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Reverse Monte Carlo Simulations of Light Pulse
Propagation Within Three-Dimensional Media

Xiaodong Lu* and Pei-feng Hsu®
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An ultrashort light pulse inside an absorbing and anisotropically scattering three-dimensional nonhomogeneous
medium is considered. The purpose is two fold: to develop an accurate and easily parallelized numerical model
to understand the physics of the transport process and to provide a tool with which a direct comparison with
measured temporal signals can be made. The ultrashort light pulse propagation is modeled by the reverse Monte
Carlo method. The detailed algorithm treating the source integration over a path length that contains nonuniform
radiative properties and finite-size collimated source is given. Validation and numerical simulations are presented.
It is found that there is a direct correlation between the travel time of ballistic photons in the temporal reflectance
signals and the interface location under certain conditions. It is also found that the inversion parameters proposed
by earlier research, such as the long-time logarithm slope and pulse-broadening effect, are inadequate for use in
the inverse analysis because these parameters do not provide the specificity needed for such use. More study is

needed to identify effective inversion parameters.

Nomenclature

a = absorption coefficient, m™"
c = propagation speed of radiation transport

in the medium, m/s
d = pulse spatial width
g = pulse spatial and/or temporal shape function
1 = radiation intensity, W/m?3sr
Iy = radiation intensity at boundary z =0
Ly = total slab thickness, m
N = number of samplings or energy bundles
r = radial coordinate, m
7 = position vector of a location (x, y, z) in space
s = geometric path length, m
s = unit vector along a given direction
t = time,s
Xx,y,z = rectangular coordinates, m
K = extinction coefficient, k =a + o, m™!
U = direction cosine in z-direction
o = scattering coefficient, m™!
T; = optical thickness of the ith layer, «; L;
D = scattering phase function
Q = solid angle, sr
w = scattering albedo
Subscripts
abs = absorption
d = direct attenuation component; detector location
ext = extinction
k = path length index
L = lower limit of path length segment /; integration
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1. Introduction

HE transient radiative process has diverse applications in as-

trophysics, thermal systems, biomedical imaging, remote sens-
ing, etc. Various analytical models have been developed over the
years, from the early diffusion approximation and its variants to the
discrete-ordinates method and the recently developed, rigorous in-
tegral equation models. Kumar et al.! described several commonly
used deterministic models. However, all the deterministic models
have various computational, model fidelity, and scaling issues. For
example, although the diffusion approximations is computationally
efficient, it failed to predict the photon behavior in the initial tran-
sient, including the propagation speed. The commonly used discrete-
ordinates and finite-volume methods are relatively efficient in com-
putational time. Nevertheless, the large memory requirement and
the communication overhead make these methods difficult when
an effective parallel scheme is deployed for complex or large-scale
problems. The problem also appears in other differential treatments
of the radiative transport equation. The integral formulation has very
good parallel efficiency and accuracy but is not easy to use in the
case of reflective boundary.?

On the other hand, the stochastic approach of the Monte Carlo
(MC) method has long been considered a benchmark tool that is
amicable to various model fidelity requirements, although not com-
putationally efficient. The key idea of stochastic methods is to treat
the solution as the theoretically expected value of a random variable
that is defined in the probability measure space. The expected value
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Fig. 1 Comparison of experimental measurement of temporal trans-
mittance of light pulse through a rectangular medium and Monte Carlo
simulated result.

is then approximated by sample means. One main advantage of MC
integrations is the computational cost is insensitive to the dimen-
sionality of the integral, but dependent on the sample size.® That is
why MC is very suitable for solving very complex problems. The
computational cost is proportional to the number of samplings and
has little to do with the dimensionality of the geometry.

The MC simulation of light pulse propagation is very time-
consuming, even in parallel systems.* The alternative is to use the
reverse Monte Carlo (RMC) method, as demonstrated in our pre-
vious work.>~7 This is an expansion of the prior one-dimensional
geometry study to three-dimensional geometry and to providing
simulation tools that are efficient, accurate, and scalable to parallel
computing systems for geometrically complex problems. This tool
will allow direct comparison with experimental data and perform
inverse analysis. The latter is best carried out in a parallel system,
for example, a Beowulf cluster.

Figure 1 is a comparison of MC simulation of light pulse transmit-
ted signals with measurement*® in ahomogeneous, highly scattering
sample. The numerical and experimental data appear to follow the
same temporal characteristics as reported by many. However, there
are two issues with the comparison and in fact they are the same
issues that exist in data reported in the literature: the simulation
and actual signal have to be normalized with their respective peak
values, and even more problematic is the shifting of the t =0 point
so that a better agreement can be obtained. With the given sample
thickness of 14.4 mm, the ballistic photon is predicted to emerge
74 ps after entering the front surface. The MC simulation shows that
the first signal appears at about 90 ps under the given conditions. The
experimental measurements are shifted in time to match the peak
of MC simulation. The main discrepancy between MC simulation
and experiment is the disparity in the temporal width of the trans-
mittance tail. The MC simulation exhibits oscillations near the peak
and much larger oscillations versus absolute signal magnitude ratio
at long time. More work is obviously needed to improve the experi-
mental accuracy and resolution as well as the numerical simulation.

Conventional (or forward) Monte Carlo is efficient if the radiation
source is confined to a small volume and/or a solid angle, whereas
reverse Monte Carlo is efficient if radiative flux or incident radiation
at a small surface and/or over a small solid angle is needed. Both
methods become inefficient if radiation is emitted from a small
source and the radiative flux onto a small detector is of interest, as
shown in Ref. 10. However, in transient processes the RMC method
is still preferred over the MC method, because in some cases only
a portion of the temporal radiative signal is needed and RMC can
provide a solution at a given time or over a time interval in the
so-called “time-gating” measurement.!! On the other hand, the MC

method will require simulation from the very beginning to the time
of interest.! The RMC method has advantages in applications where
only information at certain locations and finite solid angles and/or
time is needed. Examples are remote sensing, optical imaging, and
many other inverse analysis applications.

Unlike our previous work on one-dimensional geometry,’~’ the
current problem has a pulsed, finite-size beam moving in space, and
the chance of backtracking bundles to encounter the source is even
smaller. The situation requires a significantly larger number of bun-
dles (and computational time) for multidimensional simulation. A
possible solution is to send the bundles in the directions according to
amodified cumulative distribution function.!? The idea is to send the
backtracking bundles in the directions that have a greater chance of
encountering the moving pulse source. In this study, we will estab-
lish basis results without resorting to the biased directions. A future
study will consider such strategy and compare the improvement in
computational time and accuracy.

There are several good discussions on using the reverse or back-
ward Monte Carlo method, for example, Nelson,'* Walter and
Buckius,'* and recently Modest.'"” However, these are only for
steady state problems. Furthermore, there are only a very limited
numbers of RMC simulations of the pulse propagation inside the
scattering media. To the best of the authors’ knowledge, a detailed
discussion of the algorithm is not available in the literature. A gen-
eral transient algorithm to deal with multidimensional, nonhomo-
geneous media is especially needed and presented here.

This paper presents an expansion on the one-dimensional models
previously developed by the authors.’~7 Although no new concept is
needed to extend to multidimensional geometry, the new algorithm
needs to consider the finite-sized light pulse and the nonuniform ra-
diative properties along the energy bundle’s backtracking path and
along the light pulse’s path. These are not trivial and detailed de-
scription is presented. It is therefore important to present a validated
RMC algorithm for simulating the light pulse movement in realistic
geometry and property conditions.

II. Transient Radiative Transfer Equation

The problem under consideration is a collimated, ultrashort
pulsed irradiation on the top surface of a rectangular medium. The
light pulse’s temporal width is on the order of pico- or femtoseconds.
The geometry is shown in Fig. 2.
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Fig. 2 Geometry of the collimated irradiation.
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In Fig. 2a, I (S, t) is the collimated irradiation intensity in direc-
tion $y. Iy is the intensity leaving the wall toward the medium and
I; the intensity coming from the medium toward the wall. The light
pulse irradiates one surface element and the shaded volume element
represents the smallest medium volume size that has radiative prop-
erties different from those of the surrounding medium. The detector
of radiation signals, radiative flux over a finite solid angle, can be
placed anywhere in the medium. Most common applications will
have one or more detectors placed at the enclosure surface.

The medium is absorbing, scattering, and nonemitting and as-
sumed to be cold and gray. The enclosure surface is considered to
be a Fresnel reflective surface. The radiative transfer equation (RTE)
to describe the light intensity in a given direction § is given as'?

A, s,0) I, 5,1) o n
cot as =I5
AW 1R 8, 0DF, 8, 8)de (1)
AT Jo—un

where « and o are the position-dependent extinction coefficient
and the scattering coefficient, respectively, and k =a + o7; ¢ is the
speed of light in the medium, § the light propagation direction,
and ® (7, §', §) the scattering phase function. It is assumed that the
model, that is, Eq. (1), is suitable to describe the light pulse propa-
gation in the participating media.'® The temporal radiative signals,
for example, transmittance and reflectance, are usually of interest.
In inverse analysis and remote sensing applications, the temporal in-
formation is used to determine the material composition, existence
of inhomogeneity (and if it exists, its location), and so on. Sev-
eral deterministic numerical schemes have been developed to solve
Eq. (1) (Ref. 1). However, these are all subject to various modeling
or numerical issues. In the next section, a new method of solving
the transient radiative transport equation based on the reciprocity
principal of optics'” and Monte Carlo stochastics is described.

III. Reverse Monte Carlo Method

It is convenient to use a concept similar to Olfe’s'® modified dif-
ferential approximation by splitting the intensity into two compo-
nents: one contributed by incident radiation and the other by medium
emission and scattering. The former can be solved exactly with the
boundary condition containing singular emission source and the
latter by various numerical schemes:

I(F,5,1) =1,(F,5,1) + I,(F, 5, 1) )

where I,(7, §, t) is the component contributed directly by the col-
limated irradiation at position 7 in direction § and I, (7, §, t) is the
multiply scattered component. From this treatment it is easy to show
that 1, solution can be obtained through the direct attenuation,

1,7, 8, 1) = go(F, 1)8(5 — So) exp L— / k() ds’J 3)

go(7, t) is the pulse shape function at the surface, and § is the Dirac
delta distribution. The “source term” in the RTE is resulted from the
scattering of the collimated beam and is given as

D(r, o, 5)

S(F,5,t) = go(F, t)o (F) exp |:— / k(") ds’:| — @
4

The reverse Monte Carlo algorithm of backtracking N energy (or
photon) bundles from the point of interest, for example, the detector
(see Fig. 2b), to simulate the diffuse component of the intensity at 7
(say, a detector position) in the §, direction is based on the principle
of reciprocity and time-reflection symmetry of ®,>16:19

1 14
(g, 50, 1) = f S(f’,—f’,t’)exp[— f a(f”)dl”} dr' (5
0 0

The §’ is the direction of the backtracking bundle’s movement in-
side the medium, starting with §' = —5, (Fig. 2b). The exponential

term in the above equation is based on the “absorption suppression”
described by Walter and Buckius.'*

IV. Reverse Monte Carlo Method
in Three-Dimensional Geometry

Consider a light pulse with a “top-hat” temporal shape, a rectan-
gular spatial cross section, and §, pointing to the z-direction,

S(F,8,1) = |H(ct —z) — H(ct —ct, — 2)][H(x, — x)

—HGx =0 [H(y: —y) — H(y1 — y)]

e A
a(f)eXp[_/ K(;/)dlé]w ©)
0

where H is the Heaviside step function, x, —x; =y, — yy=d, d
the width of the pulse cross section, and /. the distance that the
collimated pulse travels from the boundary 7,, to the current location
F(x,, z). Equation (6) uses a more specific form of the pulse shape
function inside the medium in Eq. (4).

It should be pointed out that a pulse of circular cross section with
spatial Gaussian profile could be implemented in the model. How-
ever, it is expected that the pulse temporal and spatial shapes have
much less influence on the radiative signals than the pulse width.°
The use of a top-hat pulse shape and rectangular cross section will
have a minimum impact on the simulated signals but simplify the
calculation. In simulations, d will be the effective diameter of the
laser beam. For the problem under consideration we also neglect the
reflection of I, at the internal boundary surfaces because the me-
dia for such applications typically have very high optical thickness
and /, magnitude rapidly decreases to a very small value after one
pass inside the media. Although the internal boundary reflection of
1, can be incorporated into the MC simulation, the extra modeling
complexities do not warrant the insignificant improvement in the
resulting solution.

In the three-dimensional geometry, Eq. (5) becomes

1 1
Ly(ra; 84, 1) =/ S, =5,1) exp|:—/ a(r(l”))dl”i| dr
0 0

!
=L/ [H(ct —z) — H(ct —cty, — )] [H(x; — x)
4 J,

—H@x; —x)][H(y —y) — H(y1 — y)]

o(rdNe 1), S, —3)

I v
X exp|:—/ k() dl — / a(rd”) dl”:| dr
0 0

1 K
=— a(rdNerd’), 50, =5
47 Xk:/,; 0

I, 14
X exp|:—/ k(rdl))dl, — / a(rl")) dl”] dr (7
0 0

where [, is the bundle’s kth straight backtracking segment within
the [, which is the travel distance of the backtracking bundle when
it encounters the backward-moving collimated pulse. The nonho-
mogeneous property in the path integration is handled by separat-
ing each [, segment into sections which are the travel path lengths
in each individual homogeneous rectangular volume cell (Fig. 3).
Equation (7) can be written as

N
A 1 A N lk.z
1,7y, 54, 1) = E Z Z ox,i ®(7, 50, —5;) f
ki b
"l/‘v.[ )l/‘.[
X exp(— Z KiAz; — Z ay Alh) dr; ®

j=1 h=1
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Fig. 3 Backtracking bundle path length and pulse movement in the medium.

where the subscript i refers to the ith cell in the kth path segment,
my; is the number of volume cells the collimated beam has crossed
before reaching the location in the ith cell at the time when it en-
counters the backtracking bundle, and n;; is the number of cells
the backtracking bundle has crossed before it reaches the same lo-
cation. It is obvious that §;, = —S§; when k = 1. The indices m,_; and
ny; both point to the same cell. The first term inside the exponential
function in Eq. (8) represents the attenuation of the collimated beam
intensity and the second term is the absorption suppression of the
backtracking bundle’s intensity.

The detailed RMC algorithm is discussed in Ref. 5 for one-
dimensional geometry and in Ref. 6 for nonhomogeneous media.
Below we will discuss the additional considerations for three-
dimensional, nonhomogeneous media. The major issue in the ho-
mogeneous RMC algorithm is to determine whether and where the
backtracking bundle will encounter the moving source, that is, the
collimated pulse, and the locations of these encounters.’ In one-
dimensional layered nonhomogeneous media, the treatment of the
source integration is more involved than that in the homogeneous
case because of the variation of radiative properties (including «, a,
and @) along the bundle path length and the pulse moving path.®
In three-dimensional problems, though the relations for source in-
tegration remain almost unchanged, implementation of Eq. (7) is
even more complex due to the finite temporal width and finite spa-
tial size of the light pulse and the variation of radiative properties
among the cells along the integration path /.. The crossover or over-
lap path length between the backtracking bundle and the moving
source is the integration path needed in Eq. (8). Because the pulse
and the bundle are both moving in space, the crossover path length
end points have to be determined along with the integration limits,
that is, [, and [_,. There are four possible scenarios and three of
them are the same as in Ref. 5. These cases are depicted in Fig. 3
and discussed in detail below.

In Fig. 3, the current bundle position is at location o with coordi-
nate (x1, yi, 21) attime #; and t; > t,. At #, the light pulse’s leading
edge is at z,,; (=c't;). The z-direction pulse length is ct, and the
size in x and y direction is d. Four path lengths, 0a, ob, oc, and od,
are all equal to the pulse travel distance (z,,; — 2,2). Except ob and
oc, two other path lengths pass through the pulse at certain times
during the bundle’s backtracking from #, to f,. Backtracking path 6a
has end point a inside the pulse at #,. ob path ends at point b behind
the pulse trailing edge or plane but does not pass through the pulse
at any time between #; and #,. In fact, in this case the energy bundle
is falling behind the pulse propagation. od has a portion that passes
though the pulse. The end point d has z coordinate within the pulse
leading and trailing edges’ z coordinates but does not reside inside
the pulse like point a.

Another possible scenario is that the starting point of backtracking
bundle is 0’, that is, inside the pulse at time #,. The consideration

is no different from cases discussed earlier. Of course, the lower
integration limit of Eq. (7) starts with point o’. The details of deter-
mining the lower and upper integration limits were given in Lu and
Hsu.’ For brevity, the discussions are not repeated here.

Let I, (Ix) be the kth straight path integration; then

Lias3a,0) = Y Lea () ©)
k

There are two different situations to consider for the segment in-
tegrations depending on whether the backtracking direction is per-
pendicular to the z axis:

1) u, # 0, the backtracking direction is not perpendicular to the
Z axis:

my;—1

1 A A Al
Leol) = = > o @ (F. o, —sk)exp(— > KAz

J

ngi—1
Zk,ig,
+KkaZk,,'U - E ahAlh —I—a,,kv/. /L—)

h %k

— %
ki

e Ko 12
« / exp[— my i (:Uvzk +1— wmkj):| di (10)
. © ©

a) /'sz + 1 - wmky,- #O

1 O, DF S0 —5)
]se' ) = — -
E g( ) A Z o + 1— O

my;—1 ngi—1
Zk.iy,
x exp|— KiAZj + Ky Zhiy — apAly +ay, , u—
j h

I -

%
Z
XCXP| —Kmy ;2 — Qmy; l’L_
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Define the extinction distance as

lext(z) = ZKj Azj+ Ky, (Z - Zkviu)

J

hip

iy

and the absorption distance as

3 — Zk,i
Las(2) = Z%Alh + an,; <T“)
2%

h
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The total intensity can be expressed as
Z Z Oy ; ® (7, So, —sk)

— g T 1 — wp,
X {exp[_lext (Zk,iL) - labs (Zk,il_)]

- CXP[—lcxt (Zk,iU) — Labs (Zk,zy)] } 12)

b) ptz, + 1 — wy, ; =0. Let I (I ;) be the ith cell in the kth straight
path integration:

L(rq, 84, 1) =

my i —1

1
seg(lk z) - 47 Gmk, (I)(r So, _Sk) eXP<— Z kj AZ_,’ + kmkv,-Zk.iU
J

2y

13)

ngi—1
2k, Z
— Z (lhAlh —I—a,,kl i
Mz ) Kz

2) p,, =0, the backtracking direction is perpendicular to the z
axis: In this case the bundle travels in the direction normal to the z
axis:

Zhkiig,

M,i

Iseg(lk) == Zakt r S(), _sk ) eXP( ZK_,‘AZ_[

s

ngi—1 =
N Z anAly +a”kzl’L)/ ' eXp(_a”k.il/) dr’ (14)
l

a)a,, , #0:
(7, 5 y_u mi;
Ll = = M exp(— > kaz
i nk,i j
ngi—1
_ Z apAly + ay, l,L>eXp( ank11)|j’L (15)

U

b) a,, ;, =0, a purely scattering cell:

seg(lkt)— Uk,@(f,fo,—fé‘)
mi i ngi—1
X exp(-ZK,Az,- - Z ahAlh)Al (16)
J h

where Al is the traveled distance in that cell perpendicular to the
zdirection.

V. Results and Discussion

The computer system used in the simulation is described in de-
tail in Ref. 5 and will not be repeated here. Figure 4 shows a
convenient way to validate the three-dimensional code with the
existing, accurate one-dimensional slab solutions obtained with
the one-dimensional RMC code and the discrete-ordinates method
(DOM).>?! The one-dimensional RMC solution was in good agree-
ment with a MC solution developed by another group.?? The aspect
ratio (AR) is the ratio of the width or length over depth of the
rectangular participating medium. The depth is in the z-direction
(Fig. 2a). The medium has equal width and length in the z =0 sur-
face that is subjected to a collimated pulse in the z-axis direction.
In this validation case, the whole surface is irradiated with a planar-
shaped light pulse to simulate the one-dimensional geometry where
avery large AR is used. The standard deviation of three-dimensional
RMC results was set to be 1% and that of one-dimensional RMC
results was 0.5%. The three-dimensional results show that as the
aspect ratio increases from 1 to 100, the transmittance approaches
the one-dimensional case. The good agreement of three-dimensional
AR = 100results and one-dimensional results indicate that the three-
dimensional RMC code is accurate.

Table 1 Radiative properties of cubic media

Case T 19) w1 w)
D11 1 10 0.1 0.9
D14 10 1 0.9 0.1
250107 e
=10, ®=0.998, d=1
r rp* = Clp/(l/K) =1 b
210° 1 ]
8 5[ i
2 15107+ —
] _
£ [
Z L
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Fig. 4 Validation of three-dimensional RMC code with existing one-
dimensional solutions.
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Fig. 5 Reflectance of a three-dimensional cubic medium with two lay-
ers in the z direction. Normalized pulse width ,, =0.1.

Figure 5 and Table 1 show the reflectance (R) and transmittance
(T) of the cubic medium with a two-layer structure. T and R are
the half-range radiative flux atx =y=0and z=0(R) or z=1 mm
(T). Two cases D11 and D14 are examined. The interface of the two
layers is in the middle, that is, z = Ly/2 = 0.5 mm plane. It is seen
that case D11 reflectance has a suddenrise att, =2(L¢/2)/c =3.33
ps or dual peaks. This is due to the stronger scattering effect in the
second layer than in the first layer and the pulse’s temporal width at
an appropriate scale. The resultis consistent with the previous results
of the one-dimensional multilayer media.” The time of reflectance
rise at ¢, is exactly the ballistic photons’ travel time from the incident
surface to the interface and back to the incident surface. Therefore,
the temporal reflectance curve has a direct correlation between ¢,
and the location of the interface, that is, z = Ly/2. This is very
advantageous in the applications to material property diagnostics or
inhomogeneity detection, because the typical inversion procedure
will not be needed.

However, such a correlation exists under two conditions, as re-
ported earlier by the authors.” These conditions are that 1) the
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normalized pulse width (¢,, = ct,/Lo) has to be less than one and
2) the medium’s scattering coefficient before the interface has to be
less than that of the medium behind the interface. In the case D14,
because the scattering coefficient distribution is exactly opposite to
that of case D11, there is no sudden rise in the reflectance curve of
D14.

The transmittance curves of Fig. 5 also reveal some interesting
phenomena for consideration in the inverse analysis or optical im-
age reconstruction. It has been proposed that the long time loga-
rithm slope (LTLS) of such temporal radiative signal can be used
as a parameter for inverse analysis, that is, determination of probed
medium’s radiative properties. It is clearly seen that both case D11
and D14 have identical LTLS beyond 7 =10 ps, even though the
material property distributions are exactly opposite. This has further
confirmed what was reported in our one-dimensional multilayer me-
dia study.” That is, the LTLS does not provide the specificity needed
for an effective inverse analysis.

Additionally, the measurements reported by several groups
commonly normalized the temporal transmittance signals with their
respective peak magnitudes. It has been suggested that the pulse-
broadening effect, after normalization, can also be used as an inver-
sion parameter. If one takes Fig. 5, for example, and normalizes the
cases D11 and D14 the transmittance curves have their respective
peak values at =5 ps. The two normalized transmittance curves
have nearly identical broadened pulse widths. Therefore, this clearly
shows that the normalized pulse-broadening effect does not provide
the specificity either. The minor difference between the two normal-
ized curves is well below the typical measurement error for such
experiment. Figure 5 and previous one-dimensional results clearly
indicate that other inversion parameters or temporal information
are needed for effective inverse analysis. The new parameters can
be used either independently or in conjunction with the broadened
pulse width. More work is apparently required to identify any new
parameter or temporal information for such use.

Figure 6a is a cubic medium with a highly scattering core in
the center. The relevant geometry and radiative property informa-
tion are given in the figure. Seven detector locations are selected
to examine the change of reflectance over time. For the detector
locations at x <5.5 mm, it is found that the second peak starts at
time ¢, = 133.3 ps, which is again the ballistic photons’ travel time
from the incident surface to the interface and back (Fig. 6b). Thus,
these detectors are able to discern the location of the scattering core
region. At detector positions of 8 and 10.5 mm, although there also
exists a sudden rise in the reflectance, the rise time is not exactly
at .. It is larger than 7,. The farther the detector is away from the
scattering core, the later is the rise time of the second reflectance
peak. This indicates that these two detector positions cannot pick
up the signal from ballistic photons. Their signals are coming from
the so-called snake photons or slightly scattered photons. Because
of the relatively short pulse width in comparison with the depth of
the medium (L), that is, the normalized pulse width ¢,, =0.1, the
appearance of a dual peak or local minimum at 7, is very obvious,
as in Fig. 5 case D14.

The results can also be shown in the line-scanned mode (Fig. 6¢);
that is, the results can be used in direct comparison with the streak
camera image, where temporal radiative signal variation along a
given detection line path can be obtained. In Fig. 6c, the solid lines
are the signal in the first peak group and the dashed lines are the
second peak group of Fig. 6b, respectively. Although there are some
spatial variations from the 40-ps curve to the 50-ps curve, their gen-
eral trend is the same: both curves have stronger reflectance signals
in the middle. This is an indication of the existence of scattering
core. On the other hand, the variations in the second peak group,
that is, curves from 130 and 140 to 160 ps, are drastically differ-
ent. The 130- and 160-ps curves are relatively flat but the 140-ps
curve has a sharp drop from the core region (x =0 to 5 mm) toward
the outer edge. Of course, a few more detector locations at x =6
to 8 mm will provide higher resolution but the trend of the 140-ps
curve is very distinguishable. Such spatial and temporal variations
of the reflectance signals closely resemble the measurement in sim-
ilar configuration® and are very useful for inverse analysis. Note
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centered at (0, 0, 25 mm), x= 1000 1/m, ®= 0.9

Fig. 6a Detector positions of a three-dimensional cubic medium em-
bedded with a highly scattering core. Detector locations are at y=z=0,
x=1,2,3,4.5,5.5, 8, and 10.5 mm.
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Fig. 6b Reflectances of a three-dimensional cubic medium embedded
with a highly scattering core.
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Fig. 6¢c Line-scanned reflectance temporal history of a three-
dimensional cubic medium embedded with a highly scattering core.
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that in the experiment reported by Trivedi et al.,>* a normalized
pulse width of ¢,, =4.9 was used (which is far greater than one)
and therefore the second peak shown in Fig. 6b would not appear
in their measurement. In comparison, the second peak curves (130,
140, and 160 ps) provide more evident and clear indication of the
existence of scattering core. This is a clear advantage of using very
short pulse width, that is, #,, < 1. This also suggests that a time-
gating detection scheme to capture the second peak signal may be
useful for inverse analysis in diagnostic applications.

VI. Conclusions

The reverse Monte Carlo method was developed for a tran-
sient radiative transfer process of light-pulse propagation within
the absorbing, nonemitting, scattering, and nonhomogeneous three-
dimensional media. Detailed treatment of source integration that
involves the nonuniform property along the integration path length
is given. The reverse Monte Carlo method developed in this study
is an accurate and scalable simulation tool to model pulse prop-
agation in the highly scattering media. The temporal reflectance
signal from the nonhomogenous medium with scaled pulse width
less than one and stronger scattering coefficient in the rear region
produces a very unique time—interface location correlation. This
is very advantageous in the inverse analysis for optical imaging
and remote sensing. Based on the simulated results, it is concluded
that the previously proposed inversion parameters, that is, the long-
time logarithm slope and pulse-broadening effect, alone are inade-
quate for use in the inverse analysis because these parameters do not
provide the specificity needed for such use. Other parameters are
needed, either used independently or in conjunction with the loga-
rithm slope and broadening effect. More work is needed to identify
new parameters or temporal information to be used in the inverse
analysis.
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