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Monte Carlo simulation of photon migration path in
turbid media
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A new method of Monte Carlo simulation is developed to simulate the photon migration path in a scattering
medium after an ultrashort-pulse laser beam comes into the medium. The most probable trajectory of
photons at an instant can be obtained with this method. How the photon migration paths are affected
by the optical parameters of the scattering medium is analyzed. It is also concluded that the absorption
coefficient has no effect on the most probable trajectory of photons.
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With much more applications of lasers in disease di-
agnoses, medical imaging, tomography, etc, a better
understanding of the fundamental principles of photon
migration in turbid media is important. So many models
have been put forward in order to describe the pho-
ton behavior in turbid media, for instance, the diffusion
approximation!!!, the finite element method?, the dis-
crete lattice model!, the Monte Carlo method4—%, etc.
Only in the cases of simple geometry and simple bound-
ary conditions the analytical solutions could be obtained.
The Monte Carlo method has many uses in solving the
practical problems, for its flexibility, its ability to deal
with various geometrical and boundary conditions(”8].
Nowadays the computer has more powerful calculation
abilities; in fact, the limit of calculation speed and stor-
age space on the Monte Carlo method has been weak-
ening gradually. The results of Monte Carlo simulations
are regarded as a non-experimental standard to verify
the other results from other models. We know that the
light wave propagated in the turbid media can be seen
as photons similar to classical particles, and the photons
randomly walk in the media. Despite the photon ran-
domness, there exists the classical path of photons at
a specific timel®~14 ie., the most probable trajectory.
The most probable trajectory means that the photon
densities on the trajectory have greater values than that
of the nearby region. Previous Monte Carlo simulations
of photon migration have mainly provided the overall
results at the surface of the turbid media, but not the
most probable path at some instant.
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Fig. 1. Geometric configuration and the coordinates.
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A cylindrical coordinates system is set up. As shown
in Fig. 1, an ultrashort-pulse laser beam is incident on a
turbid medium from air at time ¢y with the central axis
of the beam coinciding with the z axis. The medium is
assumed to occupy the half space of z > 0 or one slab
space with thickness d. It is characterized by a refractive
index n, scattering coefficient us, anisotropy factor g,
absorption coefficient u,. The ultrashort laser beam can
be considered as a § stimulator under the conditions of
our adopted grids of space and time. The space and
time are sliced into elements with even separation. The
number of grid elements in the r, z, and ¢ coordinates
is N, N,, and Ny, respectively. The corresponding grid
separation is Ar, Az, and At. Here r is 7 = (22 +52)/2.

The Monte Carlo (MC) method simulates the photon
migration procedure in the highly scattering medium.
The random numbers generated by the random gen-
erator decide the walking step and direction of one
photon!'>16] . The photon interacts with the medium
in every step, i.e., the photon is scattered and absorbed.
And its left weight ratio of the photon is defined by the
albedo s/ (ps + o). We must trace a large number of
photons and the statistical results are of significance. If
one photon emits out the surface of the medium or its
weight is less than a certain value, we can stop tracing
it. The Fresnel reflection coefficient and the Snell’s law
are used to treat with reflection and refraction of one
photon at the index-of-refraction mismatched boundary.
We use the time-histogram method to simulate the time
dependence of photon migration!!?].

How can we get the classical trajectory of the photons
reaching the surface of the medium at a specific time?
The procedure can be divided into four steps:

1) One photon is launched to be traced by MC method.
When the photon stays in one space grid after one ran-
dom walking, the counting number in the space grid is
incremented.

2) If the photon is dead when it satisfies with its ter-
mination conditions, we stop tracing the photon. Then
if it reaches the surface of the medium, we record the
delay time t of the photon from the beginning time tg
and store the counting numbers in all space grids.
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3) We repeat the above steps until a large number of
photons are traced. Now the counting number in every
space grid at a specific time reflects how many times that
the photons reaching the surface pass the space grid. If
the counting number is assumed to be C, . ; in the space
grid corresponding to r and z at some time ¢, then we
can obtain the photon density per unit time at the time

t, denoted as %.

4) Now that we know how the photons reaching the
surface of the medium are distributed in the medium
through the photon density per unit time at the time
t, the classical trajectory of the photons can be got by
the weight mean of the position coordinates about the
photon density. For example, the photon densities are
different in the z coordinates for a certain r value, thus
the weight mean value of the z coordinates about the
photon density for this » value is located on the classical
trajectory.

The optical parameters of the media such as biologi-
cal tissues are complicated and distinct significantly!'.
Here the optical parameters we used are similar to that
of human breast!!8!, i.e., the refractive index n = 1.55,
scattering coefficient g = 150 cm™!, anisotropy factor
g = 0.9, absorption coefficient p, = 0.035 cm~!. The
structures of the biological materials which we often deal
with can be usually modeled into two cases: the infinite
slab of media and the semi-infinite half-space medial'!,
which means that the x and y coordinates extend to
infinity and the z coordinates have some finite value
for the infinite slab or extend to infinity for the semi-
infinite media. The results of the two kind structures are
given out. For the infinite slab with its thickness (the
z coordinates) d = 1.5 cm, we should know the classical
trajectories of the photons emitting out of the up and
down surface of the medium, but for another case, we
only need to know the path of the photons out of the up
surface of the medium. The total number of the traced
photons is 1.5 x 10° for each MC simulation.

Figure 2 presents classical paths for the slab at different
instant ¢. And the classical paths for the semi-infinite
half-space medium are shown in Fig. 3. The two figures
show that the photons propagate more deeply and far-
ther away while more time lapses. On the other hand,
it is clear that the paths of photons from the up surface
of the slab medium are affected by the down surface
when the lapsing time is long. For example, the paths
at the instant of 4 ns in Figs. 2 and 3 are different from
each other. For the semi-infinite half-space media, all the
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Fig. 2. Classical paths for the slab medium. n = 1.55,
ps =150 ecm ™, g = 0.9, pa = 0.035 ecm ™', d = 1.5 cm.
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Fig. 3. Classical paths for the semi-infinite half-space

medium. n = 1.55, s = 150 ecm™ !, g = 0.9, pa = 0.035
)

cm” .

entering photons finally would re-emit out of the up
surface of the media; but for the infinite slab, there is
some part of the entering photons emitting out of the
down surface of the media. So the photon paths would
penetrate deeper for the semi-infinite half-space media
and shallower for the finite slab at the same instant, if
the lapsing time is long enough to reach the down surface
of the infinite slab media.

Figure 4 shows the influences of the anisotropy factor
g on the classical path. It expresses that when g is small,
it would spend more time for photons to reach the depth
of the medium compared with the result in the case of
larger g. Because the anisotropy factor g is the average
cosine of the single scattered angle, for instance, the case
of ¢ = 1 embodies the forward scattering, g = 0 the
isotropic scattering, and g = —1 the backward scatter-
ing, so it is apparent that the larger the g, the deeper the
photons penetrate and the farther away from the entry
position the photon paths reach the surface of the media.

Figure 5 shows that the scattering coefficient psg
influences the classical path dramatically. If the scat-
tering coefficient is smaller, i.e., the mean scattering
path length (the inverse of the scattering coefficient)
should be longer, and then photons are scattered after
longer distance travel. As a result, the classical paths
penetrate through the medium of smaller pg to reach
the deeper and farther location. The parameters except
for the scattering coefficient are the same for the two
cases in Fig. 5, the numbers of scattering interactions in
one photon path are the same but the locations of scat-
tering interactions are different due to the different mean
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Fig. 4. Influence of the anisotropy factor g on the classical
path. n = 1.55, jus = 150 cm™*, pa = 0.035 cm ™.
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Fig. 5. Influence of the scattering coefficient ps on the clas-

sical path. n = 1.55, g = 0.9, 2 = 0.035 cm™'.
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Fig. 6. Influence of the absorption coefficient u, on the clas-
sical path. n = 1.55, ps = 150 cm™ ', g = 0.9.

scattering path lengths. This situation can be explained
in the similar way to the scaling method in Monte Carlo
simulation!®20,

As can be seen in Fig. 6, the absorption coefficient
s has no effect on the classical paths except for statis-
tical undulation of MC method. Thus we can describe
the propagation of the photon by use of two parameters,
the photon weight and the no-absorption photon path!®!.
This provides new pictures of photon migration?!. With
a view to the new picture, the important parameters we
want to know are the number of scattering interactions
in one photon path.

In summary, we have developed an efficient method
of Monte Carlo simulation to find the classical paths of
photon migration in turbid media. Through introducing
the grids in the time dimension, we have better under-
standing of time-space characteristics of photon migra-
tion. Although photons arriving at the surface seem to
propagate randomly in turbid media, the classical path
can be obtained from the concept of the photon den-
sity at one instant ¢{. Here a curved classical path in
turbid media plays the role of the straight photon tra-
jectories of geometrical optics in transparent media. The
physical picture of classical paths offers a more diagram-
matic approach to better understand the photon migra-

tion. It can be definitely decided by photon weight and
no-absorption photon path. We can diagrammatically
analyze the influence of optical parameters of media on
photon migration by use of classical paths. In addition,
the concept of classical paths and its realization through
MC simulation provide a new insight into problems of
photon migration in turbid media.
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