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1 Purpose

MSTM is a FORTRAN-90 code for calculating monochromatic electromagnetic scattering properties of multiple
spherical domains. The algorithm applies the multiple sphere T matrix method, and the results can be
considered exact to the truncation error of the vector spherical wave function (VSWF) expansions used to
represent the fields. The code can

e calculate the cross sections, asymmetry parameters, and far—field scattering matrix elements for both
fixed and random orientations with respect to the incident wave,

e be applied to arbitrary configurations of spheres located internally or externally to other spheres, the
only restriction being that the surfaces of the spheres do not overlap,

e incorporate optically active refractive indices for all sphere materials,
e model both plane wave and Gaussian profile incident beams,

e include the presence of multiple plane boundaries that separate regions having different refractive
index,

e have the spheres arranged in 2-D periodic lattice configurations in the lateral plane, and

e generate maps of the electric field distributions along any arbitrary plane and including points both
within and external to the spheres.

The code incorporates message passing interface (MPI) commands to implement execution on distributed
memory, multiple processor compute clusters.
The mathematical formulation is presented in [1, 2, 3, 4, 5, 6].

2 System configuration

All quantities used in the code are implicitly dimensionless. Lengths are scaled using the free space wavenum-
ber kg = 2w/ A, with Ag denoting the free space wavelength of the exciting incident wave and electric field
amplitude is relative to the amplitude of the exciting wave. A time harmonic factor of exp(—iwt) is adopted.

The system consists of Ng spherical surfaces, with each characterized by a dimensionless radius a’, a
left-right pair of complex refractive indices m* = (m%, m%) for the medium contacting the inside surface
of the sphere, and a dimensionless position vector r’ = (z°,y%, 2°) that denotes the origin of the spherical
surface relative to a common origin, for ¢ = 1,2,... Ng. There is no restriction placed on the location of the
sphere origins, with the sole exception that the surfaces of any two spheres cannot overlap. In other words,
there can only be one value of m; for each surface i.

The system within which the spheres are embedded consists of Ng+1 regions (or layers) separated by Np
parallel plane boundaries with surface normals in the z direction. The first boundary is fixed at z = Z; = 0,
and the remainder located at z = Zy, Zs,...Zn,, with all Zp > 0. The media below z = 0 is denoted as
layer ¢ = 0, that between z = 0 and Z, as layer £ = 1, and so on. Layers 0 and Np are half spaces extending
to - and + oco. The material within each layer is isotropic and characterized by a complex refractive index
mg,£ = 0, 1...Np. Spherical surfaces that have exterior surfaces in contact with the external layers are
referred to as exterior spheres, and Ng g denotes the number of exterior spheres: 1 < Ng g < Ng. Each of
the exterior spheres will reside entirely within a single layer: they cannot cross the layer boundaries.



The system of Ng spheres form a unit cell, and this unit cell may be repeated in the z,y plane to +o0,
with period W, W,, to form a 2-D periodic lattice structure. For such conditions it is implied that the
sphere system can be repeated periodically, with the given period W, W,,, without overlap of the spheres.
For example, a single sphere system must have W,, W, both greater that 2a.

The system can be excited by either a plane wave or a Gaussian beam. The incident direction of the
beam can specified, via a polar 8 and azimuth « angle, or — for Ng = 0 — the code can perform a calculation
of the random orientation properties of the sphere system.

3 Structure, compilation, and execution of the code
The code is organized into the following four components:

mstm.f90: Contains the main body of the code.

mpidefs-parallel.f90: A module which defines the MPI commands appearing in the mstm-modules.£90
and mstm-main.f90 code blocks for use on multiprocessor platforms.

mpidefs-serial.f90: A module which defines MPI commands for use on single processor (serial) plat-
forms.

mstm-intrinsics.f90: Compiler—specific (non—standard Fortran) functions for command-line argument
retrieval and system time operations. The users must modify this module to suit their specific compiler.

The actual file names included in the distribution may also include the version identifier, which will appear
as mstm-v4.0.£90, etc. The version identifier will be omitted in the following discussion.
Compilation of the code using the GNU gfortran on a MS-Windows machine in serial mode would involve

gfortran -o mstm.exe mstm-intrinsics.f90 mpidefs-serial.f90 mstm.£f90

This places the executable in the file mstm.exe. Compilation using the MPICH2 package for execution on a
parallel machine would use

mpif90 -I/opt/mpich2-1.2.1pl1/include -g -o mstm.out
mstm-intrinsics.f90 mpidefs-parallel.f90
mstm.£90

and would put the executable in mstm. out.

Other compilers follow the same basic plan. It is important to compile the module files in the order they
are given. And please remember that the mstm-intrinsics.f90 must be modified to match the command—
line recognition and retrieval intrinsic functions of the compiler. The distribution has the intrinsics set up
for gfortran.

Properties of the sphere cluster and calculation variables and options are passed to the code during
execution by use of an input file. An input file can be designated by a command line argument; on a serial
machine, with the executable named mstm.exe and an input file named mstm-01.inp, the command to
execute the code would appear as

mstm mstm-01.inp



On a parallel machine the execution command will appear in the shell script used to submit the job.
On my windows machine I use ms-mpi with gfortran; installation and creation of the MPI library files is
described in https://abhila.sh/writing/3/mpi_instructions.html. You might need to disable some of
the gfortran error detection settings regarding subroutine arguments; such was my experience. Launching
the code to run on 8 cores would involve

mpiexec -n 8 mstm mstm-01.inp

For optimum performance in parallel operation: the code should be run on some multiple of 4 processors,
ie., 4,812,...

The input file must be in the same directory as the executable. The default input file is mstm. inp; this
file must be present if no command line argument is given.

4  Quick input file guide

For those of you who want to cut to the chase, this section offers the basics of input file structure and a
selection of input file examples for the most common types of calculations.

4.1 Input file structure

The input file primarily consists of paired lines; the first line of a pair representing a parameter ID, and the
second representing the value or option for that parameter. Order of the option pairs in important only for
situations in which conflicting options are chosen; in this case, the last option pair appearing in the input
file will be the one in effect. If a pair corresponding to a particular parameter is not present, the code will
use the default value.

An example of an input file, showing the first few input parameters, is shown below.

number_spheres

100
sphere_data_input_file
ranl00.pos

output_file

test.dat
length_scale_factor
2.d0
ref_index_scale_factor
(1.6d0,0.01d0)
mie_epsilon

1.d4-3
random_orientation
.true.

end_of_options

Note that the parameter ID, i.e., number_spheres or output_file, must appear as written in the manual.
Values appearing following the parameter id can be integers, floating point, complex floating point using the


https://abhila.sh/writing/3/mpi_instructions.html
mstm.inp

convention (real, imag), i.e., (1.6,0.01), logical using t or f or .true. or .false., or character (no enclosing
quotes).

The MSTM code has many input file options and parameters. Most of you will never need 90% of them.
A comprehensive list of the options is given in Sec. (5). The examples given below deal with the most
common calculation scenarios. You should, however, first read Sec. (5.1) for a description of how the sphere
positions and properties are specified.

4.2 Calculation of random orientation properties of sphere clusters

Random orientation calculations only make sense for systems without plane boundaries and without peri-
odicity. The following calculates the random orientation properties of an aggregate of 100 spheres using the
analytical T matrix orientation averaging algorithm [1]. The positions are given in frac_agg.pos in the
3-column format, which assumes unit sphere radii. The calculations set the dimensionless sphere radius to
0.5 and the refractive index to 1.6 +0.1i.

output_file
example-1.dat
print_sphere_data

f

number_spheres

100
sphere_data_input_file
frac_agg.pos
random_orientation

t

length_scale_factor
0.5d0
ref_index_scale_factor
(1.6d0,.1d0)
calculate_scattering_matrix
t
scattering_map_increment
1.d40

end_of_options

The option scattering_map_increment sets the angular intervals at which the scattering matrix is printed,
in this case 1 degree (which is the default).

Sometimes it works faster to perform the orientation averaging via a monte carlo integration over incident
directions. This is accomplished by replacing

output_file
example-1.dat
random_orientation
t

with



output_£file

example-la.dat
incidence_average

t
number_incident_directions
100

The output will now correspond to the average over number_incident_directions randomly—sampled in-
cident directions; adjust this number accordingly based on the convergence of the averages.

4.3 Fixed orientation calculations
The following sets up a calculation for a sphere—within—a—sphere system exposed to an incident plane wave

output_£file

example-2.dat

number_spheres

2

sphere_data

0.d0,0.d0,0.d0,20.40, (1.54d0,0.d0)
0.d0,0.d0,19.d0,1.d0, (.15d0,3.d0)
end_of_sphere_data
print_sphere_data

t

incident_beta_deg

30.d0

incident_alpha_deg

0.d0

length_scale_factor

1.d0
calculate_scattering_matrix
t

incident_frame

t

scattering_map_model

0
scattering_map_increment
1.d40

end_of_options

Note that the inner sphere (with properties characteristic of gold) is positioned against the inside surface of
the outer sphere (glass). incident_beta_deg and incident_alpha_deg are the incident polar and azimuth
angles.

The logical option incident_frame, when true, makes the scattering matrix correspond to the usual
scattering angle definition, so that the scattering matrix at 6 = 0 corresponds to the incident direction, and
0 = B, ¢ = 180° would point in the z direction in the sphere coordinate system. Making this option false



would define the scattering matrix with respect to the sphere coordinate system, so that 8 = 0 would point
in the z direction, and 8 = 8, ¢ = a would point in the incident direction.

The scattering matrix for a fixed incidence will, in general, be a function of the polar § and azimuth
¢ angles. The option scattering_map_model=0 prints the scattering matrix at discrete values of 6 over
a circle. The plane of the circle (which sets ¢) contains the z axis and the incident direction (when both
are the same, the  — z plane is used). Setting scattering_map_model=1 will print the full 2-D scattering
matrix as a pair of 2-D arrays in k; = sinf cos ¢, k, = sinfsin ¢, for forward and backwards directions (
6 <,> 90). Both k; and k, run from —1 to 1, and the number of points in each direction is set by the
integer parameter scattering_map_dimension.

4.4 Plane boundaries

A two—component film (or layer) is now added to the previous system.

output_£file

example-3.dat

number_spheres

2

sphere_data

0.d0,0.d0,-20.40,20.d0, (1.54d0,0.d0)
0.d0,0.d0,-1.d0,1.4d0, (.15d0,3.d0)
end_of_sphere_data
number_plane_boundaries

3
layer_thickness
1.40,10.40

layer_ref_index
(1.d40,0.40),(1.8,0.d0),(1.54,0.40),(1.40,0.d0)
print_sphere_data

t

incident_beta_deg

30.d0

incident_alpha_deg

0.d0

incident_frame

f

length_scale_factor

1.d40
calculate_scattering _matrix
t

scattering_map_model

0
scattering_map_increment
1.d40

end_of_options



Observe that the first plane boundary is located, by definition, at z = 0, and the z positions of the spheres
have to accommodate this convention: the large sphere, with radius 20 and z position -20, is touching the
lower surface of the first boundary. No part of a sphere may cross a plane boundary; it is up to the user to
get this correct. The option incident_frame is set to .false., indicating that the scattering matrix polar
angle 6 will be relative to the z axis of the system; this is more appropriate as the plane boundary imposes
a real (as opposed to virtual) reference frame on the system.

The following lines would model a unit radius bubble centered in a glass layer of thickness 2:

number_spheres

1

sphere_data
0.d0,0.d0,1.d0,1.d0,(1.d0,0.d0)
end_of_sphere_data
number_plane_boundaries

2

layer_thickness

2.4d0

layer_ref_index

(1.d0,0.4d0), (1.54,0.40), (1.40,0.d0)

Note that the ”sphere” has a unit refractive index, i.e. that of air. It is enclosed in the glass (ref. index
=1.54) layer.

4.5 Periodic systems

Periodic systems are completely compatible with plane boundary systems. A 2-D periodic array of the
bubbles-in-glass would be specified by

number_spheres

1

sphere_data
0.40,0.d0,1.d40,1.d0,(1.d0,0.d0)
end_of_sphere_data
number_plane_boundaries

2

layer_thickness

2.d0

layer_ref_index
(1.d0,0.40),(1.54,0.4d0),(1.d0,0.d0)
periodic_lattice

t

cell_width

3.d0,3.d0

The minimum cell width for this case would be 2, i.e., twice the sphere radius.

A close—packed plane layer of glass spheres, in contact with a glass half-space, would be specified by



number_spheres

2

sphere_data

-1.40,0.d0,-1.d0,1.d0, (1.54d0,0.40)
0.d0,1.73205d0,-1.40,1.d0, (1.54d0,0.40)
end_of_sphere_data
number_plane_boundaries

1

layer_ref_index
(1.40,0.d0),(1.54,0.4d0)
periodic_lattice

t

cell_width

2.d0,3.4641d0

Note that the y position of the 2nd sphere is v/3, and the unit cell has dimensions (2,2v/3).

The output file for the periodic system will include the reflectance, absorptance, and transmittance of the
lattice, with all three adding up to unity. The scattering matrix for periodic systems, when calculated, will
be listed at the discrete reciprocal lattice directions corresponding to the lattice cell width and the incident
plane wave direction.

4.6 Multiple and looped calculations using a single input file

Results for different incident directions can be obtained simply by running a new job with the changed input
file. Alternatively, the following commands can replace end_of_options in the above:

new_run
incident_beta_deg
40.d0
length_scale_factor
2.d0

end_of_options

This runs the same job over again, with all parameters the same except incident beta of 40 degrees and a
length scale factor of 2. You can add as many new_run statements as you like, and output is appended to
the output file unless a new output_file is listed the following the new_run. The last statement in the
input file must always be end_of_options/

You can also make the calculations perform in loops. For example:

output_£file

example-5.dat

number_spheres

2

sphere_data

0.40,0.d0,0.d0,20.40, (1.54d0,0.d0)
0.d0,0.d0,19.d0,1.d0, (.15d0,3.d0)
end_of_sphere_data
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print_sphere_data

t
incident_alpha_deg
0.d0
length_scale_factor
1.d40
calculate_scattering_matrix
£

loop_variable
incident_beta_deg
0.40,180.d0,2.d0
end_of_options

The option loop_variable makes the parameter following it (incident_beta_deg) run from a starting
value (0.d0) to an ending value (180.d0) in a specified increment (2.d0). Each calculation result would be
appended to the output file. These 3-line commands can be stacked (up to 3 levels) to make nested loops:
the first and last loop_variable specifiers will correspond to the the outermost and innermost loops.

4.7 Using the accelerated solution algorithm for large—scale clusters

The code can implement a FFT-based discrete Fourier convolution procedure for calculation of the exciting
field at each external sphere. Under ideal circumstances, this will change the order—N2 operation count for
exciting field calculation to Ngln Ng scaling, and can accelerate the iterative solution times by a factor of
100 or more. This option will only work for 1) no plane boundaries, and 2) non-periodic. It is best for
clusters of spheres that have relatively uniform sphere concentration within the volume in which they are
contained. The following input file performs two calculation runs on a configuration of 1000 monodisperse
spheres randomly distributed in a cylindrical volume of radius=thickness =20 sphere radii: the first run
uses the fft option, and the second turns if off (reverting to the default, conventional solution method). This
example uses all default options for the fft convolution algorithm; consult Sec. (5.3) for a listing of parameters
for controlling the algorithm.

output_file
example-6.dat
number_spheres

1000
sphere_data_input_file
random_in_cylinder_1000.pos
print_sphere_data

f

random_orientation

f

incident_beta_deg

0.d0
incident_alpha_deg
0.d0
length_scale_factor
1.d40
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ref_index_scale_factor
(1.6d0,.0123d0)
calculate_scattering_matrix
f

fft_translation_option

t

new_run
fft_translation_option

f

end_of_options

4.8 Calculation of particle layer reflectance and absorptance

The code has built—in routines to generate random configurations of polydisperse spheres contained within
rectangular, cylindrical, or spherical volumes at specified particle volume fractions. It can use these fea-
tures to compute diffuse scattering characteristics, particle layer reflectance and absorptance, and effective
medium extinction coefficient and albedo via averaging of solutions over multiply-sampled configurations.
The following input file calculates the reflectance and absorptance of a layer of unit-radius monodisperse
spheres as a function of the sphere volume fraction. The layer is 20 sphere radii thick and incidence is
normal. This is the input file used to generate Fig. 3 in [6].

output_file
mstm-2021-fig3a.dat
print_sphere_data

f
random_configuration
t

target_shape

0

target_width

30

target_thickness

10
length_scale_factor
1.40
ref_index_scale_factor
(1.6d0,0.0123d0)
configuration_average
t
number_configurations
200

reflection_model

t

incident_beta_deg
0.d0
incident_alpha_deg
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0.d0
calculate_scattering_matrix
£
single_origin_expansion
t

azimuthal_average

f
calculate_up_down_scattering
t

incident_frame

f
fft_translation_option
t
sphere_volume_fraction
0.01

new_run
number_configurations
100

loop_variable
sphere_volume_fraction
0.05,0.35,.05
end_of_options

5 Comprehensive input file options

5.1 Options related to system specification

number_spheres: Ng, the number of spheres in the cluster.

sphere_data_input_file: File name containing the sphere position, radius, and refractive index data.
The position file should have at least Ng lines, and the code will only read the first Ng lines of the
file. Each line must have either 3, 4, 5, or 6 columns with delimiters of a comma, one or more spaces,
or a tab. The first four columns correspond to the X, Y, Z positions and the radius (note that the
order has been switched from the previous version) of the i*" sphere in the list. Units are arbitrary
yet must be consistent for radius and position. If 3 columns are present the radii of all spheres are
set equal to length_scale_factor. If 4 columns are present, the refractive index of all spheres is
equal to ref _index_scale_factor. A single complex number in the 5th column specifies the isotropic
refractive index of the particular sphere, and complex number in the 5th and 6th columns indicate an
optically active material and correspond to the left and right complex refractive indices of the material.

length_scale_factor: The radii and positions obtained from the position file are multiplied by this factor,
so that the size parameter of the i** sphere is the scale factor times the radius appearing in the position
file. If your position file contains dimensional sphere radii and positions (say in pm), then the scale
factor will be 27/, where A is the vacuum wavelength in pm. Default is 1. This number will also
scale the positions of the plane boundaries and periodic cell widths, if present.
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ref_index_scale_factor: Complex number, multiplies the sphere refractive index value from the position
file. If refractive index values are explicitly given in the position file, then set this parameter to 1. If
refractive index values do not appear in the position file, then the scale factor becomes the refractive
index value for all spheres (1.,0.).

x_shift, y_shift, z_shift: Shift factors for sphere positions: see below.

shifted_sphere: Integer, specifies which sphere will have = position shifted by x_shift*length_scale_factor,
and likewise for y and z positions. If shifted_sphere=0 all spheres are shifted. These options are
typically used with loop_variable = x_shift to run looped calculations over a changing sphere
position.

number_plane_boundaries: The number of plane boundaries Np (0). The maximum Np allowed by the
code is 10. This number can be increased by changing a parameter statement in the surface_subroutines
module in mstm-modules.f90. The code is primarily designed and tested for Ng < 2 ~ 3.

layer_thickness: A list of Np — 1 numbers, all on the same line, giving the thickness of the 1st, 2nd,. ..
layers. These number are multiplied by length_scale_factor to give the actual thicknesses used in
the calculations. A single boundary (Np = 1) implies two infinitely-thick half spaces.

layer_ref_index: A list of Ng+1 complex numbers giving the refractive index values of layers 0, 1,... Np.
Not scaled by the refractive index scaling factor. Default is (1.,0.).

periodic_lattice: Logical: whether or not the sphere system is 2-D periodic in the z—y plane. (.false.).

cell_width: List of one or two numbers (on the same line), giving the  and y periods for periodic systems,
i.e., the unit cell dimensions. When only one number appears the cell is assumed square. It is multiplied
by length_scale_factor to give the actual cell widths used in the calculations. The dimensions of the
unit cell must be sufficient so that overlap of the spheres does not occur at the periodically-repeated
cell boundaries.

gaussian_beam_constant: Dimensionless inverse width Cp, at the focal point, of an incident Gaussian
profile beam. Setting Cp = 0 selects plane wave incidence. The localized approximation used to
represent the Gaussian beam is accurate for Cp < 0.2. Default is the plane wave condition (=0.0).
This number is not scaled by the length scaled factor. Note that Gaussian beam options apply to both
fixed orientation and random orientation calculations. Not compatible with periodic lattice model.

gaussian_beam_focal_point: X,Y, and Z coordinates of the focal point of the Gaussian beam, relative to
the origin and scaling in the sphere position file (i.e., before length_scale_factor has been applied).
(0.0,0.0,0.0).

Sphere data can be imbedded within the input file by use of the sphere_data and end_of_sphere_data
commands. For example,

number_spheres

2

sphere_data
0.d0,0.d0,0.d0,1.d0,(1.5d0,0.4d0)
0.d0,0.d0,2.d0,1.d0, (1.5d0,0.d0)
end_of_sphere_data

sets up a pair of contacting spheres aligned on the z axis.
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5.2 Options related to numerical solution

mie_epsilon: Convergence criterion for determining the truncation degree for the wave function expansions
for each sphere (107°). Setting mie_epsilon to a negative integer —L forces all sphere expansions to
be truncated at the Lth degree.

solution_epsilon: Error criterion for the biconjugate gradient iterative solver (107°).

max_iterations: The maximum number of iterations attempted to reach a solution. The code will send a
message if the maximum number of iterations is exceeded (2000).

translation_epsilon: Error criterion for determining truncation degree when expanding fields about a
common origin, and for estimating the maximum order of the T" matrix for the cluster. This is relevant
to random orientation calculations, and fixed orientation calculations when single_origin_expansion
=.true. (107°).

max_t_matrix_order: The maximum truncation degree of the T matrix and/or the common origin VSWF
expansion for the scattered field. This is needed to mostly to keep the code from crashing your computer
due to memory allocation limits. Some of the algorithms can also run into overflow/underflow issues
when the truncation degrees exceed 120 or so; it depends on your compiler (120).

t_matrix_convergence_epsilon: Convergence criterion for 7' matrix solution. Calculation is termi-
nated when relative change in extinction cross section from one degree to the next is less than
t_matrix_convergence_epsilon (107°).

One should always check to see if the properties calculated by the code are altered by smaller epsilon
values.

5.3 Options for the accelerated sphere interaction algorithm

For single-medium (Np = 0), non—periodic systems, the code can use a FFT-based algorithm to compute
the secondary exciting field at each sphere [6]. This algorithm can shorten the solution time by a factor of
100 or greater when Ng is large. Options are

fft_translation_option: Logical, enables the accelerated algorithm (.false.).

min_fft_nsphere: Integer, the minimum value of Ng at which the accelerated algorithm will turn on when
fft_translation_option=.true. (200).

cell_volume_fraction: This determines the grid size d of the cubic lattice used in the algorithm. The

formula is
. Ve \3
N CNS,ea:t

where Vg is the dimensionless total volume of the external spheres and ¢ =cell_volume_fraction.
The optimum value is usually where the total number of nodes is close to the total number of external
spheres Ng ¢q¢. Setting cell_volume_fraction=0 will automate the setting of d using an estimate of
the sphere volume fraction (0).

node_order: Integer, the truncation degree for the node—based expansions of the scattered field. Set
node_order = —L, where L is a positive integer, will set the node order to ceiling(d) + L. (-1).
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5.4 Options related to output files
output_file: File name for file to which final calculation results are written (test.dat).

append_output_file: Logical. If output_file exists, then if append_output_file is false the file is
overwritten, and if true the output is appended to the file. If output_file does not exist a new file is
created for either case (.false.).

run_file: File name for file to which intermediate output results are written. If blank, results are written
to standard output (the screen). Default is blank.

print_sphere_data: Logical, when true, individual sphere properties (both input and calculated) are
written to the output file; false: only the total properties of the target are output. .true..

5.5 Random orientation options

The code offers analytical and numerical methods for calculating the orientation—averaged cross sections and
scattering matrix. The analytical method is exact (to the truncation error of the expansions), but can also
be time consuming, especially for large systems. The numerical method uses a Monte Carlo integration over
incident directions and should be used when only two or three digits of precision are needed.

random_orientation: logical: .true. for random orientation results via the analytical 7" matrix scheme.
Not compatible with plane boundary or periodic lattice models. Default: .false.

incidence_average: logical: .true. for random orientation results via the Monte Carlo numerical scheme.
Be sure to set random_orientation to .false..

number_incident_directions: Number of incident directions to sample for Monte Carlo integration (100).

5.6 Options related to scattering matrix output

For fixed orientation calculations the 4x4 real-valued Stokes scattering matrix will, in general, exist in the
2-D space representing points on the surface of a sphere. The random orientation scattering matrix, on the
other hand, will depend solely on a polar scattering angle defined relative to the incident direction.

calculate_scattering_matrix: logical, whether or not to calculate the scattering matrix. (.true.).

incident_frame: Logical. This selects the reference coordinate frame upon which the scattering angles
are based. When true, the frame is based on the incident field so that § = 0 is the forward scattering
direction (i.e., the direction of incident field propagation) and 6 = (8, ¢ = 180 is the target z axis
direction. When false, the frame is based on the target frame, so that § = 0 corresponds to the target
z axis and @ = 8, ¢ = « is the incident field direction .false.. Random orientation calculations set
this to true.

scattering_map_model: Integer, =0 will have the scattering matrix printed at a range of polar angles
(0), with angular increment given in degrees by scattering map_increment. The scattering plane
coincides with the incident azimuth plane. The limits on 8 depend on the number of plane boundaries
Np. scattering map_model= 1 will print the scattering matrix in a pair (cosf > 0,< 0) of 2D
arrays, with coordinates k, = sinf cos ¢, k, = sinfsin¢. The number of points on each axis is given
by scattering_map_dimension. Default is 0, and random orientation calculations set to 0.
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scattering_map_increment: Scattering matrix is written at scattering angles from 0 to 180 degrees at
increments of scattering_map_increment. Relevant for scattering_map_model=0 and/or random
orientation.

5.7 Options for fixed orientation calculations

incident_alpha_deg: The azimuth angle « of the incident field propagation direction, relative to the
sphere cluster coordinate system, in degrees (0.0).

incident_beta_deg: Polar angle 8 for propagation direction, degrees (0.0).

incident_sin_beta: A more generalized specification of the incident field state. Can be > 1, corresponding
to evanescent field incident excitation. This is used to specify an incident field corresponding to a slab
waveguide mode for systems containing two or more plane boundaries.

azimuthal_average: Logical, when = true the scattering matrix values are analytically averaged over
azimuthal (i.e., scattering plane) angle. When this is in effect the output scattering matrix values will
be listed as a function of 8 only, similar to that for random orientation. I developed this option for a
very specialized purpose, involving the direct simulation of reflection from a modeled particle deposit
when incidence is normal. Default is false.

single_origin_expansion: Logical, when = true, the scattering matrix is calculated using a single VSWF
expansion for the scattered electric field, centered about the origin of the sphere system. When = false,
the scattered electric field (and scattering matrix) is calculated using superposition of fields scattered
from each external sphere. This is a post-processing option, and does not affect the solution for the
sphere-based scattered field coefficients. This option must be on when azimuthal_average=.true..
Generally, it works best for situations involving relatively dense, large-Ng clusters of spheres. It is
not advised for situations in which Ng is relatively small yet the circumscribing radius is large (say
> 100) — such as a fractal aggregate. Default is .true.. Turn off if you see the code hanging during
post-processing, or if the T" matrix order is hitting its maximum value.

5.8 Near field calculations

The code can calculate electric and magnetic vector field values at points internal or external to the spheres,
and in systems having periodicity and plane boundaries. The algorithm is optimized to make efficient the
calculation of values in a regular 1-D, 2-D, or 3-D grid. This option requires random_orientation=.false..

calculate_near_field: Logical. Enables calculation of electric and magnetic vector amplitude values in
a specified rectangular solid region of space.

near_field_minimum_border: Z,,in, Ymin, Zmin Of the rectangular region.

near_field_maximum_border: Tz, Ymaz, Zmaz Of the rectangular region. Setting Z,,in = Timas Will make
the region 2D in the y — z plane, and likewise for the other directions. These numbers are not modified
by length_scale_factor.

near_field_step_size: Spatial increment between near field calculation points.
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near_field_calculation_model: Integer, controls where the incident field appears in the calculation
results; =1 is the standard model, where the external field is = scattered + incident and the field
inside the spheres is calculated from the internal field expansions; # 1 has the external field due solely
to the scattered field, and the field inside the particles is now internal-incident (1).

store_surface_vector: logical, = .true. enables an accelerated algorithm for calculation of field values.
Should be .true. unless you are doubtful about the field values being calculated using this option,
and want to compare them to those calculated using the direct, non—accelerated algorithm (which is
slow!). The next two options are relevant when store_surface_vector= .true. .

near_field_expansion_spacing: the size of the grid used for re-expansion of fields resulting from plane
boundary and periodic lattice interactions. Default is 5.0. Experiment with this if your calculations
are taking too long.

near_field_expansion_order: the expansion truncation order used for the grid re—expansion of the sec-
ondary field, per the above option. Should scale with near_field_expansion_spacing following a
Mie—type criteria. The bigger the value, the more accurate the results, but the slower the calculations
and the greater the memory demands (10).

near_field_output_file: Character. Near field output file name. The first line of the file contains the
text “run number”, the second line is an integer corresponding to the run number. The 3rd line
is an integer N;s: the number of spheres intersecting the rectangular plot region, and the next N;,
lines contain the x,y, z and radius a of the intersecting spheres. The next line is N;: the number
of plane boundaries intersecting with the plot region, followed by N;s lines containing the z position
of the boundary (the first z will always be zero, per the convention used in the code). The next two
lines have near_field_minimum_border and near_field_maximum_border, followed by a line with
Nz, Ny, N.: the number of grid points in the z,y, z directions. The total points are N = N, N,N,.
The next N lines have 27 columns associated with each calculation point: z,y,z, E,H|, EL,H];
each vector field has 6 columns: Re E,, Im E;, Re E,, and so on, and ||, L correspond to the parallel
and perpendicular incident polarization states. The whole slew of numbers is repeated for each new
run.

5.9 Options for random configuration generation and calculation of layer prop-
erties

The code contains subroutines for automatically generating random configurations (radii and positions) of
homogeneous spheres within target volumes of rectangular, cylindrical, or spherical shape. This utility can
be used to calculate the spectral reflectance and absorptance of relatively thin particle layers, and to estimate
the extinction and absorption coefficients of high—concentration particulate media.

5.9.1 Random configuration details and options

The random configuration subroutines work with spheres that have a volume—mean radius of unity; radii
and positions generated by the subroutines are multiplied by length_scale_factor for use in the multiple
sphere scattering solution. A log-normal distribution is used to model the particle size distribution:

1 (302 + 21n(a))2]

P(a) = exp [
oay 2T

(1)

8o2
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with ¢ denoting the distribution standard deviation. The radius normalization has

/OO a*P(a)da =1 (2)
0

The target volumes can be rectangular, cylindrical, or spherical. The flat boundaries of the target (all 6
for rectangular, 2 for cylindrical, and none for spherical) can have periodic boundary conditions. A sphere
cut by a periodic boundary will have the fraction of its volume that lies outside the boundary appearing
virtually inside the opposite boundary. Boundaries that are not periodic are hard (i.e., impenetrable).

The configuration algorithm simulates Brownian motion among hard spheres. The spheres are initially
placed in the target volume using random position sampling + acceptance/rejection (for volume fractions
< 0.4) or on a hexagonal close-packed lattice for higher volume fractions. The spheres are then assigned
random trajectories with a constant speed of 1 average sphere radius/time unit, and the equations of motion
for the spheres are integrated in time. Collisions among spheres and with hard boundaries are treated
elastically.

random_configuration: Logical switch to enable automatic generation of sphere configurations.
target_shape: Integer, 0,1,2 specify rectangular, cylindrical, and spherical target shapes.

target_dimensions: Real, length-3 array L., Ly, L. specifying target dimensions. For target_shape=0,
Ly, Ly, L, are the half-widths of the rectangular solid. For target_shape=1, L, is the radius and
L, the half-thickness of the cylinder. For target_shape=2, L, is the sphere radius. These numbers
are multiplied by length_scale_factor to get the actual target dimensions used in the scattering
computations.

target_width: Real. For target_shape=0, L, = Ly=target_width. Otherwise = radius of cylinder or
sphere.

target_thickness: Real, = L, for rectangular and cylindrical targets.

psd_sigma: Real, dimensionless standard deviation of the log—normal PSD function used to sample sphere
radii. Zero for a monodispersion (default). Typical values for pigment particles would be 0.1 - 0.2.

sphere_volume_fraction: Real. If this appears in the input file after number_spheres, or if number_spheres
is absent, the number of spheres in the configuration is generated automatically using the target volume
and sphere_volume_fraction. The maximum safe value is around 0.4-0.5, depending on the target
shape and dimensions. The algorithm can hang if the volume fraction is too high.

periodic_bc: length-3 logical array, specifying whether the x,y, z boundaries of the target are hard or
periodic. The convention with respect to the three variables is the same as that for target_dimensions.
Furthermore, only flat boundaries can be periodic, so only p, is relevant for cylinders. A sphere
displaced across a periodic boundary will appear on the opposite side once the center of the sphere
crosses the boundary. On the other hand, a sphere can only get to within its radius of a hard boundary.

max_diffusion_simulation_time: Real. The integration of equations of motion for the spheres will stop
after max_diffusion_simulation_time time units (if some other criterion does not stop it first), which
is equivalent to the displacement of the spheres in units of average sphere radius. 5 is the default.
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max_collisions_per_sphere:: Real. The time integration will stop when the average number of collisions
(with other spheres or with boundaries) per sphere exceeds this number. 3 is default.

max_diffusion_cpu_time: Real. The time integration will stop when the wall time, in sec, spent perform-
ing the integration exceeds this number. This is included to keep the process from hanging. 100 is the
default.

print_random_configuration: Logical, whether or not to print the generated random configuration to a
file. Format is x, v, z, and radius for each sphere, all multiplied by the length scale factor.

random_configuration_output_file: The file to which the configuration is written.

5.9.2 Configuration averaging

The random configurations can be used for individual fixed or random orientation calculations. The code can
also perform configuration averaging calculations, which involves generating solutions for multiple, randomly—
sampled configurations and collecting statistics from the solutions. The quantities which can be calculated
using this feature are

e The diffuse scattering matrix. The diffuse scattering matrix is defined as the configuration—averaged
scattering matrix minus the scattering matrix calculated from the configuration—averaged scattered
electric field; this latter quantity is often referred to as the coherent field.

e The directional-hemispherical reflectance, and the hemispherical absorptance, of particle layers. This
would use a rectangular target with width at least 2 or 3 times greater than thickness. The reflectance
is obtained by integration of the diffuse scattered intensity over the backwards hemisphere.

e The effective extinction and absorption coefficients. This would again use a rectangular (or cylindrical)
target with the characteristics described above. I am currently preparing a paper that describes how
this is done. The code will report, in the output file, the dimensionless coefficients and the ratio of the
coefficients to those obtained from independent scattering (i.e., Mie theory + radiative transfer).

When using MPI, configuration averaging calculations should be run on some multiple of 4 processors for
optimum performance (i.e., 4,8,12,...).

configuration_average: Logical switch to enable configuration averaging of radiative properties over
multiply sampled random configurations.

number_configurations: Integer, number of configurations to used in average.
reflection_model: Logical switch to set up calculation of configuration averaged reflection, absorption of

particle layers.

5.10 Options for multiple runs, looping over parameters, and input termination

end_of_options: Stops reading input data, performs calculations, and terminates program. The last read
line in every input file needs to be this.
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new_run: signals the code to run a new job once the job, specified by the options appearing before new_run,
is completed. Options that are to be changed from the previous run should appear after new_run, and
all other options will be held at the same values from the previous run. The output from the new
job will be appended to the output and near field files unless new file names are given as part of the
new run options. There is no limit on the number of new_run statements, but the last job needs to be
followed with end_of_options.

loop_variable: Performs looped calculations. The format is

loop_variable
looped_parameter_ID
parameter_start parameter_end parameter_increment

The option looped_parameter_ID corresponds to a parameter ID for a numerical characteristic of the
run, such as incident_beta_deg or length_scale_factor. The next line contains the numerical
starting values, ending values, and increment for the parameter. These loops can be nested up to three
deep. They can be followed with a new_run or end_of_options.

6 Output file

Quantities appearing in the output file that need some explanation are

1/3
volume cluster radius = Ry = (Z a?)

ext
1/2

1
area mean sphere radius = Ry = N E a?
[S1 2—

cross section radius : the dimensionless radius used to define aggregate efficiency factors; dimen-
sionless cross sections would be C' = maZ,Q, dimensional cross sections = dimensionless/(27/Xg)?. For plane
wave incidence or random orientation calculations, the cross section radius is the volume mean radius of the
cluster, defined by 47Ta%, /3 = Veus. For Gaussian beam incidence a.s =1/gaussian_beam_constant/ V2,
and for periodic lattices ma2, = W, W,.

absorption, volume absorption efficiencies : These appear when write_sphere_data=.true..
The first is the standard absorption efficiency for the sphere surface and measures all absorption within the
surface. The second subtracts out absorption due to spheres internal to the surface, and includes only the
absorption associated with the inside material of the surface.

For simple systems (no plane boundaries, not periodic) the efficiency factors for parallel, perpendicular,
and unpolarized incident waves are listed. Systems with plane boundaries will include the extinction and
scattering efficiencies in the forward and backwards directions. Periodic systems (with or without plane
boundaries) will report the reflection, absorption, and transmission of the lattice, as opposed to the efficiency
factors.

The S11 element is normalized so that

27 T
/ / S11(6, ¢)sinf dfdp = 1
0 0
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This holds for random orientation calculations and fixed—orientation calculations using azimuthal_average=.true,
for which S7; is independent of ¢. Specifically, for these cases

/ S11(0)sinf do = 1
O 2

™

The other matrix elements are scaled with Sii.
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