicate illuminated
by radiation with 0.4p < A < 2.0

1.7+ 0.156:
1.81 + 0.48i | HyO at 10K illuminated

by A = 0.15u-radiation

2.5+ 1.4 graphite

3.05 4+ 0.33¢ | Amorphous silicate illuminated
by A = 90u-radiation

Table 4.1: relative refractive indices

direct method for calculating ﬁsca,d has not been implemented with the
O(N log N)-complexity FFT suggested in section 3.5, but instead with the
direct sumation of O(N?)-complexity. Therefore the application will meet
memory-bounds in an earlier stage than when implemented with FF'T; the
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initially distributed arrays with dipole moments and their coordinates are
needed as a whole by each node with the direct method. Compare with the
memory overhead in the original parallel DDA implementation.

Before focusing on the radiation pressure related data, the convergence
of the CG-method is mentioned, see appendix C.1. Compare the number of
iterations needed for the spheres with refractive indices m4 = 1.68 + 0.031,
ms = 1.7 4+ 0.156i and me = 1.81 + 0.48i (for each size-parameter). It
seems that while the real parts Re(m) are approximately equal, the num-
ber of iterations, needed for convergence, drops with rising I'm(m). The
DDA-literature does not mention such behavior. This feature will not be
investigated here, but its origin should at some point be searched for.

4.2 The integration method

For each case the scattering coefficient and the scattering force were in-
tegrated for five different final stages of refinement, n = {4, 5, 6, 7, 8}. In
each case ng = ny = n and Ky = Ky = K I were used. The minimal re-
quired rate of convergence was chosen small enough to use all the previously
calculated values for the scattered field, e = 107°. K was set to n, based
on the assumption that extrapolation yields the best result when all the
available information is used. For each case C¢yr and Cyps were calculated
to obtain Cyeq,q. Second Cieq,i and F, sca,i Were integrated for each case to all
the stages of refinement mentioned above; finally ﬁmi followed from Clozy
and ﬁsca’i. The discussion of ﬁsca’d is postponed to the next section.

The following error metrics are calculated as a function of n for each
case, and plotted in appendix B.1 :

e The integrated scattering efficiency extracted from DDA compared to
values generated by MIE-code 2.

6(Qsca)MIE = [(Qsca,i)DDA - (Qsca)MIE]/(Qsca)MIE

e Comparison of the integrated and the direct scattering efficiency Qscq,i
and Qgcq,q- This is an internal check that can be done independently
from the particle-shape and composition. It is therefore an important
test for the quality of values resulting from simulations of scattering
particles whose analytical solutions are not known, see the discussion
in section 5.2.3. Next to that it is a means for testing the accuracy of
the integration algorithm.

€(Qsca)DDA = [Qsca,i,DDA - Qsca,d,DDA] /Qsca,d,DDA

see section 3.3 for the meaning of K

2All MIE-values were generated by the algorithm published in [2]. Although MIE-
theory is formally exact, actual numbers resulting from MIE-theory can only be approxi-
mate, since the formal solutions are all infinite expansions.
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e Comparison of Fy, ;. extracted from DDA compared to values gener-
ated by MIE-code.

€(Foca) MIE = [ —»;CW’Z’Z - (ngca)MIE] /(9Qsca) MTE
FE: ma
inc’ eff
aeyy is the radius of the equivalent volume sphere with a volume V' =
N Vaip.

e Comparison of Fyp; . extracted from DDA compared to values gener-
ated by MIE-code.

877Fsca,i,z,DDA

e(Frp)MmiE = [Qext,pDA — — s QprMm1E]/QprMIE
Eincﬂ-a’eff

e In the case of a spherical particle, the fraction

G(Frp)i = [\/Ffp,i,:p,DDA + FTQp,i,y,DDA] /Frp,i,z,DDA

is a means for testing the accuracy of the integration algorithm and
the DDA, since Fyp» m1E = Frpymre = 0.

In fig. 4.1 these fractions are plotted for the case of m = 1.14 4+ 0.38¢ and
x = 5. Similar plots for the other cases are printed in appendix B.1. In

Figure 4.1: Fractional errors for m = 1.14 + 0.38; and =z = 5

appendices B.2 and B.3 the measured quantities are plotted as a function
of the real and imaginary part of the relative refractive index respectively
for a more complete overview. They also contain plots of the MIE-errors in
Qezt and Qups.

Fig. 4.1 is exemplary for the other cases, in the sense that it confirms two
expectations about the integration procedure. First, the integrated scatter-
ing cross section is expected to converge to the direct scattering cross section
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for rising n, i.e. €(Qsca)DpA — 0, see section 3.6. The plots of €(Qsca) DDA
for each case firmly confirm this expectation. Second, due to likeness of the
integrands in (3.11) and (3.10) the behavior of €(Fsqq)mrE is expected to be
similar to €(Qscq)mrE- It can be said that for all cases the observed behav-
ior of €(Flseq)nrp is much more flat than €(Qseq) prre’s and that €(Fseq) mre
(hardly) changes for n = (6,7,8) (possibly the factor cos# makes the inte-
grand more smooth). Still, the behavior of €(Fsqq)arE tends to exhibit the
same irregularities, (x = 10), and curvature, (x = 2.5 and = = 5), for lower
n.

By comparing the MIE-errors in Qe and Fj, . ;, appendices B.2.1 and
B.2.5 respectively, it can be concluded that these errors are of the same or-
der for n = 6, which corresponds to roughly 22" ~ 4.0e3 integration points.
Further refinement of the integration grid does not result in more accurate
values for Fyeq -, i.6. (9:Csca)i, and therefore not of F,, .. As can be ex-
pected the accuracy grows worse for coarse integration grids, even so that for
n = 4 a significant number of values are totally unacceptable, therefore the
result for n = 4 are not plotted in the graphs. See for example the value of
(92Csca)i for the particles (x = 10,m = 1.05) and (z = 10, m = 1.33+0.017).

From the plots of €(Fscq)mrr and €(Frp)pre in B.2.4 and B.2.5 respec-
tively, one can observe a tendency for the MIE-errors to rise with larger m
and at the same time to drop for rising . The former tendency of rising er-
rors for larger |m| is a common feature of DDA. The latter can be explained
from the difference in shape between the real sphere and its counterpart in
the DDA-simulation. In the simulations above the number of dipoles per
wavelength was kept constant for each refractive index. Therefore the num-
ber of dipoles in the spherical particle is Ng;, oc 23, see appendix C.1, so
for larger x the shape of simulated sphere is closer to the shape of the real
sphere. This behavior was first described and explained by Draine [21].

The difference between the values of (g;Cscq )i and (g, Csea)i for each case
is striking. The value of (gyCjscq)i remains at a (roughly) constant, low value
(typically of order 10~7) for rising n. (g.Cscq)i Starts at an absolute value
5 percent of (g,Cscq); for n = 4 and decays slowly. The only difference be-
tween the two is in their integrands; for (g,Cscq): a factor sin 6 cos ¢ is added
to the differential scattering cross section, for (g,Cscq)i a factor sin @ sin ¢.
A last remark concerning the integration method is made on the behavior
of the ratio €(Fp); 3 plotted as a function of Im(m), see appendix B.3.6;
for non-absorbing spheres this ratio is > 10 percent for n = 5 (n = 4 even
worse), while for absorbing spheres €(F;,); is 2 percent when n = 5. These
two observations concerning the components perpendicular to the direction
of the incident beam, will not be investigated any further here (studying
the differential scatttering cross section would be the first step). The direct
method for calculating the scattering force offers a fruitfull alternative to

3De facto this comes down to the ratio Fscaw,i/Frp,.i
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the integration method.

4.3 The direct method

The direct method for evaluating the scattering force (3.15) was shown
to be the exact solution to (3.10). In table 4.2 the results of the O(N?)-
implementation of (3.15) are compared to those obtained by numerical
quadrature to the highest accuracy (n = 8) of (3.10) and MIE-results.
Although not all cases could be simulated with the direct method, the re-
sults in table 4.2 can be considered a firm numerical confirmation of the
final results of section 3.6, as is the behavior of the ratio €(Qsca)ppA, S€€
appendix B.2.3. Also notice that both the (g,Cscq)d and (g2Csca)d are of the
same order as (gyC’SCQ)i. Since the direct method delivers more information,
i.e. the forces per dipole, and it is the exact solution of the integral in the
the integration method, the direct method is preferable from a modeling
point .

When comparing execution time the O(N?) direct method is no match
for the integration method. For the case (x = 5, m = 1.14 4 0.387) executed
on a single workstation, the execution of the direct O(N?) method took 22
min to complete, whereas the integration method finished in 6 min (n = 6).
Both timings include the runtime for the DDA-kernel of about 2.5 minutes.
Clearly the direct method needs to be optimalized before it can be seriously
useful.

A rough estimate for the execution time of the direct method with FFT-
optimalization can be extracted by considering the profiling of the DDA-
kernel. The initialization time for the Fourier transformed matrix A (see
chapter 2) and the time per CG-iteration were both 8 seconds. Assuming

e the initialization time for each of the matrices M;, M, and M. in
(3.18) is equal to that for A,

e cach iteration is dominated by the two matrix vector products in-
volved,

e the execution time for the FFT-enhanced direct method is determined
by the three matrix initializations and three matrix vector products,

the execution time for obtaining the radiation pressure per dipole on the
(r = 5,m = 1.14 4 0.38i)-sphere will probably be about 40s. The FFT-
optimized direct method should definitely be implemented for two reasons.

1. It yields more information,

2. Even if the execution time for the direct method, estimated above, is
too optimistic, it will likely be less than for the integration method.
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xr | m —fomiE  —fad —fai Cormie Cprd Chri
2.5 | 1.05 0.371524 0.371659 0.37166 | 0.122651 0.122112 0.12211
1.14+4-0.381 | 8.24625 8.27892 8.27892 | 26.9337 26.9879 26.9879
1.334+0.01i | 16.7049 16.6745 16.6745 | 8.64969 8.53591 8.53591
1.68+0.03i | 52.2132 53.1363 53.1363 | 30.6572 30.0432 30.0432
1.740.1561 | 33.7644 35.0417 35.0417 | 35.8229 35.8576 35.8576
1.8140.48i | 20.9415 21.8652 21.8652 | 38.626 39.307 39.307
2.5+1.4i 18.9673 20.1332 20.1332 | 38.489494 39.8698 39.8698
3.05+0.331 | 21.3637 23.0295 23.0296 | 37.605915 38.3417  38.3417
5 1.05 8.57554 8.57815 8.57815 | 0.859150 0.863781 0.86379
1.14+0.38i | 63.8590 63.7802 63.7802 | 105.156 105.065 105.065
1.3340.01i | 222.436 223.542 223.542 | 53.8230 53.4137 53.4134
1.68+0.03i | 60.2681 62.5525 62.5525 | 112.658 111.251 111.251
1.740.1561 | 73.1439 73.6662 73.6662 | 127.300 127.694 127.694
1.8140.48i | 83.2464 84.2083 84.2083 | 123.102 124.179 124.179
2.5+1.4i 87.5410 88.88566 88.8856 | 121.662 123.694 123.694
10 | 1.05 150.276 150.258 150.258 | 4.656049 4.66638 4.66626
1.14+40.38i | 315.490 315.302 315.302 | 384.379 384.237 384.236
1.3340.01i | 438.904 441.835 441.835 | 262.641 263.107 263.106
r | m —fzd —fei | —fyd —fyi
2.5 | 1.05 3.1e-09  0.0018 | 1.7e-09 1.6e-09
1.1440.381 | -2.1e-08 0.036 8.6e-08 2.9e-08
1.3340.01i | 6.3e-07  0.071 -1.9e-07  2.7e-07
1.684-0.031 | 1.8e-06  0.18 1.4e-06 2.4e-06
1.740.156i | 9.3e-07  0.12 -2.6e-07  1.8e-06
1.81+0.481 | 1.0e-06  0.079 1.9e-06 8.3e-07
2.5+1.4i -1.3e-06 0.092 2.4e-06 8.6e-07
3.0540.33i | 3.9¢-06  0.095 -3.5e-06  3.1e-07
5 1.05 6.5e-08  0.017 3.7e-08 2.0e-08
1.144-0.381 | 3.2¢-08 0.14 1.6e-06 1.2e-06
1.33+0.011 | 1.6e-05 0.45 9.8e-06 1.0e-05
1.684-0.031 | 4.9¢e-06 0.30 8.0e-06 1.1e-05
1.740.156i | 3.7e-07  0.17 2.7e-06 1.4e-06
1.81+0.48i | 6.1e-07 0.20 6.72e-07 -1.8e-07
2.5+1.4i -4.7¢e-06 0.29 -1.1e-05 -1.9e-07
10 | 1.05 1.2e-06 0.15 6.1e-07 7.1e-07
1.144-0.381 | -4.6e-06 0.43 3.5e-06 -3.4e-06
1.3340.01i | 1.0e-04 1.1 9.1e-05 7.8e-05

Finally some pictures of the forces per dipole are shown, see figures 4.2, 4.3
and 4.4. In these figures only bisections of the spheres along the yz-plane are

Table 4.2: f: GCscq and Cp,
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Figure 4.2: Force per dipole for the sphere m = 1.05,x = 2.5

displayed, the forces in the other halves are mirror images of the displayed
halves. In all three cases the largest forces occur on the interface between
sphere and medium. From [21, 36] it is known that the largest errors in the
internal field occur exactly on this interface. The question whether these
errors in the internal field are transferred to the force per dipole at the same
place, can be answered by comparing the forces per dipole to the force field
resulting from MIE-theory. Probably the work of Debye [13] can be helpfull
in accomplishing this.
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Figure 4.3: Force per dipole for the sphere m = 1.33 + 0.01¢,z = 2.5

Figure 4.4: Force per dipole for the sphere m = 1.14 + 0.38i,z = 2.5
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Chapter 5

Radiation pressure
calculations on aggregate
particles:

preliminary results

5.1 Introduction

A quick glance at the title of this MsC thesis might suggest that it is
primarily devoted to aggregate particles. As is often the case with first im-
pressions, this one is deceiving. While previous chapters dealt with spherical
particles, chapter 4, or no specific geometry at all, chapters 2 and 3, only
this one will specifically consider DDA-based radiation pressure calculations
on aggregate particles.

The primary aim of this chapter is to consider the behavior and validity
of the DDA when applying it to fluffy and/or aggregate particles. It is with
this idea in mind that some simulations have been performed and will be
discussed. The literature investigation at the end of this chapter will also
focus on this subject.

5.2 Applying the DDA to light scattering by ag-
gregate particles

5.2.1 Experimental setup

Because of its general and flexible nature, several different implementa-
tions of the DDA exist. There is no conclusive argument for determining
the best; this strongly depends on the problem being considered. The im-
plementation used here determines the coupling constants from the relative
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refractive index by the Lattice Dispersion Relation (LDR) [37], instead of
the classic Clausius-Mossoti relation. It uses the Conjugate Gradient Nor-
mal Residue method to solve the linear system of equations, describing the
electric field inside the particle. By arranging the dipoles on a rectangu-
lar grid, the matrix-vector products can (and will) be evaluated with Fast
Fourier Transformation.

A dust particle is modeled by an aggregate of spherical grains. Besides
by the coordinates of these grains, the aggregate is characterized by

o \:
wavelength,

o my(A) :
relative refractive index belonging to A, for the constituting material
of grain g,

Tgrain,g *
radius of grain g,

o dpyoy :
side length of the cubic box circumscribing the aggregate. A quick and
easy estimate for dp,, is

dpor = 2 max(ri,x,mam — Ti,z,mins Ti,y,max — Tiymin, Ti,z;max — ri,z,mm)

1€ {1, e Ngrain}

From now on all grains are taken to be identical. The mapping of the grains
on the dipole grid is determined by four parameters.

1. ngm :
Number of dipoles per grain. Here Dqin, will be set to one (this will
also be discussed in 5.2.2).

2. ddip :
Dipole-spacing.

3. D)\ == 7ddi1) lée(m) :
Number of dipoles per wavelength. This parameter is not directly
involved in mapping the grains to the dipoles, but it is crucial in the
discretization of wave-phenomena; for accurate discretization of the
internal field, one should take Dy > 10, read [21, 37, 14, 38].

4. Dy, :
side length of the dipole-lattice circumscribing the aggregate.
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The iteration of the CGNR-procedure is continued, as long as

(I— AC)E — Ejp.
Einc

> €

where ¢q is called the stop-criterium.

The center of the dipole representing the grain is selected to be as close as
possible to the original grain-center. It is clear that if the grid is too coarse,
i.e. the dipole-spacing is too large, this can lead to several grains being
represented by one dipole. This is prevented in the presented simulations
by monitoring the number of grains in the projected aggregate.

The above quantities are related through

47
Dgraindgip = ?Tgrain’ (51)
(equivalent volume sphere)
A
Dy = ——>10 5.2
A dgip Re(m) — 7 (5:2)
d
D, = {’”ﬂ (5.3)
ddip
Inserting (5.1) in (5.2) yields
3D grai A 1
D, = (Sainy /3 > 10. (5.4)

4 Tgrain RRe(m)

Two different aggregates were considered. Both were supplied by Carsten
Dominik, who uses bigger versions of these aggregates to study dust-coagulation
in interstellar clouds [6, 7, 8]. Aggregate 1 was made up of 51 grains (see
figure 5.1 to get an idea of its structure) and aggregate 2 of 101 grains, all
grains having a radius 74,4, = 0.1pum. Both aggregates were simulated with
me = 1.14 + 0.38; and my = 1.7 + 0.03i. The latter corresponds to amor-
phous silicate illuminated by 0.25um < A < 2um, which the aggregates were
originally modeled after. The reason for also using the former m,, actually
corresponding to ice at 10K, was simply not to restrict the simulations to
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Figure 5.1: Aggregate 1,51 grains

weakly absorbing material. In all cases A = 0.8um was used.

ddip
Apox,1
dpog,2
D)\,a
Dy,

Drp1

Dy 2

€0

For Dgyrqin = 1, D)y clearly disobeys Dy > 10. The same simulations have
therefore also been done with the grain-size as well as the grain-coordinates
rescaled with factors f = 0.5 and f = 0.25, increasing D) , to 8.7 and 17.4
respectively, and D) to 5.8 and 11.7 respectively. This mounts up to twelve

different aggregates.

5.2.2 Objections

As has already been said the main objective of this chapter is to explore
the behavior and the validity of the DDA in the realm of fluffy/aggregate

0.16(Dygrain) "3 um,
1.6pm,

3.4pum,
4.4(Dygrain) '3,
2.9(Dygrain) /3,

{9.85(1)97“@1»”)1/3} ,

{20.76(1)9,4@2-”)1/31 ,

10712,
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particles. For this reason the DDA was used in its standard configuration,
CG-FFT with the Lattice Dispersion Relation for setting the polarizabilities,
while in the discussion of the results, directions for possible improvements
will be given.

Before considering the actual results, several objections can be raised
to using the standard configuration of the DDA. First of all, the DDA in
general is known to make the largest errors on the interface, the boundary
between the scattering material and the medium, see e.g. [21]. Using only
one dipole per grain, all dipoles will be on the interface, so one should be
cautious while interpreting the resulting data. Second, the use of the LDR is
not justified, since this way for calculating the coupling constant was derived
assuming A > dgip, [37]; a demand that is not satisfied in these simulations.
Kimura resolved this issue by replacing the LDR with the al-term method
proposed by Okamoto [39]. This method derives the polarizability of each
monomer from MIE-theory. A similar method has been proposed by Dungey
and Bohren [40].

Furthermore representing the aggregate on a rectangular grid, can be
criticized from two points of view. From a modeling point of view one can
raise the point of deformation; the simulated aggregate is one whose grains
are slightly shifted from the original grain-centers. How will this affect the
scattered and internal field ? The answer to this question is terra incognita.
The fraction of the total number of sites NV on the cubic grid belonging to the
vacuum, i.e. voids, might become so large that the gridless O(wanfvoid)
algorithm is going to be faster than the O(N log N) Fast Fourier Trans-
form. The rigorous approach for the latter issue will be reintroducing the
O(Ngon_v vig) method for matrix-vector multiplication and simply compare
the execution times to the O(NN log N). Here merely a complexity-analysis of
matrix-vector multiplication with both methods will be done, thereby deriv-
ing a crude method for comparing execution time for the O(N log N )-method
and the O(N2, _ .)-method. Let us denote the number of Flops (floating
point operations) for the O(N log IV)-implementation by vg,;q and for the
O(N, gQMm)—implementation by Vgridiess- First vgrigiess will be calculated. Ma-
trix vector multiplication of a complex 3N, on—void X 3 NVnon—void-matrix and a
complex 3Ny, on—_void-vector takes 9N72Lonf'u vig complex scalar multiplications
and 3N,0n—void(3Nnon—void — 1) complex scalar additions, which mounts up
t0 Vgridiess = 72N30n7wid Flops !.

It is stated, that a Fast Fourier Transform of a linear array of I com-
plex numbers takes (2[)log(2l) two-point Fourier Transforms (see [33] for
a clear description of FFT and [27] for its implementation in the DDA).
Furthermore it is stated, that one two-point Fourier Transform consists of
one complex scalar multiplication and one complex scalar addition, i.e. 8

11 complex scalar multiplication = 4 real multiplications + 2 real additions — 6 Flops;
1 complex scalar addition = 2 real additions — 2 Flops
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Flops. With the assumptions below, v, Will be estimated:

e The rectangular grid is cubic and the side length of the cube is a power
of 2,ie. VN=N,=N,=N,=1=2%acN.

e The Fourier transformed interaction matrix is stored in memory, as
are the trigonometric function values used in each FFT.

e The operation-count of the bit-reversal immediately preceding the ac-
tual transformation can be neglected (an array of length [ involves
at most [/2 exchanges of array-elements; this will be assumed to be
overruled by the operation-count of the actual transformation itself).

The complex 3D FFT of a 3-vector field on the cubic grid takes vg,;q = 3x3x
8 x (21)% x (21) log(2l) = 4.48N(3+1log N) Flops 2. In the Fourier domain the
convolution will take 8 N x (9 complex multiplications+6 complex additions)
48.11N Flops. One FFT, one convolution in the Fourier domain, and one
inverse FF'T mount up to vg.,q = 48N (35 4 8log N)Flops.

Bearing in mind the curve in figure 5.2 represents the equality vy, =

Figure 5.2: FFT complexity comparison

Vgridiess, the interpretation of this figure should be as follows. For a particle
discretized with N;,on_voiq dipoles, which needs a cubic grid with IV sites to
facilitate FFT, the gridless O(N?2, = ..} is more efficient if the point with
coordinates (N, Npon—void) lies below the curve describing vgriq = Vgridiess
and vice versa. This idealized approach should not be applied too rigorously
since

1. the Temperton FFT-algorithm, which is used here, does not demand
the sides of the grid to be a power of two but allows for array-lengths
that can be factorized into powers of two, three and five,

2Here log means 2 log
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2. and the bit-reversal operation is not included.

But from the positions of the aggregates 1 and 2 in figure 5.2 one can still
conclude that both will most likely be better off with O(N2, ., ..} matrix
vector multiplication.

5.2.3 Simulation results

The light scattering simulations for each of the twelve different aggre-
gates, were conducted with both X- and Y-polarized incident light. The
behavior of the residue convergence, differences between direct and inte-
grated scattering cross section, and direct and integrated scattering force
were similar for both the X- and Y-polarization. Therefore only the results
for Y-polarization have been included here.

Alas the behavior of the residue convergence and the differences between
direct and integrated scattering cross section are not yet trustworthy. First
of all did the residues for aggregate 2 with refractive index m, not converge,
for none of the three rescaling-factors 1, 0.5 and 0.25, as did the simulation
of aggregate 2 with m; and rescaling-factor 1 (see the convergence-schemes
in appendix E). Furthermore, the comparison of the integrated and direct
scattering cross section is not positive either. The comparison of the direct
and integrated scattering force does yield good results, but this is however
the least meaningful result (which will be explained later in this subsection).

In appendix D the following quantities have been plotted for each case :

Csca,i - Csca,d

6(C’sca>DDA = C P s (5.5)
sca,
Focai - F
G(Fsca,:c)DDA _ sca,i,x ﬁz sca,d,x , (56)
sca,d
Funiv — Fiad
6(F‘sca,y)DDA = ey = = ,y’ (57)
sca,d
Focoi - F
6(F‘sca,z)DDA = eang =5 sca,d,z . (58)
Fsca,d

Save for the cases of simulating aggregate 1 with rescaling factor 0.5
and both the refractive indices, the ratios €(Cseq)ppa do not converge to
zero but to percentages in the range of 50 — 150% (for the case of aggregate
2, m = 1.7 + 0.03¢ and scale-factor 0.25, €(Csqq)ppa it even converged to
360%) 3. In 1998 Kimura [9] also reported a difference between Cieqq and

3The simulations, resulting in the data presented in the tables of appendix E, were
performed in single precision. Repeating them in double precision only caused some
changes in the least significant decimals
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Cscai- After Draine, [21], he argued that if absorption dominates scattering,
ie. Cups — Cezt, Caps and Ceyy have to be calculated to high precision to
get a reasonable accuracy in Cgseq = Cezt — Caps. In practical computation
he used the (ad hoc) formula

2
Csca,i + Csca,dfa

Csca - 1 +fg )
C .
f. = 100221,
ext

In table 5.1 €(Cscq) ppa and Cyps/Cegt are compared. Although Kimura’s ex-
planation might receive some support from aggregate 1 with scaling-factors
1 and 0.25, it can hardly be called conclusive. Alas he did not print the
differences between direct and integrated scattering cross section. Based on
the calculations in section 3.6 another explanation is offered here.

The ratios €(Fsca,z)DDAs €(Fscay)DDA, and €(Fieq ) DDA all converge to

scale-factor 1 0.5 0.25

(%) % 6(Csca) % €(Csca) % E(Csca)
grain 1 98 124 90 0.4 88 122

m =1.14 4+ 0.38¢

grain 1 49 85 18 0.4 14 88

m = 1.7+ 0.03¢

grain 2 - - - - - -

m =114+ 0.38¢

grain 2 - - 18 52 21 362

m = 1.7+ 0.03¢

Table 5.1: Illustration of Kimura’s argument.

zero for rising integration-accuracy, but this means nothing with regard to
the correctness of the scattering force. Starting from equation (3.10) it was
shown that Fy, (= _F sca,i) can be expressed as sum of N(N — 1) integrals
F}Jl. After solving each of these integrals and comparing them term-wise
to (3.15), ﬁsca’d and fsca,i were shown to be formally equal, see steps (3.24)-
(3.26).

Similarly to P_’;ut, Cscai was expressed as sum of N(N — 1) integrals
C7 ji. After expanding the IV terms in the operational expression for Cye, 4
to N(N — 1), using
Einc,j - Oéj_lﬁj = - Z Aj - 131, (5.9)

I#5

Csca,d and Cyeq,i were shown to be formally equal, again by term-wise com-
parison, see steps (3.28) to (3.29). The use of (5.9), by which the dipole
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Figure 5.3: Aggregate illuminated by X-polarized light m = 1.7 + 0.03¢,51
grains

moments are assumed to be correct, implies that if Cs.,; does not converge
to Csea,d, the dipole moments are not correct. The combination of this rea-
soning and the fact that the residues do converge, points in the direction of
an ill conditioned matrix B =1 — AC (see chapter 2). This discussion will
be continued in section 5.3.

For what it is worth, the forces per dipole are displayed for the case of
aggregate 1 with refractive index mj and without rescaling in figures 5.3 and
5.4. Notice the strongest forces are approximately aligned (anti-)parallel to
the polarization of the incoming radiation. Also notice that almost all of
these strongest forces appear in pairs of equal size and opposite direction.
The corresponding grains seem to attract each other.

5.3 The difference C,.,; — Csed

As has been argued in section 3.6, the integrated and direct scattering
cross section are equal, if the correct dipole moments are used. In this
section the question of what will happen, if the dipole moments are not
correct, will be discussed. Suppose the 3N-vector P is the solution to the
linear system (C~! — A)13 = Eine 4. By iteration P, =P+ Q is obtained.

“Equation (2.1) is recovered by substituting P = CE.
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Figure 5.4: Aggregate illuminated by Y-polarized light m = 1.7 + 0.03¢,51
grains

The leftover residue belonging to P, is
r = (C_l - A)f)er - Einc
(Cc'-A)Q

The integrated and direct scattering cross section resulting from P., are
labeled with er. Writing

. E,|?
Csca,d = |47T_|Csca,d

5 % B3 —1\*p* 2k3 (2
- [Im(P-E. ~B(CT)'P) + || } (5.10)

wmc

instead of the expression in section 3.6 using summation notation, it is
straightforward to show that Cy.q e can be expanded to

o o _ _ 2k3
Csca,dﬁ?’ = k [Im(Per ) E;'knc - Per(cil)*P:r) + ?‘Perﬂ

2k3 -
= Csca,d +k

= (B

; “P+Q-Q)

ol
iall

+

Im{@ - (AP)" + (P+Q)- (AQ)*}]
+1m{(13+c§) f'”"}
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Returning to the summation notation from section 3.6, Cycq 4,er becomes

N
- ~ 28 L o L. L L L

Csca,d,er = Csca,d + 3 (PJ* : Qj + Q; ) P] + Q; : Qj)
j=1
- Re{ik(@}k' A B+ (B + Q) - Ay @l)}
il

N
> tm{ k(P + Q) 7 .
j=1

The exercise of working out the integral in C’sm,i,er is equal to that for

working out Cl.q in section 3.6, with the transitions ]5;* — 13:7, j and ]31 —

—

Per,l‘

2t N
5 2 Pl
j=1

+ Z {Re(apl)lee(f_”er,j . ﬁer,l) + Re(apg)lee(Pem,ZPenl,z)}] ,
o

Csca,i,er

N

~ 2k* D* 3 D Sx A
= Csca,i‘{'?Z(Pj Qi+ Q- P+ Q- Q)
j=1

+ {Re(am)ﬂRe(qem,ﬂ) + Re(am)ﬂRe(qer,Q,ﬂ)}. (5.11)
J#l

Analogous to ¢i j and g2 j; in section 3.6 the dummy variables ge,1 5 and

Ger,2,51 are

Ger1,51 = P]* . Ql + Q; : Pl + Q; : Qla
Ger2,51 = -P;,;,«Ql,z + Q;72-Pl,z + Q;’le,Z‘

Following the same procedure as in section 3.6 that leads to the equality
Csca,i = Csca,d, the difference final result becomes

N

4k —~ ~

Csca,i,er - Csca,d,er = _ﬁ Z Im{(PJ + QJ) : F;} (512)
01" j=1

For two cases (5.12) has been calculated

1. aggregate 1, m = 1.7 + 0.03¢, and scale-factor=0.5,

(5.12) — 1.75535e — 17
Cocaq = D5.54837e —10
Cocas = 5.53274e —10
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2. aggregate 2, m = 1.7 + 0.03¢, and scale-factor=0.5,

(5.12) — —2.66299 — 16
Cucaq = 9.05444e —10
Cocai = 1.37888¢— 09

The numbers Cy.q,; are not listed in appendix E. They are extrapolations
from the values listed in the corresponding tables in appendix E for Res —
oo, assuming the convergence of the integration-procedure behaves like o
27 Fes which is true for the tabulated values in both cases. It is clear
that (5.12) severely underestimates the difference Cyeqi — Cseq,q in both
simulations.

There is yet a third way to calculate the scattering cross section,

Provided the integration-procedure is correct, (Nl'sca,i will always converge to
this C’sca,g for the same reason F sca,i Will always converge to F sca,d» even for
a set of incorrect dipole moments. So if ésca,i converges to ésca,g also, then
this is an even stronger indication the CGNR-procedure does not yield the
correct results and another solution method should be used.

5.4 Literature survey

Although there is a significant amount of work on applying the DDA to
aggregate particles and on radiation pressure calculations on aggregate par-
ticles, none of it will be addressed here. The short literature investigation
presented here, will focus entirely on the (troublesome) convergence of the
CGNR-method and on the validity of the DDA when applied to aggregates
of spheres.

The DDA has been applied to fluffy/aggregate particles previously by
Kimura and Rahola, see e.g. [9, 41]. Neither of these workers reported
convergence-troubles such as the ones displayed by the simulations presented
here. Kimura did not mention which iterative method he used, but based on
his references he probably used Draine’s public-domain code, which employs
the “stabilized bi-conjugate gradient method” [42].

Rahola used the Q(uasi)M(inimal)R (esidue) method, instead of the CGNR-
method, combined with FFT. In a second publication [43], he analyzed the
spectrum of the DDA coefficient-matrix for a spheudosphere. Virtually all
eigenvalues turned out to be on a line segment in the complex plane, which
he took to account for the good performance of the QMR. In a third publi-
cation [44] he also analyzed the spectrum of the DDA coefficient-matrix for

50



a D(iffusion)L(imited)A (ggregation)-cluster. Again the bulk of the eigen-
values were on a line segment in the complex plane, but compared to the
speudosphere the number of eigenvalues not on this line segment was much
larger. This larger variance of the eigenvalues might account for the trou-
blesome convergence displayed here.

The validity of the DDA will be discussed by comparison to the rig-
orous solution of the Maxwell equations for aggregates of spheres, [45, 46]
(this rigorous solution has received a firm experimental foundation, see e.g.
[47, 48, 49, 46] and references therein). Both articles deal with aggregates of
two touching spheres. While Flatau et al, [45], obtained a good agreement,
Xu and Gustafson, [46], report a failure of the DDA in accuracy combined
with a much longer execution time for the DDA. Close inspection of the
latter article shows the reason for the failure. For accurate results from the
DDA one should take Dy > 10. Due to a lack of memory Xu and Gustafson
performed some of their DDA-simulations without obeying this rule, simula-
tions whose results consequently deviate from the rigorous solution and the
laboratory experiments. For two-sphere aggregates the DDA and the rigor-
ous solution are in close agreement, if Dy > 10 is obeyed. For larger spheres
and refractive indices this implies more dipoles, which obviously increases
the memory-use and execution-time for the DDA. So if Xu and Gustafson
claim the DDA to be much slower (100-1000 times) than the rigorous solu-
tion without supporting execution-times, this can well be true.

But for our purpose simulations of two-sphere aggregates can merely
be preliminary benchmarks; the numbers of grains in aggregate 1 and 2 are
modest. The rigorous solution has been verified with laboratory experiments
for aggregates containing up to 27 spheres [48], but the DDA has not yet
been tested in this region. There is a lot of work still to be done.
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Chapter 6

Current state of affairs and
future-work

6.1 Conclusions

In chapter 3, a method for calculating radiation pressure in the DDA was
derived, without the need for integration and with the possibility to extract
the radiation pressure per dipole. It was also shown the O(N?)-complexity
of this method could be reduced to O(N log N). The radiation pressure re-
sulting from this new, direct method was shown to be formally equal to the
already existing method for calculating the radiation pressure, which inte-
grates the impulse of the scattered radiation. Analogously, the two already
existing methods for calculating the scattering cross section, by integration
of the scattered intensity and by the subtracting the extinction and ab-
sorption cross section, were also shown to be formally equal. With the aid
of Fast Fourier Transformation the direct method for calculating radiation
pressure will probably take comparable or even less computing time, than
the integration method. Combining this to the extra information delivered
by the direct method, the radiation pressure per dipole, radiation pressure
calculations in the DDA should preferably be done with new method, see
section 4.3.

Tests simulating a range of absorbing spheres, chapter 4, were used to
demonstrate the validity of the new radiation pressure method and the
equivalence of the integration and direct methods, for both the radiation
pressure and the scattering cross section. The overall conclusion for DDA-
based radiation pressure calculations on spherical particles is that, compared
to MIE-theory, the error in the radiation pressure cross section is compara-
ble to the error in the extinction cross section.

The next step of applying the DDA to aggregate particles proved to
be more cumbersome. First of all the integrated scattering cross section
did not converge to the direct one. This can probably be attributed to ill
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conditioning of the DDA-matrix.

6.2 Future-work

As has already been announced in the title of this thesis, it is merely
an exploration of DDA-based radiation pressure calculations on aggregate
particles. Therefore the subject of future-work will receive more attention
than the preceding conclusions.

6.2.1 DDA

First of all the benchmarks on spherical particles were not exhaustive;
the radiation pressure per dipole was only verified by comparing the accumu-
lated radiation pressure for all dipoles to the radiation pressure cross section
resulting from MIE-code. As has already been argued, the work of Peter
Debye, [13], might serve as guide for also verifying the radiation pressure
per dipole; discretizing the integration of the Maxwell Stress Tensor in the
same way the integral equation leading to the DDA-equations is discretized,
will probably solve this problem.

An urgent matter is the insertion of Fast Fourier Transformation in the
direct calculation of radiation pressure, especially since the advent of the
“Fastest Fourier Transform in the West” (FFTW). This is a C-package for
Fast Fourier Transformation, developed at MIT by Matteo Frigo and Steven
G. Johnson; it includes subroutines for parallel, and multi-dimensional FF'T
under MPI . They claim their portable package to be superior to other
public-domain FFT-codes and support their claim by a set of benchmarks.
Embedding this package into the current fDDA-code (not just into the radia-
tion pressure algorithm but also in the CG-procedure) will probably increase
its performance and portability.

Furthermore the use of CGNR for solving the DDA-equations should be
reconsidered. Considering the discrepancy between integrated and direct
scattering cross section from a purely algebraic level, it means the dipole
moments resulting from CG iterations, do not satisfy the DDA-equations, al-
though the residue does converge. The Q(uasi)M(inimal)R(esidue) method
is thought to be more robust, and needs only one matrix-vector product
per iteration, [41]. Another option is directly calculating the inverse by
LU-factorization; usually the number of dipoles, i.e. matrix-size, prohibits
such an approach, but for the 51-grain and 101-grain aggregates considered
in chapter 5, resulting in complex 150 x 150-matrix and 300 x 300-matrix
respectively, the problem-size of LU-factorization must be within reach.

! Available for free from http://www.fftw.org/
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6.2.2 Light scattering by and radiation pressure on aggregate
particles

After the problems with solving the DDA-equations have been eradicated
(DDA-simulations of porous/aggregate particles by other workers [9, 41] in-
dicate this must be possible), the accuracy of the DDA must be addressed.
An internal check would be increasing the number of dipoles per grain;
Dyrain = 8,32, . ... For using more than 32 dipoles per grain, probably only
aggregate 1 or even smaller ones can be used. Using 32 dipoles per grain
means replacing each grid-point by a small 4% grid, i.e. rescaling the num-
ber of grid-points with a factor 64. The next step will be Dgpqin = 136, i.e.
replacing each grid-point by a 6 grid and thereby rescaling the number of
grid-points with a factor 216. In figure 6.1 the FFT-complexity comparison

Figure 6.1: Each star in the (N,on—_void, IV)-plane represents aggregate 1
discretized with the number accompanying each is the number of dipoles
per grain it represents

displayed in figure 5.2 is redrawn, this time for aggregate 1 with Dg;qin > 1
as described above. This illustrates that when increasing the number of
dipoles per grain, eventually any aggregate will benefit from FFT, since
Nyon—void < N for a particular aggregate.

By raising the number of dipoles per grain, the aggregate-deformation
resulting from projecting the aggregate on a rectangular grid will decrease.
But still the grain will be shifted. It might therefore be useful to recover the
O(N?2, . ..)-method not just for execution-time comparison but also for
comparison of the scattered fields (that is with multiple dipoles per grain).

Next to these DDA-specific checks the scattered field should also be com-
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pared to another independent solution, the rigorous solution of the Maxwell
equations for multiple spheres a.k.a. multipole expansion method or ex-
tended Mie-theory. This method has received experimental verification for
up to 27-sphere aggregates [48]. Of course direct comparison to experiments
of light scattering resulting from aggregate particles would be the best check,
but these are not available at the moment. Therefore comparison to ex-
tended MIE-theory seems to be the most reliable test at the moment.

It might be possible the DDA fails this test, or that the accuracy de-
mands, i.e. large grids, render it computationally prohibitive/much more
demanding than extended MIE-theory itself. In these cases replacing the
DDA by extended MIE-theory might be an option. A serious drawback is
that this approach will take us back to where we started; the mathematical
apparatus for radiation pressure calculations has (to our knowledge) not yet
been developed for extended MIE-theory. But this drawback might be less
serious than it appears to be, because it descends from MIE-theory. MIE-
theory from which Debye rigorously derived expressions for the radiation
pressure cross section of a single sphere.

6.3 Final conclusions

The main part of this thesis is devoted to extracting radiation pressure
from DDA-simulations. As the title of this thesis already suggests, it is
merely a first exploration of applying the resulting expressions to aggregate
particles. Not just because of the new means for extracting radiation pres-
sure, but also because there is not yet an established recipe for applying
the DDA to aggregate particles (assuming self-consistent results can be ob-
tained); how should the polarizabilities be determined, and what number
of dipoles per spherical grain should be used, are questions that need to
be answered. Comparing the DDA to extended MIE-theory for two-sphere
aggregates is a first step to answering these questions, but it cannot possibly
provide a conclusive answer.

95



Bibliography

[1]

[10]

[11]

Van de Hulst, H.C., “Light Scattering by Small Particles”, Dover Pub-
lications Inc. (1957).

Bohren, C.F. and Huffman, D.R., “Absorption and Scattering of Light
by Small Particles”, Wiley, (1983).

Mishchenko, M.I., Hovenier, J.W., and Travis, L.D., “Light Scattering
by Nonspherical Particles”, Academic Press, (2000).

Mathis, J.S., Whiffen, G., “Composite Interstellar Grains”, ApJ, 341,
808-822 (1989).

Mathis, J.S., Rumpl, W. and Nordsieck, K.H., “The size distribution
of interstellar grains”, ApJ, 217, 425-433 (1977).

Dominik, C. and Tielens, A.G.G.M., “Resistance in the adhesive con-
tact of two elastic spheres”, Philosophical Magazine A, 72, 783-803
(1995).

Dominik, C. and Tielens, A.G.G.M., “Resistance to sliding on atomic
scales in the adhesive contact of two elastic spheres”, Philosophical
Magazine A, 73, 1279-1302 (1996).

Dominik, C. and Tielens, A.G.G.M., “The physics of dust coagula-
tion and the structure of dust aggregates in space”, ApJ, 480, 647-673
(1997).

Kimura, H. and Mann, 1., “Radiation Pressure Cross Sections for Fluffy
Aggregates”, J. Quant. Spectrosc. Radiant. Transfer, 60, (1998).

Mukai, T., Ishimoto, H., Kozasa, T., Blum, J. and Greenberg, J. M.,
“Radiation pressure forces of fluffy porous grains”, Astron. Astrophys.,
262, 315-320 (1992).

Kozasa, T., Blum, J. and Mukai, T., “Optical propperties of dust ag-
gregates 1. wavelength dependence”, Astron. Astrophys., 263, 423-432
(1992).

o6



[12]

[13]

[14]

[19]

[20]

[21]

[22]
23]

Kozasa, T., Blum, J., Okamoto and Mukai, T., “Optical propperties
of dust aggregates II. angular dependence of scattered light”, Astron.
Astrophys., 276, 278-288 (1993).

Debye, P., “Der Lichdruck auf Kugeln von beliebligem Material”, Ann.
Phys., 30, 57-136 (1909).

Draine, B.T. and Flatau, P.J., “Discrete-dipole approximation for scat-
tering calculations”, J. Opt. Soc. Am. A, 11, 1491-1499 (1994).

Goedecke, G.H. and O’Brien, S.G., “Scattering by irregular inhomo-
geneous particles via the digitized Green’s function algorithm”, Appl.
Opt., 27, 2431-2438 (1988).

Newman, E.H. and Kingsley, K., “An introduction to the method of
moments”, J. Comput. Phys., 68, 1-18 (1991).

Barber, P.W. and Hill, S.C., “Light Scattering by Particles: Computa-
tional Methods”, World Scientific, (1990).

Taflove, Allen, “Computational Electordynamics: the Finite-Difference
Time-Domain method”, Artech House, (1995).

Kim, S.-H., Martin, P.G. and Hendry, P.D., “The size distribution of
interstellar dust particles”, ApJ, 422, 164-175 (1994).

Bernatowicz, T.J., Amari, S., Zinner, E.K. and Lewis, R.S. “Interstellar
grains within interstellar grains”, ApJ, 422, L73-L76 (1991).

Draine, B.T., “The Discrete-Dipole Approximation and its Applications
to Interstellar Graphite grains”, ApJ, 333, 842-872 (1988).

Jackson, J.D., “Classical Electrodynamics”, Wiley, New York, (1975).

Lakhtakia and Akhlesh, “Macroscopic theory of the coupled dipole ap-
proximation method”, Opt. Comm., 79, 1-5 (1990).

Hoekstra, A.G., “Computer Simulations of Elastic Light Scattering,
Implementation and Applications”, University of Amsterdam (1994).

DeVoe, H., “Optical properties of molecular aggregates. I Classical
model of electronic absorption and refraction”, J. Chem. Phys., 41,
393-400 (1964)

Purcell, “E.M. and Pennypacker, C.R., Scattering and absorption of
light by nonspherical dielectric grains”, ApJ, 186, 706-714 (1973).

Goodman, J.J., Draine, B.T. and Flatau, P.J., “Application of fast-
Fourier-Transform techniques to the discrete-dipole approximation”,
Opt. L., 16, 1198-1200 (1991).

o7



28]

[29]

[30]

[31]

32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

Hoekstra, A.G., Grimminck, M.D and Sloot, P.M.A, “Large scale sim-
ulations of elastic light scattering by a fast Discrete Dipole Approxima-
tion”, Journal of Modern Physics C, 9, 87-102 (1998).

Draine, B.T., Weingartner, J.C., “Radiative torques on interstellar
grains I.Superthermal Spin-up”, ApJ, 470, 551-565 (1996).

Geist, A., Beguelin, A, Dongarra, J., Jiang, W, Mancheck, R. and
Sunderam, V., “PVM: Parallel Virtual Machine - A User’s Guide and
Tutorial for Networked Parallel Computing” , (1994).

Snir, M., Otto, S., Huss-Ledermann, S., Walker, D., Dongarra, J.,
"MPI: The Complete Reference”, MIT Press, (1996).

Gordon, J.P., “Radiation Forces and Momenta in Dielectric Media”,
Phys. ReV. A, 8, 14-21 (1973).

William H. Press, Brian P. Flannery , Saul A. Teukolsky and William T.
Vettering, Numerical Recipes in C, Cambridge University Press (1988).

Markel, V.A.,” Antisymmetrical optical states”, J. Opt. Soc. Am. B, 12,
1783-1791 (1995)

Hoekstra, A.G. and Sloot, P.M.A., “Coupled Dipole Simulations of
Elastic Light Scattering on Parallel Systems”, International Journal
of Modern Physics C, 6, 663-679 (1995)

Hoekstra, A.G., Rahola, J. and Sloot, P.M.A, “Accuracy of Internal
Fields in Volume Integral Equation Simulations of Light Scattering”,
Appl. Opt., 37, 8482-8497 1998

Draine, B.T. and Goodman, J., “Beyond Clausius-Mossoti: wave prop-
agation on a polarizable lattice and the discrete dipole approximation”,
ApJ, 405, 685-697 (1993).

Hoekstra, A.G., and Sloot, P.M.A, “Dipolar unit size in coupled dipole
calculations of the scattering matrix elements”, Opt. L. 18, 1211-1213
(1993).

Okamoto, H., “Light scattering by clusters: the al-term method”, Op-
tical Review, 2, 407-412 (1995).

Dungey, C.E., and Bohren, C.F., “Light Scattering by nonspherical
particles: A refinement to the coupled dipole method”, J. Opt.Soc.
Am. A, 8, 81-87 (1991).

Lumme, K. and Rahola, J., “Light Scattering by porous dust particles
in the Discrete Dipole Approximation”, ApJ, 425, 653-667 (1994).

o8



[42]

[43]

[44]

Flatau, P.J., “Improvements in the discrete-dipole approximation
method of computing scattering and absorption”, Opt.Lett, 21, 1205-
1207 (1997).

Rahola, J., “Solution of dense systems of linear equations in the Discrete
Dipole Approximation”, STAM J.Sci.Comp., 17, 78-89 (1996).

Rahola, J., “Solution of dense systems of linear equations in electromag-
netic scattering calculations”, Licenciates’ Thesis, Helsinki University
of technology, (1994).

Flatau, P.J., Fuller, K.A. and Mackowski, D.W., “Scattering by two
spheres in contact: comparison between discrete-dipole approximation
and modal analysis”, Appl. Opt., 32, 3302-3305 (1993).

Xu, Y.-L. and Gustafson, B.A.S.,” Comparison between Multisphere
Light-Scattering calculations: Rigorous Solution and Discrete Dipole
Approximation”, ApJ, 513, 894-909 (1999).

Xu, Y.-L., “Electromagnetic Scattering by an aggregate of spheres”,
Appl. Opt., 34, 4573-4588 (1995).

Xu, Y.-L. and Gustafson, B. A. S., “Experimental and theoretical re-
sults of light scattering by aggregates of spheres”, Appl. Opt., 36, 8026-
8030 (1997).

Xu, Y.-L. and Wang, R.T., “Electromagnetic scattering by an aggre-
gate of spheres: Theoretical and experimental study of the amplitude
scattering matrix”, Phys. Rev. E, 58, 3931-3948 (1998).

99



Appendix A

Detailed calculations

A.1 Direct Radiation Pressure

A.1.1 Time-averaging the force per dipole
The time-dependent force per dipole (3.1) reads

F’](t) = Re <ei“’t]3j : Vj>Re (eiwtﬁj>

fzth
—i—Re(d(dt)> X Re(e wtp. >

—iwt B, N
Assuming the dipoles are at rest %w equals (—ik)e‘“"tPj. Separating

all variables in real and imaginary parts the time-dependent force becomes
Fit) = (cos the(ﬁj) — sinthm(P})) .

V; < cos wtRe(Ej) — sin thm(E}))

—k < cos the(iF_%) — sin thm(if})) X

( cos the(éj) — sin wtlm(éj)) .

The time-averaged force becomes

2<F}> = Re(P}-V) e(E )+ ( VI (_,J)

—Re(ikP;) x Re(B;) — Im(ikP;) x ImB;).
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Using the relation

=, -,

Re(@) x Re(B) + Im(a) x Im(B) =

€0 €opq | Re(ap)Re(By) + Im(ozp)Im(ﬂq)> =

€opq Re(aé@)) =

Re(a* x )
and (ikP)* = —ikP*, yields

, 1 - , T

< Fj >= §R€ <Pj -V;E;  + ZkPj X Bj).
Here the Einstein-summation convention for double indices is used and €,
is the Levi-Civita tensor, which obeys

0  if at least two indices are the same,
€opg =4 1 if o,p,q is an even permutation of 1,2, 3,
—1 if o,p,q is an odd permutation of 1,2, 3.

A.1.2 Differentiations

For easy reference the distance vector and its corresponding unit vector
are given again:

o= T
fj = T/
Working out ]3]* . Vjﬁjl means doing three differentiations of the form
(P} - V) f(rp) = (P} - Vrp)f (rj)

resulting in a scalar and one resulting in a vector-value. For the first three
particular cases the scalar functions and their derivatives are

(eikx)/ _ ikeikx,

9 .
6 Z gEiE,
IRt e
e D T e

The differentiation of the vector function can be simply rewritten to

(P - V)i - B) = (P - Vi) (g - B) + (g - B) (P V). (A1)
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The differentiations in (A.1) can decomposed into

1 =

% * T'ji, D%
(P} Vinju = —(P - Vj)rju— 5 (P} - Vj)rj
75l le
1 * D* 2
= - (P]u —(P; - njl)njlvu) u € {z,y,z}. (A.2)
j
Inserting expressions in (A.1) yields
= o . 1 S = = _,
(P V)t )] = | (B B+ P i P
j

—2(B; -+ o) ju (o - ﬁ)] :

In full detail the vector ]3]* . VjEjl reads

Pr-ViBy = PV gl B+ h(ryg) (g - B} (A3)
= (P;-Vie* i) {g(ry) B+ h(ry) (i - B}

+(Pr - Vg(ryp)) e B
+(P} - Vih(ra) e iy - F)
+h(ry) e P - Vjlag (e ).

Using (]5;* V) = 133* - ;1 (A.3) becomes

]%fk.ngjl _ ik

s s h

Pr. Byn v
( j l)njlrjl

B &\ (5 = . 2 ,
HE - g B {(k = )b+ b}

J

+ (P} i) P {ikg + g }

= N h
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= e
7T T?z T?z 7}2'1
= . - 3 ik k2
_(Pj <) e (R - Pl)(5(77; 3 77)
jl gl gl
_, L3 3k 2k* k3
_f_Pi".fL,lpli_i_i -
(55 (T;'ll T le)
_ . 3  3ik K
B (g B) (5 — Sy — oy
7 (7";'11 "”?l 7"32'1)

ik3 k2)
2
it Ty

A.2 Relating the integrated and direct methods

A.2.1 Evaluating [,(«)

The evaluation of I,(«) comes down to multiple partial integration.

There is a straightforward relation between the cases of I,
1 .
I(a) = / dtt" e,
—1
— tu.eiat =1 _ u ! dttu_l eioct,
i li=—1 o J_q
B el 4 eTia (—1)utt B uly—1()
N (Xe" Q0
I,(e) is expanded for v < 3
Iy = (% —e ") (ia)™!
Il _ (za_’_efwz)(z )71
_(e'La —e za)(la)fZ’
I = (= ™){(ia)™" + 2(ia) "}
(za+e % )2(2&) 2’
I; = (4@ {(ia)_l + 6(@'04)_3}
— (" — e ) {3(ia) "% + 6(ia) !}
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For further use some combinations are calculated and cast into a different
form

Io+ 1, = 4Re(em{$—é+£}),
Ip—3L = 4Re(eio‘{;7;3 + é — %}),
i1
I = 2ilm(ela{g+@}),
Ii—1, = 4i[m(eia{—%+%+é})-

A.2.2 Reduction of integral expressions for (., and ﬁsca

Before the integrals are solved the dyadic

N(o,t) = nn
cos? ¢ s2(t) sin ¢ cos ¢ s2(t) cos ¢ ts(t)
= sin ¢ cos ¢ s%(t) sin? ¢ s%(t) sin ¢ ts(t)
cos ¢ ts(t) sin ¢ ts(t) t2

(with s(t) = V1 —t2) is introduced. The integral-terms in (3.20) read in
full detail

. k4 2m 1 —
Frqa = — d dt e™"it
rat 87 Jo ¢/1 “
s(t) cos ¢
s(t)sing | |(P;-B)—(P))"-N(¢,t)- B|. (A4)
t

In the first term on the right hand side of (A.4) only the z-component does
not vanish. The second term on the right hand side of (A.4) consists of 27
integrals; a sum of 9 for each spatial direction. Piecewise evaluation of the
¢-dependent parts shows only of those integrals 7 not to vanish,

e x-direction : the terms corresponding to N3 and Nsq,

e y-direction : the terms corresponding to Nog and Nso,

e z-direction : the terms corresponding to the diagonal-elements of .
This reduces ﬁml to

Blaliz + B Pla
Py Pz + B Py
Pl Bla + Py Py = 2P, Pz

k' (I3(krj) — Li(krj))
8

Fru =

n k411 (k‘?“ﬂ)

0
. 0 . (A.5)

PiaPla + Fry Py
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For j = [ the complex exponential factor reduces to 1. The first term on
the right hand side of (A.4) vanishes because [, dQn = 0. Returning to the

notation (]%*N(qﬁ,t)]%) = (]5;* ~n)(n - ]3]*) it is clear that
2

(By - #)(i- B) = (Re(B)-2) + (Im(Py) - n)"

This way the evaluation of the second term comes down to two integrations of
the form [ dQn (&'ﬁ)z, with @ a constant real vector. By choosing z-axis || @,
the dot product @ - 7 reduces to a, cos@.

7r 2 sin 0 cos ¢
/dQﬁ(d" ﬁ)z = ai/ d9/ désinfcos?0 | sinfsin ¢
0 0

cosf

Because cos¢ and sin¢ are anti-symmetrical on the interval 0 < ¢ < 27
and sinf cos® @ is anti-symmetrical on the interval 0 < 6 < 7, all three
components vanish, so Fy ;; = 0.

Similarly (3.21) reads in full detail

k’4 2T 1 _—
Cra = = / d / dt """t
Lt E2 Jo ¢ 1

inc

(P~ P)—(P;)"- N(6,t) - P,{A.6)

For j = [ the first term on the right hand side of (A.6) equals 47. In the
second term only the integrals corresponding to the diagonal elements of
N(¢,t) do not vanish. Using fow/ 2dhsin® @ = 2/3 it readily follows that
Crjj = %@ﬂ For j # [ piecewise evaluation of the ¢-dependent parts,
will again show a number of terms to vanish. The second term on the right
hand side of (A.6) is again a sum of 9 integrals, of which only the ones
corresponding to the diagonal elements do not vanish;

7wkt

Cra = 57[213?-1%10(%0—<f’ﬁzﬂz+1%fyﬂ,y)<fo(kw>—Iz(kW%
inc
— 2P} Py Dok
k* S, =
_ ET[pj - By(Io(krjr) + I (krjr))

wmc

+ PP (Do (kryn) = 3La(kr) -
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Appendix B

Graphs :
Spherical particles
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B.1 Errors vs. resolution

B.1.1 m = 1.05
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B.1.2

m = 1.144-0.38i
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B.1.3 m = 1.33+40.01i
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B.1.4 m = 1.6840.03i
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B.1.5 m = 1.740.156i
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B.1.6 m = 1.81+40.48i
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B.1.7 m = 2.5+1.4i
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B.1.8 m = 3.05+40.33i
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B.2 Errors vs. Real part of the refractive index :
Spherical particles
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B.2.1 Mie-error in Direct Extinction, Absorption
and Scattering Coefficient
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B.2.2 Mie-error in Integrated Scattering Coefficient
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B.2.3 Modelling error in Scattering Coefficient
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B.2.4 Mie-error in the Integrated Scattering force
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B.2.5 Mie-error in Integrated
Radiation Pressure cross-section
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B.2.6 Modelling error in Radiation Pressure cross-section
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B.3 Errors vs. Imaginary part of the refractive
index :
Spherical particles
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B.3.1 Mie-error in Direct Extinction, Absorption
and Scattering Coefficient
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B.3.2 Mie-error in Scattering Coefficient
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B.3.3 Modelling error in Scattering Coefficient
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B.3.4 Mie-error in the Scattering force
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B.3.5 Mie-error in Radiation Pressure cross-section
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B.3.6 Modelling error in Radiation Pressure cross-section
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Appendix C

Raw Numbers
Spherical particles

C.1 DDA input-parameters

m # [ hox- | #dip in | #CG-
size | sphere iterations

1.05 15 12 912 6

1.14 + 0.38i 11

1.33 4+ 0.01¢ 19

1.68 +0.03% | 20 16 2176 46

1.7+ 0.1564 37

1.81 4 0.48: 37

2.5+ 1.4 30 24 7208 72

3.05+0.33¢ | 40 32 17256 266

Table C.1: x = 2.5

m £ [ hox- | #dip in | #CGC-
size | sphere | iterations

1.05 15 24 7208 8

1.14 4+ 0.381 21

1.33 +0.01% 39

1.68 +0.037 | 20 32 17256 160

1.7 4+ 0.156% 102

1.81 +0.48: 70

2.5+ 1.4i 30 48 57856 132

3.05 4+ 0.33: | 40 64 137376 | 497

Table C.2: =5
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m @ box- | #dip in | #CG-
size | sphere iterations

1.05 15 48 57856 13

1.14 + 0.38i 40

1.33 + 0.012 125

1.68 +0.03¢ | 20 64 137376 | 716

1.7 4+ 0.1561 233

1.81 4 0.48:¢ 145

2.5+ 1.4 30 96 436400 | 277

Table C.3: z =10

C.2 Raw data

In the table headings in this appendix the names Feq 2, Fsca,y and Foeq -
will be used heavily. The printed numbers are not the actual forces but
87TFsca,:p/Ei2nc> SWFsca,y/EZ-zm and 87TFSCG7Z/E-2 respectively.

wmc
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C.21 m=1.05

x = 2.51994
Quantity | Mie-value
Qext 0.024771
Qsca 0.024771
g 0.751806
Qpr 0.006148
Table C.4: Mie-values
Cross-section | Efficiency
Extinction | 0.49377 0.02475
Absorption | -6.84086e-10 | -3.42909e-11
Scattering | 0.49377 0.02475
Table C.5: Direct DDA

Res | Cyeq (conv.) Qseca

0.49023 (7.742e-05) 0.02457

0.49213 (1.48053e-05) | 0.02467

0.49295 (1.62086e-06) | 0.02471

0.49336 (2.02542¢-07) | 0.02473

0.49357 (2.53261e-08) | 0.02474

es Fycqz (conv.) —Fycay (conv.)
5.37808e-09 (0.00348

0.01414 (3.35795e-05)
0.00709 (4.258e-06)
0.00355 (5.3019e-07)
0.00178 (6.61511e-08)

( )
2.19918¢-09 (0.00121)
2.12642¢-09 (0.00052)
1.53124e-09 (0.00011)
(

1.57986e-09 (3.03485¢-05)

€S

(
(
(
(
(
0.02815 (0.00054)
(
(
(
(
(

Fycq,» (conv.)

0.37126 (0.00045)
0.37166 (3.95467¢-06)
0.37166 (8.64701e-09)
0.37166 (1e-09)
0.37166 (1e-09)

Table C.6: Integrated DDA
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C.22 m=1.05

x = 5.01954

Quantity | Mie-value

Qea:t
Qsca

9=
Qpr

0.119193
0.119193
0.908937
0.010854

Table C.7: Mie-values

Cross-section | Efficiency
Extinction | 9.44194 0.11928
Absorption | -5.517e-09 -6.96988e-11
Scattering | 9.44194 0.11928

Table C.8: Direct DDA

Res | Cyeq (conv.) Qseca

4 9.42155 (0.00214) 0.11903

5 | 9.439 (7.0198¢-06) | 0.11925

6 9.44194 (1.87847e-07) | 0.11927

7 9.44137 (1.43755e-08) | 0.11928

8 9.44165 (1.81862e-09) | 0.11928

Res Fycqz (conv.) —Fycay (conv.)

4 0.26957 (0.00596) 1.04189e-07 (0.00048)

5 0.1378 (0.0001) 9.12076e-08 (0.00061)

6 0.06884 (6.65764e-08) | 5.58974e-08 (0.00071)

7 0.03442 (5.637¢-08) 4.11783e-08 (4.61392¢-05)
8 0.01721 (7.11368e-09) | 1.97213e-08 (9.60308e-05)
Res Fycq,» (conv.)

4 8.58811 (0.00183)

5 8.57686 (5.22551e-06)

6 | 8.57816 (1.48829¢-07)

7 | 8.57815 (1e-09)

8 | 8.57815 (1e-09)

Table C.9: Integrated DDA
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C.23 m=1.05

x = 10.0502
Quantity | Mie-value
Qext 0.488248
Qsca 0.488248
g 0.969948
Qpr 0.014673
Table C.10: Mie-values
Cross-section | Efficiency
Extinction | 154.924 0.48822
Absorption | -4.47582e-08 | -1.41049e-10
Scattering | 154.924 0.48822
Table C.11: Direct DDA

Res | Cyeq (conv.) Qseca

181.53 (0.0145) 0.57207

154.169 (0.00069) 0.48585

154.908 (4.65725e-06) | 0.48817

154.917 (1.36341e-08) | 0.4882

154.92 (1.51599e-09) | 0.4882

es | —Fyea,q (conv.) —Fycay (conv.)
3.23191 (0.01346) 1.29621e-06 (0.00855
1.14127 (0.0016) 6.37116e-07

0.29307 (1e-09)

(
(
0.58629 (2.70036e-05)
(
0.14656 (1.30359¢-08)

( )
(0.00031)
2.49528¢-07 (0.00133)
6.35689¢-07 (0.00017)
(

7.13795e-07 (6.09368e-06)

€S

—Flseq,» (conv.)

175.38 (0.01459)
149.667 (0.00067)
150.254 (3.81588¢-06)
150.258 (6.04181e-09)
150.258 (1e-09)

o~~~ S~

Table C.12: Integrated DDA
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C.24 m=1.14 + 0.38i

x = 2.51994
Quantity | Mie-value
Qeut 1.76346
Qsca 0.546803
g. 0.755954
Qpr 1.3501
Table C.13: Mie-values
Cross-section | Efficiency
Extinction | 35.2668 1.76781
Absorption | 24.3687 1.22152
Scattering | 10.8981 0.54629
Table C.14: Direct DDA
Res | Cyeq (conv.) Qseca
4 10.8422 (0.0003) 0.54348
5 10.8753 (1.14984e-05) | 0.5451
6 10.8867 (1.02063e-06) | 0.54571
7 10.8924 (1.28131e-07) | 0.546
8 10.8953 (1.60058e-08) | 0.54614
Res Fycqz (conv.) —Fycay (conv.)
4 0.57847 (0.0004) 1.80285e-07 (0.00156)
5 0.2891 (1.37209e-05) | 8.7656e-08 (0.00156)
6 0.14468 (1.78171e-06) | 7.00047e-08 (0.00016)
7 0.07239 (2.22169¢-07) | 9.01538e-08 (6.13436¢-05)
8 0.03621 (2.77568e-08) | 2.94377e-08 (1.72176e-05)
Res Fycq,» (conv.)
4 8.26455 (0.00073)
5 8.27904 (6.49422¢-06)
6 8.27892 (1.40821e-08)
7 8.27892 (1e-09)
8 8.27892 (1e-09)

Table C.15: Integrated DDA
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C.25 m = 1.14 + 0.38i

x = 5.01954
Quantity | Mie-value
Qext 2.13525
Qsca 0.90648
g 0.889992
Qpr 1.32849
Table C.16: Mie-values
Cross-section | Efficiency
Extinction | 168.845 2.1331
Absorption | 97.2676 1.22883
Scattering | 71.5777 0.90427
Table C.17: Direct DDA
Res | Cyeq (conv.) Qseca
72.0047 (0.00069) 0.90967
71.4397 (3.12743e-05) | 0.90253
71.522 (1.12713e-06) | 0.90357
71.5499 (9.50292¢-08) | 0.90392
71.5639 (1.19837e-08) | 0.9041

€S

Fycqz (conv.)

—Fycay (conv.)

2.12916 (0.00571)
1.09465 (0.00012)

0.27465 (4.23414e-07)
0.13744 (5.27771e-08)

1.48463¢-06 (0.00807)
7.19215e-07 (0.00066)
1.16483e-06 (0.00015)
1.08877e-06 (3.32902¢-05)
1.15979¢-06 (6.86203¢-06)

€S

(
(
E
0.54849 (3.02595¢-06)
(
(
(

Fycq,» (conv.)

64.6807 (0.00023)
63.7467 (5.74976¢-05)
63.7805 (5.18239¢-07)
63.7802 (1e-09)
63.7802 (1e-09)

Table C.18: Integrated DDA
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C.2.6 m = 1.14 + 0.38i

x = 10.0502
Quantity | Mie-value
Qext 2.20555
Qsca 1.06837
g 0.930602
Qpr 1.21132

Table C.19: Mie-values
Cross-section | Efficiency
Extinction | 699.538 2.2045
Absorption | 361.028 1.13774
Scattering | 338.51 1.06676
Table C.20: Direct DDA

Res | Cyeq (conv.) Qseca
4 362.904 (0.01374) 1.14364
5 340.252 (0.00026) 1.07226
6 338.18 (5.99567e-06) | 1.06573
7 338.392 (1.53507e-07) | 1.0664
8 338.451 (1.06573e-08) | 1.06659
Res | —Fscqr (conv.) —Fycay (conv.)
4 8.2973 (0.00988) -3.42784e-06 (0.0129)
5 3.35069 (0.00091) -3.25753e-06 (0.00137)
6 1.70966 (2.0534e-05) | -3.19076e-06 (7.96573e-05)
7 0.85662 (5.71209¢-07) | -3.26184¢e-06 (2.96599¢-05)
8 0.42884 (7.89414e-08) | -3.39118e-06 (6.27089¢-06)
Res Fycq,» (conv.)
4 338.998 (0.01443)
5 317.717 (0.00026)
6 315.203 (7.78662¢-06)
7 315.302 (7.68237¢-08)
8 315.302 (1e-09)

Table C.21: Integrated DDA
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C.2.7 m = 1.33 + 0.01i

x = 2.51994

Quantity | Mie-value

Qea:t
Qsca

9=
Qpr

1.27094
1.17828
0.710664
0.433581

Table C.22: Mie-values

Cross-section

Efficiency

Extinction | 25.2105
Absorption | 1.8354
Scattering | 23.3751

1.26372
0.092
1.17172

Table C.23: Direct DDA

Res | Cyeq (conv.) Qseca

4 23.2253 (0. 00011) 1.16421

5 | 23.3066 (1.3426¢-05) | 1.16828

6 23.3408 (1.43188e-06) | 1.17

7 23.3579 (1.7901e-07) 1.17085

8 23.3665 (2.23729e-08) | 1.17128

Res Fycqz (conv.) —Fycay (conv.)

4 1.13422 (0.00041) 5.37229¢-07 (0.00034)

5 0.56657 (1.15808e-05) | 3.68656e-07 (0.00042)

6 0.28346 (1.54943e-06) | 3.23219e-07 (9.96699¢-05)
7 0.14181 (1.93471e-07) | 2.9058e-07 (6.79699¢-05)
8 0.07093 (2.41415e-08) | 2.74588e-07 (5.13449¢-06)
Res Fycq,» (conv.)

4 | 16.6547 (0.00051)

5 16.6747 (4.48661e-06)

6 | 16.6745 (9.5191e-09)

7 | 16.6745 (1e-09)

8 | 16.6745 (1e-09)

Table C.24: Integrated DDA
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C.2.8 m = 1.33 + 0.01i

x = 5.01954
Quantity | Mie-value
Qext 3.49011
Qsca 3.29449
gz 0.852981
Qpr 0.679971
Table C.25: Mie-values
Cross-section | Efficiency
Extinction | 276.955 3.4989
Absorption | 15.4418 0.19508
Scattering | 261.514 3.30382
Table C.26: Direct DDA
Res | Cyeq (conv.) Qseca
261.42 (0.00106) 3.30264
260.835 (8.9958¢e-06) | 3.29525
261.203 (1.37859e-06) | 3.2999
261.358 (1.44831e-07) | 3.30186
261.436 (1.81687e-08) | 3.30284
es | —Fyea,q (conv.) —Fycay (conv.)

7.00737 (0.00498)
3.5978 (0.00012)
1.80404 (3.73196e-06)
0.90368 (5.06337¢-07)
0.45229 (6.31453¢-08)

1.09921e-05 (0.00723)
1.00892¢-05 (3.17901e-05)
9.07789¢-06 (1.83252e-05)
1.01274e-05 (4.67748¢-06)
1.00164e-05 (2.5644e-06)

€S

—Flseq,» (conv.)

225.36 (0.00034)
223.467 (3.32399¢-05)
223.542 (3.29266¢-07)
223.542 (1e-09)
223.542 (1e-09)

Table C.27: Integrated DDA

98




C.29 m = 1.33 + 0.01i

x = 10.0502
Quantity | Mie-value
Qext 2.21083
Qsca 1.83546
g 0.75357
Qpr 0.827681

Table C.28: Mie-values
Cross-section | Efficiency
Extinction | 704.94 2.22153
Absorption | 118.993 0.37499
Scattering | 585.948 1.84654
Table C.29: Direct DDA

Res | Cyeq (conv.) Qseca
4 479.701 (0.00317) 1.51172
5 596.913 (0.00076) 1.8811
6 584.587 (2.05985e-05) | 1.84225
7 585.429 (3.51197e-07) | 1.8449
8 585.687 (2.69143e-08) | 1.84572
Res Fycqz (conv.) —Fycay (conv.)
4 15.346 (0.00618) 6.50252e-05 (0.00775)
5 8.6059 (0.00044) 7.78566e-05 (0.00086)
6 4.27163 (6.21146e-06) | 7.15877e-05 (3.04437e-05)
7 2.1365 (1.31557e-07) | 7.18547e-05 (7.8116e-06)
8 1.06846 (1.30347e-08) | 7.77523e-05 (1.97002e-06)
Res Fycq,» (conv.)
4 340.203 (0.00462)
5 454.887 (0.00099)
6 441.513 (2.95823e-05)
7 441.836 (1.78548¢-07)
8 441.835 (1e-09)

Table C.30: Integrated DDA
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C.2.10 m = 1.68 + 0.03i

x = 2.52546
Quantity | Mie-value
Qext 4.13589
Qsca 3.72906
g 0.698795
Qpr 1.53004
Table C.31: Mie-values
Cross-section | Efficiency
Extinction | 83.1795 4.15132
Absorption | 8.0025 0.39939
Scattering | 75.177 3.75193
Table C.32: Direct DDA
Res | Cyeq (conv.) Qseca
4 74.2716 (0.00014) 3.70675
5 74.7512 (2.50849¢-05) | 3.73068
6 74.9641 (2.77363e-06) | 3.74131
7 75.0705 (3.46227e-07) | 3.74662
8 75.1238 (4.32445e-08) | 3.74928
Res Fycqz (conv.) —Fycay (conv.)
4 2.87104 (0.00048) 2.71261e-06 (0.00066)
5 1.44089 (2.98042¢-05) | 2.49835e-06 (13)
6 0.72249 (3.71408e-06) | 2.54929¢-06 (1.06258e-05)
7 0.36184 (4.62978e-07) | 2.56951e-06 (2.72319¢-05)
8 0.18108 (5.77876e-08) | 2.42661e-06 (8.38604e-06)
Res Fycq,» (conv.)
4 53.06 (0.00066)
5 53.137 (5.62084e-06)
6 53.1363 (1.17085e-08)
7 53.1363 (1e-09)
8 53.1363 (1e-09)

Table C.33: Integrated DDA
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C.2.11 m = 1.68 + 0.03i

x = 5.03617
Quantity | Mie-value
Qext 2.17025
Qsca 1.52516
g 0.495933
Qpr 1.41388
Table C.34: Mie-values
Cross-section | Efficiency
Extinction | 173.803 2.18126
Absorption | 49.5644 0.62204
Scattering 124.239 1.55922
Table C.35: Direct DDA
Res | Cyeq (conv.) Qseca
123.975 (0.00431) 1.55591
122.172 (5.75921e-05) | 1.53328
123.258 (8.60883e-06) | 1.54691
123.748 (9.6651e-07) 1.55306
123.993 (1.20694e-07) | 1.55614

€S

—Fycay (conv.)

4.48351 (0.00578)
2.31198 (0.00013)
1.18429 (2.42656e-05)
0.59927 (2.95847e-06)

(
(
(

(
Fycqz (conv.)
(

(

E
0.30144 (3.67456e-07)

1.14778¢-05 (0.00437)
1.27007¢-05 (0.00018)
1.16102¢-05 (1.89386¢-05)
1.25065e-05 (7.24435¢-06)
1.10523e-05 (2.47521e-07)

€S

Fycq,» (conv.)

65.8741 (0.00659)
62.461 (0.00021)
62.5531 (1.43955¢-06)
62.5525 (2.40375¢-09)
62.5525 (1e-09)

Table C.36: Integrated DDA
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C.2.12 m = 1.68 + 0.03i

x = 10.056
Quantity | Mie-value
Qext 2.16995
Qsca 1.33216
g 0.788128
Qpr 1.12004
Table C.37: Mie-values
Cross-section | Efficiency
Extinction | 690.188 2.17255
Absorption | 264.106 0.83134
Scattering | 426.082 1.34121
Table C.38: Direct DDA
Res | Cyeq (conv.) Qsca
369.193 (0.00273) 1.16213
431.686 (0.00056) 1.35885
424.478 (1.66261e-05) | 1.33616
425.388 (5.22605e-07) | 1.33902
425.732 (4.93887¢-08) | 1.3401

€S

Fycqz (conv.)

—Fycay (conv.)

6.12646 (0.00085)

3.05794 (7.48262e-07)
1.53809 (1.49939¢-06)
0.77133 (1.80624e-07)

5.70742e-05 (0.00789)
7.53558¢-05 (0.00063)
7.25221e-05 (1.20014e-05)
7.49466¢-05 (2.35742¢-06)
7.43216¢-05 (9.09966-08)

€S

(
(
(
(
(
9.62081 (0.01125)
(
(
(
(
(

Fycq,» (conv.)

295.496 (0.00455)
345.523 (0.00056)
337.572 (2.29938¢-05)
337.781 (1.50939¢-07)
337.779 (1e-09)

Table C.39: Integrated DDA
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C.2.13 m = 1.7 4+ 0.156i

x = 2.52546
Quantity | Mie-value
Qeut 3.47295
Qsca 2.29734
g 0.733504
Qpr 1.78784
Table C.40: Mie-values
Cross-section | Efficiency
Extinction | 70.8992 3.53844
Absorption | 23.6167 1.17866
Scattering | 47.2825 2.35978
Table C.41: Direct DDA
Res | Cyeq (conv.) Qseca
4 46.8396 (0.00024) 2.33767
5 47.0824 (2.00135e-05) | 2.34979
6 47.1824 (2.06958e-06) | 2.35478
7 47.2325 (2.58863e-07) | 2.35728
8 47.2575 (3.23154e-08) | 2.35853
Res Fycqz (conv.) —Fycay (conv.)
4 1.90524 (0.00036) 2.4868e-06 (0.00473)
5 0.95261 (1.5267e-05) | 2.04895e-06 (0.0004)
6 0.47676 (1.8804e-06) | 1.87604e-06 (1.60904e-05)
7 0.23855 (2.34936¢-07) | 1.84633e-06 (2.17093e-05)
8 0.11933 (2.93358e-08) | 1.78732¢-06 (5.46393e-06)
Res Fycq,» (conv.)
4 34.9824 (0.00075)
5 35.0422 (6.57816e-06)
6 35.0417 (1.42029e-08)
7 35.0417 (1e-09)
8 35.0417 (1e-09)

Table C.42: Integrated DDA
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C.2.14 m = 1.7 4+ 0.156i

x = 5.03617
Quantity | Mie-value
Qeut 2.5156
Qsca 1.1526
g 0.796435
Qpr 1.59763
Table C.43: Mie-values
Cross-section | Efficiency
Extinction | 201.36 2.5271
Absorption | 108.444 1.361
Scattering | 92.9154 1.1661

Table C.44: Direct DDA

Res | Cyeq (conv.) Qseca

4 94.369 (0.00268) 1.18435

5 92.227 (9.11848e-05) 1.15746

6 92.6131 (4.07428e-06) | 1.16231

7 92.7641 (3.97424¢-07) | 1.1642

8 92.8398 (4.98162¢-08) | 1.16516

Res Fycqz (conv.) —Fycay (conv.)

4 2.65228 (0.00079) 2.24297e-06 (0.0097)

5 1.35879 (0.00011) 1.83108e-06 (0.00023)

6 0.68798 (1.31231e-05) | 1.63193e-06 (5.70268e-05)
7 0.34621 (1.62533e-06) | 1.71741e-06 (3.06832¢-05)
8 0.17367 (2.02422¢-07) | 1.39613e-06 (4.34135e-06)
Res Fycq,» (conv.)

4| 76.57 (0.00329)

5 | 73.5733 (0.00016)

6 | 73.6669 (1.24189¢-06)

7 73.6662 (2.42027¢-09)

8 | 73.6662 (1e-09)

Table C.45: Integrated DDA
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C.2.15 m = 1.7 4 0.156i

x = 10.056
Quantity | Mie-value
Qext 2.38667
Qsca 1.19189
g 0.90293
Qpr 1.31047

Table C.46: Mie-values

Cross-section | Efficiency
Extinction | 760.926 2.39522
Absorption | 381.271 1.20015
Scattering | 379.655 1.19507

Table C.47: Direct DDA

Res | Cyeq (conv.) Qsca

382.513 (0.01207) 1.20406
383.687 (1.37413e-05) | 1.20776
379.076 (1.19137e-05) | 1.19324

379.549 (1.6605e-08) | 1.19473

(
(
379.446 (2.38165¢-07) | 1.19441
(
(

€5 scaz COHV-) _Fsca,y (COHV.)

9.04827 (0.0061) 5.64316e-06 (0.0006)
4.0334 (0.00046) 2.73334e-06 (0.00208)
2.04573 (1.47984e-05) | 4.02304e-06 (5.25643¢-05)
1.02585 (7.70024e-07) | 4.14139¢-06 (6.80991e-06)
0.51374 (1.00104e-07) | 3.85614¢-06 (6.92359¢-06)

es Fycq,» (conv.)

347.174 (0.01315)
348.4 (1.35379¢-05)
343.204 (1.47821e-05)
343.372 (1.19359¢-07)
343.371 (1e-09)

Table C.48: Integrated DDA
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C.2.16 m = 1.81 + 0.48i

X = 2.52546
Quantity | Mie-value
Qext 2.9729
Qsca 1.43051
g 0.730612
Qpr 1.92775
Table C.49: Mie-values
Cross-section | Efficiency
Extinction | 61.1721 3.05298
Absorption | 31.641 1.57914
Scattering | 29.5312 1.47384
Table C.50: Direct DDA
Res | Cyeq (conv.) Qseca
4 | 29.2552 (0.00044) 1.46007
5 29.414 (2.07571e-05) | 1.46799
6 29.4724 (1.93763e-06) | 1.47091
7 29.5018 (2.42944e-07) | 1.47237
8 29.5164 (3.03455e-08) | 1.47311
Res Fycqz (conv.) —Fycay (conv.)
4 1.25044 (0.00034) 1.14162e-06 (0.00362)
5 0.62668 (2.44055¢-05) | 8.40309e-07 (0.00017)
6 0.31395 (2.85324e-06) | 7.43893e-07 (0.00022)
7 0.15717 (3.5657e-07) | 8.62613e-07 (2.15323¢-05)
8 0.07864 (4.45181e-08) | 8.29497e-07 (3.9682¢-06)
Res Fycq,» (conv.)
4 | 21.8122 (0.00104)
5 21.8657 (9.34724¢-06)
6 21.8652 (2.0855e-08)
7 21.8652 (1e-09)
8 21.8652 (1e-09)

Table C.51: Integrated DDA
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C.2.17 m = 1.81 + 0.48i

x = 5.03617
Quantity | Mie-value
Qext 2.58971
Qsca 1.24205
g 0.841157
Qpr 1.54496

Table C.52: Mie-values
Cross-section | Efficiency
Extinction | 208.387 2.61529
Absorption | 108.91 1.36683
Scattering | 99.4775 1.24846
Table C.53: Direct DDA

Res | Cyeq (conv.) Qseca
4 100.834 (0.00103) 1.26548
5 99.0799 (6.95983e-05) | 1.24347
6 99.3129 (2.29437e-06) | 1.24639
7 99.3949 (2.0133e-07) | 1.24742
8 99.4361 (2.5292e-08) | 1.24794
Res Fycqz (conv.) —Fycay (conv.)
4 3.0379 (0.00297) 8.16726e-07 (0.00472)
5 1.56034 (0.00012) 3.98198e-07 (0.0035)
6 0.78547 (7.54184e-06) | 8.64815e-08 (0.00074)
7 0.3942 (9.6307¢-07) -2.92383e-07 (0.00015)
8 0.19748 (1.20108e-07) | -1.77086e-07 (1.58335e-05)
Res Fycq,» (conv.)
4 86.5772 (0.00155)
5 84.1272 (0.00011)
6 84.209 (9.48517e-07)
7 84.2083 (1.84809¢-09)
8 84.2083 (1e-09)

Table C.54: Integrated DDA
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C.2.18 m = 1.81 + 0.48i

x = 10.056
Quantity | Mie-value
Qeut 2.39239
Qsca 1.24785
g. 0.877034
Qpr 1.29798
Table C.55: Mie-values
Cross-section | Efficiency
Extinction | 762.668 2.4007
Absorption | 366.298 1.15302
Scattering | 396.37 1.24768
Table C.56: Direct DDA
Res | Cyeq (conv.) Qseca
4 405.574 (0.01233) 1.27665
5 399.507 (5.68715e-05) | 1.25755
6 395.624 (9.63558e-06) | 1.24533
7 396.073 (2.77405e-07) | 1.24675
8 396.222 (2.28281e-08) | 1.24721
Res Fycqz (conv.) —Fycay (conv.)
4 10.862 (0.00726) 4.53917e-06 (0.03386)
5 4.72345 (0.00056) -2.12709e-07 (0.03944)
6 2.40295 (1.76921e-05) | -2.04671e-07 (0.00148)
7 1.20556 (8.87077¢-07) | -7.80734e-07 (0.00022)
8 0.60389 (1.1569e-07) | -3.41398e-07 (3.79167e-05)
Res Fycq,» (conv.)
4 359.015 (0.01365)
5 353.57 (6.04061e-05)
6 348.86 (1.31842e-05)
7 349.018 (1.10907e-07)
8 349.017 (1e-09)

Table C.57: Integrated DDA
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C.219 m = 2.5+ 1.4i

x = 2.50977
Quantity | Mie-value
Qext 2.90351
Qsca 1.523
g 0.629343
Qpr 1.94502
Table C.58: Mie-values
Cross-section | Efficiency
Extinction | 60.0031 3.03218
Absorption | 29.4528 1.48836
Scattering | 30.5503 1.54382

Table C.59: Direct DDA

Res | Cyeq (conv.) Qseca

4 30.0987 (0.00043) 1.521

5 30.3529 (3.17659¢-05) | 1.53385

6 30.4514 (3.16121e-06) | 1.53883

7 30.5008 (3.95691e-07) | 1.54132

8 30.5255 (4.94097e-08) | 1.54257

Res Fycqz (conv.) —Fycay (conv.)

4 1.45392 (0.00045) 1.211e-06 (0.00318)

5 0.73259 (4.51901e-05) | 9.19595e-07 (8.24679¢-05)
6 0.36796 (5.36511e-06) | 7.79416e-07 (3.72099e-06)
7 0.18444 (6.68877¢-07) | 8.37289¢-07 (6.7231e-07)
8 | 0.09234 (8.34745¢-08) | 8.55396¢-07 (9.71756¢-07)
Res Fycq,» (conv.)

4| 20.0756 (0.0012)

5 20.1337 (1.09469¢-05)

6 20.1332 (2.38344¢e-08)

7| 20.1332 (1e-09)

8 | 20.1332 (1e-09)

Table C.60: Integrated DDA

109




C.2.20 m = 2.5 4 1.4i

x = 5.02511
Quantity | Mie-value
Qeut 2.6371
Qsca 1.5076
g. 0.731954
Qpr 1.53361

Table C.61: Mie-values
Cross-section | Efficiency
Extinction | 212.58 2.67967
Absorption | 93.3199 1.17634
Scattering | 119.26 1.50333
Table C.62: Direct DDA

Res | Cyeq (conv.) Qseca
4 119.985 (0.00088) 1.51246
5 118.515 (4.93093e-05) | 1.49394
6 118.924 (3.36429¢-06) | 1.4991
7 119.092 (3.43185e-07) | 1.50121
8 119.176 (4.29714e-08) | 1.50227
Res Fycqz (conv.) —Fycay (conv.)
4 4.40775 (0.00205) 8.76254e-07 (0.00471)
5 2.26902 (0.00013) -6.30351e-07 (0.00331)
6 1.1452 (1.0068e-05) -1.06153e-07 (0.00278)
7 0.57545 (1.26999¢-06) | -3.35503e-07 (0.00011)
8 0.28846 (1.5827e-07) | -1.9099e-07 (2.52723e-05)
Res Fycq,» (conv.)
4 91.3955 (0.00154)
5 88.7973 (0.00012)
6 88.8863 (9.80852¢-07)
7 88.8856 (1.96488¢-09)
8 88.8856 (1e-09)

Table C.63: Integrated DDA
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C.2.21 m = 2.5+ 1.4i

x = 10.0542
Quantity | Mie-value
Qext 2.43333
Qsca 1.46995
gz 0.766244
Qpr 1.30699
Table C.64: Mie-values
Cross-section | Efficiency
Extinction | 776.231 2.44425
Absorption | 314.427 0.99009
Scattering | 461.805 1.45416
Table C.65: Direct DDA
Res | Cyeq (conv.) Qseca
4 465.149 (0.0109) 1.46469
5 463.615 (1.24455e-05) | 1.45986
6 460.165 (7.32886e-06) | 1.449
7 461.065 (4.76357e-07) | 1.45183
8 461.431 (4.84642¢-08) | 1.45299
Res Fycqz (conv.) —Fycay (conv.)
4 15.8539 (0.00555) -5.18443e-06 (0.00034)
5 7.26463 (0.00034) -7.34697e-06 (0.00025)
6 3.69614 (1.7803e-05) | -8.2178e-06 (1.92731e-05)
7 1.85763 (1.31623e-06) | -9.41714e-06 (1.28402¢-05)
8 0.93131 (1.67507e-07) | -9.49512e-06 (2.57578e-06)
Res Fycq,» (conv.)
4 366.585 (0.01348)
5 363.106 (3.76633¢-05)
6 358.008 (1.39121e-05)
7 358.179 (1.16791e-07)
8 358.178 (1e-09)

Table C.66: Integrated DDA
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C.2.22 m = 3.05 + 0.33i

x = 2.51808
Quantity | Mie-value
Qext 2.96033
Qsca 1.62098
g 0.661626
Qpr 1.88785
Table C.67: Mie-values
Cross-section | Efficiency
Extinction | 61.3713 3.08088
Absorption | 28.4049 1.42594
Scattering | 32.9664 1.65494
Table C.68: Direct DDA
Res | Cyeq (conv.) Qsca
32.6305 (0.00037) 1.63807
32.8219 (2.21372¢-05) | 1.64768
32.8939 (2.13979e-06) | 1.6513
32.9301 (2.68068¢-07) | 1.65311
32.9482 (3.34868e-08) | 1.65402
es | —Fyea,q (conv.) —Fycay (conv.)

6.04848¢-07 (0.00312)
1.91759¢-07 (0.00244)
2.286¢-07 (8.01217¢-05)
3.187266-07 (7.80373e-05)
3.14334e-07 (5.93582¢-06)

0.75902 (2.11736e-05)
0.38001 (2.2455e-06)
0.19018 (2.81749e-07)
0.09514 (3.51995)

(
(
(
(
(
1.51576 (0.0002)
(
(
(
(
(

es Fycq,» (conv.)

22.9817 (0.00092)
23.0299 (8.04735¢-06)
23.0296 (1.58757¢-08)
23.0296 (1e-09)
23.0296 (1e-09)

Table C.69: Integrated DDA

112




C.2.23 m = 3.05 + 0.33i

x = 5.02798
Quantity | Mie-value
Qext 2.54196
Qsca 1.4047
g 0.740107
Qpr 1.50233
Table C.70: Mie-values
Cross-section | Efficiency
Extinction | 205.253 2.58436
Absorption | 93.0056 1.17104
Scattering | 112.248 1.41332
Table C.71: Direct DDA
Res | Cyeq (conv.) Qseca
112.84 (0.00083) 1.4207
111.531 (4.67011e-05) | 1.40429
111.923 (3.42667e-06) | 1.40923
112.085 (3.52944e-07) | 1.41127
112.166 (4.41919e-08) | 1.41229

€S

Fycqz (conv.)

—Fycay (conv.)

3.88531 (0.00119)

1.00905 (1.10929¢-05)
0.50729 (1.38803e-06)
0.25435 (1.72927e-07)

2.09538¢-06 (0.00016)
1.51476e-06 (0.00115)
1.81699¢-06 (7.68474e-05)
1.62076¢-06 (3.96822¢-06)
1.46507e-06 (4.06829¢-06)

€S

(
(
(

E
1.99714 (0.00012)
(

(

(

(

Fycq,» (conv.)

86.3769 (0.00149)
83.9724 (0.00011)
84.0549 (9.5635¢-07)
84.0542 (1.88975¢-09)
84.0542 (1e-09)

Table C.72: Integrated DDA
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Appendix D

Graphs :
aggregate particles

D.1 Scale-factor=1
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D.2 Scale-factor=0.5
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D.3 Scale-factor=0.25
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Appendix E

Tables :
aggregate particles

In each section of this appendix the values of

extinction cross section Coyy,
absorption cross section Clys,

integrated scattering cross section Cly.q i, integrated to various levels
of accuracy (Res =4,5,6,7,8),

integrated scattering force Ficq i, idem Cieqi,

direct scattering cross section Cyeqq = Cezt — Caps (listed with the
integrated scattering cross section as Res = 0),

direct scattering force Fi.q g, idem Cicq g,

are tabulated for one simulation, together with the list of residue-norms.
The fraction @ printed below the table should be divided by Re(m) to
obtain D). The entry epsilon-b at beginning of each of these lists, is
the convergence-criterium. In the cases where this convergence-criterium is
not met, only the list of residue-norms is printed. The convergence lists
of simulations that did not converge, have been reduced by removing all
entries, accept the first for each decade, the smallest of the entire list, and
the last one before breaking the iteration procedure.
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E.1 Scale-factor=1

E.1.1 m=1.1440.38i

aggregate 1

Cezt | 1.61788e-09

Caps | 1.58645e-09

Res Csca ga:Csca gycsca gzcsca

Direct | 3.143e-11 -4.97346e-12 | -1.18572e-12 | 4.93266e-11

4 6.97495e-11 | -1.83191e-12 | -1.11682e-12 | 4.91268e-11

5 6.96956e-11 | -3.12986e-12 | -1.20939e-12 | 4.90062¢-11

6 7.01021e-11 | -4.06325e-12 | -1.19549e-12 | 4.91739e-11

7 7.02865e-11 | -4.5165e-12 | -1.19056e-12 | 4.92502e-11

8 7.03796e-11 | -4.74459¢e-12 | -1.18814e-12 | 4.92884e-11
Table E.1: @ = 3.67, Y-polarized, scale-factor=1

epsilon*b = 5.0999999344e-11

r0 = 1.3989786648e+00

r01 = 2.5345050e-02

r02 = 3.539146326430e-04

r03 = 5.950194973757e-06

r04 9.490999942734e-08

r05 1.237968659334e-09

r06 = 2.258893617741e-11

E.1.2 m=1.740.03i

aggregate 1

Cezt | 2.74247e-10

Caps | 1.35098e-10

Res Csca Yz Csca Gy Csca 9=z Csca
Direct | 1.39149e-10 | -1.65008e-11 | -2.41869e-12 | 1.6831e-10
4 2.5674e-10 | -3.57879e-12 | -1.77075e-12 | 1.68057e-10
) 2.56029e-10 | -9.15849e-12 | -2.46121e-12 | 1.67755e-10
6 2.57189e-10 | -1.28714e-11 | -2.4199e-12 | 1.68039e-10
7 2.57701e-10 | -1.46808e-11 | -2.41942e-12 | 1.68175e-10
8 2.5796e-10 | -1.55897e-11 | -2.41906e-12 | 1.68242¢-10

Table E.2: @ = 2.46, Y-polarized, scale-factor=1
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epsilon*b =

r0

r01
r02
r03
r04
r05
r06
r07
r08
r09
ri0
ril
ri2
rl3
ri4d
rib

NP, P, OO0 WL, PP, ONEFE OWR 00 Wwoom

.0999999344e-11
.1209305310e+00
.8256599e-01
.3356122803221e-01
.096676099105e-02
.165507852188e-03
.249561194707e-03
.510717302584e-04
.984819602303e-05
.216753913280e-05
.899363928129e-06
.473279067347e-07
.308646503288e-08
.431987362399e-09
.046042918829e-09
.641644602493e-10
.114554148891e-11

E.1.3 m=1.14+0.38i
aggregate 2

epsilon*b =

r0

r01
r02
r03
r04
r05
r06
r07
r08
r09
ri6
r26
rd7

© OO0 N WO WRRFP - b P =

.0099999893e-10
.6588472856e+00
.0541729e-02
.2956207226715e-03
.109511213887e-04
.5156907259518e-05
.151829491045e-06
.113787693000e-07
.322655459828e-07
.484807837816e-07
.761775169460e-08
.9356475410193e-09
.534462621541e-09
.877107655772e-09

E.1.4 m=1.7+0.03i
aggregate 2

epsilon*b
r0

r01

r02

r03

1.
= 3.
6.
1.
1.

0099999893e-10
7006620609e+00
5071597e-01
021557692532e-01
822531742284e-02
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r04
r05
r06
r07
r08
r09
ri10
ril
ri2
ri3
rid
ri8
r24
r62
r83

NP, O NOFLNOOF, WOWRLO W

.226423829426e-03
.706763483086e-04
.310360938556e-04
.284151843767e-05
.279390475601e-06
.006387382112e-06
.160057730259e-06
.173424750184e-07
.470090823658e-07
.208626996956e-07
.458613316005e-08
.184735885106e-09
.417046565950e-10
.316780300709e-10
.360200661663e-10
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E.2 Scale-factor=0.5

E.2.1 m=1.1440.38i

aggregate 1

Cezt | 1.4804e-09
Cabs | 1.32834e-09
Res CSC(I gI‘CSCCL gycsca gZCSCa
Direct | 1.5206e-10 | -1.02795e-12 | 2.0189e-12 | 1.06419e-10
4 1.48998e-10 | 9.65076e-12 | 2.18215e-12 | 1.0612e-10
5 1.50182¢-10 | 4.35252e-12 | 1.97198e-12 | 1.06302¢-10
6 1.50775e-10 | 1.67913e-12 | 2.00401e-12 | 1.0636e-10
7 1.51071e-10 | 3.29613e-13 | 2.01132e-12 | 1.0639e-10
8 1.51219e-10 | -3.48113e-13 | 2.01511e-12 | 1.06404e-10
Table E.3: w = 8.7, Y-polarized, scale-factor=0.5

epsilon*b = 5.0999998212e-11

r0 = 1.9374739169e+00

r01 = 6.4570154e-02

r02 = 8.328533992574e-04

r03 = 1.099472017468e-05

r04 1.714494313344e-07

r05 3.266324228924e-09

r06 = 5.834538918178e-11

r07 = 6.999463729543e-13

E.2.2 m=1.7+0.03i

aggregate 1

Cezt | 6.7543e-10

Cabs | 1.20593e-10

Res Csca Iz Csca Gy Csca 9z Csca
Direct | 5.54837e-10 | 2.94406e-12 | 9.91752e-12 | 3.87606e-10
4 5.46619e-10 | 4.13592e-11 | 1.02133e-11 | 3.87735e-10
) 5.49977e-10 | 2.21982e-11 | 9.7509e-12 | 3.87743e-10
6 5.51639e-10 | 1.26352e-11 | 9.8562e-12 | 3.87674e-10
7 5.5246e-10 | 7.80447e-12 | 9.88646e-12 | 3.8764e-10
8 5.52867e-10 | 5.37816e-12 | 9.90195e-12 | 3.87623e-10

Table E.4: w = 5.8, Y-polarized, scale-factor=0.5
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epsilon*b =

r0

r01
r02
r03
r04
r05
r06
r07
r08
r09
ri0
ril
ri2
rl3
ri4d
rib

W NN, O PNPRPL,NWNDERE, DN PO

.0999998212e-11
.3222399052e+00
.1835147e+00
.036420329269e-01
.562863170179e-02
.020680199621e-02
.172126182518e-03
.971544392488e-04
.610316946197e-05
.691313511831e-05
.811671513663e-06
.980304675147e-07
.263532967270e-08
.320085424477e-08
.153429053838e-09
.953411407300e-10
.656725060823e-11

E.2.3 m=1.14+0.38i
aggregate 2

epsilon*b =

r0

r01
r02
r03
r04
r05
r06
r07
r08
r09
ri3
r21
r50
r71l

NN OO0 ODNOU - N WNWNDN -

.0099999911e-10
.9878565672e+00
.6831177e-02
.702837508207e-03
.801502607551e-04
.861994090414e-05
.3156866097051e-06
.806378834812e-06
.619952018190e-07
.084745603525e-07
.948871791942e-08
.317286128134e-09
.899730347394e-10
.156824394982e-10
.526121702283e-10

122



E.2.4 m=1.740.03i

aggregate 2

Cezt | 1.10575e-09
Caps | 2.00306e-10
Res Csca gacCsca gstca gZCsca
Direct | 9.05444e-10 | 1.56501e-10 | 7.4594e-11 | 1.02723e-09
4 1.40567e-09 | 2.18242e-10 | 7.27434e-11 | 1.04871e-09
5 1.39364e-09 | 1.86974e-10 | 7.37448e-11 | 1.03921e-09
6 1.38629¢-09 | 1.71788e-10 | 7.41605e-11 | 1.0332e-09
7 1.3826e-09 | 1.64158e-10 | 7.43774e-11 | 1.03022e-09
8 1.38074e-09 | 1.60333e-10 | 7.44857e-11 | 1.02872¢-09
Table E.5: w = 5.8, Y-polarized, scale-factor=0.5

epsilon*b = 1.0099999911e-10

r0 = 6.6655006540e+00

r01 = 9.2107831e-01

r02 1.417535690650e-01

r03 2.368181899570e-02

r04 = 3.859185644004e-03

r05 = 7.614934051506e-04

r06 = 1.691984071170e-04

r07 4.109684568530e-05

r08 1.147915607035e-05

r09 3.608868280471e-06

ri0 = 1.262424874060e-06

riil = 4.684318028704e-07

ri2 = 1.756921266605e-07

ril3 6.918031067297e-08

rid 2.744993924933e-08

rib = 1.087870686370e-08

rlé = 4.475661076032e-09

ri7 = 1.918983209565e-09

ril8 8.570631879541e-10

ri9 4.056070121182e-10

r20 1.997588934693e-10

r21 = 1.035217468926e-10

r22 = 5.662904066792e-11
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E.3 Scale-factor=0.25

E.3.1 m=1.1440.38i

aggregate 1

Cezt | 1.38845e-09

Cabs | 1.21547e-09

Res CSC(I gCECSCCL gycsca gZCSCa

Direct | 1.7298e-10 | 1.8396e-12 | 5.02819e-12 | 1.05345e-10

4 3.68437e-10 | 3.45393e-11 | 4.59948e-12 | 1.05038e-10

) 3.76214e-10 | 1.87898e-11 | 4.84884e-12 | 1.052¢-10

6 3.80163e-10 | 1.04672e-11 | 4.93853e-12 | 1.05273e-10

7 3.82133e-10 | 6.19246e-12 | 4.98354e-12 | 1.05309e-10

8 3.83117e-10 | 4.02588e-12 | 5.00605e-12 | 1.05327e-10
Table E.6: @ = 17.4, Y-polarized, scale-factor=0.25

epsilon*b = 5.1000000179e-11

r0 = 2.0311202805e+00

r01 = 6.2757357e-02

r02 = 6.186748000641e-04

r03 = 8.413555822644e-06

r04 1.494094150514e-07

r05 = 3.143997969574e-09

r06 = 4.211338076390e-11

E.3.2 m=1.7+0.03i
aggregate 1

Cezt | 6.66041e-10

Caps | 9.43095e-11

Res Csca Yz Csca Gy Csca E Csca
Direct | 5.71732e-10 | 1.56204e-11 | 1.74117e-11 | 3.29356e-10
4 1.03531e-09 | 1.05843e-10 | 1.59193e-11 | 3.28523e-10
) 1.05599e-09 | 6.23703e-11 | 1.67944e-11 | 3.28957e-10
6 1.06646e-09 | 3.94195e-11 | 1.71019e-11 | 3.29157e-10
7 1.07168e-09 | 2.76286e-11 | 1.72568e-11 | 3.29257e-10
8 1.07428e-09 | 2.1652e-11 | 1.73342e-11 | 3.29306e-10

Table E.7: @ = 11.7, Y-polarized, scale-factor=0.25
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epsilon*b =

r0

r01
r02
r03
r04
r05
r06
r07
r08
r09
ri0
ril
ri2
rl3
ri4d
rib

W W NP, O PNEFENWNDOBPBNODPO

.1000000179e-11
.5311515276e+00
.6943698e-01
.066140401764e-01
.488373397686e-02
.554615881839e-03
.106894547975e-03
.898128499342e-04
.706273718533e-05
.577852319098e-05
.634935817106e-06
.753922713029e-07
.260070120377e-08
.391540643731e-08
.156460280842e-09
.114401719425e-10
.657389779717e-11

E.3.3 m=1.14+0.38i
aggregate 2

In this case the the stop-criterium was set to e¢g = 1072* instead of
€0 = 107!, In this case the convergence rate for Y- and X-polarization was
slowing down, but for the Y-polarization ¢y = 1072 could just be reached
while the X-polarization just could not, it started diverging just before ¢y =
10~'2. Instead of increasing ey for the convergence of the X-polarization
to be accepted, ey was decreased in order to see when it would start to
diverge. Based on the clearly divergent behavior for both polarizations, it

was decided both were to be discarded.

epsilon*b
r0
r01
r02
r03
r04
r05
r06
r07
r08
r09
rl3
ri8
r28

O© N 0100 NON O Wb OO”N-

.0099999827e-22
.7676454618e+00
.9511520e-02
.763508654762e-03
.610146425035e-04
.609791269519e-05
.972398055627e-06
.174529100429e-06
.261421091410e-07
.156482136375e-07
.632447200459e-08
.761711234988e-09
.460370726365e-10
.266533682699e-11
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r73
r94

= 1.727052469354e-11
= 1.902537065418e-11

E.3.4 m=1.7+0.03i

aggregate 2

Cezt | 7.43483e-10
Cabs | 1.57168e-10
Res Csca gxcsca gycsca gzcsca
Direct | 5.86315e-10 | 2.22736e-10 | 1.34996e-10 | 1.29158e-09
4 2.65799¢-09 | 4.03766e-10 | 1.23579¢-10 | 1.28826e-09
5 2.68357e-09 | 3.15397e-10 | 1.30353e-10 | 1.29023e-09
6 2.6948¢-09 | 2.69885e-10 | 1.32657¢-10 | 1.2909e-09
7 2.70017e-09 | 2.46516e-10 | 1.33828e-10 | 1.29124e-09
8 2.70279e-09 | 2.34678e-10 | 1.34412¢-10 | 1.29141e-09
Table E.8: @ = 11.7, Y-polarized, scale-factor=0.25

epsilon*b = 1.0099999827e-10

r0 = 6.1742393946e+00

r01 = 6.9470854e-01

r02 = 1.232153567486e-01

r03 = 2.242373906691e-02

r04 4.412929987473e-03

r05 = 1.082635345238e-03

r06 = 3.190131175188e-04

r07 = 1.067411406627e-04

r08 = 4.127924178637e-05

r09 = 1.760251322679e-05

ri0 8.425251985480e-06

ri4 9.918838888658e-07

r20 = 9.274586711757e-08

r27 = 7.574545999740e-09

r35 = 8.928030947031e-10

r47 = 9.271399680329%¢-11
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