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Abstract

DDSCAT 7.3 is a freely available open-source Fortran-90 software package applying the “discrete
dipole approximation” (DDA) to calculate scattering and absorption of electromagnetic waves by targets
with arbitrary geometries and complex refractive index. The targets may be isolated entities (e.g., dust
particles), but may also be 1-d or 2-d periodic arrays of “target unit cells”, which can be used to study
absorption, scattering, and electric fields around arrays of nanostructures.

The DDA approximates the target by an array of polarizable points. The theory of the DDA and its
implementation in DDSCAT is presented in |Draine|(1988)) and Draine & Flatau|(1994), and its extension
to periodic structures in |Draine & Flatau| (2008). Efficient near-field calculations are carried out as
described in |[Flatau & Draine| (2012). DDSCAT 7.3 allows accurate calculations of electromagnetic
scattering from targets with “size parameters” 2maog/A < 25 provided the refractive index m is not
large compared to unity (jm — 1| £ 2). DDSCAT 7.3 includes support for MPI, OpenMP, and the
Intel® Math Kernel Library (MKL).

DDSCAT supports calculations for a variety of target geometries (e.g., ellipsoids, regular tetrahedra,
rectangular solids, finite cylinders, hexagonal prisms, etc.). Target materials may be both inhomoge-
neous and anisotropic. It is straightforward for the user to “import” arbitrary target geometries into the
code. DDSCAT automatically calculates total cross sections for absorption and scattering and selected
elements of the Mueller scattering intensity matrix for specified orientation of the target relative to the
incident wave, and for specified scattering directions. DDSCAT 7.3 can calculate scattering and absorp-
tion by targets that are periodic in one or two dimensions. DDSCAT 7.3 can calculate and store E and B
throughout a user-specified rectangular volume containing the target. A Fortran-90 code ddpostprocess
to support postprocessing of P, and nearfield E and B, is included in the distribution.

DDSCAT 7.3 differs from DDSCAT 7.2 by offering two new options: (1) The “Filtered Coupled
Dipole” method (Piller & Martin|1998;|Gay-Balmaz & Martin|2002) for DDA calculations. (2) Fast near-
field calculations of B. In addition, a new postprocessing code DDPOSTPROCESS.f90 is provided
that is well-documented, and much more easily modifiable by the user. As distributed, ddpostprocess
calculates the Poynting vector.

This User Guide explains how to use DDSCAT 7.3 (release 7.3.2) to carry out electromagnetic
scattering calculations. If you publish results calculated using DDSCAT 7.3, please cite relevant pub-
lications describing the methods, e.g., Draine & Flatau| (1994), Draine & Flatau| (2008), and [Flatau &
Draine| (2012).
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1 INTRODUCTION 7

1 Introduction

DDSCAT is a software package to calculate scattering and absorption of electromagnetic waves by tar-
gets with arbitrary geometries using the “discrete dipole approximation” (DDA). In this approximation
the target is replaced by an array of point dipoles (or, more precisely, polarizable points); the electromag-
netic scattering problem for an incident periodic wave interacting with this array of point dipoles is then
solved essentially exactly. The DDA (sometimes referred to as the “coupled dipole approximation™) was
apparently first proposed by [Purcell & Pennypacker| (1973). DDA theory was reviewed and developed
further by |Draine| (1988), Draine & Goodman|(1993)), reviewed by Draine & Flatau| (1994), and recently
extended to periodic structures by [Draine & Flatau| (2008)).

DDSCAT 7.3, the current release of DDSCAT, is an open-source Fortran 90 implementation of the
DDA developed by the authorsm DDSCAT 7.3 calculates absorption and scattering by isolated targets, or
targets that are periodic in one or two dimensions, using methods described by Draine & Flatau| (2008).

DDSCAT is intended to be a versatile tool, suitable for a wide variety of applications including
studies of interstellar dust, atmospheric aerosols, blood cells, marine microorganisms, and nanostructure
arrays. As provided, DDSCAT 7.3 should be usable for many applications without modification, but the
program is written in a modular form, so that modifications, if required, should be fairly straightforward.

The authors make this code openly available to others, in the hope that it will prove a useful tool. We
ask only that:

o If you publish results obtained using DDSCAT, please acknowledge the source of the code, and
cite relevant papers, such as Draine (1988), ?, [Draine & Flatau| (1994), Draine & Flatau| (2008]),
and [Flatau & Draine| (2012).

o If you discover any errors in the code or documentation, please promptly communicate them to the
authors.

e You comply with the “copyleft" agreement (more formally, the GNU General Public License) of
the Free Software Foundation: you may copy, distribute, and/or modify the software identified as
coming under this agreement. If you distribute copies of this software, you must give the recipients
all the rights which you have. See the file doc/copyleft.txt distributed with the DDSCAT
software.

We also strongly encourage you to send email to draine@astro.princeton.edu identifying
yourself as a user of DDSCAT; this will enable the authors to notify you of any bugs, corrections, or
improvements in DDSCAT. Up-to-date information on DDSCAT and the latest version of DDSCAT 7.3
can be found at

! The release history of DDSCAT is as follows:
o DDSCAT 4b: Released 1993 March 12

e DDSCAT 4b1: Released 1993 July 9
DDSCAT 4c: Although never announced, DDSCAT . 4c was made available to a number of interested users beginning 1994
December 18

DDSCAT 5a7: Released 1996

DDSCAT 5a8: Released 1997 April 24
DDSCAT 5a9: Released 1998 December 15
DDSCAT 5a10: Released 2000 June 15
DDSCAT 6.0: Released 2003 September 2
DDSCAT 6.1: Released 2004 September 10
DDSCAT 7.0: Released 2008 September 1
DDSCAT 7.1: Released 2010 February 7
DDSCAT 7.2: Released 2012 February 15
DDSCAT 7.2.1: Released 2012 May 14
DDSCAT 7.2.2: Released 2012 June 3
DDSCAT 7.3.0: Released 2013 May 26
DDSCAT 7.3.1: Released 2015 March 17
DDSCAT 7.3.2: Released 2016 August 25



2 APPLICABILITY OF THE DDA

http://ddscat.org

The current version, DDSCAT 7.3, offers the option of using the DDA formulae from Draine(1988),
with dipole polarizabilities determined from the Lattice Dispersion Relation (Draine & Goodman|1993}
Gutkowicz-Krusin & Draine|2004). Alternatively, DDSCAT 7.3 also allows the user to specify the
“filtered coupled dipole” method of |Piller & Martin| (1998) and |Gay-Balmaz & Martin| (2002), which
may give better results for targets with “large” refractive indices |[m — 1| 2 2.

The code incorporates Fast Fourier Transform (FFT) methods (?). DDSCAT 7.3 includes capability
to calculate scattering and absorption by targets that are periodic in one or two dimensions — arrays of
nanostructures, for example. The theoretical basis for application of the DDA to periodic structures is
developed in|Draine & Flatau|(2008). DDSCAT 7.3 includes capability to efficiently perform “nearfield”
calculations of E and B in and around the target using FFT methods, as described by |[Flatau & Draine
(2012). A new postprocessing code, DDPOSTPROCESS.f90, is included in the DDSCAT 7.3 distribu-
tion.

We refer you to the list of references at the end of this document for discussions of the theory
and accuracy of the DDA [in particular, reviews by [Draine & Flatau| (1994) and Draine| (2000), recent
extension to 1-d and 2-d arrays by Draine & Flatau|(2008), and comparison of the coupled dipole method
with other DDA methods (including the filtered coupled dipole method) by |Yurkin et al.| (2010)].

In §2]we summarize the applicability of the DDA, and in §3|we describe what the current release can
calculate.

In §4| we describe the principal changes between DDSCAT 7.3 and the previous releases. The suc-
ceeding sections contain instructions for:

e obtaining the source code (§3));

e compiling and linking the code (§6);

e information for Microsoft® Windows users (§7));

e running a sample calculation (§8);

e modifying the parameter file to do your desired calculations (§9);

e specifying target orientation(s) (§19);

e understanding the output from the sample calculation;

e using DDPOSTPROCESS.f90 for postprocessing of solutions found by DDSCAT 7.3 (§30.1).
The instructions for compiling, linking, and running will be appropriate for a Linux system; slight
changes will be necessary for non-Linux sites, but they are quite minor and should present no difficulty.

Finally, the current version of this User Guide can be obtained from
www.ddscat .org.

Important Note: DDSCAT 7.3 differs in a number of respects from previous versions of DDSCAT.
DDSCAT 7.3 includes support for both MPI and OpenMP, but — as of this writing — DDSCAT 7.3 has
not yet been tested with MPI, and there has been only limited testing with OpenMP. DDSCAT 7.3 has
been tested extensively on single-processor systems, but if you are intending to use DDSCAT 7.3 with
OpenMP or MPI, please proceed with caution — do at least a few comparison calculations in single-cpu
mode to verify that the results obtained with OpenMP or MPI appear to be correct. If you do encounter
problems with OpenMP or MPI, please document them and communicate them to the authors. And if
you find that everything appears to work properly, we’d like to know that too!

2 Applicability of the DDA

The principal advantage of the DDA is that it is completely flexible regarding the geometry of the target,
being limited only by the need to use an interdipole separation d small compared to (1) any structural
lengths in the target, and (2) the wavelength A\. Numerical studies (Draine & Goodman/ 1993} Draine &
Flatau| 1994; |Draine 2000)) indicate that the second criterion is adequately satisfied if

imlkd <1, (1)
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where m is the complex refractive index of the target material, and k = 27 /A, where ) is the wavelength
in vacuo. This criterion is valid provided that |m — 1| < 3 or so. When Im(m) becomes large, the
DDA solution tends to overestimate the absorption cross section Clyys, and it may be necessary to use
interdipole separations d smaller than indicated by eq. to reduce the errors in Chps to acceptable
values.
If accurate calculations of the scattering phase function (e.g., radar or lidar cross sections) are desired,
a more conservative criterion
|m|kd < 0.5 (2)

will usually ensure that differential scattering cross sections dCjc,/dS) are accurate to within a few
percent of the average differential scattering cross section Cy., /47 (see Draine|2000).

Let V be the actual volume of solid material in the targetE] If the target is represented by an array of
N dipoles, located on a cubic lattice with lattice spacing d, then

V =Nd® . (3)
We characterize the size of the target by the “effective radius”
acir = (3V/4m)'/* )

the radius of an equal volume sphere. A given scattering problem is then characterized by the dimen-
sionless “size parameter”

2mae
T = kaeg = Wz ff )
The size parameter can be related to N and |m|kd:
dmacy  62.04 ( N \'/?
Equivalently, the target size can be written
A N 1/3
Qeff = 9873@ <106> . |m|kd . (7)

Practical considerations of CPU speed and computer memory currently available on scientific worksta-
tions typically limit the number of dipoles employed to N < 10° (see for limitations on N due to
available RAM); for a given N, the limitations on |m|kd translate into limitations on the ratio of target
size to wavelength.

For calculations of total cross sections Cyups and Csc,, we require |m|kd < 1:

A/ NN\YP 62.04 / N \/?
9.88 - [ — il . 8
Get < 088 (106) < <106> ®)

For scattering phase function calculations, we require |m|kd < 0.5:

A [ N\Y? 31.02 / N\ /3
o < 4942 [ = 22 (D .
Aor < 4.9 |m‘ <106) or < |m| (106) )

It is therefore clear that the DDA is not suitable for very large values of the size parameter x, or very
large values of the refractive index m. The primary utility of the DDA is for scattering by dielectric
targets with sizes comparable to the wavelength. As discussed by [Draine & Goodman| (1993)), [Draine
& Flatau| (1994)), and Draine| (2000), total cross sections calculated with the DDA are accurate to a few
percent provided N > 10* dipoles are used, criterion (1)) is satisfied, and the refractive index is not too
large.

For fixed |m|kd, the accuracy of the approximation degrades with increasing |m — 1|, for reasons
having to do with the surface polarization of the target, as discussed by [Collinge & Draine| (2004). With
the present code, good accuracy can be achieved for |m — 1| < 2.
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Qabs,Mie

[ m=1.33+0.01i
0.01 & (e=1.7688+0.0266i)

error in Q,.(%)
-

error in Q,(%)
[av)

R
o b b b b b b B e b b b b
0 1 2 3 4 5 6 7 8 9 10 11 12 13
x=ka

Figure 1: Scattering and absorption for a sphere with m = 1.33 + 0.01i. The upper panel shows the exact values of Qsca and
Qabs, obtained with Mie theory, as functions of x = ka. The middle and lower panels show fractional errors in Qsca and Qabs.,
obtained using DDSCAT with polarizabilities obtained from the Lattice Dispersion Relation, and labelled by the number N of
dipoles in each pseudosphere. After Fig. 1 of|Draine & Flatau| (1994).

Qsca.Mie

—~
[
S 0.1
6 Qabs‘M.\e
m=2+1i
0.01 (€ =38+ 4i)

error in Q. (%)

error in Q,,,(%)
[ IS

oL b b b b b b b b b b
0 1 2 3 4 5 6 7 8 9 10 11
x=ka

Figure 2: Same as Fig.[1] but for m = 2 + 4. After Fig. 2 of Draine & Flatau| (1994). Note: in the upper panel, the labels for
Qsca,Mie and Qabs Mie should be interchanged.

Examples illustrating the accuracy of the DDA are shown in Figs. which show overall scattering
and absorption efficiencies as a function of wavelength for different discrete dipole approximations to a
sphere, with IV ranging from 304 to 59728. The DDA calculations assumed radiation incident along the
(1,1,1) direction in the “target frame”. Figs.[3H4]show the scattering properties calculated with the DDA

% In the case of an infinite periodic target, V' is the volume of solid material in one “Target Unit Cell”.
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Figure 3: Differential scattering cross section for m = 1.33 + 0.017 pseudosphere and ka = 7. Lower panel shows fractional
error compared to exact Mie theory result. The N = 17904 pseudosphere has |m|kd = 0.57, and an rms fractional error in do/d2
of 2.4%. After Fig. 5 of |Draine & Flatau| (1994).
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Figure 4: Same as Fig. but for m = 2 4 4. The N = 59728 pseudosphere has |m|kd = 0.65, and an rms fractional error in
do /dQ2 of 6.7%. After Fig. 8 of Draine & Flatau| (1994).

for z = ka = 7. Additional examples can be found in|Draine & Flatau|(1994) and Draine|(2000).
As discussed below, DDSCAT 7.3 can also calculate scattering and absorption by targets that are
periodic in one or two directions — for examples, see |Draine & Flatau| (2008)).
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3 DDSCAT 7.3

3.1 What Does It Calculate?

3.1.1 Absorption and Scattering by Finite Targets

DDSCAT 7.3, like previous versions of DDSCAT, solves the problem of scattering and absorption by
a finite target, represented by an array of polarizable point dipoles, interacting with a monochromatic
plane wave incident from infinity. DDSCAT 7.3 has the capability of automatically generating dipole
array representations for a variety of target geometries (see and can also accept dipole array repre-
sentations of targets supplied by the user (although the dipoles must be located on a cubic lattice). The
incident plane wave can have arbitrary elliptical polarization (see §24), and the target can be arbitrarily
oriented relative to the incident radiation (see §19). The following quantities are calculated by DDSCAT
7.3:

e Absorption efficiency factor Qaps = Cabs/ wagﬁ, where C,y,s is the absorption cross section;
e Scattering efficiency factor Qgca = Csca/ ﬂazﬁ, where Cy, is the scattering cross section;
e Extinction efficiency factor Qext = Qsca + Qabs;

o Phase lag efficiency factor Q)pha, defined so that the phase-lag (in radians) of a plane wave after
propagating a distance L is just n;Qpnama’s L, where n; is the number density of targets.

o The 4x4 Mueller scattering intensity matrix S;; describing the complete scattering properties of
the target for scattering directions specified by the user (see §26)).

e Radiation force efficiency vector Q. .q (see §16).
e Radiation torque efficiency vector Qr (see §16).

In addition, the user can choose to have DDSCAT 7.3 store the solution for post-processing.

3.1.2 Absorption and Scattering by Periodic Arrays of Finite Structures

DDSCAT 7.3 includes the capability to solve the problem of scattering and absorption by an infinite
target consisting of a 1-d or 2-d periodic array of finite structures, illuminated by an incident plane wave.
The finite structures are themselves represented by arrays of point dipoles.

The electromagnetic scattering problem for periodic arrays is formulated by |Draine & Flatau|(2008)),
who show how the problem can be reduced to a finite system of linear equations, and solved by the same
methods used for scattering by finite targets.

The far-field scattering properties of the 1-d and 2-d periodic arrays can be conveniently represented
by a generalization of the Mueller scattering matrix to the 1-d or 2-d periodic geometry — see Draine &
Flatau|(2008) for definition of S\’ (M, ¢) and S\ (M, N). For targets with 1-d periodicity, DDSCAT
7.3 calculates Sl(Jl d)(M ,¢) for user-specified M and (. For targets with 2-d periodicity, DDSCAT 7.3

calculates Si(jd) (M, N) for both transmission and reflection, for user-specified (M, V).
As for finite targets, the user can choose to have DDSCAT 7.3 store the calculated polarization field
for post-processing.

3.2 Application to Targets in Dielectric Media

Let w be the angular frequency of the incident radiation. Beginning with DDSCAT 7.2, DDSCAT
facilitates calculation of absorption and scattering by targets immersed in dielectric media (e.g., liquid
water). In the parameter file ddscat . par, the user simply specifies the refractive index myedium Of
the ambient medium. If the target is in vacuo, set Mmpyedium = 1. Otherwise, set Myedium to be the
refractive index in the ambient medium at frequency w. For example, HoO has mpedium = 1.335 near
w/2m = 6 x 104 Hz, the frequency corresponding to Ay, = 500nm (green light). At this frequency,
air at STP has mpedium = 1.00028, which can be taken to be 1 for most applications.

The wavelength provided in the file ddscat . par should be the vacuum wavelength Ay,c = 27c/w
corresponding to the frequency w.

12



4 WHAT’S NEW?

The dielectric function or refractive index for the target material is provided via a file, with the
filename provided via ddscat . par. The file should give either the actual complex dielectric function
Etarget OF actual complex refractive index Myiarget = \/Etarget of the target material, as a function of
wavelength in vacuo.

Internal to DDSCAT 7.3, the scattering calculation is carried out using the relative dielectric function

6target (W)
€rellW) = ———~ (10)
( ) €medium ((U)
relative refractive index: )
Mtarget \W
r = —— 11
i el(w) mmedium(w) ’ ( )
and wavelength in the ambient medium
Avac
)\medium = - (12)

TMmedium

The absorption, scattering, extinction, and phase lag efficiency factors Qabs, Qscas Qext, and Qpha
calculated by DDSCAT will then be equal to the physical cross sections for absorption, scattering, and
extinction divided by maZ;. For example, the attenuation coefficient « for radiation propagating through
a diffuse medium with a number density n; of scatterers will be just

o= nthxtﬂ'agH . (13)
Similarly, the phase lag (in radians) after propagating a distance L will be ntQphawagﬁL.

The elements S;; of the 4x4 Mueller scattering matrix S calculated by DDSCAT for finite targets
will be correct for scattering in the medium:

Mnedivm | 2
Lo = (“‘ed“‘m> S - I, (14)
2mr

where I, and I, are the Stokes vectors for the incident and scattered light (in the medium), r is the
distance from the target, and A eqium i the wavelength in the medium (eq. . See §@ for a detailed
discussion of the Mueller scattering matrix.

The time-averaged radiative force and torque (see §I6) on a finite target in a dielectric medium are

Frad = Qprﬂ-agﬁurad 3 (15)

)\medium
Taa = 2 rad™ 5 16
d = Qracgtrad o (16)
where the time-averaged energy density is

E 2

Urad = Emcdiumﬁ ) (17)
8

where Ey cos(wt + ¢) is the electric field of the incident plane wave in the medium.
The relationship between the microscopic and macroscopic fields Eicro and Epacro s discussed in

§29) (see eq. [128).
4 What’s New?

DDSCAT 7.3 differs from DDSCAT 7.1 in several ways, including:

1. The general structure of the parameter file ddscat . par has not been changed: ddscat.par
files that were used with DDSCAT 7.1 or DDSCAT 7.2 should still work — except for calculations
with periodic targets, where for some targets the user is now required to specify the orientation
of the “target axes” a; and as (see . However, to enable new options (nearfield B, Filtered
Coupled Dipole) entries in ddscat . par will require modification. See §9]and Appendix [A]

13
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. As in DDSCAT 7.2, DDSCAT 7.3 requires the user to specify the (real) refractive index mambient
of the ambient medium. See §09]
. As with DDSCAT 7.2, DDSCAT 7.3 includes support for two additional conjugate gradient
solvers (see §12):
o GPBICG - Implementation by Chamuet and Rahmani of the Complex Conjugate Gradient
solver presented by [Tang et al.| (2004).

o QMRCCG - Quasi-Minimum-Residual Complex Conjugate Gradient solver, adapted from
fortran-90 implementation kindly made available by P.C. Chaumet and A. Rahmani (Chaumet
& Rahmani(2009)).

. As with DDSCAT 7.2, DDSCAT 7.3 requires the user to specify the maximum allowed number
of iterations (this was previously hard-wired).

. As with DDSCAT 7.2, DDSCAT 7.3 supports fast calculations of the electric field within and near
the target using FFT methods, as described by [Flatau & Draine| (2012); see §29). The program
DDFIELD that came with DDSCAT 7.1 is no longer needed (and no longer supported).

. DDSCAT 7.3 now includes the option of fast calculations of B in and near the target using FFT
methods (see §29).

. As with DDSCAT 7.2, the DDSCAT 7.3 distribution includes a set of “example” calculations
(including new examples):

o ANIRCTGL: rectangular brick of anisotropic material

o CYLNDRPBC: infinite cylinder, calculated as a periodic array of disks.

o DSKRCTPBC: doubly-periodic array of Au disks supported by a SizNy slab.

o ELLIPSOID: sphere, with nearfield calculation of E in and around the sphere.

e ELLIPSOID _NEARFIELD: same calculation as in the ELLIPSOID example, followed by
a nearfield calculation of E in and around the sphere, followed by evaluation of E along a
track passing through the sphere, plus creation of “VTK” files for visualization.

o ELLIPSOID_NEARFLD_B: same calculation as in the ELLIPSOID exampled, followed
by a nearfield calculation of both E and B in and anround the sphere, followed by eval-
ueation of E and B along a track passing through the sphere, plus creation of “VTK” files for
visualization.

e FROM_FILE: target whose geometry is supplied via an ascii file

o FRMFILPBC: target with geometry supplied via an ascii file, then replicated periodically in
the y1r and zpr directions.

o LYRSLBPBC: infinite plane-parallel sheet with two layers

o RCTGLPRSM: rectangular brick

o RCTGLPRSM_NEARFIELD: same calculation as in the RCTGLPRSM example, fol-
lowed by a nearfield calculation of E in and around the target, followed by evaluation of
E along a track passing through the prism, plus creation of “VTK” files for visualization.

¢ RCTGL_PBC: doubly-periodic array of rectangular blocks.

o RCTGL_PBC_NEARFIELD: same calculation as in the RCTGL_PBC example, followed
by a nearfield calculation of E in and around the target, followed by evaluation of E along a
track passing through the prism, plus creation of “VTK” files for visualization.

e RCTGL_PBC_NEARFLD_B: same calculation as in the RCTGL_PBC_NEARFIELD
example, followed by evaluation of both E and B along a track passing through the prism,
plus creation of “VTK” files for visualization.

e SPHERES_N: cluster of spheres with center positions and radii read in from an ascii file.

e SPHRN_PBC: doubly-periodic array of clusters of spheres.

e SPH_ANI_N: cluster of spheres, each characterized by an anisotropic dielectric function,
with center positions, radii, and diectric tensor read in from ascii files.

14



5 DOWNLOADING THE SOURCE CODE AND EXAMPLE CALCULATIONS

8. DDSCAT 7.3 is distributed with a program VTRCONVERT.f90 that supports visualization of
target geometries using the Visualization Toolkit (VTK), an open-source, freely-available software

15

system for 3D computer graphics (http://www.vtk.org) and, specifically, ParaView (http://paraview.org).

9. DDSCAT 7.3 is distributed with a program DDPOSTPROCESS.f90.

o DDPOSTPROCESS.f90 allows the user to easily extract E (and B if it was also precalcu-
lated) at points along a line.

o If B was precalculated, DDPOSTPROCESS.f90 calculates the time-averaged Poynting vec-
tor ¢(E x H) /4 at each point in the computational volume.

e DDPOSTPROCESS.{90 creates “VTK files for visualization of |E|, |E|?, or (¢/47)(E x
H) using the VTK tools.

10. DDSCAT 7.3.2 supports two new target geometries:

e OCTHEDRON (regular octahedron)
e ONIONSHEL (spherical shell of uniaxial material, as in a graphitic onion).

11. DDSCAT 7.3.2 corrects a bug in previous versions that led to problems when MPI was used for
nearfield calculations (NRFLD=1 or 2).

5 Downloading the Source Code and Example Calculations

DDSCAT 7.3 is written in standard Fortran-90 with a single extension: it uses the Fortran-95 standard
library call CPU_TIME to obtain timing information. DDSCAT 7.3 is therefore portable to any system
having a f90 or f95 compiler. It has been successfully compiled with many different compilers, including
gfortran, g95, ifort, pgf77, and NAG® £95.

It is possible to use DDSCAT 7.3 on PCs running Microsoft® Windows operating systems, including
Vista and Windows 7. Section [/|provides instructions for creating a unix-like environment in which you
can compile and run DDSCAT 7.3.

Alternatively, you may be able to obtain a precompiled native executable — see More informa-
tion on how to do this can be found at

www.ddscat.org

The remainder of this section will assume that the installation is taking place on a Unix, Linux or Mac
OSX system with the standard developer tools (e.g., tar, make, and a f90 or f95 compiler) installed.

The complete source code for DDSCAT 7.3 is provided in a single gzipped tarfile. To obtain the
source code, simply point your browser to www . ddscat . org and download the latest release.

After downloading ddscat7.3.2.tgz into the directory where you would like DDSCAT 7.3 to
reside (you should have at least 10 Mbytes of disk space available), the source code can be installed as
follows:

If you are on a Linux system, you should be able to type

tar xvzf ddscat7.3.2.tgz
which will“extract” the files from the gzipped tarfile. If your version of “tar” doesn’t support the “z”
option, then try

zcat ddscat7.3.2.tgz | tar xvf -
If neither of the above work on your system, try the two-stage procedure

gunzip ddscat7.3.2.tgz

tar xvf ddscat7.3.2.tar
The only disadvantage of the two-stage procedure is that it uses more disk space, since after the second
step you will have the uncompressed tarfile ddscat7.3.2.tar — about 3.8 Mbytes — in addition to
all the files you have extracted from the tarfile — another 4.6 Mbytes.

Any of the above approaches should create subdirectories src and doc.

e src contains the source code.

e doc contains documentation (including this UserGuide, and one sample ddscat . par file).



6 COMPILING AND LINKING ON UNIX/LINUX SYSTEMS

It is also recommended that you download ddscat7.3.2_examples.tgz, followed by
tar xvzf ddscat7.3.2_examples.tgz
This will create subdirectory examples_exp containing

e anumber of subdirectories with example calculations for both isolated targets and infinite periodic
targets. Each subdirectory includes the ddscat . par file used for the example calculation, as
well as the resulting output files. It also includes sample ddpostprocess.par files for running
ddpostprocess to support visualization following nearfield calculations. including the appropriate
ddscat . par and resulting output files.

e examples_exp/diel containing sample files specifying refractive indices or dielectric func-
tions as functions of vacuum wavelength (as used in the example calculations).

Finally, you may wish to download ddscat7.3.2_doc.tgz, followed by
tar xvzf ddscat7.3.2_doc.tgz
which will download pdfs of some relevant papers into the doc subdirectory.

6 Compiling and Linking on Unix/Linux Systems

In the discussion below, it is assumed that the DDSCAT 7.3 source code has been installed in a directory
DDA/ src. The instructions below assume that you are on a Unix, Linux, or Mac OSX system.

6.1 The default Makefile

It is assumed that the system has the following already installed:
e a Fortran-90 compiler (e.g., gfortran, g95, Intel® ifort, or NAG® £ 95).
e cpp — the “C preprocessor”.
There are a number of different ways to create an executable, depending on what options the user wants:
e what compiler and compiler flags?
e single- or double-precision?
e enable OpenMP?
e cnable MKL?
e cnable MPI?

Each of the above choices needs requires setting of appropriate “flags” in the Makefile.
The default Makefile has the following “vanilla” settings:

e gfortran -02

e single-precision arithmetic
o OpenMP not used

o MKL not used

e MPI not used.

To compile the code with the default settings, simply position yourself in the directory DDA/ src, and
type

make ddscat
If you have gfortran and cpp installed on your system, the above should work. You will get some
warnings from the compiler, but the code will compile and create an executable ddscat.

If you wish to use a different compiler (or compiler options) you will need to edit the file Makefile
to change the choice of compiler (variable FC), compilation options (variable FFLAGS), and possibly
and loader options (variable LDFLAGS). The file Makefile as provided includes examples for com-
pilers other than gfortran; you may be able to simply “comment out” the section of Makefile that
was designed for gfortran, and “uncomment” a section designed for another compiler (e.g., Intel®
ifort).
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6.2 Optimization

The performance of DDSCAT 7.3 will benefit from optimization during compilation and the user should
enable the appropriate compiler flags.

6.3 Single vs. Double Precision

DDSCAT 7.3 is written to allow the user to easily generate either single- or double-precision versions
of the executable. For most purposes, the single-precision precision version of DDSCAT 7.3 should
work fine, but if you encounter a scattering problem where the single-precision version of DDSCAT 7.3
seems to be having trouble converging to a solution, you may wish to try using the double-precision
version — this can be beneficial in the event that round-off error is compromising the performance of
the conjugate-gradient solver. Of course, the double precision version will demand about twice as much
memory as the single-precision version, and will take somewhat longer per iteration.
The only change required is in the Makefile: for single-precision, set

PRECISION = sp
or for double-precision, set

PRECISION = dp
After changing the PRECISION variable in the Makefile (either sp — dp, or dp — sp), it is necessary
to recompile the entire code. Simply type

make clean

make ddscat
to create ddscat with the appropriate precision.

6.4 OpenMP

OpenMP is a standard for support of shared-memory parallel programming, and can provide a perfor-
mance advantage when using DDSCAT 7.3 on platforms with multiple cpus or multiple cores. OpenMP
is supported by many common compilers, such as gfortran and Intel® ifort.

If you are using a multi-cpu (or multi-core) system with OpenMP (www . openmp . org) installed,
you can compile DDSCAT 7.3 with OpenMP directives to parallelize some of the calculations. To do
so, simply change

DOMP =
OPENMP =
to
DOMP = —-Dopenmp
OPENMP = —-openmp
Note: OPENMP is compiler-dependent: gfortran, for instance, requires
OPENMP = —-fopenmp

After compiling DDSCAT 7.3 to use OpenMP, it is necessary to specify the number of threads to be

used. To specify the number of threads, you need to set the environmental variable OMP_NUM_THREADS.

This is done by a command in the shell (e.g., bash or ksh). For example, the number of threads would be
set to two by the command

export OMP_NUM_THREADS=2
The number of threads should not exceed the number of available “cores”. If you are executing DDSCAT
7.3 on a multi-core system, you may wish to experiment to see how the execution “wall-clock time”
varies depending on the number of threads.

6.5 MKL: the Intel® Math Kernel Library

Intel® offers the Math Kernel Library (MKL) with the ifort compiler. This library includes DFTT for
computing FFTs. At least on some systems, DFTI offers better performance than the GPFA package.
To use the MKL library routine DFTI:
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e You must have MKL installed on your system.

e You must obtain the routine mk1_dfti.f90 and place a copy in the directory where you are
compiling DDSCAT 7.3. mk1_dfti. £90 is Intel® proprietary software, so we cannot distribute
it with the DDSCAT 7.3 source code, but it should be available on any system with a license for
the Intel® MKL library. If you cannot find it, ask your system administrator.

e Edit the Makefile: define variables CXFFTMKL. £ and CXFFTMKL. o to:
CXFFTMKL.f = $ (MKL_Tf)
CXFFTMKL.f = $(MKL_o)

o Successful linking will require that the appropriate MKL libraries be available, and that the string
LFLAGS in the Makefile be defined so as to include these libraries. Unfortunately, there is a lot of
variation in how the MKL libraries are installed on different systems.

—1lmkl_intel_thread -1lmkl_core -lguide -lpthread -1mkl_intel_1lp64

appears to work on at least one installation. On some installations,

—lmkl_em64t -1mkl_intel_thread -1lmkl_core -lguide -lpthread -1lmkl_intel_lp64

seems to work. The Makefile contains examples. You may want to consult a guru who is familiar

with the libraries on your local system. Intel® provides a website
http://software.intel.com/sites/products/mkl/

that can assist you in figuring out the appropriate compiler and linker options for your system.

e type
make clean
make ddscat

e The parameter file ddscat . par should have FFTMKL as the value of CMETHD.

6.6 MPI: Message Passing Interface

DDSCAT 7.3 includes support for parallelization under MPI. MPI (Message Passing Interface) is a
standard for communication between processes. More than one implementation of MPI exists (e.g.,
mpich and openmpi). MPI support within DDSCAT 7.3 is compliant with the MPI-1.2 and MPI-
2 standardsﬂ and should be usable under any implementation of MPI that is compatible with those
standards.

Many scattering calculations will require multiple orientations of the target relative to the incident
radiation. For DDSCAT 7.3, such calculations are “embarassingly parallel”, because they are carried out
essentially independently. DDSCAT 7.3 uses MPI so that scattering calculations at a single wavelength
but for multiple orientations can be carried out in parallel, with the information for different orientations
gathered together for averaging etc. by the master process.

If you intend to use DDSCAT 7.3 for only a single orientation, MPI offers no advantage for DDSCAT
7.3 so you should compile with MPI disabled. However, if you intend to carry out calculations for
multiple orientations, and would like to do so in parallel over more than one cpu, and you have MPI
installed on your platform, then you will want to compile DDSCAT 7.3 with MPI enabled.

To compile with MPI disabled: in the Makefile, set

DMPI =

MIP.f mpi_fake.£90

MPI.o = mpi_fake.o
To compile with MPI enabled: in the Makefile, set

DMPI = -Dmpi

MIP.f = $(MPI_F)

MPI.o = $(MPI_o)
and edit LFLAGS as needed to make sure that you link to the appropriate MPI library (if in doubt, consult
your systems administrator). The Makefile in the distribution includes some examples, but library
names and locations are often system-dependent. Please do not direct questions regarding LELAGS to
the authors — ask your sys-admin or other experts familiar with your installation.

http://www.mpi-forum.org/
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Note that the MPI-capable executable can also be used for ordinary serial calculations using a single
cpu.

6.7 Device Numbers IDVOUT and IDVERR

So far as we know, there are only one operating-system-dependent aspect of DDSCAT 7.3: the device
number to use for “standard output".

The variables IDVOUT and IDVERR specify device numbers for “running output" and “error mes-
sages", respectively. Normally these would both be set to the device number for “standard output" (e.g.,
writing to the screen if running interactively). Variables IDVERR are set by DATA statements in the
“main" program DDSCAT . £90 and in the output routine WRIMSG (file wrimsg. £90). The executable
statement IDVOUT=0 initializes IDVOUT to 0. In the as-distributed version of DDSCAT . £90, the state-
ment

OPEN (UNIT=IDVOUT, FILE=CFLLOG)
causes the output to UNIT=IDVOUT to be buffered and written to the file ddscat .log_nnn, where
nnn=000 for the first cpu, 001 for the second cpu, etc. If it is desirable to have this output unbuffered
for debugging purposes, (so that the output will contain up-to-the-moment information) simply comment
out this OPEN statement.

7 Information for Windows Users

There are several options to run DDSCAT on Microsoft® Windows. One can purchase a Fortran com-
piler such as the Intel® ifort compilelﬂ (http://software.intel.com/en-us/fortran-compilers/), or the Port-
land Group PGF compiler (http://www.pgroup.com/). However, these are not free. Below we discuss
four methods which give access to DDSCAT on Microsoft® Windows using Open Source applications.
We have tested each of these four methods. We also remark on using the commercial Intel® ifort com-
piler under Windows.

Table 1: DDSCAT on Microsoft® Windows Platforms

l Method \ Compiler \ Advantage \ Problems Comments
Native gfortran pre-compiled limiting options simplest
MINGW gfortran compile with user options | compilation step simple
Cygwin gfortran,G95 compile with user options | compilation step simple
Virtualbox/UBUNTU | gfortran, G95, intel full LINUX access learning curve difficult

7.1 Native executable

We provide (on www . ddscat . org) a self-extracting executable which includes a pre-compiled, ready-
to-run, DDSCAT executable for Microsoft® Windows. The advantage is that the user avoids the possibly
difficult compilation step, and has immediate access to DDSCAT.

Beginning with release 7.2 we package the Windows distribution using “Inno Setup5” (http://www.jrsoftware.org)
which is a free installer for Windows programs. This will install a Windows native executable ddscat . exe
as well as source code, documentation, and relevant test examples. This is by far the simplest way to get
DDSCAT running on a Windows system. However, we provide only single precision version without
optimization.

Thus, serious DDSCAT users may, at some stage, need to recompile the code as outlined below.
The executable should be executed using the windows “cmd” command which opens a separate shell
window. One then has to change directory to where DDSCAT is placed, and execute DDSCAT invoking

ddscat.exe

*Intel® for some reason now refers to this as “Intel® Visual Fortran Composer XE 2013”.
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7.2 Compilation using MINGW

The executable file discussed in “native executable” section was compiled using “gfortran” in the MINGW
environment (http://www.mingw.org/). Microsoft® Windows users may choose to recompile code using
MINGW. MINGW and MSYS provide several tools crucial for compilation of DDSCAT to a native win-
dows executable. MinGW ("Minimalist GNU for Windows") is a minimalist development environment
for native Microsoft® Windows applications. It provides a complete Open Source programming tool set
which is suitable for the development of native MS-Windows applications, and which do not depend on
any 3rd-party libraries.

MSYS ("Minimal SYStem"), is a Bourne Shell command line interpreter system. Offered as an
alternative to Window’s cmd.exe, this provides a general purpose command line environment, which
is particularly suited to use with MinGW, for porting applications to the MS-Windows platform. We
suggest using the installer mingw-get—-inst (for example mingw-get—-inst-20111118.exe)
which is a simple Graphical User Interface installer that installs MinGW and MSYS. During the GUI
phase of the installation select the default options, but from the following list you need to select Fortran
Compiler, MSYS Basic System and MinGW Developer ToolKit:

1. MinGW Compiler Suite C Compiler optional
2. C++ Compiler

3. optional Fortran Compiler

4. optional ObjC Compiler

5. optional MSYS Basic System

6. optional MinGW Developer Toolkit

You will have to add PATH to bin directories as described in the MINGW.

Once you have MINGW and MSYS installed, in “all programs” there is now the MinGW program
“MinGW shell”. Once you open this shell one can now compile Fortran code using “gfortran”. The
“make” and “tar” utilities are available. The command “pwd” shows which directory corresponds to the
initial “MinGW” shell. For example it can be “/home/Piotr” which corresponds to windows directory
“c:\mingw\msys\1.0\home\piotr”.

You now need to copy ddscat.tar files and untar them. To make a native executable, edit “Makefile”
so that the “LFLAGS” string is defined to be

LFLAGS=-static-libgcc -static-libgfortran

and then execute “make all”. The resulting ddscat . exe doesn’t require any non-windows libraries.
This can be checked with the

objdump -x ddscat.exe | grep “DLL”
command.

7.3 Compilation using CYGWIN

Another option is provided by “CYGWIN”, an easily installable UNIX-like emulation package. It is
available from http://www.cygwin.com/ . It installs authomatically. However, during installation one has
to specify installation of several packages incuding the f95 compiler gfortran, the make utility, the tar
utility, and nano. Once installed, you will be able to open the CYGWIN shell and make DDSCAT using
the standard Linux commands as discussed in this manual (see §6).

7.4 UBUNTU and Virtualbox

By far the most comprehensive solution to running DDSCAT on windows is to install UBUNTU Linux
under Oracle Virtualbox. First install Oracle Virtualbox (from https://www.virtualbox.org/) and then
install UBUNTU Linux (from http://www.ubuntu.com/). You will be able to run a full LINUX environ-
ment on your Windows computer You can add (using “synaptic file manager”) gfortran and many other
packages including graphics. Once a f90 or {95 compiler has been installed, you can compile DDSCAT
as described in §6]
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7.5 Compilation in Windows

In addition to public domain options (gfortran) for compilation of DDSCAT 7.3 of under Linux envi-
ronments running under Windows, we have also tested direct Windows compilation of DDSCAT with
Intel® Fortran Composer XE2013 (in the USA Educational price was $399). We used the “command
prompt” option (IFORT) to compile the code. We were able to compile the code with the standard Make-
file provided in the DDSCAT distribution. We were able to compile the code with OpenMP and MKL
options as well.

For the MKL option using IFORT one has to specify links to libraries using interface defined at
http://software.intel.com/sites/products/mkl/ For example, the appropriate line in the Makefile may need
to look like

LFLAGS = mkl_intel_c_dll.lib mkl_sequential_dll.lib mkl_core_dll.lib
Subroutine mkl_dfti.f90 is available with INTEL fortran in the subdirectory program files (x86)/intel/composer
xe/mkl/include/mkl_dfti.f90

8 A Sample Calculation: RCTGLPRSM

When the tarfile is unpacked, it will create four directories: src, doc, diel, and examples_exp.
The examples_exp directory has a number of subdirectories, each with files for a sample calculation.
Here we focus on the files in the subdirectory RCTGLPRSM. To follow this, go to the DDA directory (the
directory in which you unpacked the tarfile) and

cd examples_exp
to enter the examples_exp directory, and

cd RCTGLPRSM
to enter the RCTGLPRSM directory.

9 The Parameter File ddscat .par

It is assumed that you are positioned in the examples_exp/RCTGLPRSM. directory, as per §8 The
file ddscat . par (see also Appendix [A) provides parameters to the program ddscat: for example,
examples_exp/RCTGLPRSM/ddscat .par :

! ========= Parameter file for v7.3 ’

"xx%% Preliminaries x*x*x'

"NOTORQ’ = CMDTRQ#*6 (NOTORQ, DOTORQ) -- either do or skip torque calculations
"PBCGS2’ = CMDSOLx6 (PBCGS2, PBCGST, GPBICG, PETRKP, QOMRCCG) -- CCG method
"GPFAFT’ = CMDFFT*6 (GPFAFT, FFTMKL) -- FFT method

" GKDLDR’ = CALPHA%6 (GKDLDR, LATTDR, FLTRCD) -- DDA method

"NOTBIN’ = CBINFLAG (NOTBIN, ORIBIN, ALLBIN) -- specify binary output

"x%xxx Initial Memory Allocation *sxx*’

100 100 100 = dimensioning allowance for target generation

" x%xx Target Geometry and Composition *xxx'
"RCTGLPRSM’ = CSHAPEx9 shape directive

16 32 32 = shape parameters 1 - 3
1 = NCOMP = number of dielectric materials
’../diel/Au_evap’ = file with refractive index 1

"+%%+ Additional Nearfield calculation? #*x*x*’'

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)

0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc. vol. in -x,+x,-y,+y,~-z,+2z)
"xxx*% Error Tolerance *xxx'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/ (NORM OF AC|E>)
"xx%% maximum number of iterations allowed x**x’

300 = MXITER

"xxx% Interaction cutoff parameter for PBC calculations xxx*x’

1.00e-2 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)

"xx%* Angular resolution for calculation of <cos>, etc. x*x*x'

0.5 = ETASCA (number of angles is proportional to [ (3+x)/ETASCA]"2 )

" xx%% Vacuum wavelengths (micron) **xx’

0.5000 0.5000 1 "LIN’ = wavelengths (first, last,how many,how=LIN, INV, LOG)
"xxxx Refractive index of ambient medium’
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1.000 = NAMBIENT

’%%%% Effective Radii (micron) xxxx '

0.246186 0.246186 1 "LIN’ = aeff (first,last,how many,how=LIN, INV, LOG)
"xxx+% Define Incident Polarizations xxxx*’

(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)

2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)
"xxx% Specify which output files to write xxxx’'

1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.
"xxx% Prescribe Target Rotations *xxx’

0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)

0. 0. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"xxx*x Specify first IWAV, IRAD, IORI (normally O O 0) xx*x*’

0 0 0 = first IWAV, first IRAD, first IORI (0 0 O to begin fresh)

"x%xxx Select Elements of S_ij Matrix to Print xxxx’

6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices ij of elements to print

"xxx*x Specify Scattered Directions #xxx’

’LFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)
2 = NPLANES = number of scattering planes
0. 0. 180. 5 = phi, thetan_min, thetan_max, dtheta (in deg) for plane 1

90. 0. 180. 5 = phi, thetan_min, thetan_max, dtheta (in deg) for plane 2

Here we discuss the general structure of ddscat . par (see also Appendix [A).

9.1 Preliminaries

ddscat . par starts by setting the values of five strings:
o CMDTRAQ specifying whether or not radiative torques are to be calculated (e.g., NOTORQ)
e CMDSOL specifying the CCG method (e.g., PBCGS2) (see section §12).
e CMDFFT specifying the FFT method (e.g., GPFAFT) (see section §I3).
CALPHA specifying the DDA method (e.g., GKDLDR or FLTRCD) (see §T4).
CBINFLAG specifying whether to write out binary files (e.g., NOTBIN)

9.2 Initial Memory Allocation

Three integers

MXNX MXNY MXNZ
are given that need to be equal to or larger than the anticipated target size (in lattice units) in the X,
yrr, and z7p directions. This is required only for initial memory allocation for the target-generation
stage of the calculation. For example,

100 100 100
would require initial memory allocation of only ~ 100 MBytes. Note that after the target geometry has
been determined, DDSCAT 7.3 will proceed to reallocate as much memory as is actually required for
the calculation.

9.3 Target Geometry and Composition
o CSHAPE specifies the target geometry (e.g., RCTGLPRSM)

As provided, the file ddscat . par is set up to calculate scattering by a 32x 64 x 64 rectangular array of
131072 dipoles.

The user must specify NCOMP, the number of different compositions (i.e., dielectric functions) that
will be used. This is then followed by NCOMP lines, with each line giving the name (in quotes) of a
dielectric function file. In our example, NCOMP is set to 1. The dielectric function of the target material
is provided in the file . . /diel/Au_evap, which gives the refractive index of evaporated Au over a
range of wavelengths. The file Au_evap is located in subdirectory examples_exp/diel .
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9.4 Additional Nearfield Calculation?

The user set NRFLD = 0 or 1 to indicate whether the first DDSCAT calculation (solving for the target
polarization, and absorption and scattering cross sections) should automatically be followed by a second
“nearfield” calculation to evaluate the electric field E throughout a rectangular volume containing the
original target.

e If NRFLD =0, the nearfield calculation will not be done.
The next line in ddscat . par will be read but not used.

e If NRFLD =1, nearfield E will be calculated and stored.
e If NRFLD =2, nearfield E and B will be calculated and stored.

The next line in ddscat . par then specifies 6 non-negative numbers, 1, 2, '3, 7'4, 5, ' Specifying the
increase in size of the nearfield computational volume relative to the circumscribing rectangular volume
used for the original solution. If the original volume is X; <2 < X5, Y] <y <Ys, Z; < 2z < Zy, then
the nearfield calculation will be done in a volume (X; — r1L,) < x < (Xo + 1r2Ly), (Y1 — r3L,) <
y < Yo+ r14Ly), (Z1 —1sL,) < z < (Zy + 16L;), where L, = (X9 — X3), L, = (Yo — Y1),
Lz = (Z2 — Zl)

9.5 Error Tolerance

TOL = the error tolerance. Conjugate gradient iteration will proceed until the linear equations are solved
to a fractional error TOL. The sample calculation has TOL=1075.

9.6 Maximum Number of Iterations

MXITER = maximum number of complex-conjugate-gradient iterations allowed. As there are 3N equa-
tions to solve, MXITER should never be larger than 3N, but in practice should be much smaller. As
a default we suggest setting MXITER=100, but for some problems that converge very slowly you may
need to use a larger value of MXITER.

9.7 Interaction Cutoff Parameter for PBC Calculations

GAMMA = parameter limiting certain summations that are required for periodic targets (Draine & Flatau
2008, see). The value of GAMMA has no effect on computations for finite targets — it can be set to any
value, including 0).

For targets that are periodic in 1 or 2 dimensions, GAMMA needs to be small for high accuracy, but
the required cpu time increases as GAMMA becomes smaller. GAMMA = 1072 is reasonable for initial
calculations, but you may want to experiment to see if the results you are interested in are sensitive to
the value of GAMMA. Draine & Flatau| (2008) show examples of how computed results for scattering can
depend on the value of ~.

9.8 Angular Resolution for Computation of (cos ), etc.

The parameter ETASCA determines the selection of scattering angles used for computation of certain
angular averages, such as (cos®) and (cos? #), and the radiation pressure force (see and radia-
tive torque (if CMDTRQ=DOTORQ). Small values of ETASCA result in increased accuracy but also cost
additional computation time. ETASCA=0.5 generally gives accurate results.

If accurate computation of (cos ) or the radiation pressure force is not required, the user can set
ETASCA to some large number, e.g. 10, to minimize unnecessary computation.

9.9 Vacuum Wavelengths

Wavelengths A (in vacuo) are specified in one line in ddscat . par consisting of values for 4 variables:
WAVINI WAVEND NWAV CDIVID
where WAVINI and WAVEND are real numbers, NWAV is an integer, and CDIVID is a character variable.
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IfCDIVID = ’LIN’,the A will be uniformly spaced beween WAVINI and WAVEND.
e IfCDIVID = ’INV',the A\ will be uniformly spaced in 1/)\ between WAVINI and WAVEND
e IfCDIVID = ’LOG’,the A will be uniformly spaced in log()\) between WAVINT and WAVEND

e I[fCDIVID = ’TAB’, the A will be read from a user-supplied file wave . tab, with one wave-
length per line. For this case, the values of WAVINI, WAVEND, and NWAV will be disregarded.
Here is an example of what the line in ddscat . par might look like:

0 0 O 'TAB'
and here is what the file wave . t ab might contain:
wavelengths for calculation (header line that will be skipped)
0.4405
0.5470
0.6492

The sample ddscat . par file specifies that the calculations be done for a single wavelength (A = 0.50).
The units must be the same as the wavelength units used in the file specifying the refractive index.
In this case, we are using pm.

9.10 Refractive Index of Ambient Medium, 7,,cqium

In some cases the target of interest will be immersed in a transparent medium (e.g., water) with a re-
fractive index different from vacuum. The refractive index meqium Should be specified here. As the
medium is assumed to be transparent, Mmeqium 18 a real number. DDSCAT will calculate the scatter-
ing properties for the target immersed in the ambient medium. If the target is located in a vaccum, set
Mmedium = 1.

9.11 Target Size a.g

Note that in DDSCAT the “effective radius” a.g is the radius of a sphere of equal volume —i.e., a sphere
of volume Nd? , where d is the lattice spacing and N is the number of occupied (i.e., non-vacuum) lattice
sites in the target. Thus the effective radius acg = (3N/47)'/3d . Our target should have a thickness
a = 0.5um in the X g direction. If the rectangular solidis a X b X ¢, witha : b : ¢ :: 32 : 64 : 64, then
V = abc = 4a®. Thus acq = (3V/47)Y/? = (3/7)*/3a = 0.49237um.

The target sizes aeg to be studied are specified on one line of ddscat . par consisting of 4 variables:

AEFFINI AEFFEND NRAD CDIVID

where AEFFINI and AEFFEND are real numbers, NRAD is an integer, and CDIVID is a character
variable.

e [fCDIVID = ’LIN’,the aes will be uniformly spaced beween AEFFINI and AEFFEND.

IfCDIVID = ’ INV',the aeqr will be uniformly spaced in 1/a.s between AEFFINT and AEFFEND

If CDIVID = ’"LOG’, the aeg will be uniformly spaced in log(aes) between AEFFINI and
AEFFEND

IfCDIVID = ’TAB’, the acs Will be read from a user-supplied file ae £ £ . t ab, with one value
of acg per line, beginning on line 2. For this case, the values of AEFFINI, AEFFEND, and NRAD
will be disregarded (DDSCAT will read and use all the values of a.g in the table, beginning on
line 2).

The sample ddscat . par file specifies that the calculations be done for a single aeg = 0.49237um.
The target is a rectangular solid with aspect ratio 1:2:2. The thickness in the x direction is (7/3)"/3acq =
0.500pm.

9.12 Incident Polarization

The incident radiation is always assumed to propagate along the Xrp axis — the z-axis in the “Lab
Frame”. The sample ddscat . par file specifies incident polarization state &y; to be along the y1.r axis
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(and consequently polarization state €y, will automatically be taken to be along the zy r axis). TORTH=2
in ddscat .par calls for calculations to be carried out for both incident polarization states (&p; and

€02 — see §24).

9.13 Target Orientation

The target is assumed to have two vectors a; and as embedded in it; &, is perpendicular to a;. For the
present target shape RCTGLPRSM, the vector a; is along the X axis of the target, and the vector a5 is
along the yrr axis (see §21.20). The target orientation in the Lab Frame is set by three angles: 3, ©, and
®, defined and discussed below in Briefly, the polar angles © and ® specify the direction of &4; in
the Lab Frame. The target is assumed to be rotated around &; by an angle 8. The sample ddscat .par
file specifies 5 = 0 and ® = O (see lines in ddscat . par specifying variables BETA and PHT), and
calls for three values of the angle © (see line in ddscat . par specifying variable THETA). DDSCAT

chooses © values uniformly spaced in cos ©. In this case we specify 0 0 1 : we obtain only one value:
©=0.0l

9.14 Starting Values of TWAV, TRAD, TORT

Normally we begin the calculation with IWAVE=0, IRAD=0, and TORI=0. However, under some cir-
cumstances, a prior calculation may have completed some of the cases. If so, the user can specify starting
values of TWAV, TRAD, IORT; the computations will begin with this case, and continue.

9.15 Which Mueller Matrix Elements?

The sample parameter file specifies that DDSCAT should calculate 6 distinct Mueller scattering matrix
elements S;;, with 11, 12, 21, 22, 31, 41 being the chosen values of ij.

9.16 What Scattering Directions?
9.16.1 Isolated Finite Targets

For finite targets, the user may specify the scattering directions in either the Lab Frame (* LFRAME’ ) or
the Target Frame ( TFRAME " ).

For finite targets, such as specified in this sample ddscat .par, the S;; are to be calculated for
scattering directions specified by angles (6, ¢).

The sample ddscat . par specifies that 2 scattering planes are to be specified: the first has ¢ = 0
and the second has ¢ = 90°; for each scattering plane € values run from 0 to 180° in increments of 10°.

9.16.2 1-D Periodic Targets

For periodic targets, the scattering directions must be specified in the Target Frame: ' TFRAME’ =
CMDFRM .

Scattering from 1-d periodic targets is discussed in detail by Draine & Flatau| (2008). For periodic
targets, the user does not specify scattering planes. For 1-dimensional targets, the user specifies scattering
cones, corresponding to different scattering orders M. For each scattering cone M, the user specifies
Cmin»> Cmax»> AC (in degrees); the azimuthal angle ¢ will run from iy t0 (praz, in increments of A¢. For
example:

"TFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)
1 = number of scattering cones
0. 0. 180. 0.05 = OrderM zetamin zetamax dzeta for scattering cone 1

SHad we specified 0 90 3 we would have obtained three values of © between 0 and 90°, unformly-spaced in cos #: © = 0, 60°,
and 90°.
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9.16.3 2-D Periodic Targets

For targets that are periodic in 2 dimensions, the scattering directions must be specified in the Target
Frame: ' TFRAME’ = CMDFRM.

Scattering from targets that are periodic in 2 dimensions is discussed in detail by |Draine & Flatau
(2008). For 2-D periodic targets, the user specifies the diffraction orders (M, N) for transmitted radi-
ation: the code will automatically calculate the scattering matrix elements Si(;d) (M, N) for both trans-
mitted and reflected radiation for each (M, V) specified by the user. For example:

"TFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)
1 = number of scattering orders
0. 0. = OrderM OrderN for scattered radiation

10 Running DDSCAT 7.3 Using the Sample ddscat .par File

It is again assumed that you are in directory . . /DDA/examples_exp/RCTGLPRSM, as per §§ The
ddscat executable (created as per the instructions in §6) is assumed to be . . /DDA/src/ddscat

10.1 Single-Process Execution

To execute the program on a UNIX system (running either sh or csh), simply create a symbolic link by
typing

In -s ../../src/ddscat ddscat
or you could simply move the previously-created executable into the current directory (assumed to be
./DDA/examples_exp/RCTGLPRSM/) by typing

mv ../../src/ddscat ddscat
Then, to perform the calculation, type

ddscat >& ddscat.out &
which will redirect the “standard output” to the file ddscat . out, and run the calculation in the back-
ground.

The sample calculation [32x64x64=131072 dipole target, 3 target orientations, two incident polar-
izations for each orientation, with scattering (Mueller matrix elements .S;;) calculated for 37 distinct
scattering directions], requires 672 cpu sec to complete on a 2.53 GHz cpu. for the assumed Au compo-
sition, between 28 and 32 iterations were required for the complex conjugate gradient solver to converge
to the specified error tolerance of TOL = 1.e-5 for each orientation and incident polarization.

10.2 Code Execution Under MPI

Local installations of MPT will vary — you should consult with someone familiar with way MPT is in-
stalled and used on your system.

At Princeton University Dept. of Astrophysical Sciences we use PBS (Portable Batch Systemf] to
schedule jobs[] MPI jobs are submitted using PBS by first creating a shell script such as the following
example file pbs. submit:

#!/bin/bash

#PBS -1 nodes=2:ppn=1

#PBS -1 mem=1200MB,pmem=300MB
#PBS -m bea

#PBS -j oe

cd $PBS_O_WORKDIR

*http://www.openpbs.org
7As of this writing (2013.05), this information on batch scheduling is several years old. It may have been superseded by new
practices since we last checked.
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/usr/local/bin/mpiexec ddscat

The lines beginning with #PBS -1 specify the required resources:

#PBS -1 nodes=2:ppn=1 specifies that 2 nodes are to be used, with 1 processor per node.

#PBS -1 mem=1200MB, pmem=300MB specifies that the total memory required (mem) is 1200MB,
and the maximum physical memory used by any single process (pmem) is 300MB. The actual definition
of mem is not clear, but in practice it seems that it should be set equal to 2x (nodes)x (ppn) X (pmemn) .
#PBS -m bea specifies that PBS should send email when the job begins (b), and when it ends (e) or
aborts (a).

#PBS -3 oe specifies that the output from stdout and stderr will be merged, intermixed, as stdout.
This example assumes that the executable ddscat is located in the same directory where the code is to
execute and write its output. If ddscat is located in another directory, simply give the full pathname.
to it. The gsub command is used to submit the PBS job:

gsub pbs.submit

As the calculation proceeds, the usual output files will be written to this directory: for each wave-
length, target size, and target orientation, there will be a file waaarbbbkccc . sca, where aaa=000, 001,
002, ... specifies the wavelength, bbb=000, 001, 002, ... specifies the target size, and cc=000, 001, 002, ...
specifies the orientation. For each wavelength and target size there will also be a file waaarbbbori . avg
with orientationally-averaged quantities. Finally, there will also be tables gt able, and gtable?2 with
orientationally-averaged cross sections for each wavelength and target size.

In addition, each processor employed will write to its own log file ddscat.log_nnn, where
nnn=000, 001, 002, .... These files contain information concerning cpu time consumed by different
parts of the calculation, convergence to the specified error tolerance, etc. If you are uncertain about how
the calculation proceeded, examination of these log files is recommended.

11 Output Files

11.1  ASCII files

If you run DDSCAT using the command
ddscat >& ddscat.log &
you will have various types of ASCII files when the computation is complete:

e afile ddscat.log;
e afilemtable;

afile gtable;
afile gtable?2;

files wxxxryyyori.avg (one, w000r000ori . avg, for the sample calculation);

e if ddscat .par specified IWNRKSC=1, there will also be files wxxxryyykzzz. sca (1 for the sam-
ple calculation: wO00r000k000. scalcl, w000r000k001.sca, w000r000k002.sca).

The file ddscat . out will contain minimal information (it may in fact be empty).

The file ddscat .1log_000 will contain any error messages generated as well as a running report
on the progress of the calculation, including creation of the target dipole array. During the iterative
calculations, Qext. Qabs, and Qpna are printed after each iteration; you will be able to judge the degree
to which convergence has been achieved. Unless TIMEIT has been disabled, there will also be timing
information. If the MP I option is used to run the code on multiple cpus, there will be one file of the form
ddscat.log_nnn for each of the cpus, with nnn=000, 001, 002, . ...

The file mt able contains a summary of the dielectric constant used in the calculations.

The file gtable contains a summary of the orientationally-averaged values of Qoxt, Qabs> @scas
g(1) = (cos(8y)), (cos?(0s)), Quk, and Nyca. Here Qext» Qabs, and Qyc, are the extinction, absorption,
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and scattering cross sections divided by maZ;. Qux is the differential cross section for backscattering
(area per sr) divided by ﬂaiﬂ. Ngca 1s the number of scattering directions used for averaging over
scattering directions (to obtain {cos ), etc.) (see .

The file gtable2 contains a summary of the orientationally-averaged values of Qpha, Qpol, and
Qcpol. Here Qpn, is the “phase shift” cross section divided by wagﬂ (Draine||1988|, see definition in).
Qpol is the “polarization efficiency factor”, equal to the difference between Qcxt for the two orthogonal
polarization states. We define a “circular polarization efficiency factor” Qcpoi = Qpo1@pha, Since an
optically-thin medium with a small twist in the alignment direction will produce circular polarization in
initially unpolarized light in proportion to Qcpol.

For each wavelength and size, DDSCAT 7.3 produces a file with a name of the form
wxxxryyyori.avg, where index xxx (=000, 001, 002....) designates the wavelength and index yyy
(=000, 001, 002...) designates the “radius”; this file contains () values and scattering information aver-
aged over however many target orientations have been specified (see The file w000r000o0ri.avyg
produced by the sample calculation is provided below in Appendix B}

In addition, if ddscat .par has specified IWRKSC=1 (as for the sample calculation), DDSCAT
7.3 will generate files with names of the form wxxxryyykzzz.avg, where xxx and yyy are as before, and
index zzz enumerates the target orientationsﬂ These files contain @) values and scattering information
for each of the target orientations. The structure of each of these files is very similar to that of the
wxxxryyyori.avg files. Because these files may not be of particular interest, and take up disk space,
you may choose to set IWRKSC=0 in future work. However, it is suggested that you run the sample
calculation with TWRKSC=1.

The sample ddscat . par file specifies IWRKSC=1 and calls for use of 1 wavelength, 1 target size,
and averaging over 3 target orientations. Running DDSCAT 7.3 with the sample ddscat . par file will
therefore generate files w000r000k000.sca, w000r000k001.sca,and wO00r000k002. sca .
To understand the information contained in one of these files, please consult Appendix[C] which contains
an example of the file w000r000k000 . sca produced in the sample calculation.

11.2 Binary Option

It is possible to output an “unformatted” or “binary” file (dd.bin) with fairly complete information,
including header and data sections. This is accomplished by specifying either ALLBIN or ORIBIN in
ddscat.par.

Subroutine writebin.f90 provides an example of how this can be done. The “header” section
contains dimensioning and other variables which do not change with wavelength, particle geometry,
and target orientation. The header section contains data defining the particle shape, wavelengths, parti-
cle sizes, and target orientations. If ALLBIN has been specified, the “data” section contains, for each
orientation, Mueller matrix results for each scattering direction. The data output is limited to actual di-
mensions of arrays; e.g. nscat, 4, 4 elements of Muller matrix are written rather than mxscat, 4, 4.
This is an important consideration when writing postprocessing codes.

12 Choice of Iterative Algorithm

As discussed elsewhere (e.g., [Draine||1988; |Draine & Flatau||1994), the problem of electromagnetic
scattering of an incident wave E;;,. by an array of NV point dipoles can be cast in the form

AP =E (18)

where E is a 3N-dimensional (complex) vector of the incident electric field Ey,,. at the IV lattice sites,
P is a 3N-dimensional (complex) vector of the (unknown) dipole polarizations, and A is a 3N x 3N
complex matrix.

8The number of digits in zzz is normally set to 3, sufficient for up to 1000 different orientations. If you work with more than
1000 orientations, the number of digits in the zzz identifier will automatically be increased.
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Because 3N is a large number, direct methods for solving this system of equations for the unknown
vector P are impractical, but iterative methods are useful: we begin with a guess (typically, P = 0) for
the unknown polarization vector, and then iteratively improve the estimate for P until equation (I8) is
solved to some error criterion. The error tolerance may be specified as

|ATAP — ATE|

h 19
am < (19)

where AT is the Hermitian conjugate of A [(AT);; = (A;;)*], and h is the error tolerance. We typically
use h = 107? in order to satisfy eq. to high accuracy. The error tolerance h can be specified by the
user through the parameter TOL in the parameter file ddscat . par (see Appendix [A).

A major change in going from DDSCAT.4b to 5a (and subsequent versions) was the implementation
of several different algorithms for iterative solution of the system of complex linear equations. DDSCAT
7.3 is now structured to permit solution algorithms to be treated in a fairly “modular” fashion, facilitating
the testing of different algorithms. A number of algorithms were compared by [Flatau (1997ﬂ; two of
them (PBCGST and PETRKP) performed well and were made available to the user in the DDSCAT 6.0
release. DDSCAT 7.1 introduced a third option, PBCGS2. DDSCAT 7.2 and DDSCAT 7.3 include two
more CCG options: GPBICG and QMRCCG. The choice of algorithm is made by specifying one of the
options (here in alphabetical order):

e GPBICG — Generalized Product-type methods based on Bi-CG [Zhang| (1997). We use an imple-
mentation suggested by [Tang et al.|(2004), and coded by P.C. Chaumet and A. Rahmani (Chaumet
& Rahmanil[2009). We are grateful to P.C. Chaumet and A. Rahmani for making their code avail-
able.

e PBCGS2 — BiConjugate Gradient with Stabilization as implemented in the routine ZBCG2 by
M.A. Botchev, University of Twente. This is based on the PhD thesis of D.R. Fokkema, and on
work by [Sleijpen & van der Vorst| (1995, |1996)).

e PBCGST — Preconditioned BiConjugate Gradient with STabilitization method from the Parallel
Iterative Methods (PIM) package created by R. Dias da Cunha and T. Hopkins.

e PETRKP — the complex conjugate gradient algorithm of Petravic & Kuo-Petravic|(1979), as coded
in the Complex Conjugate Gradient package (CCGPACK) created by P.J. Flatau. This is the algo-
rithm discussed by [Draine| (1988)) and used in the earliest versions of DDSCAT.

e OMRCCG — the quasi-minimum-residual complex conjugate gradient algorithm, based on f77 code
written by P.C. Chaumet and A. Rahmani, converted here to f90 and adapted to single/double
precision.

All five methods work fairly well. Our experience suggests that PBCGS2 is generally fastest and best-
behaved, and we recommend that the user try it first. There have been claims that QMRCCG and/or
GPBICG are faster, but this has not been our experience. PETRKP is slow but may prove stable on
some problems where more aggressive algorithms become unstable. We have not carried out systematic
studies of the relative performance of the different algorithms — the user is encouraged to experiment.

If a fast algorithm the case it runs into numerical difficulties, PBCGST and PETRKP are available as
alternatives[[)

¥ A postscript copy of this report — file cg. ps — is distributed with the DDSCAT 7.3 documentation.

10 The Parallel Iterative Methods (PIM) by Rudnei Dias da Cunha (rdd@ukc.ac.uk) and Tim Hopkins (trh@ukc.ac.uk)
is a collection of Fortran 77 routines designed to solve systems of linear equations on parallel and scalar computers using a variety
of iterative methods (available at
http://chasqueweb.ufrgs.br/ rudnei.cunha/pim.html). PIM offers a number of iterative methods, including

e the stabilised version of Bi-Conjugate-Gradients, BICGSTAB (Van der Vorst|1992),

o the restarted version of BICGSTAB, RBICGSTAB [Sleijpen & Fokkemal(1993)
The source code for these methods is distributed with DDSCAT but only PBCGST and PETRKP can be called directly via
ddscat.par. It is possible to add other options by changing the code in getfml.£90 . [Flatau| (1997) has compared
the convergence rates of a number of different methods. A helpful introduction to conjugate gradient methods is provided

by the report “Conjugate Gradient Method Without Agonizing Pain" by Jonathan R. Shewchuk, available as a postscript file:
ftp://REPORTS.ADM.CS.CMU.EDU/usr0/anon/1994/CMU-CS-94-125.ps.
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13 Choice of FFT Algorithm

DDSCAT 7.3 offers two FFT options: (1) the GPFA FFT algorithm developed by Dr. Clive Temperton
(Temperton||1992), E] and (2) the Inte]l® MKL routine DFTT.

T T T T T 1
cpu time for NxNxN FFT

[2.0 GHz Xeon, pgf77]

10 =

cpu time (sec)

e
—

0.01

| | | | T I
30 50 70 100 150 200

N B. T.Draine 2003.09.01

Figure 5: Comparison of cpu time required by 3 different FFT implementations. It is seen that the GPFA and FFTW implemen-
tations have comparable speeds, much faster than Brenner’s FFT implementation.

The GPFA routine is portable and quite fast: Figure 5 compares the speed of three FFT implemen-
tations: Brenner’s, GPFA, and FFTW (http://www.fftw.org). We see that while for some cases
FFTW 2.1.5 is faster than the GPFA algorithm, the difference is only marginal. The FFTW code and
GPFA code are quite comparable in performance — for some cases the GPFA code is faster, for other
cases the FFTW code is faster. For target dimensions which are factorizable as 2¢375" (for integer i,
j, k), the GPFA and FFTW codes have the same memory requirements. For targets with extents V.,
Ny, N, which are not factorizable as 2i375% the GPFA code needs to “extend” the computational vol-
ume to have values of N, N, and N, which are factorizable by 2, 3, and 5. For these cases, GPFA
requires somewhat more memory than FFTW. However, the fractional difference in required memory is
not large, since integers factorizable as 2°375* occur fairly frequentlyE] [Note: This “extension” of the
target volume occurs automatically and is transparent to the user.]

'The GPFA code contains a parameter LVR which is set in data statements in the routines gpfa2f, gpfa3f, and gpfa5£.
LVR is supposed to be optimized to correspond to the “length of a vector register” on vector machines. As delivered, this parameter
is set to 64, which is supposed to be appropriate for Crays other than the C90. For the C90, 128 is supposed to be preferable (and
perhaps “preferable” should be read as “necessary” — there is some basis for fearing that results computed on a C90 with LVR other
than 128 run the risk of being incorrect!) The value of LVR is not critical for scalar machines, as long as it is fairly large. We found
little difference between LVR=64 and 128 on a Sparc 10/51, on an Ultrasparc 170, and on an Intel® Xeon cpu. You may wish to
experiment with different LVR values on your computer architecture. To change LVR, you need to edit gpfa . £90 and change the
three data statements where LVR is set.

122,3,4,5,6,8,9, 10, 12, 15, 16, 18, 20, 24, 25, 27, 30, 32, 36, 40, 45, 48, 50, 54, 60, 64, 72, 75, 80, 81, 90, 96, 100, 108, 120,
125, 128, 135, 144, 150, 160, 162, 180, 192, 200 216, 225, 240, 243, 250, 256, 270, 288, 300, 320, 324, 360, 375, 384, 400, 405,
432, 450, 480, 486, 500, 512, 540, 576, 600, 625, 640, 648, 675, 720, 729, 750, 768, 800, 810, 864, 900, 960, 972, 1000, 1024,
1080, 1125, 1152, 1200, 1215, 1250, 1280, 1296, 1350, 1440, 1458, 1500, 1536, 1600, 1620, 1728, 1800, 1875, 1920, 1944, 2000,
2025, 2048, 2160, 2187, 2250, 2304, 2400, 2430, 2500, 2560, 2592, 2700, 2880, 2916, 3000, 3072, 3125, 3200, 3240, 3375, 3456,
3600, 3645, 3750, 3840, 3888, 4000, 4050, 4096 are the integers < 4096 which are of the form 2¢375k,
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DDSCAT 7.3 offers a new FFT option: the Intel® Math Kernel Library DFTI. This is tuned for
optimum performance, and appears to offer real performance advantages on modern multi-core cpus.
With this now available, the FFTW option, which had been included in DDSCAT 6.1, has been removed
from DDSCAT 7.3.

The choice of FFT implementation is obtained by specifying one of:

e FETMKL to use the Intel® MKL routine DFTI (see §6.5). This is recommended, but requires
that the Intel® Math Kernel Library be installed on your system.

e GPFAFT to use the GPFA algorithm (Temperton||1992). This is not quite as fast as FFTMKL,
but is written in plain Fortran-90. It is a perfectly good alternative if the Intel® Math Kernel
Library is not available on your system.

14 Choice of DDA Method

14.1 Point Dipoles: Options LATTDR and GKDLDR

Earlier versions of DDSCAT (up to and including DDSCAT 7.2 treated the well-defined problem of
absorption and scattering by an array of polarizable points (Purcell & Pennypacker 1973 |Draine[1988};
Draine & Flatau|1994])), where the target is divided up into finite elements, each represented by a polariz-
able point. The problem is then fully characterized by the geometric distribution of the polarizable points,
the polarizability « of each point, and the incident electromagnetic wave. The polarizability « is chosen
according to some prescription. Earlier versions of DDSCAT offered as options the “Lattice Dispersion
Relation” prescription of |Draine & Goodman|(1993), and the modified Lattice Dispersion Relation pre-
scription of |Gutkowicz-Krusin & Draine| (2004). Option GKDLDR specifies that the polarizability be
prescribed by the “Lattice Dispersion Relation”, with the polarizability found by |Gutkowicz-Krusin &
Draine; (2004), who corrected a subtle error in the analysis of|Draine & Goodman|(1993). For |m|kd < 1,
the GKDLDR polarizability differs slightly from the LATTDR polarizability, but the differences in calcu-
lated scattering cross sections are relatively small, as can be seen from Figure[6] We recommend option
GKDLDR.

Users wishing to compare can invoke option LATTDR to specify that the “Lattice Dispersion Rela-
tion” of |Draine & Goodman| (1993) be employed to determine the dipole polarizabilities. This polariz-
ability also works well.

This approach works well provided the refractive index m of the target material is not too large.
However, when |m/| is large, both of these methods perform poorly.

14.2 Filtered Coupled Dipole: option FLTRCD

Piller & Martin|(1998)) proposed the “filtered coupled dipole” (FCD) method as an approach that would
work better for targets with large refractive indices. This method continues to represent a finite target
by an array of polarizable points, but with the electric field generated by each point differing from the
field of a true point dipole by virtue of having component of high spatial frequency “filtered out”. |Gay-
Balmaz & Martin| (2002) revisited the FCD method, correcting some typographical errors in [Piller &
Martin| (1998)). |Yurkin et al.| (2010) carried out a comparison of the FCD method with the point dipole
method and showed that the FCD method could be used for targets with large refractive indices where
the point dipole method failed.

DDSCAT 7.3 offers the filtered coupled dipole method as an option (FLTRDD). When this option is
selected, the dipole polarizabilities are assigned by

o(CM)
C 20
a] 1+D ) ( )
where (™) is the Clausius-Mossotti polarizability
3d® (m —
€M) = 7(;7) , (1)

4w (m3 +2)

<
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Figure 6: Scattering and absorption for a m = 1.7 + 0.1i sphere, calculated using two prescriptions for the polarizability:
LATTDR is the lattice dispersion relation result of |[Draine & Goodman| (1993). GKDLDR is the lattice dispersion relation result
of |Gutkowicz-Krusin & Draine|(2004). Results are shown as a function of scattering parameter x = 2ma/\; the upper scale gives
values of |m|kd. We see that the cross sections calculated with these two prescriptions are quite similar for |m|kd < 0.5. For other
examples see |Gutkowicz-Krusin & Draine|(2004).

where m; is the complex refractive index at lattice site j. The correction term D is given by

™y 2 Tr—kd 5 2.
D=—73 [S(kd) +37T1n[7r+kd] (kd)* + Zi(kd)*| (22)

(see|Yurkin et al.[2010} eq. 9). Here d is the lattice spacing, and k = w/c.

15 Dielectric Functions

In order to assign the appropriate dipole polarizabilities, DDSCAT 7.3 must be given the refractive index
m or dielectric constant e of the material (or materials) of which the target of interest is composed. This
information is supplied to DDSCAT 7.3 through a table (or tables), read by subroutine DIELEC in file
dielec.£90, and providing either the complex refractive index m = n + ik or complex dielectric
function € = €; + iey as a function of wavelength . Since m = €'/2, or € = m?, the user must supply
either m or e.

DDSCAT 7.3 can calculate scattering and absorption by targets with anisotropic dielectric functions,
with arbitrary orientation of the optical axes relative to the target shape. See §28]

The table containing the dielectric function information should give m or € as a function of the
wavelength in vacuo.

The table formatting is intended to be quite flexible. The first line of the table consists of text, up
to 80 characters of which will be read and included in the output to identify the choice of dielectric
function. (For the sample problem, it consists of simply the statement m = 1.33 + 0.011.) The
second line consists of 5 integers; either the second and third or the fourth and fifth should be zero.

e The first integer specifies which column the wavelength is stored in.
e The second integer specifies which column Re(m) is stored in.

e The third integer specifies which column Im(m) is stored in.
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e The fourth integer specifies which column Re(e) is stored in.
e The fifth integer specifies which column Im(¢) is stored in.

If the second and third integers are zeros, then DIELEC will read Re(e) and Im(e) from the file; if the
fourth and fifth integers are zeros, then Re(m) and Im(m) will be read from the file.

The third line of the file is used for column headers, and the data begins in line 4. There must be
at least 3 lines of data: even if m or € is required at only one wavelength, please supply two additional
“dummy” wavelength entries in the table so that the interpolation apparatus will not be confused.

As discussed in DDSCAT can scattering for targets embedded in dielectric media. The re-
fractive index of the ambient medium is specified by the value of NAMBIENT in the parameter file

ddscat .par (see §9.10).

Here is an example of a refractive index file for Au:

Gold, evaporated (Johnson & Christy 1972, PRB 6, 4370)

1 2300 = columns for wave, Re(n), Im(n), epsl, eps2
wave (um) Re (n) Im(n) epsl eps2
0.5486 0.43 2.455 -5.84 2.11
0.5209 0.62 2.081 -3.95 2.58
0.4959 1.04 1.833 -2.28 3.81
0.4714 1.31 1.849 -1.70 4.84
0.4509 1.38 1.914 -1.76 5.28
0.4305 1.45 1.948 -1.69 5.65
0.4133 1.46 1.958 -1.70 5.72
0.3974 1.47 1.952 -1.65 5.74
0.3815 1.46 1.933 -1.60 5.64
0.3679 1.48 1.895 -1.40 5.61
0.3542 1.50 1.866 -1.23 5.60
0.3425 1.48 1.871 -1.31 5.54
0.3315 1.48 1.883 -1.36 5.57
0.3204 1.54 1.898 -1.23 5.85
0.3107 1.53 1.893 -1.24 5.79
0.3009 1.53 1.889 -1.23 5.78

16 Calculation of (cos ¢), Radiative Force, and Radiation Torque

In addition to solving the scattering problem for a dipole array, DDSCAT can compute the three-
dimensional force F,q and torque I',,q exerted on this array by the incident and scattered radiation
fields. The radiation torque calculation is carried out, after solving the scattering problem, only if
DOTORQ has been specified in ddscat .par. For each incident polarization mode, the results are
given in terms of dimensionless efficiency vectors Qp, and Qr, defined by

Frad

r= 5 23
Qv TaZgUrad (23)
1 Y
Qr=—p | 24)
Ta2gUrad

where F,,q and T',,q are the time-averaged force and torque on the dipole array, & = 2m/) is the
wavenumber in vacuo, and u,,q = E3Z /87 is the time-averaged energy density for an incident plane
wave with amplitude Fy cos(wt + ¢). The radiation pressure efficiency vector can be written

Qpr = Qextf( - Qscag ) (25)

where k is the direction of propagation of the incident radiation, and the vector g is the mean direction
of propagation of the scattered radiation:

1 dCica(B, k) -
g= Csca/dQ 70 n (26)
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where df2 is the element of solid angle in scattering direction 1, and dCs.,/dS2 is the differential scatter-

34

ing cross section. The components of Qs g are reported (in files wrzrryyykzzz.sca and wrzrryyyori.avg)

in the Lab Frame: Qscagl = Qscag ! )A(LFs QscaQQ = Qscag ! yLF, QscaQB = Qscag : ZLF-
Similarly, the components of Qr are also given in the Lab Frame.

Equations for the evaluation of the radiative force and torque are derived by Draine & Weingartner
(1996). It is important to note that evaluation of Qs.,g and Qr involves averaging over scattering
directions to evaluate the linear and angular momentum transport by the scattered wave. This evaluation
requires appropriate choices of the parameter ETASCA — see §25]

In addition, DDSCAT calculates (cos §) [the first component of the vector g in eq. ] and the
second moment (cos? #). These two moments are useful measures of the anisotropy of the scattering.
For example, Draine| (2003) gives an analytic approximation to the scattering phase function of dust
mixtures that is parameterized by the two moments (cos #) and (cos? 6).

17 Memory Requirements

The memory requirements are determined by the size of the “computational volume” — this is a rectan-
gular region, of size NXXNY xNZ that is large enough to contain the target. If using the GPFAF T option,
then NX, NY, NZ are also required to have only 2,3, and 5 as prime factors (see footnote @

In single precision, the memory requirement for DDSCAT 7.3 is approximately

(35. 4+ 0.0010 x NX x NY x NZ) Mbytes for single precision 27

(42 + 0.0020 x NX x NY x NZ) Mbytes for double precision (28)

Thus, in single precision, a 48 x48x48 calculation requires ~146 MBytes.

The memory is allocated dynamically — once the target has been created, DDSCAT 7.3 will deter-
mine just how much overall memory is needed, and will allocate it. However, the user must provide
information (via ddscat . par) to allow DDSCAT 7.3 to allocate sufficiently large arrays to carry out
the initial target creation. Initially, the only arrays that will be allocated are those related to the target
geometry, so it is OK to be quite generous in this initial allowance, as the memory required for the target
generation step is small compared to the memory required to carry out the full scattering calculation.

18 Target Geometry: The Target Frame

The geometry of the target is specified by the locations of the lattice sites where polarizable points
(“dipoles™) are located. The list of occupied sites will be generated internally by DDSCAT if the user
selects one of the “built-in” target geometries, but the user can also use the target option FROM_FILE
to read in the list of occupied site locations and composition information.

Every target is defined by a list of “occupied” lattice sites (¢, j, k)pn, n = 1,..., N. In the “Target
Frame” (TF), these sites have physical locations (x,y, 2), = [(i,4,k)n + (Zo, Y0, 20)] X d, where d
is the lattice constant (in physical units) and (zg, yo, 20) is a vector that gives the physical location
corresponding to (¢, j, k) = (0,0, 0). Thus, the vector xq specifies the physical location of the TF “lattice
coordinate” origin (0, 0, 0)1r. The vector xg is specified for each of the “built-in” target geometries. For
targets provided externally through the FROM_FILE option (see §21.1)), the “target file” must include
the three components of the vector xg.

19 Target Orientation

Recall that we define a “Lab Frame” (LF) in which the incident radiation propagates in the +x direction.
For purposes of discussion we will always let unit vectors Xr.r, YLF, ZLF = XLr X YLF be the three
coordinate axes of the LF.
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In ddscat .par one specifies the first polarization state €7 (which obviously must lie in the y, z
plane in the LF); DDSCAT automatically constructs a second polarization state €y = Xr,r X €3; orthog-
onal to &p;. Users will often find it convenient to let polarization vectors €y; = ¥, €92 = 2z (although
this is not mandatory — see §24).

/
<

N)

Lab Frame \ e

Figure 7: Target orientation in the Lab Frame. % = X is the direction of propagation of the incident radiation, and § = yLr
is the direction of the real component (at z,r = 0, t = 0) of the first incident polarization mode. In this coordinate system, the
orientation of target axis a; is specified by angles © and ®. With target axis a; fixed, the orientation of target axis a, is then
determined by angle 3 specifying rotation of the target around &;. When 8 = 0, a2 lies in the a1,Xrr plane.

Recall that definition of a target involves specifying two unit vectors, a; and a,, which are imagined
to be “frozen” into the target. We require a, to be orthogonal to a;. Therefore we may define a “Target
Frame" (TF) defined by the three unit vectors a;, as, and a3 = a; x as .

For example, when DDSCAT creates a 32x24x 16 rectangular solid, it fixes a; to be along the
longest dimension of the solid, and a5 to be along the next-longest dimension.

Important Note: for periodic targets, DDSCAT 7.3 requires that the periodic target have a; = XTp
and 52 = yTF-

Orientation of the target relative to the incident radiation can in principle be determined two ways:

1. specifying the direction of 4; and a5 in the LF, or
2. specifying the directions of Xy,r (incidence direction) and y 1, in the TF.

DDSCAT uses method 1.: the angles ©, ®, and [ are specified in the file ddscat . par. The target is
oriented such that the polar angles © and ® specify the direction of &, relative to the incident direction
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Xrr, wWhere the Xy p,y1r plane has & = 0. Once the direction of a; is specified, the angle 3 then
specifies how the target is to rotated around the axis a; to fully specify its orientation. A more extended
and precise explanation follows:

19.1 Orientation of the Target in the Lab Frame

DDSCAT uses three angles, ©, ®, and f3, to specify the directions of unit vectors a; and a, in the LF
(see Fig.[7).

O: O is the angle between a; and X .

®: When ® = 0, a; will lie in the Xy, Yy plane. When @ is nonzero, it will refer to the rotation of
a; around Xy p: e.g., ® = 90° puts a; in the Xyr, Z1F plane.

B: When 8 = 0, a, will lie in the X, &; plane, in such a way that when © = 0 and & = 0, a5 is in
the ypp direction: e.g, ©® = 90°, & = 0, 5 = 0 has &; = yrr and a3 = —Xpp. Nonzero /3 introduces
an additional rotation of a5 around a;: e.g., © = 90°, ® =0, 5 = 90° has &; = yrr and a3 = ZF.

Mathematically:

a; = XppcosO® + yrpsin© cos P + zyr sin O sin ¢ 29)
42 = —Xppsin® cosf + yrr[cos O cos B cos P — sin Fsin D)

+2zpr[cos O cos B sin  + sin [ cos P (30)

a3 = XppsinOsinf — ypr[cos O sin S cos P + cos B sin P
—Zpr[cos © sin fsin ® — cos [ cos D] 3D

or, equivalently:

XLp = Aa;cosO® —assin©®cos S+ agsin O sin g (32)

Yyur = Aa;sin® cos® + az[cos O cos S cos P — sin [ sin P]
—a3[cos O sin B cos D + cos 3 sin P (33)

Zrp = Aa;sin®©sin ® + as[cos O cos B sin @ + sin 4 cos P
—ag[cos O sin Fsin ® — cos 5 cos P (34)

For each target choice, the vectors &; and as in the TF are specified. The user then specifies the
desired angles ©, ®, and 3 specifying the orientation of the target relative to the LF (i.e., the incident
radiations). DDSCAT makes the necessary rotations (as per the code in rotate.£90). For those
interested in more detail, the procedure for accomplishing these rotations is discussed in Appendix [G]

19.2 Orientation of the Incident Beam in the Target Frame

Under some circumstances, one may wish to specify the target orientation such that X r (the direction
of propagation of the radiation) and yrr (usually the first polarization direction) and Zyr (= Xpp X
yLr) refer to certain directions in the TF. Given the definitions of the LF and TF above, this is simply
an exercise in coordinate transformation. For example, one might wish to have the incident radiation
propagating along the (1,1,1) direction in the TF (example 14 below). Here we provide some selected
examples:

l. Xpp = a1, yur =a2,2,rp =a3:0=0,2+ =0
XLF = a1, yLF = a3, 2L = —22: ©=0,9 + 3= -90°
)A(LF = ég, yLF = él, iLF = —é3 0= 900, 6 = 1800, =0
XLp = A2, yrLr = a3, Zrp = a; : © = 90°, 8 = 180°, & = 90°
XLF = a3, yLF = a1, 2Lr = a2: 0 =90°,3=90°,® =0
XLF = a3, yLF = A, ZLp = —&; : © = 90°, 8 = 90°, & = —90°

XLF = —A1, yLF = &g, ZLF = —a3: © = 180°, 3 — & = 180°

® NN A WD

)A(LF = —é.l, yLF = ég, ZLF = ég . @ = 1800, B —® =90°

36
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9. Xpp = —as, yLr=a1,2L,p =a3:0=90°,0=0,2=0

10. Xpp = —a9, yLr = a3, ZLp = —a1: © =90°,8=0,P = -90°

11. Xpp = —a3,yLFr = a1, ZLr = —a2: 0 =90°,8=-90°, =0

12. Xpp = —a3, yLr = a2, ZLr = a7 : © =90°, 6 = —90°, & = 90°

13. xr = (&1 + 42)/v/2, yur = &3, ZLr = (&1 — &2)/y/2: © = 45°, B = 180°, & = 90°

14. )A(LF = (fil —‘rég +é3)/\/3, yLF = (él — 52)/\/2, iLF = (él +é.2 — 253)/\/6 :
© = 54.7356°, 8 = 135°, & = 30°.

19.3 Sampling in ©, &, and

The present version, DDSCAT 7.3, chooses the angles 3, ©, and ® to sample the intervals (RETAMI , BETAMX),
(THETMI, THETMX), (PHIMIN, PHIMAX), where BETAMI, BETAMX, THETMI, THETMX, PHIMIN,
PHIMAX are specified in ddscat . par . The prescription for choosing the angles is to:

e uniformly sample in [3;
e uniformly sample in ®;
e uniformly sample in cos ©.

This prescription is appropriate for random orientation of the target, within the specified limits of 3, ®,
and ©.

Note that when DDSCAT 7.3 chooses angles it handles 8 and ® differently from ©. The range for 3
is divided into NBETA intervals, and the midpoint of each interval is taken. Thus, if you take BETAMI=0,
BETAMX=90, NBETA=2 you will get 3 = 22.5° and 67.5°. Similarly, if you take PHIMIN=0, PHIMAX=180,
NPHI=2 you will get & = 45° and 135°.

Sampling in © is done quite differently from sampling in 5 and ®. First, as already mentioned above,
DDSCAT 7.3 samples uniformly in cos ©, not ©. Secondly, the sampling depends on whether NTHETA
is even or odd.

o If NTHETA is odd, then the values of O selected include the extreme values THETMI and THETMX;
thus, THETMT=0, THETMX=90, NTHETA=3 will give you © = 0, 60°,90°.
e If NTHETA is even, then the range of cos © will be divided into NTHETA intervals, and the mid-

point of each interval will be taken; thus, THETMI=0, THETMX=90, NTHETA=2 will give you
© = 41.41° and 75.52° [cos © = 0.25 and 0.75].

The reason for this is that if odd NTHETA is specified, then the “integration” over cos © is performed
using Simpson’s rule for greater accuracy. If even NTHETA is specified, then the integration over cos ©
is performed by simply taking the average of the results for the different © values.

If averaging over orientations is desired, it is recommended that the user specify an odd value of
NTHETA so that Simpson’s rule will be employed.

20 Orientational Averaging

DDSCAT has been constructed to facilitate the computation of orientational averages. How to go about
this depends on the distribution of orientations which is applicable.

20.1 Randomly-Oriented Targets

For randomly-oriented targets, we wish to compute the orientational average of a quantity Q (3, ©, ®):

1 2m 1 2

Q) = —/ dﬁ/ dcos@/ d® Q(38,0,P) . (35)
872 Jo -1 0

To compute such averages, all you need to do is edit the file ddscat .par so that DDSCAT knows

what ranges of the angles 3, ©, and @ are of interest. For a randomly-oriented target with no symmetry,

you would need to let S run from 0 to 360°, © from 0 to 180°, and ® from 0 to 360°.
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For targets with symmetry, on the other hand, the ranges of 3, ©, and ® may be reduced. First
of all, remember that averaging over ® is relatively “inexpensive”, so when in doubt average over 0 to
360°; most of the computational “cost" is associated with the number of different values of (3,0) which
are used. Consider a cube, for example, with axis a; normal to one of the cube faces; for this cube 3
need run only from O to 90°, since the cube has fourfold symmetry for rotations around the axis a.
Furthermore, the angle © need run only from 0 to 90°, since the orientation (3,0,®) is indistinguishable
from (3, 180° — ©, 360° — ®).

For targets with symmetry, the user is encouraged to test the significance of 3,0,® on targets with
small numbers of dipoles (say, of the order of 100 or so) but having the desired symmetry.

20.2 Nonrandomly-Oriented Targets

Some special cases (where the target orientation distribution is uniform for rotations around the x axis =
direction of propagation of the incident radiation), one may be able to use DDSCAT 7.3 with appropriate
choices of input parameters. More generally, however, you will need to modify subroutine ORIENT to
generate a list of NBETA values of 8, NTHETA values of ©, and NPHI values of @, plus two weight-
ing arrays WGTA (1-NTHETA, 1-NPHI) and WGTB (1-NBETA) . Here WGTA gives the weights which
should be attached to each (©,®) orientation, and WGTB gives the weight to be attached to each 3 ori-
entation. Thus each orientation of the target is to be weighted by the factor WGTAXWGTB. For the case
of random orientations, DDSCAT chooses © values which are uniformly spaced in cos ©, and 8 and ®
values which are uniformly spaced, and therefore uses uniform weights
WGTB=1./NBETA

When NTHETA is even, DDSCAT sets
WGTA=1./(NTHETA><NPHI)

but when NTHETA is odd, DDSCAT uses Simpson’s rule when integrating over © and
WGTA= (1/3 or 4/3 or 2/3)/(NTHETAXNPHI)

Note that the program structure of DDSCAT may not be ideally suited for certain highly oriented
cases. If, for example, the orientation is such that for a given ® value only one © value is possible
(this situation might describe ice needles oriented with the long axis perpendicular to the vertical in the
Earth’s atmosphere, illuminated by the Sun at other than the zenith) then it is foolish to consider all the
combinations of © and ® which the present version of DDSCAT is set up to do. We hope to improve
this in a future version of DDSCAT.

21 Target Generation: Isolated Finite Targets

DDSCAT contains routines to generate dipole arrays representing finite targets of various geometries,
including spheres, ellipsoids, rectangular solids, cylinders, hexagonal prisms, tetrahedra, two touching
ellipsoids, and three touching ellipsoids. The target type is specified by variable CSHAPE on line 9 of
ddscat .par, up to 12 target shape parameters (SHPAR;, SHPARy, SHPARg, ...) on line 10. The
target geometry is most conveniently described in a coordinate system attached to the target which we
refer to as the “Target Frame” (TF), with orthonormal unit vectors X, yTF, ZTr = XTF X YTF. Once
the target is generated, the orientation of the target in the Lab Frame is accomplished as described in

S19)

Every target generation routine will specify

e The “occupied” lattice sites;

e The composition associated with each occupied lattice site;

e Two “target axes” a; and a5 that are used as references when specifying the target orientation; and
e The location of the Target Frame origin of coordinates.

Target geometries currently supported include:
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o FROM_FILE : isotropic target material(s), geometry read from file (

e ANIFRMFIL : anisotropic target material(s), geometry read from file (§21.2)

e ANIELLIPS : anisotropic ellipsoid (§21.3)

e ANI_ELL_2 : two touching anisotropic ellipsoids (single composition) (§21.4)
e ANI_ELL_3: three touching anisotropic ellipsoids (single composition) (§21.5))
e ANIRCTNGL : anisotropic brick (§21.6)

e CONELLIPS : two concentric ellipsoids (§21.7)

e CYLINDERTI : finite cylinder (§21.8)

e CYLNDRCAP : cylinder with hemispherical end-caps (§21.9)

e DSKRCTNGL : disk resting on a brick (§21.10)

e DWI1996TAR : 13-block target used by [Draine & Weingartner| (1996) (§21.11]))
e ELLIPSOID : ellipsoid (including spheroid and sphere) (§21.12)

e ELLIPSO_2 : two touching ellipsoids, different compositions allowed (§21.13))
e ELLIPSO_3: three touching ellipsoids, different compositions allowed (§21.14)
e HEX_PRISM : finite hexagonal prism (§21.13)

e LAYRDSLAB : multilayer rectangular slab (§21.16)

e MLTBLOCKS : collection of cubic blocks (§21.17)

e OCTHEDRON : regular octahedron (§21.18))

e ONIONSHEL : spherical onionlike structure, possibly shell-like (§21.19)

e RCTGLPRSM : rectangular prism (i.e., brick) (§21.20)

o RCTGLBLK?2 : stack of 2 rectangular blocks (§2?)

e RCTGLBLK3 : stack of 3 rectangular blocks (§21.22)

e SLAB_HOLE : rectangular slab with cylindrical hole (§21.23)

e SPHERES_N : collection of N spheres (§21.24)

e SPHROID_2 : two touching spheroids, different compositions allowed (§21.25)
e SPH_ANILN : collection of N anisotropic spheres (§21.26)

e TETRAHDRN : tetrahedron (§21.27)

e TRNGLPRSM : triangular prism (§21.28)

e UNIAXICYL : finite cylinder of uniaxial birefringent material (§21.29)

e UNIAXIHEX : finite hexagonal prism of unixaial birefringent material (§21.30)

Each is described below.

21.1 FROM_FILE = Target composed of possibly anisotropic material, defined
by list of dipole locations and “compositions’ obtained from a file

If anisotropic, the “microcrystals” in the target are assumed to be aligned with the principal axes of
the dielectric tensor parallel to X1w, yTr, and zZtgr. This option causes DDSCAT to read the target
geometry and composition information from a file shape.dat instead of automatically generating
one of the geometries for which DDSCAT has built-in target generation capability. The shape.dat
file is read by routine REASHP (file reashp.£90). The file shape.dat gives the number N of
dipoles in the target, the components of the “target axes” a; and as in the Target Frame (TF), the vector
x0(1 — 3) determining the correspondence between the integers IXYZ and actual coordinates in the TF,
and specifications for the location and “composition” of each dipole. The user can customize REASHP as
needed to conform to the manner in which the target description is stored in file shape . dat. However,
as supplied, REASHP expects the file shape . dat to have the following structure:
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e one line containing a description; the first 67 characters will be read and printed in various output
statements

e N = number of dipoles in target

® a1z A1y A1, = X,y,z components (in TF) of a;

® a2 Ay A2, = X,y,z components (in TF) of a

o d,/d d,/d d,/d=1. 1. 1. =relative spacing of dipoles in Xp, 7w, ZTr directions

® X0y Toy To, = TF coordinates xrp/d yrr/d 2zrr/d corresponding to lattice site IXYZ=000
o (line containing comments)

e dummy IXYZ (1,1) IXYZ(1,2) IXYZ(1,3) ICOMP(1,1) ICOMP(1,2) ICOMP (1,3)

e dummy IXYZ (2,1) IXYZ(2,2) IXYZ(2,3) ICOMP(2,1) ICOMP(2,2) ICOMP (2,3)

e dummy IXYZ (3,1) IXYZ(3,2) IXYZ(3,3) ICOMP(3,1) ICOMP(3,2) ICOMP (3,3)

e dummy IXYZ (J,1) IXYZ(J,2) IXYZ(J,3) ICOMP(J,1) ICOMP (J,2) ICOMP (J,3)
o ...
o dummy IXYZ (N, 1) IXYZ(N,2) IXYZ(N,3) ICOMP(N,1) ICOMP(N,2) ICOMP (N, 3)

where dummy is a number (integer or floating point)that might, for example, identify the dipole. This
number will not be used in any calculations.

If the target material at location J is isotropic, ICOMP (J, 1), ICOMP (J, 2), and ICOMP (J, 3) have
the same value.

—-—— demo file for target option FROM_FILE (homogeneous,isotropic target) --—-

8 = NAT

1.000 0.000 0.000 = target vector al (in TF)

0.000 1.000 0.000 = target vector a2 (in TF)

1. 1. 1. = d_x/d d_y/d d_z/d (normally 1 1 1)
0.5 0.5 0.5 = X0(1-3) = location in lattice of "target origin"
J JX JY JZ ICOMPX, ICOMPY, ICOMPZ

1 0 0 0 1 1

2 0 0 1 1 1 1

3 0 1 0 1 1 1

4 0 1 1 1 1 1

5 1 0 0 1 1 1

6 1 0 1 1 1 1

7 1 1 0 1 1 1

8 1 1 1 1 1 1

The above sample target consists of 8 dipoles arranged to represent a cube.

This example is homogeneous: All sites have composition 1

The target origin X0 is set to be at the center of the target

Note that ICOMPX,ICOMPY,ICOMPZ could differ, allowing treatment of anisotropic targets, provided
the dielectric tensor at each location is diagonal in the TF.

——— demo file for target option FROM_FILE (inhomogeneous, isotropic target) —--—-—

8 = NAT

1.000 0.000 0.000 = target vector al (in TF)

0.000 1.000 0.000 = target vector a2 (in TF)

1. 1. 1. = d x/d d_y/d d_z/d (normally 1 1 1)

0.5 0.5 0.5 = X0(1-3) = location in lattice of "target origin"
J JX JY JZ ICOMPX, ICOMPY, ICOMPZ

1 0 0 0 1 1 1

2 0 0 1 1 1 1

3 0 1 0 1 1 1

4 0 1 1 11 1
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This sample target consists of 8 dipoles arranged to represent a cube.

This example is inhomogeneous: The lower half of the cube (JX=0) has isotropic composition 1

The upper half of the cube (JX=1) has isotropic composition 2

The target origin X0 is set to be at the center of the target.

Note that ICOMPX, ICOMPY, ICOMPZ can be different, allowing treatment of anisotropic targets,
provided the dielectric tensor at each location is diagonal in the TF.

21.1.1 Sample calculation in directory examples_exp/FROM_FILE

Subdirectory examples_exp/FROM_FILE contains ddscat . par for calculation of scattering by a
0.5pm x 1pm x 1pum Au block, represented by a 32 x 64 x 64 = 131072 dipole array, as well as the
output files from the calculation. The target geometry is input via the file shape.dat.

This target has V' = 0.5um?, and acz = (3V/47)Y/3 = 0.49237um. The calculation is for an
incident wavelength A = 0.50um; the Au has refractive index m = 0.9656 + 1.8628:. The CCG method
used is PBCGS2; the two orthogonal polarization require 29 and 30 iterations, respectively, to converge
to the specified tolerance TOL = le-5. The computation used 165 MB of RAM, and required 208
cpu sec on a 2.53 GHz cpu.

N.B.: This is the same physical problem as the example in examples_exp/RCTGLPRSM (see
§21.20.1), differing only in that in the present calculation the target geometry is input through the file
shape.dat rather than generated by ddscat.

21.2 ANIFRMFIL = General anistropic target defined by list of dipole loca-
tions,‘‘compositions”’, and material orientations obtained from a file

This option causes DDSCAT to read the target geometry information from a file shape.dat instead
of automatically generating one of the geometries listed below. The file shape.dat gives the num-
ber N of dipoles in the target, the components of the “target axes” a; and a, in the Target Frame
(TF), the vector (1 — 3) determining the correspondence between the integers IXYZ and actual co-
ordinates in the TF, and specifications for the location and “composition” of each dipole. For each
dipole J, the file shape . dat provides the location IXYZ (.JJ, 1-3), the composition identifier integer
ICOMP (J, 1-3) specifying the dielectric function corresponding to the three principal axes of the di-
electric tensor, and angles Opr, Ppr, and Spp specifying the orientation of the local “Dielectric Frame”
(DF) relative to the “Target Frame” (TF) (see §28)). The DF is the reference frame in which the dielectric
tensor is diagonalized. The Target Frame is the reference frame in which we specify the dipole locations.

The shape.dat file is read by routine REASHP (file reashp.£90). The user can customize
REASHP as needed to conform to the manner in which the target geometry is stored in file shape . dat.
However, as supplied, REASHP expects the file shape . dat to have the following structure:

e one line containing a description; the first 67 characters will be read and printed in various output
statements.

e N = number of dipoles in target

® a1; A1y a1, = X,y,z components (in Target Frame) of a;

® a2 Ay A2 = X,y,z components (in Target Frame) of ap

o d,/d d,/d d,/d=1. 1. 1. =relative spacing of dipoles in Xr, 7w, ZTr directions

® X0y Toy To, = TF coordinates xrp/d yrr/d zrr/d corresponding to lattice site IXYZ=000
o (line containing comments)

o dummy IXYZ(1,1-3) ICOMP(1,1-3) THETADF (1) PHIDF (1) BETADF (1)

o dummy IXYZ(2,1-3) ICOMP(2,1-3) THETADF (2) PHIDF (2) BETADF (2)
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e dummy IXYZ (3,1-3) ICOMP (3,1-3) THETADF (3) PHIDF (3) BETADF (3)
e ...
e dummy IXYZ (J,1-3) ICOMP (J,1-3) THETADF (J) PHIDF (J) BETADF (J)
e ...
e dummy IXYZ (N,1-3) ICOMP (N,1-3) THETADF (N) PHIDF (N) BETADF (N)

Where dummy is a number (either integer or floating point) that might, for example, give the number
identifying the dipole. This number will not be used in any calculations.
THETADF PHIDF BETADF should be given in radians.

Here is an example of the first few lines of a target description file suitable for target option ANIFRMFIL:

——— demo file for target option ANIFRMFIL (this line is for comments) ---

8 = NAT

1.000 0.000 0.000 = target vector al (in TF)

0.000 1.000 0.000 = target vector a2 (in TF)

1. 1. 1. = d x/d d_y/d d_z/d (normally 1 1 1)
0. 0. 0. = X0(1-3) = location in lattice of "target origin"
J JX JY Jz ICOMP (J,1-3) THETADF PHIDF BETADF

1 0 0 0 1 1 1 0. 0. 0.

2 0 0 1 1 1 1 0. 0. 0.

3 0 1 0 1 1 1 0. 0. 0.

4 0 1 1 1 1 1 0. 0. 0.

5 1 0 0 2 3 3 0.5236 1.5708 O.

6 1 0 1 2 3 3 0.5236 1.5708 0.

7 1 1 0 2 3 3 0.5236 1.5708 0.

8 1 1 1 2 3 3 0.5236 1.5708 0.

This sample target consists of 8 dipoles arranged to represent a cube.
Half of the cube (dipoles with JX=0) has isotropic composition 1. For this case, the angles THETADF,
PHIDF, BETADF do not matter, and it convenient to set them all to zero.
The other half of the cube (dipoles with JX=1) consists of a uniaxial material, with dielectric function 2
for E fields parallel to one axis (the “c-axis”), and dielectric function 3 for E fields perpendicular to the
c-axis. The c-axis is 30° (0.5236 radians) away from X7, and lies in the Xpp-ZTr plane (having been
rotated by 1.5708 radians around X).
Note that ICOMP(J,K) can be different for K=1,3, allowing treatment of anisotropic targets, provided
the dielectric tensor at each location is diagonal in the TF.

21.3 ANIELLIPS = Homogeneous, anisotropic ellipsoid.

The target is a homogeneous ellipsoid, with principal axes in the X, yTr, and zTg directions, com-
posed of material with dielectric tensor that is diagonal in the TF. Parameters SHPAR;, SHPARy, SHPAR3
define the ellipsoidal boundary:

(Zmmia* (e (i .
SHPAR, SHPAR, SHPAR3 4’
The TF origin is located at the centroid of the ellipsoid. The target axes are set to a; = X7p, a3 = YTF,
ég = iTF'

User must set NCOMP=3 and provide names of three files, containing dielectric functions for E ||
)A(TF, E || yTF, and E || iTF.
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214 ANI_ELL_2 = Two touching, homogeneous, anisotropic ellipsoids, with
distinct compositions

Geometry as for ELLIPSO_2; SHPAR;, SHPAR,, SHPAR3 have same meanings as for ELLIPSO_2.
Target axes a; = (1,0,0)rr and a5 = (0, 1,0)p.

Line connecting ellipsoid centers is || &1 = XTF.

TF origin is located between ellipsoids, at point of contact.

It is assumed that (for both ellipsoids) the dielectric tensor is diagonal in the TF. User must set NCOMP=6
and provide zz, yy, 2z components of dielectric tensor for first ellipsoid, and xx, yy, zz components of
dielectric tensor for second ellipsoid (ellipsoids are in order of increasing x ).

21.5 ANI_ELL_3 = Three touching homogeneous, anisotropic ellipsoids with
same size and orientation but distinct dielectric tensors

SHPAR;, SHPAR,, SHPAR3 have same meanings as for ELLIPSO_ 3.

Target axis a1 = (1,0, 0)7r (along line of ellipsoid centers), and as = (0,1, 0) 5.

TF origin is located at center of middle ellipsoid.

It is assumed that dielectric tensors are all diagonal in the TF. User must set NCOMP=9 and provide zz,
yy, 2z elements of dielectric tensor for first ellipsoid, xz, yy, 2z elements for second ellipsoid, and zz,
Yy, 2z elements for third ellipsoid (ellipsoids are in order of increasing xr).

21.6 ANIRCTNGL = Homogeneous, anisotropic, rectangular solid

X, y, z lengths/d = SHPAR;, SHPARy, SHPARj.

Target axes &; = (1,0,0)rr and &3 = (0,1, 0)rp in the TF.

(x1F, y1F, 2TF) = (0,0,0) at middle of upper target surface, (where “up” = XTr). (The target surface
is taken to be d/2 about the upper dipole layer.)

Dielectric tensor is assumed to be diagonal in the target frame.

User must set NCOMP=3 and supply names of three files for € as a function of wavelength or energy: first
for €., second for €,,, and third for ¢ ,,

21.6.1 Sample calculation in directory examples_exp/ANIRCTNGL

Subdirectory examples_exp/ANIRCTNGL contains ddscat . par for calculation of scattering by a
0.1pm x 0.2pm x 0.2pm rectangular brick (aeg = 0.098475um) with an anisotropic dielectric tensor:
m = 1.33 + 0.01i for E || xrp and E || y1r, and m = 1.50 4+ 0.01i for E || Z7r. Radiation is incident
with kg || XTF, with A = 0.5um. The ddscat . par file is as follows:

———————————— Parameter file for v7.3 === ===
"xx%* Preliminaries x*x*x'

"NOTORQ’ = CMDTRQ#*6 (DOTORQ, NOTORQ) -- either do or skip torque calculations
"PBCGS2’ = CMDSOL%x6 (PBCGS2, PBCGST, PETRKP) -- CCG method

" GPFAFT’ = CMETHD+6 (GPFAFT, FFTMKL) -- FFT method

" GKDLDR’ = CALPHA+6 (GKDLDR, LATTDR, FLTRCD) -- DDA method

’NOTBIN’ = CBINFLAG (ALLBIN, ORIBIN, NOTBIN)

"xxx% Initial Memory Allocation xxx*x’

10 20 20 = upper bound on target extent

"xxx* Target Geometry and Composition xx*x*x'

"ANIRCTNGL’ = CSHAPEx9 shape directive

10 20 20 = shape parameters SHPAR1l, SHPAR2, SHPAR3

3 = NCOMP = number of dielectric materials

../diel/ml1.33_0.01" = name of file containing dielectric function
../diel/m1.33_0.01"

../diel/ml1.50_0.01"

*+*x%x Additional Nearfield calculation? xxx*x’

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)
0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc. vol. in -x,+x,-y,+y,~-z,+2z)
" x%x% Error Tolerance xxx*x'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/ (NORM OF AC|E>)
" xx%* maximum number of iterations allowed x*x*x’

’
14
’
’
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300 = MXITER
"xxx* Interaction cutoff parameter for PBC calculations xxx*x’
5.00e-3 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)
"xxx* Angular resolution for calculation of <cos>, etc. x*x*x’
2.0 = ETASCA (number of angles is proportional to [(2+x)/ETASCA]"2 )
"xx*x% Vacuum wavelengths (micron) *xxx’
0.5 0.5 1 "LIN’ = wavelengths (first,last,how many, how=LIN, INV,LOG)
"xxxx Refractive index of ambient medium’
1.000 = NAMBIENT
"x+%+ Effective Radii (micron) *#*#*x% '
0.098475 0.098457 1 "LIN’ = eff. radii (first, last, how many, how=LIN, INV,LOG)
"x%x% Define Incident Polarizations xxx*x’
(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)
2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)
"x%xxx Specify which output files to write xx*x’
1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.
" x%x% Prescribe Target Rotations xxxx’
0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)
0. 0. 1 THETMI, THETMX, NTHETA (theta=angle between al and k)
0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"x%x% Specify first IWAV, IRAD, IORI (normally 0 O 0) **xx’
0 0 0 = first IWAV, first IRAD, first IORI (0 O O to begin fresh)
"xxx% Select Elements of S_ij Matrix to Print *xxx’
6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices ij of elements to print
"«x%xx Specify Scattered Directions #xxx’
'LFRAME’ = CMDFRM«%6 (’'LFRAME’ or ’'TFRAME’ for Lab Frame or Target Frame)
2 = number of scattering planes
0. 0. 180. 30 = phi, thetan_min, thetan_max, dtheta (in degrees) for plane A
90. 0. 180. 30 = phi, ... for plane B

This calculation required 0.22 cpu sec on a 2.53 GHz cpu.

21.7 CONELLIPS = Two concentric ellipsoids

SHPAR;, SHPAR,, SHPARj3 = lengths/d of the outer ellipsoid along the X1r, ¥TF, ZTF axes;

SHPAR,, SHPAR5, SHPARg = lengths/d of the inner ellipsoid along the Xtg, ¥TF, ZTF axes.

Target axes a; = (1,0,0)rr, a3 = (0,1,0)TF.

TF origin is located at centroids of ellipsoids.

The “core" within the inner ellipsoid is composed of isotropic material 1; the “mantle” between inner
and outer ellipsoids is composed of isotropic material 2.

User must set NCOMP=2 and provide dielectric functions for “core” and “mantle” materials.

21.8 CYLINDERI1 = Homogeneous, isotropic finite cylinder

SHPAR; = length/d, SHPAR, = diameter/d, with

SHPARj = 1 for cylinder axis &, || XTr: &1 = (1,0,0)r and 4 = (0,1,0)rF;
SHPAR3 = 2 for cylinder axis a; H YTF: a1 = (O, 1, O)TF and a, = (0, 0, 1)TF;

SHPARj3 = 3 for cylinder axis &; || ZTr: &1 = (0,0, 1)7r and &2 = (1,0,0)rr in the TF.
TF origin is located at centroid of cylinder.

User must set NCOMP=1.

219 CYLNDRCAP = Homogeneous, isotropic finite cylinder with hemispheri-
cal endcaps.

SHPAR; = cylinder length/d (not including end-caps!) and SHPARs = cylinder diameter/d, with cylinder
axis = a; = (1,0,0)pr and a2 = (0,1,0)7r. The total length along the target axis (including the
endcaps) is (SHPAR;+SHPARs)d.

TF origin is located at centroid of cylinder.

User must set NCOMP=1.
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21.10 DSKRCTNGL = Disk on top of a homogeneous rectangular slab

This option causes DDSCAT to create a target consisting of a disk of composition 1 resting on top of a
rectangular block of composition 2. Materials 1 and 2 are assumed to be homogeneous and isotropic.
ddscat . par should set NCOMP to 2 .

The cylindrical disk has thickness SHPAR; Xd in the x-direction, and diameter SHPARy xd. The rect-
angular block is assumed to have thickness SHPAR3xd in the x-direction, length SHPAR, xd in the
y-direction, and length SHPAR5 X d in the z-direction. The lower surface of the cylindrical disk is in the
x = 0 plane. The upper surface of the slab is also in the x = 0 plane.

The Target Frame origin (0,0,0) is located where the symmetry axis of the disk intersects the x = 0
plane (the upper surface of the slab, and the lower surface of the disk). In the Target Frame, dipoles
representing the rectangular block are located at (z/d,y/d, z/d) = (jz + 0.5, jy + Ay, j. + A.), where
Jz» Jy» and j, are integers. A, = 0 or 0.5 depending on whether SHPAR, is even or odd. A, = 0 or 0.5
depending on whether SHPARj is even or odd.

Dipoles representing the disk are located at

xz/d =0.5,1.5, ..., [int(SHPAR4 + 0.5) — 0.5]

As always, the physical size of the target is fixed by specifying the value of the effective radius
acg = (3Vip/4m)'/3, where Vi is the total volume of solid material in the target. For this geome-
try, the number of dipoles in the target will be approximately N = [SHPAR; x SHPAR; x SHPAR; +
(7/4)((SHPAR,)? x SHPARs5)], although the exact number may differ because of the dipoles are required
to be located on a rectangular lattice. The dipole spacing d in physical units is determined from the
specified value of a.g and the number N of dipoles in the target: d = (47/3N)'/3acz. This option
requires 5 shape parameters:

The pertinent line in ddscat . par should read

SHPAR; SHPAR; SHPAR3 SHPAR, SHPARj

where

SHPAR; = [disk thickness (in X1 direction)]/d [material 1]
SHPARy = (disk diameter)/d

SHPARj3 = (brick thickness in X direction)/d [material 2]
SHPAR, = (brick thickness in yp direction)/d

SHPARj5 = (brick thickness in zTf direction)/d

The overall size of the target (in terms of numbers of dipoles) is determined by parameters (SHPAR1+SHPAR4) ,
SHPAR,, and SHPAR3. The periodicity in the TF y and z directions is determined by parameters SHPAR,
and SHPAR5.
The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in the
file ddscat .par.
The “computational volume” is determined by (SHPAR;+SHPAR,) X SHPARy X SHPAR3.
The target axes (in the TF) are set to 4, = x7r = (1,0,0)rF — i.e., normal to the “slab” — and
as = y1r = (0,1,0)r. The orientation of the incident radiation relative to the target is, as for all other
targets, set by the usual orientation angles ©, ®, and 3 (see above); for example, © = 0 would be
for radiation incident normal to the slab.

21.11 DWI1996TAR = 13 block target used by Draine & Weingartner (1996).

Single, isotropic material. Target geometry was used in study by Draine & Weingartner| (1996)) of radia-
tive torques on irregular grains. a; and a, are principal axes with largest and second-largest moments of
inertia. User must set NCOMP=1. Target size is controlled by shape parameter SHPAR (1) = width of
one block in lattice units.

TF origin is located at centroid of target.
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21.12 ELLIPSOID = Homogeneous, isotropic ellipsoid.

“Lengths” SHPAR;, SHPARs, SHPAR;3 in the z, y, z directions in the TF:

2 2 2
TTF YTF ZTF 1
(SHPAR1d> + <SHPAR2d> + (SHPARgd) 4 7)
where d is the interdipole spacing.
The target axes are set to a; = (1,0,0)rg and a5 = (0, 1,0)TF.
Target Frame origin = centroid of ellipsoid.

User must set NCOMP=1 on line 9 of ddscat .par.
A homogeneous, isotropic sphere is obtained by setting SHPAR; = SHPAR, = SHPAR3 = diameter/d.

21.12.1 Sample calculation in directory examples_exp/ELLIPSOID

The directory examples_exp/ELLIPSOID contains ddscat .par for calculation of scattering by
a sphere with refractive index m = 1.5 4+ 0.01¢ and 2wa/\ = 5, represented by a N = 59728 dipole
pseudosphere just fitting within a 48 x 48 x 48 computational volume, as well as the output files from
the calculation. The calculation with 27ra/A = 5 has |m|kd = 0.309. The computation used 144 MB of
RAM and required 63 cpu sec on a 2.53 GHz cpu.

21.12.2 Sample calculation in directory examples_exp/ELLIPSOID_NEARFIELD

The directory examples_exp/ELLIPSOID_NEARFIELD contains ddscat . par for calculation of
(1) far-field scattering and (2) E in and near the target for a sphere with refractive index m = 0.96+1.011
(refractive index of Au at A = 0.5um) and 2ra/X = 5. The spherical target is represented by a
N = 59728 dipole pseudosphere just fitting within a 48 x 48 x 48 computational volume, as well as the
output files from the calculation.

In physical units with A = 0.5um, aeg = 5 X A/27 = 0.39789um. The calculation with 2ra/A = 5
has |m|kd = 0.309. The computation used 144 MB of RAM and required 60 cpu sec on a 2.53 GHz
cpu.

The nearfield calculation is specified to extend throughout a computational volume extending the
original 48d x 48d x 48d computational volume by 50% in all directions, to become a 96d x 96d x 96d
volume centered on the sphere. E is evaluated at all points in this volume. The nearfield calculation
used 62 MB of RAM and required just 9.6 cpu sec. The nearfield calculation creates the binary files
w000r000k000.E1 and w000r000k000 . E2, one for each of the two incident polarizations.

After the nearfield calculation is complete, the program ddpostprocess is used to read the file
w000r000k000.E1 (specified in ddpostprocess.par) and extract E at 501 points along a line
specified in ddpostprocess. par — the line runs along the Xr axis through the center of the sphere.
The results are shown in Figure|[§]

21.13 ELLIPSO_2 = Two touching, homogeneous, isotropic ellipsoids, with dis-
tinct compositions

SHPAR;, SHPARy, SHPARs=x-length/d, y-length/d, z-length/d of one ellipsoid. The two ellipsoids
have identical shape, size, and orientation, but distinct dielectric functions. The line connecting ellipsoid
centers is along the Xrg-axis. Target axes a; = (1,0,0)Tr [along line connecting ellipsoids] and
as = (0,1,0)7F.

Target Frame origin = midpoint between ellipsoids (where ellipsoids touch).

User must set NCOMP=2 and provide dielectric function file names for both ellipsoids. Ellipsoids are
in order of increasing xzrg: first dielectric function is for ellipsoid with center at negative x T, second
dielectric function for ellipsoid with center at positive x .
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Figure 8: Normalized electric field intensity |E|*/|Eo|* along a line parallel to the direction of propagation, and passing
through the center of an Au sphere of radius a = 0.3979um, for light with wavelength A = 0.5um. The calculation in exam-
ples_exp/ELLIPSOID_NEARFIELD was done with dipole spacing d = a/48.49 = 0.00821pm.

21.14 ELLIPSO_3 = Three touching homogeneous, isotropic ellipsoids of equal
size and orientation, but distinct compositions

SHPAR;, SHPAR,, SHPAR3 have same meaning as for ELLIPSO_2. Line connecting ellipsoid cen-
ters is parallel to Xy axis. Target axis a1 = (1,0,0)7r (along line of ellipsoid centers), and a; =
(0,1,0)rF.

Target Frame origin = centroid of middle ellipsoid.

User must set NCOMP=3 and provide (isotropic) dielectric functions for first, second, and third ellipsoid.

21.15 HEX_PRISM = Homogeneous, isotropic hexagonal prism

SHPAR; = (Length of prism)/d = (distance between hexagonal faces)/d,

SHPARy = (distance between opposite vertices of one hexagonal face)/d = 2 xhexagon side/d.

SHPARg selects one of 6 orientations of the prism in the Target Frame (TF).

Target axis a; is along the prism axis (i.e., normal to the hexagonal faces), and target axis a, is normal
to one of the rectangular faces. There are 6 options for SHPAR3:

SHPAR3 =1fora; | Xrpandas || yrr ; SHPARg=2fora; || Xrrand as || Zrp
SHPARj3 =3 for a; H yTF and as || XTF ; SHPAR3=4fora; || yTr and as || ZTF
SHPAR3 =5 for a; H z7r and a, H XTp ; SHPAR3=6fora; || z7r and as || YTF

TF origin is located at the centroid of the target.
User must set NCOMP=1.

21.16 LAYRDSLAB = Multilayer rectangular slab

Multilayer rectangular slab with overall X, y, z lengths a, = SHPAR; X d
a, = SHPARy x d,

a, = SHPAR3 X d.

Upper surface is at zr = 0, lower surface at zprp = —SHPAR; X d
SHPAR, = fraction which is composition 1 (top layer).

SHPAR; = fraction which is composition 2 (layer below top)



TARGET GENERATION: ISOLATED FINITE TARGETS

SHPARg = fraction which is composition 3 (layer below comp 2)

SHPAR~; = fraction which is composition 4 (layer below comp 3)

To create a bilayer slab, just set SHPAR; = SHPARg = 0

To create a trilayer slab, just set SHPARg = 0

NB: should have SHPAR, + SHPAR; + SHPARg + SHPAR7 = 1

User must set NCOMP=2,3, or 4 and provide dielectric function files for each of the layers. Top dipole
layer is at xp = —d/2. Origin of TF is at center of top surface.

21.17 MLTBLOCKS = Homogeneous target constructed from cubic “blocks”

Number and location of blocks are specified in separate file blocks . par with following structure:
one line of comments (may be blank)
PRIN (=0 or 1 — see below)
N (= number of blocks)
B (= width/d of one block)
xTF yrF 27F (= position of 1st block in units of Bd)
zTF y1F 27F (= position of 2nd block in units of Bd) )

TTF yrF 27F (= position of Nth block in units of Bd)
If PRIN=0, then &; = (1,0,0)TF, a2 = (0,1,0)rp. If PRIN=1, then &; and & are set to principal axes
with largest and second largest moments of inertia, assuming target to be of uniform density. User must
set NCOMP=1.

21.18 OCTHEDRON = Regular octahedron (isotropic material)

The target is a regular octahedron — each face is an equilateral triangle of s, where s =SHPAR (1) . Ideal

volume V = (1/2/3)s?
The octahedron has vertices along the 2z axis, two edges parallel to the zrr axis, and two edges
parallel to the yrp axis: i.e., vertices are at:

(0,0, —s/V2)
(0, 0, s/V/2)
(—s/2, —s/2, 0)
(—s/2, s/2, 0)
(s/2, —s/2, 0)
(

User must set NCOMP=1 and provide name of one file for the dielectric function.

21.19 ONIONSHEL = Onion-like spherical shell with spherical central volume,
composed of uniaxial material.

The target consists of a spherical shell and a central sphere. The spherical shell is composed of a unixial
material with the ¢ axis always directed in the radial direction, as in “graphitic onions”.
The central sphere can be vacuum, or can be composed of an isotropic material.

SHPAR; = 0 or 1 to have vacuum or isotropic material in central sphere.

SHPARs = (outer diameter)/d

SHPARj3 = (outer radius)/(inner radius)
If SHPAR; = 0: user must set NCOMP=2 and provide names of dielectric functions for (1) E || ¢ and (2)
Elec
If SHPAR; = 1: user must set NCOMP=3 and provide names of dielectric functions for (1) central sphere,
2Q)E| ¢and (3 E L ¢
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21.19.1 Sample calculation in directory examples_exp/ONIONSHEL

The directory examples_exp/ONIONSHEL contains ddscat . par for calculation of scattering by
a hollow sphere with inner radius R;,, = 0.4pm, outer radius R,y = 0.5pum. The effective radius
aeg = (R3,, — R3)Y3 = 0.39365um. The shell is assumed to be compoosed of SizN,. Because
ONIONSHEL is designed to support unixial materials (with one value of the dielectric constant in the
radial direction, and a possibly different value for E perpendicular to the radial direction) the dielectric
function is entered twice in ddscat .par.

The target is represented by a spherical shell with outer diameter 48.49d; the shell contains N =
29136 dipoles. The interdipole spacing d = (47/3N)"/3acq = 0.02062pm.

21.20 RCTGLPRSM = Homogeneous, isotropic, rectangular solid

X, y, z lengths/d = SHPAR;, SHPAR,, SHPARs3.

Target axes a; = (1,0,0)rr and a5 = (0, 1,0)TF.

TF origin at center of upper surface of solid: target extends from zTr/d = —SHPAR; to 0,
yrr/d from —0.5 x SHPAR, to +0.5 X SHPAR,

zrr/d from —0.5 X SHPAR3 to +0.5 x SHPAR3

User must set NCOMP=1.

21.20.1 Sample calculation in directory examples_exp/RCTGLPRSM

The directory examples_exp/RCTGLPRSM contains ddscat . par for calculation of scattering by
a0.25um x 0.5um x 0.5um Au block, represented by a 16 x 32 x 32 dipole array, together with output
files from the calculation. The Au has refractive index m = 0.9656 + 1.8628:. The DDA calculation has
|m|kd = 0.4120. The calculation used 52 MB of RAM, and required 10.0 cpu sec on a 2.53 GHz cpu.

21.20.2 Sample calculation in directory examples_exp/RCTGLPRSM_NEARFIELD

The directory examples_exp/RCTGLPRSM_NEARFIELD contains ddscat . par for the same scat-
tering problem as in examples_exp/RCTGLPRSM, but also calling for nearfield calculation of E
throughout a 0.5pum x 1.0pum x 1.0um volume centered on the target (i.e., fractional extension of 50%
in +x1r, —xTF, +YTF, —YTF, +2TF, —2TF directions). The E field is evaluated on a grid with spacing
d (which includes all the dipole locations); the results for the two orthogonal polarizations are written
into the binary files w000r000k000.E1 and wO00r000k000.E2. The complete calculation used
11.4 cpu sec on a 2.53 GHz cpu.

21.21 RCTGLBLK2 = Stack of 2 rectangular blocks, with centers on the xp
axis.

Each block consists of a distinct material. There are 6 shape parameters:
SHPAR; = (upper solid thickness in Xf direction)/d [material 1]
SHPAR, = (upper solid width in yrr direction)/d

SHPAR3 = (upper solid width in zpp direction)/d

SHPAR, = (middle solid thickness in Xt direction)/d [material 2]
SHPARj5 = (middle solid width in yg direction)/d

SHPARg = (middle solid width in zTF direction)/d

TF origin is at center of top surface of material 1 (i.e., 0.5d above the top dipole layer).
Target axes 4; = X7F, 42 = YTF.

ddscat .par must have line

2 = NCOMP

followed by two lines with names of refractive index files.
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21.22 RCTGLBLKS3 = Stack of 3 rectangular blocks, with centers on the Xp
axis.

Each block consists of a distinct material. There are 9 shape parameters:
SHPAR; = (upper solid thickness in Xp direction)/d [material 1]
SHPAR, = (upper solid width in yp direction)/d

SHPAR3 = (upper solid width in zTr direction)/d

SHPAR,4 = (middle solid thickness in X direction)/d [material 2]
SHPARs = (middle solid width in y g direction)/d

SHPARg = (middle solid width in zrp direction)/d

SHPAR7 = (lower solid thickness in X direction)/d [material 3]
SHPARg = (lower solid width in yr direction)/d

SHPARg = (lower solid width in zrp direction)/d

TF origin (0, 0, 0)TF is at center of top surface of material 1.
Target axes 4; = XTF, 42 = YTF.

ddscat .par must have line

3 = NCOMP

followed by three lines with names of refractive index files.

21.23 SLAB_HOLE = Rectangular slab with a cylindrical hole.

The target consists of a rectangular block with a cylindrical hole with the axis passing through the
centroid and aligned with the Xrp axis. The block dimensions are a x b x c¢. The cylindrical hole has
radius r. The pertinent line in ddscat . par should read

SHPAR; SHPARy; SHPAR3 SHPARy

where

SHPAR; = a/d (d is the interdipole spacing)

SHPARy =b/a

SHPAR3 =c/a

SHPAR, =71/a

Ideally, SHPAR;, SHPARy X SHPAR;, SHPAR3x SHPAR; will be integers (so that the cubic lattice can
accurately approximate the desired target geometry), and SHPAR, X SHPAR; will be large enough for
the circular cross section to be well-approximated.

TF origin (0,0, 0)rr is at the center of the top surface (the top surface lies in the yrr — ZTF plane, and
extends from yrp = —b/2 to +b/2, and zprp = —c/2 to +¢/2). The cylindrical hole axis runs from
(xrr = 0,yrr = 0, 2rp = 0) to (z7r = —a,yrr = 0, zrp = 0).

21.24 SPHERES_N = Multisphere target = union of N spheres of single isotropic
material

Spheres may overlap if desired. The relative locations and sizes of these spheres are defined in an exter-
nal file, whose name (enclosed in single quotes) is passed through ddscat . par. The length of the file
name should not exceed 80 characters. The pertinent line in ddscat . par should read

SHPAR; SHPARj 'filename’ (quotes must be used)

where SHPAR; = target diameter in x direction (in Target Frame) in units of d

SHPARs= 0 to have a1 = (1, 0, O)TFs a9 = (0, 1, O)TF-

SHPARs= 1 to use principal axes of moment of inertia tensor for a1 (largest I) and as (intermediate I).

SHPARy=2 to read aq and as from filename.

filename is the name of the file specifying the locations and relative sizes of the spheres.

The overall size of the multisphere target (in terms of numbers of dipoles) is determined by parameter
SHPAR;, which is the extent of the multisphere target in the z-direction, in units of the lattice spacing d.
The file ‘filename’ should have the following structure:

N (= number of spheres)
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line 1 of comments

line 2 of comments; if SHPAR»=2 this line should start with a1, as, a2, (in TF)
line 3 of comments; if SHPAR»=2 this line should start with ag, as, a2, (in TF)
line 4 of comments

1 Y1 21 aq (arb. units)

To Yo 2o ao (arb. units)

TN YN Zn apn (arb. units)

where z;, y;, z; are the coordinates (in the TF) of the center of sphere j, and a; is the radius of sphere j.
Note that x;, y;, 25, a; (j = 1,..., N) establish only the shape of the N —sphere target. For instance,
a target consisting of two touching spheres with the line between centers parallel to the x axis could
equally well be described by lines 6 and 7 being
00005
10005
or
0001
2001
The actual size (in physical units) is set by the value of a.g specified in ddscat . par, where, as always,
et = (3V/47)'/3, where V is the total volume of material in the target.
The TF origin is taken to be located at the volume-weighted centroid.
User must set NCOMP=1.

21.24.1 Sample calculation in directory examples_exp/SPHERES_N

The directory examples_exp/SPHERES_N contains ddscat . par for a sample scattering problem
using target option SPHERES_N. ddscat . par specifies that the locations of the spheres is to be read
in from the file BAM2 . 16. 1. targ, which contains locations and radii of 16 spheres in a cluster formed
by “Ballistic Aggregation with 2 Migrations” (see Shen et al.| (2008) for a description of this procedure
for producting random aggregates). The spheres are assumed to be composed of material with refractive
index m = 1.33 + 0.01¢. The effective radius aeg = 0.25198um, so that each sphere has a radius
Goft/ 16'/3 = 0.10pm. The calculation is done for wavelength A = 0.6,m, so that each monomer has
x = 2ma/X\ = 1.047, and |m|kd = 0.3386. Mueller matrix elements are evaluated for two scattering
planes.
This calculation required 1.7 cpu sec on a 2.53 GHz cpu.

21.25 SPHROID_2 = Two touching homogeneous, isotropic spheroids, with dis-
tinct compositions

First spheroid has length SHPAR; along symmetry axis, diameter SHPAR, perpendicular to symmetry
axis. Second spheroid has length SHPAR3 along symmetry axis, diameter SHPAR, perpendicular to
symmetry axis. Contact point is on line connecting centroids. Line connecting centroids is in Xrg
direction. Symmetry axis of first spheroid is in ¥ direction. Symmetry axis of second spheroid is in
direction yp cos(SHPARs5) + Z7r sin(SHPAR;), and SHPAR; is in degrees. If SHPARg = 0., then target
axes 4; = (1,0,0)tF, 42 = (0,1,0)rp. If SHPARg = 1., then axes &; and &, are set to principal axes
with largest and 2nd largest moments of inertia assuming spheroids to be of uniform density.

Origin of TF is located between spheroids, at point of contact.

User must set NCOMP=2 and provide dielectric function files for each spheroid.

21.26 SPH_ANI_N = Multisphere target consisting of the union of NV spheres of
various materials, possibly anisotropic

Spheres may NOT overlap. The relative locations and sizes of these spheres are defined in an external
file, whose name (enclosed in single quotes) is passed through ddscat .par. The length of the file
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name should not exceed 80 characters. Target axes 4; and a, are set to be principal axes of moment
of inertia tensor (for uniform density), where a; corresponds to the largest eigenvalue, and a, to the
intermediate eigenvalue.

The TF origin is taken to be located at the volume-weighted centroid.

The pertinent line in ddscat . par should read

SHPAR; SHPARj ‘filename’ (quotes must be used)

where SHPAR; = target diameter in x direction (in Target Frame) in units of d

SHPARo= 0 to have a; = (1,0,0)1F, az = (0, 1,0)F in Target Frame.

SHPAR,= 1 to use principal axes of moment of inertia tensor for a; (largest ) and a (intermediate I).

SHPARs=2 to read a; and as from filename.

filename is the name of the file specifying the locations and relative sizes of the spheres.

The overall size of the multisphere target (in terms of numbers of dipoles) is determined by parameter
SHPARj, which is the extent of the multisphere target in the x-direction, in units of the lattice spacing d.
The file ‘filename’ should have the following structure:

N (= number of spheres)

line of comments (may be blank)

line of comments; if SHPAR9=2 this line should start with a1, a1, a;, (in TF)
line of comments; if SHPAR9=2 this line should start with as, a2, as. (in TF)
line of comments (may be blank)

z1 y1 21 11 Cxy Cyy Cz Opr,1 Ppr, For

T2 Y2 22 T2 Cxy Cyo Czz Opr2 Ppr2 Fpr2

zn yn 2v v Czn Cyn Czy Opr, Ny Por,N BoF,N

where x;, y;, z; are the coordinates of the center, and r; is the radius of sphere j (arbitrary units),
Cz;, Cy;j, Cz; are integers specifying the “composition” of sphere j in the x,y, z directions in the
“Dielectric Frame” (see of sphere j, and ©pr ; ®pr ; PBpr,; are angles (in radians) specifying
orientation of the dielectric frame (DF) of sphere j relative to the Target Frame. Note that x;, y;, z;, 7;
(j = 1,..., N) establish only the shape of the N —sphere target, just as for target option SPHERES_N.
The actual size (in physical units) is set by the value of a.g specified in ddscat . par, where, as always,
aer = (3V/4m)'/3, where V is the volume of material in the target.
User must set NCOMP to the number of different dielectric functions being invoked (i.e., the range of
{Cu;,Cy;,Cz}.

Note that while the spheres can be anisotropic and of differing composition, they can of course also
be isotropic and of a single composition, in which case the relevant lines in the file 'filename’ would be
simply

N (= number of spheres)

line of comments

line of comments (or a1, a1y a1, if SHPAR2=2)
line of comments (or as, azy az, if SHPAR2=2)
line of comments
r1y1 211 111
T2 Yz 22 T2 111

IN YN EN TN 111000

21.26.1 Sample calculation in directory examples_exp/SPH_ANI_N

Subdirectory examples_exp/SPH_ANI_N contains ddscat .par for calculating scattering by a
random aggregate of 64 spheres [aggregated according following the “BAM2” aggregation process de-
scribed by [Shen et al.| (2008)]. 32 of the spheres are assumed to consist of “astrosilicate”, and 32 of
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crystalline graphite, with random orientations for each of the 32 graphite spheres. Each sphere is as-
sumed to have a radius 0.050pum. The entire cluster is represented by N = 7947 dipoles, or about 124
dipoles per sphere. Scattering and absorption are calculated for A = 0.55um.

21.27 TETRAHDRN = Homogeneous, isotropic tetrahedron

SHPAR;=length/d of one edge.

Orientation: one face parallel to ¥y, ZTr plane, opposite “vertex" is in +X7p direction, and one edge
is parallel to zTp. Target axes &; = (1,0,0)rr [emerging from one vertex] and & = (0,1,0)TF
[emerging from an edge] in the TF. User must set NCOMP=1.

21.28 TRNGLPRSM = Triangular prism of homogeneous, isotropic material

SHPAR;, SHPARy, SHPAR3, SHPAR4 =a/d,b/a,c/a,L/a

The triangular cross section has sides of width a, b, c. L is the length of the prism. d is the lattice
spacing. The triangular cross-section has interior angles «, 3, -y (opposite sides a, b, ¢) given by cos o« =
(b 4 ¢ — a?)/2bc, cos B = (a® + ¢ — b?)/2ac, cosy = (a? + b> — ¢?)/2ab. In the Target Frame,
the prism axis is in the X direction, the normal to the rectangular face of width a is (0,1,0), the normal to
the rectangular face of width b is (0, — cos~y, siny), and the normal to the rectangular face of width c is

(0, — cos B, —sin ).

21.29 UNIAXICYL = Homogeneous finite cylinder with uniaxial anisotropic di-
electric tensor

SHPAR;, SHPAR, have same meaning as for CYLINDER1. Cylinder axis = a; = (1,0,0)F, a3 =
(0,1, 0)E. It is assumed that the dielectric tensor ¢ is diagonal in the TF, with €yy = €. User must set
NCOMP=2. Dielectric function 1 is for E || &; (cylinder axis), dielectric function 2 is for E | &;.

21.30 UNIAXIHEX = Homogeneous hexagonal prism with uniaxial anisotropic
dielectric tensor

SHPAR;, SHPAR,, SHPAR3 have same meaning as for HEX_PRISM.

It is assumed that the dielectric tensor € is unixial, with the c-axis parallel to a;.

User must set NCOMP=2. Dielectric function 1 is for E || 4; (cylinder axis), dielectric function 2 is for
E 14

21.31 Modifying Existing Routines or Writing New Ones

The user should be able to easily modify these routines, or write new routines, to generate targets with
other geometries. The user should first examine the routine target . £90 and modify it to call any
new target generation routines desired. Alternatively, targets may be generated separately, and the target
description (locations of dipoles and “composition” corresponding to x,y,z dielectric properties at each
dipole site) read in from a file by invoking the option FROM_FILE in ddscat . £90.

Note that it will also be necessary to modify the routine reapar . £90 so that it will accept whatever
new target option is added to the target generation code .

21.32 Testing Target Generation using CALLTARGET

It is often desirable to be able to run the target generation routines without running the entire DDSCAT
code. We have therefore provided a program CALLTARGET which allows the user to generate targets
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interactively; to create this executable just typeE]

make calltarget.
The program calltarget is to be run interactively; the prompts are self-explanatory. You may need
to edit the code to change the device number IDVOUT as for DDSCAT (see above).

After running, calltarget will leave behind an ASCII file target . out which is a list of the
occupied lattice sites in the last target generated. The format of target . out is the same as the format
of the shape . dat files read if option FROM_FILE is used (see above). Therefore you can simply

mv target.out shape.dat
and then use DDSCAT with the option FROM_FILE (or option ANIFRMFIL in the case of anisotropic
target materials with arbitrary orientation relative to the Target Frame) in order to input a target shape
generated by CALLTARGET.

Note that CALLTARGET — designed to generate finite targets — can be used with some of the “PBC”
target options (see below) to generate a list of dipoles in the TUC. At the moment, CALLTARGET
has support for target options BISLINPBC, DSKBLYPBC, and DSKRCTPBC.

22 Target Generation: Periodic Targets

A periodic target consists of a “Target Unit Cell” (TUC) which is then repeated in either the yrr direc-
tion, the zy direction, or both. Please see Draine & Flatau|(2008) for illustration of how periodic targets
are assembled out of TUCs, and how the scattering from these targets in different diffraction orders M
or (M, N) is constrained by the periodicity.

NB: Beginning with DDSCAT 7.3.1, the user is required to explicitly specify the orientation of target
axes a; and ay in the “Target Frame” for all PBC targets.

The following options for the TUC geometry are included in DDSCAT:

e FRMFILPBC : TUC geometry read from file (§22.1)

e ANIFILPBC : TUC geometry read from file, anisotropic materials supported (§22.2)
e BISLINPBC : TUC = bilayer slab with a line (§22.3)

e CYLNDRPBC : TUC = finite cylinder (§22.4)

e DSKBLYPBC : TUC = disk plus bilayer slab (§22.5))

e DSKRCTPBC : TUC = disk plus brick (§22.6)

e HEXGONPBC : TUC = hexagonal prism (§22.7)

e HEXUNIPBC : TUC = hexagonal prism with uniaxial birefringent dielectric tensor (§22.8)
e LYRSLBPBC : TUC = layered slab (up to 4 layers) (§22.9)

e RCTGL_PBC : TUC = brick (§22.10)

e RECRECPBC : TUC = brick resting on brick (§22.11)

e SLBHOLPBC : TUC = brick with cylindrical hole (§22.12)

e SPHRN_PBC : TUC = N spheres (§22.13)

e TRILYRPBC : TUC = three stacked bricks (§22.14)

Each option is decribed in detail below.
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3 Non-Linux sites: The source code for CALLTARGET is in the file CALLTARGET.£90. You must compile and link

CALLTARGET. f90, ddcommon.f90, dsyevij3.£f90, errmsg.f90, gasdev.f90, p_1m.f90, prinaxis
ran3.£90, reashp.f90, sizer.f90, tar2el.f90, tar2sp.f90, tar3el.f90, taranirec
tarblocks.f90, tarcel.f90, tarcyl.f90, tarcylcap.£f90, tarell.f90, target.£90, targspher
tarhex.f90, tarnas.f90, tarnsp.£f90, tarpbxn.f90, tarprsm.£90, tarrctblk3.£90, tarrecrec
tarslblin.f90, tartet.f90,and wrimsg.f90.

.£90,
.£90,
.£90,
.£90,
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22.1 FRMFILPBC = periodic target with TUC geometry and composition input
from a file

The TUC can have arbitrary geometry and inhomogeneous composition, and is assumed to repeat peri-
odically in either 1-d (y or z) or 2-d (y and z).
The pertinent line in ddscat . par should read
SHPAR; SHPAR, SHPARg 'filename’ (quotes must be used)
SHPAR; = P,/d (P, = periodicity in yrr direction)
SHPARy = P,/d (P, = periodicity in zg direction)
SHPAR3 = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)
filename is the name of the file specifying the locations of the dipoles, and the “composition" at each
dipole location. The composition can be anisotropic, but the dielectric tensor must be diagonal in the
TF. The shape and composition of the TUC are provided exactly as for target option FROM_FILE — see
S2L1]
If SHPAR; = 0 then the target does not repeat in the yrr direction.
If SHPARy = 0 then the target does not repeat in the zy direction.
If SHPAR3 = 1 then &; || X7F, a2 || y1F
= 2then a; || XTF, A || ZTF
= 3 then a; || S’TF, as || XTF
= 4 then él || yTF’ ég || iTF
= 5 then a; || ZTF, Qs || XTF
= 6 then a; || ZTF, Qs || YTF

22.1.1 Sample calculation in directory examples_exp/FRMFILPBC

Subdirectory examples_exp/FRMFILPBC contains ddscat .par and shape.dat for the same
scattering calculation as in examples_exp/DSKRCTPBC: a slab of SigNy glass, thickness 0.05um,
supporting a periodic array of Au disks, with center-to-center distance 0.08um. Here the slab and Au
disk geometry is input via a file shape .dat. shape.dat is a copy of the file target . out created
after running the calculation in examples_exp/DSKRCTPBC.

22.2 ANIFILPBC = general anisotropic periodic target with TUC geometry and
composition input from a file

The TUC can have arbitrary geometry and inhomogeneous composition, and is assumed to repeat peri-
odically in either 1-d (y or z) or 2-d (y and z).
The pertinent line in ddscat . par should read
SHPAR; SHPAR, SHPAR3 ’filename’ (quotes must be used)
SHPAR; = P,/d (P, = periodicity in yrr direction)
SHPARy = P, /d (P, = periodicity in Zrg direction)
SHPAR3 = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)
filename is the name of the file specifying the locations of the dipoles, and the "composition" at each
dipole location. The composition can be anisotropic, and the dielectric tensor need not be diagonal in
the TF. The shape and composition of the TUC are provided exactly as for target option ANIFRMFIL —
see §21.2|
If SHPAR; = 0 then the target does not repeat in the ¥y direction.
If SHPARy = 0 then the target does not repeat in the zp direction.
If SHPAR3 = 1 then a; || XTF, A H yTF
= 2 then a; || XTF, A || ZTF
= 3 then a; || YTF, as || XTF
= 4 then a; || YTF, 4o || ZTF
= 5 then a; || ZTF, a3 || XTF
= 6 then a; || ZTF, A || yTF
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22.3 BISLINPBC = Bi-Layer Slab with Parallel Lines

The target consists of a bi-layer slab, on top of which there is a “line” with rectangular cross-section.
The “line” on top is composed of material 1, has height X; (in the Xp direction), width Y7 (in the
yrr direction), and is infinite in extent in the ZzTp direction. The “line” is centered on the middle of the
supporting slab (in the y direction).

The bilayer slab has width Y5 (in the y 1w direction). It is consists of a layer of thickness X5 of material
2, on top (“top” refers to the 4z side) of a layer of material 3 with thickness X3.

SHPAR; = X;/d (X, = thickness of line)

SHPARy, =Y;/d (Y7 = width of line)

SHPAR3 = X5/d (X = thickness of upper layer of slab)

SHPARy = X3/d (X3 = thickness of lower layer of slab)

SHPAR5 =Y5/d (Y3 = width of slab)

SHPARg = P,/d (P, = periodicity in §rr direction).

SHPAR; = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

If SHPAR; = 1 then &, || XTF, A H yTF
= 2then a; || XTF, as || ZTF
= 3 then él || yTFa ég || }A(TF
= 4 then a; || YTF, 4z || ZTF
= 5 then a; || ZTF, a3 || XTF
= 6 then a; || ZTF, A || yTF

If SHPARg = 0, the target is NOT periodic in the yrp direction, consisting of a single column, infi-
nite in the ZTf direction.
If SHPARg > 0, then should have SHPARg > max(SHPARy,SHPAR;).

224 CYLNDRPBC = Target consisting of homogeneous cylinder repeated in
target y and/or z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of an infinite array of cylinders. The individual
cylinders are assumed to be homogeneous and isotropic, just as for option RCTGLPRSM (see §21.20).
Let us refer to a single cylinder as the Target Unit Cell (TUC). The TUC is then repeated in the yrg
and/or zry directions, with periodicities PYDxd and PZD xd, where d is the lattice spacing. To repeat
in only one direction, set either PYD or PZD to zero.

This option requires 6 shape parameters. The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR3; SHPAR, SHPAR; SHPARg

where SHPAR;, SHPAR,, SHPAR3, SHPAR,, SHPAR5, SHPARg are numbers:
SHPAR; = cylinder length along axis (in units of d) in units of d
SHPAR, = cylinder diameter/d
SHPAR3 = 1 for cylinder axis || XTr
= 2 for cylinder axis || yr
= 3 for cylinder axis || ZTr (see below)
SHPAR4 = P, /d = periodicity/d in yr direction ( = 0 to suppress repetition in yrr direction)
SHPAR; = P, /d = periodicity/d in ZT direction ( = 0 to suppress repetition in ZTr direction)
SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame:
If SHPARg = 1 then &, || Xrp, &2 || y1r
= 2then a; || XTF, a2 || ZTF
= 3 then a; || YTF, as || XTF
= 4 then a; || YTF, a2 || ZTF
= 5 then a; || ZTF, A || XTF
= 6thena; || zrr, a2 || yrF
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The overall size of the TUC (in terms of numbers of dipoles) is determined by parameters SHPAR1 and
SHPAR,. The orientation of a single cylinder is determined by SHPAR3. The periodicity in the TF y and
z directions is determined by parameters SHPAR, and SHPARs.
The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in
the file ddscat . par, with the usual correspondence d = (47/3N)'/3a.q, where N is the number of
dipoles in the TUC.

With target option CYLNDRPBC, the target becomes a periodic structure, of infinite extent.

e If SHPAR, > 0 and SHPAR; = 0, then the target cylindrical TUC repeats in the yrp direction,
with periodicity SHPAR, X d.

e If SHPAR; = 0 and SHPAR, > 0 then the target cylindrical TUC repeats in the Zry direction,
with periodicity SHPAR5 X d.

e If SHPAR, > 0 and SHPAR5 > 0 then the target cylindrical TUC repeats in the yrp direction,
with periodicity SHPAR, X d, and in the Z direction, with periodicity SHPAR5 X d.

Example 1: One could construct a single infinite cylinder with the following two lines in ddscat . par:

100 1 100
1.0 10049 2 1.0 0. 1

The first line ensures that there will be enough memory allocated to generate the target. The TUC
would be a thin circular “slice” containing just one layer of dipoles. The diameter of the circular slice
would be about 100.49d in extent, so the TUC would have approximately (7/4) x (100.49)? = 7931
dipoles (7932 in the actual realization) within a 100 x 1 x 100 “extended target volume”. The TUC would
be oriented with the cylinder axis in the yr direction (SHPAR3=2) and the structure would repeat in
the ¥ direction with a period of 1.0 x d. SHPAR;=0 means that there will be no repetition in the z
direction. SHPARg=1 means that the target axes a; = X1p and a3 = yrr.

Note that SHPAR;, SHPARy, SHPAR,, and SHPARj5 need not be integers. However, SHPAR3, deter-
mining the orientation of the cylinders in the TF, can only take on the values 1,2,3.

The orientation of the incident radiation relative to the target is, as for all other targets, set by the
usual orientation angles (5, ©, and ® (see above); for example, © = 0 would be for radiation incident
normal to the periodic structure.

22.4.1 Sample calculation in directory examples_exp/CYLNDRPBC

The subdirectory examples_exp/CYLNDRPBC contains ddscat . par for calculating scattering by
an infinite cylinder with m = 1.33 + 0.01¢ for x = 27 R/\ = 5, where R is the cylinder radius. Thus
R =x\/2m. Weset A = 1.

The TUC is a disk of thickness d. The sample calculation calls for the cylinder diameter 2R to be
64.499d, where d is the dipole spacing.

With this choice, the TUC (disk of thickness d) turns out to be represented by N = 3260 dipoles.
Thus 7R? = Nd?, ord = (n/N)'/2R.

The volume of the TUC is V' = Nd>. The effective radius of the TUC is a.g = (3V/4m)Y/3 =
(3N/4m)'/3d = (3N /4m)'/3 (1 /N)V/2R = (3/4m)' /371 /2RN~1/6, With R = 2\/27 we have a.g =
(3/4m) /372 (2N /27 )N~/6 = 0.22723 for x = 5and \ = 1.

With the standard error tolerance TOL=1 . Oe-5, the calculation converges in IT=7 iterations for
each incident polarization. The scattering properties are reported in w000r000k000 . sca. The calcu-
lation used required 40 MB of RAM, and used 39 cpu sec on a 2.53 GHz cpu.

22.5 DSKBLYPBC = Target consisting of a periodic array of disks on top of a
two-layer rectangular slabs.
This option causes DDSCAT to create a target consisting of a periodic or biperiodic array of Target Unit

Cells (TUCs), each TUC consisting of a disk of composition 1 resting on top of a rectangular block con-
sisting of two layers: composition 2 on top and composition 3 below. Materials 1, 2, and 3 are assumed
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to be homogeneous and isotropic.
This option requires 9 shape parameters. The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR3; SHPAR, SHPARs5 SHPAR¢ SHPAR; SHPARg SHPARg

where

SHPAR; = (disk thickness in X direction)/d

SHPARy = (disk diameter)/d

SHPARj3 = (upper slab thickness in X7p direction)/d

SHPAR,4 = (lower slab thickness in X direction)/d

SHPARs; = (slab extent in yrp direction)/d

SHPARg = (slab extent in zT direction)/d

SHPAR7 = P, /d = period in yrr direction/d

SHPARg = P, /d = period in Z7 direction/d

SHPARg = 1,2,3,4,5, or 6 to specify a; and a5 in the Target Frame (see below)

The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified
in the file ddscat .par.

The “computational volume” is determined by
(SHPAR; +SHPAR3+SHPAR,) X SHPAR; X SHPARg.

The lower surface of the cylindrical disk is in the xTr = 0 plane. The upper surface of the slab is
also in the zTr = 0 plane. It is required that SHPAR, < min(SHPAR,, SHPARs5).

The Target Frame origin (0,0,0) is located where the symmetry axis of the disk intersects the xp = 0
plane (the upper surface of the slab, and the lower surface of the disk).
In the Target Frame, dipoles representing the disk are located at

xrr/d = 0.5,1.5, ..., [int(SHPAR; + 0.5) — 0.5]
and at (yTr, z7r) values

yrr/d = £0.5,£1.5, ... and

zrrp/d = £0.5,£1.5, ... satisfying

(Y2 + 23p) < (SHPAR2/2)2d>.

Dipoles representing the rectangular slab are located at (x/d, y/d, z/d) = (j + 0.5, 5, + Ay, j. +

Az), where jg, j,, and j, are integers. Ay = 0 or 0.5 depending on whether SHPARj is even or odd.
Az = 0 or 0.5 depending on whether SHPARg is even or odd.

The TUC is repeated in the y1r and zTg directions, with periodicities SHPAR; Xd and SHPARg X d.

As always, the physical size of the target is fixed by specifying the value of the effective radius
ac = (3Vruc/4m)'/3, where Vipyc is the total volume of solid material in one TUC. For this geometry,
the number of dipoles in the target will be approximately

N = (m/4) x SHPAR; x (SHPARy)® + [SHPAR;3 + SHPAR,] x SHPAR; x SHPARg

although the exact number may differ because of the dipoles are required to be located on a rectangular
lattice. The dipole spacing d in physical units is determined from the specified value of a.g and the
number N of dipoles in the target: d = (47/3N)"/3aeg.
If SHPARg = 1 then &; || X7F, &2 || yTF

= 2then a; || XTF, Qs || ZTF

= 3 then a; || YTF, as || XTF

=4thena, || yrF, a2 || ZTF

= 5 then fil || ZTF, ég || )A(TF

= 6 then a; || ZTF, Qs || YTF
Normally, the user will probably set SHPARg = 1: a; = X1p = (1,0, 0)1F — i.e., normal to the “slab”
—and ég = yTF = (0, ]-»O)TF~
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22.6 DSKRCTPBC = Target consisting of homogeneous rectangular brick plus
a disk, extended in target y and z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of a biperiodic array of Target Unit Cells.
Each Target Unit Cell (TUC) consists of a disk of composition 1 resting on top of a rectangular block of
composition 2. Materials 1 and 2 are assumed to be homogeneous and isotropic.

The cylindrical disk has thickness SHPAR; X d in the X7r direction, and diameter SHPARs X d. The rect-
angular block is assumed to have thickness SHPAR3 xd in the X7p direction, extent SHPARy X d in the
yrr direction, and extent SHPAR5 X d in the zrp direction. The lower surface of the cylindrical disk is
in the xr = 0 plane. The upper surface of the slab is also in the xr = 0 plane.

The Target Frame origin (0,0,0)7r is located where the symmetry axis of the disk intersects the
x1r = 0 plane (the upper surface of the slab, and the lower surface of the disk). In the Target Frame,
dipoles representing the rectangular block are located at (vrr/d, yrr/d, z1r/d) = (jz + 0.5,7, +
Ay, j. + Az), where j,, j,, and j, are integers. Ay = 0 or 0.5 depending on whether SHPAR, is even
or odd. Az = 0 or 0.5 depending on whether SHPARj is even or odd.

j» = —[int(SHPAR3 4 0.5)], ..., —1.
Jy = —[int(0.5 x SHPARs — 0.5) + 1], ..., j. = —[int(SHPAR4 + 0.5) — 0.5]
yrr/d = —[int(0.5 x SHPARy + 0.5) — 0.5], ..., [int(0.5 x SHPAR4 + 0.5) — 0.5]
zrr/d = —[int(0.5 x SHPAR; + 0.5) — 0.5], ..., [int(0.5 x SHPAR; + 0.5) — 0.5]
where int(z) is the greatest integer less than or equal to x. Dipoles representing the disk are located at
xrr/d = 0.5,1.5, ..., [int(SHPAR4 + 0.5) — 0.5]
and at (y, z) values
yrr/d = £0.5,+1.5, ... and
zrr/d = £0.5,£1.5, ... satisfying
(Y25 + 225) < (SHPAR5/2)%d>.

The TUC is repeated in the target y- and z-directions, with periodicities SHPARg X d and SHPAR7 X d.
As always, the physical size of the target is fixed by specifying the value of the effective radius a.g =
(3Vruc /47T)1/ 3, where Vpyc is the total volume of solid material in one TUC. For this geometry,
the number of dipoles in the target will be approximately N = [SHPAR; x SHPAR; x SHPARj3 +
(m/4)((SHPAR,)? x SHPAR;)], although the exact number may differ because of the dipoles are re-
quired to be located on a rectangular lattice. The dipole spacing d in physical units is determined from
the specified value of a.g and the number N of dipoles in the target: d = (47/3N)'/3acg. This option
requires 8 shape parameters:

The pertinent line in ddscat . par should read

SHPAR; SHPAR; SHPAR3 SHPAR, SHPAR; SHPARg SHPAR7; SHPARg

where

SHPAR; = [disk thickness (in X direction)]/d [material 1]

SHPARy = (disk diameter)/d

SHPAR3 = (brick thickness in X direction)/d [material 2]

SHPAR, = (brick length in yrp direction)/d

SHPAR5 = (brick length in zp direction)/d

SHPARg = P,/d = periodicity in yrr direction/d

SHPAR; = P, /d = periodicity in ZTr direction/d

SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

It is required that SHPARy <min(SHPAR,,SHPAR;).

It is required that SHPARg >max(SHPARy,SHPARy).

It is required that SHPAR7; >max(SHPARy,SHPAR5).

The overall extent of the TUC (the “computational volume”) is determined by

(SHPAR;+SHPAR,) xmax(SHPARy,SHPAR, ) xmax(SHPAR3,SHPAR5). The periodicity in the TF y
and z directions is determined by parameters SHPARg and SHPAR;.
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The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm — the same unit
as used to specify the wavelength), specified in the file ddscat .par.
The target is a periodic structure, of infinite extent in the Xr and yrp directions.
If SHPARg = 1 then &; || X7F, a2 || yTF

= 2 then a; || XTF, A || ZTF

= 3thena; || yrr, a2 || XTF

= 4 then fil || yTF, ég || ZTF

= 5 then a; || ZTF, Qs || XTF

= 6 then a; || ZTF, a3 || YTF
Normally, the user will probably set SHPARg = 1: a; = X1p = (1,0, 0)F — i.e., normal to the “slab”
—and ég = yTF = (0, 170>TF~

22.6.1 Sample calculation in directory examples_exp/DSKRCTPBC

Subdirectory examples_exp/DSKRCTPBC contains ddscat .par for calculating scattering by a
0.0500pm thick SigNy slab supporting a doubly periodic array of Au disks, with periodicity 0.0800um,
disk diameter 0.0400um, and disk height 0.0200um, for light with wavelength A = 0.5320um.

The TUC consists of a rectangular block of SizNy, of dimension 15d x 24d x 24d (8640 dipoles),
supporting an Au disk of thickness 6d and a diameter ~12d (672 dipoles). With a “diameter” of only
12d, the cross section of the “disk” is only roughly circular; each layer of the disk contains 112 dipoles.

The volume of the ideal TUC is Vryc = (0.08)? x 0.05 + m(0.02)2 x 0.02 = 3.4513 x 10~*pm3.
Thus we set aog = (3Vruc/4m)'/? = 4.3514 x 10~2um. The DDA calculation has kd = .039377.

The radiation is incident at an angle of 60° relative to the surface normal. The entire calculation
required 2400 cpu sec on a 2.53 GHz cpu. Most of the cpu time was spent computing the effective A
matrix for the calculation, which requires extensive summations; once this was obtained, the solution
was found in 31 and 33 iterations, respectively, for the two incident polarizations, requiring ~8 cpu sec.

227 HEXGONPBC = Target consisting of homogeneous hexagonal prism re-
peated in target y and/or z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of a periodic or biperiodic array of hexagonal
prisms. The individual prisms are assumed to be homogeneous and isotropic, just as for option RCTNGL
(see §21.20).

Let us refer to a single hexagonal prism as the Target Unit Cell (TUC). The TUC is then repeated in the
target y- and z-directions, with periodicities P, and P,, where d is the lattice spacing. To repeat in only
one direction, set either P, or P, to zero.

This option requires 6 shape parameters: The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR; SHPAR, SHPAR; SHPARg

whereSHPAR{, SHPARy, SHPAR3, SHPAR,, SHPARy, SHPARg are numbers:
SHPAR; = prism length along prism axis (in units of d) in units of d

SHPAR, = 2Xxlength of one hexagonal side/d

SHPAR3 = 1,2,3,4,5 or 6 to specify prism orientation in the TF (see below)
SHPARy = P, /d = periodicity in yrr direction/d

SHPARs5 = P, /d = periodicity in Zp direction/d

SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

The overall size of the TUC (in terms of numbers of dipoles) is determined by parameters SHPAR,
and SHPARs.

The periodicity in the y1r and zTp directions is determined by parameters SHPAR, and SHPARp.

The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in
the file ddscat . par, with the usual correspondence d = (47/3N)/3a.q, where N is the number of
dipoles in the TUC.
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The individual hexagons may have any of 6 different orientations in the Target Frame. Let unit vectors
h be || to the axis of the hexagonal prism, and let unit vector f be normal to one of the rectangular faces
of the hexagonal prism. Then
SHPAR3 = 1 for h || %rp, f || yrr
SHPAR3 = 2 for h || %rp, f || Zrr
SHPARg = 3 forfl H }A’TF,E H XTR
SHPAR3 = 4 forh || yrp, f || Zrr
SHPAR3 = 5 forfl H ZTF,f H XTF
SHPAR3 = 6 forfl H iTF,f H S’TF
The target axes a; and ag, which are used to specify the orientation of the target relative to the incident
radiation, are specified by SHPARg:
If SHPARg = 1 then &; || X7F, a2 || yTF
= 2 then a; || XTF, A || ZTF
= 3thena; || yrr, a2 || XTF
= 4 then fil || yTF, ég || ZTF
= b5 then a; || ZTF, Qs || XTF
= 6 then a; || ZTF, a3 || YTF

For example, one could construct a single infinite hexagonal column with the following line in
ddscat .par:

20 1000 3 2.0 0. 3

The TUC would be a thin hexagonal “slice” containing two layers of dipoles. The edges of the hexagon
would be about 50d in extent, so the TUC would have approximately (3v/3/2) x 50 x 2 = 12990
dipoles (13024 in the actual realization) within a 90 x 2 x 100 “extended target volume”.

The TUC would be oriented with the hexagonal axis in the yTr direction, with ZTr normal to a rectan-
gular face of the prism (SHPAR3 = 3), and the structure would repeat in the yrr direction with a period
of 2 X d (SHPARy = 2.0).

SHPARs; = 0 means that there will be no repetition in the zp direction.

Note that SHPAR;, SHPARs, SHPARy, and SHPARj5 need not be integers. However, SHPAR3, deter-
mining the orientation of the prisms in the TF, can only take on the values 1,2,3,4,5,6. And SHPARg can
likewise only take on values 1,2,3,4,5,6.

Important Note: For technical reasons, if nonzero, P, and P, must not be smaller than the “ex-
tended” target extent in the yrr and Zrp directions. When the GPFAFT option is used for the 3-
dimensional FFT calculations, the extended target volume always has dimensions/d = 2¢3%5¢, where a,
b, and c are nonnegative integers.

22.8 HEXUNIPBC = Target consisting of homogeneous hexagonal prism with
uniaxial dielectric tensor repeated in target y and/or z directions using periodic
boundary conditions

This option causes DDSCAT to create a target consisting of a periodic or biperiodic array of hexagonal
prisms. The individual prisms are assumed to be homogeneous, composed of birefringen material (e.g.,
H>O ice) with a uniaxial dielectric tensor. The c-axis of the material is assumed to be parallel to the
target axis ai; the user can assign a; to be in the Xp, yTr, or ZTr direction.

Let us refer to a single hexagonal prism as the Target Unit Cell (TUC). The TUC is then repeated in
the yTr and/or ZTr directions, with periodicities P, and P, where d is the lattice spacing. To repeat in
only one direction, set either P, or P, to zero.

This option requires 6 shape parameters: The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR3 SHPARy SHPARs SHPARg
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whereSHPAR{, SHPARy, SHPAR3, SHPAR,, SHPAR5, SHPARg, are numbers:
SHPAR; = prism length along prism axis (in units of d) in units of d

SHPAR, = 2xlength of one hexagonal side/d

SHPAR3 = 1,2,3,4,5 or 6 to specify prism orientation in the TF (see below)
SHPARy = P, /d = periodicity in yr direction/d

SHPARs5 = P, /d = periodicity in Zp direction/d

SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

The overall size of the TUC (in terms of numbers of dipoles) is determined by parameters SHPAR,
and SHPARs.
The periodicity in the y1r and zTp directions is determined by parameters SHPAR, and SHPARj.
The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in
the file ddscat . par, with the usual correspondence d = (47/3N)/3a.q, where N is the number of
dipoles in the TUC.
The individual hexagons may have any of 6 different orientations in the Target Frame. Let unit vectors
h be || to the axis of the hexagonal prism, and let unit vector f be normal to one of the rectangular faces
of the hexagonal prism. Then
SHPAR3 = 1 for h || %rp, f || yrr
SHPAR3g = 2 forfl H )A(TF,f H ZTF
SHPAR3 = 3 forfl H }A’TF,f H XTF
SHPAR3 = 4 for h || yre, f || Zrr
SHPAR3 = ) forfl H iTF,f H XTF
SHPAR3 = 6 for h || Zrp, f || yrr
The target axes a; and as, which are used to specify the orientation of the target relative to the incident
radiation, are specified by SHPARg:
If SHPARg = 1 then &; || X7F, &2 || yTF

= 2then a; || XTF, Qs || ZTF

= 3 then a; || S’TF, as || XTF

=4thena, || yrF, a2 || ZTF

= 5 then fil || iTFa ég || )A(TF

= 6 then a; || ZTF, Qs || YTF

For example, one could construct a single infinite hexagonal column with the following line in
ddscat .par:

20 1000 3 20 0. 3

The TUC would be a thin hexagonal “slice” containing two layers of dipoles. The edges of the hexagon
would be about 50d in extent, so the TUC would have approximately (3v/3/2) x 50 x 2 = 12990
dipoles (13024 in the actual realization) within a 90 x 2 x 100 “extended target volume”.

The TUC would be oriented with the hexagonal axis in the yTr direction, with ZTr normal to a rectan-
gular face of the prism (SHPAR3 = 3), and the structure would repeat in the ¥ direction with a period
of 2 x d (SHPAR4 = 2.0).

SHPAR; = 0 means that there will be no repetition in the Zr direction.

The c-axis of the material would be along a; = y1r (SHPARg = 3).

Note that SHPAR;, SHPARs, SHPARy, and SHPARj5 need not be integers. However, SHPAR3, deter-
mining the orientation of the prisms in the TF, can only take on the values 1,2,3,4,5,6, and SHPARg can
likewise only take on values 1,2,3,4,5,6.

Because the dielectric tensor is assumed to be uniaxial, two dielectric functions are needed. Thus the
next line in ddscat . par should read
2 = NCOMP = number of dielectric functions
followed by a line with the name (in quotes) of the dielectric function for E || ¢,
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followed by a line with the name (in quotes) of the dielectric function for E L c.

Important Note: For technical reasons, if nonzero, P, and P, must not be smaller than the “ex-
tended” target extent in the yrr and zrp directions. When the GPFAFT option is used for the 3-
dimensional FFT calculations, the extended target volume always has dimensions/d = 223b5¢ where a,
b, and c are nonnegative integers.

22.9 LYRSLBPBC = Target consisting of layered slab, extended in target y and
z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of an array of multilayer bricks, layered in
the xTp direction. The size of each brick in the yrr and zg direction is specified. Up to 4 layers are
allowed.

The bricks are repeated in the yTr and ZTr direction with a specified periodicity. If L, = P, and
L, = P,, then the target consists of a continuous multilayer slab. For this case, it is most economical to
set L,/d=L,/d=P,/d=P./d=1.

If P, = 0, then repetition in the yr direction is suppressed — the target repeats only in the Zry direc-
tion.

If P, = 0, then repetition in the Zry direction is suppressed — the target repeats only in the yrr direction.
The upper surface of the slab is asssume to be located at xr = 0. The lower surface of the slab is at
xrp = — L, = — SHPARI1 Xd.

The multilayer slab geometry is specified with 10 parameters. The pertinent line in ddscat .par
should read

SHPAR; SHPARy; SHPAR3 SHPARs SHPAR;5; SHPARg SHPAR7; SHPARg SHPARg SHPARjg

where

SHPAR; = L, /d = (brick thickness in X direction)/d

SHPARy = L, /d = (brick extent in yrr direction)/d

SHPAR3 = L. /d = (brick extent in Zrp direction)/d

SHPAR, = fraction of the slab with composition 1

SHPAR5 = fraction of the slab with composition 2

SHPARg = fraction of the slab with composition 3

SHPARy; = fraction of the slab with composition 4

SHPARg = P, /d = (periodicity in yrr direction)/d (0 to suppress repetition in yrr direction)
SHPARg = P, /d = (periodicity in zZTr direction)/d (0 to suppress repetition in Zg direction)
SHPAR o = 1,2,3,4,5, or 6 to specify a; and as in the Target Frame (see below)

For a slab with only one layer, set SHPAR5 = 0, SHPARg = 0, SHPAR; = 0.

For a slab with only two layers, set SHPARg = 0 and SHPAR; = 0.

For a slab with only three layers, set SHPARy = 0.

The user must set NCOMP equal to the number of nonzero thickness layers.

The number N of dipoles in one TUC is N = nint(SHPAR;) x nint(SHPARy) x nint(SHPARj).

The fractions SHPAR,, SHPAR5, SHPAR7, and SHPAR; must sum to 1. The number of dipoles in
each of the layers will be integers that are close to nint(SHPAR; * SHPAR,), nint(SHPAR; * SHPAR;),
nint(SHPAR, * SHPARg), nint(SHPAR, * SHPAR;),

The physical size of the TUC is specified by the value of a.g¢ (in physical units, e.g. cm), specified
in the file ddscat .par. Because of the way a.f is defined (4ma’;/3 = Nd?), it should be set to

e = (3/4m)V3NY3d = (3/4m)V/3 (L, L, L.)"3
With target option LYRSLBPBC, and P, x P, # 0, the target becomes a periodic structure, of infinite

extent in the target y- and z- directions.
The target axes (in the TF) are specified by SHPAR¢:
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If SHPAR g = 1 then a; H XTF, as || YTF
=:2thﬂlél||ﬁTF,ég‘|iTF
:i3thm1§1||yTF,52‘|XTF
= 4 then a; || YTF, as H ZTF
=:5thm1éll|iTF,éQ||ﬁTF
= 6 then a; || ZTF, A || }A’TF

Normally, the user will probably set SHPAR;g = 1: &4; = Xr = (1,0, 0)F — i.e., normal to the “slab”

—and a3 = yrr = (0,1,0)7r.

22.9.1 Sample calculation in directory examples_exp/LYRSLBPBC

Subdirectory examples_exp/LYRSLBPBC contains ddscat .par for calculating scattering by a
0.13pm thick slab consisting of 0.10um of Eagle 2000 glass coated with a 0.03um layer of Au. The
slab is 26 dipole layers thick; the target unit cell consists of N = 26 x 1 x 1 dipoles. The first layer com-
prises 76.92% of the thickness, the second layer 23.08% of the thickness. The wavelength is 0.532um,

the thickness is L, = (47/3)Y/3 N2 acq = (47/3)1/3(26)2/30.009189 = 0.1300.m.
The first layer (Eagle_2000) thickness is 0.7692L, = 0.1000pm, and
the lower layer (Au_evap) thickness is 0.2308 L, = 0.0300pm.

ddscat .par below is set up to calculate a single orientation: in the Lab Frame, the target is rotated
through an angle © = 120°, with ® = 0. In this orientation, the incident radiation is propagating in the

(—0.5,0.866, 0) direction in the Target Frame, so that it is impinging on target layer 2 (Au_evap).

! =========== Parameter file for v7.3.1 === ’
" %%x*x PRELIMINARIES **xx%’
"NOTORQ’ = CMTORQx*6 (DOTORQ, NOTORQ) -- either do or skip torque calculations
"PBCGS2’ = CMDSOL*6 (PBCGS2, PBCGST, PETRKP) —-- CCG method
"GPFAFT’ = CMETHD*6 (GPFAFT, FFTMKL) —-- FFT method
" GKDLDR’ = CALPHA*x6 (GKDLDR, LATTDR, FLTRCD) -- DDA method
(

"NOTBIN’ = CBINFLAG (ALLBIN, ORIBIN, NOTBIN)

"xx%% Initial Memory Allocation *xxx’

26 1 1 = upper bounds on size of TUC

"xx*x* Target Geometry and Composition xxxx*’

"LYRSLBPBC’ = CSHAPE*9 shape directive

26 1 1 0.7692 0.2308 0 0 1 1 1 = shape parameters SHPAR1 - SHPARI1O

2 = NCOMP = number of dielectric materials
’../diel/Eagle_2000’ = refractive index 1
"../diel/RAu_evap’ = refractive index 2

"xx%+ Additional Nearfield calculation? x#xx%x’

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)

0 00O0O0O0 (fract. extens. of calc. vol. in -x,+x,-y,+y,-2z,+2)

"+xx%x Error Tolerance x#*x*x'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/(NORM OF AC|E>)
" xx%+ Maximum number of iterations *xxxx’

100 = MXITER

"xx%x% Interaction cutoff parameter for PBC calculations xxxx’

1.00e-2 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)

"xx%x% Angular resolution for calculation of <cos>, etc. xxxx'

0.5 = ETASCA (number of angles is proportional to [ (3+x)/ETASCA]"2 )
"xx%x% Wavelengths (micron) x#*x*x*’

0.5320 0.5320 1 "INV’ = wavelengths (first,last,how many, how=LIN, INV, LOG)
"xx%x+ Refractive index of ambient medium’

1.0000 = NAMBIENT

"xxxx Effective Radii (micron) sx*x '

0.009189 0.009189 1 '"LIN’ = eff. radii (first,last,how many,how=LIN, INV, LOG)

"xx%x+ Define Incident Polarizations xxxx’
(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)
2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)

64



22 TARGET GENERATION: PERIODIC TARGETS

"xxx*x Specify which output files to write **xx’
1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.
"xxx% Prescribe Target Rotations **#*x’

0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)

120. 120. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"xxx% Specify first IWAV, IRAD, IORI (normally 0 O 0) *#xx'

0 0 0 = first IWAV, first IRAD, first IORI (0 0 O to begin fresh)

"xx%x% Select Elements of S_ij Matrix to Print #xxx’

6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices ij of elements to print

"xx%x* Specify Scattered Directions ##*x*x'

"TFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)

1 = number of scattering orders

0. 0. = (M,N) for scattering

22.10 RCTGL_PBC = Target consisting of homogeneous rectangular brick, ex-
tended in target y and z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of a biperiodic array of rectangular bricks. The
bricks are assumed to be homogeneous and isotropic, just as for option RCTNGL (see §21.20).

Let us refer to a single rectangular brick as the Target Unit Cell (TUC). The TUC is then repeated in the
yTr- and zrp-directions, with periodicities P, and P,. This option requires 6 shape parameters:

The pertinent line in ddscat . par should read

SHPAR; SHPARy SHPAR3 SHPAR4 SHPARs SHPARg

where

SHPAR; = (brick thickness)/d in the zw direction

SHPARy = (brick thickness)/d in the yrr direction

SHPARj3 = (brick thickness)/d in the zrp direction

SHPAR4 = P, /d = periodicity/d in the yrr direction

SHPARj5 = P, /d = periodicity/d in the zrp direction

SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

The overall size of the TUC (in terms of numbers of dipoles) is determined by parameters SHPAR;,
SHPARy, and SHPAR3. The periodicity in the yrr and zrp directions is determined by parameters
SHPAR4 and SHPAR5.
The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in the
file ddscat .par.
With target option RCTGL,_PBC, the target becomes a periodic structure, of infinite extent in the y g

and zrr directions (if Py, x P, # 0).
The target axes (in the TF) are specified by SHPARg:
If SHPARg = 1 then &; || X7F, &2 || yTr

= 2then a; || XTF, A || ZTF

= 3thena; || yrr, a2 || XTF

= 4 then fil || yTF, ég || ZTF

= 5 then a; || ZTF, Qs || XTF

= 6 then a; || ZTF, a3 || YTF
Normally, the user will probably set SHPARg = 1: a; = X1r = (1,0,0)F — i.e., normal to the “slab”
—and ég = yTF = (0, 170)TF~
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22.10.1 Sample calculation in directory examples_exp/RCTGL_PBC

Subdirectory examples_exp/RCTGL_PBC contains ddscat . par for scattering by an infinite slab,
constituted from 20 x 1 x 1 dipole TUCs. The wavelength A = 0.5um, and the slab thickness is
h = 0.10pm. The slab has refractive index m = 1.50 + 0.02i. The interdipole spacing d = h/20 =
0.10pm/20 = 0.005xm. The TUC has dimension V = h x d x d = 0.10pm x 0.005um x 0.005um,
and hence a.g = (3V/47)'/3 = (3 x 0.10 x 0.005 x 0.005/47)*/3 um = 0.0084195m. Radiation is
incident from © = —oo at an angle 6; = 40° relative to the surface normal. The parameter -y is set to
~ = 1072 so that the initial calculations of the “A matrix” can be done quickly. Draine & Flatau| (2008)
show examples of how computed results for scattering can depend on the value of ~.

|
|

!
l
-1.5 -1 -0.5 0

h/A=0.2
0.2 0,=40° ]
s m=1.5+0.02i :
O L 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 |
0.5
X/h B.T. Draine 2013.05.19.1741

| 2
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along a line normal to a slab of thickness h, refractive index

m = 1.5 4 0.02¢. Radiation with A/h = 5 is incident on the surface at z/h = —1 with incidence angle ; = 40°. The interdipole
spacing is set to d = h/20 = 0.01\. This is the same problem reported in Fig. 7b of |Draine & Flatau| (2008). Eq. (128) gives the
relation between microscopic and macroscopic E fields. The low value of |E|® at x/h = —1 results from interference between

incident and reflected waves.

22.10.2 Sample calculation in directory examples_exp/RCTGL_PBC_NEARFIELD

The directory examples_exp/RCTGL_PBC_NEARFIELD contains ddscat .par for calculation
of scattering and absorption by an infinite slab of material with refractive index m = 1.50 + 0.02¢ and
thickness h = 0.10pum in vacuo. The incident radiation has wavelength Ay, = 0.5um and incidence
angle 0; = 40°. The interdipole spacing is set to d = h/20 = 0.005um. This is the example problem
shown in Fig. 7b of Draine & Flatau| (2008).

The slab is treated as a periodic array of 1d x 1d x 20d structures with periodicity P, = 1d and
P, = 1d. The volume of the TUC is Vryc = 20d® = 2.50 x 10~%um?, and the effective radius is
et = (3Vruc/4m)/? = 0.0084195um.

22.10.3 Sample calculation in directory examples_exp/RCTGL_PBC_NEARFLD_B

The directory examples_exp/RCTGL_PBC_NEARFLD_B contains ddscat .par for calculation
of scattering and absorption by an infinite slab of material with refractive index m = 1.50 + 0.02¢
and thickness h = 0.1pm in vacuo. The incident radiation has wavelength A, = 0.5pum and inci-
dence angle #; = 40°. The interdipole spacing is set to d = h/20 = 0.005um. This is the example
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problem shown in Fig. 7b of [Draine & Flatau| (2008), and is the same problem as in directory exam-
ples_exp/RCTGL_PBC_NEARFIELD.

The slab is treated as a periodic array of 1d x 1d x 20d structures with periodicity P, = 1d and
P, = 1d. The volume of the TUC is Vryc = 20d® = 2.5 x 10~%um?, and the effective radius is
aer = (3Vruc/4m)Y/3 = 0.0084195um.

In this example, we set NRFLD=2 so that, in addition to calculating E in the nearfield volume,
DDSCAT 7.3 will calculate B throughout the nearfield volume. With both E and B available, we can
also compute the Poynting vector (¢/47)E x B.

1 z z 1 z z

E | scat.plane g - E | scat.plane g
09 |- —~ 09 =
L i !EE L i
: m=1.50+0.02i, §=40° @ mi=1.50+0.02i, 6=40°
08 |- h=0.10um, A=0.5um — /\\‘; 0.8 — h+0.10pum, A=0.5um a
| N=20, GKDLDR 1 =7 | N=20, FLTRCD ,
+ E L scat.plane E EJX, + E 1 scat.plane E
0.7 |- ] 07 |- S

702 1 1 1 1 701 1 1 1 1 0 1 1 1 1 01 702 1 1 1 1 701 1 1 1 1 1 1 1 1

0.1

Xqp (lu‘m) B.T.Draine 2013.05.19.1337 Xop (/"’m) B.T.Draine 2013.05.19.1338

Figure 10: Component of Poynting flux normal to a slab of thickness h = 0.10um, refractive index m = 1.5+ 0.02i. Radiation
with A/h = 5 is incident with incidence angle 6; = 40°. The interdipole spacing is set to d = h/20 = 0.005um. This is the
problem considered in Fig. 7b of |Draine & Flatau|(2008)). Left: obtained with DDA method GKDLDR. Right: obtained with DDA
method FLTRCD. The red and blue lines show (1 — R) for xrr < —0.1um, and T for xrr > 0, where R and T are the reflection
and transmission coefficients. The blue (dashed) lines correspond to the exact solution for 7" and R. The red (solid) line uses the
values of 7" and R computed by DDSCAT 7.3: T} = S11(07) + S12(07), R = S11(0r) + S12(0r), TL = S11(07) — S12(07),
R, = 511(0r) — S12(0r), with S;; from the output file w000r000k000 . sca, 7 = 40°, and Or = 140°.

In Figure[10|we show the component of the time-averaged Poynting flux normal to the slab, (¢/47)((Ex

B)) - X7, divided by the time-averaged value of the incident Poynting flux, (¢/87)E3 cos6;. Figure
[T0p shows results computed using the standard DDA (method option GKDLDR) and Figure [T0b shows
results computed using the filtered couple dipole method (option FLTRCD). Both methods give accurate
results. The main difference is in the computed E field near the surface of the slab: the standard "point
dipole" calculation (GKDLDR) has small-scale structure in the computed E near the surface, resulting
in errors of a few % in the computed Poynting vector near the surface (see Figure [[0p). The filtered
coupled dipole method, on the other hand, explicitly filters out the small-scale structure in the E field,
thereby suppressing the "blips" in the Poynting flux near the two surfaces of the slab (see Figure [T0b).
Otherwise the two solutions are nearly identical, and both are smooth near the middle of the slab.

The numerical accuracy can be assessed from Table @ For this problem, with N = 20, both
GKDLDR and FLTRCD give reflection and transmission coefficients accurate to better than 0.5%. The
absorption coefficients are somewhat less accurate, but the fractional errors do not exceed 4.2%. Note
that the filtered coupled dipole method (FLTRCD) does not give greater accuracy than GKDLDR, at
least for this problem. If desired, the accuracy could be further improved by increasing N.
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The CPU time required for the filtered coupled dipole calculations is about twice that required for
the GKDLDR method, because for this calculation the dominant calculational task is calculation of the
elements of the dipole-dipole interaction matrix (or Green function).

Table 2: Results for m = 1.5 + 0.02i, h/\ = 0.2, 6; = 40°

quantity exact GKDLDR FLTRCD

Ry 0.051875  0.05179  0.051740

Ry 0.25046 0.25047 0.25042

T 0.89545 0.89534 0.89592

T 0.70280 0.70524 0.70478

Ay 0.052675  0.052482  0.052259

Ay 0.046748  0.044970  0.044801

Ry + Ty + 4 1 0.99961 0.99992

R, +T, +AL 1 1.00068 1.00000

Ry /exact — 1 0 —0.0017  —0.0026

R, /exact — 1 0 +0.0001 —0.0002

T /exact — 1 0 —0.0001  +0.0005

T, /exact — 1 0 +0.0035  +0.0042

Aj/exact — 1 0 —0.0037  —0.0079

A, Jexact — 1 0 —0.0380  —0.0416
CPU time (s) (2.53GHz Intel, 1 core) - 1298. 2770.

22.11 RECRECPBC = Rectangular solid resting on top of another rectangular
solid, repeated periodically in target y and z directions using periodic boundary

conditions

The TUC consists of a single rectangular “brick”, of material 1, resting on top of a second rectangular
brick, of material 2. The centroids of the two bricks along a line in the Xf direction. The bricks are as-
sumed to be homogeneous, and materials 1 and 2 are assumed to be isotropic. The TUC is then repeated
in the yr and zrp-directions, with periodicities SHPAR, X d and SHPAR5 X d.

This option requires 9 shape parameters:
The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR3; SHPARs SHPAR;

where

SHPAR; = (upper brick thickness)/d in the X direction
SHPAR, = (upper brick thickness)/d in the yr direction
SHPARg = (upper brick thickness)/d in the Zrp direction
SHPAR,4 = (lower brick thickness)/d in the XTf direction
SHPAR5 = (lower brick thickness)/d in the yrr direction
SHPARg = (lower brick thickness)/d in the zTr direction

SHPAR; = periodicity/d in the yp direction
SHPARg = periodicity/d in the Zrp direction

SHPARg SHPAR; SHPARg SHPARg

SHPARg = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

The actual numbers of dipoles Ni;, N1y, Ni., along each dimension of the upper brick, and Nog,
Ny, Ny, along each dimension of the lower brick, must be integers. Usually, N1, = nint(SHPAR;),
Ny, = nint(SHPARy), Ny, = nint(SHPAR3), Na, = nint(SHPAR,), Np, = nint(SHPAR5), Na, =
nint(SHPARg), where nint(x) is the integer nearest to x, but under some circumstances Ny, Ny, Ny,

Nag, Nay, No, might be larger or smaller by 1 unit.

The overall size of the TUC (in terms of numbers of dipoles) is determined by parameters SHPAR;
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— SHPARg:
N = (le X le X le) + (Ngx X Ngy X NQZ) (38)

The physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in the
file ddscat .par:
d= (47 /3N)3aeg (39)

The periodicity in the yrr and Zrp directions is determined by parameters SHPAR7 and SHPARs.
The periodicity should not be smaller than the extent of the target, so that one should have

SHPAR; > max(SHPAR,, SHPAR;)
SHPARg > max(SHPAR3, SHPARg)

The target is a periodic structure, of infinite extent in the ¥ and zZ1y directions.
The target axes (in the TF) are specified by SHPARy:
If SHPARg = 1 then &; || X7F, a2 || y1r
= 2 then a; || XTF, A || ZTF
= 3thena; || yrr, a2 || XrF
= 4 then él || yTFa ég || ZTF
= 5 then a; || ZTF, Qs || XTF
= 6 then a; || ZTF, a3 || YTF
Normally, the user will probably set SHPARg = 1: &; = X1r = (1,0,0)TF — i.e., normal to the “slab”
—and ég = }A’TF = (0, 1»O)TF~

22.12 SLBHOLPBC = Target consisting of a periodic array of rectangular blocks,
each containing a cylindrical hole

Individual blocks have extent (a, b, ¢) in the (X1F,yTF,ZTF) directions, and the cylindrical hole has
radius 7. The period in the yrr-direction is P,, and the period in the ZTp-direction is P,.
The pertinent line in ddscat . par should consist of

SHPAR; SHPAR, SHPAR; SHPAR, SHPAR; SHPAR; SHPAR;

where

SHPAR; = a/d (d is the interdipole spacing)

SHPARy = b/a

SHPAR3 = ¢/a

SHPARy = 1/a

SHPARs = P, /d

SHPARg = P, /d.

SHPAR; = 1,2,3,4,5, or 6 to specify a; and a, in the Target Frame (see below)

Ideally, a/d =SHPAR;, b/d =SHPARy X SHPAR;, and ¢/d =SHPAR3 X SHPAR; will be integers (so
that the cubic lattice can accurately approximate the desired target). If P, = 0 and P, > 0 the target is
periodic in the Zp-direction only.
If P, > 0 and P, = 0 the target is periodic in the yrr-direction only.
If P, > 0itis required that P, > b, and if P, > 0 it is required that P, > ¢, so that the blocks do not
overlap.
With P, = band P, = c, the blocks are juxtaposed to form a periodic array of cylindrical holes in a
solid slab.
If SHPAR; = 1 then a; || XTF, A H yTF

= 2then a; || XTF, Q2 || ZTF

= 3 then a; || YTF, 4 || XTF

= 4 then a; || YTF, as || ZTF

= 5 then él || iTFs ég || )A(TF

=6thena, || ztr, a2 || yrr
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22.13 SPHRN_PBC = Target consisting of group of N spheres, extended in tar-
get y and z directions using periodic boundary conditions

This option causes DDSCAT to create a target consisting of a periodic array of N —sphere structures,
where one N —sphere structure consists of [V spheres, just as for target option SPH_ANI_N (see §21.26).
Each sphere can be of arbitrary composition, and can be anisotropic if desired. Information for the de-
scription of one N-sphere structure is supplied via an external file, just as for target option SPH_ANI_N

—see §21.26).

Let us refer to a single /N-sphere structure as the Target Unit Cell (TUC). The TUC is then repeated
in the yrp- and zrp-directions, with periodicities PYAEFF Xaeg and PZAEFFE Xaeg, Where aeg =
(3Vrue/4m)'/3, where Viyc is the total volume of solid material in one TUC. This option requires
4 shape parameters: The pertinent line in ddscat . par should read

SHPAR; SHPAR, SHPAR3 SHPAR, ‘filename’ (quotes must be used)

where

SHPAR; = (maximum extent of target in the X direction)/d

SHPARy = P, /a.x = (periodicity in yrr direction)/aes

SHPAR3 = P, /acsx = (periodicity in ZTr direction)/a.s.

SHPAR, = 1,2,3,4,5, or 6 to specify a; and a in the Target Frame

filename is the name of the file specifying the locations and relative sizes of the spheres.

The overall size of the TUC (in terms of numbers of dipoles) is determined by parameter SHPAR,
which is the extent of the multisphere target in the x-direction, in units of the lattice spacing d. The
physical size of the TUC is specified by the value of a.g (in physical units, e.g. cm), specified in the file
ddscat .par.

If SHPAR, = 1 then &; || X7F, &2 || yTF
= 2then a; || XTF, A || ZTF
= 3thena; || yrr, a2 || XTF
= 4 then fil || yTF, ég || ZTF
= 5 then a; || ZTF, Qs || XTF
= 6 then a; || ZTF, a3 || YTF

The location of the spheres in the TUC, and their composition, is specified in file ‘filename’. Please
consult §21.26] above for detailed information concerning the information in this file, and its arrange-
ment.

Note that while the spheres can be anisotropic and of differing composition, they can of course also
be isotropic and of a single composition, in which case the relevant lines in the file ’filename’ should
read
l‘lyllellllOOO
T2 Y2 22 T2 111000
I3y323T3111000

i.e., every sphere has isotropic composition ICOMP=1 and the three dielectric function orientation an-
gles are set to zero.

When the user uses target option SPHRN_PBC, the target now becomes a periodic structure, of infi-
nite extent in the yrr and ZTy directions.

Note: the user is allowed to set the target periodicity in the target yrr (or zr) direction to values that
could be smaller than the total extent of one TUC in the target yTr (or z7r) direction. This is physically
allowable, provided that the spheres from one TUC do not overlap with the spheres from neighboring
TUCs. Note that DDSCAT does not check for such overlap.
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22.13.1 Sample calculation in directory examples_exp/SPHRN_PBC

Subdirectory examples_exp/SPHRN_PBC contains ddscat . par to calculate scattering by a doubly-
periodic array with the target unit cell consisting of a random cluster of 16 spheres. The calculation is
carried out with double precision arithmetic. Because convergence is slow, the error tolerance is set
to TOL = 5.e-5 rather than the usual 1.e-5, and the maximum number of iterations allowed is
increased to MXITER = 2000.

22.14 TRILYRPBC = Three stacked rectangular blocks, repeated periodically

The target unit cell (TUC) consists of a stack of 3 rectangular blocks with centers on the Xr axis. The
TUC is repeated in either the yrr direction, the ZTr direction, or both. A total of 12 shape parameters
must be specified:
SHPAR; = (thickness of upper layer [material 1] in X direction)/d
SHPAR, = (width of upper layer in yrr direction)/d
SHPARg = (width of upper layer in Zry direction)/d
SHPAR, = (thickness of middle layer [material 2] in Xp direction)/d
SHPAR; = (width of middle layer in yrr direction)/d
SHPARg = (width of middle layer in zty direction)/d
SHPAR; = (thickness of lower layer [material 3] in X direction)/d
SHPARg = width of lower layer in y1 direction/d
SHPARg = width of lower layer in zZT direction)/d
SHPAR; o = P,/d = (period in yr direction)/d
SHPARy; = P./d = (period in zry direction)/d
SHPARp> = 1,2,3,4,5, or 6 to specify a; and as in the Target Frame (see below)
If SHPAR1» = 1 then a; H XTF, A || yTF
= 2then a; || XTF, Q2 H ZTF
= 3 then a,; || YTF, 4 H XTF
= 4 then a; || yTF’ as H ZTF
= 5 then a; || ZTF, A H XTF
= 6 then a,; || ZTF, A H yTF

Three compositions must be specified: the next line in ddscat . par should be
3 = NCOMP = number of dielectric materials
followed by 3 lines giving filenames (in quotes) with tabulated dielectric functions.

23 Scattering Directions

23.1 Isolated Finite Targets

DDSCAT calculates scattering in selected directions, and elements of the scattering matrix are reported
in the output files wxxxryyykzzz.sca . The scattering direction is specified through angles 65 and ¢,
(not to be confused with the angles © and ¢ which specify the orientation of the target relative to the
incident radiation!).

For isolated finite targets (i.e., PBC not employed) there are two options for specifying the scatter-
ing direction, with the option determined by the value of the string CMDFRM read from the input file
ddscat .par.

1. If the user specifies CMDFRM=' LFRAME’, then the angles 6, ¢ input from ddscat .par are
understood to specify the scattering directions relative to the Lab Frame (the frame where the
incident beam is in the z—direction).

When CMDFRM=' LFRAME', the angle 6 is simply the scattering angle 6,: the angle between the
incident beam (in direction X1 ,r) and the scattered beam (6, = 0 for forward scattering, 6, = 180°
for backscattering).
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The angle ¢ specifies the orientation of the “scattering plane” relative to the X, p — yLr plane.
When ¢ = 0 the scattering plane is assumed to coincide with the X;,r — ¥1,r plane. When ¢ = 90°
the scattering plane is assumed to coincide with the X1, — zZpr plane. Within the scattering plane
the scattering directions are specified by 0 < § < 180°. Thus:

N, = xXppcosl + yrrpsinfcosg + zrrpsinfsing 40)

2. If the user specifies CMDFRM=' TFRAME’, then the angles 6, ¢ input from ddscat .par are
understood to specify the scattering directions fig relative to the Target Frame (the frame defined
by target axes XTr, yTF, ZTF). 0 is the angle between n; and X1, and ¢ is the angle between the
n; — Xy plane and the Xtr — yrr plane. Thus:

N; = Xrpcosf + yrrsinfcos ¢ + zrpsinfsing . 41)

Scattering directions for which the scattering properties are to be calculated are set in the parameter
file ddscat . par by specifying one or more scattering planes (determined by the value of ¢;) and for
each scattering plane, the number and range of 6, values. The only limitation is that the number of
scattering directions not exceed the parameter MXSCA in DDSCAT. £ (in the code as distributed it is set
to MXSCA=1000).

23.2 Scattering Directions for Targets that are Periodic in 1 Dimension

For targets that are periodic, scattering is only allowed in certain directions (Draine & Flatau|2008] see).
If the user has chosen a PBC target (e.g, CYLNDRPBC, HEXGONPBC, or RCTGL_PBC), SPHRN_PBC
but has set one of the periodicities to zero, then the target is periodic in only one dimension — e.g.,
CYLNDRPBC could be used to construct a single infinite cylinder.

In this case, the scattering directions are specified by giving an integral diffraction order M =
0,41,+2, ... and one angle, the azimuthal angle ¢ around the target repetition axis. The diffraction
order M determines the projection of k, onto the repetition direction. For a given order M, the scatter-
ing angles with ¢ = 0 — 27 form a cone around the repetition direction.

For example, if PYD > 0 (target repeating in the yr direction), then M determines the value of
ksy = ks - YT, where yrr is the unit vector in the Target Frame y—direction:

koy = oy + 27 M/ L, (42)

where ko, = ko - yTr, where Ky is the incident k vector. Note that the diffraction order M must satisfy
the condition
(k()y — k’o)(Ly/27T) <M< (k() — koy)(Ly/27T) (43)

where L, = PYD X d is the periodicity along the y axis in the Target Frame. M = 0 is always an allowed
diffraction order.

The azimuthal angle { defines a right-handed rotation of the scattering direction around the target
repetition axis. Thus for a target repetition axis ¥,

ks, = kicos(C , 44)
ks, = kysinC , 45)

where k| = (k% — kgy)l/ 2, with kg, = ko, + 2mM/L,,. For a target with repetition axis 27,

kse = kipcos( , (46)
ksy = kisin(¢ , 47

where k| = (k¢ — k2)Y/?, k,. = ko, + 20 M/L..

The user selects a diffraction order M and the azimuthal angles ¢ to be used for that M via one line
in ddscat .par. An example would be to use CYLNDRPBC to construct an infinite cylinder with the
cylinder direction in the yp direction: e.g., examples_exp/CYLNDRPBC/ddscat .par:
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! ========== Parameter file for v7.3 ’

"xx%*% Preliminaries x*x*x'

"NOTORQ’ = CMTORQ#*6 (DOTORQ, NOTORQ) —-- either do or skip torque calculations
"PBCGS2’" = CMDSOL«%6 (PBCGS2, PBCGST, GPBICG, QMRCCG, PETRKP) —-- CCG method
"GPFAFT’ = CMETHD«*6 (GPFAFT, FFTMKL) -- FFT method

" GKDLDR’ = CALPHA*6 (GKDLDR, LATTDR, FLTRCD) -- DDA method

"NOTBIN’ = CBINFLAG (NOTBIN, ORIGIN, ALLBIN)

"x%xx Initial Memory Allocation *xxx*’

100 100 100 = dimensioning allowance for target generation

" x%xx Target Geometry and Composition *xxx'
" CYLNDRPBC’ = CSHAPE%*9 shape directive

1 64.499 2 1.0 0.0 = shape parameters 1 - 7
1 = NCOMP = number of dielectric materials
/7. ./diel/ml1.33_0.01" = file with refractive index 1

"+%%+ Additional Nearfield calculation? #*x*x*’'

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)

0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc. vol. in -x,+x,-y,+y,-z,+2)
"xx%x*% Error Tolerance xxxx'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/ (NORM OF AC|E>)

" xxx% Maximum number of iterations sxxx’

200 = MXITER

"x%xxx Integration limiter for PBC calculations sx*x'

1.00e-3 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)

" x%x*% Angular resolution for calculation of <cos>, etc. x**x’'

0.5 = ETASCA (number of angles is proportional to [ (3+x)/ETASCA]"2 )

" xx%% Vacuum wavelengths (micron) *xxx’

6.283185 6.283185 1 "LIN’ = wavelengths (first,last,how many, how=LIN, INV, LOG)
"xxx+x Refractive index of ambient medium’

1.0000 = NAMBIENT

"xxx+% Effective Radii (micron) x#**x '

2.8555 2.8555 1 "LIN’ = aeff (first,last,how many,how=LIN, INV, LOG)

"xxx+% Define Incident Polarizations xxxx’

(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)

2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)
"x%xx Specify which output files to write x*#*x’

1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.
"xxx*x Specify Target Rotations xxx*x’

0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)

60. 60. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"xxx* Specify first IWAV, IRAD, IORI (normally 0 O 0) xx*x*’

0 0 0 = first IWAV, first IRAD, first IORI (0 O O to begin fresh)

"xxx*x Select Elements of S_ij Matrix to Print *xxx’

6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices ij of elements to print

"xxx%x Specify Scattered Directions *xxx'

'TFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)
1 = NPLANES = number of scattering cones
0. 0. 180. 1 = OrderM zetamin zetamax dzeta for scattering cone 1

In this example, a single diffraction order M = 0 is selected, and ( is to run from (i, = O to
Cmax = 180° in increments of ¢ = 0.05°.

There may be additional lines, one per diffraction order. Remember, however, that every diffraction
order must satisfy eq. {@3).

23.3 Scattering Directions for Targets for Doubly-Periodic Targets

If the user has specified nonzero periodicity in both the y and z directions, then the scattering direc-
tions are specified by two integers — the diffraction orders M, N for the y, z directions. The scattering
directions are

kr

N N . 2rM Y\ . . 2TN '\ .
k== o (ko - XTF) XTF + (ko “yTF + L) yrr + <k0 - Z7F + L) ZTF (48)
y z
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1/2

R 2 M\ 2 . 21N\ 2
k, = kg — (ko - yTF + L) + (ko - ZTF + L) (49
Y z

where the + sign gives transmission, and the — sign gives reflection. The integers M and N must
together satisfy the inequality

(ko - yrr + 27 M/L,)* + (ko - 21r + 27 N/L,)* < k2 (50)

which, for small values of L, and L., may limit the scattering to only (M, N) = (0,0). [Of course,
(0,0) is always allowed]. For each (M, N) specified in ddscat .par, DDSCAT 7.3 will calculate

the generalized Mueller matrix Si(fd)(M ,N) — see ~ At large distances from the infinite slab, the
scattered Stokes vector in the (M, N) diffraction order is

Lica (M, N) =" SEV (M, N)Iin 5 1)
j=1

where I, ; is the incident Stokes vector, and Si(fd)(M ,IN) is the generalization of the 4 x 4 Miiller

scattering matrix to targets that are periodic in 2-directions (Draine & Flataul[2008). There are distinct
Sz-(jd) (M, N) for transmission and for reflection, corresponding to the + in eq. 1@'

|Draine & Flatau (I2008|) (eq. 69-71) show how the SZ(J2 9 (M, N) are easily related to familiar "trans-

mission coefficients" and "reflection coefficients".
Here is examples_exp/RCTGL_PBC/ddscat .par file as an example:

! =========== Parameter file for v7.3 4

"x4xx Preliminaries xxxx’'

"NOTORQ’ = CMTORQ#*6 (DOTORQ, NOTORQ) -- either do or skip torque calculations
"PBCGS2’ = CMDSOLx6 (PBCGS2,PBCGST, GPBICG, QMRCCG, PETRKP) -- CCG method
"GPFAFT’ = CMDFFT«*6 (GPFAFT, FFTMKL) -- FFT method

" GKDLDR’ = CALPHA*6 (GKDLDR, LATTDR, FLTRCD) -- DDA method

"NOTBIN’ = CBINFLAG (NOTBIN, ORIBIN, ALLBIN)

"x%x% Initial Memory Allocation xxxx’

100 100 100 = dimensioning allowance for target generation

"xxx*x Target Geometry and Composition x**x'

"RCTGL_PBC’ = CSHAPE*9 shape directive

2001 1 1 1 = shparl - shpar5 (see README.txt)

1 = NCOMP = number of dielectric materials
’../diel/m1.50_0.02" = refractive index 1

"xx%*% Additional Nearfield calculation? *#*xx*'

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)
0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc. vol. in -x,+x,-y,+y,-z,+2z)
"x4xx Error Tolerance xx*x'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/ (NORM OF AC|E>)
! %44+ Maximum number of iterations *xxx’'

100 = MXITER

"x%xx Integration limiter for PBC calculations sx*x'

1.00e-2 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)

"xx*x* Angular resolution for calculation of <cos>, etc. x*x*x*’

1. = ETASCA (number of angles is proportional to [ (3+x)/ETASCA]"2 )

" xx%% Vacuum wavelengths (micron) *xxx’

0.5 0.5 1 "LIN’ = wavelengths (first,last,how many, how=LIN, INV,LOG)
"xxx+x Refractive index of ambient medium’

1.000 = NAMBIENT

"xxx+% Effective Radii (micron) *#**x '

0.0084195 0.0084195 1 "LIN’ = aeff (first,last,how many, how=LIN, INV,LOG)
"xxx+% Define Incident Polarizations xxxx’

(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)

2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)
"xxx%x Specify which output files to write xxxx’'

1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.

"xxx*% Prescribe Target Rotations *xxx’
0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)
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40. 40. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"x%xx Specify first IWAV, IRAD, IORI (normally 0 0 0) x*xx’

0 0 0 = first IWAV, first IRAD, first IORI (0 O O to begin fresh)
"xxx% Select Elements of S_ij Matrix to Print *xxx’

6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices ij of elements to print

"+x*xx Specify Scattered Directions sxxx’

"TFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)

1 = NORDERS = number of diffraction orders for transmission

0. 0.

24 Incident Polarization State

Recall that the “Lab Frame” is defined such that the incident radiation is propagating along the Xpp
axis. DDSCAT allows the user to specify a general elliptical polarization for the incident radiation, by
specifying the (complex) polarization vector €p;. The orthonormal polarization state €py = X X €§;
is generated automatically if ddscat . par specifies IORTH=2.

For incident linear polarization, one can simply set €y; = ¥y by specifying
(0,0) (1,0) (0,0)
in ddscat . par; then €y2 = z. For polarization mode €y; to correspond to right-handed circular po-
larization, set &p1 = (¥ + 2)/+/2 by specifying (0, 0) (1,0) (0,1) inddscat.par (DDSCAT
automatically takes care of the normalization of &p); then &€py = (iy + 2)/+/2, corresponding to left-
handed circular polarization.

25 Averaging over Scattering Directions: g(1) = (cos{;), etc.

25.1 Angular Averaging

An example of scattering by a nonspherical target is shown in Fig. [TT] showing the scattering for a tilted
cube. Results are shown for four different scattering planes.
DDSCAT automatically carries out numerical integration of various scattering properties, including

o (cosby);

o (cos?b,);

o g = (cosb)XLp + (sinfs cos ¢s)y + (sin b, sin ¢,)z (see ;
e Qr, provided option DOTORQ is specified (see §[E])

The angular averages are accomplished by evaluating the scattered intensity for selected scattering di-
rections (05, ¢5), and taking the appropriately weighted sum. Suppose that we have Ny different values
of 6,

0=0;, j=1,...,Ng , (52)

and for each value of §;, Ny (j) different values of ¢,:
¢s = ik, k=1,....Ng(j) . (53)

For a given j, the values of ¢, j, are assumed to be uniformly spaced: ¢; 11 — ¢j 1 = 27/Ny(j). The
angular average of a quantity f (6, ¢5) is approximated by

1 ™ 27 1 No No(J)
() =1 /0 sin 0 /O A f (0, 6:) = E; ; £(05036)% (54)
Qj,k = % [COS(Gj_l) — COS(9j+1)] 3 ] = 2, ...,Ng -1 . (55)
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Figure 11: Scattered intensity for incident unpolarized light for a cube with m = 1.5 + 0.001i and = 27acr /A = 6.5 (i.e.,
d/)\ = 1.6676, where d is the length of a side). The cube is tilted with respect to the incident radiation, with © = 30°, and rotated
by 8 = 15° around its axis to break reflection symmetry. The Mueller matrix element S1; is shown for 4 different scattering planes.
The strong forward scattering lobe is evident. It is also seen that the scattered intensity is a strong function of scattering angle ¢ as
well as 65 — at a given value of 0, (e.g., s = 120°), the scattered intensity can vary by orders of magnitude as ¢s changes by 90°.

27 cos(61) + cos(62)
D= 1-— 56
1,k N¢(1) |: 9 ) ( )
27 cos(On,—1) + cos(On,)
Q = g g 1 57
R Ny (Ng) [ 2 i o7
For a sufficiently large number of scattering directions
No
Neea = Y Ny (5) (58)
j=1

the sum (54) approaches the desired integral, but the calculations can be a significant cpu-time burden,
so efficiency is an important consideration.

25.2  Selection of Scattering Angles 6, ¢,

Beginning with DDSCAT 6.1, an improved approach is taken to evaluation of the angular average. Since
targets with large values of © = 2maes/)\ in general have strong forward scattering, it is important to
obtain good sampling of the forward scattering direction. To implement a preferential sampling of the
forward scattering directions, the scattering directions (6, ¢) are chosen so that 6 values correspond
to equal intervals in a monotonically increasing function s(#). The function s(6) is chosen to have a
negative second derivative d?s/df? < 0 so that the density of scattering directions will be higher for

small values of 6. DDSCAT takes 0

+9+90

This provides increased resolution (i.e., increased ds/df) for § < 6y. We want this for the forward
scattering lobe, so we take

s(0) =0 (59)

2T

0y = .
0 1+

(60)
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The 6 values run from 8 = 0 to § = 7, corresponding to uniform increments

1 s
As = . 1
=t (7 25 (61)
If we now require that
As /2

max[Af] ~ @0 Uyl (62)

we determine the number of values of 6:
Ny =14 285D [1+ 1/(7r—|—90)]2 63)

n [1+90/(7T+90) ]

Thus for small values of x, max[Af] = 30°n, and for x > 1, max[Af] — 90°n/x. For a sphere,
minima in the scattering pattern are separated by ~ 180°/x, so 7 = 1 would be expected to marginally
resolve structure in the scattering function. Smaller values of 7 will obviously lead to improved sampling
of the scattering function, and more accurate angular averages.
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Figure 12: Errors in (cos §) and (cos® ) calculated for a N = 17904 dipole pseudosphere with m = 1.33 +0.014, as functions
of x = 2ma /). Results are shown for different values of the parameter 7.

The scattering angles 6; used for the angular averaging are then given by

1 a2 ] 1/2
J
(S 1 00) + [(1 + 0() Sj) + 4008]]

6, = : , (64)
where G-1) )
j—Dm .
= 1 =1,...Np .
Sj N, —1 l: +7T+90:| J y ey 1VH (65)

For each 6;, we must choose values of ¢. For §; = 0 and 0, = 7 only a single value of ¢ is needed
(the scattering is independent of ¢ in these two directions). For 0 < §; < 7 we use

Ny = max {3, nint [4rsin(6;)/(0;41 — 0;-1)]} (66)

where nint = nearest integer. This provides sampling in ¢ consistent with the sampling in 6.
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Figure 13: Same as Fig. but for a N = 32768 dipole cube with m = 1.5 + 0.001:.

25.3 Accuracy of Angular Averaging as a Function of

Figure[12] shows the absolute errors in (cos §) and (cos? §) calculated for a sphere with refractive index
m = 1.33 4 0.01: using the above prescription for choosing scattering angles. The error is shown as a
function of scattering parameter x. We see that accuracies of order 0.01 are attained with » = 1, and that
the above prescription provides an accuracy which is approximately independent of . We recommend
using values of 7 < 1 unless accuracy in the angular averages is not important.

26 Scattering by Finite Targets: The Mueller Matrix

26.1 Two Orthogonal Incident Polarizations (TORTH=2)

Subsection [26.1] is intended for those studying the internals of DDSCAT to see how it obtains the ele-
ments of the scattering amplitude matrix (see [Bohren & Huffman|[1983)

Sy S3
( S. S ) . 67)
Unless you are interested in such computational details, you can skip this subsection and go forward to
§26.2
R Throughout the following discussion, Xi,r, YLF, ZLF are unit vectors defining the Lab Frame (thus
ko = XLF).

DDSCAT internally computes the scattering properties of the dipole array in terms of a complex
scattering matrix f,,;(0s, ¢s) (Draine|1988)), where index [ = 1, 2 denotes the incident polarization state,
m = 1,2 denotes the scattered polarization state, and 6,0 specify the scattering direction. Normally
DDSCAT is used with TORTH=2 in ddscat .par, so that the scattering problem will be solved for
both incident polarization states (I = 1 and 2); in this subsection it will be assumed that this is the case.

Incident polarization states [ = 1, 2 correspond to polarlzatlon states €g1, €g2; recall that polarization
state €1 is user-specified, and €y = ko X €4 = XLp X emln the DDSCAT code, which follows

14 Draine|(1988) adopted the convention &gz = % x &};. The customary definition of &; | is &;; = & % ko (Bohren & Huffman
1983)). Thus, if €91 = é.L”, then g2 = —€; .
DA frequent choice is €1 = yLF, with €92 = XLF X }A’LF = ZLF.
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the convention in [Draine| (1988)), scattered polarization state m = 1 corresponds to linear polarization
of the scattered wave parallel to the scattering plane (€1 = €, = 05) and m = 2 corresponds to linear

polarization perpendicular to the scattering plane (in the +¢, direction: é; = (2)5)~ The scattering matrix
fmi was defined (Draine|/1988)) so that the scattered electric field E; is related to the incident electric
field E;(0) at the origin (where the target is assumed to be located) by

( E; '9:3 > _ exp(iks - 1) ( fir fi2 > ( E;(0) - 5, > (68)
E. -0, )] kr for fa2 E;(0) - &5, )

The 2x2 complex scattering amplitude matrix (with elements S, So, S3, and Sy) is defined so that (see
Bohren & Huffman! 1983)

E.-0, \ exp(iks-r) [ Sy Ss E;(0) - & 69)
-E,-¢s )  —ikr Sy S E;(0)-&1 )
where €;), &; 1 are (real) unit vectors for incident polarization parallel and perpendicular to the scattering
plane (with the customary definition of €;; = &; x 120 = &;| X XLF).

From (68]69) we may write
Sa S3 E;(0)-&;) \ _ _ fu fi2 E;(0) - &5 (70)
Si 5 E;(0)-é;. —fa1 —fa2 E;(0) - &5, .
Let
a = &y JLF 70
b = é31 ' ZLF y (72)
¢ = &ugir 73)
d = éSQ . iLF . (74)

Note that since €g1, €p2 could be complex (i.e., elliptical polarization), the quantities a, b, ¢, d are com-
plex. Then
€1 \_(a b YLF
(&)-(2a) (o) @
and eq. (70) can be written

(2 8)(more )= () (R0 ) - o

The incident polarization states €; and &; | are related to yLr, ZLr by

& \ _ ( cosds sings JLF
< & ) o ( sin g, — cos s ) ( ZLF > a7
yLF _ COS ¢s sin ¢s ézH
( ZLF ) - ( sin¢s —COS¢5 ) ( éiL ’ (78)
The angle ¢, specifies the scattering plane, with
oSy = G5 BLp = € 2L (79)
sings = —¢s yLF = —€2-YLF - (80)

Substituting into we obtain

(SQ S3 ) ( EZ(O) él” > — < —f11 —f12 ) (a b > (COS¢S Sin¢s ) < EZ(O) él” >
Sy S E;(0)-é;. o1 fa2 c d sings —cos s E;(0)-é;.
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Eq. (81) must be true for all E;(0); hence we obtain an expression for the complex scattering
amplitude matrix in terms of the f,,;:

S2 S\ _.( —fu —fi2 a b cos s sin gy )
Sy S1 ) Jor fa2 c d sing, — cos b, :
This provides the 4 equations used in subroutine GETMUELLER to compute the scattering amplitude
matrix elements:

S1 = —i[fa1(bcosps — asings) + faa(dcosps — csings)] (83)
Sy = —i[fi1(acos¢s+ bsings) + fia(ccos dps + dsinds)] (84)
Ss = i[fi1(bcosps —asings) + fra(dcosds — csingy)] (85)
Sis = i[fa1(acosps +bsings) + fao(ccosps + dsingy)] . (86)

26.2 Stokes Parameters

It is both convenient and customary to characterize both incident and scattered radiation by 4 “Stokes
parameters” — the elements of the “Stokes vector”. There are different conventions in the literature; we
adhere to the definitions of the Stokes vector (/,Q,U,V) adopted in the excellent treatise by [Bohren &
Huffman| (1983), to which the reader is referred for further detail. Here are some examples of Stokes
vectors (I,Q,U, V)= (1,Q/I,U/I,V/I)I:

e (1,0,0,0)! : unpolarized light (with intensity I);

1,1,0,0)1 : 100% linearly polarized with E parallel to the scattering plane;
1,—1,0,0)1 : 100% linearly polarized with E perpendicular to the scattering plane;

1 O, 1,0)1 : 100% linearly polarized with E at +45° relative to the scattering plane;
,0,—1,0)1I : 100% linearly polarized with E at -45° relative to the scattering plane;

1,0,0,1)I : 100% right circular polarization (i.e., negative helicity);

(
(
(
(1
(1,
(1,0,0,—1)I : 100% left circular polarization (i.e., positive helicity).

26.3 Relation Between Stokes Parameters of Incident and Scattered Radiation:
The Mueller Matrix

It is convenient to describe the scattering properties of a finite target in terms of the 4 x 4 Mueller ma-
trix .5;; relating the Stokes parameters (I;, Q;, U;, V;) and (I,, Qs, Us, V5) of the incident and scattered
radiation:

I, Si1 Siz Sz Su I;
Qs | __1 [ S21 S Sz 5o Qi 87)
Us k2r2 | S31 Sz Ssz Si U;

s S41 Ssz Siz Su Vi
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Once the amplitude scattering matrix elements are obtained, the Mueller matrix elements can be com-
puted (Bohren & Huffman|[1983)):

Sio= (IS + 182l + 1S3>+ [S4%) /2,
Stz = (1S2]* = [S1f* + 154> = |S5]%) /2,
Sis = Re(S585+5187) .

S1a = Im (5255 — 515))

Sor = (IS2f* = [S1* + 1Ss5)* — [S4]?) /2,
Saa = (|51 +1S2f* = [S5)* — [S4l*) /2,
Spy = Re(525§ ~ 85,80

Szq = Im (8285 +5155)

S31 = Re(S 54 +5153)

Ss2 = Re(S257 — 5153)

S5 = Re(S) 52+5354) :

S3q4 = Im(S257 + 5453)

Sy = IIn(S45'2 +5153)

Stz = Im (S84S5 —5153) ,

Sz = (5152 —835%)

Su = Re(5152 — SS%) (88)

These matrix elements are computed in DDSCAT and passed to subroutine WRITESCA which handles
output of scattering properties. Although the Muller matrix has 16 elements, only 9 are independent.

The user can select up to 9 distinct Muller matrix elements to be printed out in the output files
wxxxryyykzzz . sca and wxxxryyyori . avg; this choice is made by providing a list of indices in ddscat . par
(see Appendix [A).

If the user does not provide a list of elements, WRITESCA will provide a “default” set of 6 selected
elements: S11, S21, S31, S41 (these 4 elements describe the intensity and polarization state for scattering
of unpolarized incident radiation), S5, and S13.

In addition, WRITESCA writes out the linear polarization P of the scattered light for incident unpo-
larized light (see |Bohren & Huffman||1983):

(S3, + S3))'/?

P =
Sll

(89)

26.4 Polarization Properties of the Scattered Radiation

The scattered radiation is fully characterized by its Stokes vector (I, Qs,Us, Vs). As discussed in
Bohren & Huffman| (1983) (eq. 2.87), one can determine the linear polarization of the Stokes vector
by operating on it by the Mueller matrix of an ideal linear polarizer:

1 cos 2¢ sin 2 0
1| cos2¢ cos? 2¢ cos2¢sin2¢ 0
2| sin2¢  sin2€ cos 26 sin?2¢ 0
0 0 0 0

Spol = (90)

where £ is the angle between the unit vector 6, parallel to the scattering plane (“SP”) and the “transmis-
sion” axis of the linear polarizer. Therefore the intensity of light polarized parallel to the scattering plane
is obtained by taking £ = 0 and operating on (I, Qs, Us, V) to obtain

1

5+ Q) 1)
1

= 522 [(S11 + S21)1i + (S12 + S22)Qi + (S13 + S23) Ui + (S14 + S24)Vi] - (92)

I(E; [| SP)
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Similarly, the intensity of light polarized perpendicular to the scattering plane is obtained by taking
E=m/2:

I(E, LSP) = %(Is - Q) (93)

1

= 922 [(S11 — S21)L; + (S12 — S22)Qi + (S13 — S23)U; + (S14 — S24)Vi] . (94)

26.5 Relation Between Mueller Matrix and Scattering Cross Sections

Differential scattering cross sections can be obtained directly from the Mueller matrix elements by noting

that L /dC
ISQ< Sca) I . (95)

r dQ)

)

Let SP be the “scattering plane”: the plane containing the incident and scattered directions of propaga-
tion. Here we consider some special cases:

e Incident light unpolarized: Stokes vector s; = I(1,0,0,0):

— cross section for scattering with polarization E; || SP:

dcsca 2
0 2k‘2 (|S2\ + |Ss] ) 2k2 (S11 + S21) (96)
— cross section for scattering with polarization E; L SP:
dcsca 2
0 2]4:2 (|Sl\ + [Sy] ) 2k2 (S11 — S21) o7
— total intensity of scattered light:
dCs 1
o = %2 (IS0 + 182 + 851 + [84]%) = 7S (98)
o Incident light polarized with E; || SP: Stokes vector s; = I(1,1,0,0):
— cross section for scattering with polarization E; || to SP:
dcsca 1
o ﬁ|52\2 2k32 (811 + S12 + S21 + Sa22) 99)
— cross section for scattering with polarization E; L to SP:
dcsca 1
a9 - ﬁ| 4 = 2k2 (S11 + S12 — S21 — Sa2) (100)
— total scattering cross section:
dCy 1 1
de =12 (182 + |S4]?) = 2 (S11 + S12) (101)
e Incident light polarized with E; L SP: Stokes vector s; = I(1,—1,0,0):
— cross section for scattering with polarization E; || to SP:
dCsca
o k:2| Ss|* = 2k:2 (S11 — S12 + S21 — Sa2) (102)
— cross section for scattering with polarization E, L SP:
dCSCa
Qo |Sl‘2 2k2 (S11 — S12 — S21 + Sa2) (103)
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— total scattering cross section:

dCsca
ds)

1
k2

1
= 5 (1517 +185]) = 5 (S11 = S12) (104)

e Incident light linearly polarized at angle ~y to SP: Stokes vector s; = I(1, cos 2, sin 2, 0):
— cross section for scattering with polarization E; || to SP:

dcsca _ L
aQ  2k2

[(511 + 521) + (512 + 522) cos 2y + (513 + 523) sin 2’7] (105)

— cross section for scattering with polarization E; L SP:

dCsea 1 .
dQ = % [(SH — S21> + (312 — SQQ) cos 2y + (Slg — Sgg) Sin 2’)/] (106)

— total scattering cross section:

dCsca o i
aQ k2

[S11 + S12 cos 27y + Si3 sin 27| 107)

26.6 One Incident Polarization State Only (IORTH=1)

In some cases it may be desirable to limit the calculations to a single incident polarization state — for
example, when each solution is very time-consuming, and the target is known to have some symmetry
so that solving for a single incident polarization state may be sufficient for the required purpose. In this
case, set TORTH=1 in ddscat .par.

When TORTH=1, only fi; and fo; are available; hence, DDSCAT cannot automatically generate
the Mueller matrix elements. In this case, the output routine WRI TESCA writes out the quantities | f11/?,
| f211%, Re(f11f5,), and Im( f11 f3, ) for each of the scattering directions.

The differential scattering cross section for scattering with polarization E; || and L to the scattering

plane are
dCsca 1 9
dcsca _ 1 2
( ds >S,J_ a k2|f21| 1

Note, however, that if IPHT is greater than 1, DDSCAT will automatically set ITORTH=2 even if
ddscat .par specified TORTH=1: this is because when more than one value of the target orientation
angle ® is required, there is no additional “cost” to solve the scattering problem for the second incident
polarization state, since when solutions are available for two orthogonal states for some particular target
orientation, the solution may be obtained for another target orientation differing only in the value of
® by appropriate linear combinations of these solutions. Hence we may as well solve the “complete”
scattering problem so that we can compute the complete Mueller matrix.

27 Scattering by Periodic Targets: Generalized Mueller Matrix

The Mueller scattering matrix S;;(0) described above was originally defined (Bohren & Huffman|1983|
see, e.g.,) to describe scattering of incident plane waves by finite targets, such as aerosol particles or dust
grains.

Draine & Flatau| (2008) have extended the Mueller scattering matrix formalism to also apply to
targets that are periodic and infinite in one or two dimensions (e.g., an infinite chain of particles, or a
two-dimensional array of particles).
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27.1 Mueller Matrix Si(jld) for Targets Periodic in One Direction

The dimensionless 4 x 4 matrix Sl(; 4 (M, ¢) describes the scattering properties of targets that are periodic
in one dimension. In the radiation zone, for incident Stokes vector I;,, the scattered Stokes vector in
direction (M, () (see is (see[Draine & Flataul2008} eq. 63)

Lsca,i(M, ¢) = kRZ§” Lnj (110)

where R is the distance from the target repetition axis.
DDSCAT 7.3 reports the scattering matrix elements Sl(jn ) in the output files waaarbbbkccc . sca.

27.2 Mueller Matrix Sff 9 (M, N) for Targets Periodic in Two Directions

For targets that are periodic in two directions, the scattering intensities are described by the dimensionless

4 x 4 matrix S;?d)(M ,N). In the radiation zone, for incident Stokes vector Ij,, the scattered Stokes
vector in scattering order (M, N) is (see Draine & Flatau[2008| eq. 64)

4
Licai(M,N) = 3" SEY(M,N) Ln; (111)
j=1

where integers (M, N) define the scattering order (see §23.3). For given (M, V) there are actually two
possible scattering directions — corresponding to transmission and reflection (see §23.3), and for each

there is a value of 5. (M, N), which we will denote S{;* (M, N, tran) and . ¥ (M, N, refl).

For targets with 2-d periodicity, the scattering matrix elements SZ-(]-zd) (M, N) are directly related to
the usual transmission coefficient and reflection coefficient (see Draine & Flatau/2008| eq. 69-71). For
unpolarized incident radiation, the reflection coefficient R, transmission coefficient 7', and absorption
coefficient A are just

T o= > SHP(M, N, tran) (112)
M,N

R = Y SGV(M,N,refl (113)
M,N

A = 1-T-R . (114)

28 Composite Targets with Anisotropic Constituents

Sectionincludes targets composed of anisotropic materials (ANIELLIPS, ANIRCTNGL, ANI_ELL_2,

ANI_ELL_3). However, in each of these cases it is assumed that the dielectric tensor of the target ma-
terial is diagonal in the “Target Frame”. For targets consisting of a single material (in a single domain),
it is obviously possible to choose the “Target Frame” to coincide with a frame in which the dielectric
tensor is diagonal.

However, for inhomogeneous targets containing anisotropic materials as, e.g., inclusions, the optical
axes of the constituent material may be oriented differently in different parts of the target. In this case, it
is obviously not possible to choose a single reference frame such that the dielectric tensor is diagonalized
for all of the target material.

To extend DDSCAT to cover this case, we must allow for off-diagonal elements of the dielectric
tensor, and therefore of the dipole polarizabilities. It will be assumed that the dielectric tensor € is
symmetric (this excludes magnetooptical materials).

Let the material at a given location in the grain have a dielectric tensor with complex eigenvalues e7),
j =1 — 3. These are the diagonal elements of the dielectric tensor in a frame where it is diagonalized
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(i.e., the frame coinciding with the principal axes of the dielectric tensor). Let this frame in which the
dielectric tensor is diagonalized have unit vectors €; corresponding to the principal axes of the dielectric
tensor. We need to describe the orientation of the “Dielectric Frame” (DF) — defined by the “dielectric
axes” €; — relative to the Target Frame. It is convenient to do so with rotation angles analogous to the
rotation angles ©, ®, and 5 used to describe the orientation of the Target Frame in the Lab Frame:
Suppose that we start with unit vectors &; aligned with the target frame x;.

1. Rotate the DF through an angle fpp around axis yrr, so that fpr is now the angle between €
and )A(TF.

2. Now rotate the DF through an angle ¢py around axis X, in such a way that €; remains in the
XTF — € plane.

3. Finally, rotate the DF through an angle Spg around axis é;.

The unit vectors é; are related to the TF basis vectors X1g, yTF, ZTF by:

€] = Xrpcosfpr + yrr sinOpp cos ¢pr + ZTr sin fpg sin ppg (115)
€& = —X7psindpr cos fpr + yTr[cos Opr cos Bpr cos ¢pr — sin Bpr sin ¢pr|
+27r[cos Opr cos Bpr sin dpr + sin Bpr cos dpr) (116)
€3 = XrpsinfprsinSpr — yrr[cos Opr sin Bpr cos ¢pr + cos Apr sin Ppr|
—2Z7|[cos Opr sin Bpr sin ¢pr — cos Bpr cos ¢pr | (117)

or, equivalently:

)A(TF = él COS 9DF — ég sin 9DF COSs BDF + é3 sin HDF sin BDF (] ]8)
YTF = €1sinfpr cos dpr + €z[cos Opr cos Spr cos ¢pr — sin Bpr sin gpr)
—é3[cos OpF sin Bpr cos ¢pr + cos Bpr sin dpr ] (119)
Zrr = €1sinfprsin¢pr + €2[cos Opp cos Bpr sin ¢pr + sin Bpr cos ¢pr|
—&3[cos OpF sin Apr sin ¢pr — €os Bpr €os PpF ] (120)
Define the rotation matrix R;; = X; - €;:
Rij = (121)
cos Opr sin Opr cos ¢pr sin Opr sin ¢pr
—sin fpr cos Bpr  cos Opr cos Bpr cos ¢pr —sin Spr sin gpr  €os Opr cos Bpr sin ¢pr +sin Bor cos ppr
sin Opr sin fpr  —cos Opr sin Bpr cos ¢pr —cos Bpr sin pr  —c0os Opr sin Bpr sin ¢pr +cos BprF oS PpE
(122)
and its inverse
-1
(R )i = (123)
cos Opr — sin Opr cos Bpr sin Opr sin Bpr
sin Opr cos ¢pr cos Opr cos Bpr cos ¢pr —sin Bpr sin ppr  — cos Opr sin Bpr cos gpr —cos Bpr sin ppr
sin fpr sin ¢pr  cos Opr cos Spr sin ¢pr +sin fpr cos ppr  — cos Opr sin Bpr sin Gpr +cos Bpr Cos Ppr
(124)

The dielectric tensor c is diagonal in the DF. If we calculate the dipole polarizabilility tensor in the DF
it will also be diagonal, with elements

aPF 0 0
Pt = 0 o 0 (125)
0 0 obf

The polarizability tensor in the TF is given by
(@™ )im = Rij(aPF) (R ) km (126)
Thus, we can describe a general anisotropic material if we provide, for each lattice site, the three
diagonal elements e?jF of the dielectric tensor in the DF, and the three rotation angles fpr, Spr, and

¢pr. We first use the LDR prescription and the elements to obtain the three diagonal elements oz?jF of
the polarizability tensor in the DF. We then calculate the polarizability tensor o™ using eq. (126).
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29 Near-Field Calculations: E and B Within or Near the Target

DDSCAT 7.3 includes options for calculating the electric field E and magnetic field B within or near
the target.

e NRFLD=0 : no near-field calculations.
e NRFLD=I : calculate E in and near the target.
e NRFLD=2: calculate both E and B in and near the target.

The near-field calculation of E by DDSCAT 7.3 returns the macroscopic electric field Ep,cr0, as
opposed to the microscopic electric field E;¢;o. The distinction between E ic;, and E,¢r0 1s discussed
in textbooks on electromagnetism (e.g., Jackson|[1975).

In brief, E;cr0 18 the electric field seen by an "atom" in a solid, or a "point dipole" in the DDA. This
includes the contributions to the electric field by nearby atoms in the solid, or nearby point dipoles in the
DDA. The polarization of the material is P = naE ¢, Where « is the molecular polarizability, and n
is the atomic density of molecules.

The macroscopic field is the field such that D = €E5c10. Since D = E 500 + 47P, this implies
P = (1/47)(e — 1)Emacro-

The Clausium-Mossotti relation gives

dmna e—1

= . 127
3 e+ 2 (127

Thus

3
Enacro = (6 T 2) Emicro - (128)
In vacuum, Eacro = Emicro-

Because DDSCAT 7.3 is for nonmagnetic materials (i.e., magnetic permeability 1 = 1), the macro-

scopic and microscopic magnetic fields are the same: B = B,acr0 = Bumicro-

29.1 Running DDSCAT 7.3 with NRFLD =1

For some scientific applications (e.g., surface-enhanced Raman scattering) one wishes to calculate the
electric field E near the the target surface. It may also be of interest to calculate the electromagnetic field
at positions within the target volume. DDSCAT 7.3 includes the capability for fast calculations of E in
and near the target, using methods described by [Flatau & Draine| (2012).

When DDSCAT is run with NRFLD=1, DDSCAT will be run twice. The first run, using a “minimal”
computational volume just enclosing the physical target (or target unit cell when used for periodic tar-
gets), creates stored files

wxxxryyykzzz . .poln
for n=1 and (if TORTH=2) n=2. These files contain the stored solution for the polarization field P; for
lattice points within the minimal computational volume.

DDSCAT 7.3 then takes the stored solution P; and proceeds to calculate E at a lattice of points in
an “extended” rectangular volume that can be specified to be larger than the original “minimal” compu-
tational volume. The calculation is done rapidly using FFT methods, as described by |[Flatau & Draine
(2012). The result is then stored in output files

wxxxryyykzzz.En
for n=1 and (if IORTH=2) n=2.

29.2 Running DDSCAT 7.3 with NRFLD = 2

When NRFLD=2, DDSCAT 7.3 will calculate both E,,.;c and B within the user-specified volume
containing the target or target unit cell. The results will be stored in binary output files

WXXXryyykzzz . En

wxxxryyykzzz.Bn
for n=1 and (if IORTH=2) n=2.
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29.3 The Binary Files wxxxryyykzzz.En

For each of the points j = 1, ..., N, in the extended volume where E was to be calculated, the binary
file wxxxryyykzzz . En contains:

e The composition identifer Icomp,; at each lattice site. ICOMP (K, IX, 1Y, IZ)= composition
identifier for directions K=1-3 at locations IX, IY, IZ. Vacuum sites have ICOMP=0.

e The polarization P;. P; will be zero at all points outside the target (the ambient medium, taken to
be vacuum).

e The (macroscopic) field Eg., ; at each point j produced by the polarization of the target (not
including the dipole at j). (The total field at j is just E; = Ei,¢ j + Egca ;).

e The (macroscopic) incident field E;,. ; at each point j.

e The diagonal elements of the polarizability tensor c; at each point. An exact solution would

satisfy P; = o (Einc,j + Esca,j). Thus the stored P, a, Eiy, and Eg, allow the accuracy of the
numerical solution to be verified.

e The composition identifer Icomp,; at each lattice site. (The vacuum sites have Icopmp ; = 0).
e The complex dielectric function ¢; for compositions j = 1, ... ,NCOMP.

The wxxxryyykzzz . En files can be quite large. For example, the files w000r000k000.E1 and w000r000k000.E2
created in the sample calculation in examples_exp/ELLIPSOID_NEARFIELD (see §21.12.7) are

each 90 MBbytes. Some of the stored data is easily recomputed (e.g., Ei,. and &) or in principle re-

dundant (P; could in principle be obtained from c«, Eiyc, and Eqc,) but it is convenient to have them at

hand.

29.4 The Binary Files wxxxryyykzzz.EBn

For each of the points j = 1, ..., Ny, in the extended volume where E and B were to be calculated, the
binary file wxxxryyykzzz . EBn contains:

e The composition identifer I.omp ; at each lattice site. ICOMP (K, IX, IY, IZ)= composition
identifier for directions K=1-3 at locations IX, IY, IZ. Vacuum sites have ICOMP=0.

o The polarization P;. P; will be zero at all points outside the target (the ambient medium, taken to
be vacuum).

e The (macroscopic) field Eg, ; at each point j produced by the polarization of the target (not
including the dipole at 7). (The total field at j is just E; = Eiyc j + Egca, )

e The (macroscopic) incident field Ej,,¢ ; at each point j.

e The diagonal elements of the polarizability tensor c; at each point. An exact solution would
satisfy P; = oj(Einc,j + Esca,j). Thus the stored P, «, Eip, and Egc, allow the accuracy of the
numerical solution to be verified.

o The magnetic field By, ; at each point j produced by the oscillating polarizations of th target (not
including the dipole at j). (The total magnetic field at j is just B; = Biyc j + Bsca,j)-

e The magnetic field B, ; of the incident wave at each point j.

The wxxxryyykzzz.En files can be quite large. For example, the files w000r000k000.EB1 and
w000r000k000 .EBR2 created in the sample calculation in examples_exp/ELLIPSOID_NEARFLD_B
(see are each 133 MBbytes. Some of the stored data is easily recomputed (e.g., Einc and o)

or in principle redundant (P; could in principle be obtained from o, Ei,c, and Eg,) but it is convenient

to have them at hand.
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30 Post-Processing of Near-Field Calculations

DDSCAT 7.3 is designed to obtain solutions to Maxwell’s equations for arbitrary targets illuminated by
an external source of monochromatic radiation. Selected information (cross sections for absorption and
scattering, and far-field scattering properties) are automatically calculated by DDSCAT 7.3. However,
if near-field calculations have been requested (by specifying NRELD=1 or 2 in ddscat .par — see
§29), the complete nearfield solutions will be stored on disk to allow subsequent post-processing for
visualization, etc.

To facilitate such post-processing, we provide a Fortran-90 code DDPOSTPROCESS . £90 that can
be used to extract E (and B if magnetic field calculations were requested by specifying NRFLD=2).
DDPOSTPROCESS. £90 also outputs some data suitable for visualization by VTK (see §31.2). More
importantly, DDPOSTPROCESS. £90 is easily modifiable by the user, e.g., to output data in formats
compatible with other tools that the user may be accustomed to using, such as MATLAB®FE]

30.1 The Program ddpostprocess

A separate program, DDPOSTPROCESS . £90, is provided to conveniently read the stored
wxxxryyykzzz.En

files. To create the ddpostprocess executable, position yourself in the /src directory and type
make ddpostprocess

which will compile DDPOSTPROCESS . £90 and create an executable ddpostprocess.

The program ddpostprocess is constructed to:

1. Read a user-specified binary file (of the form wxxxryyykzzz.En, or wxxxryyykzzz.EBn) . The
filename is specified in a parameter file ddpostprocess.par . The ddpostprocess exe-
cutable will automatically determine whether the input file contains only P and E (i.e., was pro-
duced by DDSCAT 7.3 with NRFLD=1) or if it also contains B (i.e., was produced by DDSCAT
7.3 with NRFLD=2).

2. Read in control parameter ILINE (0 or 1) determining whether to calculate and write out E (and
B, if available) at points along a user-specified line.

3. Read in control parameter IVTR determining how to create files for subsequent visualization using
VTK-based software.
IVTR 0 to skip creation of VTR file
IVTR = 1 tocreate VTR file with |E|
IVTR = 2 to create VIR file with |E|?
IVIR = 3 tocreate VIR file with time-average (Re(E) x Re(B)) /47

4, If ILINE=1

e Read in seven parameters defining points along a line: x4,ya,24,28,YB,25 and Nap.
TA,YAs %A, TB,YB, 2p are coordinates in the target frame (TF), given in physical units.

e Obtain the complex E field (and complex B if available) at N4p uniformly-spaced points
along the line connecting points (z4,y4,24) and (z5,y5, 2B).

e repeat for as many lines specifying x 4,ya,24,%B,yB, 25 and N4p as are present in the
parameter file ddpostprocess.par.

The program ddpostprocess writes output to an ascii output file ddpostprocess.out. The
first 17 lines include information about the calculation (e.g., acg, d, number of dipoles in target, A, Eyc,
By, incident Poynting vector) and column headings. Beginning with line 18, ddpostprocess.out
gives physical coordinates g, yTr, 21 (in the “Target Frame”), and the real and imaginary parts of the
x, y, and z components of the electric field E = E;,,. + Egca at N p points running from (z 4, y4, 24)
to (a:B, YB, ZB).

We have carried out nearfield calculations for the problem of an Au sphere with radius a = 0.39789um
(D = 0.7958um) illuminated by a plane wave with A = 0.5um The Au target has refractive index m =

1*MATLAB® users may wish to check www . ddscat . org to see if a MATLAB® version of ddpostprocess is available.
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0.964-1.01¢. The nearfield calculation of E is for a volume extending 0.5D beyond the spherical target in
the +X,-X,+Y,-y,+2,-z directions. This is the example problem in examples_exp/ELLIPSOID_NEARFIELD,
where you can find the ddscat . par file.

The ddpostprocess.par file in examples_exp/ELLIPSOID_NEARFIELD consists of:

"w000r000k000.EL" name of file with E stored

"VTRoutput’ = prefix for name of VIR output files

1 = IVTR (set to 1 to create VTR file with |E])

1 = ILINE (set to 1 to evaluate E along a line)

-0.59684 0.0 0.0 0.59684 0.0 0.0 501 = XA,YA,ZA, XB,YB,ZB (phys units), NAB

This calls for 501 equally-spaced points along a line passing through the center of the sphere, running
from (xTF, YTF, ZTF) = (—.59684, O, O) to (—|—0.59684, O7 0)

For the (z,0,0) track running through the center of the sphere the output ddpostprocess.out
file will look like (for brevity, here we show only every 10th line of output along the track...):

3.9789E-01 = a_eff (radius of equal-volume sphere)
1.6408E-02 = d = dipole spacing
59728 = N = number of dipoles in target or TUC
96 96 96 = NX,NY,NZ = extent of computational volume
5.0000E-01 = wavelength in vacuo
1.00000 = refractive index of ambient medium
0.20619 0.00000 0.00000 = k_{inc,TF} * d
0.00000 0.00000 = Re(E_inc,x) Im(E_inc,x) at x_TF=0,y_TF=0,z_TF=0
1.00000 0.00000 = Re(E_inc,y) Im(E_inc,y) "
0.00000 0.00000 = Re(E_inc,z) Im(E_inc,z) "
0.00000 0.00000 = Re(B_inc,x) Im(B_inc,x) "
0.00000 0.00000 = Re(B_inc,y) Im(B_inc,y) "
1.00000 0.00000 = Re(B_inc,z) Im(B_inc,z) "
1.00000 0.00000 0.00000 = 2« (4pi/c)*<S_inc> where <S_inc>=time-averaged incident Poynting vector
[Poynting vector S = (Sx,Sy,Sz) = (c/4pi) »Re (E) xRe (B) 1]
1.00000 = 2% (4pi/c)*|<S_inc>|
x_TF y_TF z_TF Re (E_x) Im(E_x) Re (E_y) Im(E_y) Re (E_z) Im(E_z)
-5.968E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 0.30023 -0.70908 -0.00000 0.00000
-5.734E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 0.62277 -0.54872 0.00000 0.00000
-5.500E-01 0.000E+00 0.000E+00 0.00000 -0.00000 0.90488 -0.34299 -0.00000 0.00000
-5.266E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 1.11247 -0.10490 0.00000 0.00000
-5.032E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 1.24200 0.13835 0.00000 0.00000
-4.798E-01 0.000E+00 0.000E+00 -0.00000 0.00000 1.27287 0.36285 -0.00000 0.00000
-4.564E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 1.20527 0.54763 -0.00000 0.00000
-4.330E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 1.04366 0.67745 -0.00000 0.00000
-4.096E-01 0.000E+00 0.000E+00 0.00000 -0.00000 0.79740 0.73725 0.00000 0.00000
-3.862E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 -0.16350 0.73080 -0.00000 0.00000
-3.628E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 -0.27552 0.50952 -0.00000 -0.00000
-3.394E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 -0.30770 0.30251 0.00000 -0.00000
-3.160E-01 0.000E+00 0.000E+00 0.00000 -0.00000 -0.29075 0.14597 -0.00000 -0.00000
-2.926E-01 0.000E+00 0.000E+00 0.00000 -0.00000 -0.24434 0.03789 0.00000 -0.00000
-2.692E-01 0.000E+00 0.000E+00 0.00000 -0.00000 -0.18603 -0.03123 0.00000 -0.00000
-2.458E-01 0.000E+00 0.000E+00 0.00000 -0.00000 =-0.12775 -0.06575 0.00000 -0.00000
-2.224E-01 0.000E+00 0.000E+00 0.00000 0.00000 -0.07632 -0.07883 0.00000 -0.00000
-1.989E-01 0.000E+00 0.000E+00 0.00000 0.00000 -0.03688 -0.07503 0.00000 0.00000
-1.755E-01 0.000E+00 0.000E+00 0.00000 0.00000 -0.00836 -0.06318 0.00000 -0.00000
-1.521E-01 0.000E+00 0.000E+00 0.00000 0.00000 0.00933 -0.04767 -0.00000 0.00000
-1.287E-01 0.000E+00 0.000E+00 0.00000 0.00000 0.01830 -0.03206 -0.00000 -0.00000
-1.053E-01 0.000E+00 0.000E+00 0.00000 0.00000 0.02123 -0.01840 -0.00000 -0.00000
-8.192E-02 0.000E+00 0.000E+00 0.00000 0.00000 0.01968 -0.00804 0.00000 0.00000
-5.851E-02 0.000E+00 0.000E+00 -0.00000 0.00000 0.01607 -0.00067 -0.00000 0.00000
-3.511E-02 0.000E+00 0.000E+00 -0.00000 -0.00000 0.01157 0.00347 -0.00000 0.00000
-1.170E-02 0.000E+00 0.000E+00 -0.00000 -0.00000 0.00725 0.00537 -0.00000 0.00000
1.170E-02 0.000E+00 0.000E+00 -0.00000 -0.00000 0.00370 0.00556 0.00000 -0.00000
3.511E-02 0.000E+00 0.000E+00 0.00000 -0.00000 0.00118 0.00473 -0.00000 -0.00000
5.851E-02 0.000E+00 0.000E+00 -0.00000 0.00000 -0.00037 0.00350 -0.00000 0.00000
8.192E-02 0.000E+00 0.000E+00 -0.00000 0.00000 -0.00099 0.00233 -0.00000 -0.00000
1.053E-01 0.000E+00 O0.000E+00 -0.00000 -0.00000 -0.00109 0.00151 0.00000 -0.00000
1.287E-01 0.000E+00 0.000E+00 -0.00000 -0.00000 -0.00092 0.00137 0.00000 0.00000
1.521E-01 0.000E+00 0.000E+00 -0.00000 0.00000 -0.00083 0.00198 0.00000 -0.00000
1.755E-01 0.000E+00 0.000E+00 -0.00000 0.00000 -0.00119 0.00355 0.00000 -0.00000



30 POST-PROCESSING OF NEAR-FIELD CALCULATIONS

.989E-01
.224E-01
.458E-01
.692E-01
.926E-01
.160E-01
.394E-01
.628E-01
.862E-01
.096E-01
.330E-01
.564E-01
.798E-01
.032E-01
.266E-01
.500E-01
.734E-01
.968E-01

OO O U DD WWwww NN

In the example given, the incident wave is propagating in the +x direction. The first layer of dipoles
in the rectangular target is at z/d = —31.5, and the last layer is at 2z/d = —0.5. The “surface” of the
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target is at /d = —32 (x = —0.50pum) and z/d = 0 (z = 0).

Figure shows how |E|? varies along a line passing through the center of the Au sphere. As
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expected, the wave is strongly suppressed in the interior of the Au sphere.
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Figure 14: Solid line: |E|*> on track passing through center of Au sphere for the sample problem in exam-

ples_exp/ELLIPSOID_NEARFIELD, calculated using target option ELLIPSOID. Note how weak the E field is inside the Au.
Dashed line: | E|? on track passing near the corner of the slab. Incident radiation is propagating in the 4 direction.

30.2 Modifying DDPOSTPROCESS.f90

DDPOSTPROCESS. £90 is written to call subroutine readnf . £90, which reads P;, Einc j, Esca,j
from the stored file written by DDSCAT 7.3 subroutine NEARFIELD (see nearfield.£90), as well

as Binc,j and By, ; if the magnetic field has also been computed.

DDPOSTPROCESS . £90 includes some calls to VTK routines to prepare data for VTK visualization.
It is written in standard Fortran 90, and can be readily modified to do additional calculations with E and

B returned by output data in other formats.
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31 Displaying Target Shapes

31.1 VTRCONVERT

It is often desirable to be able to display the target shape. We are providing a program VTRCON-
VERT.f90 which allows to convert DDSCAT shape format to VTK format. VTK is used world-wide in
many advanced visualization applications such as: ParaView, Vislt, 3DSlicer, or MayaVi2.
Every time DDSCAT 7.3 is run, it will create a "target.out" file. To obtain a target.out file without
running DDSCAT 7.3 the user can run calltarget to create a "target.out" file. For example
calltarget < sphere40x40x40.shp
where file “sphere40x40x40.shp” is
ELLIPSOID
40 40 40
000
will create an ASCII file "target.out" which is a list of the occupied lattice sites. The format of "target.out"
is the same as the format of the “shape.dat” files read by DDSCAT if option FROM_FILE is used in
ddscat.par (when you run the DDSCAT code). The DDSCAT format is very simple but is not compatible
with modern graphics programs such as "ParaView" or "Mayavi2". Therefore we have created a program
VTRCONVERT to convert between DDSCAT format and VTK format.
The VTRCONVERT.f90 reads target shape data “target.out” and converts it to VTR format. The
calling sequence is
VTRCONVERT target.out output
where target.out is the name of the DDSCAT shape file created by “calltarget”. The code writes
two output files: “output_l.vtr” and “output.pvd”. These files can be directly read in by “ParaView” or
“Mayavi2”.
If you are familar with PERL you can execute a script “shapes.pl”. It will create several shape files.

31.2 Whatis VTK?

The Visualization Toolkit (VTK) is an open-source, freely available software system for 3D computer
graphics and visualization. VTK is used world-wide in many advanced visualization applications such
as: ParaView, Vislt, 3DSlicer, or MayaVi2. See for example
http://en.wikipedia.org/wiki/ParaView
http://en.wikipedia.org/wiki/MayaVi
Our converter code VTRCONVERT.f90 is written in FORTRAN90 and relies on the public domain
software module vtr.f90 written by Jalel Chergui — see
http://www.limsi.fr/Individu/chergui/pv/PVD.htm
vtr.f90 defines 5 subroutines which enable writing ASCII data in XML VTK format. The code allows
the user to write a 3D rectilinear mesh defined by x, y and z components.

31.3 How to plot shapes once you have VITR/PVD files.

Go to http://paraview.org/paraview/resources/software.html and download the ParaView executable to
your system (ParaView is available for Windows, Linux, and MacOS)
To plot a contour of a surface:

1. In the toolbar, go to File/Open and select the file, e.g., "shapes/cylinder80x40.pvd " (note that in
ParaView one needs to open *.pvd file)

2. Under Object Inspector/Properties click "apply
To add spheres indicating dipole positions

1. In the toolbar, go to Filters/Common/Contour
2. under Object Inspector/Properties click "apply”
3. In the toolbar, go to Filters/Common/Glyph

91
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4. Under Object Inspector/Properties one needs to change several settings
5. Glyph Type - change to "sphere"
6. Then

(a) change "Radius" to 0.1 (make radius of a dipole smaller) as an initial choice.

(b) change "Maximum Number of Points" to 5000 (or perhaps more depending on shape, but the
points you have the longer it takes to plot)

(c) toggle "Mask Points" to off
(d) toggle "Random Mode" to off (plot dipoles in their positions)
7. Click "Apply" in "object inspector”
The initial choice of 0.1 for the radius in step 6 may not produce "touching" spheres — you can
return to step 6 and iterate until you like the appearanace

8. To rotate the figure, left-click on it and "drag" left-right and/or up-down to rotate around the vertical
and/or horizontal axes.

9. To add arrow showing target axes a;

(a) In the toolbar, go to File/Open/ala2_1.pvd
This file has just one point (at position (0,0,0)) and two vectors al(3) and a2(3) which are
"target axes".

(b)
(©)
(@

i.

il.
iii.
iv.
V.
Vi.
vil.
viii.
iX.
X.

Under Object Inspector/Properties click "Apply".
In the Toolbar, go to Filters/Common/Glyph
Under Object Inspector/Properties

"Vectors" will show "al"

change "Glyph Type" to "arrow"

change "Tip Radius" to 0.03 (improves appearance; suit yourself)
change "Tip Length" to 0.1 (improves appearance...)

change "Shaft Radius" to 0.01 (improves appearance...)

click "edit" next to "Set Scale Factor"

change "Scale Factor" to some value like "40"

toggle "Mask Points" to off

toggle "Random Mode" to off

click "Apply"

10. To add arrow showing target axis as

(a) In the toolbar, go to File/Open/ala2_1.pvd

(b) Under Object Inspector/Properties click "Apply".
(c) In the Toolbar, go to Filters/Common/Glyph

(d) Under Object Inspector/Properties

1.

il.
iii.
iv.
V.
Vi.
Vii.
viii.
iX.

X.

"Vectors" will show "al" — change this to "a2"

change "Glyph Type" to "arrow"

change "Tip Radius" to 0.03 (improves appearance...)
change "Tip Length" to 0.1 (improves appearance...)
change "Shaft Radius" to 0.01 (improves appearance...)
click "edit" next to "Set Scale Factor"

change "Scale Factor" to some value like "40"

toggle "Mask Points" to off

toggle "Random Mode" to off

click "Apply"

11. To save the image: in the toolbar, go to File/Save Screenshot
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(a) select desired resolution (default may be acceptable) and click "Ok".
(b) enter the desired filename

(c) select the file type (options are .jpg, .png, .pdf, .tif, .ppm, .bmp)

(d) click "OK"

If you wish to add additional features to images, please consult the ParaView documentation.

Figure 15: Visualization with ParaView of the dipole realization of a sphere, produced following above instructions, using files
in directory examples_exp/ELLIPSOID.

32 Visualization of the Electric Field

The following instructions assume the user has the MayaVi2 graphics package installed. If you don’t
have it yet, go to
http://code.enthought.com/projects/mayavi/mayavi/installation.html
for installation options.
First run example ELLIPSOID_NEARFIELD. This will produce output_1.vtr file.
Start Mayavi2
File/load data/open file output
Point to examples_exp/ELLIPSID_NEARFIELD/VTRoutput_1.vtr
colors and legends/add module/outline

outline/right click/add module/contour grid plane

N AR =

In Mayavi2 object editor you can position slider between (0,95). Choose value in the middle. Set
"filled contours" to on. Increase number of contours to 64.

8. One can add more "contour grid planes" to illustrate the results in different cross sections.

33 Finale

This User Guide is somewhat inelegant, but we hope that it will prove useful. The structure of the
ddscat .par file is intended to be simple and suggestive so that, after reading the above notes once,
the user may not have to refer to them again.
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Intensity
1.34

L15

Figure 16: |E|/|Eo| on two planes, one passing through the center and one passing near the a = 0.398m Au sphere calculated
in examples_exp/ELLIPSOID_NEARFIELD. The incident wave, with A = 0.5pm, is propagating with ko || X7r. and Eq || 7.
The axes are labelled in m. This is the same problem as the results shown in Figure[T4] This figure was generated by MayaVi2.

Known bugs in DDSCAT will be posted at the DDSCAT web site,
www.ddscat .org
and the latest version of DDSCAT can be found at
www.ddscat .org
Users are encouraged to provide B. T. Draine (draine@astro.princeton.edu) with their
email address; email notification of bug fixes, and any new releases of DDSCAT, will be made known

to those who do.
P. J. Flatau maintains the “SCATTERLIB - Light Scattering Codes Library" at

http://code.google.com/p/scatterlib.
Empbhasis is on providing source codes (mostly FORTRAN). However, other information related to scat-
tering on spherical and non-spherical particles is collected: an extensive list of references to light scatter-
ing methods, refractive index, etc. This URL page contains section on the discrete dipole approximation.

Concrete suggestions for improving DDSCAT (and this User Guide) are welcomed.
Users of DDSCAT should cite appropriate papers describing DDA theory and its implementation.
The following papers may be relevant (pdfs are included in the /doc directory)

e [Draine|(1988): basic theory of the DDA, including radiative reaction, and application to anisotropic
materials;

e ?: introduction of FFT methods to greatly accelerate DDA calcualations

e [Draine & Flatau| (1994): review of the DDA, including demonstrations of accuracy and conver-
gence;

e [Draine & Flatau| (2008)): extension of the DDA to periodic structures, and generalization of the
Mueller scattering matrix to describe scattering by 1-d and 2-d periodic structures.

o [Flatau & Draine| (2012)): implementation of efficient near-field calculations using FFTs.
o This UserGuide.

At a minimum, we request that you cite [Draine & Flatau| (1994)); we use citations to this paper to track
use of DDSCAT.
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A Understanding and Modifying ddscat .par

In order to use DDSCAT to perform the specific calculations of interest to you, it will be necessary to
modify the ddscat . par file. Here we list the sample ddscat . par file for the example problem in
examples_exp/RCTGLPRSY, followed by a discussion of how to modify this file as needed. Note
that all numerical input data in DDSCAT is read with free-format READ (IDEV, %) ... statements.
Therefore you do not need to worry about the precise format in which integer or floating point numbers
are entered on a line. The crucial thing is that lines in ddscat . par containing numerical data have the
correct number of data entries, with any informational comments appearing after the numerical data on

a given line.

! ========= Parameter file for v7.3 !
"xx%*% Preliminaries x*x*x'

"NOTORQ’ = CMDTRQ#*6 (NOTORQ, DOTORQ) -- either do or skip torque calculations
"PBCGS2’ = CMDSOL«%6 (PBCGS2, PBCGST, GPBICG, PETRKP, QMRCCG) -- CCG method
"GPFAFT’ = CMDFFTx6 (GPFAFT, FFTMKL) -- FFT method

" GKDLDR’ = CALPHA%6 (GKDLDR, LATTDR, FLTRCD) -- DDA method

"NOTBIN’ = CBINFLAG (NOTBIN, ORIBIN, ALLBIN) -- specify binary output

"xxx% Initial Memory Allocation x*x*x’

100 100 100 = dimensioning allowance for target generation

"xxx*x Target Geometry and Composition x*x*x'
"RCTGLPRSM’ = CSHAPEx9 shape directive

16 32 32 = shape parameters 1 - 3
1 = NCOMP = number of dielectric materials
’../diel/Au_evap’ = file with refractive index 1

"xxx% Additional Nearfield calculation? *xxx'

0 = NRFLD (=0 to skip nearfield calc., =1 to calculate nearfield E)

0.0 0.0 0.0 0.0 0.0 0.0 (fract. extens. of calc. vol. in -x,+x,-y,+y,~-z,+2z)
"x%x%% Error Tolerance xxxx'

1.00e-5 = TOL = MAX ALLOWED (NORM OF |G>=AC|E>-ACA|X>)/ (NORM OF AC|E>)

" xx%% maximum number of iterations allowed x*x*x’

300 = MXITER

"xxx* Interaction cutoff parameter for PBC calculations xxx*x’

1.00e-2 = GAMMA (le-2 is normal, 3e-3 for greater accuracy)

"xxx* Angular resolution for calculation of <cos>, etc. x*x*x’

0.5 = ETASCA (number of angles 1is proportional to [ (3+x)/ETASCA]"2 )
"xx*x% Vacuum wavelengths (micron) *xxx’

0.5000 0.5000 1 "LIN’ = wavelengths (first, last,how many,how=LIN, INV, LOG)
"xxx* Refractive index of ambient medium’

1.000 = NAMBIENT

"x+%+ Effective Radii (micron) ##*#*x% '

0.246186 0.246186 1 "LIN’ = aeff (first,last,how many, how=LIN, INV, LOG)
"xxx+x Define Incident Polarizations xxxx*’

(0,0) (1.,0.) (0.,0.) = Polarization state e0l (k along x axis)

2 = IORTH (=1 to do only pol. state e0l; =2 to also do orth. pol. state)
"x%xxx Specify which output files to write xxx*x’

1 = IWRKSC (=0 to suppress, =1 to write ".sca" file for each target orient.
" x%x% Prescribe Target Rotations sxxx’

0. 0. 1 = BETAMI, BETAMX, NBETA (beta=rotation around al)

0. 0. 1 = THETMI, THETMX, NTHETA (theta=angle between al and k)

0. 0. 1 = PHIMIN, PHIMAX, NPHI (phi=rotation angle of al around k)
"x%xx Specify first IWAV, IRAD, IORI (normally 0 0 0) x*xx*’

0 0 0 = first IWAV, first IRAD, first IORI (0 O O to begin fresh)

"xxx*x Select Elements of S_ij Matrix to Print *xxx’

6 = NSMELTS = number of elements of S_ij to print (not more than 9)
11 12 21 22 31 41 = indices 1j of elements to print

"«x%xx Specify Scattered Directions #xxx’

'LFRAME’ = CMDFRM (LFRAME, TFRAME for Lab Frame or Target Frame)
2 = NPLANES = number of scattering planes
0. 0. 180. 5 = phi, thetan_min, thetan_max, dtheta (in deg) for plane 1

90. 0. 180. 5 = phi, thetan_min, thetan_max, dtheta (in deg) for plane 2
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Lines Comments

1-2 comment lines

3 NOTORQ if torque calculation is not required;
DOTORQ if torque calculation is required.

4 PBCGS2 is recommended; other options are PBCGST, GPBICG, PETRKP, and QMRCCG (see .

5 GPFAFT is supplied as default, but FF TMKL is recommended if DDSCAT has been compiled with
the Intel® Math Kernel Library (see § .

6 GKDLDR is recommended as the DDA method if the refractive index m is not too large, but
FLTRCD may be better if |m] is large. (see

7 NOTBIN for no unformatted binary output.

ORIBIN for unformatted binary dump of orientational averages only;
ALLBIN for full unformatted binary dump (;

8 comment line

9 initial memory allocation NX,NY,NZ. These must be large enough to accomodate the target that
will be generated.

10 comment line

11 specify choice of target shape (see for description of options RCTGLPRSM, ELLIPSOID,

TETRAHDRN, ...)
12 shape parameters SHPAR1, SHPAR2, SHPAR3, ... (see .
13 number of different dielectric constant tables (see ~,|

14 name(s) of dielectric constant table(s) (one per line).
15 comment line
16 NRFLD =0, 1, 2 to skip, do nearfield calculation of E, do nearfield calculation of both E and B
17 6 non-negative numbers r1, ..., r¢ specifying fractional extension of comptutational volume
(in —)A(TF7 +XTF, —)A’TF7 +$’TF, —Z7TF, +ZTr direction (see
18 commment line
20 TOL = error tolerance h: maximum allowed value of |ATE — ATAP|/|ATE| [see eq.].
21 comment line
22 MXITER= maximum number of conjugate-gradient iterations allowed
23 comment line
24 GAMMA= interaction cutoff parameter y (see Draine & Flatau 2009)
the value of vy does not affect calculations for isolated targets
25 comment line
26 ETASCA — parameter 7 controlling angular averages (.
27 comment line
28 A — vacuum wavlenghts: first, last, how many, how chosen.
29 comment line
30 NAMBIENT= (real) refractive index of ambient medium.
31 comment line
32 aesr — first, last, how many, how chosen.
33 comment line
34 specify x,y,z components of (complex) incident polarization &1 (
35 IORTH =2 to do both polarization states (normal);
IORTH =1 to do only one incident polarization.
36 comment line
37 IWRKSC = 0 to suppress writing of “.sca” files;
IWRKSC =1 to enable writing of “.sca” files.
38 comment line
39 — first, last, how many .
40 — first, last, how many.
41 — first, last, how many.
42 comment line
43 IWAVO IRADO IORIO — starting values of integers INAV IRAD IORI (normally O 0 0).
44 comment line
45 N5 = number of scattering matrix elements (must be < 9)
46 indices ij of N elements of the scattering matrix .S;;
47 comment line
48 specify whether scattered directions are to be specified by CMDFRM=" LFRAME’ or ' TFRAME’ .
49 NPLANES= number of scattering planes to follow
50 ¢ for first scattering plane, s, min, 0s,maz, how many 6, values;

51,... ¢, for 2nd.,... scattering plane, ...
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B wxxxryyy.avg Files
The file w000r0000ri . avg contains the results for the first wavelength (w000) and first target radius
(r000) averaged over orientations (.avg). The w000r000ori.avg file generated by the sample
calculation in examples_exp/RCTGLPRSM should look like the following:
DDSCAT --- DDSCAT 7.3.1 [14.11.28]
TARGET --- Rectangular prism; NX,NY,Nz= 16 32 32
GKDLDR —--- DDA method
PBCGS2 —--- CCG method
RCTGLPRSM —--- shape
0 = JPBC
0 = JTRQ (= 1 if torques are calculated)
1 = NCOMP = number of compositions
16384 = NATO = number of dipoles
0.06346820 = d/aeff for this target [d=dipole spacing]
0.015625 = d (physical units)
AEFF= 0.246186 = effective radius (physical units)
WAVE= 0.500000 = wavelength (in vacuo, physical units)
K*AEFF= 3.093665 = 2«pixaeff/lambda
NAMBIENT= 1.000000 = refractive index of ambient medium
n= ( 0.9656 , 1.8628), =eps.= ( -2.5374 , 3.5975) Im|kd= 0.4120 for subs. 1
TOL= 1.000E-05 = error tolerance for CCG method
( 1.00000 0.00000 0.00000 ) = target axis Al in Target Frame
( 0.00000 1.00000 0.00000 ) = target axis A2 in Target Frame
NAVG= 962 = (theta,phi) values used in comp. of Qsca,g
( 0.19635 0.00000 0.00000 ) = k vector (latt. units) in Lab Frame
( 0.00000, 0.00000 )( 1.00000, 0.00000 ) ( 0.00000, 0.00000 )=inc.pol.vec. 1 in LF
( 0.00000, 0.00000 ) (-0.00000, 0.00000 ) ( 1.00000,-0.00000 )=inc.pol.vec. 2 in LF
0.000 0.000 = beta_min, beta_max ; NBETA = 1
0.000 0.000 = theta_min, theta_max; NTHETA= 1
0.000 0.000 = phi_min, phi_max ; NPHI = 1
0.5000 = ETASCA = param. controlling # of scatt. dirs used to calculate <cos> etc.
Results averaged over 1 target orientations
and 2 incident polarizations
Qext Qabs Qsca g(l)=<cos> <cos”"2> Qbk Qpha
JOo=1: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
JO=2: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
mean: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
Qpol= -1.5736E-05 dQpha= 7.3016E-07
QOscax*g (1) QOscax*g(2) QOscax*g(3) iter mxiter Nsca
Jo=1: 9.0502E-01 -1.9745E-07 -1.1904E-06 18 300 962
Jo=2: 9.0503E-01 1.7133E-08 3.5180E-07 18 300 962
mean: 9.0503E-01 -9.0160E-08 -4.1929E-07
Mueller matrix elements for selected scattering directions in Lab Frame
theta phi Pol. s_11 S_12 s_21 S_22 S_31 S_41
0.00 0.00 0.00000 7.5116E+01 -3.2806E-04 -3.281E-04 7.512E+01 6.654E-05 3.676E-06
5.00 0.00 0.00768 7.2167E+01 -5.5389E-01 -5.539E-01 7.217E+01 5.874E-05 8.374E-06
10.00 0.00 0.03116 6.3969E+01 -1.9932E+00 -1.993E+00 6.397E+01 4.754E-05 1.983E-05
15.00 0.00 0.07180 5.2244E+01 -3.7512E+00 -3.751E+00 5.224E+01 2.537E-05 2.327E-05
20.00 0.00 0.13160 3.9245E+01 -5.1644E+00 -5.164E+00 3.924E+01 2.243E-05 1.927E-05
25.00 0.00 0.21216 2.7088E+01 -5.7469E+00 -5.747E+00 2.709E+01 1.447E-05 1.856E-05
30.00 0.00 0.31112 1.7234E+01 -5.3618E+00 -5.362E+00 1.723E+01 1.089E-05 1.845E-05
35.00 0.00 0.41157 1.0271E+01 -4.2270E+00 -4.227E+00 1.027E+01 4.656E-06 1.518E-05
40.00 0.00 0.46175 6.0117E+00 -2.7759E+00 -2.776E+00 6.012E+00 6.169E-06 9.038E-06
45.00 0.00 0.38394 3.7970E+00 -1.4578E+00 -1.458E+00 3.797E+00 7.314E-06 4.861E-06
50.00 0.00 0.20310 2.8383E+00 -5.7646E-01 -5.765E-01 2.838E+00 7.846E-06 1.647E-07
55.00 0.00 0.08917 2.4760E+00 -2.2078E-01 -2.208E-01 2.476E+00 8.324E-06 3.815E-07
60.00 0.00 0.12808 2.2937E+00 -2.9378E-01 -2.938E-01 2.294E+00 8.199E-06 -2.713E-06
65.00 0.00 0.28429 2.1074E+00 -5.9910E-01 -5.991E-01 2.107E+00 8.201E-06 -2.559E-06
70.00 0.00 0.49621 1.8862E+00 -9.3596E-01 -9.360E-01 1.886E+00 7.212E-06 -2.412E-06
75.00 0.00 0.70066 1.6630E+00 -1.1652E+00 -1.165E+00 1.663E+00 6.011E-06 -3.343E-06
80.00 0.00 0.83815 1.4710E+00 -1.2330E+00 -1.233E+00 1.471E+00 4.715E-06 -3.171E-06
85.00 0.00 0.87905 1.3178E+00 -1.1584E+00 -1.158E+00 1.318E+00 3.207E-06 -3.812E-06
90.00 0.00 0.84389 1.1878E+00 -1.0024E+00 -1.002E+00 1.188E+00 1.962E-06 -3.418E-06
95.00 0.00 0.78583 1.0596E+00 -8.3270E-01 -8.327E-01 1.060E+00 1.056E-06 —-3.448E-06
100.00 0.00 0.75672 9.2364E-01 -6.9894E-01 -6.989E-01 9.236E-01 6.091E-07 -3.284E-06
105.00 0.00 0.78541 7.9129E-01 -6.2149E-01 -6.215E-01 7.913E-01 1.262E-06 -3.012E-06
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.2806E-04
-5.
-1.
-3.
=5.
-5.
-5.
.2270E+00
-2.
-1.
-5.
.2078E-01
-2.
-5.
-9.
-1.
.2330E+00
.1584E+00
-1.
-8.
-6.
-6.
-5.
-6.
-6.
-6.
=7.
-8.
-1.

=7

-1

-1

=7

-2

-1
-1

-1

-1

-1
-1

9508E-01
0242E-01
3019E-01
7920E-01

9211E-01
0590E+00

3199E+00

0885E+00

9635E-01
0888E-01

5387E-01
9930E+00
7509E+00
1642E+00
7469E+00
3617E+00

7759E+00
4578E+00
7650E-01

9376E-01
9909E-01
3596E-01
1652E+00

0024E+00
3269E-01
9894E-01
2148E-01
9507E-01
0241E-01
3017E-01
7919E-01
6264E-01
9211E-01
0590E+00

.2233E+00
-1.
.2846E+00
-1.
=7.
.9638E-01
.0877E-01
.2398E-05

3199E+00

0885E+00
6257E-01

.951E-01
.024E-01
.302E-01
.792E-01
.626E-01
.921E-01
.059E+00
.223E+00
.320E+00
.285E+00
.089E+00
.625E-01
.963E-01
.089E-01
.335E-05
.281E-04
.539E-01
.993E+00
.751E+00
.164E+00
.747E+00
.362E+00
.227E+00
.776E+00
.458E+00
.765E-01
.208E-01
.938E-01
.991E-01
.360E-01
.165E+00
.233E+400
.158E+00
.002E+00
.327E-01
.989E-01
.215E-01
.951E-01
.024E-01
.302E-01
.792E-01
.626E-01
.921E-01
.059E+00
.223E+400
.320E+00
.285E+00
.089E+00
.626E-01
.964E-01
.088E-01
.240E-05
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.940E-01
.742E-01
.7T42E-01
.032E+00
.486E+00
.185E+00
.200E+00
.614E+00
.486E+00
.804E+00
.143E+01
.410E+01
.642E+01
.802E+01
.859E+01
.512E+01
.217E+01
.397E+01
.224E+01
.924E+01
.709E+01
.723E+01
.027E+01
.012E+00
.797E+00
.838E+00
.476E+00
.294E+00
.107E+00
.886E+00
.663E+00
.471E+00
.318E+00
.188E+00
.060E+00
.236E-01
.913E-01
.940E-01
.742E-01
.742E-01
.032E+00
.486E+00
.185E+00
.200E+00
.614E+00
.486E+00
.804E+00
.143E+01
.410E+01
.642E+01
.802E+01
.859E+01
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.883E-06
.944E-06
.848E-06
.432E-06
.042E-06
.132E-06
.914E-06
.341E-05
.552E-05
.872E-05
.076E-05
.361E-05
.563E-05
.636E-05
.545E-05
.687E-05
.802E-05
.500E-05
.115E-05
.439E-05
.615E-05
.691E-05
.749E-05
.903E-05
.141E-05
.501E-06
.142E-06
.811E-06
.498E-06
.860E-06
.132E-06
.554E-06
.168E-06
.602E-06
.189E-06
.766E-06
.896E-06
.003E-06
.128E-06
.318E-06
.321E-06
.184E-06
.505E-06
.003E-07
.394E-06
.927E-06
.463E-06
.095E-05
.507E-05
.918E-05
.270E-05
.531E-05
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-5
-7

-1

-2
-2
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.207E-06
-3.
-3.
-4.
.204E-06
.338E-06
-9.
.243E-05
-1.
-1.

554E-06
984E-06
816E-06

077E-06

508E-05
835E-05

.212E-05
.659E-05
-3.
-3.
-3.
.569E-06
.299E-06
.007E-06
.129E-06
.431E-06
.218E-06
.552E-06
.510E-06
.010E-06
.883E-06
.258E-06
.357E-06
.565E-06
.507E-06
.219E-06
.977E-06
.681E-06
.314E-06
.608E-07
.293E-07
-1.
-1.
-1.
-1.
.413E-06
.214E-06
-4.
-6.
-9.
-1.
-1.
.235E-05
-2.
-3.
-3.
-3.
-3.

014E-05
364E-05
595E-05

051E-06
643E-06
734E-06
965E-06

741E-06
807E-06
836E-06
359E-05
796E-05

674E-05
071E-05
326E-05
538E-05
584E-05
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C  wxxryyykzzz.sca Files
The wO00r000k000. sca file contains the results for the first wavelength (w000), first target radius
(r000), and first orientation (k000). The w000r000k000 . sca file created by the sample calculation
in examples_exp/RCTGLPRSM should look like the following:
DDSCAT —--- DDSCAT 7.3.1 [14.11.28]
TARGET --- Rectangular prism; NX,NY,NZ= 16 32 32
GKDLDR ———- DDA method
PBCGS2 ——- CCG method
RCTGLPRSM —-—- shape
0 = JPBC
0 = JTRQ (= 1 if torques are calculated)
1 = NCOMP = number of compositions
16384 = NATO = number of dipoles
0.06346820 = d/aeff for this target [d=dipole spacing]
0.015625 = d (physical units)
77777 physical extent of target volume in Target Frame —--———--—-—
-0.250000 0.000000 = xmin,xmax (physical units)
-0.250000 0.250000 = ymin,ymax (physical units)
-0.250000 0.250000 = zmin,zmax (physical units)
AEFF= 0.246186 = effective radius (physical units)
WAVE= 0.500000 = wavelength (in vacuo, physical units)
K+AEFF= 3.093665 = 2xpixaeff/lambda
NAMBIENT= 1.000000 = refractive index of ambient medium
n= ( 0.9656 , 1.8628), =eps.= ( -2.5374 , 3.5975) Im|kd= 0.4120 for subs. 1
TOL= 1.000E-05 = error tolerance for CCG method
(1.00000 0.00000 0.00000 ) = target axis Al in Target Frame
( 0.00000 1.00000 0.00000 ) = target axis A2 in Target Frame
NAVG= 962 = (theta,phi) values used in comp. of Qsca,g
( 0.19635 0.00000 0.00000 ) = k vector (latt. units) in TF
( 0.00000, 0.00000 )( 1.00000, 0.00000 ) ( 0.00000, 0.00000 )=inc.pol.vec. 1 in TF
( 0.00000, 0.00000 )( 0.00000, 0.00000 ) ( 1.00000, 0.00000 )=inc.pol.vec. 2 in TF
( 1.00000 0.00000 0.00000 ) = target axis Al in Lab Frame
(-0.00000 1.00000 0.00000 ) = target axis A2 in Lab Frame
( 0.19635 0.00000 0.00000 ) = k vector (latt. units) in Lab Frame
( 0.00000, 0.00000 )( 1.00000, 0.00000 )( 0.00000, 0.00000 )=inc.pol.vec. 1 in LF
( 0.00000, 0.00000 ) (-0.00000, 0.00000 ) ( 1.00000,-0.00000 )=inc.pol.vec. 2 in LF
BETA = 0.000 = rotation of target around Al
THETA= 0.000 = angle between Al and k
PHI = 0.000 = rotation of Al around k
0.5000 = ETASCA = param. controlling # of scatt. dirs used to calculate <cos> etc.
Qext Qabs Qsca g(l)=<cos> <cos”"2> Qbk QOpha
JO=1: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
JO=2: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
mean: 3.6135E+00 1.4308E+00 2.1827E+00 4.1463E-01 7.5169E-01 6.1831E-01 -1.2614E-01
Qpol= -1.5736E-05 dQpha= 7.3016E-07
QOscax*g (1) Qscax*g(2) QOscax*g (3) iter mxiter Nsca
Jo=1: 9.0502E-01 -1.9745E-07 -1.1904E-06 18 300 962
Jo=2: 9.0503E-01 1.7133E-08 3.5180E-07 18 300 962
mean: 9.0503E-01 -9.0160E-08 -4.1929E-07
Mueller matrix elements for selected scattering directions in Lab Frame
theta phi Pol. S_11 S_12 s_21 S_22 S_31 S_41
0.00 0.00 0.00000 7.5116E+01 -3.2806E-04 -3.281E-04 7.512E+01 6.654E-05 3.676E-06
5.00 0.00 0.00768 7.2167E+01 -5.5389E-01 -5.539E-01 7.217E+01 5.874E-05 8.374E-06
10.00 0.00 0.03116 6.3969E+01 -1.9932E+00 -1.993E+00 6.397E+01 4.754E-05 1.983E-05
15.00 0.00 0.07180 5.2244E+01 -3.7512E+00 -3.751E+00 5.224E+01 2.537E-05 2.327E-05
20.00 0.00 0.13160 3.9245E+01 -5.1644E+00 -5.164E+00 3.924E+01 2.243E-05 1.927E-05
25.00 0.00 0.21216 2.7088E+01 -5.7469E+00 -5.747E+00 2.709E+01 1.447E-05 1.856E-05
30.00 0.00 0.31112 1.7234E+01 -5.3618E+00 -5.362E+00 1.723E+01 1.089E-05 1.845E-05
35.00 0.00 0.41157 1.0271E+01 -4.2270E+00 -4.227E+00 1.027E+01 4.656E-06 1.518E-05
40.00 0.00 0.46175 6.0117E+00 -2.7759E+00 -2.776E+00 6.012E+00 6.169E-06 9.038E-06
45.00 0.00 0.38394 3.7970E+00 -1.4578E+00 -1.458E+00 3.797E+00 7.314E-06 4.861E-06
50.00 0.00 0.20310 2.8383E+00 -5.7646E-01 -5.765E-01 2.838E+00 7.846E-06 1.647E-07
55.00 0.00 0.08917 2.4760E+00 -2.2078E-01 -2.208E-01 2.476E+00 8.324E-06 3.815E-07
60.00 0.00 0.12808 2.2937E+00 -2.9378E-01 -2.938E-01 2.294E+00 8.199E-06 -2.713E-06
65.00 0.00 0.28429 2.1074E+00 -5.9910E-01 -5.991E-01 2.107E+00 8.201E-06 -2.559E-06
70.00 0.00 0.49621 1.8862E+00 -9.3596E-01 -9.360E-01 1.886E+00 7.212E-06 -2.412E-06
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.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00
.00
.00
.00
.00
.00
.00
.00
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.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00
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.00
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.00
.00
.00
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.00
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.00
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.00
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.70066
.83815
.87905
.84389
.78583
.75672
.78541
.85741
.89355
.81395
.65812
.51335
.40829
.33090
.26513
.20350
.14592
.09522
.05409
.02413
.00604
.00000
.00000
.00767
.03116
.07180
.13159
.21216
.31112
.41156
.46175
.38395
.20312
.08917
.12808
.28428
.49621
.70066
.83815
.87905
.84389
.78582
.75672
.78541
.85741
.89355
.81394
.65811
.51334
.40828
.33089
.26512
.20350
.14592
.09522
.05409
.02413
.00604
.00000
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.6630E+00
.4710E+00
.3178E+00
.1878E+00
.0596E+00
.2364E-01
.9129E-01
.9404E-01
.7418E-01
.7423E-01
.0320E+00
.4856E+00
.1850E+00
.2005E+00
.6139E+00
.4859E+00
.8035E+00
.1432E+01
.4098E+01
.6425E+01
.8022E+01
.8591E+01
.5116E+01
.2167E+01
.3969E+01
.2244E+01
.9245E+01
.7088E+01
.7234E+01
.0271E+01
.0116E+00
.7970E+00
.8382E+00
.4759E+00
.2937E+00
.1074E+00
.8862E+00
.6630E+00
.4710E+00
.3178E+00
.1878E+00
.0596E+00
.2363E-01
.9128E-01
.9403E-01
.7418E-01
.7422E-01
.0320E+00
.4856E+00
.1850E+00
.2005E+00
.6140E+00
.4859E+00
.8036E+00
.1432E+01
.4098E+01
.6425E+01
.8022E+01
.8591E+01

-1.
.2330E+00
-1.
-1.
-8.
-6.
-6.
-5.
-6.
-6.
-6.
.6264E-01
-8.
-1.
.2233E+00
-1.
.2846E+00
-1.
.6255E-01
-3.
-1.
.3351E-05
.2806E-04
-5.
-1.
-3.
=5.
-5.
-5.
.2270E+00
-2.
-1.
-5.
.2078E-01
-2.
-5.
-9.
-1.
.2330E+00
.1584E+00
-1.
-8.
-6.
.2148E-01
-5.
-6.
-6.
-6.
=7.
-8.
.0590E+00
.2233E+00

-1

=7

-1

-1

-7

-2

-1
-1

-1
-1

-1.
.2846E+00
-1.
=7.
.9638E-01
-1.

-1

-1

1652E+00

1584E+00
0024E+00
3270E-01
9894E-01
2149E-01
9508E-01
0242E-01
3019E-01
7920E-01

9211E-01
0590E+00

3199E+00

0885E+00

9635E-01
0888E-01

5387E-01
9930E+00
7509E+00
1642E+00
7469E+00
3617E+00

7759E+00
4578E+00
7650E-01

9376E-01
9909E-01
3596E-01
1652E+00

0024E+00
3269E-01
9894E-01

9507E-01
0241E-01
3017E-01
7919E-01
6264E-01
9211E-01

3199E+00

0885E+00
6257E-01

0877E-01

.2398E-05

.165E+00
.233E+400
.158E+00
.002E+00
.327E-01
.989E-01
.215E-01
.951E-01
.024E-01
.302E-01
.792E-01
.626E-01
.921E-01
.059E+00
.223E+400
.320E+00
.285E+00
.089E+00
.625E-01
.963E-01
.089E-01
.335E-05
.281E-04
.539E-01
.993E+00
.751E+00
.164E+00
.747E+00
.362E+00
.227E+00
.776E+00
.458E+00
.765E-01
.208E-01
.938E-01
.991E-01
.360E-01
.165E+00
.233E+400
.158E+00
.002E+00
.327E-01
.989E-01
.215E-01
.951E-01
.024E-01
.302E-01
.792E-01
.626E-01
.921E-01
.059E+00
.223E+400
.320E+00
.285E+00
.089E+00
.626E-01
.964E-01
.088E-01
.240E-05
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.663E+00
.471E+400
.318E+00
.188E+00
.060E+00
.236E-01
.913E-01
.940E-01
.742E-01
.742E-01
.032E+400
.486E+00
.185E+400
.200E+00
.614E+00
.486E+00
.804E+00
.143E+401
.410E+01
.642E+401
.802E+01
.859E+01
.512E+401
.217E+01
.397E+401
.224E+01
.924E+401
.709E+01
.723E+401
.027E+01
.012E+00
.797E+00
.838E+00
.476E+00
.294E+00
.107E+400
.886E+00
.663E+00
.471E+400
.318E+00
.188E+00
.060E+00
.236E-01
.913E-01
.940E-01
.742E-01
.742E-01
.032E+400
.486E+00
.185E+400
.200E+00
.614E+400
.486E+00
.804E+00
.143E+401
.410E+01
.642E+401
.802E+01
.859E+01
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.011E-06
.715E-06
.207E-06
.962E-06
.056E-06
.091E-07
.262E-06
.883E-06
.944E-06
.848E-06
.432E-06
.042E-06
.132E-06
.914E-06
.341E-05
.552E-05
.872E-05
.076E-05
.361E-05
.563E-05
.636E-05
.545E-05
.687E-05
.802E-05
.500E-05
.115E-05
.439E-05
.615E-05
.691E-05
.749E-05
.903E-05
.141E-05
.501E-06
.142E-06
.811E-06
.498E-06
.860E-06
.132E-06
.554E-06
.168E-06
.602E-06
.189E-06
.766E-06
.896E-06
.003E-06
.128E-06
.318E-06
.321E-06
.184E-06
.505E-06
.003E-07
.394E-06
.927E-06
.463E-06
.095E-05
.507E-05
.918E-05
.270E-05
.531E-05
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.343E-06
.171E-06
.812E-06
.418E-06
.448E-06
.284E-06
.012E-06
.207E-06
.554E-06
.984E-06
.816E-06
.204E-06
.338E-06
.077E-06
.243E-05
.508E-05
.835E-05
.212E-05
.659E-05
.014E-05
.364E-05
.595E-05
.569E-06
.299E-06
.007E-06
.129E-06
.431E-06
.218E-06
.552E-06
.510E-06
.010E-06
.883E-06
.258E-06
.357E-06
.565E-06
.507E-06
.219E-06
.977E-06
.681E-06
.314E-06
.608E-07
.293E-07
.051E-06
.643E-06
.734E-06
.965E-06
.413E-06
.214E-06
.741E-06
.807E-06
.836E-06
.359E-05
-1.
.235E-05
.674E-05
.071E-05
.326E-05
.538E-05
.584E-05

796E-05
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D wxxxryyykzzz.poln Files

Binary files wxxxryyykzzz.poln are written to disk only when nearfield calculations are done (pa-
rameter NRFLD=1). The w000r000k000.pol1 file contains the polarization solution for the first
wavelength (w000), first target radius (r000), first orientation (k000), and first incident polarization
(poll). In order to limit the size of this file, it has been written as an unformatted or "binary" file.
This preserves full machine precision for the data, is quite compact, and can be read efficiently, but
unfortunately the file is not fully portable because different computer architectures (e.g., Linux vs. MS
Windows) have adopted different standards for storage of “unformatted” data. However, anticipating that
many users will be computing within a single architecture, the distribution version of DDSCAT uses this
format.

Additional warning: even on a single architecture, users should be alert to the possibility that different
compilers may follow different conventions for reading/writing unformatted files.

The file contains the following information:

e The location of each dipole in the target frame.
o (kg,ky, k.)d, where k is the incident k vector.
o (Eo, Eoy, Eo.), the complex polarization vector of the incident wave.

e a~!'d?, the inverse of the symmmetric complex polarizability tensor for each of the dipoles in the
target.

e (P, Py, P.), the complex polarization vector for each of the dipoles.

The interested user should consult the routine writepol. f to see how this information has been orga-
nized in the unformatted file.

E  wxxxryyykzzz.En Files

Binary files wxxxryyykzzz.En are written to disk only when nearfield calculations of E (but not B)
are done (parameter NRFLD=1). The w000r000k000.E1 file contains information describing the
problem and the solution at "grid points" throughout the extended "computational volume" specified
for the nearfield calculation (see §29). These binary files are very large, but have been written in a
way to simplify subsequent use for visualization using, e.g., the program DDPOSTPROCESS . £90 (see
§32). The interested user can examine subroutine nearfield.£90 that writes the file, or program
DDPOSTPROCESS . £90 that reads the file, to see how the information is organized.

A user who finds the file size to be a serious problem may wish to modify the code in nearfield. f90

to suppress writing of some of the arrays (e.g., the diagonal elements of the A matrix), retaining only
the data of specific interest (e.g., the E field). Of course, and modifications to WRITE statements in
nearfield. £90 will require corresponding changes to READ statements in subroutine readnf . £90
that DDPOSTPROCESS . £90 calls to read from the stored data files.

F  wxxxryyykzzz.EBn Files

Binary files wxxxryyykzzz . EBn are written to disk only when nearfield calculations are done for both
E and B (parameter NRFLD=2). The w000r000k000.EB1 file contains information describing the
problem and the solution at "grid points" throughout the extended "computational volume" specified
for the nearfield calculation (see §29). These binary files are very large, but have been written in a
way to simplify subsequent use for visualization using, e.g., the program DDPOSTPROCESS. £90 (see
§32). The interested user can examine subroutine nearfield.£90 that writes the file, or program
DDPOSTPROCESS. £90 that reads the file, to see how the information is organized.

A user who finds the file size to be a serious problem may wish to modify the code in nearfield. £90

to suppress writing of some of the arrays (e.g., the diagonal elements of the A matrix), retaining only the

104

data of specific interest (e.g., Bsca). Of course, and modifications to WRITE statements innearfield. £90

will require corresponding changes to READ statements in DDPOSTPROCESS . £90.



G TARGET ORIENTATION FOR ARBITRARY TARGET VECTORS A, AND A, 105

G Target Orientation for Arbitrary Target Vectors a; and a;

The target orientation is specified by the angles (©, 5, ®) which determine the orientation of the target
vectors a; and a, (and a3 = a; X as) in the Lab Frame. The target itself is defined by a list of lattice
sites, with coordinates given in the Target Frame (TF), together with the components of the target vectors
a; and a, in the TF. To determine the incident wavevector ko and the incident electric fields E in the TF,
we need first two determine the orientations of a; and a5 in the TF.

Let O, ¢y, and 5 be angles such that xr and yTp would be rotated to a; and as. We proceed as
follows:

1. Find @0, ‘Po, and 60.
2. “Un-rotate” the target to align &; and as with xpr and ypp.

3. Rotate the target (relative to the LF) by angles ©, ®, and O to obtain the desired orientation of a;
and as relative to the LF.

The first task is to find ©g, ®q, and Sy.

G.1 sin ©( not small:

From eq. (29}31) we find

©p = arccos(a; - XLF) (129)
®y = arccos w = arcsin a1. ATE (130)
sin © sin ©
By = arccos M = arcsin w . (131)
sin O sin O

This procedure is well-behaved unless sin ©y < 1.

G.2 ©Ognear 0:
Let x = sin ©g, cos Og ~ 1 — 22 /2. Then, from eq. (2931):

2 2
ay - yTFr = (1 — 932> cos B cos Dy — sin By sin Py = cos(By + Po) — % cos Bpcos @y (132)

2 2

a - ZTp = (1 - x2> cos By sin g + sin By cos P = sin(Fy + $g) — % cos Bosin®q  (133)

2 2
—az3-yTr = ( - m2> sin By cos @ + cos By sin @y = sin(Fy + $g) — % sin By cos @g  (134)

2 2
as-Ztp = — (1 — 962) sin By sin @ + cos By cos Py = cos(By + Po) + % sin Bg sin ®q ,(135)

from which we obtain

sin(Bo + ®9) = Az iQTF;Qé/BQ. yre (136)
cos(fBy — Pg) = a3 iTsz—/;lz yrE (138)
sin(f — o) ay - ZTr + a3 - y1F (139)

xz2/2
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G.3 Ognear w:
If Og = ™ — z, z < 1, then from eq. 29{37):

2 2
ay-yrr = — (1 — g;) cos By cos Dy — sin Gy sin @y = — cos(By — Do) + % cos Bg cos @y (140)
22 x2
ay - ZTF = — (1 — 2) cos By sin @ + sin By cos Py = sin(By — o) + 5 cos fBosin®y  (141)
22 22
—a3-yrr = — (1 — 2> sin By cos @y + cos [y sin Py = —sin(By — Py) + el sin By cos g (142)

2 2

as - zZtp = ( — 9;) sin B sin @y + cos Sy cos By = cos(Fy — o) — % sin Bpsin ®qg ,  (143)

from which we obtain

sin(fy — o) = S I (144)
cos(fo — go) = 22 ZQT F_;f; y (145)
sin(fo+ @) = 22 iTFgmj o (146)
cos(Bo + @o) = a2 '$’T1;2J;2'313 ZE . (147)

G.4 Rotations

Once Oy, By, and ®y have been obtained, the following sequence of rotations takes the initial target to
the desired orientation:

1. Rotate the target around a; by an angle —f.
After this rotation, the target and LF are related by

a; = Xppcos©g+ yLrsin Ogcos Py + z,r sin O sin Py (148)
a, = —XppsinOg+ yLrcosOgcos Py + zrp cos Opsin Py . (149)

Thus we obtain
XLF = Aa3c080)—assin® . (150)

2. Rotate the target around the above X r by an angle —®.

3. Rotate the target around a3 by an angle © — O,.
After this rotation,

XLF = Aa;cos® —aysin® . (151)
4. Rotate the target around the above X1 r by an angle ®.

5. Rotate the target around a; by an angle .

These operations are carried out in subroutine rotate.£90.
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Qabs, @
Qext’ @
Qscaa @
Qpha’ @

S; — scattering amplitude matrix, @

Sij —4x4 Mueller scattering matrix, |7_§|, @I, @
S — scattering amplitude matrix, [80]

@ — target orientation angle, 23] [36]

Opr. 52 [B3

© — target orientation angle, 25} [36]

©pr.52 B3]

/3 — target orientation angle, 23] 36|

Bor. 523

n — parameter for choosing scattering angles,
n — parameter for selection of scattering angles, [77]
a1, &, target vectors,

¢ — scattering angle,

0, — scattering angle,

Qeff,

fi; — amplitude scattering matrix, |’7_§|

fij — scattering amplitude matrix,

Qr - radiative torque efficiency vector, [33]

Q.. — radiative force efficiency vector, @
OMP_NUM_THREADS,

absorption efficiency factor Q) ,ps, @
ambient medium

refractive index, 24|
averages over scattering angles,

CALLTARGET,[53

CALLTARGET and PBC,[34

Clausius-Mossotti relation, [86]

CMDFFT - specifying FFT method, [98]

CMDEFRM - specifying scattering directions, [71] O]
compiling and linking, [T6]

conjugate gradient algorithm, [2§]

DDA method, 3T]
DDPOSTPROCESS.90, [8§]
ddpostprocess.par, [88] [89]
ddscat.log_000 — output file, 27]
ddscat.out, [27]
ddscat.par
ALLBIN, 2§
CSHAPE, 5§
diel.tab, 22
DOTORQ. [33]
ETASCA, 37
FLTRCD, 3]
GAMMA, T3]
GKDLDR, 221 3T]
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GPFAFT, 22

IORTH, 73] 83|
IWRKSC, 28]

LATTDR, 22} 31]

MXITER, 23]

NOTBIN, 22

NRFLD, 23]

ORIBIN, 23]

PBCGST, 29|

PETRKP, 29|

SHPAR,SHPARs,..., B8]

TOL, 29

wave.tab, 24]
ddscat.par - BETAMI,BETAMX,NBETA,
ddscat.par — PHIMIN,PHIMAX ,NPHI, [37]
ddscat.par - THETMI, THETMX ,NTHETA, [37]
ddscat.par parameter file, [2T]
diel.tab — see ddscat.par, 22]
Dielectric Frame (DF), 1] [52] [85]
dielectric function of target material, [32]
dielectric medium, [T13]
dielectric tensor, [§4]
differential scattering cross section dCjc, /d€2,
DOTORQ, 33|

effective radius ac, [0} 24]

Electric field within or near the target, @l
ELLIPSOID, |Zf_3]

error tolerance, 29|

ESELF, P3|

ETASCA, 34

extinction efficiency factor Qcxt, @

FFT algorithm, 30|
FFTW, 30
Filtered Coupled Dipole method, [3T]
FLTRCD, [3T]
FLTRCD - filtered coupled dipole method, [3T]
Fortran compiler

optimization, [17]

GAMMA - see ddscat.par, 23]
GKDLDR, [5]]

GKDLDR - see ddscat.par, [22]
GPFA, [50)

GPFAFT, [61] 53]

GPFAFT - see ddscat.par, 22]
GPFAPACK, 03]

IDVERR,[T9]
IDVOUT,[T9]
infinite cylinder, [57]
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infinite hexagonal column, [61] [62] polarization of scattered radiation, [8T] [82]
IORTH, 83 postprocessing, [8§]
IORTH parameter, [78] precision: single vs. double,[T7]
iterative algorithm, 28] PYD, 56} [601 [61] [72} [73]
IWRKSC - see ddscat.par, 28] PZD,[56}[601 [61] [73]
Lab Frame, 36] gtable — output file, [27]
Lab Frame (LF),[34] gtable2 — output file, 28]
LATTDR, [3T] qtable? file, 27]
LATTDR - see ddscat.par, 22]
LFRAME, radiative force efficiency vector Qp,,[33]
radiative torque efficiency vector Qr,[33]
macroscopic Epacro vS. microscopic Enicro, @ refractive index of target material, |3_7|
Magnetic field within or near the target, |'8_3| relative dielectric function, [T3]
MayaVi, [97] relative refractive index, [13]
memory requirements, [34] rotate.f90, 36} [106]
microscopic E jcro vs. macroscopic Eyacros @
Microsoft®, scattering — angular averages, |7_3|
MKL scattering angles 6, ¢,
Intel® MKL scattering by tilted cube, |7_3]
DFTI, 7] scattering directions, [71]
MPI — Message Passing Interface, [T§] scattering efficiency factor Qsca, [I2]
code execution, 26] SCATTERLIB, 04
mtable — output file, 27] size parameter & = kaes,[9]
Mueller matrix for infinite targets, periodic in 1-d,[83] source code (downloading of),[T5]

Mueller matrix for infinite targets, periodic in 2-d, [83] Stokes vector (1,Q,U, V),
Mueller matrix for scattering, [78] [80] [82]

MXITER - see ddscat.par, 23| Target Frame, [34} 36} [84
MXNX,MXNY,MXNZ, 34 Target Frame .(TF), B3]
target generation, [3§]
NAMBIENT, 24 target generation: infinite periodic targets, [54]
NCOMP target orientation, [34] 36|
ddscat.par, 27] target routines: modifying, [53]
nearfield calculation, 23| target shape options
NOTBIN - see ddscat.par, 22] ANI_ELL_2,[7]
NRFLD, [36] ANI_ELL_3,[E3|
ANIELLIPS, 2]
OpenMP, ANIFILPBC,[53]
orientational averaging, [37] ANIFRMFIL, [4T]
nonrandomly-oriented targets, 38| ANIRCTNGL, @3]
randomly-oriented targets, [37] BISLINPBC, 53]
orientational sampling in 3, ©, and @, [37] CONELLIPS, /4]
CYLINDERI, 44
Paraview, O1] CYLNDRCAP, @]
PBC = periodic boundary conditions, @ CYLNDRPBC, 56
PBCGST algorithm, 29] DSKBLYPBC, [57]
periodic boundary conditions, [56H58] [60] [61] [63] [63] [68] [69)] DSKRCTNGL, 4]
PETRKP algorithm, [29] DSKRCTPBC, 58]
phase lag efficiency factor Qpha, @ DW1996TAR, 3]
PIM package, 29] ELLIPSO_2,[46]
polarizabilities ELLIPSO_3,[44|
GKDLDR, 3] ELLIPSOID, 3]
LATTDR, 3T] FRMFILPBC, 54
polarization — elliptical, [79] FROM_FILE, [39]

polarization of incident radiation, |7_3] HEX_PRISM, [#7]
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HEXGONPBC,
HEXUNIPBC, [6]]
LAYRDSLAB, 7]
LYRSLBPBC,[63|
MLTBLOCKS, g
OCTHEDRON, 73]
ONIONSHEL, i
RCTGL_PBC,[63]
RCTGLBLK2, 9]
RCTGLBLK3, A9
RCTGLPRSM, 9]
RECRECPBC, 6§
SLAB_HOLE, 50|
SLBHOLPBC, [69]
SPH_ANI_N,[3]]
SPHERES_N, [50]
SPHRN_PBC, [69)
SPHROID_2, [5T]
TETRAHDRN, 53|
TRILYRPBC,[7]]
TRNGLPRSM, 53|
UNIAXICYL, 53]
UNIAXIHEX, 53]
target.out — output file, [54]
TFRAME, [T]]

Vista, [13]
visualization, 88} O]

MayaVi, [97]

ParaView, 0]]

Paraview, [01]

VTK: Visualization ToolKit, [9T]
VTK: Visualization ToolKit, 0T]
VTRCONVERT, @

w000r000k0.sca — output file, 28]
w000r000k000.poln — output file, 27]
w000r000k000.sca — output file, 27]
w000r000ori.avg — output file, 28]
w000r000ori.avg file — output file, [27]
wave.tab, 24]

wavelength, [12] 23]

Windows 7,[13]
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