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Multidimensional Monte Carlo Simulation
of Short-Pulse Laser Transport in Scattering Media
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Polytechnic University, Brooklyn, New York 11201

The MonteCarlo technique is used to simulate the two-dimensionaltransient radiativeheat transfer in scattering
and absorbingmedia.The transientbehaviorof transmissivityand re� ectivity, subject to short-pulse laser radiation
incident on highly scattering media, is investigated. The in� uences of medium dimensions, anisotropic scattering
characteristics, incident pulse width and spatial and temporal Gaussian distributions, and the effect of Fresnel
re� ection resulting from refractive index changes at the boundaries are discussed. It is found that the temporal
distribution shape and spread of the predicted transmissivity and re� ectivity are signi� cantly in� uenced by the
incident pulse width and the dimensions of the media. Forward scattering increases the magnitude of maximum
transmissivityand reduces the transmitted pulse width. Neglecting the boundaryre� ection results in overestimated
transmissivity and re� ectivity and shortens the transmitted pulse width.

Nomenclature
A1 = linear anisotropic scattering coef� cient
c = speed of light through medium, mm/ps
c0 = speed of light in vacuum, = 0.3 mm/ps
D = path length, mm
H (t ) = Heaviside function
Ic = incident laser intensity, W/m2

I1 = maximum value of Gaussian input pulse intensity
I2 = maximum value of step input pulse intensity
L = thickness, mm
ns = refractive index
R = random number between 0 and 1
r = radial coordinate
ri = radius of incident laser beam, mm
ŝ = unit direction vector
t = time, ps
t1 = start time of input pulse, ps
t2 = end time of input pulse, ps
t p = pulse width of incident laser, ps
W = width, mm
x , y, z = Cartesian coordinates
h = polar angle
h 0 = polar angle measured from an axis pointing

in the incoming light direction
h i = incident angle
h r = refractive angle
q = re� ectance
r e = extinction coef� cient, mm ¡ 1

U = scattering phase function
w = circumferential angle
w 0 = circumferential angle measured in a plane normal

to the incoming light direction
x = scattering albedo
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Introduction

I N the past decade, many researchers have focused on evaluat-
ing the propagation and scattering characteristics of short-pulse

light transport through highly scattering media. Many applications
have burgeoned due to the advent of the short-pulse laser. Exam-
ples are optical tomography of tissue, remote sensing of oceans and
atmospheres, laser material processing of microstructures, and the
possibilities of using short-pulse x rays for noninvasive diagnos-
tics. A review by Kumar and Mitra1 summarized the microscale
aspects of thermal radiation transport and short-pulse laser applica-
tions.

Signi� cantprogresshasbeenmade in thedevelopmentof solution
methods for multidimensional radiative heat transfer in participat-
ing media in recent years. However, the analysis of radiative heat
transfer in most engineering problems traditionally neglects the ef-
fect of speed-of-lightpropagation, even if the boundary conditions
and/or the sources that are responsible for the radiative intensity
vary with time. With laser pulse widths as short as picoseconds to
femtoseconds,2 neglecting the time dependence of radiative trans-
port may induce signi� cant errors in the prediction of transient ra-
diation heat transfer.

Very few studies have addressed transient radiative transport.
Kumar and Mitra3 and Kumar et al.4 are among the � rst to consider
the entire transient radiative equation by using a variety of models
for short-pulseapplications.Mitra et al.5 solve the two-dimensional
wavelike transient radiative transfer equation using the P1 approxi-
mation for a boundary-drivenproblem. Mitra and Kumar6 compare
several numerical models for the prediction of light pulse transport
through one-dimensional scattering–absorbing media. Previously,
the transient radiative transfer equation, with a source of constant
strength at the boundaries, had been solved using Laplace trans-
forms and adding-doublingmethods.7,8 Other formulations consid-
ering the entire hyperbolic radiative equation for laser pulses have
not been covered in the literature, except for a brief discussion by
Ishimaru.9 Most studies consider the parabolic transient P1 diffu-
sion approximation, obtained by dropping certain time derivatives
to parabolize the transfer equation.10 Some of these studies have
also experimentally investigatedshort-pulse laser transport through
tissues,where the scatteringalbedo is very large, and have indicated
that the P1 diffusion approximation is adequate for optically thick
tissue samples. However, these parabolic models have not matched
experimental results in other studies.11

Although one-dimensional transient radiative heat transfer has
been discussed broadly, the study of multidimensional transient ra-
diative transfer is sparse. Moreover, a more realistic simulation of
short-pulse laser transport is required, which would include the in-
put of a realistic laser beam, the boundary re� ection due to the
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change of refractive index, and the characteristicsof anisotropically
scatteringmedia.Manyapproacheswereused in the referencesmen-
tioned, but few can easily and ef� ciently treat all of these realistic
complications. One viable approach is the Monte Carlo method,
even though it is subject to computational expense and statistical
error.

Monte Carlo methods have been used extensively in steady-state
simulationsof radiativeheat transfer.12 ¡ 18 General reviewsby Siegel
and Howell12 and Modest13 provided the details for implementation
of the method. Recently, researchers have started using the Monte
Carlo method to address transient laser-tissue interactions. Wilson
and Adam19 developed a Monte Carlo model to study the propa-
gation of light in tissue, in which boundary re� ections and time
derivativeswere ignoredand scatteringwas assumed to be isotropic.
Anisotropic scattering was considered in the Monte Carlo methods
developedby Deply et al.20 and Jacques.21 Flock et al.22 and Madsen
et al.23 have testedMonteCarlo resultsby comparisonwith diffusion
theory and experimentalmeasurement.Hasegawa et al.24 employed
the Monte Carlo method to trace the paths of rays incident upon
slabs containing either two types of scattering particles or one type
of particlewith pigment. Takahashi et al.25 incorporateda boundary
re� ection and found that it broadened the transmitted pulse width.
The Monte Carlo method was also used to investigatethe feasibility
of determiningopticalpropertiesof turbidmedia from time-resolved
light scattering measurement.26 In these studies,19 ¡ 26 however, an
instantaneous, isotropic point source was used to simulate the in-
cident laser beam; Gaussian temporal and spatial pro� les were not
considered; boundary re� ection was not generally taken into ac-
count; and the system was generally restricted to a one-dimensional
slab. A literature survey reveals that no publication is available
depicting work involving multidimensional simulation of transient
laser transport with realistic physical conditions.

In the present treatise, a Monte Carlo approach is developed to
simulate two-dimensional transient radiative transport of a short-
pulse laser beam incident upon highly scattering media. Realis-
tic physical models are incorporated, such as temporal and spatial
Gaussian distributions of the laser beam, Fresnel re� ection at the
media/air boundaries,andanisotropicscatteringcharacteristics.The
temporal transmitted and re� ected � uxes are obtained over a broad
range of various parameters, such as thickness and width of the
media, and the temporal width and spatial radius of the incident
laser. The in� uences of the geometric dimensions, the features of
the incident beam, and the location of the detecting point are dis-
cussed.The effectsof boundaryre� ectionand anisotropicscattering
characteristicsof the media are examined.

Analytical Model
The medium geometry, coordinates,and input laser pulse are de-

picted in Fig. 1. The pulsed laser is normally incident upon the
participating medium from the origin of the Cartesian coordinates.
The incident laser intensity has temporal and spatial Gaussian pro-
� les and can be expressed as

Ic(r, z = 0, t) = I1 exp ¡ 4 2 £
t ¡ tp / 2

tp

2

£ exp( ¡ r 2 / m 2)

(1)

where tp , termed pulse width, is full width at half maximum
(FWHM) and m 2 / 2 is the spatial variance.

A step function is usually adopted to simulate the incident pulse
for many transient radiative transfer analysis methods. A temporal
square-wavepulse can be expressed by the Heaviside step function
as

Ic(r, z = 0, t ) = I2[H (t ) ¡ H (t ¡ tp)] £ exp( ¡ r 2 / m 2) (2)

For the sake of comparison,we set the FWHM of the input Gaussian
pulse to coincidewith that of the input step pulse as shown in Fig. 1.
Therefore, the step input pulse starts at t1 = 0 and ends at t2 = tp ,
whereas the input Gaussian pulse is started at t1 = ¡ 2tp and ended
at t2 =3tp .

Fig. 1 Sketches of medium geometry, coordinates, and input laser
pulse pro� les.

The geometric dimensions are L in thickness in the z direction,
W in width in the y direction, and in� nite in the x direction. The
extinction coef� cient r e of the participating medium is assumed to
be uniform and constant at 1.0 mm ¡ 1. The scattering albedo x is as
high as 0.997. A high value of scattering albedo is selected because
it corresponds to the more dif� cult cases to simulate. Lower values
of albedo, indicative of smaller magnitude of scattering and high
absorption, are relatively easier to simulate. Also, high albedo is
characteristic of an important application: time-resolved laser to-
mography of tissues.24 The anisotropic scattering of living tissue
could be conveniently speci� ed by the Henyey–Greenstein phase
function as was done by Jacques.21 Although the Monte Carlo
method is general and any type of anisotropic scattering can be
utilized, for simplicity, we assume linear anisotropic scattering in
the present investigationas follows:

U (ŝ ¢ ŝ0 ) = 1 + A1 ŝ ¢ ŝ 0 = 1 + A1 cos h 0 (3)

The linear anisotropic phase function reduces the number of inde-
pendent parameters needed for characterizingthe scattering to only
one: the variable A1 . For positive values of A1, it is forward scat-
tering. In contrast, it is backward scattering for negative values of
A1 .

Fresnel re� ection is taken into account at the input and output
interfaces that are exposed to air. Snell’s law is obeyed:

ns sin h i = sin h r (4)

in which the incident angle is h i and refraction angle is h r . Because
the refractive index of the medium, ns > 1, total re� ection occurs at
the boundarieswhen h i ¸ sin ¡ 1(1/ ns). When h i < sin ¡ 1(1/ ns ), the
re� ectance between the random walk medium and air is given by
the Fresnel equation as

q =
1
2

tan2( h i ¡ h r )

tan2( h i + h r )
+

sin2( h i ¡ h r )

sin2( h i + h r )
(5)

Monte Carlo Method
The Monte Carlo method is a rather � exible technique. It has

been applied to a wide variety of problems. It can handle nearly
any physical condition as long as it can be represented by the ap-
propriate probability distributions, which in turn are simulated by
repetitions of random numbers generated by the computer. In the
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Monte Carlo approach, radiative transfer is simulated using the cal-
culatedmovementsof a statisticallylargenumberof radiativeenergy
bundles.As each bundleproceedsfrom its initial locationand initial
emission time throughtheparticipatingmedium, it experiencesscat-
tering, re� ection, and absorption. On completion of the simulation,
predictions of heat transfer are determined based on the averaged
behavior of the set of individual energy bundles. The dif� culties
inherent in the solution of the time-dependent, integro-differential
radiative transfer equation and the complexity in dealing with the
Fresnel re� ection and anisotropic scattering can be avoided.

Except the transient behavior, the traditional Monte Carlo algo-
rithm has been described in common textbooks12,13 in detail. In
the present study, the emission points are determined from the laser
beam source.The position(r , w ) of the incidenceof the laser photon
bundles on the z =0 interface is derived as

R =

r

0

2 p

0
Ic(r 0 , t)r 0 d h dr 0

ri

0

2 p

0
Ic(r 0 , t )r 0 dh dr 0

=
1 ¡ exp( ¡ r 2 / m 2)

1 ¡ exp ¡ r 2
i m 2

(6)

R =

w

0
Ic(r, t ) d w 0

2 p

0
Ic(r, t ) d w 0

=
w

2 p
(7)

in which R is a random number. In Cartesian coordinates, the loca-
tion of the emission point is

x = r cos w , y = r sin w , z = 0 (8)

The initial time of the incident energy bundle in one pulse is
determined by

R =

t

t1
Ic(r, t 0 ) dt 0

t2

t1
Ic(r, t 0 ) dt 0

(9)

For a temporally square pulse, the initial time is easily calculated
by

t = Rtp (10)

For a temporally Gaussian pulse, the initial time is determined by
the inverse calculation of the error function. Note that the initial
time may be less than t = 0 for a Gaussian pulse because the pulse
is started at t1 = ¡ 2tp .

The present method determines the photon initial emission time
by using the Monte Carlo technique. The traits of such a treatment
are the following: the time-resolutioncan be in� nitesimal,all photon
bundles have the same amount of energy, and the total number of
emission bundles is � xed. Equation (9) is valid for any type of
temporal-pulse variation. To the authors’ knowledge, no treatment
similar to Eq. (9) has been published in the open literature.

The initial direction of the incident laser bundle is

h = 0 (11)

i.e., the laser is assumed to be incidentperpendicularon the surface.
The distance that any one bundle may travel before absorptionor

scattering is

D = (1/ r e) (1/ R) (12)

The deposit fraction by absorption is 1 ¡ x . For temporal analy-
sis, the total optical path length of each ray inside the medium is
convertedto time of � ight by using the speed of light in the medium:

t = D /c = Dns / c0 (13)

The direction of light propagation after scattering is determined
by the scattering phase function. For isotropic scattering,

w = 2 p R, h = cos ¡ 1(1 ¡ 2R) (14)

For linear anisotropic scattering, the new angles after a scattering
event are

w 0 = 2 p R (15)

h 0 = cos ¡ 1 1 ¡ 2A1(1 ¡ 2R) + A2
1 ¡ 1

A1

(16)

where the polar angle h 0 is measured from an axis pointing in the
incoming directionof the radiationand the circumferentialangle w 0

is measured in a plane normal to the incoming direction. Program-
ming for anisotropicscatteringneeds a transformationof coordinate
systems, which results in a much longer computation time than that
for isotropicscattering.Becauseanisotropicscatteringcan be scaled
into equivalent isotropic scattering with good results,27 most of the
presentcalculationsare performedfor isotropicallyscatteringmedia
if not speci� cally noted otherwise. However, anisotropic scattering
is included in the present algorithm and the effect of anisotropic
scattering characteristics is discussed.

Each photon bundle is traced until it escapes from the boundaries
of the medium or the total � ight time is over 600 ps. For a highly
scatteringmedium (x =0.997) with Fresnel re� ective boundaries,a
few rays may scatteror re� ect thousandsof times inside the medium
before being fully absorbed or transmitted. As a result, the compu-
tational time is substantially increased. To reduce the CPU time, a
ray scattering and/or re� ecting over 1000 times inside the medium
is not traced further.Because the ray energy has been reduced to less
than 5% of its initial energy after 1000 scattering events, neglecting
such rays results in a total energy error of less than 1% and has no
obvious effect on the results. Comparison with nonlimited scatter-
ing events was conducted, and the general difference was found to
be less than 1%.

The total number of emission bundles varied from 106 to 108.
Several trial calculations were repeated to test the sensitivityof the
results to the number of emission bundles. Convergent results were
found, and the outcome of these exercises was satisfactory. The in-
crease in the number of emission bundleswill reduce the � uctuation
of the prediction, and consequently,will improve accuracy but will
also result in considerably longer computational time. In general,
107 bundleswere chosen in the presentstudy.However, 108 bundles
were used in a few cases, as speci� cally indicated.The numericalal-
gorithm was also checkedby comparing its one-dimensionalresults
with previous Monte Carlo predictions21 ¡ 24 for impulse-incident
irradiation without boundary re� ection. The outcome was satisfac-
tory, and the difference was very small.

Results and Discussion
The transmitted and re� ected � uxes at all of the boundaries and

the absorbed � ux inside the medium can be obtained by the present
Monte Carlo simulation. However, the transmitted and re� ected
� uxes at the interfaces of z = L and 0, respectively, are of prime
interest in the study of short-pulse laser transport through partici-
patingmedia.The transmissivity(at z = L) and re� ectivity(at z =0)
used in the following sections are de� ned as the transmitted and re-
� ected energy normalized by the total incident laser energy. The
basic values of parameters are L =10 mm, W =10 mm, t p = 10 ps,
ri = 1.0 mm, ns = 1.33, r e =1.0 mm ¡ 1, and x =0.997. The spatial
variance m in the Gaussian pro� le beam is assumed to be equal to
the radius of laser beam.

Effects of Temporal Gaussian Pulse and Detector Position

The temporal transmissivityand re� ectivity distributionsare var-
ied according to the detector locations in the y direction. The lo-
cations of detectors for calculating transmissivity and re� ectivity
are listed in Table 1. The temporal transmissivity and re� ectivity
distributionsare shown in Figs. 2 and 3, respectively.Comparisons
are performed between one temporal Gaussian pro� le input pulse
and one step-input pulse and among three different detector lo-
cations. The parameters used in the computation have their basic
values as speci� ed before. Figure 2 shows that there is a sudden
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Table 1 Selected locations at the incident
and transmitted interfaces: detector radius = 1 mm

Detector Position, (x, y, z) Property

Location A (0, 0, L ) Transmissivity
Location B (0, 2, L ) Transmissivity
Location C (0, 4, L ) Transmissivity
Location D (0, 0, 0) Re� ectivity
Location E (0, 2, 0) Re� ectivity
Location F (0, 4, 0) Re� ectivity

Fig. 2 Comparisons of temporal transmissivity at three different de-
tector locations subject to different temporal variations of input pulse.

Fig. 3 Comparisonsof temporal re� ectivity at three different detector
locations subject to different temporal variations of input pulse.

increase at an early time in the transmissivity pro� le at location
A where its center coincides with the axis of the incident laser
beam. Such a peak corresponds to the direct transmission of the
laser beam through the medium without interaction.The peak value
subject to the step-input pulse is larger than that of the Gaussian
input pulse because the incident energy is more focused in a nar-
row time range. The initial response time subject to the step-input
pulse equals the minimum time of light propagation in the medium,
i.e., t = L / c = L £ ns /c0 =44.33 ps. However, the detected initial
response time, subject to the Gaussian input pulse, is earlier than
that due to the step-input pulse because the Gaussian input pulse
is started from t = ¡ 2t p . The time variation of the input pulse af-
fects the transmissivity pro� les at an early time stage. After that,
the in� uence of input pulse shape is not obvious.At locationsB and
C, there are no direct photons from the incident laser, so that the
transmissivitypro� les haveno suddenincreaseat an early time. The
transmittedpulsesat locationsB and C areproducedbecauseofmul-
tiple scatteringof photons in the medium. The original arrival time
of the photon has a slight in� uence on the transmissivity pro� les at
locations B and C. Thus, it is seen that the transmissivity pro� les
at locations B and C nearly coincide for Gaussian and step-input
pulses. As expected, the magnitude of transmissivity decreases as
the location of the detector moves from A to B to C. However, it is

hard to see the in� uence of lateral location on the transmitted pulse
width.

From Fig. 3, it is also found that the time variation of the input
pulse affects the transient re� ectivity only early in the time pro� le.
The initial response time at location E is 0.0 ps for the step-input
pulse, i.e., the start time of the input pulse. However, note that the
start time for the Gaussian input pulse is t = ¡ 2tp . Thus, the initial
re� ection response time is earlier than 0 ps. The maximum value of
re� ectivity subject to the step-input pulse is larger than that of the
Gaussian input pulse. However, the re� ected pulse width (FWHM)
does not change,subject to various input pulses.As time elapses, the
re� ectivityat locationD increasesrapidlyand reachesa maximumat
a time approximatelyequal to the value of incident pulse width and
thendecreasesrapidlyuntil t »=2tp . After that, it decreasesgradually
with a long decaying tail. As the detector moves from D to E to F,
the initial response time delays and the value of the peak re� ectivity
decrease substantially. The re� ected pulse width increases as the
lateral location moves from the center of incidence.

From Figs. 2 and 3, it is also seen that the transmitted signal
pulse width is much larger than that of the re� ected pulse. This is
because the re� ectivity in the early time period is primarily due to
the interaction of the incident pulse with material in the vicinity
of the region of incidence,while the transmissivity in the long time
periodis the resultof numerousmultiple scatteringevents for light in
the medium. Consequently, the magnitude of transmissivity is also
much smaller than that of re� ectivity for an optically thick medium.

The step-input pulse reduces the calculation effort and provides
a benchmark for comparison with other methods. It also does not
obviously in� uence the transmitted and re� ected pulse widths and
the distribution shapes (except for very early time). Therefore, we
assume a square-wave step pulse as the incident laser pulse in the
following sections.

Effect of Incident Pulse Width

The effect of incident laser pulse width is demonstratedin Figs. 4
and 5 for transmissivityand re� ectivity, respectively.Four cases are
selected for comparison, i.e., tp = 100, 10, and 1 ps, and impulse.
The impulse case (in� nitesimal temporal pulse width) was broadly
employed in previous studies.19 ¡ 26 The total laser energy per inci-
dent pulse is the same for all four cases. The number of ray emission
bundles for the case of t p = 100 ps is 108 in order to capture a � ne
time resolution.From Fig. 4, it is seen that the initial response time
for the four cases remains the same. However, the transmissivityhas
a sudden increase for the cases when tp ·10 ps. The � rst peak for
the cases of impulse and tp =1 ps appears in a very short time, and
its value is much larger than that for the case of tp =10 ps. After
the � rst peak, the differences in transmissivity distribution among
the three cases of tp =1, 10 ps, and impulse are minor. For the case
of t p =100 ps ps, the direct transmission of photons is mixed with
the scattering transmissionso that no � rst narrow peak appears.The
only peak appears around t p =160 ps and is purely the contribu-
tion of photonsundergoinga large number of scatteringevents. The

Fig. 4 Effect of incident laser pulse width on transient transmissivity
distribution at location A.
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Fig. 5 Effect of incident laser pulse width on transient re� ectivity dis-
tribution at location D.

Fig. 6 In� uence of laser beam radius on temporal transmissivity dis-
tribution at location A.

shape of the transmissivitydistribution for tp =100 ps is obviously
different from those of very short pulse width (t p ·10 ps).

In Fig. 5, it is found that the in� uence of incident pulse width on
re� ectivity is more pronounced.The re� ected pulse width increases
as the incident pulse width increases. For the cases of tp =10 and
100 ps, the re� ected pulse width is the same order as the incident
pulse width. But the re� ected pulse width is larger than the incident
pulse width when t p ·1 ps. The magnitude of re� ectivitydecreases
as the incident pulse width increases. When tp ·10 ps, the re� ec-
tivity increases suddenly until it reaches a maximum value around
t = tp and then decreases rapidly for about 10 ps. After that, the
re� ectivity decreases gradually and has a long decaying tail. For a
relatively long pulse width (tp =100 ps), there is a nearly � at re� ec-
tivity in the period from t p =30 to 100 ps. After that, the re� ectivity
decreases rapidly, forming a decaying tail.

From Figs. 4 and 5, it is found that the transmissivity and re� ec-
tivitydistributionsfor impulse incident laser light are very similar to
those for a very short pulse (tp =1 ps). If the incidentpulse width is
shorter than about a picosecond, it may be simulated by an impulse
input. However, when tp ¸ 10 ps, an impulse simulation leads to
incorrect transient transmissivity and re� ectivity pro� les.

Effect of Laser Beam Radius

Figure 6 shows the temporal transmissivity distributions at lo-
cation A for an incident point source (in� nitesimal beam radius)
and Gaussian spatial pro� les of ri =1, 2, and 4 mm, respectively.
Other parameters have their basic values. The total energy per in-
cident pulse remains constant for all cases. The � rst peak, which
corresponds to direct light transport without scattering interaction,
appears for the case of small incident beam radius (ri ·2 mm). The
smaller the beam radius, the stronger the � rst peak. After the � rst
peak, it is hard to see the in� uence of incident laser beam radius on
the transmissivity distributions when ri ·2 mm. When ri =4 mm,
the � rst peakdisappears.This is becausethe incident� ux is reduced,

Fig. 7 In� uence of laser beam radius on temporal re� ectivity distri-
bution at location D.

Fig. 8 Temporal transmissivitydistributionsfor variouslateralwidths
with L = 10 mm.

due to the increase in beam radius. Consequently, the transmissiv-
ity decreases when ri =4 mm. However, the incident beam radius
has a slight effect on the decaying tail of the transmissivity. This
occurs because the tail distribution is mainly attributed to the pho-
tons that have undergone a large number of scattering events and
the tail distributionhas little memory of the originalphoton incident
positions.

The in� uence of incident beam radius on re� ectivity at location
D is further investigated in Fig. 7. It is observed that an increase in
the incident beam radius reduces the magnitude of the re� ectivity.
However, the shapes of the temporal re� ectivity pro� les are similar
for all of the incidentbeamradii.From Figs. 6 and7, it is seen that the
pulse width of the transmitted (except for the � rst peak) or re� ected
� uxes remains almost unchanged for various incident beam radii.
Hence, the laser beam radius does not signi� cantly in� uence the
shape of the temporal transmissivity and re� ectivity distributions.
However, it obviously in� uences the magnitude of re� ectivity.

In� uence of the Medium’s Dimensions

Figure 8 shows the temporal transmissivity pro� les at location
A for various lateral widths with constant thickness L =10 mm.
Other parametershave their basic values. It is a one-dimensionalin-
� nite slab problemwhen the width W is in� nite. Because the lateral
width does not in� uence the directly transmitted � ux, the � rst peak
does not obviously change for various lateral widths. However, the
lateral width does strongly affect the shape and magnitude of the
second transmitted pulse. With an increase of the lateral width, the
strength of the transmissivity increases because less energy will be
transmitted out of the medium from the lateral boundaries. For a
larger width, the secondary peak occurs later and the transmitted
pulse width enlarges. This is due to the effect of the radiation re-
� ected from the lateral boundaries.For larger widths, the re� ection
path is greater and, therefore, the effect of re� ected photons in� u-
ences the transmissivity at much later time. For smaller widths, the
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a)

b)

Fig. 9 Temporal transmissivity distributions at three different detec-
tor locations for a) L = 5 mm and b) L = 20 mm.

travel path is smaller for the re� ected photons, and more radiation
is transmitted through the medium from the lateral boundaries. As
a result, no secondary peak appears for the case of very thin lateral
width (W =2 mm), and its decaying transmissivitytail is very short.

Figures 9a and 9b show the transmissivity distributions at three
locations for a relatively optically thin medium (L =5 mm) and
an optically thick medium (L =20 mm), respectively. Compared
with the results of the step-input pulse in Fig. 2 (L =10 mm), it
is seen that the shape and magnitude of transmissivity are signi� -
cantly in� uenced by the thickness of the medium. For a relatively
opticallythinmedium(L =5 mm), the � rst peakat locationA is very
strong because more radiation transmits directly without scattering,
and the secondary peak at location A disappears. The magnitude
of maximum transmissivity decreases considerably as the location
moves from A to B to C. In contrast, for an optically thick medium
(L =20 mm), the � rst peak at location A due to direct transmission
does not exist. The majority of transmitted � ux comes from multi-
ple scattering. The detector location in� uences only the magnitude
of the transmissivity but does not in� uence the shape of the tem-
poral transmissivity pro� le. From Fig. 2 and Figs. 9a and 9b, it is
found that the transmitted � ux pulse width enlargesas the thickness
of the medium increases.However, the magnitude of transmissivity
decreases substantiallywith increasing medium thickness.

The effect of the medium’s dimensions on re� ectivity distribu-
tion at location D is illustrated in Fig. 10a for various lateral widths
and in Fig. 10b for various medium depths. It is seen that both the
width W and thickness L of the medium have little effect on the
maximum magnitude of re� ectivity and on the temporal re� ectiv-
ity distributionsfor times less than 20 ps. However, the dimensions
do signi� cantly affect the asymptotic log slope of re� ectivity at
longer time periods. The asymptotic log slope of re� ectivity was
used in the measurement23 ¡ 25 of optical properties of turbid media.
For laterally thin media, after multiple scattering, photons tend to
transmit through the lateral boundaries. Consequently, the re� ec-
tivity for long time periods reduces. This is why the logarithmic
change of re� ectivity versus time in the region t > 20 ps becomes
steeperas the medium’s lateralwidthdecreases.When themedium’s
thickness is reduced, photons that have undergone a large number
of scattering events tend to transmit through the medium rather
than be backscattered.Hence, the re� ectivity due to backscattering

a)

b)

Fig. 10 Effect of medium dimensions on temporal re� ectivity distri-
bution at location D for a) various lateral widths with L = 10 mm and b)
various medium thicknesses with W = 10 mm.

Fig. 11 In� uence of boundary re� ection on temporal transmissivity
distribution at location A.

at long times is decreased when the medium thickness decreases.
As a result, the logarithmic re� ectivity decreases more quickly as
the medium’s thickness decreases.However, when the medium be-
comes optically very thick (L ¸ 10 mm), any continued increase of
medium thickness does not affect the re� ectivity pro� le.

Effect of Boundary Re� ection

The effect of boundary re� ection due to the change of refrac-
tive index between different media is presented in Figs. 11 and 12.
The boundary re� ection referred to here is Fresnel re� ection of the
scattered radiation at interfaces of z =0 and L . The effect of re-
� ection of the incident laser light at the surface before it enters the
medium has not been included. Parameters are selected using their
basic values. The temporal transmissivity distributions at location
A are depicted in Fig. 11 for the cases of boundary re� ection con-
sidered and neglected. When boundary re� ection is neglected, the
maximum value of transmissivity is overestimated. This is because
the radiation at the surface is assumed to be totally transmitted,and
its re� ected fraction is omitted. Moreover, the position of the sec-
ondary peak shifts to smaller time, and the transmitted pulse width
is underestimated.These are identical to the � ndings of Takahashi
et al.25 in one-dimensionalproblems.



510 GUO, KUMAR, AND SAN

Fig. 12 In� uence of boundary re� ection on temporal re� ectivity dis-
tribution at location D.

Fig. 13 Effect of anisotropic scattering characteristics on transmissiv-
ity distribution at location A.

Fig. 14 Effect of anisotropic scattering characteristics on re� ectivity
distribution at location D.

The comparisonof re� ectivityat locationD between the included
and neglected boundary re� ection is shown in Fig. 12. It is seen
that neglectingthe boundary re� ection overestimatesthe maximum
magnitude of the re� ectivity. This is because a large number of
photons,which hit the incident interface,will be re� ected back into
the medium due to Fresnel re� ection. However, boundaryre� ection
does not affect the time position of the maximum re� ectivity and
the re� ected pulse width.

Effect of Anisotropic Scattering

Figures 13 and 14 disclose the in� uence of anisotropicscattering
characteristicson the temporal transmissivity and re� ectivity at lo-
cations A and D, respectively.A linear anisotropic scatteringphase
function is adopted. A1 =1 stands for strong forward scattering;
A1 = 0 standsfor isotropicscattering;and A1 = ¡ 1 stands for strong
backwardscattering.All parameters,exceptthephasefunction,have
their basic values. It should be noted that the extinction coef� cient
and scattering albedo are the same for the three selected media, so
the three media cannot be scaled into isotropicallyscatteringmedia
with the same equivalent scattering coef� cient. Compared with the

predictions from isotropic scattering, it is found from Fig. 13 that
forward scattering shortens the transmitted pulse width, whereas
backward scattering broadens the transmitted pulse width. This is
because photons in a forward-scatteringmedium have the tendency
to transmit through the medium quickly, but backward scattering
increases the interactionevents of light with the medium. This also
leads to the time shiftof the secondarypeakin the transmissivitypro-
� les. In Fig. 13, it is also seen that the magnitudesof the primaryand
secondary peaks are signi� cantly affected by the anisotropic scat-
tering characteristics. Forward scattering enhances the maximum
value of the transmitted peaks, and backward scattering reduces the
maximum value of the peaks. In contrast, it is seen from Fig. 14 that
the maximum value of re� ectivity is augmented by the backward-
scatteringmediumbut decreasedby the forward-scatteringmedium.
According to the isotropic scaling rule,27 forward scattering can be
scaled into isotropic scatteringwith a smaller scatteringcoef� cient,
and backwardscatteringcan be modeledby isotropicscatteringwith
an increased scattering coef� cient. An augmented scattering coef-
� cient will make it more dif� cult for the radiation to pass through
the medium but easier for it to be re� ected, and vice versa.

Numerical Uncertainty

The numerical uncertaintyvs the number of emitted photon bun-
dles is examinedin Fig. 15.Convergentresultsare found for the three
selected bundle numbers: 106, 107 , and 108. With the increase of
bundles, the magnitude of � uctuation becomes smaller and smaller.
When 107 bundles are used in most of the present study, the rela-
tive statistical uncertainty for values of transmissivity is generally
within 10%. However, we found that the predictionof re� ectivity is
much more accurate than that of transmissivity because the inten-
sity of re� ectivity is usually much larger than that of transmissivity
in the present study. This is seen from Figs. 5, 7, and 14, where
the re� ectivity uncertainty is less than 3% compared to 10% for
transmissivity.

In addition to the number of photons, the numerical uncertainty
is also affected by other factors such as the optical thickness of the
medium, the detector temporal resolution and detector area, and the
intensitystrengthof the transmissivityand re� ectivity.When the op-
tical thickness increases, the numerical � uctuation is larger because
fewer photons reach the detector. As shown in Fig. 9b, the � uctua-
tion of the prediction is more profound for the case of L =20 mm,
even though 108 energy bundles were used in that case. However,
the � uctuation is very small for the case of L =5 mm, as shown
in Fig. 9a, even though only 107 bundles were used. Increasing the
detector temporal resolution and/or decreasing the detector area in-
crease numerical uncertainty because fewer photons are collected
by the detector.

For the � rst time, the present Monte Carlo algorithm has in-
corporated most of the known realistic physical conditions in pro-
cessesof laser radiativeinteractionwith scattering-absorbingmedia:
anisotropic scattering, boundary re� ection, medium dimensions,
and temporal and spatial Gaussian distributionsof the incident laser
beam. An in� nitesimal time-resolution technique was also devel-
oped. In steady-state radiative transfer, it is well known that the

Fig. 15 In� uence of photon bundle number on numerical uncertainty.
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Monte Carlo model requires little storage. However, it should be
noted that the storage used by the Monte Carlo method in transient
radiativeheat transfer increasessubstantiallybecause the results are
subject to time history.The computation cost is not a problemin the
present scattering–absorbing medium because the medium’s emis-
sion can be omitted for short-pulsed laser interaction and only the
incident laser bundles are traced. With the presence of the emis-
sion of the medium, the computationaltime would increasebecause
a large number of emission bundles from the medium should be
traced. In addition, the CPU time increases as the scattering albedo
increases.The presentcalculationfor a forwardanisotropicallyscat-
tering medium with very high scattering albedo (0.997) takes about
80 min of CPU time (personal computer with Pentium III Xeon
500 MHz processor) when 107 energy bundles are employed.

Conclusions
The Monte Carlo method is formulated to simulate short-

pulse laser radiation transport through multidimensionalscattering-
absorbing media. The temporal transmissivity and re� ectivity dis-
tributions at different lateral locations are obtained by using vari-
ous parameters, such as different boundary conditions, beam radii,
incident pulse widths, medium widths and depths, and scattering
anisotropies.The in� uences of these parameters are examined.

It is found that forward scattering enhances the transmitted pulse
peak but reduces the pulse width; backward scatteringdecreases the
transmitted pulse peak but augments the pulse width. Boundary re-
� ection should be considered. Neglecting Fresnel re� ection results
in an overestimated maximum transmissivity and re� ectivity and
estimates a shorter transmitted pulse width. The assumption of im-
pulse source is not good when the laser pulse width is much larger
than 1 ps. When the incident pulse width is as large as 100 ps, the
shape and spread of the transmissivity and re� ectivity distributions
are quite different from those of a very short incident pulse. The in-
� uence of incident beam radius on transmissivity is not signi� cant
for an optically thick medium. However, it stronglyaffects the mag-
nitude of the re� ectivity. The medium’s dimensions signi� cantly
in� uence the temporal transmissivity and re� ectivity distributions.
As the lateralwidth decreases,the transmittedpulsewidth decreases
and its secondary peak shifts to short time until it disappears for a
very narrow lateral width. With an increase in medium thickness,
the magnitude of the transmissivitydecreases rapidly and the trans-
mitted pulse width increases. The asymptotic logarithmic slope of
re� ectivity vs time is also signi� cantly affected by the medium’s
dimensions. Thus, it is necessary to perform multidimensionalsim-
ulation in short-pulsed laser transport processes.
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