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Abstract
An experimental and numerical study is performed to analyse short pulse
laser propagation through tissue phantoms without and with
inhomogeneities embedded in it. Short pulse laser probing techniques have
distinct advantages over conventional very large pulse width or cw lasers
primarily due to the additional information conveyed about the tissue
interior by the temporal variation of the observed signal. Both the scattered
temporal transmitted and reflected optical signals are measured
experimentally using a streak camera for samples irradiated with a short
pulse laser source. Parametric study involving different scattering and
absorption coefficients of tissue phantoms and inhomogeneities as well as
the detector position and orientation is performed. The temporal and spatial
profiles of the scattered optical signals are compared with the numerical
modelling results obtained by solving the transient radiative transport
equation using discrete ordinates technique.

1. Introduction

Optical imaging of turbid media such as biological tissues
is a difficult and challenging problem in modern optical
technology due to overwhelming light scattering that severely
reduces image contrast and degrades spatial resolution. In
the last few years novel optical imaging methods have been
developed to analyse interactions between near infrared light
and biological tissues in order to monitor the physiological
and morphological status of living tissues and organs without
adverse side effects [1–10]. Optical tomography uses multiple
sources and detectors placed on the tissue surface to map
changes in the optical properties directly below the surface,
or to form a simple projection in a transmittance geometry
[11]. The simplest system is one that records the transmitted
intensity at the surface in response to illumination by a
continuous source (CW) of light. Although measurements of
changes in intensity have been successfully employed by some
researchers [6, 8, 12] it is not possible to distinguish between
changes in absorption and changes in scatter. Furthermore,
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in the presence of unknown inhomogeneous scattering or
absorbing background structure, localization and quantization
of absorption changes may be erroneous [13].

Short pulse laser probing techniques for diagnostics have
distinct advantages over very large pulse width or continuous
wave lasers primarily due to the additional information
conveyed by the temporal distribution of the observed signal
[14, 15]. The distinct feature is the multiple scattering induced
temporal distribution, which persists for a time period greater
than the duration of the source pulse and is a function of the
source pulse width as well as the optical properties of the
medium. If the detection is carried out at the same short
timescale (comparable to the order of the pulse width), the
signal continues to be observed even at large times after the
pulse has been off due to the time taken for the photons
to migrate to the detector after multiple scattering in the
media. Therefore in this paper for optical imaging, a
short pulse laser is focused on the region to be probed and
scattered reflected/transmitted signals are measured at different
locations using streak camera.

Contrast and spatial resolution of optical imaging in
turbid media is also performed by time gating techniques
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[9]. Short pulse laser and time-gated detection allows one to
select photons that travel along comparatively short trajectories
and suffer a correspondingly smaller number of scattering
events. Pulses traversing through discrete scattering media
is considered to be split into ballistic (coherent) and diffuse
(incoherent) components [16]. If only the earliest arriving
photons are collected by an appropriate gating technique, the
direct line of sight property variations can be inferred since
the earliest arriving photons correspond to those travelling the
shortest optical path between the source and detector [17, 18].
The photons detected first have been deviated least from the
optical axis and the intensity measured over a small period
depends on the optical properties of the region contained
within a small volume surrounding the optical axis. Time
gating [19], space gating [20, 21], holographic gating or
optical coherence interferometry techniques [22], and streak
camera applications [23] have been used for evaluating the
earliest arriving photons. However, these ballistic components
may not be of practical use for tissues thicker than a few
centimetres because they are not measurable with increasing
tissue thickness. The significant drawback of time gating is that
vast majority of transmitted light is discarded and the scarcity
of detected photons with the shortest path lengths limits the
achievable gain in resolution [24]. A further improvement in
spatial resolution therefore relies on higher spatial resolution
information being encoded within the available distribution
of longer flight-time transmitted photons. Thus forward
and backward radiative transport models for determination of
optical properties of the tissue interior from transmitted and
reflected signal measurements can therefore be based on the
full temporal signal [25–27].

In addition to time resolved techniques, frequency domain
techniques also commonly used for biomedical imaging is by
measuring the demodulation and phase shift of transmitted
light due to interaction of tissue medium with intensity
modulated light source. A significant disadvantage of the
frequency domain method, though generally a less expensive
method, is that sources that can provide significant power
at very high frequencies are not yet available. Most
experimental works performed so far have utilized frequencies
of a few hundred megahertz, which is equivalent to a
temporal resolution of a few nanoseconds, and photon density
wavelengths of the order of a metre [28–30]. It has been
reported in the literature that there is a need for high modulation
frequencies to obtain images with high resolution when
imaging tissues having particularly low average absorption and
high scattering coefficients [31].

In order to predict the optical properties of tissues from
time-resolved scattered signal measurements development of
inverse algorithm is required. Before development of complex
inverse algorithms, accurate forward solutions of transient
radiative transport equation (RTE) necessary to analyse short
pulse laser propagation through tissues is critical. In most
previous analysis, the transient term of the RTE is usually
neglected. This assumption does not lead to errors as the
temporal variations of observed signals are slow compared
to the time of flight of a photon. However, in applications
involving short pulse laser interactions with tissues, the
transient effect must be considered in the RTE [14, 32, 33].

Transient solution of radiative transfer equation for one-
dimensional geometry for the case of short pulse laser

incidence has been developed and reported in the literature
[14, 34–36]. The work has been extended to two-dimensional
geometry using the simplified first order spherical harmonics
(P1) approximation for a rectangular geometry [37]. Integral
equation formulation techniques for the transient RTE have
been also developed [38, 39]. However, the P1 model
underestimates the speed of light propagation [14] and the
integral formulation is difficult to be applied to complex
geometries. Monte Carlo (MC) method has been also used
by many researchers [40, 41]. The MC method requires a
large number of emitted bundles to obtain smooth accurate
solutions, which is computationally expensive. The discrete
ordinate method (DOM) has become popular for solving
transient RTE accurately and efficiently. The one-dimensional
DOM has been used to analyse the transient radiant transfer
in oceanographic liar. The DOM in conjunction with the
piecewise parabolic method scheme used previously to obtain
numerical solutions for two-dimensional scattering–absorbing
medium is used in this paper [42].

No previous study has been reported in the literature
which compares the experimentally measured scattered optical
signals from a tissue medium containing inhomogeneities
due to short pulse laser irradiation with accurate numerical
solutions of transient RTE. Such studies are critical for
predicting the optical properties of tissues from temporal
scattered optical signal measurements. In this paper the
temporal optical transmitted and reflected signals from tissue
phantoms without and with inhomogeneities imbedded in
it are measured with a streak camera. Parametric study
involving different scattering and absorption coefficients of
tissue phantoms and inhomogeneities as well as the detector
position and orientation is performed. The experimentally
measured temporal scattered optical signals are compared with
numerical modelling results obtained by solving the transient
RTE using the DOM

2. Mathematical formulation

In this paper the tissue base medium is approximated by an
anisotropically scattering and absorbing rectangular enclosure
in which an inhomogeneity is imbedded in it (see figure 1).
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Figure 1. Schematic of the problem under consideration.
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The transient radiative transfer equation in a given direction �

is given by [14, 43]:

1

c

∂I (x, y, �, t)

∂t
+ µ

∂I (x, y, �, t)

∂x
+ η

∂I (x, y, �, t)

∂y

+keI (x, y, �, t)

= ks

4π

∫
4π

�(�′, �)I (x, y, �′, t) d�′ + S(x, y, �, t),

(1)

where I is the scattered diffuse intensity (W m−2 sr−1), ke and
ks are the extinction coefficient and the scattering coefficient,
respectively, � the phase function, � the direction cosine,
c the velocity of light in the medium, x and y are the spatial
coordinates, t the time, and S is the source term.

The scattering phase function can be represented in a series
of Legendre polynomials Pn by

�(�′, �) =
N∑

n=0

(2n + 1) gnPn[cos(�)], (2a)

where g is the asymmetry factor. The higher the value of g, the
more forward scattered is the phase function of the medium.
Tissues usually are highly forward scattered medium. The
scattering angle �is represented by

cos(�) = µµ′ + ηη′ + ξξ ′, (2b)

where µ, η, and ξ are the direction cosines of the light
propagation direction �.

The pulsed radiation incident on the tissue medium at
face 1 (see figure 1) is a Gaussian-shaped pulse having a
temporal duration (pulse width) tp at full-width half-maximum
(FWHM). The intensity can be separated into a collimated
component, corresponding to the incident source, and a
scattered intensity. If Ic is the collimated intensity, then I

is the remaining intensity described by equation (1). The
collimated component of the intensity for the square pulse is
represented by

Ic(x, y, �, t) = I0 e−kex
[
H

(
t − x

c

)
− H

(
t − tp − x

c

)]

×δ(� − �0), (3)

where I0 is the intensity leaving the wall towards the medium,
H(t) the Heaviside step function, and δ(t) the Dirac delta
function. The Gaussian pulse is approximated as a square
pulse for ease of numerical implementation.

The source function S formed from the collimated
irradiation is then given by

S(x, y, �, t) = ks

4π

∫
4π

�(�′, �)Ic(x, y, �′, t) d�′. (4)

The boundary conditions are such that intensity leaving the
boundary surface is composed of the contribution of the
outgoing emitted intensity and the reflection of incoming
radiation in the direction �.

In the DOM, the radiative transfer equation and the
associated boundary condition are replaced with a set of
equations for a finite number of M directions that cover 4πsr
solid angles. The integral terms of equations (1) and (4) are
reformulated with the aid of an angular quadrature of order M .

The discrete form of the time-dependent RTE in the
direction �m is then represented as

1

c

∂Im(x, y, t)

∂t
+ µm

∂Im(x, y, t)

∂x
+ ηm

∂Im(x, y, t)

∂y

= −keIm(x, y, t) +
ks

4π

M∑
m′=1

wm′�m′mIm′(x, y, t)

+Sm(x, y, t), (5)

where m = −M, . . . , −1, 1, . . . , M, {�m, wm} defines a
quadrature of M discrete directions �m to which the weights
wm are associated.

In this paper, the piecewise parabolic advection (PPA)
scheme already developed by the authors to solve the two-
dimensional geometry is used equation (5) [34, 42, 44, 45].
The left-hand side of equation (5) is treated by the upwind
monotonic interpolation methods. PPA scheme is very
efficient and produces very small amount of diffusion. The
average computational time is about 2000 s on an alpha
workstation with a 633 MHz, 21164 CPU for the discrete
ordinate quadrature, 16 × 50 spatial grid at 1000 time steps.

3. Experimental procedure

The experimental set-up for time resolved optical signal
measurement as shown in figure 2(a). The laser system used
for the experiment consists of mode locked argon–ion laser
having a pulse width (tp) = 200 ps at FWHM operating at a
repetition rate of 76 MHz (λ = 514 nm). The laser beam is
split into two parts: one is used as the time reference and the
other is incident to the tissue phantom. A translation stage is
introduced for an adjustable optical delay in the reference beam
to be used as reference for the determination of the origin of the
timescale. The power and pulse width of the laser is monitored
throughout the experiment using a power metre and ultra fast
photodiode, respectively. The tissue phantom is mounted on
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Figure 2. (a) Schematic of the experimental set-up. (b) Different
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reflectance (D).
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a translation stage. The scattered transmitted and reflected
optical signals from the tissue phantoms are collected using a
Hamamatsu streak camera unit. Attenuators are used to control
incident power on tissue phantoms so as not to saturate the
streak camera.

Streak camera is used for direct measurement of scattered
optical signals with very high temporal resolution. It
simultaneously measures time, position (or wavelength) and
light intensity and processes the data in real time using a
dedicated read out system. The streak camera used for the
experiments is Hamamatsu C1587 and M1954 synchroscan
unit along with M1955 frequency tuning unit coupled with
a Hamamatsu C4742-95 CCD camera. The incident light
on the photocathode is converted into a number of electrons
proportional to the intensity of the light, so that the optical
pulses are converted sequentially into electrons. They then
pass through a pair of accelerating electrodes, where they are
accelerated and bombarded against a phosphor screen. The
phosphor image corresponding to the optical pulse which was
the earliest to arrive is placed in the uppermost position, with
the other images being arranged in sequential order from top to
bottom; in other words, the vertical direction on the phosphor
screen serves as the time axis. The position in the horizontal
direction of the phosphor image corresponds to the horizontal
location of the incident light. The time resolution of the streak
camera used in this study is 10 ps.

4. Results

Experimental investigations of interactions of short-pulsed
laser with scattering absorbing media like tissue phantoms
containing inhomogeneities are conducted. The results are
validated with numerical modelling results obtained by solving
a two-dimensional transient RTE using the DOM. The tissue
phantoms used are cast by mixing araldite resin having a
refractive index (n) of 1.54 together with an anhydride and
a hardener. Typical sample cross-section used is 25 mm ×
50 mm with varying thickness of 8 mm and 12 mm. Titanium
dioxide (TiO2) particles having a mean diameter of 0.3 µm
is added as scatterers and dye is used as absorbers. The
scattering and absorption coefficients are varied by varying
the concentration of TiO2 and dye in the resin matrix [46].
Inhomogeneities typically of 4 mm diameter are drilled in the
samples and filled with different scattering and absorption
coefficients than the base resin matrix. The set-up is tested with
phantoms of different scattering and absorption characteristics.
Experiments are conducted on tissue phantoms to measure
transmitted and reflected optical signals along the axis of
the laser beam as well as at different angles. Line scan is
performed for each sample 1 mm apart, and temporal profile
for each position is collected over a time window of 2000 ps
(2 ns/15 mm of PMT). Standard background subtraction is
performed for each measurement. Measurement of these
optical signals are performed by analog integration for 200 ms.
For numerical simulations a value of g = 0.8 [47] is used.
The scattering coefficient ks and anisotropy factor g can
be conveniently combined in terms of the transport scatter
coefficient k′

s = ks (1 − g). For a phantom of k′
s = 20 cm−1

and ka = 0.5 cm−1 and a thickness of 8 mm, incident power

of 100 mW is used. The average output obtained is 58 µW for
8 mm and 5.7 µW for 12 mm, respectively.

Figure 3 shows the normalized transmitted optical signal
measurements obtained with a homogenous tissue phantom of
thickness (L) = 8 mm and 12 mm, respectively. The tissue
phantom having a scattering coefficient (k′

s) = 20 cm−1 and
absorption coefficient (ka) = 0.5 cm−1 is used. These optical
coefficient values are close to real tissue properties [9, 24, 47].
It is observed that the experimental measurements agree with
the numerical simulation results. The time for earliest arriving
photon for the 8 mm phantom of refractive index n of 1.54 is

Length of the medium

Speed of light in the medium

= 8 × 10−3 m

3 × 108 m s −1/1.54
= 41.07 ps. (6)

The transmission signal values are zero till this time. These
values are consistent with both the numerical and experimental
measurements as observed in figure 3. Many previously used
approximate models fail to capture this effect and provide
unrealistic results for the transmitted signals even before light
has traversed through the medium. Also as the thickness of
the medium is increased from 8 to 12 mm there is a temporal
shift in transmitted optical signal with a corresponding increase
in pulse width. Repeatibilty in experimental measurements
is within ±1% error. Figure 4 shows the corresponding
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normalized scattered optical signals for an 8 mm thick tissue
phantom for different detector orientations corresponding to
figure 2(b). The photons measured in the forward direction
have higher temporal broadening due to more multiple
scattering.

Experiments are conducted by varying the amount of
scatterers and therefore the scattering coefficient for the case
of 8 mm thick homogeneous tissue phantoms. The normalized
temporal transmitted signal profiles are plotted for various
scattering coefficients (ks = 2, 4, 8 and 20 cm−1), keeping
the absorption coefficient fixed (ka = 0.01 cm−1). It is
observed in figure 5 that the temporal spread increases with
the increase of concentration of scatterers in the phantoms
(i.e. the scattering coefficients) as the phantoms undergo more
multiple scattering. The magnitude of the signal also increases
with the increase of the scattering coefficients but is masked
due to the normalization with respect to corresponding peak
intensity values. The effect of the variation of the absorption
coefficient (ka = 0.01, 0.5 and 0.9 cm−1) of the tissue phantom
is depicted in figure 6. Higher the absorption, higher will be
the attenuation of the laser beam and hence lower the temporal
broadening.

Figure 7(a) shows temporal profile of normalized trans-
mitted signal for a tissue phantom containing inhomogene-
ity. The scattering coefficients of base tissue phantom are
different from inhomogeneity which is having higher scatter-
ing coefficient (k′

s = 40 cm−1) than surrounding base tissue
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Figure 7. Comparison between numerical models and experimental
measurements of the temporal transmitted signal for a tissue
phantom containing inhomogeneity for (a) inhomogeneity
absorption coefficient = 0.01 cm−1, (b) inhomogeneity absorption
coefficient = 0.5 cm−1.

medium (k′
s = 20 cm−1). The base medium absorption

coefficient (ka = 0.5 cm−1) is significantly higher than that
of inhomogeneity (ka = 0.01 cm−1). There is a reasonable
match between numerical and experimental value with a little
separation in the tail section. This can be attributed to the fact
that as absorption coefficient is increased, it decreases number
of photons that is collected by the detector at face 2. Further
normalization of signal amplifies the noise at the tail of the
pulse. This phenomenon is more pronounced in figure 7(b)
where the inhomogeneity absorption coefficient is increased
from ka = 0.01 cm−1 to ka = 0.5 cm−1. The spatial intensity
corresponding to figure 7(a) along the opposite face of incident
radiation (face 2) for different times are plotted in figure 8. At
very small and very large times detection of the inhomogene-
ity is difficult. Within time instant of 300–450 ps, demarcation
between base and inhomogeneity is most prominent. There-
fore a selection of appropriate time window is critical for maxi-
mum contrast between tissue phantom and inhomogeneity. It is
observed that optical signals measured very close to the edges
showed fluctuations due to boundary effects and hence are not
shown in the figure. Numerical results for all time instants
match the experimental results, are not shown for purpose of
brevity. Figure 9 shows the effect of variation of scattering
coefficient (k′

s = 30 and 40 cm−1) and absorption coefficient
(ka = 0.01 and 0.5 cm−1) of the inhomogeneity on the spatial
distribution of intensity. The properties of base tissue medium
are same as in figure 7(a). Typically change in properties
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of tumour is anticipated whereas base tissue properties are
fairly constant. The intensity is in arbitrary units as only rel-
ative measurements can be done with the streak camera. It
is interesting to note that increase of absorption increases the
contrast whereas the effect of increase of scattering coeffi-
cient is not so pronounced. But at the same time, increase
of absorption coefficient decreases the spatial resolution,
which again is not the case with increase of scatterers in the
inhomogeneity.
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Figure 10 depicts the change in intensity of temporal
profile due to change of inhomogeneity thickness. This
experiment is performed with thicker (12 mm) sample so
that different size of inhomogeneities can be drilled. It is
evident as the inhomogeneity size increases the temporal
broadening of optical signal transmitted out from face 2
increases. Figure 11 depicts the match between numerical
model and experimental measurement when inhomogeneity is
varied in spatial direction. It is evident from the figure that
there is some mismatch which may be due to non-uniform
distribution of scatterers during sample preparation.

The effect of the detector position on the transmitted signal
obtained is shown in figure 12. From figure 1 it is evident that
the centre of the tumour is on the same axis as the detector
centre. Therefore the detector position at the centre receives
more early arriving photons than the detectors further away
from the centre implying presence of some inhomogeneity in
the tissue medium.

5. Conclusions

A comprehensive experimental and numerical investigation is
performed to analyse short pulse laser propagation through
tissue medium having inhomogeneities/tumour imbedded in it.
Parametric study as performed in this paper is critical in
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order to differentiate between healthy and tumourous tissue.
Detection of inhomogenieties depends on optical properties
of inhomogenieties compared to base tissue medium. The
resolution of spatial detection decreases with increase of
absorption coefficient, but at the same time difference in
intensity magnitude is high compared to the case when
there is increase in scattering coefficient. Also increase in
inhomogeneity size changes the temporal intensity profile
significantly. Accurate validation of the forward transient RTE
with the experimentally measured data is performed in this
paper. Short pulse laser probing for detection of tumours in
tissues is a novel and nascent technology and this research
work can be furthered by experiments on animal models.
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