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Abstract

Transient response of a planar participating medium subjected to a short-pulse diffuse or collimated radiation is investigated. The
pulse-width of the radiation is of the order of a nano-second. Short-pulse radiation can have a step or a Gaussian temporal variation.
The homogenous participating medium with diffuse-gray boundaries is absorbing and scattering. The north boundary of the participat-
ing medium can be under the influence of a pulse train consisting of 1–4 pulses. The analysis is done using the finite volume method.
Effects of the extinction coefficient and the scattering albedo on transmittance and reflectance signals are studied for a train of pulses.
Unlike the previous studies with a single-pulse, a train of pulses provides more useful information about the medium.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal radiation being a part of the electromagnetic
spectrum travels with the speed of light. In engineering
applications, if the temporal evolutions of thermal quanti-
ties are desired at a time level as low as 10�9 to 10�15 s,
transport of thermal radiation in a medium becomes a
transient phenomenon. This situation occurs when an opti-
cally participating medium is subjected to a short-pulse
radiation whose pulse-width too ranges from 10�9 to
10�15 s. The short-pulse radiation source gives rise to sig-
nals that too are short-spanned. They last for a time which
is of the same order as that of the radiation source. These
short-lived temporal signals depend upon the medium
properties and thus they carry signatures of the medium.
The temporal signatures have a wide range of engineering
applications including but not limited to bio-medical diag-
nostics [1–7], fabrication of micro-devices [8], remote sens-
ing of oceans and atmospheres [9,10], laser material
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processing of microstructures [11,12], particle detection
and sizing [13] and fiber optic communications [14,15].

In the analysis of interaction of a short-pulse radiation
with a participating medium, radiation is either diffuse
[16–18] or collimated [16–31] and their temporal variations
could either be a step [10–12,17,19–21,23,25,26,28,29,31] or
a Gaussian function [19,20,24,27–30].

An interaction of a short-pulse radiation with a partici-
pating medium gives rise to temporal signals. In the previ-
ous studies [10–31] such temporal signals have mainly been
analyzed with a single-pulse. However, a pulse train has
potential applications in the emerging areas such as laser
tissue welding and soldering [6], laser metal surface finish-
ing, laser metal marking and engraving, nano-photonics
[12], fiber optic communications [14,15], etc. Therefore,
for enhanced information, a medium subjected to a train
of pulses can be considered and the resulting thermal sig-
nals can be analyzed. The present work is therefore aimed
at investigating the transport of a train of short-pulse radi-
ation through a participating medium and analyzing the
signals received at the boundaries.

In [17] Chai has studied the effect of a collimated step
pulse train on a 1-D planar medium. He limited his study
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Nomenclature

a anisotropy factor
c speed of light
G incident radiation
H Heaviside function
I intensity
Ib blackbody intensity, rT 4

p
î; ĵ; k̂ unit vectors in x-, y-, z-directions, respectively
M number of discrete directions
p scattering phase function
n̂ outward normal
q heat flux
S source term
s geometric distance in the direction of the inten-

sity
T temperature
Tp time period of a pulse train
t time
tp pulse-width
Z physical depth of the medium
z coordinate directions

Greek symbols

b extinction coefficient
d Dirac-delta function

ja absorption coefficient
l direction cosine with respect to the z-axis
e emissivity
h polar angle
r Stefan–Boltzmann constant = 5.67 � 10�8 W/

m2 K4

rs scattering coefficient
X direction (h,/)
DX solid angle, sinhdhd/
x scattering albedo ¼ rs

b

� �
/ azimuthal angle

Subscripts

c collimated
d diffuse
N, S north, south
P cell centre
r reflectance
t transmittance
w wall/boundary

Superscripts

m index for the discrete direction
* dimensionless quantity
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to temporal variations of the incident radiation inside the
medium. Transmittance and reflectance signals at the
boundaries which are detected by the instruments were
not considered in his study. Further, his study was focused
to a collimated step pulse and the effect of scattering albedo
was not considered.

In the present work, the study with a train of pulses is
generalized by presenting a formulation that is applicable
for diffuse as well as collimated radiation having a step
or a Gaussian temporal variation. Formulation is given
for a 1-D planar participating medium. Temporal transmit-
tance and reflectance signals are studied for different num-
ber of pulses. Effects of the extinction coefficient and the
scattering albedo are considered. For the four combina-
tions of radiation (diffuse and collimated) and temporal
variations (step and Gaussian), transmittance and reflec-
tance signals are analyzed.

In [26], Mishra et al. presented a general formulation for
a single collimated step pulse and made a comparative
study of the discrete transfer method, the discrete ordinate
method and the finite volume method (FVM). They found
that the results from the three methods were in good agree-
ments with each other. The FVM is a more general method
and is better adaptable to any geometry. Unlike the other
two methods, it is less prone to ray effect. Therefore, in
the present work, we have done the analysis using FVM.
The details of the methodologies of the FVM used in the
present work can be found in [26,32].
2. Formulation

The north boundary of the absorbing, emitting and scat-
tering planar medium as shown in Fig. 1a and b is sub-
jected to either a diffuse (Fig. 1a) or a collimated
(Fig. 1b) short-pulse radiation. Temporal variations of
radiation can either be a step (Fig. 1c) or a Gaussian func-
tion (Fig. 1d). The boundary can be under the influence of
either a single or a train of pulses. The pulse-width tp of the
radiation is of the order of 10�9 s. The time interval
between two consecutive pulses in the case of a pulse train
is a multiple of tp. To analyze the transmittance and the
reflectance signals caused only by the short-pulse radiation,
the homogeneous medium and its diffuse-gray boundaries
are considered cold.

The incident pulse travels with the speed of light
c(=3 � 108 m/s). In case of the step-pulse (Fig. 1c), at
any location in the medium, the part of the radiation
source remains available for the duration of the pulse-
width tp. Whereas the Gaussian-pulse (Fig. 1d) remains
available for the duration of 6tp . When the short-pulse
radiation propagates through participating medium, the
time-dependent diffuse radiation manifests and its life span
in the medium is of the order of the pulse-width of the radi-
ation source. In the present case in which radiation trans-
port is a time-dependent phenomenon, the radiative
transfer equation (RTE) in any direction ŝ is given by
[21,29,33]



Fig. 1. A planar medium with its north boundary subjected to a short-pulse (a) diffuse radiation and (b) collimated radiation; (c) step and (d) Gaussian
temporal profiles of diffuse and collimated radiations incident on the north boundary.
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c

� �
oI
ot
þ oI

os
¼ �bI þ jaIb þ

rs

4p

Z
4p

IpðX;X0ÞdX0 ð1Þ
where s is the geometric distance in the direction ŝ ¼
ðsin h cos /Þ̂iþ ðsin h sin /Þ̂jþ cos hk̂; ka is the absorption
coefficient, b is the extinction coefficient, rs is the scattering
coefficient and p is the scattering phase function.

Since in the present work, we are dealing with both
diffuse as well as collimated radiation, in the following
pages we provide a general formulation for the latter case.
The changes in the formulation for the diffuse radiation
will be highlighted wherever its need is felt.

When the collimated radiation encounters the medium
and passes through it, its decay gives rise to the diffuse radi-
ation. Thus within the medium, the intensity I is composed
of two components, viz., the collimated intensity Ic and the
diffuse intensity Id.

I ¼ I c þ Id ð2Þ
The variation of the collimated intensity Ic within the med-
ium is given by

1

c

� �
oIc

ot
þ oIc

os
¼ �bIc ð3Þ
Substituting Eq. (2) in Eq. (1), we get
1

c

� �
oIc

ot
þ oIc

os
þ 1

c

� �
oId

ot
þ oId

os

¼ �bIc � bId þ jaIb þ
rs

4p

Z
4p

IdpðX;X0ÞdX0

þ rs

4p

Z
4p

I cpðX;X0ÞdX0 ð4Þ

From Eqs. (3) and (4), we get

1

c

� �
oId

ot
þ oId

os
¼ �bId þ Sc þ Sd ¼ �bId þ St ð5Þ

where Sc and Sd are the source terms resulting from the col-
limated and the diffuse components of radiation, respec-
tively. In Eq. (5), St = Sc + Sd is the total source term.
The source term Sc resulting from the collimated radiation
Ic is given by

ScðtÞ ¼
rs

4p

Z 4p

X0¼0

IcðX; tÞpðX;X0ÞdX0 ð6Þ

For a linear anisotropic phase function p(X,X
0
) = 1 +

acoshcosh
0
, the source term Sc in terms of the incident

radiation Gc and heat flux qc is written as

ScðtÞ ¼
rs

4p
½GcðtÞ þ a cos hqcðtÞ� ð7Þ

Since the collimated intensity Ic(h, t) for a step (Fig. 1c) and
a Gaussian (Fig. 1d) pulse are defined by Eqs. (9) and (10),
respectively, Gc and qc in Eq. (7) are given by
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GcðtÞ ¼ Icðh; tÞ ð8aÞ
qcðtÞ ¼ Icðh; tÞ cos h ð8bÞ

Icðh; tÞ ¼ Ic;maxðh; tÞ expð�bscÞ
� ½Hfbðct � scÞg � Hfbðct � scÞ
� bctpg� � dðh� hcÞ ð9Þ

Icðh; tÞ ¼ Ic;maxðh; tÞ expð�bscÞ

� exp �4
t � sc

c � tc

tp

� �2

ln 2

" #

� dðh� hcÞ; 0 < t < 2tc ð10Þ

where in Eqs. (9) and (10), Ic,max is the collimated intensity
at the north boundary, sc = z/coshc is the geometric dis-
tance in the direction hc of the collimated radiation, d is
the Dirac-delta function and H is the Heaviside function
defined as

HðyÞ ¼
1; y > 0

0; y < 0

�
ð11Þ

In Eqs. (9) and (10), the Dirac-delta function d takes care
of existence of collimated radiation in hc direction while
the Heaviside function H guarantees that the short-pulse
radiation is available at any location in the medium only
for the time duration tp for a step function. Since the
Gaussian-pulse is a continuous one, it is always available
for the time span of 0 6 t 6 6tp and the cut-off period
tc = 3tp.

In case of a diffuse radiation (Fig. 1a), whose temporal
variations could either be a step (Fig. 1c) or a Gaussian
function (Fig. 1d), the diffuse intensity at the boundary is
given by

Idðh; tÞ ¼ Id;maxðh; tÞ � ½HðbctÞ � Hðbct � bctpÞ� ð12Þ

Idðh; tÞ ¼ Id;maxðh; tÞ � exp �4
t � tc

tp

� �2

ln 2

" #
; 0 < t < 2tc

ð13Þ

It is to be noted that Eqs. (9) and (10) are valid for all loca-
tions 0.0 6 z 6 Z whereas Eqs. (12) and (13) are applicable
to the boundary of incidence, in the present case z = 0.0,
the north boundary. Equations governing the variation of
the diffuse intensity Id(h, t) are given afterwards.

If t� ¼ bct; t�p ¼ bctp and t�c ¼ bctc are the dimensionless
times, Eqs. (9)–(13) can be written as

Icðh; t�Þ ¼ Ic;maxðh; t�Þ expð�bscÞ
� ½Hðt� � bscÞ � Hðt� � bsc � t�pÞ� � dðh� hcÞ

Icðh; t�Þ ¼ Ic;maxðh; t�Þ expð�bscÞ

� exp �4
t� � bsc � t�c

t�p

 !2

ln 2

2
4

3
5

� dðh� hcÞ; 0 < t� < 2t�c ð14Þ
Idðh; t�Þ ¼ Id;maxðh; t�Þ � ½Hðt�Þ � Hðt� � t�pÞ� ð15Þ

Idðh; t�Þ ¼ Id;maxðh; t�Þ � exp �4
t� � t�c

t�p

 !2

ln 2

2
4

3
5;

0 < t� < 2t�c ð16Þ

In Eq. (5), for linear anisotropic phase function p(X,
X0) = 1 + acoshcosh0, the source term Sd in terms of inci-
dent radiation Gd and heat flux qd resulting from the diffuse
radiation Id is given by

Sdðt�Þ ¼ jaIbðt�Þ þ
rs

4p
½Gdðt�Þ þ a cos hqdðt�Þ� ð17Þ

In case of a planar medium in which radiation is azimuth-
ally symmetric, Gd and qd are given by and numerically
computed from [32]

Gdðt�Þ ¼ 2p
Z p

h¼0

Idðh; t�Þ sin hdh

� 4p
XMh

k¼1

Idðhk; t�Þ sin hk sin
Dhk

2

� �
ð18Þ

qdðt�Þ ¼ 2p
Z p

h¼0

Idðh; t�Þ cos h sin hdh

� 2p
XMh

k¼1

Idðhk; t�Þ sin hk cos hk sin Dhk ð19Þ

where Mh is the number of discrete points considered over
the complete span of the polar angle h(0 6 h 6 p).

For a boundary having temperature Tw and emissivity
ew, the boundary intensity Id(rw, t*) is given by and com-
puted from

Idðrw; t�Þ �
ewrT 4

w

p
þ 1� ew

p

� �
2p
XMh=2

k¼1

½Id;wðhk; t�Þ

þ Icwðhk; t�Þ� sin hk cos hk sin Dhk ð20Þ

where in Eq. (20), the first and the second terms represent
emitted and reflected components of the boundary inten-
sity, respectively.

It is to be noted that if the boundary is subjected to only
the diffuse radiation, in Eq. (20) Ic,w = 0.0.

In terms of non-dimensional time t*, the RTE given in
Eq. (5) is now written as

b
oId

ot�
þ oId

os
þ bId ¼ St ð21Þ

Using backward differencing scheme in time, Eq. (21)
becomes

b
Idðt�Þ � Idðt� � Dt�Þ

Dt�
þ oIdðt�Þ

os
þ bIdðt�Þ ¼ Stðt�Þ ð22Þ

Eq. (22) can be written in simplified form as

B
oIdðt�Þ

os
þ bIdðt�Þ ¼ BStðt�Þ þ CIdðt� � Dt�Þ ð23Þ

where B ¼ Dt�

ð1þDt�Þ and C ¼ b
1þDt�.
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With expressions for the source terms, incident radiation
and heat flux given above, Eq. (23) is the resulting radiative
transfer equation to be used in the present analysis.

Below we briefly present formulation and methodology
to solve Eq. (23) using the FVM. Details of the FVM for-
mulation for the steady-state radiative transfer in general
can be found in Mishra and Roy [32] and for the transient
radiation study, the same can be found in Mishra et al. [26].

Writing Eq. (23) for a discrete direction Xm and integrat-
ing it over the elemental solid angle DXm, we get

B
Z

DXm

oIm
d ðt�Þ
os

dXþ
Z

DXm
bIm

d ðt�ÞdX

¼
Z

DXm
½BSm

t ðt�Þ þ CIm
d ðt� � Dt�Þ�dX ð24Þ

In case of a 1-D planar medium, Eq. (24) can be written as

B
oIm

d ðt�Þ
oz

Dm
z þ bIm

d ðt�Þ ¼ ½BSm
t ðt�Þ þ CIm

d ðt� � Dt�Þ�DXm

ð25Þ
where Dm

z and DXm are given by

Dm
z ¼

Z
DXm

cos hdX

����
���� ¼ 2p sin hm cos hm sinðDhmÞj j ð26Þ

DXm ¼
Z

DXm
dX ¼ 4p sin hm sin

Dhm

2

� �
ð27Þ

Integrating Eq. (25) over the 1-D control volume
(dV = 1 � 1 � dz) we get

½Im
d;Nðt�Þ � Im

d;Sðt�Þ�Dm
z

¼ � b
B

Im
d;Pðt�Þ þ Sm

t;P þ
C
B

Im
d;Pðt� � Dt�Þ

� 	
dzDXm ð28Þ

where Im
d;N and Im

d;S are north and south control surface
average intensities, respectively and Im

d;P and Sm
t;P are the

intensities and source terms at the cell centre P, respec-
tively. In any discrete direction Xm, the cell-surface intensi-
ties are related to the cell-centre intensity Im

d;P as

Im
d;P ¼

Im
d;N þ Im

d;S

2
ð29Þ

From Eqs. (28) and (29), while marching from the north
boundary for which h < p

2
, we get

Im
d;P

¼
2Dm

z Im
d;Nðt�Þ þ Sm

t;Pðt�ÞdzDXm þ C
B dzDXmIm

d;Pðt� � Dt�Þ
� �h i

2Dm
z þ b

B dzDXm

 �

ð31aÞ

and while marching from the south boundary for which
h > p

2
, we get

Im
d;P

¼
2Dm

z Im
d;Sðt�Þ þ Sm

t;Pðt�ÞdzDXm þ C
B dzDXmIm

d;Pðt� � Dt�Þ
� �h i

2Dm
z þ b

B dzDXm

 �

ð31bÞ
2.1. Solution procedure

The planar participating medium is discretized into a
number of control volumes and the angular space, the
polar angle h is divided equally into a finite number of
directions Mh (Eqs. (18) and (19)). Calculation starts with
a guess value of the source term Sm

t;P and the volume aver-
age diffuse intensity Im

d;Pðt� � Dt�Þ required for Eq. (31). For
all the discrete directions for which h < p

2
, marching starts

from the north boundary and Im
d;Pðt�Þ is calculated from

Eq. (31a). The marching is done from the south boundary
for all the directions for which p

2
< h < p and Im

d;Pðt�Þ is cal-
culated from Eq. (31b). For the control volume whose one
boundary is the boundary of the medium, the boundary
intensities required in Eq. (31) are calculated from Eq.
(20). With Im

d;Pðt�Þ calculated, the unknown cell-surface
intensities in the same direction are calculated from Eq.
(29). For the next control volume, the calculated cell-sur-
face intensity serves as the known intensity in Eq. (31).
The source term Sm

t;P ¼ Sm
c;P þ Sm

d;P is calculated from Eqs.
(7) and (17). Collimated incident radiation Gc and heat flux
qc for Sm

c;P are computed from Eqs. (8a) and (8b), respec-
tively and for the diffuse component Sm

d;P, Gd and qd are
computed from Eqs. (18) and (19), respectively. All direc-
tions at a particular point are covered when marching is
completed from both the boundaries. Before marching
for the next time level, the maximum change in the source
term Sm

t;P of a given control volume between the consecutive
iteration levels are noted. Iteration is terminated when
jSm

t;old;P � Sm
t;new;Pj 6 1:0� 10�7. For any time t*, reflectance

and transmittance signals are computed from

Reflectance : q�r ð0; t�Þ ¼
qdð0; t�Þ
qinð0; t�Þ

ð32Þ

Transmittance : q�t ðZ; t�Þ ¼
qcðZ; t�Þ þ qdðZ; t�Þ

qinð0; t�Þ
ð33Þ

where in Eqs. (32) and (33), qin(0, t*) is the flux input to the
medium through the north boundary. It should be noted
that in Eqs. (32) and (33), reflectance q�r ð0; t�Þ and transmit-
tance are the fluxes at the north and the south boundaries,
respectively because of the contributions only from the
medium.
3. Results and discussion

In the following pages, we consider the north boundary
subjected to a single or a train of 2–4 diffuse and/or colli-
mated pulses and analyze the time-dependent reflectance
and transmittance signals that are basically the net heat
fluxes on the north and the south boundaries, respectively.
Temporal variations of these pulses could either be a step
or a Gaussian function.

To validate the results, first we compare our results for a
single-pulse with those available in the literature
[26,30,33,34]. Next we present and analyze results for a
train of pulses. This analysis is done for the range of values



R. Muthukumaran, S.C. Mishra / International Journal of Heat and Mass Transfer 51 (2008) 2418–2432 2423
of the extinction coefficient b and two values of the scatter-
ing albedo x.

For grid independent results, 500 equal size control vol-
umes were used and a maximum of 40 equally spaced direc-
tions in the polar space (0 6 h 6 p) were found enough for
the ray-independent solutions. 1000 divisions of the total
time t* domain were found sufficient for marching in the
time dimension.

The code was written in Turbo C++. To study the com-
putational time, the CPU times were recorded for all com-
binations of parameters. The code was executed on a Xeon
300 dual processor 800 MHz computer. The CPU times for
optically thin (b = 1.0) to thick (b = 5.0) cases ranged from
36 s to 200 s, respectively.

3.1. Validation of results for a single-pulse

In this case, the north boundary of the planar medium is
subjected to a single diffuse or a collimated pulse. Temporal
variations of the pulse could either be a step or a Gaussian
function. In Fig. 2a–d, for extinction coefficient b = 0.5
with scattering albedo x = 1.0 (x = 0.998 in Fig. 2d),
transmittance q�t ðZ; t�Þ results of the present work for a sin-
gle-step diffuse, a single-step collimated and a single-Gauss-
ian pulses are compared with those from the literature
[26,30,33,34].
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Whether radiation is diffuse or collimated, with a large
step pulse, transient results approach steady state. Fig. 2a
and b shows this for transmittance q�t ðZ; t�Þ results for a
large pulse-width t�p ¼ 25:0 for a single-step diffuse and
t�p ¼ 10:0 for a single-step collimated pulses, respectively.
Results have been compared with those from the literature
[33,34]. Since with a Gaussian pulse, energy input to the
medium is always changing, steady-state condition can
never be approached for any value of the pulse-width t�p.
For a single-step collimated and a single-Gaussian colli-
mated pulses with t�p ¼ 1:0, Fig. 2c and d provide compar-
ison of our results with those from the literature [26,30],
respectively. Results are in good agreement.

3.2. Results with a train of pulses

In the following pages, transmittance q�t ðZ; t�Þ and
reflectance q�r ð0; t�Þ results with a train of pulses are pro-
vided for different values of the extinction coefficient b
and the scattering albedo x. In Figs. 3–10, these results
are presented for pulse-width t�p ¼ 1:0 and while dealing
with collimated irradiation, its direction of incidence on
the north boundary is considered to be normal, hc = 0.0.
In all the cases, the homogeneous medium is considered
absorbing and isotropically scattering, and the diffuse-gray
boundaries are black and cold. In the present work,
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Fig. 3. Comparison of temporal variations of transmittance and reflectance signals for different values of the extinction coefficient b; Radiation source:
diffuse step pulses.
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transmittance and reflectance results have been provided
for a medium whose physical depth Z = 1 m. However, it
should be noted that the results presented are valid equally
for any physical depth as long as for a given value the opti-
cal depth sZ = bZ, the product of b and Z remains the
same. For an example, results will be the same for
Z = 1.0 m and b = 1.0 and Z = 1/10 m and b = 10.0 or
any other combination of b and Z.

In all the cases of train of pulses considered in the pres-
ent work, the pulses repeat after t�p ¼ 1:0 and the north
boundary is subjected to a maximum of four pulses. While
considering the effect of the extinction coefficient b (Figs.
3–6), scattering albedo x = 1.0 and when considering the
effect of the scattering albedo x (Figs. 7–10) the extinction
coefficient b = 1.0.

3.2.1. Effect of the extinction coefficient b
3.2.1.1. Diffuse step pulse train. The north boundary of the
planar medium is subjected to diffuse radiation (Fig. 1a)
whose temporal variation is a step function (Fig. 1c).

Fig. 3a–f show the effect of the extinction coefficient b
for N � pulses on transmittance q�t ðZ; t�Þ and reflectance
q�r ð0; t�Þ signals, where N = 1–4. In these figures, results
have been presented for extinction coefficient b=1.0, 2.0
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diffuse Gaussian pulses.
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and 5.0. It is observed from the figure that for a single-
pulse (N = 1), the magnitude of the transmittance
q�t ðZ; t�Þ signal decreases with increase in b. An opposite
trend is observed for the reflectance q�r ð0; t�Þ signal. Both
the signals last longer for a higher value of b.

It is observed from Fig. 3a-d that when the medium is
less participating (b = 1.0 and 2.0), with boundary sub-
jected to N pulses, the (N � 1) maxima of the transmittance
q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals occur almost at the
same time as that of the (N � 1) pulses. The same is the
case with the minima. However, when the medium is highly
participating (b = 5.0), for any number of pulses, only one
maximum is present for the transmittance q�t ðZ; t�Þ signals
and the maximum of any pulse train is shifted slightly in
time (Fig. 3e). Observation of Fig. 3a, c and e show that
for N P 2, the difference in consecutive maximum and
minimum decreases with increase in b. For b = 5.0, differ-
ence is not noticeable. In case of reflectance signals, max-
ima are always distinct.

A higher value of b signifies medium to be radiatively
more participating and thus less amount of radiation
reaches the bottom boundary, and consequently the
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magnitude of the transmittance q�t ðZ; t�Þ signal decreases
with increase in b. With increase in b, radiation stays for
a longer duration in the medium and when the next pulse
comes, radiation owing to previous pulses still remain pres-
ent and this causes existence of multiple maxima and min-
ima of transmittance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ
signals for N P 2.

3.2.1.2. Diffuse Gaussian pulse train. The north boundary of
the planar medium is subjected to diffuse radiation
(Fig. 1a) whose temporal variation is a Gaussian function
(Fig. 1d).
With N = 1–4, Fig. 4a–f show the effect of the extinc-
tion coefficient b=1.0, 2.0 and 5.0 on transmittance
q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals. It is observed that
like the results of the diffuse step pulses, magnitudes of
transmittance q�t ðZ; t�Þ signals decrease with increase in
b. Further because each pulse of the multiple Gaussian
pulses remains available for time duration which is six
times more than the step pulse, maxima are more widely
spread over time. Further, like diffuse step pulses
(Fig. 3e), for the same reason, for a higher value of the
extinction coefficient (b = 5.0), multiple maxima and min-
ima are not observed.
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In the case of Gaussian pulses, time span of a given
pulse is six times more than that of the step pulse
(Fig. 1c and d) and input too is very gradual. Thus, unlike
step pulses (Fig. 3b, d, f), reflectance signals appear after
some time (Fig. 4b, d, f). Distinct maxima and minima
are observed. Because of more energy input to the medium
and its existence for a longer duration at the boundary,
transmittance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals in
case of Gaussian pulses last longer (Fig. 4a–f) than that
of step pulses (Fig. 3a–f).
3.2.1.3. Collimated step pulse train. The north boundary of
the planar medium is subjected to collimated radiation
(Fig. 1b) whose temporal variation is a step function
(Fig. 1c). Angle of incidence hc of the collimated radiation
is zero.

For b = 1.0, 2.0 and 5.0, Fig. 5a–f show the transmit-
tance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals for N = 1–4
pulses Like the previous two cases, it is observed that the
magnitudes of transmittance q�t ðZ; t�Þ signals decrease and
that of the reflectance q�r ð0; t�Þ signals increases with
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Fig. 7. Effect of scattering albedo x on temporal variations of transmittance and reflectance signals; radiation source: diffuse step pulses.
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increase in b. Distinct maxima and minima are observed
with transmittance q�t ðZ; t�Þ signals for lower values of b.
However, for b = 5.0 (Fig. 5e), unlike diffuse step pulse
trains (Fig. 3e), for N 6 3, two distinct maximum and
one minimum are observed. With increase in N, it is
observed that the magnitude of the first maximum
decreases and that of the second maximum increases. For
N = 4, the first maximum and minimum disappear like
all values of N in case of diffuse step pulses (Fig. 3e).

In case of a pulse train consisting of N pulses, radiation
reaches the south boundary at time t� ¼ bct þ NT �p, where
T �p is the time period. With a single collimated pulse, mag-
nitudes of collimated and diffuse components are compara-
ble, and thus for all values of b, distinct maximum in the
transmittance q�t ðZ; t�Þ signals is observed. When the num-
ber of pulses increase, in case of a higher value of b
(Fig. 5e), because of the arrival of the successive pulses,
the overall contribution of the collimated component
decaying exponentially is dominated more by the diffuse
component. Thus many maxima that are observed for
lower values of b disappear at higher values of b.

Radiation enters the medium through the north bound-
ary and thus this boundary receives radiation from the
medium much earlier than the south boundary. Any
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Fig. 8. Effect of scattering albedo x on temporal variations of transmittance and reflectance signals; radiation source: collimated step pulses.
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change in the input signal will be more noticeable on this
boundary. Thus with the reflectance q�r ð0; t�Þ signals, unlike
transmittance q�r ðZ; t�Þ signals, distinct peaks are observed
for all values of b.

3.2.1.4. Collimated Gaussian pulse train. The north bound-
ary of the planar medium is subjected to collimated radia-
tion (Fig. 1b) whose temporal variation is a Gaussian
function (Fig. 1d). Angle of incidence hc of the collimated
radiation is zero.

For b = 1.0, 2.0 and 5.0, Fig. 6a–f show the transmit-
tance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals for N =
1–4 pulses. In comparison to diffuse Gaussian pulses
(Fig. 4a–f), in this case, for b = 1.0, due to a higher colli-
mated component, the magnitude of transmittance
q�t ðZ; t�Þ is much higher and also reflectance q�r ð0; t�Þ signal
is much lower due to the lesser contribution from the dif-
fuse radiation. But as b increases to 5.0, the magnitudes of
the maxima are less than that of the diffuse Gaussian
pulses due to the fact that both the radiation source and
the medium are highly diffusive in the latter case. The
same reasoning can be attributed to the higher values of
the reflectance that are observed in diffuse Gaussian
pulses.
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Fig. 9. Effect of scattering albedo x on temporal variations of transmittance and reflectance signals; Radiation source: diffuse Gaussian pulses.
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3.2.2. Effect of the scattering albedo x
For the four cases described before, in Figs. 7–10, we

now present the effect of the scattering albedo x on trans-
mittance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals for differ-
ent pulse trains, N = 1, 2 and 3. For the sake of legibility,
unlike the effect of the b, here we compare the effects of x
for individual pulse trains. In all the cases, b = 1.0 has been
considered.
3.2.2.1. Diffuse step pulse train. For diffuse-step pulses,
effects of x on transmittance q�t ðZ; t�Þ and reflectance
q�r ð0; t�Þ signals are presented in Fig. 7a–f. With decrease
in x, magnitudes of q�t ðZ; t�Þ decrease. For all pulses,
decrease is noticeable throughout and the changes are con-
fined more towards maxima and minima. Scattering albedo
x is seen to have the same effect on q�r ð0; t�Þ. Further it is
observed that x is not having any effect on the time span
of the signals.
3.2.2.2. Collimated step pulse train. For collimated step
pulses, effects of x on transmittance q�t ðZ; t�Þ and reflec-
tance q�r ð0; t�Þ signals are given in Fig. 8a–f. In this case
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Fig. 10. Effect of scattering albedo x on temporal variations of transmittance and reflectance signals; Radiation source: collimated Gaussian pulses.
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too, for all values of N, magnitudes of both signals are less
for lower value of x. Effect of x is more pronounced on the
reflectance q�r ð0; t�Þ signals.
3.2.2.3. Diffuse Gaussian pulse train. Effects of x on q�t ðZ; t�Þ
and q�r ð0; t�Þ signals for diffuse Gaussian pulses are given in
Fig. 9a–f. Compared to diffuse step pulses (Fig. 7a–f), effect
of x in this case is more prominent on both types of
signals.

For lower values of the scattering albedo x, because of
more absorption, a higher amount of radiation is trapped
in the medium and accordingly in all the cases, both trans-
mittance q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals have
lower magnitudes. The radiation decays as it travels
towards the south boundary and x will have less effect
on q�t ðZ; t�Þ in comparison to q�r ð0; t�Þ.
3.2.2.4. Collimated Gaussian pulse train. For collimated
Gaussian pulse trains, effects of x on transmittance
q�t ðZ; t�Þ and reflectance q�r ð0; t�Þ signals are given in
Fig. 10a–f. It is observed here that effects of x on transmit-
tance q�t ðZ; t�Þ signals are less pronounced in comparison to
reflectance q�r ð0; t�Þ signals. Since b is less, the major
amount of the energy received at the south boundary is
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due to collimated component. Thus even as the radiation
travels throughout the medium, the magnitude of x which
influences only the diffuse component is insignificant. But
at the north boundary, the energy received being only
due to the diffusive component, the difference due to the
two values of x = 1.0 and 0.5, is felt distinctly.

4. Conclusions

Transient response of a planar absorbing–scattering
medium subjected to a train of radiation pulses was ana-
lyzed. Four different combinations of diffuse and colli-
mated radiation with step and Gaussian temporal
variations were considered. Analysis was done using the
finite volume method. Results for the train of pulses were
first validated for a single-pulse with those available in
the literature. Effects of the extinction coefficient and the
scattering albedo were studied on transmittance and reflec-
tance signals. For lower values of the extinction coefficient,
distinct maxima and minima were observed in the signals
of multiple pulses. With higher value of the extinction coef-
ficient, multiple maxima in the transmittance signals were
found to disappear. Scattering albedo was found to have
relatively less effect on the transmittance signals. Signals
were found to last for the same duration for the two values
of the scattering albedo.
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