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This program may be used freely, provided proper reference is made when you
want to publish results obtained with it, to:

. F.F.M. de Mul, M.H. Koelink, M.L. Kok, P.J. Harmsma, J. Greve, R.
Graaff, J.G. Aarnoudse, "Laser Doppler Velocimetry and Monte Carlo
Simulations on Models for Blood Perfusion in Tissue", Applied Optics,
vol. 34, 1995, p. 6595-6611.

. De Mul, F.F.M.; Monte-Carlo simulation of Light transport in Turbid

Media, Chapter 12 in: Handbook of Coherent Domain Optical Methods,
Biomedical Diagnostics, Environment and Material Science, Tuchin,
Valery V. (Ed.), 2004, XLII, 1004 p. (2-volume-set), Kluwer
Publishers, Hardcover ISBN: 1-4020-7576-6, pages 465-533.

. De Mul, F.F.M.; Monte-Carlo simulation of Light transport in Turbid
Media, Chapter 15 in: Handbook of Coherent Domain Optical Methods,
Biomedical Diagnostics, Environment and Material Science, Tuchin,
Valery V. (Ed.), 2013, Springer Publishers, Hardcover ISBN: 978-1-
4614-5176-1, pages 593-661.

==== 0. GENERAL OBJECTIVE OF THE PROGRAM ===

The program calculates Monte-Carlo simulations of LIGHT SCATTERING and/or
ABSORPTION (optional: followed by FLUORESCENCE or RAMAN-scattering, or
PHOTOACOUSTICS) 1in turbid media, like tissue.

The SAMPLE may consist of a single or more LAYERS, each with its own
absorption and scattering data, in the form of concentrations of scattering
particles embedded in a medium.

In order to register DOPPLER spectra, to each type of scattering particle

a certain velocity vector can be given.

In each layer a number of separately defined structures (called "OBJECTS")
with rectangular, cylindrical, spherical, torusses or conical shape) may be
present, with similar characteristics as the layers.

With those objects e.g. blood vessels can be mimicked.

Also an oblique mirror plane can be inserted.

Furthermore, the layers may be subdivided into sublayers (depth pixels, see
below) .
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Fig. 1. Structure plot of a two-layer system with a horizontal cylindrical
tube and asphere (see section 2), filled with various concentrations of
scattering/absorbing particles. Laser 1light (here diverging beam) injected
around Z-axis.

NB. A1l plots in this document were produced using the MONTCARL-program
output facilities.

- MORE FIGURES AT THE END OF THIS REPORT.

There are a number of options: internal light sources and ecternal beams,
internal and external detection, plots of distributions of various variables
(photon positions, path length distributions, photon tracking, layer+object
structure plots, frequency modulation by Fourier transformations, angular
distributions, photoacoustic response plots,.etc. etc.

==== 1. PHOTON TRANSPORT : LAYERS AND OBJECTS ====

The program calculates Monte-Carlo simulations of LIGHT SCATTERING and/or
ABSORPTION (optional: followed by FLUORESCENCE or RAMAN-scattering, or
PHOTOACOUSTICS) 1in turbid media, like tissue.

The SAMPLE may consist of a single or more LAYERS, each with its own
absorption and scattering data, in the form of concentrations of scattering
particles embedded in a medium.

In order to register DOPPLER spectra, to each type of scattering particle

a certain velocity vector can be given.

In each Tayer a number of separately defined structures (called "OBJECTS"):
with rectangular, cylindrical, spherical or conical shape) may be present,
with similar characteristics as the Tayers.

With those objects e.g. blood vessels can be mimicked.



Also an oblique mirror plane can be inserted.
Furthermore, the layers may be subdivided into sublayers (depth pixels, see
below).

==== 2. MONTCARL - README.1ST - file ====

The Montcarl package contains following files:

- MC20xx.EXE : executable file (Windows-version),(program version 20.xx)

- README.1lst : this introduction

- MONTCARL.TXT : this ASCII-text file with HELP information.

- DEMO.INP : This file is a demo-input file with some structures in the
scattering medium.

- DEMO.MIE : A file with the scattering function for DEMO.INP

==== 3. INPUT AND OUTPUT OF PHOTON DATA ====

= INPUT FILES:
- * INP FILE, *.LST AND *.MIE-FILE(S): data with settings for simulations.
For details: see below.
- * RSP : for type-R objects: coordinates of random spheres.

= OUTPUT FILES: The program has the following file output:
- *.FOx : (x=0..9,T) containing the photon data, as described below;
- *_INF : Ascii-file containing general data about the simulation, such as:
+ total number of photons reflected, absorbed, transmitted;
+ average numbers;
+ data of the scatterers, layers and objects;
- *.2D : 2-dim. plots of the variables of ALL detected photons;
- *.3Da : 3-dim. plots of the <scatter depth> or absorption depth
of ALL detected photons.
- *.3Dd : id. of Doppler photons.
- *_PAT : file of tracking path xyz-positions (optional) (in units as with
storage in *.FOT-file, see below), each path preceded by a
dummy position: x,y,z = 9999,9999,# of following positions)
- *.DIK : used by the program: internal values.
- *.MCn : (n=1,2..) temporary files with settings;
In case a simulation run is interrupted during execution:
- .IRP : data (in internal format) to resume the simulation.

In case calculation of photo-acoustic response 1is available:
- * ABS : 3-dim. voxels with # of absorbed photons.
- *_PAI : settings to calculate photo-acoustic time response
- *_,PAC : photo-acoustic time-response results at array of detectors.
- * ,PAG : 1id. for grouped array detector.
For the formats used, see below.

BEFORE RUNNING THE PROGRAM:
1. Create directories (= folders) for:

* MIE-files: Scattering functions (and copy DEMO.MIE in it);

* INP-files: Input-files (ASCII), and *.LST-files (Ascii: series Tist);

* FOT-files (and other output files): Storage of detected photons.
2. Copy *.INP- and *.MIE-files in the respective directories.
3. Start the program, read DEMO.INP and change its data Tines containing the
MIE- and FOT-directory names, using the EDIT-INP option, or with a text
processor.



==== 4., PHOTOACOUSTICS AND FLUORESCENCE/RAMAN ====

The program is also capable of calculating the FLUORESCENCE/RAMAN or
PHOTOACOUSTIC response of photons absorbed inside the structure,
to be detected at an array of detectors at the surface.

The calculation consists of several steps:

1. Calculate of a FOT-file with positions of photons, absorbed at
the wavelength of absorption;
and a PAT-file with tracking path positions (optional);

2. (FLUORESCENCE/RAMAN): Using this file as photon source, calculate
scattering at the wavelength of emission with a fresh INP-file.
To handle a fluorescence/Raman SPECTRUM, a series of new INP-files
can be created and simulated, with varying laser wavelengths.

3. (PHOTOACOUSTICS): Using this file as source of acoustic sources,
calculate photo-acoustic response
(can be done directly after calculation of absorption FOT-file).
For details: see option: "Photoacoustics: details"

==== 5. PHOTON INJECTION, TRANSPORT AND DETECTION ====

There are 3 options for entering photons:

1. from the outside world, using a beam;

2. from a single point in the inside of the layer system;

3. using absorbed photons from a previously made *.FOT-file.

Ad 1. A (Taser) beam impinges onto the first layer (interface Oth-1st Tlayer).

Ad 2. The direction and divergence of the photon distribution emerging from
the source point 1is entered.

Ad 3. This 1is especially useful for calculating fluorescence or Raman. The
photons start from their point of absorption, in isotropic direction.

FRESNEL RELATIONS are used for describing interface crossings.
Natural polarization has been assumed throughout.
The photon is followed when traveling through the sample.

Four modes are available: detection of SCATTERING by REFLECTION and/or
TRANSMISSION, or INTERNALLY, or of ABSORPTION,
optionally followed by FLUORESCENCE/RAMAN-scattering.

==== 6. DETECTION OF EMERGING PHOTONS ====

The program offers various ways of detecting emerging photons:

R: REFLECTION: upon refractive passage of the interface between two
Tayers N-1 and N (with N=1...nr.-of-layers; N=0:surface),
if directed towards negative Z-values (theta > 90 degr.)

S: REFLECTION: the same, but different storage.

T: TRANSMISSION: upon refractive passage of the backside of the Tayer system,
if directed towards positive Z-values (theta < 90 degr.)

I,J,K: INTERNAL: upon refractive passage of the surface of a sphere
or the curved surface of a cylinder tube or cone,
travelling from inside to outside.

A: ABSORPTION: upon absorption in a particle or a layer or an object

E: ALL: (= reflection + transmission + absorption)

In all cases the X and Y-position at the point of detection are stored.



In cases I,J],K and A, the real Z-position at that point is stored, but
with R, S and T, the avaraged scatter depth or the maximum depth is stored.
Case E is a mixture.

FLUORESCENCE/RAMAN: Detection of emerging photons as above.
==== 7. COORDINATE AXES, STORAGE UNITS AND ACCURACY ====

Z-AXIS perpendicular to the surface of the sample,
pos. inward (Z>0 with increasing depth in the sample)
X and Y-axes: in plane of sample surface.

STORAGE UNITS:
= FOT-files created with progr.version < 2018:
1 micron (default); or 10 micron (in following cases:
(1) for X- and Y-coords: if detection field (see below) extends
beyond +/- 32768 micron (= max. for "integers™")
(2) for Z-coords: if total thickness of Tayer system extends
beyond 65535 micron (= max. for "words").
= FOT-files created with prog.version >=2018: no Timitations.

When injected from above (Z<0) the photon starts at a depth of 0.1 um
underneath surface. The photon beam can be injected from within the
sample as well (use the "focus"-option).

UNITS for angles: 1 degree, for Doppler frequency: 1 Hz.

==== 8. PROGRAM INTERRUPT, STOP AND BREAK ====

INTERRUPT: The execution of simulations (single or series) can be
interrupted by pressing the Interrupt-button.
The relevant data are stored in a file, named after the actual *.INP-file,
or - in case of a series of simulations - after the
first file in the series, and will have extension *.IRP.
Afterwards the program will detect the presence of those interruption files
and will ask the user about resumption.
This *.IRP-file is also created or updated at each output-to-file instant,
(i.e. after each 1000 photons) enabling resumption after a program crash.

STOP: Pressing the Stop-button will stop the program
but no IRP-file will be created.
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Fig. 2. Running graphics of the simulation process of the structure of fig.1l.
View in YZ-plane. Photons entering around pos (0,0,0). The tube (X-direction)
and sphere can be seen.

==== 9. PHOTON SOURCE : wavelength, direction, dimensions, divergence ====

The program can handle :
- distributed sources (a FOT-file with absorbed photons)
pencil beams (set divergences = 0);
- diverging beams;
parallel beams;
- ring-shaped beams.
Each BEAM SHAPE: 2 options: Uniform/Gaussian; half-width HWHM to be entered.
If PENCIL beams and DIVERGING beams, the beam is assumed to be
created in one point, called FOCUS. This focus point may be positioned
within the layer system (Z>0) or in front of it (Z<0).
If PARALLEL BEAM, the convention is adopted that the Focus point
always is situated at -1000 mm, i.e. in front of the Tayer system. When
this value is inserted, the program assumes a lens at the surface,
with a focal Tength of 1000 mm. In doing so a parallel beam will enter



the Tayer system. Here the divergence angles are used to determine
the width of the beam at the surface.

If RING-shaped beam, the Tilt angles theta and phi have a different
meaning (see below).

BEAM TILT: The mean direction of the beam can be tilted in 2 directions:
with respect to the Z-axis (details: see below) and within the XY-plane;
(1) TILT ANGLE OF LASER BEAM with respect to Z-axis (THETA-angle):
* Angle of beam direction vector with +Z-axis (+=inward) (0..180), or:
* Isotropic injection: two options: enter -1 or -2:
-1: according to: Distribution(t)=const. (t=theta)
then Cumul.funct.(t)=Integral[const.sin(t).dt] over 0..pi/2;
-2: according to: flux from isotropic radiance,
then Cumul.funct. (t)=Integral[const.cos(t).sin(t).dt] over 0..pi/2.

then direction will be randomized at point of injection.
(2) TILT ANGLE 1in XY-plane with respect to X-axis (PHI-angle):
if z-focus > 0 ( within Tayer system) and source-in-focus: add 1000 to phi.

To enter beam spot size <>0: use (focus.z=-1000) & (divergence angles<>0)!

If RING-shaped beam:
Enter: MAX.ring radius + 1000 [mm] in stead of theta,
and MIN.ring radius [mm] 1in stead of phi. (Rectang. distr. only!)

DIAPHRAGM: can be used to 1imit the beam area at the surface (optional)
if wide open: enter 1000.

==== 10. OBJECTS : Rectangular, cylindrical, spherical, conical, mirror ====

The program can handle 11 types of "OBJECTS"

(in previous versions called "Blocks"):

- RECTANGLES: The sides of these objects are parallel to the main
coordinate axes (type B);

- CYLINDERS: 3 types: in X, Y, or Z-direction; (types X, Y and Z);

- SPHERES (type S), single or arranged in Tlayers;

- DROPLET SPHERES (type D),

- RANDOM SPHERES (type R),

- OBLIQUE (type Q) ,

- CONICAL (type O,

- LENSES (type L), thick or thin,

- MIRROR PLANE (type M)

- (half) TORUS (type T)

- PUPILS (diaphragms) (type M).

Type-X and Y objects consist basically of a CYLINDER of INFINITE length,
parallel to the X or Y axis respectively.
The basic cylinder can be multiplied in the Tocal Z=const plane,
by entering a repetition distance. This distance is in the
Y- or X-direction for the X- or Y-type respectively.
Type-Z objects consist basically of a CYLINDER of FINITE Tength,
parallel to the Z axis. The minimum and maximum number of the Tayers 1in
which the Z-object extends can be entered. This basic cylinder can be
multiplied in both X- and Y-direction, by entering a Repetition Distance.
Type-Q object is an OBLIQUE Z-object; no multiplication possible.
Type-S objects (SPHERES) can be multiplied in the same way as Z-objects.
Type-R objects (RANDOM SPHERES) are sub-objects,



situated in a cylindrical object (extending over 1 or more layers).
Position and radius are random; overlap allowed/excluded is optional.
Type-D objects (DROPLETS) are spheres that are temporarily generated
in front of the photon, along its direction vector.
Type-C objects (CONES) (in pos/neg X,Y or Z-dir.) are always single.
Type-M objects (NIRROR planes) are "thin" planes, with reflection
determined by the refractive index. The direction of the normal vector
is defined with directional theta and phi-angles.
Type-L objects (LENSES), thick or thin, transparent or turbid, with
symmetry axis // Z-axis,
Type-P objects (PUPILS or diaphragms), circular shape, axis parallel to Z-
axis,
Type-T objects (half-TORUS) are half-torusses in XZ-plane,
with symmetry axis // Y-axis, and the symmetry point on a layer boundary.
From that boundary, the half-torus stretches out with the
U-shape opening towards pos. or neg. Z-values
(towards +Z-axis or -Z-axis respectively).
NB. The symmetry point (axis point) of a half-torus MUST be
on a layer boundary!

CONVENTION FOR INTERSECTING OBJECTS: inside overlapping regions:
An object with Tower number will penetrate in an object with higher number,
and replace all properties of that object (and the Tayer where it 1is in).
Example:
If object 1 is situated within object 2, then the overlapping region will
possess the properties of object 1.
If object 2 is situated within object 1, then the overlapping region will
possess the properties of object 1, with the effect that in that region
object 2 seems not to exist, from the photon point of view.

==== 11. CALCULATION: SINGLE OR SERIES simulations (*.LST) ====

The program is made to handle a "single" simulation (conversationally),
or automatically a number of subsequent simulations (called a SERIES).
If a "SERIES" of simulations is wanted, a 1list of *.INP-files has to be
created, in the form of a *.LST-file (a text file,

with the same name as that of the first file in the 1list).

This creation can be done within the program, or using a word processor.
When "SINGLE", photon paths can be followed graphically.

==== 12. OVERVIEW OF FILES : input and output ====
NB. "*" stands for the file name (e.g. ABC00123.xxx ; Xxx=extension)
= INPUT FILES: *.INP FILE, *.LST AND *.MIE-FILE(S): see below.

= OUTPUT FILES: The program has the following file output:
- * . FOx : (x=0..9,T) containing the photon data, as described below;
- *_ INF : Ascii-file containing general data about the simulation, such as:
+ total number of photons reflected, absorbed, transmitted;
+ average numbers;
+ data of the scatterers, layers and objects;
- *.2D : 2-dim. plots of the var1ab1es of ALL detected photons;
- *.3Da : 3-dim. plots of the <scatter depth> or absorption depth
of ALL detected photons.
- *.3Dd : id. of Doppler photons.
- *.PAT : file of tracking path xyz-positions (optional) (in units as with



storage in *.FOT-file, see below), each path preceded by a
dummy position: x,y,z = 9999,9999,# of following positions)
- *.DIK : used by the program: internal values.
- *.MCn : (n=1,2..) temporary files with settings;

In case calculation of photo-acoustic response 1is available:

- *_ABS : 3-dim. voxels with # of absorbed photons.

- * PAI : settings to calculate photo-acoustic time response

- *_PAC : photo-acoustic time-response results at array of detectors.
- *.PAG : id. for grouped array detector.

==== 13. INPUT-FILES: *.MIE and *.INP: introduction ====
The program needs two (sets of) input-files:

1. A (set of) *.MIE-files (one for each type of scattering particle)
(see below)

2. A *.INP-file: containing data about:
- the laser beam;
- the type of scattering particles and their scattering functions;
(called: MIE-tables ; see below: MIE-files)
- the layers and objects structure;
- the detection window and the numerical aperture of the detector;
- the type of calculation: reflection/transmission/absorption/all;
- the nr. of photons to be injected or detected;
- the depth pixel structure;
- the directory for file output (*.FOT-files etc)

3. For R-type objects (random spheres):
- *_ RSP : coordinates of random spheres.

A series of INP-files can be Tisted in a *.LST-file, which enables to
perform a SERIES OF SIMULATIONS automatically.

==== 13a .INPUT FILE: *.MIE : Scattering or Phase Functions ====

The extension *.MIE is used as a general designation for scattering
functions, calculated using the Mie-formalism or otherwise. These
files have to be calculated before starting a simulation. This can be
done using the proper option at the start of the program.

There are several formalisms available:

-1) dipolar, -2) Rayleigh/Gans, -3) Mie,
-4) disotropic, -5) peaked forward (Gaussian profile),
-6) Henyey-Greenstein, -7) Gegenbauer, -8) cosA2.

Options 1)..3) calculate absolute values for the scattering
function (including SCATTERING CROSS SECTION values [micronA2]).

Options 4)..8) calculate phase functions only. These functions
are normalised and then artificially multiplied with the total scatt-
ering cross section obtained from a Mie-calculation.

To arrive at the proper SCATTERING COEFFICIENTS [mmA-1] of those types of
particles in the various layers and objects, in the *.INP-file the
CONCENTRATIONS [mmA-3] of these particles must be entered.
MuTtiplication of the concentration with the scattering cross section
results in the scattering coefficient [mmA-1] and the corresponding
mean free path [mm] in the layer or object. These values are used to



calculate fhe actual TIight paths of the photons.

MIE-File: E:WCietest] ME
Soattering function = fitheta) | (theta = polar scattering angle)
Mrangles = 181 | Max, = 4 09657E+03 | 10-Log. plot; blue: =0, green; <0

Fig. 3. Example of a MIE-file. Scattering function according to the Mie-
formalism.

CONTENTS OF MIE-FILES: (file of extended: 10 bytes reals)
nr. of angles, starting with theta=0 (zero), max. 181 values!
- For each angle:
+ angle (rads),
+ resulting scattering function value at this angle,
+ cumulative function value,
(the cumul.function is normalised to 1 (one) at highest angle value)
- cumul.function at max. angle (before normalisation) * overall factor =
= (aspect ratio)A2 * Q_scatt. /2 ,
with Q_scatt = scattering cross section / geometrical cross section,
- relative refractive index of scattering particles with respect to medium,
- aspect ratio of the particles,
- for each contributing scattering function:
sequence nr. and contributing factor (and g, if Henyey-Greenstein);
- wavelength in medium (optional)
Sequence nrs. of contributing functions in the program:

0. Overall multiplication factor 5. Henyey-Greenstein

1. Entered by keyboard or otherwise 6. Isotropic

2. Dipolar 7. Gegenbauer

3. Rayleigh-Gans 8. Peaked forward (Gaussian)
4. Mie 9. Fournier-Forand

==== 13b. INPUT FILE: *.INP : input data about sample and scattering ====

For each simulation an Ascii -text file with input data is needed.
These files are called *.INP files. They may be created within the
program itself, using the appropriate option in the start menu,
or may be created using a word processor, in Ascii-type output files.
From one *.INP-file a SET of other *.INP files, in which several



variables are altered subsequently, can be constructed.

For this purpose another option in the main menu is present.

This option is useful when planning a SERIES of subsequent simulations
(*.INP-file names in the series can be listed in *.LST).

Fig.4. Example of an
Fig.1.)

20 U 1.300
** Photon source data 1.100 0.000E+00
ok 0.000E+00 -1.000
780.0 2.000 1.000
10.000 ** Layer 2 ** 3.000
10.000 1.000E-01 3.000
0.000 0.000 0.000
0.00 1.500 1
-10.00 0.000E+00 ** Calcul & Detect *7
100.000 5.000 S
1.0000 ** Object 1 ** -5.000
1.0000 X 5.000
** Nr, 1.000E-01 -5.000
scatts/layers/objects 0.000 5.000
ok 1.300 1.000
1 0.000E+00 ** Depth pixels **
2 1.000 5
2 1.000 25
E:\MC-zend 2.000 ** File output **
*% Scatterer 1 ** 2.000 E:\MC-zend
demo 0.000 B
0.000E+00 1 L
* % Layer 1 * % Yo Object 2 Yot Yo Nr of photons * %
1.000E-01 S D1000
1.000 1.000E-01
X 0.000

* INP-file (file DEMO.INP, producing the structure of

CONTENTS OF THE *.INP FILES

NB.=> [inesiStarting With "1 Comment Tines,

will be skipped while reading.
These 1lines may be inserted freely by the user.

** PHOTON SOURCE (e.g. laser beam) **
> WAVELENGTH [nm]
> If photons to be produced from internal absorption (for fluoresc./Raman):
Enter: Name (incl dir.+ ext.) of FOT-file containing absorbed photons.
==> JUMP to: input of "REFRACTIVE INDEX of medium in front of
the system of layers" !!!
> If photons produced from 1 single source point (e.g. laser beam or 1 point
inside the layer system): enter:
Beam DIVERGENCE angle (HWHM) : X-direction [degr.]
> Beam DIVERGENCE angle (HWHM) : Y-direction [degr.]
(Gaussian/Rectangular distribution: enter angles x +1/-1)
PARALLEL (//) beam:
enter Depth of focus = -1000 mm
(At focus=-1000 mm & HWHM=1 mm ==> angle = 0.001 rad = 0.057296 degr.)

\%



(to make // beam: program assumes a positive lens at the surface)
RING-shaped beam: see below: "theta" and "phi™.

> THETA: tilting angle of beam vector with +Z-axis: (0..180) [degr.]
or: for Isotropic injection: enter -1, -2 or -3 (see at: LASER BEAM).
> PHI: angle of beam vector in XY-plane with +X-axis: (0..360) [degr.]
(Default: source at surface;
if source in focus at Z>0, thus INSIDE the layer system: add 1000 to phi)

if RING-shaped beam:
enter MAX.ring radius + 1000 [mm] in stead of theta,
and MIN.ring radius [mm] in stead of phi.
(Rectang. distr. only!)

FOCUS:
> Z-position of focus with respect to sample surface [mm] (-1000 for // beam)
(Optional: X,Y-pos. of focus [mm]: at same Tine with Z-pos., ==>

format: (e.g.) -3.32/1.245/-0.27 for Z/X/Y-pos. Watch the sequence !!)
NB. If focus.Z=-1000, then // beam perpendicular to surface, independent of
tilting angles!.
If you Tike // beam, // tilting direction: take focus.Z=-999.99.

> DIAPHRACM radius of beam at sample surface (*+1: circle; *-1: square) [mm]

> REFRACTIVE INDEX of the medium in front of the system of Tayers
> Id. of the medium behind the system of layers

> ** NUMBER OF TYPES OF SCATTERERS, LAYERS AND objectS

> Number of Types of scatterers
NB. Different types differ in RELATIVE Refr.index (w.r.t medium)
and/or Aspect ratio (circumference/wavelength)
and/or Mie-file (scattering function) !!

> Number of Layers
> Number of Objects

> Directory (folder) where the *.MIE-files are located.

FOR EACH TYPE OF SCATTERER :

>> *%* SCATTERER # ** (#: nr.)
>> SCATTERING TABLE (*.MIE-file name, without extension .MIE)
This table must have been created in advance of the simulations!
For layers or objects without a predefined concentration or sigma_scatt
[umA2] but with a known mu_scatt [mm-1], relat.refract.index and
phase (or scattering) function of the particles, the PROCEDURE is:
: create the proper Mie-file using the rel.refr.index by adjusting the
aspect ratio at the proper wavelength;
: insert this Mie-file in the *.INP-file and adjust the concentration
>> ABSORPTION CROSS SECTION (sigma_absorption) [umA2] of these particles.
In case the absorption coefficient (mu_abs) [mm-1] of these particles



is known, adjust sigma_abs [umA2] using the concentration found above
until the right mu_abs-value is reached.
The mu_abs of the Tayer as-such can be inserted also (see below) !

REPEAT this input for all other types of scatterers!

FOR EACH LAYER AND OBJECT [ First all Tayers, then all objects ]
[ ALL entries on separate Tines !!! ]
[ A1T dimensions etc. in mm !!! ]

CONVENTION for the numbering of objects:
objects may be nested (wholly or partially) within each other.

To determine what properties will be valid in the region of intersection,
the rule is that there the properties of the object with the LOWEST
number will be used.

Example: two overlapping spheres 1 and 2,
with radii (1) 5.0 mm and (2) 4.0 mm:
in the region of intersection the properties of (1) will be used.

==> Following data have to be entered for each layer and object,
each on a separate Tine <==

>> ** LAYER # ** OR *% OBJECT # ** (#: nr.)
>> (if object) : TYPE of object:
B: rectangular, S: spherical, C: conical,
R: random spheres in a cylindrical volume (axis // Z-axis),
M: mirror plane, or: X,Y,Z: cylindrical, in x,y,z-direction,
T: half-torus in xz-plane, symm.axis // Y-axis,
L: Tens (thick or thin; symm. axis // Z-axis).

=> IMPORTANT: A change 1in refractive index of the layer (or object)
will affect the scatt.cross section (sigma_scatt) [umA2]) of the
particles in it, because the local wavelength will change.

Since the program calculates the scattering coefficient mu_scatt
[mmA-1] from the cross section [umA2] * concentration [mmA-3],

the scattering coefficient will be affected also.

You may stick to the "old" value for the scatt.coefficient

by correcting the concentration.

FOR EACH TYPE OF SCATTERER IN THIS LAYER OR object:
>>> CONCENTRATION [in 10A6 per mmA3]
>>> (if conc.<>0) : VELOCITY [mm/s]
>>> (if conc.<>0 and velocity<>0) :
> DIRECTION: X,Y,Z or R (R=random) or Q (= along axis of Q-object)
> TYPE: Uniform/Poiseuille/Gaussian (enter: U/P/ or 0..9) (see below)

FOR EACH LAYER OR OBJECT (continuing):
>> REFRACTIVE INDEX of the Tayer or object (= the medium for the particles;
if Mirror with 100 % -reflection: enter: 10000).
>> ABSORPTION COEFFICIENT mu_abs [mm-1] of the material of
The Tayer or object.
>> (if layer): THICKNESS [mm]
>> (all objects, except L): no. of HIGHEST Tlayer, in which
the object extends;
>> (if B-object): dimensions: Xmin, Xmax, Ymin, Ymax, Zmin, Zmax [mm];



>> (if X,Y,Z,M,Q,R,C-object): nr. of DEEPEST LAYER,
in which the object extends;
>> (if X,Y,Z,M,Q,S,C,T-object): X, Y and Z-coord. of a point on axis [mm];
>> (if X,Y,Z2,Q,S,C,T-object): inner radius [mm];
>> (if X,Y,Z,S5,C,T-object): repetition distance between objects [mm];
>> (if M,Q-object): direction angles: theta and phi [degr.];
with theta and phi = polar (with Z-axis and azimuthal (with X-axis)
angles. NB. Pos. Z-axis points INWARD Tayer system !
>> (if R-object): random spheres in a cylindrical volume:
>> X and Y-coord. of a point on the cylinder axis;
(NB. the cylinder will stretch over the whole of the Tayer(s)
it is in!)
>> concentration [# spheres/mmA3];
>> average sphere radius [mm] and cylinder radius [mm];
>> standard deviation of sphere radii [mm];
>> overlap of spheres allowed? Y/N;
>> (if D-object): temporary sphere in front of the photon.
Input as with type-R, except for the overlap.
>> (if T-object): (NB. T-object = half torus!)
>> Direction of U-shaped opening of half torus:
towards +Z (enter: +1) or -Z (enter: =-1).
(NB. Torus MUST be completely located in 1 (one) Tayer;
so: no extension across layer boundaries!!)
>> (if Z,Q,T-object): INNER WALL = specular reflecting (mirror) or absorbing:
add "100" or "200" resp. to the value of the max.layer nr.
>> (if C-object): Bottom-to-top direction:
+Z,-Z,+X,-X,+Y,-Y: enter: 1,2,3,4,5,6 resp.
>> (if L-object):
>> X- and Y-positions of symmetry axis;
>> Z-positions of intersections of front and back surfaces
with symm.axis;
>> radii of curvature, front and back (pos/neg if behind/in front
of lens);
>> diameter (perpendicular to symm.axis);
>> 1is surroundings (mounting) transparent or absorbing?
>> (if P-object):
>> X- and Y-positions of symmetry axis;
>> Z-positions of intersections of front and back surfaces
with symm.axis;
>> depth in Tlayer;
>> diameter (perpendicular to symm.axis);

> *% CALCULATION MODES & DETECTION *=*

> = CALCULATION MODES: OPTIONS: [<...> = averaged over photons] : Enter:

S: Reflection: store <scatt.depths> and max.photon.depth;

R: Reflection: store <scatt.depths> and <Doppl.scatt.depths>;
T: Transmission: store: as with R;

I,],K: Internal: store depth of detection and max.photon.depth,

= detect at passage (in->out) of a sphere surface
or a curved surface of a cylinderical tube or cone;
I =all; J/K = at reflection/transmission side;
A: Absorption: store depth of absorption and max.photon.depth;
E: All: = S+T+A (<version 2018: R+T+A);
Additionally with all options:



store positions immediately after N-th flight-time step
(see below, with N>0 and flight time step size dt>0).
Extra option:
D: Duration: photon terminated immediately after (N+1)th time step.

(Optional) PATH LENGTHS: Geometrical=default. Optical? Add: O.
(Optional) FLIGHT TIME POSITIONS : (see also in chapter 15.)
If storage of flight time positions wanted: add nr. of time steps N
(max N=9) and time step size dt (in sec.) on the same Tine with
S/R/A/T/D/E:
FORMAT (keep exact!!) (e.g.): if you want:

Reflection S, max.depth, and optical path Tengths,

with N=5 and dt=1.2E-15 sec: --> enter: SO+5x1.2E-15

NB. If CALCULATION MODE = D (Duration) then *.FOx-file (x=0..9)
contains time-of-flight positions after (N+1)-th time step,
thus NOT at time of detection or absorption.

NB. If CALCULATION MODE = I,J,K (Internal detection at a SPHERE surface
or curved surface of a CYLINDER or a CONE),
the program automatically stores the detection positions in
rectangular coordinates. However, for SPHERES and CYLINDERS
the program offers optional recalculation of the X,Y and
Z-positions of photons at their detection position into:
- polar angle theta (w.r.t. local Z'-axis through sphere center)
- azimuthal angle phi (w.r.t. Tocal X'-axis)
This option is available when plotting or with Ascii-output of
the photons.

I =all;
J = photons, internally detected at reflection side only
K =1id. ... at transmission side.

DETECTION FIELD AND NUMERICAL APERTURE OF DETECTORS

DETECTION FIELD [mm]:
> Min.Xfield, max.Xfield, min.Yfield, max.Yfield [on 4 separate lines].
(NB: for 2- and 3-dim storage, this field will be divided
in 20x20 pixels in the X- and Y-direction.
In the "scattering" mode a detector with arbitrary dimensions
may be placed in this field; division in 20 pixels.)
In case you want ring-shaped detectors:
consider Xfield as Rfield, and insert min.Yfield=max.Yfield=0;
then min.Xfield<max.Xfield is necessary! otherwise: no width!
In case of absorption followed by fluorescence/Raman:
use identical detection fields in both cases!!

> (on one 1line!:) NUMERICAL APERTURE (NA) of detector (IN VACUO !!) +
REFRACTIVE INDEX OF DETECTOR SURFACE; (format example: see below.)
NA = sin(th), with th = half opening angle (0<th<=90 degr.);
(completely open: NA = 1)
- In case of reflection and detection at interface of layers

N and N+1: (NB. surface: N=0) : -> add N*10 to NA.
- In case of internal detection upon passage of the curved surface of a
sphere, cone, torus or cylinder : -> add object.nr*10 to NA

EXAMPLES OF INSERT FORMAT :



with NA=0.73 and refr.index of detector = 1.58:

- for detection at surface (layer 0) -> enter: 0.73/1.58

- for detection at interface of Tlayers 2 and 3 -> enter: 2.73/1.58
- for detection in object 3 -> enter: 3.73/1.58

- if Calculation mode = T (transmission) -> enter 0.73/1.58.

> **% DEPTH PIXELS **
Each layer may be divided into depth pixels. Min. 1 pixel/Tlayer.
Useful for 2D/3D-output files.

> For each Tlayer: enter nr. of pixels [on separate Tines]

File: CWCEenlaaht FOT

Screen horders Min: ¥ -10.000 | % -10.000 | Z: 0.000 mm
MWax ¥ 10000 | %: 10000 | £ 6.000 mm

74 paths plotted: ready.

Fig.6. Photon path tracking: Photon “bananas” arising by scattering from
beam entrance point to exit area (between 5 and 6 mm). For clarity, all
photon paths were rotated afterwards as if the photons had emerged on the +X-
axis.

> ** FILE OUTPUT **
(NB. The output files will have the same name as the *.INP input file)
DIRECTORY (FOLDER) to store the output files.
STORE : *.FOT-file(s) (enter F), *.2D/3D-files (enter D) or both (enter B)
(only 1if PATH TRACKING wanted; otherwise skip): Add to F/D or B:
A: Store positions of all scattering events (+reflections/refractions);
this option means spacing of about 1/mu_s;

vV Vv

R: Store # scatt.events * (1-9g) (+refl./refr.);
this option means spacing of about 1/mu_s' with mu_s'=mu_s*(1-g);
example: this T1ine should read e.g.: FA or F or BR or B or

(only 1if Store = D or B :) Linear/Quadratic XY-PIXELS in 2D/3D-files:
enter L/Q

\%



> ** NR. OF PHOTONS =** NB. The number of photons 1is only restricted
through the available space in the output directory.
However, when analyzing the data with this program, the number of
photons may be restricted due to the available RAM-space.
The 2- and 3-dim-files contain information of ALL photons.
To CHANGE nr. of photons DURING simulation:
- Interrupt simulation using "Interrupt"-button;
- change Nr. of photons in *.INP-file;
- Resume simulation
> NUMBER OF PHOTONS, to be : either:
- emitted by the source (enter E),
- injected in the sample (enter I),
- accumulated in the detection window (enter D),
Enter: E,I, or D, followed by the number, on same Tine (e.g.: D100000).
NB. With fluorescence/Raman:
if D chosen, and the nr. of absorbed FOT-photons is not sufficient,
the absorption FOT-file is used repeatedly (at start
the photons will have different directions compared with previous use).
> (only if moving scatterers present; otherwise skip):
Store DOPPLER-SHIFTED photons only? Enter Y/N
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Fig.7. Example of output plots. Here Tn (Intensity) vs. R-position from the
Z-axis. Also included: a model approximation (solid Tine)

==== 14. VELOCITIES : profiles and distributions ====

Options: (in all cases: velocity to be entered = <v> !!)

- Uniform: all velocities of the present scatterer in the present
Tayer or object have the same magnitude;

- Poiseuille: a parabolic profile, extending to the layer or object



boundaries (where v=0):
Tayer with flow in X or Y-direction; (depth variable: d; thickness D):
v(d) = vmax.[ 1 - dA2/(D/2)A2];
vmax = 3/2 * <v> ; (vmax = v on symm.axis)
if flow in Z-direction: treated similar, with z = variable;
tube: cylinder: (variable: r; radius R):
v(r) = vmax.[ 1 - (r/R)A2 ]; vmax = 2 * <v> ;
torus: similar, flow always parallel to (curved) axis;
block (rectangular): approximated as N-dimensional parabolic profile,
e.g. if flow in X-direction: 2 distributions (N=2)
with variables y and z:
v(y,z) = vmax.[ 1 - yA2/(Y/2)AN2].[ 1 - zA2/(Z/2)A2],
with Y and Z the dimensions.
vmax = (3/2)AN * <v>, with N=2; if random direction: N=3.
- Gaussian: Gaussian profile, e.g. for Brownian motion;
sigma is expressed in N * 5 % of <v>, with N=0..9;
N to be entered in the input file.
NB. Objects of type R,S,L (spheres or lenses): only random directions.

==== 15. PHOTON DATA STORAGE in *.FOT AND *.PAT-files : ====
* . FOT (FOx)-files:

For each photon the following data are stored (24 bytes/photon):

{Ri/Ii: Real/Integer; 1i=nr. of bytes}: (*)= see below: COORD. UNITS
- I2: X-coord. of point of detection or absorption [unit: 1 or 10 um]; (*)
- I2: Y- .. .. [id.1;

- I2: either: average depth of all scatter events; or :
maximum depth, or: point of detection or absorption [id.];
- I2: id. of all Doppler scatter events [id.];
- R4: path Tength [mm];
- R4: Doppler frequency [Hz]; ==> (*): see below <==
- I4: number of scatter events;
- I1l: percentage of Doppler scatter events;
- I1l: theta: angle with pos.Z-axis (!) at detection or absorption [deg] (*)
- I2: phi: angle with projection of vector on XY-plane with X-axis [deg] (*)

Convention: theta : phi

- reflection : 180 >= .. >= 90 : 0 <= .. < 360

- transmission : 90 >= .. >= 0 0 <= .. < 360

- absorption : 180 >= .. >= 0 : 0 <= .. < 360 (o)

(o) stored in *.FOT-files as: -phi-1 . ==> (*): see below <==

The photons are stored in the *.FOT-file in bunches of 1000.
(*) COORDINATE UNITS

For program versions < 2018:
The X-,Y-coordinates are stored as "integers", and the depth-coordinates
as words" 1in units of 1 (default) or 10 micrometer;
The 10 micron-unit is used:
- for XY-coordinates: in case the XY-detection field extends beyond
+/- 32.767 mm (= 32767 micron = max. |smallint| value);
- for Z-coordinates: in case the layer system thickness > 65.535 mm
(= 2 x 32767 micron = max. word value)
(smallint: 2 bytes: -32768..+32767; word: 2 bytes: 0..65535)

For program versions >= 2018:



The X-,Y-coordinates and the depth-coordinates are stored as "singles",
4 bytes each, with no size Timitations;

PATH CROSSINGS [%] | -3.000<lencgth = 3000 0.000= widthfdepth = 20001 Al photons

Walues: 100 % = 2. 340E+02 in plane: 5 ; thiz screen max = 5.600E+01
10 20 30 40 S0 B0 ¥O &0 90100

- AR e et o e

Plane: 1] 1 2 3 4 5
Coord [mm]: 0.500 1.000 1.500 2000 2500 3.000

Fig.8. 3D-plot of Path tracking: photon “bananas”: average depths of photon
paths. Entrance at position 0; photons emerging between positions 5 and 6 mm

from entrance.

In case of INTERNAL DETECTION (calculation mode= I,J],K):
The POSITION coordinates of the point-of-detection are stored as follows:
X-, Y- and Z-coordinates on layer system axes;
and the depth-coordinate as above, all in integer format;
In case of recalculation from Carthesian into angular coordinates (see
above) here the polar axis is the local Z'-axis (// Z-axis) through
the sphere center or the symmetry axis of the cylinder or cone , and
the azimuthal angle is measured from the local X'-axis (// X-axis).
The DIRECTIONAL theta and phi, otherwise measured as mentioned above,
now are measured from the local coordinate system in the detection point
(local Z"-axis = polar axis = normal through sphere center, and
Tocal X"- and Y"-axis = south-north and east-west direction on sphere).

FLIGHT TIME POSITIONS:

Detected photons can be followed during flight; stored in *.FOx files,
with x=0..9 time steps, with time-step size to be inserted in the

* INP-file.

* . FOx files have same format as *.FOT-files.

Using the option: "View structure of Tayer system" the evolution of
the photon density can be followed on-screen. n.
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Fig. 9. Paths tracking: Averaged depths of photons, with standard deviation
in the average. Settings: see fig. 5. Plot for distance > 5.5 mm is due to
spurious photons.

PATH TRACKING : PHOTON PATHS STORAGE IN *.PAT-FILES (path tracking)

Only paths of detected photons are written in the file.
The *.PAT-files have similar format for x,y and z-data as the *.FOT-files.
This means that each path position is written as:

"smallint, smallint, word" for x,y, and z respectively (see above).

Each photon path is written as follows:

- leader: x=9999, y=9999, z=N, with N = nr. of events to follow

(scattering/reflection/refraction)
- for each of N events: x, y and z-value (in units as mentioned above).

==== 16. AVERAGED DATA : 1in pixels in detection field ====

In order to have data about all photons available, averaged data may be
stored in *.2D and *.3D files, in which 2- and 3-dimensional pixels

are filled during the calculations.

The horizontal (X and Y) pixels are defined as amounting to 1/20 of

the dimensions of the detection field; the vertical (Z) pixels have to

be entered in the *.INP file separately (see below).
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Fig.10. Example of 2D-plot: Here the maximum photon depth plotted as function
of (x,y)-positio

==== 17. INTENSITY APPROXIMATIONS : I(r) (r= source-detector distance) ====

The Option "Results" + "Distributions" + "Hor.Var.= r"

offers the possibility to fit some

analytic intensity models to the simulated intensity distribution.

The models are:

- I(r) = cl1 * exp(-c2*r) / rAx , with x = 0, 0.5, 1 or 2.

- I(r) = according to the Farrell-model (with 1 source).

Here the constants are:

- c2 = mu_eff = sqrt( 3*mu_a*(mu_a+mu_s')), with mu_s'=mu_s*(1-g);
(mu_a, mu_s = absorption and scattering coefficient in 1/mm;
mu_s' = reduced scatt.coeff.; g = anisotropy factor);

- cl = power*mu_effA2/(4*pi*mu_a), with power = nr. injected photons;
(NB. this expression for cl is valid for x=1 only !)

The Farrell model is:

I(r) = albedo*power/(4*pi) * [z01*(mu_eff+1l/r1)*exp(-mu_eff*rl)/rin2) +

z02* (mu_eff+1/r2)*exp(-mu_eff*r2)/r2A2) 1,
with z01 = 3D; D= 1/(3*(mu_a+mu_s'); z02 = z01+4AD;

riA2 = z01A2+rA2; r2A2 = z02A2+rA2; albedo = mu_s'/(mu_a+mu_s")

A = Fresnel correction: A = (1+ri)/(1-ri);

ri = 0.668 + 0.0636*n + 0.7099/n - 1.4399/nA2;

n = relative refract.index from scattering medium to detector medium.

Output: cl and c2, or (for Farrell) mu_a and mu_eff, resulting chi-squared.



NB. The circular integral (CI) over the Farrell-distribution:
CI = int{ I(r)*2*pi*r*dr , r=0..infinity } gives:
= albedo/2 *power*exp(-del)*[1+exp(-4A*de1/3)], with del= mu_eff*z01;
If "power"=# injected photons, then CI should be = # reflected photons.

==== 18. PHOTOACOUSTICS : DETAILS ====

The program calculates the PA-RESPONSE on the basis of a spherical source
with dimensions of an absorption voxel. This implies a bipolar shape,
given by : (cA3)*k * exp [- (ck)A2], with k =( i-i0 )*dt,

(i - i0)*dt 1is the time difference to the time point of the

zero-crossing (at i0*dt) of the bipolar shape, i = nr. time steps.

The constant c is: ¢ = 1/[sqrt(2)*sigma] = 1/ tau_e,

and sigma (or tau_e) is the characteristic width (see: TIME REGIME).

This bipolar shape is then multiplied by:

(1) exp(-mu_att * r) / r ,
where r = the distance from absorption voxel to detection pixel,
and mu_att is the ultrasound attenuation coefficient (averaged over
the frequency band of the acoustic signal),

(2) the area of a detector element [mmA2].

TIME REGIME:
Here the time window (nr. of time elements i and element size dt)
can be inserted. The time-of-flights to be calculated are:
perpendicular and diagonally through the (reduced) absorption volume.
A measure for the PA pulse width is tau_e: the "effective pulse length",
given by the laser pulse HWHM and the transit time of the acoustic pulse
through the elementary source ("radius" =Z-vox./2).
tau_e = sqrt [ HWHMA2 + (Z-vox./2/sound.velocity)A2 ].
which defines sigma: tau_e=sigma*sqrt(2).
The peak-peak time (from pos. to neg. peak) = 2*sigma.
We take i0 to begin at 3* sigma before the zero-crossing of the signal.
The starting time of the sound recording can be shifted, in order to
avoid time regions where no signal is expected.
GROUPING OF DETECTORS:
The PA-response is calculated for each detector at its center point.
This means that no interference of sound waves over the surface is taken
into account. To do that properly, it is advised to use small detector
elements and GROUP those into X- and Y-groups. In doing so, probable
interference is calculated automatically.
Each group MUST consist of an integer nr. of detector elements.
DIRECTIVITY OF DETECTORS:
Each detector "Tooks approximately forward" from its center point
into the absorption field of voxels,
but can be given a NUMERICAL APERTURE (called "directivity").
Directivity correction: relative w.r.t. 0 degrees;
- available types: U: Uniform, G; Gaussian, T: triangular;
- HWHM (half-width at half-maximum to be entered in degrees.
(normalisation: sensitivity = 1 for perpendicular view (0 degr))



=& PHOTO-ACOUSTIC RESPORNSE | File: ABS19141 =
Plot normalized on absolute maximum: 1 403E-05 Detectors (X, YJ-groups: (1,10 .07 7

Sigral: Min: -1 AB1E-05 M= 1 403E-05 ... H-positions:  -5.000 .. 5000 mm; 0400 mmidet
Titne wvinchoser: -53.5.. 3000.0 = 3053.3 ng; start =hift: 0.0ns L-positions: -5.000 . 5000 mm; 0400 mmddet
gt 0080 4500= 4530 mm 0000

. Y

Fig. 11. Photoacoustic response at a 7 x 7 - detector array of a sample
consisting of several absorbing objects in a scattering (but not absorbing)
medium.

==== 19. FREQUENCY-MODULATED PHOTON SOURCE ====

Normally the photons are injected as a delta-pulse in time, all at t=0.

The path Tength distribution is similar to the time-of-flight
distribution;

the prop.factor is 1/1ight velocity.

The program has two options for recording the paths:

(a) geometrical or (b) optical.

In (a) the prop.factor is taken as 1/1ight velocity in the 1lst layer;

in (b) the optical path = geometrical path / local refractive 1index;

therefore here the prop.factor = 1/1ight velocity on vacuo.

However, the photons could also be injected using a frequency-modulated
Tight source, with typical frequencies of 100 MHz - 2 GHz. Then the
frequency response is the Fourier transform of the time-of-flight
distribution upon the pulse 1input.

The plot output offers options for plot of the phase delay (in degr.)
and the modulation depth (dim.less), defined as:

phase delay(n) = arctan { Im[f(n)]/Re[f(n)] } ,
modulation depth = sqrt{ImA2[f(n)]+ReA2[f(n)]} / sqrt{ReA2[f(0)]} ,

where f(n) is the (Fast-) Fourier transform of the time-of-flight
distribution.

If time step = dt, then max.freq. (f_max) = 1/(2*dt).

The freq.step df is f_max/(N/2), where

N = nr of time steps in the time-of-flight distribution,
replenished up to a power of 2 (e.g. N = 512, 1024, 2048).



The program also offers the possibility to calculate the phase delay
and modulation depth using analytic models published by:

- Haskell et al., for 1l-layer samples,

- Kienle et al., for 2-layer samples.

References:

- R.C. Haskell et al., J.Opt.Soc.Am. A 11, oct 1994, p 2727-2741.

- A. Kienle et al., Appl.Optics 37, Feb 1998, 779-791.

==== 20. RUN TIME ERROR MESSAGES (from Borland Pascal) ====

1 Invalid function number 200 Division by zero

2 File not found 201 Range check error

3 Path not found 202 Stack overflow error

4  Too many open files 203 Heap overflow error

5 File access denied 204 Invalid pointer operation
6 Invalid file handle 205 Floating point overflow
12 1Invalid file access code 206 Floating point underflow
15 1Invalid drive number 207 Invalid floating point

16 Cannot remove current directory operation

17 Cannot rename across drives 210 Object not initialised
100 Disk read error 211 Call to abstract method
101 Disk write error 212 Stream registration error
102 File not assigned 213 Collection index out of range
103 File not open 214 Collection overflow error
104 File not open for 1input 215 Arithmetic overflow error
105 File not open for output 216 General protection fault

106 Invalid numeric format

Stub errors:

Stub error (0001) needs at least 286
Stub error (2002) can't find rtm.exe
Stub error (2003) can't find
DPMI16BI.0OVL

Stub error (0012) file not found
Stub error (0013) path not found
Stub error (0015) file access denied
Stub error (0018) not enough memory
to Toad file

Stub error (001A) 1invalid environment
Stub error (001B) invalid file
Error: no DOS extensions in the DPMI
server

Error: needs DOS 3.x or higher
Error: failed to locate DPMI server
(DPMI16BI.0OVL)

==== 19. Contact address ====
The name of the help file is: MONTCARL.TXT (Ascii-format)

When in trouble, contact:

Dr. ir. F.F.M. de Mul,
e-mail: ffm “at” demul.net

Previously: University of Twente, Department of Applied Physics,


mailto:F.F.M.de.Mul@med.umcg.nl

Research Group: Biophysical Technology / Biomedical Optics,
P.0.Box 217, NL - 7500 AE Enschede, the Netherlands,

For regular updates of the program, see www.demul.net/frits
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MONTE-CARLO SIMULATION
OF LIGHT SCATTERING AND ABSORPTION,
FLUORESCENCE AND RAMAN SCATTERING
INTURBID MEDIA,
WITH LASER/DOPPLER AND PHOTOACOUSTICS

by Frits F.M. de Mul; www.demul.net/frits; ffm@demul.net

VERSION 2019.03 -(c)F.F.M.deMul-27 June 2016

Present file: lens01.INP
in folder (dir): D:\FRITS\MC\inp

FILE TYPES | ACTUAL DIRECTORIES (FOLDERS)
Scatterers * MIE-files D:\FRITSWMCWMIE
Input *INP and LST-files D:\FRITS\MC\INP
Results * FOT-files etc. D:\FRITS\MC
Program Program and *.IRP-files D:\FRITS\PROGRAMMAS\DELPHI-2009\MONTCARL

Fig. 12. Menu screen (with Tabs)



#3 MONTCARL - Overview of steps — O >
MONTCARL
Overview of steps
“Tabs" refer to tab pages in the Main Menu.
Al files (except ".MIE) get same name as ~.INP-file.
Step 1: Define SCATTERING FUNCTIONS : [Tab: Me-fie™] - Resulting file:
*=.MIE-files: one for each type of scattering =MIE
(Al types of scattering fi s will get = |
V|
Step 2: Define LIGHT SOURCE: {Tab: "Edit INPT]
- point sowrce or ight beam, inside or outside layer system, or
- distributed light source mmmmmm). | 5
Step 3: Define SCATTERING PARTICLES: [Tab: “Edit INPT] |
- scattering function and absorption cross section per partide |
 Step 4: Define LAYERS and OBJECTS: [Tab: "Edit INS] ]
- geometrical characteristcs Print
- refractive index and absorption coefficent of the medum
- fill with scattering using “.MIE-files (adjust
concentrations to obtain desired ng/ab ) i 1ts) |
Step S: Define TION SETTINGS [Tab: "Edit INPT] N Resulting file :
-Reﬁecﬁon,‘l‘rm, of!'nternd = -INe
Window (Ring-shaped or Aperture) == Gfral_'ndom spheres: =.RSP)
-Nr.ofphomtoenit.hject or detect. Photnnpathswad&ig (f series of INP-files: *.LST)
v
Step 6: SIMULA _ [Tab: "SimudateT] ==
grapt d paths, or -FOT: photon data (*.FOT and ".FOx)
Simulate wth statistical data shown only | || ®.2DJ3D: data averaged over
v = INF: Ascii-files: inf. about simulation
] *=.DIK: (for nternal use only)
= PAT: coordnates of photon paths
Step 7: ANALYZE AND PLOT RESIATS: [Tabs: Results™ & "Extra’]
- output of photon data to Asci-file
-G-f m;eofhmmmﬁmﬂ\&ﬁ:)nm
- (f available) calcula’ tic response
- use photon data for further smulations ) = if (PA): Resulting :
- plot distributions, e.g. intensities as f(variables), or B S-ABS absorption voxeis
scatter plots using ameters ‘ LPAC photoacoustic response

Fig. 13. Overview about how to input settings and to run simulations

ﬂ Scattering functions (MIE-files)

— ]
| SCATTERING FUNCTIONS (*.MIE-FILES) : DEFINITION AND SETTINGS [ Folcer ave to Bxit, o
Overview *MIE-file save
MIE-file name (+ ext.: MIE) and folder (directory) :
[hgoso.mre |
Save to
[prFRITS MCWie [ TTEsic Asciifile EE
S i & P ~ RESULTS OF CALCULATION:
MIE-FILES (Scattering functions’
INFUT OF FARAMETERS Geom. cross section [micron~2] 865E-+00
[k E’:"’:EE%T;SQ functions will be called "MIE"fil=s Partides: RELATIVE Refr.Index in medium: Scatt. cross section [micron 2] “+.898E+00
' PR - g = <cos theta> 0.89741
artides: atio in medium:
This is the FIRST STEF in preparing your simulations. 5= Q_sca 1.710E+00
Here the scattering particles are defined, leading to Wavelength in medium (dummy) [nm]
- SCATTERING CROSS SECTIONS “sigma_s™ (micron~2],
using particular angular scattering ﬁ.mchons Radius at this wavelength [micron]
When you later define Layers and Obje i
- CONCENTRATIONS [particles per mm"3] wm be defined, Angular function: nr. of angles: -
and from those o[ P APPROXIMATIONS: Dip; Asp>>1 | Rayl.-Gans
- SCATTERING COEFFICIENTS “m 11) will be derived: = 77 enten: ~ 1L141E+02 | 2.000E+00
M5 = conentration = -g,gr':‘: S[f"m Iabeians - 0-[0.01]-0. 1-[0.02]-0. 2-[0, 05]-0.4-[0. 1]-2.0- Qs
-[.2]-5.0 -[.5]-10-[1]-78-[2]-180 => enter: 180 a9 | 096338
Similar for the ABSORPTION, with mu_a and sigma_a.
NB. Some scattering functions {see below) only define - E'[U' 1]'1.'[0‘2]'2'[0'5'5'[1]'78'[2]'180
the angular distribution and use the "mu_s". Then using == enter: 151 _ .
an arbitrary “concentration”, a dummy “sigma_s” is derived. - 0-{1]-10-{10]-180  =>enter: 28 )
Contributions: (e.g.: 0.9 Mie + 0.1 Iso) Scattering table:
The SCATTERING FUNCTION is determined by the parameters:
-LOCAL TVAVEWGH - dum ] CONTRIBUTIONS factor | 2nd column_| mr | Angle [deg] | Scatt.func. Cumulative ~
wavelength in surrounding medium
(relative) refractive index of partides in that medium; Ensr e e oo Z S 0 0S00800E 300,
and the wavelength in that medium = vacuum wavelength / Dipalar 0.000 | - 2 1.0 7.81777E+03 | 1.39271E-02
(absolute) refractive index of medium. Rayleigh-Gans 0.000 | - Bl 2.0 6.96502E+03 | 5.26663E-02
- ASPECT RATIO = drcumference /local wavelength; - >
A T Mig i 0.000 E] 3.0 5.84881E403 | 1.087249E-01
Henyey-Greenstein (+g) | 1000  0.2000 5 4.0 4.71900E+03 | 1.73571E-01
AVAILABLE SCATTERING FUNCTIONS: Tsotropic 0.000 | - 5 5.0 3.72237E403 | 2,90288E-01
——> (see "Help” ; Report about physics and mathematics, ch. 4) “Gegerbauer (+alpha) | 0.000 | 0.5000 Em o S oy oo
- Functions providing absolute scattering cross sections: _Peaked forward: Gauss | 0.000 | 0.0000 8 7.0 2.2719%E403 | 3.63740E-01
from very small particles (< < wavelength) to very large): cos2 (theta) 0.000 g 8.0 1.78357E+03 | 4.17341E-01
= Rayleigh or Dipolar 10| 80 1.41150E403 | 4.65220E-01
= Rayleigh-Gans —
= Mie. 11| 1.0 1.12807E+03 | 5.07755E-01
- Functions providing angular dependence only: 12 | 110 9.10801E+02 | 5.45490E-01
= Henyey-Greenstein BT
= Gegenbauer Owerall multiplication. factor: EEE 120 SO 3 02 8 §o-7HE S 11
= Peaked forward 14 | 130 6.12155E+02 | 6.08822E-01
= Isotropic 15 14.0 5.09182E+02 | 6.35453E-01
Contributions: 2nd/3rd column: 18 iEn 4 97398can | £ cazrieE.ni &
To calculate scattering functions using a DIPOLAR, -Henyey Greenstein: g-factar
RAYLEIGH/GANS or MIE-formula: - Gegenbauer: g- and alpha-factor
only the RELATIVE REFRACTIVE INDEX and ASPECT RATIO of - - Peaked forward: FWHM (degr) TO PLOT

Fig. 14. Creation of scattering functions (called: *.MIE-files)
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£ Plot MiE-table

ME-Fie: DFRITSWCONELI0ISI2 mie
Scattering function = f(theta) | (theta = polar scaltering angle)
181 1 Max. = 3 90587E~05 ] 10-Log. piot, blue: »0; green: <0

Nr.angies =

Plot choice

O xr-plot: Inear
QO ... : loganthme
() Polar plot: knear
@ ... : loganithm

M. of
decades:

&

Une width

O
(@)
(OF

Fig.15. A scattering pattern (combination: Mie + Henyey-Greenstein-functions)

be changed in screen “Create/change MIE-file™ in Menu-Tab: "Scatterers®)

| Scatterer: i 1 | i
| MIE-file: (no extension!) hg030
| Absorption per particle [micr~2]: 0.000000

Refractive index of medium (dummy variable): Wavel

CALCULATED VALUES:

| Rel.Refr.Index w.r.t.medium 00000

| Aspect ratio in medium 10.00000
| Q_scattering 1.709833
| g = <cosine polar scat.angle> 0.897414
| Partidle: radius [micron] 0.957323
| ..geom.cross section [micr.~2] 2.879167
|"..scatt.cross section [micr. 2] 4,922912
| ..albedo = scatt/(scatt+abs) 1000000

to the particles in the Scattering Function.

However, when you will arrive at the screens to define
LAYERS and OBJECTS, it will be possible to define an ABSORPTION
COEFFICIENT (in 1/mm) for the layer or object as a whole.

ABSORPTION: options:
(1) absorption of the particles (abs.cross section in micron2); and/or

(2) absorption in the medium of layer or object itself (abs.coeff. in 1/mm) :

(1) may be changed here;
(2) may be changed in the "Layers” or "Objects™menu.
Coefficient = cross section * concentration (1/mm~3)

Scattering- and absorption cross sections in layers and objects will be
corrected from vacuum value (refr.index=1) to actual value by division
by (refr.index)~2

# Input INP-file: Scatterers - m}
‘ SELECTION OF SCATTERING FUNCTIONS ( *.MIE-FILES ) FOR USE IN THE LAYERS AND OBJECTS
File: lens01 il Exit
Directory of MIE-files: |d:\frits‘chnie SELCCHON OR SCAITERTRS (no.save)
2 = In a previous screen (Menu Tab "Scatterers®) you have created
Remove nr: one or more "SCATTERING FUNCTIONS®, in the form of *MIE-files. 5 Save + Exit
Directory Add (0=exit) Remove
Overview scatterer scatterer In this screen you will select which of these Scattering Functions
you want to use in your layers and objects, for this particular
simulation.
B - For that purpose: select the desired * MIE-functions.
INSERT for Scatterer no. Browse for MIE-fle | | View MIE See the buttons: "Directory Overview” and "Browse for MIE-file”,
P | : A Show / Hide
Insert for each type of particie: the SCATTERING FILE (% MIE) and ABSORPTION per gl Lt 5 POssible to add an ABSORPTION CROSS SECTION (in micron”2) Info

Fig.16. Selection of scattering functions for use in layers and objects




BEAM OPTIONS: {FOCUS = source point)

Z-coordinate >0 from the surface (=0) inward into the
layer system.

-PENCIL BEAM: set both XZ- and YZ-divergences = 0;
Tilting optional (see: THETA and PHI);

Entrance via diffraction rules (angles and intensities);

- DIVERGENT BEAM:  XZ and YZ-divergences apart;
Divergence profiles: Gaussian or normal (rectangular);
Entrance of beam in layer sample via:
= Diffraction (tilting optional);
= Parallel beam (insert focus Z = -1000 mm), No tilting!;
= Isotropic injection (insert THETA = -1 or -2), No tilting!

- RING-SHAPED BEAM: as with divergent beam;

Setting via THETA and PHI, see below.
No tilting possible.

- INTERNAL SOURCE: with optional divergence and tilt.

- PARALLEL BEAM:

With "divergent beam™: entering Z =-1000 mm has the
effect of a "thin” lens with focal length = +1000 mm
at the surface of the layer system, together with

a point source at Z =-1000 mm.

Then the Divergence Angles are used to set the

beam diameter (in X- and Y-direction) at the surface.

THETA: options:
* ANGLE with +Z-axis (+ direction = inward) (0..180), or:

* ISOTROPIC injection at surface: two options: -1 or -2:
-1: according to: Distribution(t)=const.  (t=theta)
—> Cumul. funct. (t) =Integral[const.sin(t).dt]
over 0..pif2;
-2: according to: flux from isotropic radiance
--> Cumul. funct. (t)=InbegraI[const cos(t).sin(t).dt]
over 0..pif2.
Photon direction will be randomized at point of injection.

* ISOTROPIC injection from internal source: enter: -3:
according to: Distribution(t) =const. (t=theta)
then Cumul funct. (t) =Integral(const.sin(t).dt]

NB.: Ifﬂ'!eta —1 —2 3

then divergence angles entries

WAVELENGTH OF INJECTED PHOTONS

in vacuum [nm] 800 inwater: 602nm

NB. Change wavelength might change scattering coefficients in layers and objects !!

REFRACTIVE INDICES of media surrounding the layer system

at frontside: at backside:

(For totally reflecting layer: enter 10000)

SOURCE OF INJECTED PHOTONS Choose one of two options:
(O A. from distributed source (*.FOT-file with absorbed photons)
(@) B. from 1 single source point, inside or outside layer system (e.g. laser beam)

OPTION B: SINGLE POINT SOURCE (e.g. laser beam) dimensions in mm
BEAM FOCUS is the point where the point source is located.
BEAM FOCUS: [Z>0: inside; Z<0:

in front] [for //beam: enter Z = X: ' -

D ) [ 000 |Y:[ 0.00 2% | -1000 |
at HWHM:

BEAM DIVERGENCE ANGLES: HWHM in XZ-plane: radius= 1.745

[degr.] [for Gaussian/Rectal

profile: multiply entries with ﬁ"} 1]:  inYZ-plane: radius= 1.745
BEAM TILTING ANGLES [degr.] Theta: Phi:

or: ring radii (see Info)
BEAM DIAPHRAGM at surface [mm] : enter : -
radius (half width)  x 1 (drde), x -1 (square)

9 Injection of photons — O
| PHOTON SOURCE | Exit
Help (no.save)
File: lensO1.INP = =
in folder (dir): D:\FRITS\MClinp ‘Save = ‘ s e ‘

Changes will be accepted
upon pressing button "Accept
changes" only !!

‘ Accept changes

Beam divergence: X-direction

0.02
0.018
0.018
0.014
0.012

0.01
0.008
0.008
0.004 -
0.002 -

0-

o
angle (degr)

Beam divergence: Y-direction

0.02
0.018
0.018
0.014
0.012 7

0.01
0.008 |
0.006
0.004
0.002

0-

o
angle(degr.)

Flg 17. Input of data for the light source (e.g. laser data)

g Imput IND-file: layers - o x
| LAYERS o ]
Fle: abs0 100009
i foider (de.): D: FRITSMC e Help
View Me-fie of scatterer v, o - Overview Plot e
Irmert layer Remove ayer Accept changes  Save as ...
VALUES TO BE INSERTED: Me:flles SuKine Bt
Layer no. 3
Refroctve index (~) | 100000
Thidmess [=a] () 3.00000
Absorption [ Umm] {2) 0.00000
Nr. depth pixels (>0) :
Scotterer 1 : MIE-fie SormS3Q
=t Concentrasien [x 106~ J] | 3.0000€ +00
.1 Velooty fmms) DrectionFrofie 0.0
et T O e TR [ ] mooeiater [ oceos
CALCULATED VALUES: Reduced mu_s = mu s’ =mu_s * (19)
Layer no.: ~
Wavelencth n layer [rm] 3.0
Effect. reduced mu_s [1jme) 327718
oo @ = <C08> 0.89741
. = 3 (L) 31.94571
o B0 8 [l 0,00000
.. m_efF [ L] 0,00000
... mean-freepath [mem) 3130802
Scatt. 1 - s scat. [ ~ 2§ 10.64857
.. SG.a08 ricr 22 0.00000
e 19 0.30299
.. COntr. 9o mu_s [Ljmm] 3L9esn v
(*) Refracve Index: >1 (f perfecty reflective: enter 30000) Velocity: Drection: X/Y/ZR (Rerandom); Profie: Ulnform)/ PlPoseulie) /N
(%) 1f $uckness < resp. > 65 mm: depth storage Unts = 1 resp. 10 microns. (Gouss: sgma=N®<v>; enter N=0,.9)
(#) Absorption in layer medium ; for absorpltion per scatt. partide © see Edt N, “Scatterers” E regi 5 4 - e
{#) Event probabiity based on contribx, 10 Sum (mu_s +mu_s), with mu = concentration * cross secbon. oy bodlig

Fig. 18. Input of data for layers (more than 1 layer possible)




Input INP-files: Objects

OBJECTS (BLOCKS, TUBES, SPHERES, MIRRORS, CONES, TORUSSES . Yelp Bt
Dbutton “Accept” ondy It
Irsert bebund obgect re: [ 1
e ‘:‘:"’;’ {for obpect 12 erver 2] |2 %) Accept changes | Sevess..  Save+Ext
folder Sl o Remove obpect re: -1 & PTG G -
=t | Defrnd lyeris): fom]
View Me-fle of scatterer v Ovenvve Flot Iwectobject  Remove abject ¥ 13 0000 -
VALUES TO B2 INSERTED: -
tgectre ! — n
Tyoe: BXYZSRCQMT CBXECTS: -
Refractve Index (*) :0000 The program can hande 9 types of “OBXECTS® ! __
L) Previcus versons called Bocks): -
Serm$32 o Z L () Show/ivde overvies of object types
B - RECTANGULAR: The sdes
SASEE S8 these obpects are paralel o - x
0.0 < oo mals coorinae s Dimensions of object nr O
“RX. Y, or 2drectons Otgect typec Y Tubels) /7 Y-axis E
3-90!26).9««1 . Al demermons = | angies n deg.
~ BANDOM ShrEREs n‘<ﬁﬂ':d wolume;
C - CONECS), ::vh\.?dmm-- Zpoen
- OBLIQUE CYLINDER (S), which Z-<coords. in cbject are meanured.
ke rechuced mu_s = 000000 | Mmm, ngtyecter, |o s || 3 e
bttt T - (haif) TORUS Reference layer: noc
Crange CTORS SeCDon 1 Q0000 CONVENTION FOR INTERSECTING
(mg.abn) of scatterer no. : ?J 4o new vk 1 - ] OBIECTS: nade overlapong fepons: ::wﬂ :g
CALOULATED VALUES: Reduced mu_s = mu_y = mu_s * (1g) An object with lower nuTber mary Denetate 2 auis poet 0.200
Object no.: mnrwh::d operbes of Tat comect 0:200
- o
Wavelench in obpect frm] 0.0 (ard of the layer where itis n), Repetoon detance 0.000
wu-mm 28/ 37 N B overlapong regen. -
Effect. reduced mu_s [Lnm) 0.00000 Examole: =
e @ = <EOR> 0.00000 £ olbpect 1 Btuated st obpect 2,
oo mu_s [ Lbmen] 0.00000 g:nu-mwm) Ten — —
coe a8 [ Lwm] 4.00000 Overiaoping tegen CBXECT no. 1 - type: ¥ |
- oo [ L] 692820 < pronArdporde “",::.,." et G Z<oords meanred from begn of w
.._mean-free-path jmen] 1.000E +30 e regon wil reference loyer §o. 1)
mn-_-_‘ ] 543294 possess Gu operties of chject X, nd
() Abmorpiion n cbpect medium; for abacrpSon Dir SCHtS. partcie: see Tt D", “Scatterers” () Refractive Index: > 1 §f perfecty reflectve:
MWMMR-M ~ Profie: Uinforn){ Moseulie) /N (Gauss;
m-n-«rl:'-”o.w Posedle n XY, 2 T-0bes sways [/ oo — In sphere: () Reh Riat Sice with
Exarmpie: Ursiorm velocty § mm/s i T-drecson: ener: SITA! v
(15 ot 50 Sum (mu_s 4om_s), weth s = 4-type): R stands for the overal reflection
concentration * ross secton. Dercentage
Fig. 19. Input of data for objects (spheres, tubes, mirrors, cones, blocks...)
, Input INP-file, detection and output settings — a
| DETECTION AND OUTPUT | [ save + Bxit
Exit (no.save)
INP-file: lensO1.INP Changes will be accepted Accept
in folder (dir): D:\FRITS\MC\inp upglg:;?nogm t changes | Save as ... ’ Help ‘
DETECTION  (di in mmt)
DETECTION FIELD: ( ALL DIMENSIONS IN mm !! ) ~ NR OF PHOTONS
Only those photons will be stored, that at the moment of ; 3
detection have x- and y- {or r-)-coordinates Deteclion field .y must be multiple of: 1000
within the x- and y- (or r-) limits of the detection field. @ rectangular Orring-shaped Nr. to be:
The detection field is rectangular by default. Xmax Oemitted Oinjected (@ detected
Option: ring-shaped or circular field:
enter min. and max. radius as Xmin and Xmax, Ymax:
and make Ymin = Ymax = 0. CALCULATION MODE
(circular field: Xmin = 0). Mini, units for storage:
DETECTOR: - prog.version >=2018: none Os @1t Q1 Oa OE
- Numerical aperture (in vac.): =sin(th) (=1if completely open) -)l?rYogl\rI"elg:)o'_‘n <2018 Or O1r Ok Ob
(th = half opening angle) oy *
- Refractive index of detector (may be different from that of the €: 1micron. PATH LENGTHS
layer where the detector actually is placed) : S
(® geometrical O optical

NUMBER OF PHOTONS (last line in INP-file):
if "10000 to be emitted™ : E10000
if “injected” or "detected™ : 110000 resp. D10000.

CALCULATION MODES FOR DETECTION: <..>=average-

-5 - Reflection: store <scatt.depths> and max.photon.depth
-R - Reflection: store <scatt.depths> and <Doppl.scatt.depths>
-T- Transmission: store: as with R;

-1,],K - Internal: store depth of detection and max.photon.depth
(internal = detect at surface of a sphere/cylinder tubejcone),
(I =all; JX = atreflection/transmission side)
({output in FOT-file: X,Y,Z-coordinates;

FILE OUTPUT OF SIMULATION RESULTS :
Directory for output: (accept: double-dick on name, and "Accept”)

Numer. Aperture of detector (in vac.):
Refractive index of detector:

@) Create subdirectory with

[a:\fritsymc

name = Accept directory
| for output

FLIGHT TIMES (*.FOx - files)

Toestp e -l [ o |
Nr. of time steps (max 9) 0

PATH TRACKING

OnNo
QOallevents (= 1/mu_s resolution)
= (® Each 1/(1-g)-th event (= 1jmu_s'res.)

STORAGE IN :

O =.Fox-file(s) @ both

=4 “ | Which files to show?
(= frits

e (@ =.FOx-files only O all files

£ bolt abs01000.FOT
demo.FOT

(9 bol2 demo2.FOT
(0 humeau Drielaag.FOT
Eainp DrielaagAbs.FOT
1 kalkman eenbol.FOT
o e St ooy
1 Mie e =§:I==h1'«| ENT

O 20 /3D - files
2D/3D-field: XY-pixels
~ @ linear (O quadratic

Store Doppler-shifted photons
only ?

Fig. 20. Detection, calculation mode, flight and path tracking and output
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Fig. 11. Structure of the layer system with 1 layer and 1 tube in Y-direction
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Fig. 22. Simulation of the structure of Fig. 21. View // Y-axis (XZ-plane)



# Structure of Layers and Objects — &) x

File: d:\frits\MC\randombollen1.FOT

Plot borders:

Min: X:-10.0 | ¥:-10.0 | Z: 0.0 mm
Max: X: 10.0 | ¥: 10.0 | Z: S.0 mm
Detection window: rectanqular

X:-10.0 ... 10.0] Y:-10.0 ... 10.0 mm [

Depth angle

(skewness)
foron
depth

. ot
depth

=

1.0000

peotof e
for rotations

Reset to
previous
{Re)-Plot
Reset all
E TRANSLATION TOGGLES
layer 1 Up
Left Right
Down
Reset translations
ROTATION TOGGLES
X i § z
+ + +
5 ) Reset rotations
[Plot surrounding objects Select paths Plot photons toggle Size —
Plot paths togdl Max. # photons _m Save [ =
Max. # random spheres 100 B2 e to be plotted image = >
to be plotted !
Fig. 23. Structure of a single layer with random spheres
£ Montte Cario Semulations of Light Transport in Turbid Media - m} x
B ' T '--A:r-t'clwl cate 4 Jan :'owi nz::o;w Mot
ood _r— ~ = = g {7 } \ Ot Qu (@ %4
(@ o Or: @xvy
Plot alfecer t Wik XY dayer [1.-1;
= aled):
) apart —r—
0
‘Wat between photons (sec.) 0
v Wat between events (sec.) 0
Resire plot
Pause OFF Zoom
Zoom out
Photon statstics
000 Emted 0 |43
m‘_d 24933
- Absorbed °
- Trarsmitted a2
Reflectad 851
3 detectson feld 1»
. Dopgies °
- <Scattevents> | 100
i <Dopgser > °
X e o
Y [ 7.7
2 frwn] ©.000
Pash fewn 2.200
Doppi.ghafe Bo-iz] 0.000
=
WNGre; OhSmSisogo
-1000 Intem gt
Save Image Sreo e

Fig.24. Simulation of the structure of Fig. 23. View // Z-axis (XY-plane)



w Structure of Layers and Objects - [m}

File: 2\t WO Eeniaan ! 1. FOT
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Reset to
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Reset varslasons
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E
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Plot
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Fig. 25. Path tracking for selected points of emergence. Single layer
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Save to Aso: What o save? r 1
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Fig. 16. Path tracking of Fig. 15: crossings with predefined planes; 1 layer.



#3 Plot photon distributions

DISTRIBUTIONS AND SCATTER PLOTS

OPTIONS:
(1) NUMBER DISTRIBUTION of the photon density
as a function of one of all relevant variables;
the other variables may serve as plot parameters.
(2) SCATTER/SYMBOL PLOT of two variables
{on hor. and vert. axis).

PARAMETERS:

To distinguish between results there are
2 Mayers” of parameters.

The 1stlayer varies fastest.

and vertically resp. (shift values to be inserted).

VARIABLES and PARAMETERS:
- X- and Y-position (of detection or absorption),
- R-position and R-pos. 2 (of detect. or absorb.),

The 1st and 2nd parameter may shift plots horizontally

Parameters to choose: all relevant variables, see below.
In stead of those, you may also select a number of files
for comparison (this option for 2nd parameter only).

Variable on vertical axis
{ see Options —>)
Variable on horizontal axis

1st Parameter (hor. shifts)

Step 1: Select plot variables:

FOLLOW STEPS 1..6 [

Help

|Phomn numbers or Intensity

IR-posih'on = f(X,Y,Z-Z0), centered at depth Z0

2nd Parameter: (vert. shifts)

none
X-position : at detection or (for paths:) at plane-crossing
Y-position : at detection or (for paths:) at plane-crossing)

If 2nd Parameter = "COMPARE FILES™:
In stead of ONE single file, a series (LI
In that case the structure of the *.INP|
You might check this before going to th)

FILE MASK = common part at beginning

*.FOx-files:
time-of-flight files (photon of

2. Select Drive / disk:

CH

3. Select Folder / Dir. of *.FOx-files:
[D:\frits\me |

= D:\
== frits
€0 bol1
£ bol2
€0 humeau
Cinp
& kalkman
€ Kuliga
€ Mie
(€2 pham khac duy
€ Teussink
€0 Tissue data

les with final photon positionf

R-position = f(X,Y) (*+1, =-1 for X>0 and X<0 resp.)
Path length or Time-of-flight & Freq. Modulation
Direction Theta at detection point

Direction Phi at detection point

Z-position: Depth or <Scatt.depth> or (paths:) at plane-cross)
Max.scatter depth or <Doppler scatt.depth>

# scatter events (or # of plane-crossings)

# Doppler scatter events

Doppler frequency

COMPARE FILES (2nd parameter only!)

R-poslhon £(X,Y,Z-Z0), centered at depth Z0
Theta (polar) internal

4. Select FOx-file(s) in folder : (click on file|

Detect:on Phi (Azimuth): internal or at R=c plane-cross
Paths: crosslngs wnh X=c planes

Paths:

abs01000.FOT
demo.FOT
demo2.FOT
Drielaag.FOT
DrielaagAbs.FOT
eenbol.FOT
Eenlaag1.FOT
Eenlaah1.FOT
Eenlaah11.FOT
Eenlaah1118.FOT

randombollen1.FOT

lens01.FOT

B cromngs with R=c (yl planes

lens01.FOT

5. Add/remove selected file(s) to/from Plot List

@ Add file to plot list:

O Add all files with file mask:

() Insert file at position no.: —>

O Insert all files with file mask at pos no.:->
(O Remove file at position no: —>

(O Remove all files with file mask:

(O Remove all files from plot list:

File mask: (see above)

Position no:

Fig.27. Plot options: choice of axes (“intensity” if vert.axis = none)

#9 Plot Montcarl-files

- m}

DISTRIBUTION: R = f(X,Y,Z-Z0) [mm] Aver. nr. of photons to read =

Compare 29 files: D:\frits\mc\Teussink\SimulationA\FOT\M1380.FOT..Michel_9.FOT per file (min. 1000) FOLLOW Exit

Calculation mode : Reflection ~ STEPS 1..5
Only non-Doppler-shifted photons present !! ?r::? 0 HeIp
Only non-Doppler-shifted photons present 1!
(1) READ FILE(S)

bt Reset

PLOT: CONSTRUCTION: A 29 files: 4292000 photons read - 3931336 accepted T
tion -
i (2) Photon ) ) X E"'smh""e ook (4B) Plot settings B

Horizontal coord. values are scored selection limits SELECTION LIMITS (min/max) -—NB. SELECTION limits are NOT = PLOT limits

atinteger values: 'MIN/MAX in file(s) MIN/MAX to select (change here: ) select photons z

«eem1,0,+1,42,... with intervals: : for plotting VERTICAL SCALE
...-1.5..-0.5, -0.5..40.5, Minin file | Maxin file | Select. min I Select. max | e -~

0.5..1.5, 1.5..2.5, etc.... X-pos. [mm 08.3476 | 94.4204 | 98.3476 | 94.4204 Only St
This implicates that in = 0.00E+00
b op8on “AbS" s (s - Y-pos._[mm] 95.9031 | 99.2238 | -95.9031  99.2238 FEEEEL Plot: min
i . Radius_[mm] 0.0000 99.9592 0.0000 0.0000 be read from

the lowest intervals are: J—

0-0.5,0.5-1.5, ..., Depth [mm] 0.0000 0.0030 0.0000 0.0030 file(s) E

with consequences for the content Doppler depth [mm] 0.0090 | 0.0030 | 0.0090 0.0090 o

of the 1stinterval. <

Path length [mm] 0.015 3689.995 0.015 3689.995 Dﬂ_setd'dﬂ
PLOT OPTIONS: Doppler shift [kHz] 0.0 0.0 0.0 0.0 horiz.=
- PHOTONS NUMBERS DISTRIBUTION: el e 1 7 1 67 @ 2nd param.:
ini 0.00E+00
L e L ot | 0 [0 | o o accerr || | Gt [ om0
(2) scatter plots for two variables. Theta [degr] S0 180 90 180 SELECT-

- INTENSITY DISTRIBUTION: Phi [dear] 0 360 0 360 ION LINAOG: [log = 1..6 dec]
(# photons/mm~2): @ linear O 4dec
(horiz. variable: R or R*2 only!)

- PLOT MORE FILES IN ONE PLOT: O1dec  O5dec
select parameter 2: "Compare files”.

- DEVIATION-FROM-AVERAGE DISTR..: (3) Plot limits INSERT: Convention of "sign” of R: R<0 or >0: O2dec  Oé6dec
averages calculated per interval; Values from file for max. and min. - Plot limits for variables IfX s set toX<0 or >0) O3dec
only when param. 2-option: of variables. (=) i . [Max plot and Min plot)

"COMPARE FILES" is selected; s "Abs” = Y/N : take absolute values? Yes/No ; PLOT SYMBOLS /LINES
i (*===) = do not change; will be calculated. - Nr. of intervals (<=256 11). “Abs™: only relevant for Freg, X, Y or R

2 §§ ﬂg: :;:;’;,E;Z";f;gf;g‘ =2 Range of variables Minin file | Maxin file | Plot min. | Plotmax. | #intervals | Abs?| Interval | Take plot
(20 to be inserted) Horiz. | R = f(X,Y,Z-Z0) [mm] 0.000 99.959 0.000 100.000 | 100 = 1.000 Dr"“‘s from
(here variables r and R similar!!) - - = = previous

plot?

INTENSITY APPROXIMATION I(r): - i = = |

Hor. plot variable MUST be: r (or: R)!! Compare 29 FILES 1.000 29.000 29 = 0.966 @

Enter approx.code: N, 0, /, 1, 2,6 ===* _ do not ch: = = e

“N'none =S ACCEPT

-0:1I(r)=c1 * exp(-<277). PLOT

-/ 1(r)= c1 * exp(c2*) /sqrt(r).

-1:1()=c1 = exp(<2*) /r LIMITS

v
(4A) Plot settings A WHAT TO PLOT 2 DOPPLER SPECTRUM INTENSITY / POWER SPECTR NORMALISATION ON 1st CURVE IF PATH LENGHTS
DI ONor Frequency spectrum Plotintensity *R~ 0 (®) no normalisation () pathiengths in mm
= < R ! Power spectrum Option for Approx. N (O norm. on : Emitted Photons —~ 2
. ~ INot applicable = . 7S jpms (") ime-of-flights in ns
Ointensity = fR) R-min or Freq.min (O norm. on : Injected Photons 2 (5) TO
0 ®) : Detected Photons _Ifreq.modul.: phase = f{freq)
(®) Deviation-from-average distr. R-max or Freq.max norm. on : PLOT
Accuracy 10E-4 (O set All Maxima = 1 (_)id.: modul.depth = f (freq) ;

Fig.28. Plot options: settings for an intensity plot
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= Fle: dAIROWCEeniaah i | FOT »

DISTREUTION: Abs R = 100 Y, Zedet jme] Melo Ext
INCLUDE IN DMAGE:
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Fig. 29. Intensity plot, with model fitting. Plots of >1 runs optional (with shifts).

£ Pt pheton dstributions - o x
= Fle: AIROWOEeniaahl | FOT »=
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DNCUUDE N IMAGE:
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Fig. 30. Scatter plot of results. Plots of >1 runs optional (with vert./hor. shifts)



#J Plot 2D-3D-diagrams — O s

U P T T BEETT 2D-plots: photons plotted on surface of -~ )
20 : Total =, of detected photons ~ layer system, FEE Bt
3D-plots of photon nrs.: plotted according
to (pre)defined depth pixels {optionally
changeable)
3D-plots of plane crossings of photon
paths: plane coordinates are to be ~

File: d:\frits\MC\Eenlaah11 2D : Total #. of photons [%]
Values in % of max = 4 174E+03 in [10,10] of [0..15,0..19]
Horiz.: X2 -10.00.. 10.00 ; linear scale | Yert. : v -10.00.. 10.00

10 20 30 40 50 80 70 20 90 100

-10.00 1] I — 10.00
10.00] o 2
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0
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Save to Ascii: Wwhat to save?
Save Image | Save to Asdi (®) Mew file () Append () row feolumn totals only (@) whole matrix Save which pixels? |U = | = |EI sz
Fig. 31. 2D-plot of results: total number of re-emerging photons.
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Fig.32. 2D-plot of results: average scattering depth of all photons.



‘ PHOTO-ACOUSTIC RESPONSE: abs01000 o xX
File name = D:\FRITS\MC\inp\ab: 01000, INP Show layer structure Accept setbngs
NS, Numerical viaslues only vald after pressing @ “Accent settings”. £
Dis » of Ab e ! =) Ne. dmﬂ nmmu—;;m.dx--uvm
Coord. Outer Limits Mn Mao Max.rv Nr.voxels Vox.size Mn Max N pex. Pocsize
-X-  -10.0.. 10.00 S0 1000 X (<=S00) 300 0.020 N oo 1,000 10 0.200
-¥-  -10.0.. 10.00 -1.00 1.000 Y (<=500) 100 0.020 Y -.00 1.000 10 0.200
-Z- 0.000.. 3.000 0.100 0.300 Z(<=500) 100 0.002
PHOTO-ACOUSTIC (PA) RESPONSE: @oz‘racrmsu:z CORRECTION FOR DIRECTIVITY
at reflection Type:
%““*“57“ rbed ph Kxx2Z O at transmission sde urerr: [u_| FRRS fdenr)
’.m-ru-axo‘n:%r(fmj
Groupig of detectors (X x Y) x T. GROUPING OF DETECTOR ELEMENTS
The program caiadates the PAresponse on the bass of & sphencal source oF

wath dmensions of an absorpbion voxel. This results n

abpoler sonal shape, gvenby: 3k *ewo[- (2],

with k = (440 )", and | mrr. of Sme steps, < = U/ [sart(2) "sigma ),
of the 2evo-Cossng

e, of dements (pocsls) iIn X- or Y-groups MUST be nteger.
Feid: Xz -1.00..[0.200}.. 1.000 (10 elements)
Fekd: ¥: -1.00..[0.200).. L.O0O (20 elements)
a2 Xgroups: (30 | of 1elem.

TIME REGIME
Laser puise width (FWHM) [na]

= Y-groups: [E of 1 elem,

Sound veloaty [m/s ]

thape is multphed by:
(1) explemu_att *r) /v, tau_pp (pesk-pesk tme) = 14.5 ns (sth Z-voxel= 0,002 mm) (=1mmin 667ns)
o 5ol v pat dmmmmw 200 Dagonal: 1856
Tene ns ns
mu:m_!::wmou:::;nﬁmnmwm Time & for PSR Diagenst: 1918 ns
St S i sk O :

e s Time step [ns] Nr. steps (<=2500) 250 Changes
Exuue: Mn“-mm.x,s,mgm Time period for detecson: 2500.0 ns (= 3,750 mm) by pressng
OB e Start at -3"sigma = -21.7ns (= -0.033 mm) mf
ﬂ“';*mu't“q:—‘md“mm i Shift stact over fns] | 0.200 | means start at depth = 0,000 mm
;nmmnpﬂ»mu“

Orly from photons sbsorbed within Ths (reduced) volume, the PAresponse Utrasound attenuation coefficent [1/mm] Accept
vl be caladated. The new borders can be inserted here. settings
DIMENSIONS OF DETECTION AREA: Memory use: 400804
This is the arca on the surface where the detector (or array) s placed. -- Calc. + Flot
DERECTIVITY OF OETECTORS: ) [ write absorption data to =.ABS-fle?
Each de Tocks forward® from its center pont =2 u
nto the feld ( -1for dor view {0 degr)) [Jwinite photoacoustc data to *.PAC-fle? Interrupt
[ wiite grouped data Gf avalable) to *.PAG-8 calc.
Fig. 33. Photo-acoustic response of absorbed photons: settings
;Merwmm - o x
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Fig. 34. Photo-acoustic response in 10x10—detector array of 1 tube (Fig.21)



9 Frequency Modulation
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Fig.35. Extra: frequency modulation of GHz-signals in tissue layers.

£ Monte Carlo Simulations of Light Transport in Turbid Media
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Fig.36. Imaging through a thick convex-concave lens with a few scatterers




