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In this study the radiation element method is formulated to solve transient radiat ive
transfer with light radiation propagation effect in scattering, absorbing, and emitting
media with inhomogeneous propert y. The accuracy of the method is veri� ed by good agree-
ment between the present calculations and Monte Carlo simulations. The sensit ivity of the
method against element size, ray emission number, and time increment size is examined.
The transient effect of radiat ion propagation is essential in short-pulse laser radiation
transport when the input pulse width is not considerably larger than the system radiation
propagat ion time. The transient charact erist ics of radiative transfer are investigated
in the media subject to collimated laser irradiat ion and/ or diffuse irradiat ion with temporal
Gaussian and/ or square pro� les. The inhomogeneous pro� le of extinction coef� cient of the
medium affect s strongly the transient radiative � ux divergence inside the medium.

1. INTRODUCTION

The analysis of thermal radiation traditionally neglects the effect of light
propagation [1, 2], even if the boundary conditions and/or the sources that are
responsible for the radiative intensity vary with time. Such an exclusion of transient
terms in radiative transfer equations does not result in any practical errors for most
traditional engineering applications, because the imposed temporal variations
are relatively slow when compared with the time scales associated with the speed
of radiation light propagation. With the advent of short-pulse lasers having pulse
width of the order of pico- and femtoseconds, thermal radiative models of transient
state in the presence of light propagation have been of great research interest in
recent years [3]. This is because the short-pulse lasers are rapidly being deployed
in a variety of nascent applications such as laser material processing of
microstructures [4], optical tomography [5], laser therapy and ablation [6], and meas-
urement of optical properties [7], to name but a few. In the simulation of short-pulse
laser radiation transport, the neglect of light radiation propagation effect would lead
to considerable errors [3^13].
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Several numerical models have been developed to simulate time-dependent
radiation transport through absorbing-scattering media. Monte Carlo method
[8^10] is often used, since it possesses the ability to include real physical conditions
and because of its simple algorithm. However, it is a stochastic method and
time-consuming. In the development of deterministic methods, Kumar and Mitra
[11] and Kumar et al. [12] considered the solution of entire transient radiative
equation by using of the parabolic and hyperbolic P1 models. The parabolic P1 tran-
sient equation has also been used previously, but experiments have shown that such
diffusion-based approximation is only accurate for very thick samples and fails
to match experimental data for thin and intermediate samples [13]. The complete
transient equation has also been solved by the use of the Laplace transform and
adding-doubling methods [14, 15], but with limitation to a constant source strength
at the boundaries. More recently, Tan and Hsu [16] and Wu and Wu [17] developed
integral equation formulation for transient radiative transfer. Mitra et al. [18]
and Guo et al. [19] considered multidimensional transient radiative transport of
short-pulse laser interaction. Mitra and Kumar [20] compared several numerical
models in one-dimensional short-pulse laser transport problems, in which the dis-
crete ordinate method, P¡N model, diffuse approximation, and the two-£ux method
have been incorporated.

The feasibility of applying various models to complex three-dimensional con-
¢gurations is of major concern in practical applications. The above-mentioned

NOM ENCLATURE

AR
i effective radiation area

c speed of light
Eb blackbody emissive power
FA

i,j absorption view factor from
element i to j

FD
i,j diffusely scattering view factor

g asymmetric factor
G incident radiation
H…t† Heaviside unit step function
I radiation intensity
ID diffuse radiant intensity
I0 maximum incident radiation

intensity
L thickness of medium
Ne number of volume element
Nr number of ray emission bundles
QT heat transfer rate of emissive

power
QJ heat transfer rate of diffuse

radiosity
QX net heat transfer rate of

radiative heat generation
sij path length between element

from element i to j
t time

tc radiation propagation time
…̂ L/c†

tp pulse width of input irradiation
T temperature
x location
b extinction coef¢cient
Dt time step
Dx element thickness
e emissivity … 1 ¡ O†
y scattering angle
m direction cosine …̂ cos y†
s Stefan^Boltzmann constant
sa absorption coef¢cient
ss scattering coef¢cient
F scattering phase function
o solid angle
O albedo of a volume element or

diffuse re£ectivity of a surface
element

Subscripts
b blackbody
i element i
j element j
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models are, except for the Monte Carlo method, dif¢cult to extend to arbitrary
con¢gurations. However, there exists a vast body of literature that examines
steady-state radiation transport in arbitrary con¢gurations, and this study draws
upon the experience developed in steady-state radiation-element methods.

The radiation-element method with ray-tracing model was initially developed
to deal with surface radiation problems with arbitrary shapes [21, 22]. It is further
extended to analyze radiative heat transfer in participating media, including nongray
and inhomogeneous properties [23^25]. Good accuracy in three-dimensional
example problems was found [25]. In this method, the arbitrary con¢guration is
considered by various radiation elements consisting of numerous polygons and
polyhedrons such as triangles, quadrilaterals, wedges, and hexahedrons. New con-
cepts of absorption view factor and diffusely scattering view factor are introduced,
and their values are obtained via the ray-tracing method. An effective area for each
radiation element including volume element is calculated, and it is identical to
the surface area when a surface element is concerned. The analysis of radiative
transfer is based on the net radiation method commonly used in surface radiation
transfer. Radiative heat £ux at the boundaries and radiative £ux divergence inside
the medium can be obtained directly.

In the present article, the radiation-element method has been formulated for
transient radiative analysis incorporating the transient term in the radiative transfer
equation in scattering, absorbing, and emitting media in a plane-parallel system. To
assess the accuracy of the method with application to short-pulse laser interaction,
comparisons have been performed between Monte Carlo simulation and the
radiation-element method calculation. Both collimated incident laser or diffuse
boundary-driven problems are considered. Temporal Gaussian-pro¢le laser pulses
and/or square pulses are included. The in£uences of radiation element size, number
of ray emission bundles, and time-step size are examined.

The investigation of transient radiative £ux divergence inside the medium has
seldom been reported in previous transient radiative transport studies. However,
it is of practical signi¢cance in the prevention of damage due to abrupt radiative
£ux divergence change in the laser processing of microelectrical devices, in optical
tomography of human tissues, or in laser therapy of cancers and ablation. In this
study, the temporal transmissivity as well as the temporal radiative £ux divergence
are obtained. The temporal or spatial distribution of £ux divergence is compared
at different medium locations and/or at various time instants. The in£uence of
inhomogeneous properties of the medium is also studied.

2. MATHEM ATICAL M ODEL

The complete transient radiative transfer equation of intensity I at r in direc-
tion ŝ can be formulated as [1]

1
c

¶ I…r, ŝ, t†
¶ t

‡ ŝ rI…r, ŝ, t†ˆ ¡…sa ‡ ss†I…r, ŝ, t†‡ saIb…T , t†

‡ ss

4p

Z

4p
I…r, ŝ0, t†F…̂s0 ! ŝ†do …1†

where sa and ss are the absorption and scattering coef¢cients, respectively, and
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F…̂s0 ! ŝ†is the phase function. In a plane-parallel system with circumferential sym-
metry as shown in Figure 1, Eq. (1) can be expressed as [3, 5, 26]

1
c

¶ I…x, m, t†
¶ t

‡ m
¶ I…x, m, t†

¶ x

ˆ b ¡I…x, m, t†‡…1 ¡ O†Ib…x, m, t†‡ O
2

Z 1

¡1
I…x, m0, t†F…m0 ! m†dm0 …2†

where b and O are the extinction coef¢cient and scattering albedo, respectively, and
m ˆ cos y, where y is the polar angle. Equation (2) has a hyperbolic form.

The anisotropic scattering-phase function can be dealt with by scaling into
isotropic scattering and the scattering radiation is then distributed uniformly over
the element, so the third term of the right-hand side of Eq. (2) is approximated as

O
2

Z 1

¡1
I…x, m0, t†F…m0 ! m†dm0 ^ OID…x, t† …3†

where ID is the averaged diffuse radiant intensity. The isotropic scaling technique of
anisotropic scattering has been justi¢ed for both collimated and/or diffuse
incidences in steady-state radiative transfer [27, 28]. Recently, Guo and Kumar [29]
found that the scaled isotropic results agree well with the forward anisotropic
scattering predictions in transient laser radiation transport.

Figure 1. Sketch of analysis model.
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A ray emitting from the ith element and passing through the jth element is
obtained by integrating Eq. (2):

I…xj, m, t†ˆ I xi, m, t ¡ sij

c
e¡bsij

‡ e¡bsij

Z xj

xi

…I ¡ O†Ib x, m, t ¡ sj

c
‡ OID x, m, t ¡ sj

c

h i
ebsj dx …4†

where sij ˆ jxj ¡ xij/m and sj ˆ jxj ¡ xj/m. Thus, the radiant energy QJ emitted from
the ith element in the direction m is given by

dQJ ,i…m, t†ˆ mb…1 ¡ O†Ib,i…t†‡ OID
i …t†c 1 ¡ exp ¡b

Dxi

m
dm …5†

where Dx is the element thickness.
A generalized form of the radiant energy of element i, which may be either a

volume or a surface element, can be expressed as follows:

QJ ,i…t†ˆ ‰…1 ¡ O†Ib,i…t†‡ OID
i …t†Š

XK

kˆ1

mk 1 ¡ exp ¡b
Dxi

mk
wk …6†

where mk, wk, and K are the discrete direction, the weight, and the total number of
discrete directions. An effective radiation area AR

i can be introduced as has done
in steady-state radiative transfer [22^24]:

AR
i

1
2

Z 1

¡1
1 ¡ exp ¡b

Dxi

m
dm &

XK

kˆ1

mk 1 ¡ exp ¡b
Dxi

mk
wk

"

…7†

The rate of radiation energy leaving the ith element can be expressed in a gen-
eralized form as

QJ ,i…t† AR
i ‰eiEb,i…t†‡ OiGi…t†Š …8†

where ei ˆ 1 ¡ Oi, Eb,i ˆ pIb,i, and Gi ˆ pID
i . The net rate of radiative heat gener-

ation can be derived from the radiation heat balance on the radiation element as

QX,i…t†ˆ AR
i ei‰Eb,i…t†¡ Gi…t†Š …9†

The expression of emissive power QT ,i of the radiation element is

QT ,i…t†ˆ AR
i eiEb,i…t† …10†

If a system is consisted of Ne volume elements plus two surface elements and an
additional irradiation element, then Eqs. (8) and (9) can be rewritten as

QJ ,i…t†ˆ QT ,i…t†‡
XNe‡3

jˆ1

FD
j,iQJ,j…tj†

QX ,i…t†ˆ QT ,i…t†¡
XNe‡3

jˆ1

FA
j,iQJ,j…tj†

9
>>>>=

>>>>;

i ˆ 1, 2, . . . ,…Ne ‡ 3† …11†

in which the absorption view factor FA
i,j and diffuse scattering view factor F D

i,j are
introduced. If the radiative properties of the media are not functions of media
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temperature, the view factors are not functions of time and are identical to
steady-state de¢nitions [23^25].

Special attention should be paid to tj in Eq. (11). It is given as the time instant t
subtracted by the averaged £ight time of rays between elements i and j:

tj ˆ t ¡
XK

kˆ1

jxj ¡ xij
mkc

F k
ij

Fij
…12†

where F k
ij is the fraction of view factor Fij in the direction mk.

In the present problem as shown in Figure 1, the incident irradiation pulse
giving at x ˆ 0 may be either collimated or diffuse, either temporally Gaussian
or square-pro¢led. For square pulse, the incident intensity is given as

I…x ˆ 0, m > 0, t†ˆ I0‰H…t†¡ H…t ¡ tp†Š …13†

where H…t† is the Heaviside unit step function, and tp is the pulse width. For a
temporally Gaussian pro¢le pulse, the incident intensity is given by

I…x ˆ 0, m > 0, t†ˆ I0 exp ¡4 ln 2
t
tp

¡ 2
2

" #

…14†

The pulse width in Gaussian pro¢le pulse is de¢ned as the full width at
half-maximum (FWHM).

3. NUMERICAL SCHEME

The absorption and diffusely scattering view factors are calculated by the
ray-tracing method as described in the steady-state radiation element method
[23^25] in detail. In the present ray-emission model, a Gaussian quadrature scheme
is applied in the selection of the discrete ray-emission directions and weights. A wide
variety of ray-emission numbers are examined, ranging from Nr ˆ 4 to 32. Satis-
factory outcome is obtained even when Nr ˆ 8. Generally, we use Nr ˆ 12 in most
of the present computations.

The short-pulsed irradiation is treated as radiation from an additional
irradiation surface element with pulse power. The view factors from the irradiation
surface element to other elements are equal to the view factors from the front surface
element to other elements when diffuse irradiation is concerned. For collimated
irradiations, the view factors are calculated by tracing the collimated ray transport.
Hence, such a treatment is able to deal with any collimated ray and interface
refraction. The view factors from other elements to the irradiation element are cer-
tainly zero.

The volume element number was varied in the range from 45 to 361. Uniform
elements were used in the present homogeneous medium. Satisfactory results were
found when Ne ˆ 91. Nonuniform elements may be used in order to resolve the
abrupt changes of radiant energy and radiosity. The time step was set to be equal
to the £ight time between neighboring elements, i.e. Dt ˆ Dx/c. Coarse time step
(i.e., Dt Dx/c) reduces the computation accuracy. However, ¢ner time step (i.e.,
Dt Dx/c) does not improve the accuracy, since the values of all the properties
in one element are the element-averaged ones over a time scale of Dt ˆ Dx/c.
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From Eq. (11), it is seen that each element is related with all elements in the
system. In steady-state radiative transfer, matrix operation is generally used for
the solution of radiative transfer [21^25], which is often time-consuming since
the CPU time is proportional to …Ne ‡ 3†3. For transient radiative transfer,
Eq. (11) can be solved by an explicit method. This is identical to an iterative method
when steady state is concerned. Since the present radiation-element method is based
on the integral formulation of the radiative transfer equation, the method is not so
sensitive to the division of numerical grids and the selection of time step as with
differential methods such as discrete ordinate or P1 method. The accuracy of the
radiation-element method depends mainly on the computation of view factors.

Transient radiative transfer with light propagation effect in a participating
medium with scattering, absorbing, and emitting can be modeled by solving
Eqs. (11) and (12). Even though Eqs. (11) and (12) are deduced based on a
one-dimensional system, the concept can be easily extended to the radiation-element
method for three-dimensional problems. The accuracy of the steady-state radiation
element method in three-dimensional problems has been justi¢ed by Guo and
Maruyama [25].

Comparing with the steady-state radiation-element method, the transient rad-
iative transfer solution requires the computations of £ight time between different
elements, and all the quantities, such as QT ,i, QJ,i, and QX,i, are time-dependent.

4. RESULTS AND DISCUSSION

The transient radiative transfer analysis with radiation propagation effect is
associated with the short-pulse laser interaction and propagation in turbid media.
In the applications of short-pulse laser radiation [3^13], the medium is assumed
to be cold since the intensity of the pulse is signi¢cantly larger than the emission
of the medium. The re£ection in the medium/air interfaces is complicated because
a change in refractive index across an interface may change the direction of
transmitted rays, and can provide total internal re£ection for part of the energy
at an interface. As pointed out by Siegel [2], a rough interface may partly diffuse
the energy in a manner that is dif¢cult to de¢ne quantitatively, and the diffuse
assumption is often made. The diffuse re£ectivity in the present study is set as 0.473,
and the refractive index of the medium is 1.33. The incident radiation pulse is
temporally either Gaussian pro¢le or square pro¢le, either collimated irradiation
or diffuse irradiation. The incident pulse width is set to be tp ˆ 10 ps. The scattering
coef¢cient of the homogeneous medium is ss ˆ 6.0 mm¡1, and the absorption
coef¢cient is sa ˆ 0.012 mm¡1. The asymmetric factor of the strong forward aniso-
tropic scattering medium is ¢xed at g ˆ 0.835, so that the isotropic scaled scattering
coef¢cient is sIs ˆ ss…1 ¡ g†ˆ 0.99 mm¡1. These properties are commonly used
in the simulation of laser transport in biological tissues [7^12].

First, the accuracy of the present method is veri¢ed by comparison against the
Monte Carlo method in Figure 2. Comparisons are performed of temporal pro¢les of
relative transmissivity for scattering-absorbing media subject to a collimated laser
pulse with temporally Gaussian pro¢le in Figure 2a and subject to a square-pulsed
diffuse irradiation in Figure 2b. Three values of medium thickness are chosen, i.e.,
L ˆ 20 mm, L ˆ 10 mm, and L ˆ 5 mm, which correspond to isotropically scaled
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(a)

(b)

Figure 2. Comparisons of relative transmissivity pro¢les between the present method and the Monte
Carlo method for media subject to a collimated irradiation of temporally Gaussian pro¢le (a) and subject
to a square-pulsed diffuse irradiation (b).
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optical thicknesses of 20, 10, and 5, respectively. Such a range of optical thickness is
typically adopted in the study of short-pulse laser transport in turbid media [3^13].
The Monte Carlo simulation in the present study is based on an algorithm developed
by the authors [19, 29], with modi¢cation for a diffuse boundary. It is seen that the
predictions by the present radiation-element method match the results of the Monte
Carlo method very well in the entire transient domain for the three selected media.
Small differences can be found only at very early time stage, where the results
by the Monte Carlo method rise faster than those by the radiation-element method
for the cases of L ˆ 5 and 10 mm, in which cases the ballistic component of direct
photon transmission is signi¢cant. Comparing Figures 2a and 2b, it is observed that
the shapes of temporally transmitted pulses are identical between square pulse
and Gaussian pulse irradiations. For both Gaussian and square-pro¢le pulses,
the temporal pro¢les of the transmissivity are strongly affected by the medium
thickness. With increase of the medium thickness, the transmitted pulse width
becomes larger, and the transmissivity rises and decreases more gradually.

The sensitivity of radiation-element size is examined in Figure 3 for the tem-
poral distributions of transmissivity and radiative heat £ux divergence (normalized
by the maximum intensity of input irradiation) at the center of the medium
…x ˆ L/2†. The 10-mm-thick medium is subject to a collimated square-pulse laser
irradiation with 10-ps pulse width. The medium is uniformly divided into Ne volume
elements, and ¢ve values of element number are selected for comparison. It is found

Figure 3. In£uence of element division on the temporal distributions of the transmissivity and the
normalized radiative £ux divergence at the center location (x/L ˆ 1

2).
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that the temporal transmissivity is not very sensitive to the element number. Even for
a very coarse element grid (Ne ˆ 45), the predictions of transmissivity approach well
the results for a very ¢ne grid (Ne ˆ 361). As for the comparison of radiative £ux
divergence, it should be noted that the £ux divergence at each location in the present
method is the averaged £ux divergence over the element surrounding the speci¢c
location. Thus, we can see that the maximum radiative £ux divergence value in
the case of Ne ˆ 45 is smaller than for the case of Ne ˆ 361. With increase of element
number, the maximum value of radiative £ux divergence at x ˆ L/2 increases.
However, the temporal pro¢le shapes for the ¢ve selected element numbers are very
similar. If we bear in mind that the radiative £ux divergence is an averaged value
over one element, it still can be concluded that the in£uence of element number
on the £ux divergence prediction is not profound. This characteristic of the present
method is very similar to that of the conventional ¢nite-element method.

The computation ef¢ciency is also a major concern in practical utilizations
such as real-time clinical diagnostics. The CPU time including the calculation of
view factors and radiation transfer in the present study is only 3 min even in the
case of Ne ˆ 361, and it is not affected by the scattering albedo. However, the
CPU time for the Monte Carlo method for the same case is 8 h when 108 bundles
of photons are employed, and it increases with further increase of the scattering
albedo. A PC with one Intel Pentium III 500-MHz Xeon processor is used in
the present calculations.

The selection of ray- emission directions in the ray-tracing procedure affects
the computation of view factors, and consequently affects the accuracy of radiative
transfer analysis. Generally, the larger the ray-emission number, the higher is
the accuracy of computation. The in£uence of ray-emission number is illustrated
in Figure 4 for the temporal pro¢les of normalized radiative £ux divergence and
transmissivity. The number of volume elements is ¢xed at Ne ˆ 100. It is seen that
no visible differences of transmissivity and £ux divergence in the whole transient
domain are found among the predictions of Nr ˆ 8, 12, and 16. When Nr ˆ 4, i.e.,
only four discrete ray-emission bundles are employed, the difference is obvious.

The in£uence of time-increment size is discussed in Figure 5, where compari-
sons of transmissivity and radiative £ux divergence are illustrated. The time-step
value of Dt ˆ 0.333 ps is equal to the light radiation propagation time in one element,
i.e., Dt ˆ Dx/c. It is found that a continuing decrease of time step (Dt ˆ 0.1 ps) does
not improve the accuracy. If the time-step size is larger than Dx/c, however, the
predicted results of transmissivity and radiative £ux divergence deviate from the
predictions with ¢ner time step. Further increasing the time step to the order of
Dt Dx/c will result in a strong oscillation in computation.

Figure 6 shows the importance of light propagation effect in short-pulse laser
radiation transfer. The temporal shapes of transmitted pulses are compared among
different values of input Gaussian pulse width, and between transient analysis with
light propagation effect and pseudo-steady-state analysis. The pseudo-steady-state
analysis is the traditional ``transient’’ analysis, which excludes the transient term
of light propagation in the radiative transfer equations [2, 22]. The time abscissa
is normalized by the corresponding input pulse width. From Figure 6 it is found
that when the transient characteristic time scale (tp) of the system is of the order
of the system radiation propagation time (tc ˆ L/c ˆ 44.33 ps), e.g., tp ˆ 10, 50 ps,
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Figure 5. In£uence of time-step size on the temporal distributions of the transmissivity and the
normalized radiative £ux divergence at the center location (x/L ˆ 1

2).

Figure 4. Effects of ray-emission number on the temporal distributions of the transmissivity and the
normalized radiative £ux divergence at the center location (x/L ˆ 1

2).
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the transmitted pulses have a signi¢cant broadening and a long decaying tail com-
pared with its original input pulses. However, the traditional pseudo-steady-state
analysis fails to predict such phenomena. Even in the case of tp ˆ 500 ps, the dif-
ferences of the predictions between the pseudo-steady-state and the transient analy-
ses are obvious in the broadening area.

The transient distributions of normalized radiative £ux divergence are shown
in Figure 7 at three locations of x/L ˆ 1

4,
1
2, and 3

4. It is seen that at location
x/L ˆ 1

4, which is near the irradiaton incident surface, the radiative £ux divergence
rises very quickly to its maximum value, and after that it decreases, also quickly.
At location x/L ˆ 3

4 which is near the output surface, the £ux divergence rises rela-
tively slowly and has a long decaying tail. The maximum value of radiative £ux
divergence at x/L ˆ 1

4 is much larger than that at x/L ˆ 3
4. At the center position

(x/L ˆ 1
2), the temporal pro¢le of £ux divergence is between x/L ˆ 1

4 and
x/L ˆ 3

4. However, as time advances, it is observed that the radiative £ux divergence
at the center position is slightly larger than that at the position near the incident
surface. At long time stage, the differences of radiative £ux divergence between dif-
ferent locations become small.

The radiative £ux divergence pro¢les along the medium depth direction at vari-
ous time instants are plotted in Figure 8 for a 10-mm-thick medium subject to a
temporal Gaussian pulse of collimated irradiation. Six time instants are selected
to observe the pro¢le behaviors against time. It is seen that the radiative £ux diver-
gence pro¢le has a character like wave propagation. The maximum local radiative

Figure 6. Comparisons between transient hyperbolic radiative transfer analysis and pseudo-steady-state
analysis.
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Figure 8. Normalized radiative £ux divergence distributions along the medium at various time instants.

Figure 7. Temporal distributions of normalized radiative £ux divergence at various locations.
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£ux divergence gradually moves to the center position of the medium, and its value
decreases as time advances. At each time instant, the radiative £ux divergence
increases as x increases until its maximum value. Then it decreases as x increases
further. At initial time instants (e.g., t ˆ 40 or 80 ps), large amount of laser energy
is absorbed by the medium adjacent to the irradiation incident surface. At long time
stage (e.g., t ˆ 240 ps), the spatial pro¢le of the radiative £ux divergence is
symmetric.

Finally, the radiation-element method is applied to solving transient radiative
transfer in an inhomogeneous medium. Two inhomogeneous cases are considered,
and the extinction coef¢cients have pro¢les

b1 ˆ 0.75 b0
x
L

2
‡1

b2 ˆ 0.75 b0
x
L

x
L

¡ 2 ‡ 2
h i

…15†

where b0 ˆ 20/3, and it is the averaged extinction coef¢cient of the inhomogeneous
media b1 and b2. With increase of x, the extinction coef¢cient b1 increases, but
b2 decreases. For comparison, a homogeneous case with extinction coef¢cient of
b0 is also selected.

Figure 9 displays the effect of inhomogeneous property on the temporal
distributions of transmissivity and normalized radiative £ux divergence at the center
position (x/L ˆ 1

2). The media are subject to Gaussian pulsed collimated irradiation
with tp ˆ 10 ps. The scattering albedo and asymmetric factor are constant and
the same for the three selected cases. It is seen that the in£uence of inhomogeneous
extinction coef¢cient pro¢le on the transient transmissivity is minor. This implies

Figure 9. In£uence of inhomogeneous extinction coef¢cient pro¢les on the temporal distributions of the
transmissivity and the normalized radiative £ux divergence at the center position (x/L ˆ 1

2).
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that the transmissivity is weakly affected by the extinction coef¢cient pro¢les, but it
is in£uenced by the averaged value of extinction coef¢cients over the radiation
propagation depth. The inhomogeneous pro¢le of property affects the temporal rad-
iative £ux divergence pro¢les signi¢cantly. For inhomogeneous medium with b1 pro-
¢le, the values of the radiative £ux divergence are larger than those of the b1 pro¢le
and the homogeneous case b0. This means that the radiative £ux divergence
propagates deeper in the medium with the b1 pro¢le extinction coef¢cients. This
is because the averaged extinction coef¢cient value in the range from the incident
position to any position inside the medium is the lowest for the b1 pro¢le among
the three cases, so that the incident radiation due to laser irradiation is the strongest.

5. CONCLUSIONS

The radiation-element method is developed for the ¢rst time to study transient
radiative transfer incorporating radiation propagation effects in scattering,
absorbing, and emitting media with inhomogeneous properties. Short-pulse laser
radiation interaction with a scattering-absorbing medium in a plane-parallel system
is exempli¢ed for Gaussian and/or square-pulsed collimated and/or diffuse
irradiations. The accuracy of the present method is veri¢ed by comparison against
the Monte Carlo simulation. It is found that the current method is not sensitive
to radiation-element division. The time-step size should be around the element
radiation propagation time, i.e., Dt & Dx/c.

The radiation propagation effect in transient radiative transfer analysis should
be taken into account when the transient characteristic time scale (input pulse width)
is not considerably larger than the radiation propagation time scale (equals charac-
teristic length scale over light speed). When the input pulse width is less than or
in the order of the radiation propagation time, the transmitted pulse has an obvious
temporal broadening and a long decaying tail. The smaller the input pulse width,
the stronger is the relative broadening. The radiative £ux divergence inside the
medium is a function of location and time instant. At locations near the irradiation
incident surface, the transient radiative £ux divergence rises very quickly until
its maximum value, and after that it decreases, also quickly. As the location recedes
from the incident surface, the temporal £ux divergence rises relatively slowly.
The magnitude of the maximum value of radiative £ux divergence decreases as
the location recedes from the irradiation incident surface. The inhomogeneous pro-
¢le of extinction coef¢cient of the medium affects strongly the transient radiative
£ux divergence inside the medium. The transmissivity is affected mainly by the
averaged value of the extinction coef¢cient pro¢le.
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