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Abstract

Mesoscopic light transport through disordered medium (randomly scattering medium) is
an ubiquitous phenomenon. Understanding this transport phenomenon is of fundamen-
tal importance and helps to answer the unsolved questions about light transport in three-
dimensional random systems. Here, we look at the spatial and temporal characteristics of a
ultra-broadband and ultra-short coherent light pulse as it travels through a strongly scatter-
ing random medium. We launch supercontinuum pulse into the strongly scattering medium
to measure the backscattered spectrum (using femtosecond laser) and transmitted spectrum
measurements (using ytterbium doped fiber). We report out spectral profile in image plane
at different concentration and in Fourier plane at different distances at a given concentra-
tion to isolate ballistic light from diffused light. The calculation of temporal profile of the
transmitted light is carried out and decay parameters were identified for the system under

study.
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Chapter 1

Multiple Scattering of Light

1.1 Introduction

The beautiful strokes of colours seen at the sunrise and sunset and blue colour of the sky are
the results of wavelength and size dependent scattering of light in the atmosphere. Many
such phenomena like Tyndall effect or rare phenomena of the blue moon is the result of
scattering.

Light transport through a multiply scattering media undergoes deviation from its path
and travels for a longer time in the media. Depending on the input wavelength, size of the
particle, system properties (size of the particle, refractive index, particle density), light can
either be localized [1] or diffused. The field of light transport through inhomogeneous media
has been well-studied and has applications in the domain of biomedical imaging [2], adaptive
optics [3], solar cells [4].

Throughout this thesis, we are concerned about the diffusion of light through an inho-
mogeneous media. The purpose of the study is to understand the wavelength dependent
diffusion profile and its effect on the ultra-broadband wavelength range. To study the diffu-
sion profile, we look at the spectral profile in the forward and backward scattered direction
as the diffusion profile at large time scales in both cases will be same [5] [6]. We have also
carried out studies in Fourier plane to isolate ballistic and diffused light. The results of all

these studies have been presented here which can further be helpful to make temporal profile

1
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Figure 1.1:  The distribution of photons for spherical particles is isotropic (left) and
anisotropic (right) which is dependent on the size of the particle and the incoming wave-
length.

measurements to estimate the decay coefficient of the ultra-broadband light.

1.2 Physics of Multiple Scattering

When an electromagnetic wave is incident on a single particle, the total energy in all direc-
tions will be the sum of the energies scattered from a virtual cross-sectional area defined as
scattering cross-section (o). If the particle is absorbing energy, the sum of absorption cross-
section and scattering cross-section (0. = 0, + 05) is the extinction cross-section. These
cross-sections depend on the polarisation and angle of incidence of the electromagnetic wave.
In the current study, we are considering only o as we are choosing non-absorbing particles.

Light scattering is dependent on size parameter (z) given by:

2ma
=
where a is the particle size and A is the incident wavelength.
For Rayleigh range, x << 1 i.e. particle size is smaller than wavelength. The electric field
inside the particle will not have any spatial variation. Scattering is anisotropic even for
spherical particles when particle size which is comparable to wavelength (fig.1.1).

For a single particle in Rayleigh regime, for a given incident intensity (/y), the intensity
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measured (/) at a distance (R) from the center at the scattering angle () measured from
the normal for a particular wavelength \ is given by [7] :
8riNa? n? —1 N

2 —
Y2 (n2+2)(1+cos 6) I x i (1.1)

I=1,

where n is the ratio of refractive index of the scatterer to the surrounding medium, N is
the scatterer density and « is the polarizability. Thus, we would expect the intensity to
drop proportional to the fourth power of the wavelength. If an ultra-broadband white light
is incident on a multiply scattering media, the scattered intensity (cos# = 0) is higher for
smaller wavelengths than for larger wavelengths.

When we expand our theory from single scattering to multiple scattering,it is very difficult
to trace the path and phase information about the photon as it undergoes many collisions
in the sample. This system can be approximated to be a random walk system where all
the collisions are independent of each other. The most important parameter governing such
system is the average distance between two successive collisions called as scattering mean

free path.
1

- Nog

where N is the scatterer density and oy is the scattering cross-section. But the anisotropy of

s (1.2)

the system gives preference to one direction over other. We define a new length parameter

called transport mean free path (I*) taking the anisotropy parameter (g) into account.

=

(1.3)
(1-9)

The anisotropy parameter (<cos#>) is the average value of cos@ w.r.t. differential cross
section oy. In case of an isotropic system, g = 0 i.e. [, = I*. For a diffusive system, we

define diffusion coefficient denoted by D as
D=— (1.4)

Here, d is the dimensionality and vg is the energy transport velocity. Physically, {* can be
interpreted as the characteristic length before which the path of the input beam is completely

randomized.
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Figure 1.2: Variation in I* for polystyrene beads with different particle size. Units of particle

size: pm

Based on input parameters like particle size, refractive index of scatterer and the sur-
rounding medium, the Maxwell’s equations are solved by Bohren-Huffman Mie theory [7] to
obtain different cross-sectional area and dependent parameters such as transport mean free
path (1*) (eq. 1.3), diffusion coefficient (D) (eq. 1.4). From the Mie theory, transport mean
free path (1*) has wavelength dependence at different particle size. As seen in fig.1.2, for
particle size 0.03 pm, [* varies from 5090 pm to 1.852 x 10° pm over the wavelength range
of 0.4-1 pm. This variation increases with decrease in particle size. As the transport mean
free path has wavelength dependence, the response of sum of all wavelengths will be different
from individual response. The response of larger wavelength range can result in variation
from normal exponential decay such as stretched exponential.

In this thesis, we will be studying multiple scattering of the particles in Rayleigh range
and wavelength range of 300 to 1000 nm to observe significant variation in [* value. In order
to avoid contribution from the boundaries, the thickness of the sample and the transverse
sample dimensions are larger than [*. We are studying media such as polystyrene spheres
suspended in millipore water and titanium dioxide in ethylene glycol in which scattering

will be prominent as particles are suspended freely. To perform the experiments, we use
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two sources- supercontinuum generated from femtosecond laser source and supercontinuum
generated from PCF. For a particular particle size, concentration is varied and diffusion
profile is observed at one point. We have also varied the distance from the center in the
transverse plane and observed the change of diffusion profile at one concentration in Fourier
plane. Later on, studies could be conducted to observe the temporal behaviour of pulses
when passed through the scattering media. This profile is estimated to be deviating from
the exponential decay observed for single wavelength. For studying both spectral and tem-
poral domain, understanding the input parameters for the experiment is important to make
conclusions. In the next chapter, we will be concerned about the characterisation of the

femtosecond laser.
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Chapter 2

Femtosecond Laser as

Supercontinuum Source

Supercontinuum (SC) generation is the formation of broad spectral bandwidth when high
power ultra-short pulse propagates through a non-linear medium. This has high spatial
coherence and low temporal coherence. The SC has a wide range of applications in opti-
cal frequency combs, nonlinear microscopy, wide-band spectroscopy, Time-Correlated Sin-
gle Photon Counting (TCSPC), Flourescence Microscopy, Optical Coherence Tomography
(OCT) [8, 9].

2.1 Supercontinuum Generation

SC is generated when an ultra-short pulse is passed through an optical fiber of high non-
linearity. As the pulse passes through the fiber, many non-linear phenomena like dispersion
of the medium, self-phase modulation, Raman scattering and phase matching and solitons
causes the splitting of SC pulses into smaller pulses leading to the dispersion of pulse energy.
The primary frequency of the laser to pump in the fiber is called as the primary mode. Due
to the high intensity of this pulse, the refractive index of the material changes and leads of

energy transfer from the primary mode to other modes. This change of refractive index when

7
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an high-intensity pulse is passed through the medium is called as Kerr non-linearity and the
transfer of energy to different modes is called as self-phase modulation. The efficiency of the
SC will decide the spectral range of SC [11]. The medium chosen for SC generation can be
photonic crystal fiber (PCF) or non-linear crystal like BaF,.

—Supercontinuum
—Input Laser
0.8 B
E 0.6 .
)
2
2 04r B
=
0.2 k B
0 . 1 . . | . .
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 2.1: Generation of Supercontinuum from a femtosecond laser source focused onto a
BaFs crystal of 15mm length.

PCF has high refractive index material like germanium doped in a silica incorporated
in the cladding of lower refractive index material to allow total internal reflection in the
core. The Fianium Whitelase Supercontinuum laser used for initial measurements is based
on ytterbium fiber laser coupled to high index guiding PCF of the silica core and air-filled
cladding [10]. The pump wavelength in this laser is 1064 nm. The laser is set up according
to the non-linear effect working effectively around this wavelength by changing the core
diameter and phase matching properties. Depending on the incident power of the 1064 nm,
SC broadens in its proportion. The fundamental pulsewidth is 6 ps but after the generation
of SC, it broadens. We need a shorter pulse laser source to probe system of the time scale
smaller than picoseconds. So, we use femtosecond laser source for generation of SC. This
will ensure that even if the pulse is stretched after SC generation, it will be smaller than
the response of the system to be used as a probe. The femtosecond pulses at 40 mW power
are passed through a non-linear BaF, crystal to produce SC (fig. 2.1). The pump is located

around 800nm.

The generation of the ultrashort pulse is based on mode-locking technique. In general, a
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laser consists of gain medium and a cavity. The cavity consists of a pair of mirrors separated
by distance L with a gain medium inside it. The photon round trip in a cavity is given by
TRTZ

TRT = ZL/C (21)

where c is the velocity of the light in the gain medium.
This round trip time (Tgy) determines the mode locking condition for generation of ultra-

short pulse. The electric field at one of the mirrors is given by:

E(t) = z_: E,sin[2m(w, + now)t + ¢n(t)] (2.2)

n=1

where N is the number of oscillating modes, ¢, (t) is the phase of nth mode and w, is the
lowest frequency mode above the lasing frequency. If the phase is fixed with respect to each
other, E(t) repeats with a period of Tryr. One can attain this constant phase difference by
active or passive mode locking. In active mode locking, an active element is placed in the
laser cavity generating loss modulation synchronised with the cavity. While passive mode
locking is carried out with a nonlinear device placed inside the cavity.

The femtosecond laser facility at TIFR, this mode-locked laser of 88 MHz pulse train with
output power of 500mW is fed into amplifier constituting a pulse stretcher to allow more
power to be fed in pulse, a pulse picker to cut the input pulse train to 1kHz, Ti:Sapphire
crystal amplifier is 9-pass multi-pass amplifier in ring configuration pumped by 1kHz, Q
switched Nd:YLF laser is further compressed by pulse compressor to produce femtosecond
pulses of ~ 40 fs with repetition rate of 1kHz [11].

Once, we understood the principle behind the femtosecond pulse generation, it is impor-
tant to realize that the SC generation is highly dependent on input power, intensity and
other factors. Thus, we characterise the femtosecond laser in order to get an idea of the

source to be used in the subsequent experiments.
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2.2 Characterisation

2.2.1 Energy Measurement

The spectral width and spectral characteristics of the SC depend on the incident pump
intensity of the femtosecond laser. Therefore, this measurement is important as it gives in-

formation about the fluctuations in energy and energy is dependent on the incident intensity.

Figure 2.2: The energy distribution of femtosecond laser for two different energy fitted with

the Gaussian distribution.

We have recorded energy of 20,000 femtosecond pulses and identified the energy with
least fluctuations as 0.416x10~* J and 0.606x10~* J for two different input currents to the

amplifier. We plan to generate our SC using these energies in future.

2.2.2 Pulse Width Measurement

The femtosecond pulse is too small to be measured by the most sensitive instruments like
photomultiplier tube (PMT), photodiodes as the rise time is not smaller than 0.1 ns. Thus,
autocorrelation technique, frequency resolved optical gating (FROG) and the direct electric
field reconstruction (SPIDER) [12] are used for measuring ultra-short laser pulse duration.
We used the autocorrelation method which involves recording the spatial profile of the second
harmonic generated in a KDP crystal.

This technique is based on second-order autocorrelation measurement by splitting a laser

beam into beams of equal intensity and overlapping them to produce second harmonic (SH)
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[13]. The intensity of second harmonic will be proportional to the product of intensities I(t)

of two beams separated in time t,,.

Alt,) = /_ T I — 1)t (2.3)

o)

By varying the time delay, ¢,, the temporal profile and the width of the pulse can be directly

found from the autocorrelation profile.
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Figure 2.3: (a) Ezperimental setup of single shot autocorrelator. RM: Retro mirror, FM:
Folding mirror, BS: Beam splitter, CL: cylindrical lens, F: Filters, A: Apertures. (b)
Schematic of single shot autocorrelator forming second harmonics along the bisector of

crossover (L’l’LglGS.

As shown in fig 2.3 (a), the actual beam is split into two arms and made to overlap in
a non-linear crystal to produce second harmonic light. If the beam waist in the overlapping
area is much larger than the pulse length, ct,, two beams overlap spatially and temporally
inside the crystal. The SH signal due to overlap is directly proportional to the intensity of
individual beams at each point and direction of emission is along the bisector of crossover
angle. By considering phase matching condition for second harmonic, FWHM of the SH

intensity profile (6x) is related to pulse duration (¢,) as :
dz = (0.77ct,) [ sing (2.4)

This is obtained with the assumption that the pulse shape is of sech?® form (only stable
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solution of the evolution of pulse in a cavity). The pulse duration measured is 40.4 £0.3 fs .

CCO mage:

Autncorrelation chan

1] 00 Moo 30 400 S00 S0 To0

Figure 2.4: Autocorrelation Chart and SHG Signal for the femtosecond laser beam and the

pulse duration measurement by sech? method.

2.2.3 M? Measurement

The M? factor is a measure for beam quality of a particular laser beam. It gives one an idea
how close it is to a gaussian beam. A standard Gaussian beam which is diffraction-limited
has an M?=1. Based on this value one can find the characteristic beam width (W), Rayleigh

range (Z) and beam divergence (@), that are related as follows:

Wy
0=— .
7 (2.5)
W 4NM? 96
w

where Wy is the focal length at the focus, f is the focal length of the lens. This experiment
was conducted with Ophir-M?2-200-FW setup [14]. One of the challenges of measuring the
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M? value was alignment as a slight mismatch of height and angle causes large variation in
M? value. The pilot experiment for the same was conducted with He-Ne laser which would

give Gaussian beam output with M? close to 1.

e

b2 1
e,
X%
e’

%K

Figure 2.5: The setup involves sweeping of the lens system near the minima of the Gaussian
beam where the two azes represent the distance on X and Y axis for (a) He-Ne Laser (b)

Femtosecond Laser.

The M? value for He-Ne laser is 1.03-1.07 (fig. 2.5 (a)) which agrees with Gaussian beam .
Same experiment when done for femtosecond laser (fig. 2.5 (b)), a discrepancy was observed
in M? value of X (1.197) and Y (4.810) axis .This discrepancy is within the femtosecond

laser system.

In conclusion, we have characterised the femtosecond laser used for the experiments.
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Chapter 3
Imaging through random media

The study of wave propagation through a random media is of prime importance in the
fields of biomedical imaging [15], colloidal optics, astronomy, acoustics [16]. In the field of
biomedical imaging, it has played a key role in determining the size, shape and location of
the foreign object inside a tissue . Analogous to such a system, studying propagation of light

through random media will help to understand the nature of the scatterer.

3.1 Ballistic, Snake and Diffuse photons

When light is passed through a random media, it has three types of outgoing photons i.e.
ballistic, snake and diffuse photons.

The photons undergoing least number of scattering events without any loss of coherence
is ballistic. They tend to be in the same direction as the propagation direction. But the
multiply scattered light undergoes large number of scattering events leading to deviation
from the forward direction. These diffuse photons lose the coherence as the path has been
completely randomised due to multiple scattering in the medium. Apart from ballistic and
diffuse photons, photons experiencing collision with the scatterers which changes the angle
of propagation but still wander close to the propagation axis are defined as “snake” photons.

This motion is analogous to movement of snake.

15
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As shown below, red line represents ballistic photons, orange color denotes snake photons
and blue path is the path taken by diffuse photons. As the number of scattering events is an
important feature for determination of the type of photons, it becomes obvious that the first
photons to exit from the scattering medium will be one with minimum number of scattering

events i.e. ballistic photons and diffuse photons are the last.

Scattering Medium
Detection

Snake Light

/

A “

Diffuse Light Ballistic Light

Input Pulse

Figure 3.1: The type of photons viz. ballistic, snake and diffuse photons and time at which
they exit the sample.

The separation of ballistic and diffuse photons is possible both spatially and temporally.
Throughout this thesis, ballistic and diffused light will be studied but more focus will be

given on the study of diffused light in diffusion approximation.

3.2 Scattering Media

Our focus is on studying diffusive systems. For designing the sample, we need a sample
with large contrast of refractive index to have measurable diffusion effects. Thus, we use
polystyrene spheres (0.3+ 10%) pm in millipore water which has refractive index contrast-
1.19 (refractive index of polystyrene spheres: 1.59 | refractive index of millipore water: 1.33).

This has been widely studied for scattering experiments and they remain suspended for a
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long time which has an added advantage.

14000

T
—TiO,
—Polystyrene Beads

12000

10000+

8000+

I* (micron)

6000+

4000+

2000+

1 1 1 1 1
8.4 0.5 0.6 0.7 0.8 0.9
Wavelength (micron)

Figure 3.2: The 1* value of TiO, in ethylene glycol and polystyrene suspended in millipore
water has a large variation in the value for a given wavelength range for comparable number

density per unit volume (N) and the chosen particle size for the experiment.

10° .
—r=0.03
—r=0.04
—r=0.05
~—r=0.06
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—r=0.3

1.5F

I* (micron)

0.5f

~06 07 0.8 0.9
Wavelength (micron)
Figure 3.3: Smaller particle size provides advantage of larger variation in [* as the percentage

change in 1* is large.

As shown in fig. 3.2, larger variation in the [* is observed for TiO, suspended in ethylene
glycol where refractive index contrast is 1.82 .Thus, choosing it over polystyrene offers an
advantage while studying the collective response of the system. Another reason for this large
variation is the smaller particle size of TiO5 as small particle size has more variation in [*
in the wavelength range from 400 to 1000 nm (fig. 3.3). As shown in the fig. 3.4, average
particle size is estimated to be 35 nm.It has agglomeration and settling issues but we have

tried to eliminate it by continuous stirring of the scattering media for consistent study.
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Figure 3.4: SEM Images of titanium dioxide suspended in ethylene glycol for estimation of

particle size.

For both the cases, we have found out concentrations in the range where prominent
spectral variation can be observed. For polystyrene, we chose the master solution of N=
0.71 x 10'3 /cc (VF=0.1). This has been further diluted to N=1.77 x 10'%/cc (VF=0.00025).
While, for TiOy, N= 1.06 x 10'®/cc (VF=0.24) diluted to N= 1.73x 10" /cc (VF= 0.038)

as master solution and concentration is varied around these concentrations.

3.3 Spectral Response

3.3.1 Experimental Setup for pilot experiment

For the initial measurements, pilot experiments were conducted with Fianium WhiteLaser
supercontinuum laser. This laser offers broad spectral range with the pump at 1064 nm and
passed through PCF to obtain ultra-broadband range of 400-1000 nm. This laser is colli-
mated using a small lens placed quite close to the source. This 1 cm spot size beam is passed
through the medium placed in glass cuvette of dimensions 5x5x2 cm. We have particularly

chosen the sample thickness to be larger than [* to observe diffusion phenomenon.
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Transmitted light after
multiple scattering
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Figure 3.5: Schematic of the experimental setup with random media as 0.3 pm of polystyrene
suspended in millipore water and converging lens to reduce the area which is scanned by

optical fiber connected to the spectrometer.

We collect the forward scattered light through series of lens with variable f. This image
plane is imaged with a multi-mode fiber of 400 pum core diameter. The size of the image in
the image plane is 5x5 mm. The spectra was collected from wavelength 400 to 1000nm at

different points in the image plane.

Results

Image Plane

As a source, Fianium Whitelase supercontinuum laser with 100-500mW input power is
used. We measure spectra of ballistic photons and observe the behaviour at varying con-
centration. As shown in the fig. 3.6., not much variation in the spectrum is observed. This
possible discrepancy is due to presence of multiply scattered photons along with the ballis-
tic photons. However, if we do measurements off-axis, the main contribution will be from
multiply scattered photons.

At a point away from axis (fig. 3.7 (a), (b)), we observe the shift of the spectrum towards
higher wavelengths as the concentration increases. As N increases, smaller wavelengths will
tend to diffuse faster due to smaller [* value than longer wavelengths. This is supported
by the fact the [* value signifies the length after which the path randomises and enters

diffusion regime. As a whole, the transmitted light will have less contribution from smaller
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Figure 3.6: Ballistic Beam Transmission through polystyrene beads suspended in millipore
water without any large variation in the spectral characteristics.
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Figure 3.7: Diffused Beam Transmission through polystyrene beads suspended in millipore
water at varying volume fraction. (a) For smaller cuvette length - 1 cm (b) For larger cuvette
length - 2 ¢cm for the same volume fraction of polystyrene beads suspended in millipore water.
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wavelengths as it has been diffused and large contribution from larger wavelength light as
it has not been diffused much. When normalized, the peak shift towards larger wavelengths
i.e. blue shift observed due to suppression of smaller wavelengths by diffusion. This effect
becomes prominent when the number of scattering events is increased. For example by in-
creasing the sample length (Refer fig. 3.7 (a)- sample length is 1cm, (b)- sample length is 2
cm).

Here, we observe red shift and blue shift with the variation in concentration. In the study
conducted, we conclude that we need large length of the cuvette to observe the diffusion with
large variation of [*. So, it is better to perform experiments with TiO, with large cuvette
length and small particle size than used for polystyrene balls. Similar method is employed

to perform experiments with femtosecond laser source.

Fourier Plane

We perform the similar experiment in Fourier plane to separate wave vectors (E)
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Figure 3.8: Change in spectra in Fourier plane at varying distances from the center for
VF=0.00075 (up), VF=0.000125 (down) of polystyrene beads in millipore water. The change
in the spectra towards smaller wavelengths at larger distances shows diffusion to be prominent

at larger distances from the center.
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In fig. 3.8, close to the propagation axis (at 2 mm distance from the center), we observe
smaller k vectors i.e less diffuse photons contribute to the measurement. For larger distances
(at 18 mm distance from the center), k varies largely from the input k which implies that it
has undergone multiple scattering events. In fig. 3.8, for VF=0.00075, there is no change in
spectrum with change in distance from the center implying that diffusion is not prominent.
At VF= 0.000125, we can clearly see in fig. 3.8, lower wavelengths contribute more at larger

distances. This indicates that we observe more diffusion towards the edges than at the center.

3.3.2 Experimental Setup

For the spectral measurement, 1kHz femtosecond laser is operated at 1mJ. The beam of
spot size 1 cm was focused on a cylindrical 15mm long non-lincar Barium Fluoride (BaF,)
crystal using lens of f=10cm to generate SC [11]. The beam is collimated and is incident
on the glass cuvette of dimensions 5x5x2 cm used as sample holder. The glass cuvette
contains scattering media i.e. TiOs in ethylene glycol. The scattered light is collected using
3-inch lens of f=8.5cm and spectra is recorded by fiber coupled spectrometer (Ocean Optics
USB4000).



3.3. SPECTRAL RESPONSE 23

Spectrometer

Figure 3.9: Schematic of the experimental setup for the backscattering performed with Fem-
tosecond Laser when focused onto BaFy crystal which generates supercontinuum incident on
the TiOy suspended in ethylene glycol (scattering media) and the backscattered light is col-
lected by optical fiber which can collect the mazimum backscattered light.

FS-Femtosecond Laser, L1,L2,L3- Lens, C- BaFy crystal, A- Aperture, OF-Optical Fiber

Results

The TiO, sample being highly concentrated doesn’t allow transmission through the sample.
Instead we choose to look at the backscattered light as the information about the diffused

light is same for forward scattering and backward scattering. [5] [6]
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Figure 3.10: The spectra for variable VF changed for two orders of magnitude. The largest
shift in spectra is observed in the range of VF= 0.00408 to 0.0000408

For diffusion to be spectrally observed, we need large spectral variation with concentra-
tion and we employ trial and error method to find out the concentration range suitable for
temporal measurement. We increase the concentration and observe if any visible variation
in spectrum is obtained in backscattered direction.These measurements are done by collect-
ing maximum backscattered light focusing on the optical fiber. When the concentration is
increased, we observe suppression of lower wavelengths than larger wavelength as expected.
Amongst the concentration chosen, working in the range of VF= 0.00408 to 0.0000408 is
suitable to observe the shift. We are concerned about this shift (fig. 3.10) in the spectrum
towards lower wavelengths when the concentration increases as it depicts the variation of *,
As [* signifies the decay of each wavelength in the temporal domain and large variation in

[* will help to identify the collective behaviour of ultra-broadband light.
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3.4 Temporal Response

3.4.1 Theory

For the quantitative analysis of the multiply scattering events, we first solve the diffusion
equation suitable for our system and look at its behaviour for different types of photons in
temporal domain. Within the diffusion approximation, the intensity distribution (I(r,t)) is

governed by the second order differential equation: [19]

ol(r,t) 9 v
o =DVt l—il(r, )+ S(r.t) (3.1)

where v is the energy transport velocity, I; is the absorption length (wavelength dependent)
and S(r,t) is the source term. The temporal point spread function of the transmitted light

is predicted by the diffusion equation is [17]:

D & L \?> . [nrL nmw —ut
Iy(t) = 73 Zn (Leff) szn(Leff> X e;cp{ — Dt<Leff>1 ea:p( L ) (3.2)

n=1

where Lesy = L + 2z, , where L is the system size. The parameter z,=0.71x [* is the
extrapolation length, [* being the transport mean free path. For more details on this solution,
refer [17] This model is true only in the limit when the thickness of the sample is minimum
one order larger than the transport mean free path. (Thickness > 13x[*) [18]. In the sample
chosen, we have variation of [* from 147 pm for 600 nm to 4 cm for 1000 nm wavelength
(Polystyrene balls). For TiO,, we calculate that [* varies from 300 pm for 600 nm to 5 cm
for 1000 nm wavelength. From these values, the system is assumed to be in diffusion regime
as kI* value is much larger than 1. As it can be seen, [* itself is larger than the thickness
of the sample for larger wavelength like at 1000 nm. The SC intensity at this wavelength is
very small (Refer fig. 2.1) so we can assume this model to be valid. Moreover, the larger
wavelengths won’t be contributing to the decay of the sample and will be a part of the
ballistic component itself. In the long time limit, in absence of absorption and source term
i.e. S(r,t)=0 and v = 0, the exponential decay has time constant (7) :
(L + 22,)*

T="p5 (3.3)
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3.4.2 Numerical Calculation

The behaviour of ultrashort pulse after passing through disordered media is studied in fre-
quency domain. In the calculation, we considered the disordered random medium to be of
0.3um polystyrene beads suspended in millipore water in a rectangular slab. The intensity

distribution of the source is neglected and temporal profile is calculated using eq. 3.2.

1000 nm

Intensity (a.u.)
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Figure 3.11: Temporal profile of individual of wavelength range from 400 to 1000 nm for
polystyrene beads suspended in millipore water with N= 7.07 x 102 /cc

We know that for a ‘single wavelength’ pulse undergoes an exponential decay. In this

case, the decay depends on the [* value and can be fitted with an exponential given as:
I o< exp(—t/T) (3.4)

The 7 value is chosen as a function of wavelength. Therefore, 7 is faster for larger wavelengths
than shorter wavelength. For a broadband source, the decay is a sum of eq. 3.4 for different
wavelengths (different 7 value) will be a stretched exponential decay. Looking at the temporal
distribution from t=0 (fig. 3.12), we see ballistic part reaching the earliest. The diffuse
photons which show the stretched exponential behaviour reach later. The diffused part of

the beam for a single wavelength is decaying exponentially as seen in fig.2.6.
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Figure 3.12: Temporal distribution with ballistic, quasi-ballistic and diffuse photons in semilog

scale.

If the similar distribution (fig.3.11) is obtained for titanium dioxide in ethylene glycol,
we observe that for the same wavelength range there is a large variation in the decay times
for different wavelengths (fig.3.13). This is a result of the small particle size of 770y and

large refractive index contrast in the solution.
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Figure 3.13: Temporal distribution for individual wavelength for TiOy suspended in ethylene
glycol with N=4.4544 x 10" /cc.

The individual wavelengths have exponential decay with 7 value dependent on the wave-
length, the resultant behaviour of all wavelengths in diffusive region is a generalised stretched

exponential decay given by :
I o exp(—t/7)° (3.5)
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where [ is the stretching exponent.
The stretched exponential is prominent when we have large variation of 7 of individual
wavelength. Thus, we see in fig. 3.14 and fig. 3.15, for polystyrene and TiO,, the sum of all

wavelengths will be a stretched exponential decay in diffusive region.
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Figure 3.14: Sum of all wavelengths in fig 3.10 results in stretched exponential for polystyrene
beads- different from normal exponential for single wavelength as seen in fig 3.11. It has been

fitted to obtain stretched exponential parameters.
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Figure 3.15: Sum of all wavelengths is a stretched exponential for TiOy is summed from 400

to 1000 nm and fitted with stretched exponential equation.

In the diffusion region, we fit eq. 3.5 and obtain 7= 1.24 x107® and 3=0.7699 for
polystyrene which shows stretched exponential behaviour. But larger stretched exponent
decay is clearly visible for TiOs as f= 0.448 which signifies large shift from normal exponent
curve.

Now that we have identified the time scales, we want to measure the decay to obtain
parameters viz. 7 and . Experimentally, this can be achieved by doing time domain mea-

surements using very sensitive ultrafast detectors or streak camera.
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We looked at the decay using ALPHALAS ultrafast detector - UPD-30-VSG-P has spec-
tral range of 320-900 nm with rise time less than 30 ps. As seen from the numerical sim-
ulations, the 7 is of the order larger than 1000 ps. Thus, it should be resolved with this

ultrafast detector.
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0 —0.2 ml master solution in 25ml EG
—0.4 ml master solution in 25ml EG

Intensity (a.u.)

-0.5 0 0.5 1 1.5 2 25 3 35
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Figure 3.16: The response of the detector along with the decay of the scattering media for

variable concentration. Master Solution : N=2.2046 x 10 /cc

As seen above, the fluctuations in the sample itself was large enough that the exponential
tail couldn’t be resolved. Moreover, the response of the detector itself was extending to few
nanosecond that resolving the exponential decay of the sample excluding the decay of the
detector is difficult. Thus, we switch to more sophisticated instrument to do time domain

measurements.
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Chapter 4

Conclusion and Further Outlook

The spectral measurement from randomly scattered media provides information about the
particle size, transport mean free path and characteristics essential for biomedical imaging.
Along with the application, there is a lot of physics involved in the process of understanding
the behaviour of such systems.

In evaluation of this study, the femtosecond laser for supercontinuum generation was
well characterised for the beam width, M? value and pulse width. The scattering media
wz. polystyrene beads in millipore water and TiOs in ethylene glycol are well studied for
diffusion. We have identified the advantages of working with TiO, than polystyrene beads.
It offers better contrast in refractive index and smaller particle size leads to smaller trans-
port mean free path (I*) and larger variation of [* for the wavelength range of 400-1000
nm under study. With increase in concentration, for diffused light, we observed the red-
shift of wavelengths signifying that smaller wavelengths scatter more than larger wavelength
which clearly agrees with eq.1.1 and fig.3.3. While for ballistic light, no variation was ob-
served which agrees with the property of ballistic light (fig.3.6). The scan for spectrum was
done in image plane and fourier plane. In image plane, we observe shift of spectra towards
smaller wavelengths with decrease in concentration (fig.3.7). In Fourier plane, we measure
the spectra at different distances from the center and observe that for smaller concentration
prominent diffusion is seen at the periphery (fig.3.8).

Clear indication of properties of ballistic and diffuse photons are stated and studies fo-

cused on diffused light are mainly performed. The stretched exponent behaviour is observed

31
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in forward direction. For the time domain, model is chosen without assuming absorption
in the system. The decay of the wavelength 400-1000 nm is calculated individually which
is an exponential decay and collectively is a stretched exponent (fig.3.12, fig.3.14). The 3
parameter defines the stretched parameter and deviation from normal exponent (fig 3.15)
which is observed for single wavelength (fig. 3.13). The resultant 7 and 3 is estimated from
the stretched exponential fit. This calculated decay time can be further compared with the
value obtained by measuring the decay time with ultrafast detector or streak camera.

We use ultrafast ALPHALAS detector with rise time less than 30 ps to measure decay of
the pulse through the random media. The response of the detector interferes with the signal.
Normal tests like measurement of nanosecond pulse was identified but resolving picosecond
pulse was difficult.The problem can be resolved by performing experiments on streak cam-
era. Initial test of measurements of stretched exponential for green pulsed picosecond and
nanosecond laser are observed but for the SC from femtosecond laser this is yet to be seen.
These measurements are to be performed to understand the collective nature of the ultra-
broadband pulse passing through a diffusive system.

This project is open for new questions like resolving the signal by ultrafast detector and
understanding the features of the response of system in time domain and the resultant =
value. This can be addressed by streak camera which provides large spectral range of 230-
950 nm with sensitivity upto 2 ps. Future experiments will be focused on estimating [*
experimentally with streak camera for individual wavelength.

In conclusion, this project has opened large number of questions to understand the tem-

poral domain of diffused systems and experiments further associated with the same.
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