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Abstract

DDSCAT.6.0is a freely available software package which applies thecidite dipole approxima-
tion” (DDA) to calculate scattering and absorption of efentagnetic waves by targets with arbitrary
geometries and complex refractive index. The DDA approxém¢he target by an array of polarizable
points. DDSCAT.6.0allows accurate calculations of electromagnetic scatyefriom targets with “size
parameters2ra/X < 15 provided the refractive index: is not large compared to unityrg — 1| < 1).
DDSCAT.6.0includes the option of using tHeFTW(Fastest Fourier Transform in the West) package.
DDSCAT.6.0also includes support favPl (Message Passing Interface), permitting parallel calcula
tions on multiprocessor systems.

The DDSCAT package is written in Fortran and is highly portable. Thegpam supports calcu-
lations for a variety of target geometries (e.g., ellipspicegular tetrahedra, rectangular solids, finite
cylinders, hexagonal prisms, etc.). Target materials nealpdih inhomogeneous and anisotropic. It is
straightforward for the user to “import” arbitrary targetametries into the code, and relatively straight-
forward to add new target generation capability to the pgekADSCAT automatically calculates total
cross sections for absorption and scattering and seletgetkbnats of the Mueller scattering intensity
matrix for specified orientation of the target relative te thcident wave, and for specified scattering
directions.

This User Guide explains how to uBBDSCAT.6.0to carry out electromagnetic scattering calcula-
tions. CPU and memory requirements are described.
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1 Introduction

DDSCAT.6.0is a Fortran software package to calculate scattering asdrption of electromagnetic
waves by targets with arbitrary geometries using the “éigcdipole approximation” (DDA). In this
approximation the target is replaced by an array of poinléip (or, more precisely, polarizable points);
the electromagnetic scattering problem for an incidenbp@ wave interacting with this array of point
dipoles is then solved essentially exactly. The DDA (somes referred to as the “coupled dipole
approximation”) was apparently first proposed by Purcell & Rypacker (1973). DDA theory was
reviewed and developed further by Draine (1988), Draine &@nan (1993), and recently reviewed by
Draine & Flatau (1994) and Draine (2000).

DDSCAT.6.0is a Fortran implementation of the DDA developed by the atgthid is intended to be
a versatile tool, suitable for a wide variety of applicasganging from interstellar dust to atmospheric
aerosols. As provided)DSCAT.6.0should be usable for many applications without modificathnrt
the program is written in a modular form, so that modificagighrequired, should be fairly straightfor-
ward.

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

o If you publish results obtained usii@PSCAT, please consider acknowledging the source of the
code.

e If you discover any errors in the code or documentation,gggaomptly communicate them to
the authors.

e You comply with the “copyleft” agreement (more formallyetNU General Public License) of
the Free Software Foundation: you may copy, distribute/@ndodify the software identified as
coming under this agreement. If you distribute copies of Haftware, you must give the recip-
ients all the rights which you have. See the fllec/ copyl ef t distributed with the DDSCAT
software.

We also strongly encourage you to send email to the authentifging yourself as a user of DDSCAT;
this will enable the authors to notify you of any bugs, cotigats, or improvements in DDSCAT.

The current versionDDSCAT.6.0, uses the DDA formulae from Draine (1988), with dipole po-
larizabilities determined from the Lattice Dispersion &&n (Draine & Goodman 1993). The code
incorporates Fast Fourier Transform (FFT) methods (Goaodeaine, & Flatau 1991).

This User Guide assumes that you have already obtained ttrafrsource code fdDDSCAT.6.0
either by download frormt t p: / / www. astr o. pri ncet on. edu/ ~dr al ne or by following the
instructions in theREADME file.> We refer you to the list of references at the end of this docutrfue
discussions of the theory and accuracy of the DDA [first seeréitent reviews by Draine and Flatau
(1994) and Draine (2000)]. |4 we describe the principal changes betwEdISCAT.6.0 and the

To obtain theREADVE file:
(1) anonymoug t ptoastro. princeton. edu,
(2)cd drai ne/ scat/ DDA/ ver 6, and
(3)get README.


http://www.astro.princeton.edu/~draine

previous releasésThe succeeding sections contain instructions for:
e compiling and linking the code;
e running a sample calculation;
e understanding the output from the sample calculation;
o modifying the parameter file to do your desired calculations
e specifying target orientation;
e changing thédl MENSI ONing of the source code to accommodate your desired calookati

The instructions for compiling, linking, and running wilebappropriate for a UNIX system; slight
changes will be necessary for non-UNIX sites, but they areepinor and should present no difficulty.
Finally, the current version of this User Guide can be oldiftom
http://arxiv.orqg/abs/ astro-ph/ 0008151 — you will be offered the options of download-
ing
e Latex source
e Postscript

o Other formats — click on this to obtain the UserGuide as a PIBF fi

2 Applicability of the DDA

The principal advantage of the DDA is that it is completelyitide regarding the geometry of the target,
being limited only by the need to use an interdipole sepamatismall compared to (1) any structural
lengths in the target, and (2) the wavelengtiNumerical studies (Draine & Goodman 1993; Draine &
Flatau 1994; Draine 2000) indicate that the second critde@dequately satisfied if

Imlkd <1, 1)

wherem is the complex refractive index of the target material, Areg 27 /A, where\ is the wavelength
in vacua However, if accurate calculations of the scattering pHasetion (e.g., radar or lidar cross
sections) are desired, a more conservative criterion

Im|kd < 0.5 2

will ensure that differential scattering cross sectidis../dS? are accurate to within a few percent of
the average differential scattering cross secfign /47 (see Draine 2000).

Let V be the target volume. If the target is represented by an afraydipoles, located on a cubic
lattice with lattice spacing, then

V=Nd& . (3)

We characterize the size of the target by the “effectiveusidi

acit = (3V/4m)'/? 4

2The previous “official releases” were

DDSCAT.4b,
DDSCAT.4c—while never announce@®@DSCAT. 4c was made available to a number of interested users.
DDSCAT.5a7
DDSCAT.5a8
DDSCAT.5a9
DDSCAT.5a10
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the radius of an equal volume sphere. A given scatteringlenolis then characterized by the dimen-
sionless “size parameter”

2T Aegr
x = kaeg = % . (5)
The size parameter can be relatedM@and|m|kd:
2maey  62.04 [ N\ /3
Equivalently, the target size can be written
A [ N\Y3

Practical considerations of CPU speed and computer menuiorgrily available on scientific worksta-
tions typically limit the number of dipoles employed 2 < 106 (see{I8 for limitations on/V due to
available RAM); for a givenV, the limitations onm|kd translate into limitations on the ratio of target
size to wavelength.

For calculations of total cross sectiofis,s andCs.,, we requirdm|kd < 1:

A [ N\Y? 62.04 [/ N\ 3
o < 9.88 2 ([ — il (P . 8
oor <9350 () o o< Pt (57w ®)

For scattering phase function calculations, we requirgd < 0.5:

A [/ N\Y? 31.02 / N\ 3
o <4942 (= bl . 9
et < |m|<106> o< <106) ®)

Itis therefore clear that the DDA is not suitable for vengawalues of the size parameigrmor very
large values of the refractive index. The primary utility of the DDA is for scattering by dielewtr
targets with sizes comparable to the wavelength. As disclibg Draine & Goodman (1993), Draine
& Flatau (1994), and Draine (2000), total cross sectionsutated with the DDA are accurate to a few
percent providedv > 10* dipoles are used, criterioll(1) is satisfied, amd— 1| < 2.

Examples illustrating the accuracy of the DDA are shown gsil-E2 which show overall scattering
and absorption efficiencies as a function of wavelength ifter@nt discrete dipole approximationsto a
sphere, withV ranging from 304 to 59728. The DDA calculations assumedataudi incident along the
(1,1,1) direction in the “target frame”. Fidd.[3—4 show tbattering properties calculated with the DDA
for x = ka = 7. Additional examples can be found in Draine & Flatau (199#) Braine (2000).

3 DDSCAT.6.0

3.1 What Does It Calculate?

DDSCAT.6.0 like previous versions ddDSCAT, solves the problem of scattering and absorption by an
array of polarizable point dipoles interacting with a momaxnatic plane wave incident from infinity.
DDSCAT.6.0has the capability of automatically generating dipolearepresentations for a variety of
target geometries (s€f9) and can also accept dipole array representations adtsasgpplied by the
user (although the dipoles must be located on a cubic Iatfides incident plane wave can have arbitrary
elliptical polarization (se§21), and the target can be arbitrarily oriented relativé&ibcident radiation
(seedId). The following quantities are calculated PPPSCAT.6.0:
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Figure 1: Scattering and absorption for a sphere with= 1.33 4+ 0.014. The upper panel shows the exact
values ofQg., andQ.s, Obtained with Mie theory, as functions of= ka. The middle and lower panels
show fractional errors id)s.. andQ .., Obtained usindDSCAT with polarizabilities obtained from the

Lattice Dispersion Relation, and labelled by the numNeuf dipoles in each pseudosphere. After Fig. 1 of
Draine & Flatau (1994).
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Figure 2: Same as Figl 1, but for = 2 + 7. After Fig. 2 of Draine & Flatau (1994).
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Figure 3: Differential scattering cross section for= 1.33 + 0.01: pseudosphere anch = 7. Lower
panel shows fractional error compared to exact Mie theosuylte The N = 17904 pseudosphere has
|m|kd = 0.57, and an rms fractional error iy /d2 of 2.4%. After Fig. 5 of Draine & Flatau (1994).
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Figure 4: Same as Fifll 3 but for = 2 + i. The N = 59728 pseudosphere has:|kd = 0.65, and an rms
fractional error indo /dS) of 6.7%. After Fig. 8 of Draine & Flatau (1994).



¢ Absorption efficiency facto.bs = Cabs/ma’s, WhereC,ys is the absorption cross section;
e Scattering efficiency fact@sca = Csca/ mgﬁ, whereCy., is the scattering cross section;
e Extinction efficiency factoQext = Qsca + Qabs;

o Phase lag efficiency fact@p,.., defined so that the phase-lag (in radians) of a plane wage aft
propagating a distandeis justn;Qpnama’; L, wheren, is the number density of targets.

o The 4x4 Mueller scattering intensity matri%;; describing the complete scattering properties of
the target for scattering directions specified by the user.

¢ Radiation force efficiency vect®, ., (seedIH).
o Radiation torque efficiency vect@r (seefl3).

3.2 Application to Targets in Dielectric Media

Letw be the angular frequency of the incident radiation. For nmegplications, the target is essen-
tially in vacuq in which case the dielectric functiarwhich the user should supply BDSCAT is the
actual complex dielectric functiofa,get (w), OF complex refractive indedarget (w) = \/Etarget Of the
target material.

However, for many applications of interest (e.g., marinéosp or biological optics) the “target”
body is embedded in a (nonabsorbing) dielectric mediunt wital) dielectric functior,edium (W),
or (real) refractive indexXnmedium(w) = /€medium- DDSCAT is fully applicable to these scattering
problems, except that:

e The “dielectric function” or “refractive index” supplied DDSCAT should be theelativedielec-

tric function

E(W) — Etarget ((U) (10)
Emcdium(w)
or relativerefractive index:
m(w) _ mtargct (w) (11)

Mmedium (W) .

e The wavelength\ specified inddscat . par should be the wavelength the medium

= %’ (12)

Mmedium
where), .. = 27c¢/w is the wavelengtin vacua

The absorption, scattering, extinction, and phase lagefity factors .ps, Qsca, aNdQext calculated
by DDSCAT will then be equal to the physical cross sections for abgmpscattering, and extinction
divided by ra?; — e.g., the attenuation coefficient for radiation propagathrough a medium with
a densityn, of scatterers will be juste = n;Qextwa’;. Similarly, the phase lag (in radians) after
propagating a distande will be n,Qpnama’s.

The elements;; of the 4x4 Mueller scattering matri$ calculated byDDSCAT will be correct for
scattering in the medium: ,

Isca = (L) S- Iina (13)

2rr

wherel;, andI., are the Stokes vectors for the incident and scattered lighthé medium),r is
the distance from the target, ands the wavelength in the medium (dql 12). SB& for a detailed
discussion of the Mueller scattering matrix.

The time-averaged radiative force and torque (&8 on a target in a dielectric medium are

Frad = Qprﬂ-agﬂfurad ) (14)



A

Frad = QFﬂ-agﬁ'urad% y (15)
where the time-averaged energy density is
E2
Urad = 6mcdium_O 5 (16)
8

whereE, cos(wt + ¢) is the electric field of the incident plane wave in the medium.

4 What's New?

DDSCAT.6.0differs fromDDSCAT.5ain the following ways:

1. Via the parameter fileldscat . par, the user can now select up to 9 elements of the Muller
scattering matrixS;; to be printed out.

2. The maximum number of iterations allowed has been ineckfiem 300 to 10000, sind@DSCAT
is now increasingly employed for computations that congegdatively slowly: large numbers of
dipoles, large values of the scattering parameter, or keaiyes of the refractive index. The num-
ber of iterations used for a solution is recorded inw&ar bbkccc sca output files.

3. A new target option is availabld-YRSLB (a rectangular slab with up to 4 different material
layers).

4. User must now specify (iddscat . par whichl VAV, | RAD, | WAV to start with. The “default”
choice will be0 0 0, but when computations have been interupted by, e.g., pouwtage, there
will be occasions when it is convenient to be able to resuntle thie first incomplete calculation.

5. A new FFT option is supporte@FTW21. This invokes th&=FTW(*Fastest Fourier Transform in
the West") package of Frigo and Johnson. The calls are cabnhpatith versions 2.1.x of FFTW.
Instructions on compiling and linking to includd=TWare given below§g.g).

6. FFT optionsBRENNR and TMPRTN have been eliminated as they seem to offer no advantages
relative toGPFAFT or FFTW21.

7. MPl is now supported. Users can now carry out parallel calamnatiusingDDSCAT.6.0 on
multiprocessor systems in conformance withMiR (Message Passing Interface) standafgd).
This of course requires thiPl be already installed on the system.

5 Obtaining the Source Code

The easiest way to download the source code is from the DDSt@#ATe page:

http://ww. astro. princeton. edu/ ~dral ne/ DDSCAT. ht m
where you can obtain the filddscat 6. 0. t ar. gz — a “gzipped tarfile” containing the complete
source code and documentation. This can also be obtainetbymoud t p fromast r o. pri ncet on. edu,
directorydr ai ne/ scat/ ddscat/ ver 6. 0. Note that it is a compressed (binary) file.

The source code can be installed as follows. First, placdiltn@ldscat 6. 0. tar. gz in the
directory where you would lik©@DSCAT to reside. You should have at least 5 Mbytes of disk space
available.

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

tar xvzf ddscat6.0.tar.gz
which will “gunzip” the tarfile and then “extract” the filesdm the tarfile. If your version of “tar”
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doesn'’t support the “z” option (e.g., you are running Sglettien try
zcat ddscat6.0.tar.gz | tar xvf -
If neither of the above work on your system, try the two-stageedure
gunzi p ddscat6.0.tar.gz
tar xvf ddscat6.0.tar
(The disadvantage of the two-stage procedure is that itmses disk space, since after the second step
you will have the uncompressed tarfdelscat 6. 0. t ar — 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 subdirecteries doc, mnisc, andl DL. The
source code will be in subdirectosy ¢, and documentation in subdirectatgc.
If you are running Windows on a PC, you will need th& ‘hzi p” program, which can be down-
loaded fromhtt p: // www. w nzi p. com w nzi p should be able to “unzip” the gzipped tarfile
ddscat 6. 0. t ar . gz and “extract” the various files from it automatically.

6 Compiling and Linking

In the discussion below, it will be assumed that the sourcdedor DDSCAT.6.0 has been installed
in a directoryDDA/ src. To compile the code on a Unix system, position yourself i directory
DDA/ src. TheMakef i | e supplied has compiler options set as appropriate for useeqf7 com-
piler under the Linux operating system. If you have a difféfeortran compiler, you will probably need
to editMakef i | e to provide the desired compiler options. If you are using perating system other
than Linux, you may need to change the Makefile choiceiafei t . Makef i | e contains samples of
compiler options for selected operating systems, inclgdiimux, HP AUX, IBM AlX, and SGI IRIX
operating systems.

So far as we know, there are only two operating-system-dég@raspects dDSCAT.6.0G. (1) the
device number to use for “standard output”, and (2)Th&EI T routine. There are, in addition, three
installation-dependent aspects to the code:

o the procedure for linking to thEFTWlibrary (seef6.3)

e the procedure for linking to thaet CDF library (see§I0.3 for discussion of the possibility of
writing binary files using the machine-independeat CDF standard).

o the procedure for linking to thePI library (see§24.2).

6.1 Device Numberd DVOUT and | DVERR

The variabled DVOUT and | DVERR specify device numbers for “running output” and “error mes-
sages”, respectively. Normally these would both be setd¢a@#vice number for “standard output” (e.g.,
writing to the screen if running interactively). The vailiedl DVOUT and| DVERR are set byDATA
statements in the “main” progra@DSCAT. f and in the output routin®RI M5G (file wr i nsg. f).
Under Sun FortrarDATA | DVOUT/ 0/ results in unbuffered output to “standard output”; unbrete
output (if available) is nice so that if you choose to directyoutput to a file (e.g., usinddscat

>& ddscat . out &) the output file will contain up-to-date information. Otlagrerating systems or
compilers may not support this, and you may need toRIIBCAT. f to change the two data statements
to DATA | DVQUT/ 6/ andDATA | DVERR/ 6/, and editw i nsg. f to changeDATA | DVOUT/ 0/

to DATA | DVOUT/ 6/ .
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6.2 SubroutineTl VEI T

The only other operating system-dependent parbBISCAT.6.0 is the single subroutin&l MEI T.
Several versions ofl MEI T are provided:

e timeit_sun.f usesthe SunOS system calli me

e tineit _convex. f usesthe Convex OS system aali me

e tineit_cray.f usesthe system calecond

e tineit_hp.f usesthe HP-AUX system cakg/sconf andti nes

e tineit_i brb000. f uses the AIX system caficl ock

e timeit_osf.f usesthe DEC OSF system catli ne

e tineit_sgi.f usesthe IRIX system cadit i ne

e tineit_vns.f usesthe VMS system calld B$I NI T_TI MERandL| BESHONTI MER
e tinmeit_titan.f usesthe system caputi m

e tinmeit_null.f isadummy routine which provides no timing information, lsah be used
under any operating system.

You mustcompile and link one of thei nei t xxx f routines, possibly after modifying it to work on
your systemt i mei t _nul | . f is the easiest choice, but it will return no timing infornoat?

6.3 Optimization

The performance ddDSCAT.6.0will benefit from optimization during compilation and theanshould
enable the appropriate compiler flags (eg?,7 -¢c -Qor pgf 77 -c -fast).

There is one exception: tHeAPACK routine SLAMC1, which is called to determine the number of
bits of precision provided by the computer architecturesutdNOT be optimized, because under some
optimizers the resulting code will end up in an endless |Iddperefore the Makefile has a separate com-
pilation flagf FLAGSs| ant 1 which shouldnot specify optimization (e.g., jusg77 -c, or pgf 77
-c).*

6.4 LeavingFFTWCapability Disabled

FFTW — “Fastest Fourier Transform in the West” — is a publicly &atale FFT implementation that
performs very well (se§I3). DDSCAT.6.0supports use dFFTW but it is recommended that first-time
users ofDDSCAT first get the code up and running withdeETWsupport, using the built-in GPFA FFT
routine written by Clive Temperton, which performs almostveell as FFTW. This is also the option
you will have to follow if FFTWis not installed on your system (though you can install itrgetf, if
necessary — sef6.9 below).

The Makefile supplied with thBDSCAT.6.0distribution is initially set up to leave support BFTW
disabled by using a “dummy” subroutid@inmmycxf f t w. f .

When you typemake ddscat you will create a version ofldscat which will not recognize
optionFFTW21 — youmustspecify optionG-FPAFT.

3Non-Unix sites: The VMS-compatible version of MEI T is included in the fileSRC9. FOR. For non-VMS sites, you will
need to replace this version & MEI T with one of the other versions, which are to be found in the MI&SC. FOR. If you
are having trouble getting this to work, choose the “dummgtsion of TI MEI T from M SC. FOR: this will return no timing
information, but is platform-independent.

“Note that the. APACK routines are only used for some target geometries, and even used the computation time is insignif-
icant.

SRt T p: /7 WW. TTTW. Or g
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6.5 Enabling FFTWCapability

The FFTW("“Fastest Fourier Transform in the West”) package of Mafteigo and Steven G. Johnson
appears to be one of the fastest public-domain FFT packagsslade (seefI3 for a performance
comparison), an®DSCAT.6.0allows this package to be used. In order to supporEHEV2 1 option,
however, it is necessary to first install the FFTW packagean gystem (FFTW 2.1.x — we have not
yet implemented support for FFTW 3.0, which has a differatdrface).

FFTWoffers two advantages:

e |t appears, for some cases, to be somewhat faster than th& EPFalgorithm which is already
included in theDDSCAT package (seél3 and Fig[b).

e It does not restrict the dimensions of the “computationaline” to be factorizable ag'3/5%,
and therefore for some targets will use a smaller computatiolume (and therefore require less
memory).

If the FFTWpackage is not yet installed on your system, then

1. Download theFFTW 2. 1. x package fronnttp: 7/ www. T T tw. or g (as of this writing the
latest version 2.1.x isf t w- 2. 1. 5. t ar. gz) into some convenient directory.

2. tar xvfz fftw2.1.5.tar.gz
3.cd fftw2.1.5

4. ./configure --enable-float --enable-type-prefix --prefix=PATH
wherePATH is the path to the directory in which you would like the fftiadary installed (you
must have write permission, of course). If you choose to omit

- - prefi x=PATH
then fftw will be installed in the default directorfyusr /| ocal /, but unless you are root you
may not have write permission to this directory.

5. make
6. make install

This should install the filé i bsf ft w. a in the directory/ usr/ 1 ocal /i b (or PATH I i b if you
used option - pr ef i x=PATHwhen runningzonf i gur e).
Once FFTW is installed, you will need to edit the Makefile:

e definecxfftw = cxfftw
e defineLl BFFTWo give the correct path toi bsf ftw. a

Once the above is done, typimgpke ddscat should create an executalddscat which will
recognize optiorFFTW21 in the fileddscat . par. Note that you will be linking fortran to C, and
different compilers may behave idiosyncratically. The Ml has examples which work fgi77 and
pgf 77. If you have trouble, consult with someone familiar withdiimg fortran and C modules on your
system.

6.6 Leaving the netCDF Capability Disabled

net CDF® is a standard for data transport used at many site$[[§E8 for more information onet CDF).
TheMakef i | e supplied with the distribution ddDSCAT.6.0is set up to link to a “dummy” subrou-
tinedunmmywr i t enet . f instead of subroutiner i t enet . f, in order to minimize problems during
initial compilation and linking. The “dummy” routine has functionality, other than bailing out with a
fatal error message if the user makes the mistake of tryingeacify one of the netCDF optional({L CDF

Shttp://www.unidata.ucasr.edu/packages/netcdf/
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or ORI CDF). First-time users o0DDSCAT.6.0shouldnot try to use the netCDF option — simply skip
this section, and specify optiddOTCDF in ddscat . par . After successfully usin@DSCAT.6.0 you
can return tdf6.14 to try to enable the netCDF capability.

6.7 Enabling the netCDF Capability

SubroutineARI TENET (filewr i t enet . f) provides the capability to output binary data in the netCDF
standard format (se§0.3). In order to use this routine (insteaddafrmmywr i t enet . f ), it is neces-
sary to take the following steg's:

1. Have netCDF already installed on your system (check wotlr gystem administrator).

2. Find out wherenet cdf . i nc is located and edit thencl ude statementinw i t enet . f to
specify the correct path toet cdf . i nc.

3. Find out where théi bnet cdf . a library is located, and edit the Makefile so that the variable
LI BNETCDF specifies the correct path to this library.

4. Edit the Makefile to “comment out” (with & symbol in column 1) the linewitenet =
dunmmywr i t enet and “uncomment” (remove thesymbol) the linewr i t enet = wri t enet
so thatwr i t enet . f will be compiled instead of the dummy routidermywr i t enet . f.

6.8 Compiling and Linking...

After suitably editing the Makefile (while still positionéa DDA/ sr ¢) simply typé

make ddscat
which should create an executable A/ sr c/ ddscat . If the default (as-provided) Makefile is
used, they77 fortran compiler will be used to create an executable which:

e will nothaveMPl support;
e will nothaveFFTWsupport;
e will nothavenet CDF capability;

o will contain timing instructions compatible with Linux, 8ois 1.x or 2.x, as well as several other
versions of Unix.

To addFFTWecapability, seéfg.3. To addnet CDF capability, se€f6. 4. To addvPl support, see
§24. To replace the Linux-compatible and Sun-compatibléignnoutine with another, sef6.2.

6.9 Installation on Non-Unix Systems

DDSCAT.5ais written in standard Fortran-77 plus tb® ... ENDDO extension which appears to
be supported by all current Fortran-77 compatible comilktiis possible to ruBDSCAT on non-Unix
systems. If the Unix “make” utility is not available, herebinef is what needs to be accomplished:
All of the necessary Fortran code to compile and IBRSCAT.5a is included in the follow-
ing files: SRCO. FOR, SRC1. FOR, SRC2. FOR, SRC3. FOR, SRC4. FOR, SRC5. FOR, SRC6. FOR,
SRC7. FOR, SRC8. FOR, SRC9. FOR, CGCCOMVON. FOR, GPFA. FOR, LAPACK. FOR, andPI M FOR.
There is an additional fil& SC. FOR, but this is not needed for “basic” use of the code (see below)

"Non-UNIX sites: You need to replace the “dummy” versionSaBROUTI NE WRI TENET in SRC1. FOR with the version
provided inM SC. FOR. You will also need to consult your systems administratovenfy that the netCDF library has already
been installed on your system, and to find out how to link tditirary routines.

8Non-UNIX sites: se¢l6.d
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The main progranbDSCAT is found in SRCO. FOR. It calls a number of subroutines, which are
included in the othet . FORfiles.

Four of the subroutines exist in more than one version. Tleddldt” version of each is located in
the file SRC1. FOR:

e Selectthe version @UBROUTI NE CXFFTWfrom SRCL. FORinstead of the version il SC. FOR.
The resulting code will not suppoRFTW capability. If you later wish to add FFTW capability,
you will first need to install the FFTW library on your systese€d6.3). After you have done so,
you can use the version 8JJBROUTI NE CXFFTWprovided inM SC. FOR.

e Select the version o8UBROUTI NE WRI TENET from SRC1. FOR instead of the version in
M SC. FOR. The resulting code will not suppornietCDF capability. (If netCDF capability is
required, you will need to instatletCDF libraries on your system — s€&.1).

e Selectthe version @UBROUTI NE C3DFFT from SRC1. FOR(do not use the version M SC. FOR)

e There is one version @UBROUTI NE TI MEI T included inSRC1. FOR, and a number of addi-
tional versions irtM SC. FOR. Use the version frorBRCL. FOR, which begins

SUBROUTI NE TI MEI T( CMSGTM DTI ME)

tinmeit_null

OO0

C This version of tinmeit is a dumry which does not provide any
Ctimng information.

This version does not use any system calls, and therefopatheeshould compile and link without
problems; however, when you run the code, it will not reposttaming information reporting how
much time was spent on different parts of the calculation.

If you wish to obtain timing information, you will need to firmlit what system calls are supported
by your operating system. You can look at the other versidnSUBROUTI NE TI MVEI T in
M SC. FORto see how this has been done under VMS and various versionigf U

Once you have selected the appropriate versio®&&FTWWRI TENET, C3DFFT, andTI MEI T, you
can simply compile and link just as you would with any othertfan code with a number of modules.
You should end up with an executable with a (system-depdhdame likeDDSCAT. EXE.

In addition to progranDDSCAT, we provide two other Fortran 77 programs which may be useful
ProgramCALLTARGET can be used to call the target generation routines which realyelpful for
testing purposes. PrograhSTFFT is useful for comparing speeds of different FFT options.

7 Moving the Executable

Now reposition yourself into the directolyDA (e.g., typecd . .), and copy the executable from
src/ ddscat to theDDA directory by typing

cp src/ddscat ddscat
This should copy the fil©®DA/ sr c/ ddscat to DDA/ ddscat (you could, of course, simply create a
symbolic link instead). Similarly, copy the sample paraenéiteddscat . par and the filedi el . t ab
to the DDA directory by typing

cp doc/ddscat. par ddscat. par

cp doc/diel.tab diel.tab

15



8 The Parameter Fileddscat . par

The directoryDDA should now contain a sample fitilscat . par which provides parameters to the
programddscat . As provided (see AppendXA), the fitkdscat . par is set up to calculate scattering
by a 8x6x4 rectangular array of 192 dipoles, with an effective radiys = 1um, at a wavelength of
6.2832um (for a “size parameter2raq.qg /A = 1).

The dielectric function of the target material is providadtie filedi el . t ab, which is a sample
file in which the refractive index is set ta = 1.33 + 0.01: at all wavelengths; the name of this file is
provided toddscat by the parameter filddscat . par .

The sample parameter file as supplied calls for the GPFA FElin® (GPFAFT) of Temperton
(1992) to be employed and tlRBCGST iterative method to be used for solving the system of linear
equations. (See sectidfid anddTq for discussion of choice of FFT algorithm and choice ofatigun-
solving algorithm.)

The sample parameter file specifies (via optioRT TDR) that the “Lattice Dispersion Relation”
(Draine & Goodman 1993) be employed to determine the dipolerizabilities. Se€I] for discussion
of other options.

The sample parameter files specifies optiNGEBI N andNOTCDF so that no binary data files and
no NetCDF files will be created bydscat .

The sampleldscat . par file specifies that the calculations be done for a single veanggh 6.2832um)
and a single effective radiug.00pm). Note that inDDSCAT.6.0the “effective radius’a.# is the ra-
dius of a sphere of equal volume — i.e., a sphere of vollNw , whered is the lattice spacing and
N is the number of occupied (i.e., non-vacuum) lattice sitethe target. Thus the effective radius
ac = (3N/4m)'/3d.

The incident radiation is always assumed to propagate alengaxis in the “Lab Frame”. The sam-
pleddscat . par file specifies incident polarization staig, to be along the axis (and consequently
polarization staté, will automatically be taken to be along theaxis). | ORTH=2 in ddscat . par
calls for calculations to be carried out for both incidenkgpization statesé(y; andég, — seefZll).

The target is assumed to have two vectdranda, embedded in itas is perpendicular té;. In
the case of the 86x4 rectangular array of the sample calculation, the vestois along the “long”
axis of the target, and the vectas is along the “intermediate” axis. The target orientationha Lab
Frame is set by three angle®; ©, and®, defined and discussed belowgid. Briefly, the polar angles
© and ® specify the direction of; in the Lab Frame. The target is assumed to be rotated araund
by an angles. The samplaldscat . par file specifies3 = 0 and® = 0 (see lines irddscat . par
specifying variableBETAandPHI ), and calls for three values of the an@ld€see line irddscat . par
specifying variableTHETA). DDSCAT.6.0 choose% values uniformly spaced itos ©; thus, asking
for three values 0® between 0 and0° yields© = 0, 60°, and90°.

AppendiXA provides a detailed description of the tiléscat . par .°

9 Running DDSCAT.6.0 Using the Sampleldscat . par File

To execute the program on a UNIX system (running eigteor csh), simply type

ddscat >& ddscat.out &
which will redirect the “standard output” to the fitldscat . out , and run the calculation in the back-
ground. The sample calculation (8x6x4=192 dipole targeiri@ntations, two incident polarizations,
with scattering calculated for 14 distinct scattering dii@ens), requires 1.0 cpu seconds on a Sun Ultra-
170 workstation.

°Note that the structure afdscat . par depends on the version BDSCAT being used. Make sure you update old parameter
files before using them witBDSCAT.6.0!
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10 Output Files

10.1 ASCII files

If you run DDSCAT using the command
ddscat >& ddscat.out &
you will have various types of ASCII files when the computafi® complete:

e afileddscat. out;

e afilent abl e;

e afileqt abl e;

e afileqt abl e2;

o fileswxxr yyori . avg (one,w00r 00or i . avg, for the sample calculation);

e if ddscat . par specified WRKSC=1, there will also be fileaxxr yykzzz sca (3 for the sample
calculation:w00r 00k000. sca, w00r 00k001. sca,w00r 00k002. sca).

The fileddscat . out will contain any error messages generated as well as a rgmaport on the
progress of the calculation, including creation of the ¢amdjpole array. During the iterative calcula-
tions, Qext, Qabs, ANAQpp, are printed after each iteration; you will be able to judge degree to
which convergence has been achieved. Unldd8El T has been disabled, there will also be timing
information.

The filent abl e contains a summary of the dielectric constant used in treutzlons.

The file gt abl e contains a summary of the orientationally-averaged vadti€3.,;, Qabs, Q@scas
g(1) = {cos(8s)), andQpr.. HereQext, Qabs, aNdQsc. are the extinction, absorption, and scattering
cross sections divided bya?;. Qu is the differential cross section for backscattering (aveasr)
divided bymaZ;.

The fileqt abl e2 contains a summary of the orientationally-averaged vaddie3,;,., Qpo;, and
Qcpot- HereQyph, is the “phase shift” cross section divided bygﬂ (see definition in Draine 1988).
Qpo1 is the “polarization efficiency factor”, equal to the difégice betwee).; for the two orthogonal
polarization states. We define a “circular polarizationcgficy factor’Qcpor = QpoiQpha, SiNCE an
optically-thin medium with a small twist in the alignmenteittion will produce circular polarization in
initially unpolarized light in proportion t@) .po.

For each wavelength and sizd)DSCAT.6.0 produces a file with a name of the form
wWxxr yyor i . avg, where indexxx (=00, 01, 02....) designates the wavelength and ingex00, 01,
02...) designates the “radius”; this file contaipsalues and scattering information averaged over how-
ever many target orientations have been specifiedfEgeThe filew0Or 00or i . avg produced by the
sample calculation is provided below in Appendix B.

In addition, ifddscat . par has specifietl WRKSC=1 (as for the sample calculatio@)DSCAT.6.0
will generate files with names of the forwxxr yykzzz avg, wherexx andyy are as before, and index
zzz=(000,001,002...) designates the target orientatiosgiiites contairt) values and scattering infor-
mation foreachof the target orientations. The structure of each of theee f{ very similar to that of
thewxxr yyor i . avg files. Because these files may not be of particular interadttake up disk space,
you may choose to sétWRKSC=0 in future work. However, it is suggested that you run thaga
calculation withl WRKSC=1.

The samplaldscat . par file specified WRKSC=1 and calls for use of 1 wavelength, 1 target size,
and averaging over 3 target orientations. RunfidSCAT.6.0 with the sampleddscat . par file
will therefore generate filew0Or 00k000. sca, w00r 00k001. sca, andw00r 00k002. sca . To
understand the information contained in one of these filesse consult Appendix] C, which contains
an example of the file@00r 00k000. sca produced in the sample calculation.
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10.2 Binary Option

It is possible to output an “unformatted” or “binary” fileld. bi n) with fairly complete information,
including header and data sections. This is accomplishespbyifying eithelALLBI Nor CRI Bl Nin
ddscat . par .

Subroutinewr i t ebi n. f provides an example of how this can be done. The “headerfogect
contains dimensioning and other variables which do not ghamith wavelength, particle geometry,
and target orientation. The header section contains déitardgthe particle shape, wavelengths, parti-
cle sizes, and target orientations.AlfLBI N has been specified, the “data” section contains, for each
orientation, Mueller matrix results for each scatteringediion. The data output is limited to actual di-
mensions of arrays; e.gscat , 4, 4 elements of Muller matrix are written rather thakscat , 4, 4.
This is an important consideration when writing postpregegcodes.

A skeletal example of a postprocessing code was written [ diS) and is provided in subdirectory
DDA/ | DL. If you do plan to use the Interactive Data Language (IDL)gostprocessing, you may
consider using the netCDF binary file option which offersstahtial advantages over the FORTRAN
unformatted write. More information about IDL is availatdeht t p: / / www. r si nc. com i dl .
Unfortunately IDL requires a license and hence is not disted withDDSCAT.

10.3 Machine-Independent Binary File Option: netCDF

The “unformatted” binary file is compact, fairly completeda(in comparison to ASCII output files) is
efficiently written from FORTRAN. However, binary files aretrcompatible between different com-
puter architectures if written by “unformatte@Rl TE from FORTRAN. Thus, you have to process the
data on the same computer architecture that was used f@BBCAT calculations. We provide an
option of using netCDF with DDSCAT. The netCDF libratylefines a machine-independent format for
representing scientific data. Together, the interfaceatih and format support the creation, access, and
sharing of scientific data. For more information, go to tieg cdf websit&d.

Several major graphics packages (for example IDL) have tedopetCDF as a standard for data
transport. For this reason, and because of strong and frg@osuof netCDF over the network by
UNIDATA, we have implemented a netCDF interfaceDSCAT. This may become the method of
choice for binary file storage of output frodDSCAT.

After the initial “learning curve” netCDF offers many advages:

e |tis easy to examine the contents of the file (using tools sttt dunp).
e Binary files are portable - they can be created on a superciamgud processed on a workstation.
e Major graphics packages now offer netCDF interfaces.
e Data input and output are an order of magnitude faster thaASE|l files.
e Output data files are compact.
The disadvantages include:
e Need to have netCDF installed on your system.
e Lack of support of complex numbers.
¢ Nontrivial learning curve for using netCDF.

The public-domain netCDF software is available for many rapeg systems from
htt p://ww. uni dat a. ucar . edu/ packages/ net cdf|. The steps necessary for enabling the
netCDF capability inDDSCAT.6.0 are listed above inf6-d. Once these have been successfully ac-
complished, and you are ready to rMSCAT to produce netCDF output, you must choose either

ORttp: 77 ww. uni dat a. ucar . edu/ packages/ net cdf/
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the ALLCDF or ORI CDF option inddscat . par ; ALLCDF will result in a file which will include the
Muller matrix for every wavelength, particle size, and atagion, wherea®RI CDF will result in a file
limited to just the orientational averages for each wavgtleand target size.

11 Dipole Polarizabilities

Option LATTDR specifies that the “Lattice Dispersion Relation” (Draine &d@&man 1993) be em-
ployed to determine the dipole polarizabilities.; at tise this is the only supported option.

12 Dielectric Functions

In order to assign the appropriate dipole polarizabiljtB®SCAT.6.0 must be given the dielectric
constant of the material (or materials) of which the tardaiterest is composed. Unless the user wishes
to use the dielectric function of either solid or liquid@ (see below), his information is supplied to
DDSCAT through a table (or tables), read by subroudi€EL EC in file di el ec. f, and providing
either the complex refractive index = n + ik or complex dielectric function = ¢; +ie2 as a function

of wavelength\. Sincem = €'/2, ore = m?, the user must supply eithet or ¢, but not both.

The table formatting is intended to be quite flexible. Thet fire of the table consists of text, up
to 80 characters of which will be read and included in the outp identify the choice of dielectric
function. (For the sample problem, it consists of simply stegemenm = 1. 33 + 0. 01i .) The
second line consists of 5 integers; either the second ardidhthe fourth and fifth should be zero.

The first integer specifies which column the wavelength isestin.
e The second integer specifies which columr{fRgis stored in.
e The third integer specifies which column (m) is stored in.

The fourth integer specifies which column(REis stored in.
e The fifth integer specifies which column (a) is stored in.

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

The third line of the file is used for column headers, and ttta Hagins in line 4There must be at
least 3 lines of dataeven ife is required at only one wavelength, please supply two amditi“dummy”
wavelength entries in the table so that the interpolatiqgraggtus will not be confused.

In the event that the user wishes to compute scattering betswith the refractive index of either
solid or liquid H,O, we have included two “built-in” dielectric functions.H2 O CE is specified on line
10 ofddscat . par , DDSCAT will use the dielectric function of KO ice at T=250K as compiled by
Warren (1984). IH2OLI Qis specified on line 10 oddscat . par , DDSCAT will use the dielectric
function for liquid H,O at T=280K using subroutinBREFWAT written by Eric A. Smith. For more
information sedt t p: // at ol . ucsd. edu/ ~pf [ atau/ refrtab/1 ndex. ht m.

13 Choice of FFT Algorithm

One major change in going froMDSCAT.4b to 4c was maodification of the code to permit use of the
GPFA FFT algorithm developed by Dr. Clive Temperton (1998)going fromDDSCAT.5a10to 6.0

we introduce a new FFT option: th&TWpackage of Frigo and Johnson. DDSCAT continues to offer
Temperton’s GPFA code as an alternative FFT implementation
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Figure 5: Comparison of cpu time required by 3 different FRiplementations. It is seen that the GPFA
and FFTW implementations have comparable speeds, mueh thah Brenner's FFT implementation.

To compare the performance of the GPFA algorithm and the FIEDW, we provide a program
TSTFFT to compare the performance of different 3-D FFT implemeotast TheTSTFFT code re-
quires theFFTWIlibrary (seed6.8). TSTFFT also provides timings for an FFT implementation due to
Brenner (included in previous releaseddddSCAT).

To compile, link, and run this program on a Unix syst€nmosition yourself in theDDA/ sr ¢
directory and type

make tstfft

tstfft
Output results will be written into a filees. dat . Table[l is the es. dat file created when run on a
2.0 GHz Intel Xeon system, using the pgf77 compiler:

It is clear that both the GPFA code and the FFTW codenamehfaster than the Brenner FFT (by
a factor of 7 for the 100100x 100 case). The FFTW code and GPFA code are quite comparable in
performance — for some cases the GPFA code is faster, for cfises the FFTW code is faster. For
target dimensions which are factorizable2a8’5* (for integeri, j, k), the GPFA and FFTW codes
have the same memory requirements. For targets with extént#v,, N, which are not factorizable
as2'3/5%, the GPFA code needs to “extend” the computational volunteate values ofV,, Ny, and
N, which are factorizable by 2, 3, and 5. For these cases, GRRfress somewhat more memory than
FFTW. However, the fractional difference in required meyriemot large, since integers factorizable as
21375 occur fairly frequently:?

Non-Unix systems: th& STFFT Fortran source code is in the fild SC. FOR.
122.3,4,5,6,8,9,10, 12, 15, 16, 18, 20, 24, 25, 27, 30, 32,3643, 48, 50, 54, 60, 64, 72, 75, 80, 81, 90, 96, 100, 108, 120,
125, 128, 135, 144, 150, 160, 162, 180, 192, 200 are the irteg200 which are of the fornei375%.
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Table 1: FFT timing output from progratst f f t

CPU tine (sec) for different 3-D FFT net hods

Machi ne=2. 0 GHz Xeon, 256kB L2 cache, pgf77 conpiler
paraneter LVR = 64

LVR="l ength of vector registers" in gpfa2f, gpfa3f, gpfasf

Br enner Tenperton Frigo & Johnson
NX NY Nz ( FOURX) (GPFA) (FFTW
31 31 31 0. 040 0. 082 0. 030
32 32 32 0.012 0. 007 0. 004
34 34 34 0. 040 0. 120 0.023
36 36 36 0. 047 0. 008 0. 008
38 38 38 0. 060 0.013 0. 037
40 40 40 0. 055 0.013 0. 008
43 43 43 0. 155 0.018 0.072
45 45 45 0. 125 0.017 0.014
47 47 47 0. 220 0.023 0.132
48 48 48 0. 120 0.023 0.016
49 49 49 0. 150 0.024 0.019
50 50 50 0. 170 0.024 0. 020
52 52 52 0. 180 0.033 0.028
54 54 54 0. 260 0.031 0.023
57 57 57 0. 310 0. 042 0. 147
60 60 60 0. 320 0. 042 0. 042
62 62 62 0. 440 0. 068 0. 210
64 64 64 0. 240 0. 068 0. 055
68 68 68 0.470 0. 090 0. 190
72 72 72 0. 600 0.093 0. 060
74 74 74 0. 850 0.093 0. 347
75 75 75 0.730 0.093 0.077
78 78 78 0. 800 0.120 0. 090
80 80 80 0.710 0. 120 0. 100
81 81 81 1.070 0. 115 0. 100
86 86 86 1.510 0. 170 0. 630
90 90 90 1.390 0.170 0.125
93 93 93 1.740 0. 260 0.720
96 96 96 1.920 0. 260 0. 270
98 98 98 1.590 0. 230 0.170
100 100 100 1.670 0. 225 0. 225
104 104 104 1.740 0. 280 0. 220
108 108 108 2.490 0. 280 0. 210
114 114 114 2.940 0. 450 1.100
120 120 120 3. 100 0. 440 0. 380
123 123 123 4.710 0. 440 1.750
125 125 125 3. 640 0. 450 0. 440
127 127 127 10. 400 0. 950 2.000
128 128 128 3.310 0. 960 1.020
132 132 132 4.140 0. 600 0. 540
135 135 135 5.420 0. 600 0.510
140 140 140 4. 800 0.920 0. 550
144 144 144 7.150 0. 940 0. 800
147 147 147 6.170 0. 870 0. 690
150 150 150 6.930 0. 870 0.720
155 155 155 8. 350 1.330 3. 540
160 160 160 11. 110 1.330 1. 640
161 161 161 8. 450 1.110 3. 640
162 162 162 10. 190 1.110 0. 850
171 171 171 11. 380 1.530 3.770
180 180 180 12. 480 1.540 1.210
186 186 186 15. 920 2.600 6. 310
192 192 192 20. 050 2.610 3.110
196 196 196 14. 270 2.500 1.690
200 200 200 16. 180 2.500 1.820
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Based on Figure 5, we see that while for some c&$€8N 2. 1. 5 is faster than the GPFA algo-
rithm, the difference appears to be fairly marginal.

The GPFA code contains a paramdt®R which is set irdat a statements in the routingpf a2f ,
gpf a3f, andgpf a5f . LVRis supposed to be optimized to correspond to the “length @fctor reg-
ister” on vector machines. As delivered, this parameteei$s64, which is supposed to be appropriate
for Crays other than the C90 (for the C90, 128 is supposed péferable):® The value olLVRis not
critical for scalar machines, as long as it is fairly largee Wund little difference betwednvR=64 and
128 on a Sparc 10/51, on an Ultrasparc 170, and on an Intel ¥eon You may wish to experiment
with differentLVR values on your computer architecture. To chahy®, you need to edigpf a. f
and change the thrafat a statements whereVRis set.

The choice of FFT implementation is obtained by specifying of:

e FFTW21 to use the FFTW 2.1.x algorithm of Frigo and Johnsothis is recommended, but
requires that the FFTW 2.1.x library be installed on your sygem.

e GPFAFT to use the GPFA algorithm (Temperton 1992}his is almost as fast as the FFTW
package, and does not require that the FFTW package be inst@d on your system

¢ CONVEX to use the native FFT routine on a Convex system (this opsiggrésumably obsolete,
but is retained as an example of how to use a system-spedifie mautine).

14 Choice of Iterative Algorithm

As discussed elsewhere (e.g., Draine 1988), the problerteofremagnetic scattering of an incident
waveE;,. by an array ofV point dipoles can be cast in the form

AP=E (17)

whereE is a3 N-dimensional (complex) vector of the incident electricdi#l;,,. at the NV lattice sites,
P is a3 N-dimensional (complex) vector of the (unknown) dipole piziations, andA is a3N x 3N
complex matrix.

Becausa&N is a large number, direct methods for solving this systengagé&ons for the unknown
vectorP are impractical, but iterative methods are useful: we begtin a guess (typicallyP = 0) for
the unknown polarization vector, and then iteratively iy the estimate faP until equation[[Tl7) is
solved to some error criterion. The error tolerance may leeifpd as

|ATAP — ATE|

ATE| <h , (18)
whereAT is the Hermitian conjugate ok [(AT);; = (A;;)*], andh is the error tolerance. We typically
useh = 1075 in order to satisfy ed{17) to high accuracy. The error tmleeh can be specified by the
user (see AppendIxIA).

A major change in going frorDDSCAT.4b to 5a (and subsequent versions) was the implemen-
tation of several different algorithms for iterative sadut of the system of complex linear equations.
DDSCAT.5a and DDSCAT.6.0 have been structured to permit solution algorithms to batékin a
fairly “modular” fashion, facilitating the testing of défent algorithms. Many algorithms were com-
pared by Flatau (199%) two of them performed well and are made available to theind®@DSCAT.6.0.

The choice of algorithm is made by specifying one of the oxtio

B3In place of “preferable” users are encouraged to read “rsargs— there is some basis for fearing that results compoitesl
C90 withLVR other than 128 run the risk of being incorrect! Pleaselld®=128 if running on a C90!
1A postscript copy of this report —fileg. ps — is distributed with th®DSCAT.6.0documentation.
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e PBCGST - Preconditioned BiConjugate Gradient with STabilitizatimethod from the Parallel
Iterative Methods (PIM) package created by R. Dias da CundalaHopkins.

e PETRKP - the complex conjugate gradient algorithm of Petravic & Keetravic (1979), as coded
in the Complex Conjugate Gradient package (CCGPACK) ccebteP.J. Flatau. This is the
algorithm discussed by Draine (1988) and used in previotsams ofDDSCAT.

Both methods work well. Our experience suggestsPBRIGST is often faster thaRETRKP, by perhaps
a factor of two. We therefore recommend it, but includeREE RKP method as an alternative.

The Parallel Iterative Methods (PIM) by Rudnei Dias da Cufrttdd @kc. ac. uk) and Tim Hop-
kins ¢ r h@kec. ac. uk) is a collection of Fortran 77 routines designed to solvdesys of linear
equations on parallel and scalar computers using a variéigrative methods (available at
http://ww. mat. utrgs. br/ pime. htnl). PIM offers a number of iterative methods, includ-

ing
e Conjugate-Gradients, CG (Hestenes 1952),
e Bi-Conjugate-Gradients, BICG (Fletcher 1976),
e Conjugate-Gradients squared, CGS (Sonneveld 1989),
¢ the stabilised version of Bi-Conjugate-Gradients, BIC&BTvan der Vorst 1991),
o the restarted version of BICGSTAB, RBICGSTAB (Sleijpen &ikema 1992)
o the restarted generalized minimal residual, RGMRES (S886)1
o the restarted generalized conjugate residual, RGCR (&iset983),
e the normal equation solvers, CGNR (Hestenes 1952 and CGN#g(C955),
e the quasi-minimal residual, QMR (highly parallel versiaredo Bucker & Sauren 1996),
e transpose-free quasi-minimal residual, TFQMR (Freund2]99
e the Chebyshev acceleration, CHEBYSHEV (Young 1981).

The source code for these methods is distributed WISCAT but only PBCGST and PETRKP can

be called directly viaddscat . par. It is possible (and was done) to add other options by changin
the code inget f m . f . A helpful introduction to conjugate gradient methods isyided by the re-
port “Conjugate Gradient Method Without Agonizing Pain” bgnathan R. Shewchuk, available as a
postscriptfilef T p: 7/ REPORTS.”ADM CS. CMU. EDU/ usrt 07 anon/ 19947 CVIF CS- 94- 125, ps.

15 Calculation of Radiative Force and Torque

In addition to solving the scattering problem for a dipoleagy DDSCAT.6.0 can compute the three-
dimensional forcéF,,q and torquel’,,q exerted on this array by the incident and scattered radiatio
fields. This calculation is carried out, after solving thatsering problem, provideBOTORQhas been
specified inddscat . par. For each incident polarization mode, the results are gineterms of
dimensionless efficiency vecto@,,, andQr, defined by

Frad

r=—5 " 19
Q a2 Urad (19)
krrad
Qr=—5——, (20)
Ta; gUrad
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whereF,,q andTI';,q are the time-averaged force and torque on the dipole akray, 27/ is the
wavenumbein vacug andu,.q = E2 /8 is the time-averaged energy density for an incident plane
wave with amplitudeF cos(wt + ¢). The radiation pressure efficiency vector can be written

Qpr = chtf( - Qscag ) (21)

wherek is the direction of propagation of the incident radiationcl he vecto is the mean direction
of propagation of the scattered radiation:

g /deCM n, k) 7 (22)
Osca

whered} is the element of solid angle in scattering directinranddCs../d2 is the differential scat-
tering cross section.

Equations for the evaluation of the radiative force anduergre derived by Draine & Weingartner
(1996). It is important to note that evaluation @f,» and Qr involves averaging over scattering di-
rections to evaluate the linear and angular momentum toahbp the scattered wave. This evaluation
requires appropriate choices of the paramédt€BHMand| PHM- seefZ2.

16 Memory Requirements

Since Fortran-77 does not allow for dynamic memory allaxgtihe executable has compiled into it the
dimensions for a number of arrays; these array dimensianisthie size of the dipole array which the
code can handle. The source code supplied to you (which carsdxbto run the sample calculation
with 192 dipoles) is restricted to problems with targetshwatmaximum extent of 16 lattice spacings
along thex-, y-, and z-directions WXNX=16, MXNY=16, MXNZ=16; i.e, the target must fit within
an 16x16x16=4096 cube) and involve at most 9 different dielectriactions (VXCOMP=9). With this
dimensioning, the executable requires about 1.3 MB of mgromun on an Ultrasparc system; memory
requirements on other hardware and with other compilersldhae similar. To run larger problems, you
will need to edit the code to chan§ARAMETER values and recompile.

All of the dimensioning takes place in the main progr@BSCAT — this should be the only routine
which it is necessary to recompile. All of the dimensionabpaeters are set PARAMETER statements
appearing before the array declarations. You need simplyreparameter statements. Remember, of
course, that the amount of memory allocated by the code whemns$ will depend upon these dimen-
sioning parameters, so do not set them to ridiculously leadiges! The parametekd<NX, MXNY, MXNZ
specify the maximum extent of the target in the y-, or z-directions. The paramet&XCOVP speci-
fies the maximum number of different dielectric functionseththe code can handle at one time. The
comment statements in the code supply all the informatiansfmuld need to change these parameters.

The memory requirement fddDSCAT.6.0 (with the netCDF and FFTW options disabled) is ap-
proximately

(1690 + 0.764MXNX x MXNY x MXNZ) kbytes (23)

Thus a 3%32x32 calculation requires 22.5 MBytes, while a>488x48 calculation requires 73.0
MBytes. These values are for tipgf 77 compiler on an Intel Xeon system running the Linux op-
erating system.

17 Target Orientation

Recall that we define a “Lab Frame” (LF) in which the incideadiation propagates in thex direction.
Inddscat . par one specifies the first polarization statg (which obviously must lie in thg, z plane
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in the LF); DDSCAT automatically constructs a second polarization stgie= x x &f; orthogonal to
éo1 (herex is the unit vector in the-x direction of the LF. For purposes of discussion we will aleést
unit vectorsx, y, z = X x y be the three coordinate axes of the LF. Users will often firditvenient
to let polarization vectoréy, = ¥, €2 = z (although this is not mandatory — s¢€&).

Recall that definition of a target involves specifying twatwectors,a; andas, which are imagined
to be “frozen” into the target. We requiég to be orthogonal té;. Therefore we may define a “Target
Frame” (TF) defined by the three unit vectérs a,, andaz = a; x a, .

For example, wheDDSCAT creates a 86x4 rectangular solid, it fixe&; to be along the longest
dimension of the solid, andl, to be along the next-longest dimension.

Orientation of the target relative to the incident radiati@n in principle be determined two ways:

1. specifying the direction of; andas in the LF, or
2. specifying the directions of (incidence direction) angt in the TF.

DDSCAT.6.0uses method 1.: the angles ®, ands are specified in the filddscat . par . The target
is oriented such that the polar ang@sand® specify the direction ch; relative to the incident direction
%X, where thex,y plane hasb = 0. Once the direction od; is specified, the anglé than specifies how
the target is to rotated around the a&isto fully specify its orientation. A more extended and precis
explanation follows:

17.1 Orientation of the Target in the Lab Frame

DDSCAT uses three angle®, ®, and/3, to specify the directions of unit vectofis anda, in the LF
(see Fig[b).

O is the angle betweedy andx.

When® = 0, a; will lie in the %,y plane. Whend is nonzero, it will refer to the rotation cf;
aroundx: e.g.,® = 90° putsa, in thex, z plane.

Wheng = 0, a; will lie in the x, a; plane, in such a way that whéh = 0 and® = 0, a5 is in the
y direction: e.g® = 90°, ® = 0, 5 = 0 hasa; = y anda, = —x. Nonzerag3 introduces an additional
rotation ofa, arounda;: e.g.,0 = 90°, ® = 0, 5 = 90° hasa; = y anda; = z.

Mathematically:

a; = XcosO 4 ysinO cosd + zsin O sin @ (24)
4 = —xsin© cosf + y[cos O cos [ cos P — sin G sin D]

+2z[cos © cos B sin @ + sin [ cos D] (25)
43 = XxsinOsinfS — §[cos O sin [ cos P + cos [ sin P

—7[cos O sin 3sin ® — cos 3 cos P (26)

or, equivalently:

X = a;cos0® —azsinOcosf + agsinOsin f (27)
y a1 sin © cos @ + as[cos O cos [ cos @ — sin [ sin P]

—a3[cos O sin [ cos D + cos 3 sin P (28)
Z = a;sin0sin® + az[cos O cos B sin P + sin 3 cos D)

—ag[cos O sin G sin & — cos [ cos P] (29)

17.2 Orientation of the Incident Beam in the Target Frame

Under some circumstances, one may wish to specify the targettation such that (the direction of
propagation of the radiation) and (usually the first polarization direction) ard(= x x y) refer to
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N

Lab Frame . .

Figure 6: Target orientation in the Lab Frankeis the direction of propagation of the incident radiatiomd a
y is the direction of the “real” component of the first incidgaiarization mode. In this coordinate system,
the orientation of target axi, is specified by angle® and®. With target axisa; fixed, the orientation of
target axisas is then determined by anglé specifying rotation of the target arouad. Whengs = 0, as

lies in thea; ,x plane.
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certain directions in the TF. Given the definitions of the L& F above, this is simply an exercise
in coordinate transformation. For example, one might wishdve the incident radiation propagating
along the (1,1,1) direction in the TF (example 14 below).dH&e provide some selected examples:

1. X =4,y =ay2=483:0=0,0+8=0

2.%X =4,y =83,2=—4:0=0,0+0=090°

3. X =4y, y=45,2=—a3:0=90°3=180°®=0

4 X =dyy=ag2=4a:0=090°7=180° & =90°

5. X =a3,§ = 4,2 =40 =90° 3 =—90°, & =0

6. X = a3,y =&y, 2=—4a:0=90°03=-90° &= -90°

7. %= -4,y =ay,2 = —a3: 0 = 180°, 3+ & = 180°

8. x=-4a;,y=4a32=4a,:0=180° 3+ & =90°

9. X =—&y,y=4a,2=2:0=90°3=0,0=0

10. % = —82,§ = &3,2 = —a1 1 © = 90°, § = 0, ® = —90°

11 %= —a3,y =a1,2=—a,: ©=90°, f=-90°, & =0

12. % = a3,y = 4,2 =411 © =90°, § = —90°, & = 90°

13. % = (A1 +42)/ V2, § = 43,2 = (&1 — &2)/v/2: © = 45°, 8 = 180°, & = 90°

14. % = (a1 +as+a3)/v/3,¥ = (&1 —42)/v/2,2 = (&1 +a2 —243)//6: © = 5A.T356°, F = 135°,
O = 30°,

17.3 Sampling in®, ®, and 3

The present versioMDSCAT.6.0, chooses the anglgs ©, and® to sample the interval 8ETAM , BETAMX),
(THETM , THETMX) , (PHI M N, PHI MAX), whereBETAM , BETAMX, THETM , THETMX, PHI M N,
PHI MAX are specified iWldscat . par . The prescription for choosing the angles is to:

o uniformly sample ing;
o uniformly sample ind;
e uniformly sample ircos ©.

This prescription is appropriate for random orientatiothaf target, within the specified limits ¢f ®,
ando.

Note that wherDDSCAT.6.0 chooses angles it handigsand ® differently from ©.1° The range
for 3 is divided intoNBETA intervals, and the midpoint of each interval is taken. Thigpu take
BETAM =0,BETAMX=90,NBETA=2 you will gets = 22.5° and67.5°. Similarly, if you takePH M N=0,
PHI MAX=180,NPHI =2 you will get® = 45° and135°.

Sampling in© is done quite differently from sampling ii and ®. First, as already mentioned
above,DDSCAT.6.0samples uniformly ircos ©, not ©. Secondly, the sampling depends on whether
NTHETA is even or odd.

o |f NTHETAIs odd, then the values 6f selected include the extreme valdé4dETM andTHETMX;
thus, THETM =0, THETMX=90,NTHETA=3 will give you® = 0, 60°, 90°.

o If NTHETA is even, then the range ofs © will be divided intoNTHETA intervals, and the mid-
point of each interval will be taken; thu$HETM =0, THETMX=90, NTHETA=2 will give you
O = 41.41° and75.52° [cos © = 0.25 and0.75].

This is a change fro®DSCAT.4all.
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The reason for this is that if oddTHETA is specified, than the “integration” ovess © is performed
using Simpson'’s rule for greater accuracy. If ed&dHETA is specified, then the integration overs ©
is performed by simply taking the average of the resultsterdifferentO values.

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

18 Orientational Averaging

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

18.1 Randomly-Oriented Targets

For randomly-oriented targets, we wish to compute the tai@mal average of a quantiy(3, ©, ®):

27 1 2w

Q) = i/ dﬁ/ dcos@/ d® Q(3,0,9) . (30)
872 Jo —1 0

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

what ranges of the anglgs ©, and® are of interest. For a randomly-oriented target with no syt

you would need to leg run from 0 t0360°, © from 0 to180°, and® from 0 to360°.

For targets with symmetry, on the other hand, the ranges 6f, and® may be reduced. First of
all, remember that averaging ovéris relatively “inexpensive”, so when in doubt average oveo 0
360°; most of the computational “cost” is associated with the banof different values of{,©) which
are used. Consider a cube, for example, with &ximormal to one of the cube faces; for this cube
need run only from 0 t®0°, since the cube has fourfold symmetry for rotations arounedetxisa; .
Furthermore, the angl@ need run only from 0 t80°, since the orientation¥©,®) is indistinguishable
from (5, 180° — ©, 360° — P).

For targets with symmetry, the user is encouraged to testiinificance of3,0,® on targets with
small numbers of dipoles (say, of the order of 100 or so) bvirggthe desired symmetry.

It is important to remember th&DSCAT.4b handled even and odd valuesNFHETA differently
— seef8 above! For averaging over random orientations odd valt&§ BETA are to be preferred, as
this will allow use of Simpson’s rule in evaluating the “igtal” overcos ©.

18.2 Nonrandomly-Oriented Targets

Some special cases (where the target orientation distyibigt uniform for rotations around theaxis
= direction of propagation of the incident radiation), onaynbe able to us®DSCAT.6.0 with ap-
propriate choices of input parameters. More generally,dvar you will need to modify subroutine
ORI ENT to generate a list dfBETA values of3, NTHETA values of©, andNPHI values of®, plus two
weighting arrayS8\GTA( 1- NTHETA, 1- NPHI ) andWGTB( 1- NBETA) . HereWGTA gives the weights
which should be attached to eadh,®) orientation, andAGTB gives the weight to be attached to each
[ orientation. Thus each orientation of the target is to baeghteid by the factonwnGTAXxWGTB. For the
case of random orientatiorl®PSCAT.6.0choose® values which are uniformly spaceddns ©, and
3 and® values which are uniformly spaced, and therefore usesumifeeights

WGTB=1.NBETA

WhenNTHETA is even DDSCAT sets
WGTA=1./(NTHETAx NPHI )
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but whenNTHETA is odd,DDSCAT uses Simpson’s rule when integrating o@&and
WGTA= (1/3 or 4/3 or 2/3)MTHETAXNPHI )

Note that the program structure DDSCAT may not be ideally suited for certain highly oriented
cases. If, for example, the orientation is such that for i value only oneO value is possible
(this situation might describe ice needles oriented withlting axis perpendicular to the vertical in the
Earth’s atmosphere, illuminated by the Sun at other thaaehéh) then it is foolish to consider all the
combinations o9 and® which the present version @DSCAT is set up to do. We hope to improve
this in a future version 0bDSCAT.

19 Target Generation

DDSCAT contains routines to generate dipole arrays repteggetargets of various geometries, in-
cluding spheres, ellipsoids, rectangular solids, cylisdaexagonal prisms, tetrahedra, two touching
ellipsoids, and three touching ellipsoids. The target tgpEpecified by variabl€SHAPE on line 9 of
ddscat . par, up to 6 target shape paramete®siPARL, SHPAR2, SHPARS, ...) on line 10, and the
lattice spacinddX DY DZonline 11 (for a cubic lattice, set DXDY DZtb. 1. 1. online11). The
target geometry is most conveniently described in a coatdirystem attached to the target which we
refer to as the “Target Frame” (TF), so in this sectoorly we will let x,y,z be coordinates in the Target
Frame. Once the target is generated, the orientation ofatigettin the Lab Frame is accomplished as
described irffI4.

Target geometries currently supported incldgle:

e ELLI PS—Homogeneous, isotropic ellipsoid.
“Lengths” SHPARL, SHPAR2, SHPAR3 in the z, y, 2 directions in the TF(z/SHPAR1)? +
(y/SHPAR2)? + (z/SHPAR3)? = d? /4, whered is the interdipole spacing.
The target axes are setdp = (1,0,0) andas = (0, 1,0) in the TF.
User must sellCOVP=1 on line 9 ofddscat . par .
A homogeneous, isotropic spherés obtained by settinggHPARL = SHPAR2 = SHPAR3 =
diameterd.

e ANl ELL —Homogeneous, anisotropic ellipsoid.
SHPAR1, SHPAR2, SHPAR3 have same meaning as Bt LI PS. Target axes; = (1,0,0) and
a; = (0,1,0) in the TF. It is assumed that the dielectric tensor is diagongne TF. User must
setNCOWP=3 and providecz, yy, 2z elements of the dielectric tensor.

e CONELL —Two concentric ellipsoids.
SHPARL, SHPAR2, SHPARS3 specify the lengths along, y, z axes (in the TF) of theuter
ellipsoid; SHPAR4, SHPAR5, SHPARG are the lengths, along the y, z axes (in the TF) of the
inner ellipsoid. The “core” within the inner ellipsoid is compasef isotropic material 1; the
“mantle” between inner and outer ellipsoids is composedsofropic material 2. Target axes
a; = (1,0,0), a2 = (0,1,0) in TF. User must seliCOVMP=2 and provide dielectric functions for
“core” and “mantle” materials.

o CYLNDR-Homogeneous, isotropic cylinder.
Lengthd=SHPARL, diameterd=SHPAR2, with cylinder axis= a; = (1,0,0) anda; = (0,1,0)
in the TF. User must s&iCOVP=1.

8ln DDSCAT.6.0 not all of the target generation routines hagen modified for use with a noncubic lattice. Those routines
which have not yet been modifieWAR2EL, TAR2SP, TAR3EL, TARCEL, TARHEX, TARTET include code to ensure that they
are not used with a noncubic lattice; if called with a noncuhattice, an error message is generated (e.g. “tarhex duesipport
noncubic lattice”) and execution is terminated.
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UNI CYL —Homogeneous cylinder with unixial anisotropic dielectrictensor.

SHPAR1, SHPAR2 have same meaning as fGYLNDR. Cylinder axis= a; = (1,0,0), a; =
(0,1,0). Itis assumed that the dielectric tengois diagonal in the TF, witl,, = ¢... User
must seNCOVP=2. Dielectric function 1 is folE || &; (cylinder axis), dielectric function 2 is for
E | a;.

RCTNGL —Homogeneous, isotropic, rectangular solid.
X, ¥, z lengthsd = SHPAR1, SHPAR2, SHPAR3. Target axeé; = (1,0,0) anda, = (0,1,0) in
the TF. User must séCOVP=1.

HEXGON - Homogeneous, isotropic hexagonal prism.

Length# = SHPARL, hexagon side/= SHPAR2. Target axisi; = (1,0,0) in the TF is along the
prism axis, and target axis = (0, 1, 0) in the TF is normal to one of the rectangular faces of the
hexagonal prism. User must $¢COVP=1.

TETRAH-Homogeneous, isotropic tetrahedron.

SHPAR1=length# of one edge. Orientation: one face parallelto plane (in the TF), opposite
“vertex”is in +x direction, and one edge is paralleltaxis (in the TF). Targetaxes = (1,0,0)
[emerging from one vertex] andh = (0, 1,0) [emerging from an edge] in the TF. User must set
NCOWP=1.

TWOSPH — Two touching homogeneous, isotropic spheroids, with distct compositions.

First spheroid has leng®HPARL along symmetry axis, diamet8HPAR2 perpendicular to sym-
metry axis. Second spheroid has len§HHPAR3 along symmetry axis, diamet&HPAR4 per-
pendicular to symmetry axis. Contact point is on line cotingccentroids. Line connecting
centroids is inx direction. Symmetry axis of first spheroid is gndirection. Symmetry axis of
second spheroid is in directighcos(SHPARS) + z sin(SHPARS), wherey andz are basis vectors

in TF, andSHPARS is in degrees. ISHPAR6=0., then target axe%, = (1,0,0), 42 = (0, 1,0).

If SHPAR6=1., then axe&; anda, are set to principal axes with largest and 2nd largest masnent
of inertia assuming spheroids to be of uniform density. Usest setNCOMP=2 and provide
dielectric function files for each spheroid.

TWCELL — Two touching, homogeneous, isotropic ellipsoids, with digct compositions.
SHPAR1, SHPAR2, SHPAR3=x-length#, y-length#, z-length#l of one ellipsoid. The two el-
lipsoids have identical shape, size, and orientation, Isttndt dielectric functions. The line
connecting ellipsoid centers is along thexis in the TF. Target axes = (1,0, 0) [along line
connecting ellipsoids] anél, = (0,1, 0). User must seiiCOMP=2 and provide dielectric function
file names for both ellipsoids. Ellipsoids are in order ofrewsing x: first dielectric function is for
ellipsoid with center at negative second dielectric function for ellipsoid with center asjiive
Z.

TWOAEL — Two touching, homogeneous, anisotropic ellipsoids, withistinct compositions.
Geometry as foTWOELL ; SHPAR1, SHPAR2, SHPAR3 have same meanings as fOWOELL.
Target axes; = (1,0,0) anday = (0, 1,0) in the TF. It is assumed that (for both ellipsoids) the
dielectric tensor is diagonal in the TF. User must€®MP=6 and providerz, yy, zz components
of dielectric tensor for first ellipsoid, aneclk:, yy, zz components of dielectric tensor for second
ellipsoid (ellipsoids are in order of increasing x).

THRELL — Three touching homogeneous, isotropic ellipsoids of equalze and orientation,
but distinct compositions.

SHPARL, SHPAR2, SHPAR3 have same meaning as foBWOEL L. Line connecting ellipsoid cen-
ters is parallel ta: axis. Target axiq; = (1,0,0) along line of ellipsoid centerg,; = (0,1,0).
User must seNCOVMP=3 and provide (isotropic) dielectric functions for firsgcend, and third
ellipsoid.
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e THRAEL - Three touching homogeneous, anisotropic ellipsoids withagne size and orienta-
tion but distinct dielectric tensors.
SHPAR1, SHPAR2, SHPAR3 have same meanings as fOHRELL. Target axisa; = (1,0,0)
along line of ellipsoid centerg, = (0,1, 0). It is assumed that dielectric tensors are all diagonal
in the TF. User must séiCOVP=9 and providerz, yy, 2z elements of dielectric tensor for first
ellipsoid, zx, yy, zz elements for second ellipsoid, and, yy, zz elements for third ellipsoid
(ellipsoids are in order of increasing.

e BLOCKS — Homogeneous target constructed from cubic “blocks”.
Number and location of blocks are specified in separatdfiecks. par with following struc-
ture:
one line of comments (may be blank)
PRI N (=0 or 1 — see below)
N (= number of blocks)
B (= width/d of one block)
x y z (= position of 1st block in units oBd)
x y z (= position of 2nd block)

x y z (= position ofNth block)
If PRI N=0, thena; = (1,0,0), a2 = (0,1,0). If PRI N=1, thena; anda, are set to principal
axes with largest and second largest moments of inertiarrang target to be of uniform density.
User must selCOVP=1.

e DWL 996 — 13 block target used by Draine & Weingartner (1996).
Single, isotropic material. Target geometry was used idystay Draine & Weingartner (1996)
of radiative torques on irregular grainé; anda, are principal axes with largest and second-
largest moments of inertia. User must BEOVP=1. Target size is controlled by shape parameter
SHPAR( 1) = width of one block in lattice units.

¢ NSPHER — Multisphere target consisting of the union of N spheres of single isotropic mate-

rial.
Spheres may overlap if desired. The relative locations &as ®f these spheres are defined in an
external file, whose name (enclosed in quotes) is passedghdscat . par. The length of
the file name should not exceed 13 characters. The pertineriniddscat . par should read
SHPAR(1) SHPAR(2) ‘filename’(quotes must be used)
whereSHPAR( 1) = target diameter i direction (in Target Frame) in units af
SHPAR( 2) =0 to haven; = (1,0,0), az = (0,1,0) in Target Frame.
SHPAR( 2) = 1 to use principal axes of moment of inertia tensordo(largestl) andas (inter-
mediatel).
filenameis the name of the file specifying the locations and relatizessof the spheres.
The overall size of the multisphere target (in terms of nurslod dipoles) is determined by pa-
rameterSHPAR( 1) , which is the extent of the multisphere target in thdirection, in units of
the lattice spacing. The file‘filename’should have the following structure:

N (= number of spheres)

one line of comments (may be blank)

X1 Y1 21 a1 (arb. units)

X9 Y2 22 A9 (arb. units)

TN YN 2N an (a@rb. units)
wherez;, y;, z; are the coordinates of the center, ands the radius of spherg
Note thatz;, y;, z;, a; (j = 1, ..., N) establish only theshapeof the N —sphere target. For in-
stance, a target consisting of two touching spheres witlinileebetween centers parallel to the
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axis could equally well be described by lines 3 and 4 being
0000.5
10005
or
0001
2001
The actual size (in physical units) is set by the valuegfspecified inddscat . par , where, as
always,a.r = (3V/4r)'/3, whereV is the volume of material in the target.
User must seiNCOVP=1.

e PRI SMB — Triangular prism of homogeneous, isotropic material.
SHPAR1, SHPAR2, SHPAR3, SHPAR4 =a/d,b/a,c/a,L/a
The triangular cross section has sides of width, c. L is the length of the prismd is the lattice
spacing. The triangular cross-section has interior angle¢s v (opposite sides, b, ¢) given by
cosa = (b + ¢ — a?)/2bc, cos B = (a® + ¢* — b?)/2ac, cosy = (a® + b* — ¢?)/2ab. In the
Target Frame, the prism axis is in tRadirection, the normal to the rectangular face of widltis
(0,1,0), the normal to the rectangular face of widltis (0, — cos~, sin-y), and the normal to the
rectangular face of widthis (0, — cos~y, — sin~y).

o LYRSLB- Multilayer rectangular slab with overall x, y, z lengths= SHPARL x d, a,, = SHPAR2 xd,
a, = SHPAR3 xd, with the boundary between layers 1 and 2 occuring;at= SHPAR4 X a,
boundary between layers 2 and 3 occuringat= SHPARS x a, [if SHPAR5> 0], and boundary
between layers 3 and 4 occuringaat = SHPAR6 x a, [if SHPARG6> 0], To create a simple bi-
layer slab, just seBHPAR5=SHPAR6=0. User must sefiCOVP=2,3, or 4 and provide dielectric
function files for each of the two layers.

e FRMFI L —List of dipole locations and “compositions” obtained from afile.

This option causeBDSCAT to read the target geometry information from a flleape. dat
instead of automatically generating one of the geometisésd above. Thahape. dat file
is read by routindREASHP (file r eashp. f). The user can customiZREASHP as needed to
conform to the manner in which the target geometry is standfdeé shape. dat . However, as
supplied REASHP expects the filshape. dat to have the following structure:

— one line containing a description; the first 67 charactetksbegiread and printed in various
output statements.

— N=number of dipoles in target

— a1y a1y Q1. = X,Y,Z COMponents ady

— agg A2y G2, = X,Y,Z COMponents ada

— (line containing comments)

— dummy| XYZ(1,1) | XYZ(1,2) |IXyZ(1,3) I1COVP(1,1) I1COWP(1,2) |COVP(1,3)

— dummy | XYZ(2,1) |1 XYZ(2,2) |1XYZ(2,3) 1COVP(2,1) |1 COWVP(2,2) |COVP(2,3)

— dummy | XYZ(3,1) | XYZ(3,2) |1XYZ(3,3) ICOVP(3,1) |ICOWP(3,2) |COVP(3, 3)

—.céz.meyIXYZ(J,l) I XYZ(J,2) 1XYZ(J,3) 1COVP(J, 1) | COVP(J,2) | COVP(J, 3)

.cl'z'meyIXYZ(N, 1) 1XYZ(N, 2) 1XYZ(N, 3) 1COMP(N, 1) | COVP(N, 2) | COVP(N, 3)

The user should be able to easily modify these routines, ite wew routines, to generate targets
with other geometries. The user should first examine thérrettr get . f and modify it to call any
new target generation routines desired. Alternativetgdts may be generated separately, and the target
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description (locations of dipoles and “composition” capending to x,y,z dielectric properties at each
dipole site) read in from a file by invoking the opti&iRMFI L in ddscat . f .

It is often desirable to be able to run the target generatiutimes without running the entire
DDSCAT code. We have therefore provided a progi@A L TARGET which allows the user to gener-
ate targets interactively; to create this executable jyst't

nmake cal | target .
The prograntal | t ar get is to be run interactively; the prompts are self-explanat¥ou may need
to edit the code to change the device numb@YOUT as forDDSCAT (seef6.] above).

After running,cal | t ar get will leave behind an ASCII filg ar get . out which is a list of the
occupied lattice sites in the last target generated. Thedboft ar get . out is the same as the format
of theshape. dat files read if optiorFRMFI L is used (see above). Therefore you can simply

nv target.out shape. dat
and then usBDSCAT with the optionFRVMFI L in order to input a target shape generate@Bi/ L TARGET.

20 Scattering Directions

DDSCAT calculates scattering in selected directions, and elesrdiihe scattering matrix are reported
in the output fileswxxr yykzzz sca . The scattering direction is specified through anglesnd¢, (not

to be confused with the angl@and® which specify the orientation of the target relative to thadent
radiation!).

The scattering anglé, is simply the angle between the incident beam (along dvact) and the
scattered bean®( = 0 for forward scatteringds = 180° for backscattering).

The scattering angle; specifies the orientation of the “scattering plane” relativ thex, y plane
in the Lab Frame. Whed#, = 0 the scattering plane is assumed to coincide withsthg plane. When
¢s = 90° the scattering plane is assumed to coincide withktheplane. Within the scattering plane the
scattering directions are specified by 0, < 180°.

Scattering directions for which the scattering properties to be calculated are set in the file
ddscat . par by specifying one or more scattering planes (determinechbyalue ofg¢,) and for
each scattering plane, the number and rang@; ofalues. The only limitation is that the number of
scattering directions not exceed the parameM3CA in DDSCAT. f (in the code as distributed it is set
to MXSCA=1000).

21 Incident Polarization State

Recall that the “Lab Frame” is defined such that the incidadtiation is propagating along theaxis.
DDSCAT.6.0allows the user to specify a general elliptical polarizatior the incident radiation, by
specifying the (complex) polarization veci@y;. The orthonormal polarization staég, = % x &, is
generated automaticallyifdscat . par specified ORTH=2.

For incident linear polarization, one can simply égt = y by specifying(0, 0) (1,0) (0,0)
inddscat . par ; thenég, = z For polarization modéy; to correspond to right-handed circular polar-
ization, se&y; = (y+iz)//2 by specifying( 0, 0) (1,0) (0, 1) inddscat. par (DDSCAT.6.0
automatically takes care of the normalizatioregf); thenéq, = (—iy + 2)/+/2, corresponding to left-
handed circular polarization.

"Non-Unix sites: The source code f@ALLTARGET is in the fileM SC. FOR. You must compile and link this tBRRVSG,
GETSET, REASHP, TAR2EL, TAR2SP, TAR3EL, TARBLOCKS, TARCEL, TARCYL, TARELL, TARGET, TARHEX, TARREC,
TARTET, andWRI MSG. The source code f&RRMSGis in SRC2. FOR, GETSET is in SRC5. FOR, and the rest are iBRC8. FOR
andSRC9. FOR.
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22 Averaging over Scattering:g(1) = (cos d;), etc.

DDSCAT automatically carries out numerical integration of vas@gattering properties. In particular,
it calculates the mean valugl) = (cos ;) for the scattered intensity for each incident polarization
state. This is accomplished by evaluating the scattereasity forl CTHMdifferent values of); (in-
cludingd, = 0 andf, = =), and taking a weighted sum. For each valug)pexceptd andr, the
scattering intensity is evaluated foPHMdifferent values of the scattering angte. The angular in-
tegration ovem, is accomplished using Simpson'’s rule (with uniform intésvia cos 6;), sol CTHM
should be amddnumber. The angular integration ovgris accomplished by sampling uniformly g
with uniform weighting;l PHMcan be either even or odd.

The following quantities are evaluated by this angulargré¢ion:

o g = (cosfy)X + (sin B cos ¢s)¥ + (sin b, sin ¢, )z (seefdT);
* Qr (seedId).

It is important that the user recognize that accurate etialuaf these angular averages requires ade-
guate sampling over scattering angles. For small valudseddize parameter = 2maqs /A, the angular
distribution of scattered radiation has a dipolar charaate the sampling ifi, and¢, does not need to
be very fine, s CTHMandl PHMneed not be large. For larger values of the size parametewever,
higher multipoles in the scattered radiation field becomgartant, and finer sampling i, and¢, is
required. We do not have any foolproof prescription to offénce the scattering pattern will depend
upon the target geometry and dielectric constant in additiooverall size parameter. However, as a
very rough guide, we suggest that the user specify value€dHMandl PHMsatisfying

ICTHM > 5(1+4+x) , (31)
IPHM > 2(1+=z) . (32)

The sampleddscat . par file supplied hasCTHM = 33 and IPHM = 12; the above criteria would
suggest that this would be suitable fok 5.

The cpu time required for evaluation of these angular aves&gproportional t¢2 + ITPHM(ICTHM —
2)]. Since the computational time spent in evaluating theselan@ntegrals can be a significant part
of the total, it is important to choose valuesld€THMandl PHMwhich will provide a suitable balance
between accuracy (in this part of the overall calculation) epu time.

Within one scattering plane, the scattered intensity téadsmve approximatelyl + x) peaks for
0 < 65 < m, so that the above prescription foCTHMwould have at least 5 sampling points per
maximum. The angular distribution oveg is usually not as structured as that o¥Ygrso we suggest
thatl PHMneed not be as large &€THM We have refrained from “hard-wiring” the valuesloc€ETHM
and| PHMbecause we are not confident of the reliability of the reconded criteria[(3L32) — it is
up to the user to specify appropriate values 6THMandl PHMaccording to the requirements of the
problem being addressed.

23 Mueller Matrix for Scattering in Selected Directions
23.1 Two Orthogonal Incident Polarizations { ORTH=2)

DDSCAT.6.0internally computes the scattering properties of the diotay in terms of a complex

scattering matrix,,; (65, ¢s) (Draine 1988), where indéx= 1, 2 denotes the incident polarization state,
m = 1,2 denotes the scattered polarization state, &ang; specify the scattering direction. Normally
DDSCAT is used withl ORTH=2 in ddscat . par, so that the scattering problem will be solved for
both incident polarization states= 1 and 2); in this subsection it will be assumed that this is #eec

34



Incident polarization statds= 1, 2 correspond to polarization stat&sg, €g2; recall that polarization
stateéy; is user-specified, anéy, = % x €j;. Scattered polarization state = 1 corresponds to

linear polarization of the scattered wave parallel to thettscing planed; = ¢, = 6,) andm = 2

corresponds to linear polarization perpendicular to thegtedng plane (in ther o, direction). The
scattering matrixf,,,; was defined (Draine 1988) so that the scattered electricEeld related to the
incident electric fieldE; (0) at the origin (where the target is assumed to be located) by

< Es'e:s > _ exp(ik-r) < fir o fie ) < E;(0) - €01 > (33)
E, - ¢, kr for fa2 E;(0) - €02 ’

The 2x2 complexamplitude scattering matrigwith elementsSy, Ss, S3, andS,) is defined so that (see
Bohren & Huffman 1983)

E, -0, \ exp(ik-r) (S, S; Ei(0) - & (34)
-E,-¢, ] = —ikr Sy 51 E;(0)- &L ’
wheree; |, ;1 are (real) unit vectors for incident polarization paradieti perpendicular to the scattering

plane (with the customary definition éf, = &; x %).
From [3H3#) we may write

< Sy S3 > < E;(0) - & ) _ —i< fin Sz > < E;(0) - &5, > (35)

Sy S Ei(0) &1 —fo1 —fa Ei(0) - &5, .

Let
a = €y'y , (36)
b = &) -2 , (37)
c = &y . (38)
d = & -2 (39)

Note that since&g;, €y2 could be complex (i.e., elliptical polarization), the gtiies a, b, ¢, d are com-
plex. Then

€., \ [ a b

&y ) \c d
and eq.[[3b) can be written

(& o) (mren)=i( i (e ) (R0

The incident polarization statés ande; | are related ty, z by

Y\ [ cosps sings é; )
( A >_ ( sing, — CoS @, ) ( éi )’ (42)

substituting[4R) into[{41) we obtain

( SQ 53 ) ( EZ(O) éz|| ) — ( —f11 —f12 ) ( a b ) ( COS gf)s singbs ) ( EZ(O) éz|| )
Ss 51 E;(0)-&.1 ) far fa c d sin ¢, — cos ¢, E;(0) - &1

N> <>

) (40)

(41)

N> <>
N———
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Eq. {43) must be true for al;(0), so we obtain an expression for the complex scattering anajeli
matrix in terms of thef,,,;:

So S i —fi1 —fio a b cos ¢,  sin ¢, (a4)
Sy 51 fo1 fa2 c d singgs — cos ¢ :
This provides the 4 equations used in subrou@d MJELLER to compute the amplitude scattering
matrix elements:

S = —i[fo1(bcosps — asings) + faa(dcosps — csings)] (45)
Sy = —i[fi1(acosds + bsinds) + fia(ccos dps + dsin ¢s)] (46)
S3 = i[fi1(bcosgs —asings) + fia(dcosds — csings)] (47)
54 = i [f21(a COS ¢s + bsin ¢s) + fgg(CCOS ¢s + dsin ¢s)] : (48)

23.2 Stokes Parameters

It is both convenient and customary to characterize botidémt and scattered radiation by 4 “Stokes
parameters” — the elements of the “Stokes vector”. Thereliffierent conventions in the literature; we
adhere to the definitions of the Stokes vecthé),U,V") adopted in the excellent treatise by Bohren &
Huffman (1983), to which the reader is referred for furthetail. Here are some examples of Stokes
vectors(Z,Q,U, V) = (1,Q/I,U/I,V/I)I:

(1,0,0,0)1 : unpolarized light (with intensity);

1,1,0,0)I : 100% linearly polarized witllt parallel to the scattering plane;

1, -

1,0,1,0)7 : 100% linearly polarized witll& at +45 relative to the scattering plane;
,0,—1,0)I : 100% linearly polarized witfE at -45’ relative to the scattering plane;

1,0,0,1)I : 100% right circular polarizatiori.€., negative helicity);

1,0,0,—1)I : 100% left circular polarization €., positive helicity).

—1,0,0)I : 100% linearly polarized witfE perpendicular to the scattering plane;

(
(
(1,
(1
(1,
(1,

23.3 Relation Between Stokes Parameters of Incident and Stared Radiation:
The Mueller Matrix

It is convenient to describe the scattering propertiesimseof the4 x 4 Mueller matrix relating the
Stokes paramete(s;, Q;, U;, Vi) and (I, Qs, Us, Vs) of the incident and scattered radiation:

I, Si1 S12 Sz Su I;
Qs | _ 1 | S22 S Sz S Qi (49)
Us k2r2 | S31 S32 Sz Sxu U;
Vs Sa1 Sz Saz Su Vi

Once the amplitude scattering matrix elements are obtathedViueller matrix elements can be com-
puted (Bohren & Huffman 1983):

S11 (IS11? + 52l + |Ss|* + [S4]?) /2,
Stz = (IS2]* = [S1]* +[Sa]* = |S5)%) /2,
S13 Re (5255 + S157)
S14 Im (5255 — 5157)
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So1 = (|S2]? = |S1> + (S5 — [S4]?) /2,

Saa = (|51 +[Saf* = [S5)* = [S4f?) /2,
Sz = Re(525; —S15%)

Soa = Im(S255 +S15))

S31 = Re(S2 54 +515%)

Ss2 = Re(S25] —5153)

S33 = Re(S S*+5354) ,

Szqa = Im(S257 +S453)

Sy = (S4S2 + 5153) ,

Siz = Im (5455 —515’*) ,

Siz = (S —835%)

Saa Re (5155 — 9357) (50)

These matrix elements are computedIDSCAT and passed to subrouti®l TESCA which handles
output of scattering properties. Although the Muller malras 16 elements, only 9 are independent.

The user can select up to 9 distinct Muller matrix elementbaqrinted out in the output files
wxxr yykzzz sca andwxxr yyor i . avg; this choice is made by providing a list of indiceglidscat . par
(see Appendikh).

If the user does not provide a list of elemeMBl TESCA will provide a “default” set of 6 selected
elements:Sy1, S21, Ss1, S41 (these 4 elements describe the intensity and polarizatide for scattering
of unpolarized incident radiationy; o, andsS; 5.

In addition, WRI TESCA writes out the linear polarizatioR of the scattered light for incident unpo-
larized light:

(3, + S3)'/?

P =
Sll

(51)

23.4 One Incident Polarization State Only [ ORTH=1)

In some cases it may be desirable to limit the calculatiores $ogle incident polarization state — for
example, when each solution is very time-consuming, andattget is known to have some symmetry
so that solving for a single incident polarization state rhaysufficient for the required purpose. In this
case, set ORTH=1 inddscat . par .

Whenl| ORTH=1, only f1; and f»; are available; henc&®DSCAT cannot automatically generate
the Mueller matrix elements. In this case, the output r@Rl TESCA writes out the quantitiels: |2,
|f211%, Re(f11 f3,), andIm(f11 f3,) for each of the scattering directions.

Note, however, that if PHI is greater than 1IDDSCAT will automatically set ORTH=2 even if
ddscat . par specifiedl ORTH=1: this is because when more than one value of the target atient
angle® is required, there is no additional “cost” to solve the sty problem for the second incident
polarization state, since when solutions are availabledororthogonal states for some particular target
orientation, the solution may be obtained for another tapgentation differing only in the value of
® by appropriate linear combinations of these solutions. ddeme may as well solve the “complete”
scattering problem so that we can compute the complete Btuaktrix.
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24 Using MPI (Message Passing Interface)

Many (probably most) users &DSCAT will wish to calculate scattering and absorption by a givan t
get for more than one orientation relative to the incidedtation (e.g., when calculating orientational
averages)DDSCAT can automatically carry out the calculations over diffétarget orientations. Nor-
mally, these calculations will be carried out sequentiatipwever, on a multiprocessor system [either
a symmetric multiprocessor (SMP) system, or a cluster okodted computers] witivPl (Message
Passing Interface) software install&@DSCAT.6.0allows the user to carry out parallel calculations of
scattering by different target orientations, with the tesgathered together and with orientational aver-
ages calculated just as they are when sequential calowdadi® carried out. Note that the MPI-capable
executable can also be used for ordinary serial calculatisimg a single cpu.

More than one implementation 8P| exists. MPl support withinDDSCAT.6.0is compliant with
MPI-1.2 and MPI-2 standar#s and should be usable under any implementatidviRf that is compat-
ible with those standards.

At Princeton University Department of Astrophysical Scies we are usinyPl CH®, a publicly-
available implementation &¥PI .

24.1 Source Code for the MPI-compatible version of DDSCAT

In order to use DDSCAT with MPI, the user must first make suag the correct version of the code is
being used. To prepare the MPI-capable version:

1. InDDSCAT. f :
o Make sure the line
I NCLUDE ' npi f. h’
is not commented out.

o Make sure the line
C | NTEGER MPI _COVMWORLD
is commented out.

2. Innpi subs. f, SUBROUTI NE COLSUM:
o Make sure the line
I NCLUDE ' npi f. h’
is not commented out.

o Make sure the line
C | NTEGER MPI _COVMWORLD, MPI _.SUM MPI _REAL, MPI _COMPLEX
is commented out.

3. Innpi subs. f, SUBROUTI NE SHAREL :
o Make sure the line

I NCLUDE ' npi f. h’
is not commented out.

e Make sure the lines
C | NTEGER MPI _CHARACTER, MPI _.COVMWORLD, MPI _| NTEGER,
C & MPI _| NTEGER2, MPI _REAL, MPI _COVPLEX
are commented out.

4. Innpi subs. f, SUBROUTI NE SHARE2 :

¥http: /7 www. npi - f or um or g/
Bhtt p: /7 Www. ncs. anl . gov/ npi / npi ch
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e Make sure the line
I NCLUDE ' npi f. h’
is not commented out.
e Make sure the line
C | NTEGER MPI _COVMMWORLD, MPI _REAL, MPI _.COVPLEX
is commented out.

24.2 Compiling and Linking the MPI-compatible version of DDSCAT

IntheMakef i | e, enable the following definitions:

MPI src = npi subs. f

MPI obj = npi subs. o
At Princeton University Dept. of Astrophysical Sciences are currently usingrpi ch- 1. 2. 420,
npi ch provides a “compiler wrapperipi f 77 that is supposed to automatically set the variables
MPI CH_.F77 andVPl CH.F77L1 NKERto values appropriate for use of thgf 77 compiler from PG
which is installed on our beowulf cluster. Other compilersg}., the Intel f77 compiler, can also be em-
ployed.

24.3 Code Execution Under MPI

Local installations ofMPl will vary — you should consult with someone familiar with wadPl is
installed and used on your system.

At Princeton University Dept. of Astrophysical ScienceswsePBS (Portable Batch Systersf)to
schedule jobsMPI jobs are submitted usingBS by first creating a shell script such as the following
example filepbs. submi t:

#!/ bi n/ bash

#PBS -1 nodes=2: ppn=1

#PBS -1 nenm=1200MB, pmrem=300MVB
#PBS - m bea

#PBS -j oe

cd $PBS_O WORKDI R

/usr/ | ocal / bi n/ mpi exec ddscat

The lines beginning wit#PBS - | specify the required resources:

#PBS -1 nodes=2: ppn=1 specifies that 2 nodes are to be used, with 1 processor per hode
#PBS -1 mem=1200MB, prem=300MB specifies that the total memory requirea () is 1200MB,
and the maximum physical memory used by any single propasnj is 300MB. The actual definition
of memis not clear, but in practice it seems that it should be sedldq2x (hodes) x(ppn)x (pnen).
#PBS - m bea specifies that PBS should send email when the job bebna(d when it endss( or
aborts ).

#PBS -] oe specifies that the output from stdout and stderr will be meérgeeermixed, as stdout.
This example assumes that the executdlsleat is located in the same directory where the code is to
execute and write its output. dfdscat is located in another directory, simply give the full pathmea
to it. Theqsub command is used to submit tRBS job:

% qsub pbs. submit

2Rt t p: /7 Wwwe uni X. ncs. anl . gov/ npi / npi ch/
2Tt p: /7 WL pgr oup. com
2Rt t p: / / VW, openpbs. or g
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As the calculation proceeds, the usual output files will biten to this directory: for each wave-

length, target size, and target orientation, there will fikeavaar bbkccc sca, whereaa=00, 01, 02,
... specifies the wavelengthb=00, 01, 02, .. specifies the target size, and=000, 001, 002, ..spec-
ifies the orientation. For each wavelength and target siegeetill also be a filenaar bbori . avg
with orientationally-averaged quantities. Finally, thevill also be tablegt abl e, andqt abl e2 with
orientationally-averaged cross sections for each wagéhesind target size.

In addition, each processor employed will write to its owg liile ddscat . | og_nnn where
nnn=000, 001, 002, ... These files contain information concerning cpu time corexily different
parts of the calculation, convergence to the specified &terance, etc. If you are uncertain about how
the calculation proceeded, examination of these log filesdsmmended.

25 Graphics and Postprocessing
25.1 IDL

At present, we do not offer a comprehensive packag®ECAT data postprocessing and graphical
display in IDL. However, there are several developmentghvorentioning: First, we offer several out-
put capabilities from withiDDSCAT: ASCII (seefI0.1), FORTRAN unformatted binary (s€&0.2),
and netCDF portable binary (sgE0.3). Second, we offer several skeleton IDL utilities:

e bhm e. pro is our translation to IDL of the popular Bohren-Huffman cagbich calculates
efficiencies for spherical particles using Mie theory.

e readbi n. pr o reads the FORTRAN unformatted binary file written by routme t ebi n. f .
The variables are stored irceammmon block.

e readnet. pr o reads NetCDF portable binary file and should be the methodi@te for IDL
users. It offers random data access.

e i e. prois an example of an interface to binary files and the Bohrefirkan code. It plots a
comparison oDDSCAT results with scattering by equivalent radius spheres.

At present the IDL code is experimental.

26 Miscellanea

Additional source code, refractive index files, etc., citmtted by users will be located in the directory
DDA/ mi sc. These routines and files should be considered todbsupported by Draine and Flatau —
caveat receptorThese routines and files should be accompanied by enougmafion (e.g., comments
in source code) to explain their use.

27 Finale

This User Guide is somewhat inelegant, but we hope that Itpeilve useful. The structure of the
ddscat . par file is intended to be simple and suggestive so that, aftelimgahe above notes once,
the user may not have to refer to them again.

The filer el _not es in DDA/ doc lists known bugs ilDDSCAT.6.0. Up-to-date release notes will
be available at th®DSCAT web site,

http://ww. astro. princeton. edu/~drai ne/ DDSCAT. ht ni

Users are encouraged to provide B. T. Draidedi ne@st r o. pri ncet on. edu) with their

email address; bug reports, and any new releasB®SCAT, will be made known to those who do!
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P. J. Flatau maintains the WWW page “SCATTERLIB - Light Seattg Codes Library” with URL
http://atol.ucsd. edu/ ~pflatau The SCATTERLIB Internet site is a library of light scat-
tering codes. Emphasis is on providing source codes (mBS&XRTRAN). However, other information
related to scattering on spherical and non-sphericalghastis collected: an extensive list of references
to light scattering methods, refractive index, etc. Thisllffage contains section on the discrete dipole
approximation.

Concrete suggestions for improvibpSCAT (and this User Guide) are welcomed. If you wish to
cite this User Guide, we suggest the following citation:

Draine, B.T., & Flatau, P.J. 2000, “User Guide for the Diseiipole Approximation Code DDSCAT
(Version 6.0)"] http://arxiv.org/abs/astro-ph/??7???7?

Finally, the authors have one special request: We would nergh appreciate preprints and (espe-
cially!) reprints of any papers which make useQiDSCAT!
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A Understanding and Modifying ddscat . par

In order to use DDSCAT to perform the specific calculationitdrest to you, it will be necessary to
modify theddscat . par file. Here we list the sampl@ddscat . par file, followed by a discussion of
how to modify this file as needed. Note that all numerical irgata in DDSCAT is read with free-format
READ( | DEV, *) . .. statements. Therefore you do not need to worry about thégerimmat in which
integer or floating point numbers are entered on a line. Theiarthing is that lines imdscat . par
containing numerical data have the correct number of dai@esenwith any informational comments
appearingfterthe numerical data on a given line.

' Paraneter file '

PRxxx PRELI M NARI ES ****’

"NOTORQ = CMICRQ*6 (DOTORQ, NOTORQ) -- either do or skip torque cal cul ations
" PBCGST' = CMDSOL*6 ( PBCGST, PETRKP) -- sel ect solution nmethod

" GPFAFT' = CMETHD*6 ( GPFAFT, FFTW21, CONVEX)

" LATTDR = CALPHA*6 (LATTDR is only supported option now)

"NOTBI N = CBI NFLAG (ALLBIN, ORI BIN, NOTBIN)

" NOTCDF’' = CNETFLAG (ALLCDF, ORI CDF, NOTCDF)

" RCTNGL' = CSHAPE*6 (FRWVFI L, ELLI PS, CYLNDR, RCTNGL, HEXGON, TETRAH, UNI CYL, UNI ELL)
8. 6. 4. = shape paraneters PARl, PAR2, PAR3

1 = NCOW = nunber of dielectric materials

" TABLES = CDI EL*6 (TABLES, H2O CE, H2OLIQ if TABLES, then filenanmes follow...)
"diel.tab’ = nane of file containing dielectric function

THRxxx CONJUGATE GRADI ENT DEFI NI TI ONS *** =’

0 = INT (TOBEG N WTH | X0> = 0)

1.00e-5 = ERR = MAX ALLOWED ( NORM OF | G>=AC| E>- ACA| X>)/ (NORM OF AC| E>)

TRxxx ANGLES FOR CALCULATI ON OF CSCA, G

33 = | CTHM (number of theta val ues for evaluation of Csca and Q)

12 = | PHM (nunber of phi values for evaluation of Csca and g)

"xxx% \WAvel engths (micron) ****’

6.283185 6.283185 1 "INV = wavel engths (first,|ast, how many, how=LI N, | NV, LOG)
"xxx% Effective Radii (micron) **x*

1. 1. 1 'LIN = eff. radii (first, last, how many, how=LIN, | NV, LOG

"*x*x% Define Incident Polarizations ****’

(0,0) (1.,0.) (0.,0.) = Polarization state e01 (k along x axis)

2 =IORTH (=1 to do only pol. state e01l; =2 to also do orth. pol. state)

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

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

0. 90. 3 = THETM, THETMX, NTHETA (theta=angl e between al and k)

0. 0. 1 =PHMN, PH MAX, NPH (phi=rotation angle of al around k)
"xxx% Gpecify first 1WAV, IRAD, IORl (normally 0 0 Q) ****’

0 0 0 = first 1WAV, first IRAD, first ORI (0 O O to begin fresh)
"*xx% Select Elenments of S_.ij Matrix to Print ****’

6 = NSMELTS = nunber of elements of S_ij to print (not nore than 9)

11 12 21 22 31 41 = indices ij of elenents to print

"*xx% Gpecify Scattered Directions ****’

0. 0. 180. 30 = phi, thetan_min, thetan_max, dtheta (in degrees) for plane A
90. 0. 180. 30 phi, ... for plane B
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Lines Comments
1-2 comment lines — no need to change.

3 NOTORQIf torque calculation is not required;
DOTORQIf torque calculation is required.

4 PBCGST is recommended; other optionPETRKP (seedI4).

5 GPFAFT is supplied as default, blRFTW21 is recommended IDDSCAT has been compiled with
FFTWsupport (se§§6.9,[T3); only other option iIEONVEX (valid only on a Convex computer).

6 LATTDR (Draine & Goodman [2000] Lattice Dispersion Relation isyoaption now supported)
(seedd).

7 ALLBI Nfor full unformatted binary dumpdf0.2);

ORI BI Nfor unformatted binary dump of orientational averages pnly
NOTBI Nfor no unformatted binary output.
8 ALLCDF for output in netCDF format (must have netCDF option enaldédI0.3);
ORI CDF for orientational averages in netCDF format (must have D&Gption enabled).
NOTCDF for no output in netCDF format;

9 specify choice of target shape ($88& for description of optionRCTNGL, ELLI PS, TETRAH, ...)
10 shape parameters SHPAR1, SHPAR2, SHPARS, ...dE®e

11 number of different dielectric constant tablg&g).

12 TABLES — dielectric function to be provided via input table.

13 name(s) of dielectric constant table(s) (one per line).

14 comment line — no need to change.

15 0 is recommended value of parameitdy T.

16 ERR = error tolerancé: maximum allowed value ofATE — AT AP|/|ATE| [see eq[18)].
17 comment line — no need to change.

18 | CTHM- number of), values for angular averagef2d).
19 | PHM- number ofp, values for angular averages.
20 comment line — no need to change.
21 A —first, last, how many, how chosen.
22 comment line — no need to change.
23 aegr — first, last, how many, how chosen.
24 comment line — no need to change.
25 specify x,y,z components of (complex) incident polai@aéy; (§27)
26 | ORTH= 1 to do one polarization state only;
2 to do second (orthogonal) incident polarization as well.
27 | WRKSC = 0 to suppress writing of “.sca” files;
2 to enable writing of “.sca” files.
28 comment line — no need to change.
29 3 (seedld) — first, last, how many .
30 O — first, last, how many.
31 ® — first, last, how many.
32 comment line — no need to change.
33 | WAVO | RADO | ORI 0 — specify starting values of integdr$\AV | RAD | ORI (normally0 0 0).
34 comment line — no need to change.
35 Ngs = number of scattering matrix elements (mustbe)
36 indicesij of Ng elements of the scattering mati§;
37 comment line — no need to change.
38 ¢ for first scattering plan in, 0s maz, NOW manyd, values;

39,... ¢, for2nd,... scattering plane, ...
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B wxxryyori.avg Files

The filew0Or 00or i . avg contains the results for the first wavelengi®Q) and first target radius
(r 00) averaged over orientationsr(i . avg). Thew0O0r 00ori . avg file generated by the sample

calculation should look like the following:

DDSCAT --- DDSCAT. 6.0 [03.07. 13]

TARGET --- Rectangul ar prism NX NY, NZ= 8 6 4
GPFAFT --- nethod of solution

LATTDR --- prescription for polarizabilies

RCTNGL --- shape

192 = NATO = nunber of dipoles

AEFF= 1. 00000
WAVE= 6. 28319
K* AEFF= 1. 00000

ef fective radius (physical units)
wavel engt h (physical units)
2*pi *aeff /| anbda

n= ( 1.3300 , 0.0100), eps.= ( 1.7688 , 0.0266) |nikd= 0.3716 for subs

TOL= 1. 000E-05 = error tolerance for CCG nethod
| CTHVM= 33 = theta val ues used in conp. of Qsca,g
I PH M= 12 = phi val ues used in conp. of Qsca,g
( 1.00000 0.00000 0.00000) = target axis Al in Target Frane

1

( 0.00000 1.00000 0.00000) target axis A2 in Target Frane
( 0.27942 0.00000 0.00000) k vector (latt. units) in Lab Frane
( 0.00000, 0.00000)( 1.00000, 0.00000)( 0.00000, 0.00000)=inc.pol.vec. 1 in LF
( 0.00000, 0.00000)( O.00000, 0.00000)( 1.00000, 0.00000)=inc.pol.vec. 2 in LF
0. 000 0.000 = beta mn, beta max ; NBETA = 1
0.000 90.000 = theta_mn, theta_nmax; NTHETA= 3
0. 000 0.000 = phi_min, phi_max ; NPH =1

Resul ts averaged over 3 target orientations
and 2 incident polarizations
Qext Qabs sca g(1) =<cos> Qok Qha
JO=1: 1.3296E-01 3.2687E-02 1.0028E-01 2.3451E-01 5.5520E-03 4. 8356E-01
JO=2: 9.0628E-02 2.3972E-02 6. 6655E-02 2.6726E-01 3.4303E-03 4. 1588E-01
mean: 1.1180E-01 2. 8330E-02 8. 3466E-02 2.4758E-01 4.4912E-03 4. 4972E- 01

Qool = 4.2337E-02 dQpha= 6. 7685E- 02
sca*g(1) sca*g(2) sca*g(3) iter nmxiter

JO=1: 2.3516E-02 1.1256E-03 3.2952E-10 3 576

JO=2: 1.7814E-02 2.7678E-03 7.6056E-10 3 576

mean: 2.0665E-02 1.9467E-03 5.4504E-10
** Mieller matrix el ements for selected scattering directions **

theta phi Pol . S 11 S 12 S 21 S 22 S 31
0.0 0.0 0.15320 5.167E-02 7.916E-03 7.916E-03 5.167E-02 8.165E-11
30.0 0.0 0.01117 4.046E-02 4.518E-04 4.518E-04 4.046E-02 7.106E-12
60.0 0.0 0.47184 2.169E-02 -1.023E-02 -1.023E-02 2.169E-02 3.183E-11
90.0 0.0 0.99888 1.193E-02 -1.192E-02 -1.192E-02 1.193E-02 5.394E-12
120.0 0.0 0.48743 1.170E-02 -5.702E-03 -5.702E-03 1.170E-02 -3.811E-11
150.0 0.0 0.06956 1.403E-02 9.758E-04 9.758E-04 1.403E-02 -4.999E-11
180.0 0.0 0.23621 1.411E-02 3.333E-03 3.333E-03 1.411E-02 -1.220E-11
0.0 90.0 0.15320 5.167E-02 -7.916E-03 -7.916E-03 5.167E-02 -7.224E-10
30.0 90.0 0.28550 4.487E-02 -1.281E-02 -1.280E-02 4.486E-02 -5.036E-04
60.0 90.0 0.67857 3.040E-02 -2.063E-02 -2.062E-02 3.039E-02 -7.990E-04
90.0 90.0 0.99926 1.991E-02 -1.991E-02 -1.989E-02 1.989E-02 -7.361E-04
120.0 90.0 0.72285 1.626E-02 -1.176E-02 -1.175E-02 1.625E-02 -4.415E-04
150.0 90.0 0.35833 1.478E-02 -5.295E-03 -5.293E-03 1.478E-02 -1.716E-04
180.0 90.0 0.23621 1.411E-02 -3.333E-03 -3.333E-03 1.411E-02 3.323E-10
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. 565E- 11
. 170E- 11
. 271E-11
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. 570E- 11
. 284E- 11
. 503E- 12
. 865E- 11
. 979E- 05
. 643E- 04
. 827E- 04
. 359E- 04
. 554E- 05
. 245E- 11



C wxxryykzzz sca Files

Thew0Or 00k000. sca file contains the results for the first wavelengtl®0Q), first target radiusr(00),
and first orientation000). ThewOOr 00k000. sca file created by the sample calculation should look
like the following:

DDSCAT - -
TARCET - -
GPFAFT - -
LATTDR - -
RCTNGL - -

192 =

AEFF=
WAVE=
K* AEFF=

DDSCAT. 6. 0 [ 03. 07. 13]

Rectangul ar prisn NX NY,NZ= 8 6 4
nmet hod of solution

prescription for polarizabilies

shape

NATO = nunber of dipoles

1
6.
1

00000 = effective radius (physical units)
28319 = wavel ength (physical units)
00000 = 2*pi *aeff/| anbda

n=( 1.3300, 0.0100), eps.=( 1.7688 , 0.0266) |mkd= 0.3716 for subs. 1
TOL= 1. 000E-05 = error tolerance for CCG nethod
| CTHME 33 = theta val ues used in conp. of Qsca,g
I PHI M= 12 = phi val ues used in conp. of Qsca,g
( 1.00000 0.00000 0.00000) = target axis Al in Target Frame
( 0.00000 1.00000 0.00000) = target axis A2 in Target Frame
( 0.27942 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
BETA = 0.000 = rotation of target around Al
THETA= 0.000 = angl e between Al and k
PH = 0.000 = rotation of Al around k
Qext Qabs sca g(1) =<cos> Qok Qoha
JO=1: 1.1104E-01 3.0279E-02 8.0766E-02 3.5035E-01 1.8580E-03 4.6680E-01
JO=2: 8.6508E-02 2.4413E-02 6.2095E-02 3.6498E-01 1.3620E-03 4. 1968E-01
mean: 9.8776E-02 2. 7346E-02 7. 1430E-02 3.5671E-01 1. 6100E-03 4. 4324E-01
Qol = 2.4537E-02 dQha= 4. 7115E- 02
sca*g(1) sca*g(2) sca*g(3) iter nxiter
JO=1: 2.8296E-02 -5.5908E-10 -1.2161E-09 3 576
JO=2: 2.2663E-02 3.0799E-09 1.4463E-09 3 576
nmean: 2.5480E-02 1.2604E-09 1.1509E-10
** Mieller matrix elements for selected scattering directions **
theta  phi Pol . S 11 S 12 S 21 S 22 S 31 S 41
0.0 0.0 0.10772 8.312E-03 8.954E-04 8.954E-04 8.312E-03 -1.837E-11 5.826E-12
30.0 0.0 0.02296 6.734E-03 -1.546E-04 -1.546E-04 6.734E-03 7.358E-13 9.139E-12
60.0 0.0 0.48383 3.651E-03 -1.766E-03 -1.766E-03 3.651E-03 -5.798E-12 -1.051E-11
90.0 0.0 0.99794 1.764E-03 -1.760E-03 -1.760E-03 1.764E-03 -6.232E-12 7.791E-12
120.0 0.0 0.53222 1.251E-03 -6.658E-04 -6.658E-04 1.251E-03 -1.813E-12 -4.691E- 13
150.0 0.0 0.00167 9.868E-04 -1.644E-06 -1.644E-06 9.868E-04 -5.853E-12 -2.595E-12
180.0 0.0 0.15403 8.430E-04 1.298E-04 1.298E-04 8.430E-04 3.319E-13 -3.020E-12
0.0 90.0 0.10772 8.312E-03 -8.954E-04 -8.954E-04 8.312E-03 -7.445E-11 9.616E-12
30.0 90.0 0.24082 7.141E-03 -1.720E-03 -1.720E-03 7.141E-03 -7.673E-11 -6.021E-12
60.0 90.0 0.64798 4.560E-03 -2.955E-03 -2. 955E-03 4.560E-03 -2.574E-11 3.576E-12
90.0 90.0 0.99942 2.566E-03 -2.565E-03 -2.565E-03 2.566E-03 -5.111E-12 -5. 125E-12
120.0 90.0 0.68918 1.631E-03 -1.124E-03 -1.124E-03 1.631E-03 8.146E-12 -8.819E-13
150.0 90.0 0.28491 1.065E-03 -3.034E-04 -3.034E-04 1.065E-03 9.598E-12 1.278E-12
180.0 90.0 0.15403 8.430E-04 -1.298E-04 -1.298E-04 8.430E-04 7.621E-12 -1.666E-12
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