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Abstract

Photon Migration and Imaging of Objects Hidden
in Layered and Bulk Random Scattering Media

by

JEAN J. DOLNE

Advisor: Prof., R. R. Alfano

Three wavelengths of laser light operating in the CW mode and a spatial filter system
were used to image an object hidden behind a random scatiering medium. The best image
contrast was obtained when the spatial filter aperture was closed 1o allow only the lowest
spatial frequencies representing mostly the ballistic/snake light to pass through and for

the longest wavelength of radiation.

A two-layered medium was reconstructed using the Fourier transform of the diffusion
equation. The inverse parameters of the two layers were found to be unique when the

top layer thickness was less than half the source detector separation.

Light scattered all around a random scattering medium has been measured by a
multiple-fiber collection system. It was found that the scattered signal decreased all

around the medium. A novel method to measure the optical parameters such as the



transport mean free path and the absorption length of a scattering medium has been
found. This method uses only the peak intensity and the risetime of the pulse intensity
profile.

It has been shown that light scattering data around the reference medium can be
“measured” by using only one detector at an appropriate position and an appropriate
theory.

The angular dependence of scattered light was measured. It was found that in the
non-diffuse region, the detected light intensity depended strongly on the orientation of the
detector. In the diffuse region, however, there was only a negligible angular dependence
in the scattered intensity profile.

The photon trajectories that photons follow inside a scattering medium have been
measured. It has been found that these paths arrive at specific times and angles at the
detector. These specitic times of arrival make it possible to locate a hidden object inside
a scattering medium.

The transmitted light scattered from random media of different sizes has been found

to be independent of the sizes of the particles in the diffusion region.
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Chapter 1

Introduction

1.1 Background

Over the years, scientists have been curious about light scattering phenomena. Cne
great puzzie for the scientists in the last century was the blue of the sky. Newton had
suggested that it was due to interference of rays reflected from front and back surfaces of
water droplets but later Rayleigh correctly noted that it was due to scattering of the sun
light'=. The blue of the sky is explained by the scattering of the blue light more than the
other light colors in the sunlight. When one looks at the sky (not directly at the sun), the
only light that can be detected by the eye is the scattered light. The blue light having the
shortest wavelength is the most scattered and is therefore mostly detected. Over the past
several years, many areas of science and engineering have showed increased interest in the
study of scattering of electromagnetic waves for several applications. Communication
engineers are concerned with the phase and amplitude fluctuations of waves as they
propagate through atmospheric and ocean turbulence. Radar engineers are concerned

with scattering from storms, rain, snow, or hail.

With the recent advent of lasers and ultrafast detection systems, light propagation
in highly scattering media have received considerable attention because of its possible

3-4 cuch as the detection of breast tumors or cancers.

applicability to medical diagnosis
Studies have shown that one in ten women develop breast cancer which is the number
one killer of women over forty. Women aged over 35 have often been advised to go

for a breast screening examination. Breast screening has usually been performed using



high energy sources such as x-rays. Although these X-ray sources can yield high quality
images, they are nevertheless ionizing. This current technology can become the cause of
the breast cancer when one is subjected to huge level of radiation for a long time. In
£976, Bailar®, reflecting on the radiation risk of breast screening mammography, voiced
the possibility that routine mammography caused more cancer deaths than it prevented.
In 1977, investigators from the National Cancer Institute have reported for instance
an excess of breast cancers in three populations previously exposed to radiation®: (1)
Japanese women ten years or older who had survived atomic bomb blasts in Hiroshima
and Nagasaki: (2) women who had had extensive fluoroscopy examinations to monitor
pneumothorax treatments for tuberculosis; and 3) women who had been treated by
radiation therapy for postpartum mastitis. More recently, reports about the high proportion
of women in Long Island (New York) with respect to the rest of the population affected
by breast cancer have caused great alarm. Although the dose of radiation women are
exposed to during an X-Ray mammogram is much less than in the cases cited above, one
nevertheless needs to be concerned about taking mammograms too often. One alternative
to the radiation problem of the current technologies may be to use light because light

is not ionizing.

Using light to detect tumors inside human tissues has caught the attention of scientists
as far back as the middle of the nineteenth century. In 1843, Curling reported the use of a
Aare lantern to transilluminate the scrotum of his patients to screen for tumors. A visible
light system known as diaphanography to detect breast tumors has resulted in the first half
of the twentieth century®. This system failed to resolve deep structures such as tumors

inside human tissues. The image information from the deep structures has been lost in

3



the diffuse background noise caused by multiple scattering of light. Transillumination
imaging ts based on the component of light travelling the straight path from source to
detector projecting a shadow of the object on the detector. When the object is placed
inside a non-scattering medium such as water, for instance a tish inside a fish tank filled
with water, the edge details of the object can be clearly seen by a detector placed on
the medium. When the medium is highly scattering, however, the details of the edges
of the object are lost in the multiply scattered light that contributes to the diffuse noise.
Inside a medium of tissue, photons undergo multiple scattering. The average depth that
a photon can travel before being randomized is less than Imm. The multiple scattering

of the light washes out the image carrying light.

Most recently, groups from all over the world have used various optical techniques
to reduce the amount of multiply scattered light detected and have used different parts
of the signal protile to reconstruct a hidden object inside the scattering medium with
different degrees of resolutions. Liu, Yoo, and Alfano’ have unburied an image signal
from a highly scattering medium through the use of absorption. The absorption technique
is based on the observation that muitiply scattered light travels a much longer distance
than the ballistic light. By including more absorption into the scattering medium, the
light travelling longer distance will be preferably absorbed. Wang, Ho, and Alfano® have
showed that the image carrying light can be preferably detected through the use of an

1.9-'® have used low coherence interferometry to

ultrafast optical Kerr gate. Fujimoto et a
image intermal tissue microstructures in mammalian tissues and to image the anterior eye
and retina. This method is based on combining the light back-scattered from a sample

and the light returning from a calibrated reference arm. An interferometric signal is



generated when the distance to a site in the sample matches the length of the reference
arm to within the source coherence length. Since light multiply scattered travels much
longer distances than the image carrying light, an interferometric pattern for the image
carrying light can be obtained by matching the reference arm length to the sample arm

focal plane distance.

Light propagating through a scattering medium inside a slab of thickness L, scattering
length, |;, absorption length, 1,, and transport mean free path, 1; breaks up into several
components: a ballistic component that travels through the medium undeviated reaches

. . - R
the detector first and is attenuated as « L{E+1 ).

In optical tomography, the media
considered are slightly absorbing. The attenuation of the ballistic light is therefore
mainly due to scattering. A snake component(l,) that scatters mostly in the forward
direction, is attenuated as [, = A(M)e M3/ ynd reaches the detector right afier the
ballistic light. The constants A{Atl) and b( \t) depend on the time window At after the
ballistic light arrival. Finally, a diffuse component goes all over the medium and arrives

12
much later!!1-12

. These components vary according to the key properties of the random
medium. The key properties of the random medium are: the scattering mean free path,

ls. the transport mean free path, |;, and the absorption length, 1.

The scattering length is the average distance that the photons travel between scatter-
ing. This length is given by: {, = 1/po,, where p is the number of scatterers per unit
volume ( number density ), o, is the scattering cross section of a single scatterer. The
scattering cross section depends on the shape, the size, and the index of refraction of the
particle with respect to the background medium. The scattering cross section produces

the total observed scattered power at all angles around the particle. It is related to the



differential cross section by: o, = [ oadw where dw is the differential solid angle. The
in
differential cross section is the cross section that would cause some uniform scattered

power flux density over one steradian of solid angle about the direction of observation &.

For a particle much smaller than a wavelength, the scattering is isotropic and is
inversely proportional to the fourth power of the wavelength and proportional to the square
of the volume of the particle ! (o, = "I:') If the size of the particle is much greater than a
wavelength, the light is scattered mostly in the forward direction (anisotropic scattering)
within an angle 1.22\/d where \ is the wavelength of radiation, and d is the diameter
of the particle. The scattered cross section is also almost equal to the geometric cross
section of the particle.

The transport mean free path is the distance after which the photon direction is
randomized and is detined as the distance between off angle scattering events given by
ly = | /noy, where a,, is the momentum transfer cross section. The momentum transfer
cross section is defined as the light scattered in all directions except the forward direction

and is given by:

T = /ad(l’).qp)(l — cos 8)sin BcdBdo . (1.1)

The transport mean free path is related to the scattering mean free path through

ly = TE'E where g, the anisotropy factor, is the average of the cosine of the scattering

angle, and is given by:

[ 04(0, ¢)cos sin @ dOdo
[ 04(0.0) sin 8 d8do

g = {cos ) = (1.2}



For the case of isotropic scattering, g=0 and L= I;. The photon direction is there-
fore randomized after one scattering. For purely forward or backward scatterings the
anisotropy factor g is equal to | and -1, respectively. As g approaches 1, |, approaches
o<, This means that for purely anisotropic media, g=1, the photon must encounter infin-

itely many scatterers before its direction 1s randomized.

For particle of arbitrary shape, it is not yet possible to calculate the differential cross
section. For spherical particles that are used in this thesis, solutions are given from Mie

theory'-2.

In most cases, light propagation in random scattering medium can not be described
exactly using analytical methods. Approximations such as transport theory, diffusion,
Kubelka-Munk, Twersky are often used to investigate light propagation in scattering

media': 1316,

CW light have often been used to image a hidden structure inside some scattering
medium. This is possible only if the ballistic component is greater than the diffuse
component. For media of thicknesses many times the transport mean free path length,
mainly diffuse noise will be detected; the ballistic signal decays as « ~%:~% and can not
be separated from the diffuse signal. With the advent of ultrashort lasers and ultrafast
detection, it has become possible to detect the ballistic light separately from the diffuse
light because the ballistic light reaches the detector much earlier than the diffuse light.
This technique has found wide practices in the optical community in the search for better
imaging contrasts!’~*%, Different portions of the scattered pulse profile have been used
to image a hidden object. In this thesis, the ballistic. snake, and diffuse components of

the scattered signal will be used to image an object hidden inside or behind a scattering



medium.

1.2 Thesis Statement and Organization

This thesis will investigate experimentally and theoretically light propagation through
various types of highly scattering media using pulse and CW light at different laser
wavelengths in the NIR. It focuses on detecting objects hidden inside or behind highly
scattering media. It will cover scattered light in the forward and backward directions for

different concentrations of scattering media. The organization of this thesis is as follows:

Chapter 2 reviews the theoretical model that will be used in later chapters. The
transport mean free path and the anisotropy factor are found from Mie theory. The transfer
equation is derived heuristically. For highly scattering media, the transfer equation is

approximated by the diffusion equation.

Chapter 3 covers the steady state imaging of an object hidden behind a highly
scattering medium. Different wavelengths in the visible to NIR regions are studied. The
absorption of water in the NIR region is taken advantage of to eliminate some diffuse
noise. To obtain a better signal to noise ratio, a spatial filter is used in the Fourier plane
of the 4-F system. The spatial filter removes the diffuse light that falls on it and lets

through the ballistic/snake light.

Chapter 4 presents a layered random medium. Highly scattering medium on top of
a solid chunk of wax is considered. The transport mean free path, 1 and the index of
refraction, n of the two layers are different. The thickness and the optical parameters of
the different layers are reconstructed from the back-scattered intensity profiles using the

diffusion model approach for layers.



Chapter 5 describes photon migration in random media as these media become more
or less scattering. 1t is shown, for & slab model, that scattered light do not increase in
the forward nor in the backward directions when the medium becomes more and more
scattering. In fact, both forward and back scattered light decrease. A novel way of
obtaining the parameters of the scattering medium is obtained.

Chapter 6 shows the angular dependence of the scattered light in the non-diffuse
region which is an indication that there may be groups of photons following very specific
paths inside the scattering medium.

Chapter 7 presents the notion of most favorable paths that groups of photons may
follow inside some scattering medium given a source detector configuration. It is shown
that these photon paths arrive at specific times at the detector and that it is possible to
probe different depths in the scattering medium by considering different times of photon
arrival.

Chapter 8 summarizes the results of this thesis study and chapter 9 introduces some

future research directions.
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Chapter 2
Light transport theory

2.1 Introduction

The propagation of light in random scattering media can be described by the transport
theory(radiative transfer theory)'~*. This theory deals with the transport of energy through
a medium containing scattering particles. The derivation of the theory is heuristic and it
lacks the mathematical rigor of analytical theories such as Maxwell or wave equations.
The basic equation used is the transfer equation which is equivalent to Boltzman’s
equation used in kinetic theory of gases and in neutron transport theory*®. A general
solution to this equation has not been obtained yet. An approximation to this equation for
light propagation in highly scattering media is the diffusion equation’™. The diffusion
approximation has found wide uses in the optical community in trying to describe the
propagation of a laser pulse in scattering media such as tissues'?,

In this chapter the equation of transfer will be derived heuristically. The diffusion
equation will be derived from the transfer equation by assuming the case of light

propagation through highly scattering media.

2.2 Overview of Mie theory

Mie theory has often been used to calculate the scattering cross section and the
anisotropy factor of a spherical scattering particle. For a sphere of radius a and relative
refractive index m in another medium ( m=refractive index of sphere/refractive index of

background medium), the scattering cross-section is given by Mie theory as®*:



'! =

o (m- 3= @+ Djanl’ + bal?). 2.1)

n=1

>

where b = =§ is the wavenumber,

V(0o (9) = mun(d)uh(a)

ty = — - . 2.2)
" T Caloh(3) = mun(A)Ch(a) ‘
L (e (1) — f‘u(-'f)t_';:.(“) 2.3)
mip(a)y n( J) — v !l(-"ﬂgﬂ(“)
an = kaand 3 = hma, and where ¢ (r) = ?F-I'/'.EJ,H%(J'} and (u(r) =
Vraf2 [J,.J(;(-f') +i(—1)"J_,_1y:(r)| are the Ricatti-Bessel functions.
?
The normalized scattering cross section {J, is given by:
Ta
s = —. 4
¢, ral (24
The anisotropy factor is given by:
g, ' n(n +2) . .
Yea? ~ (kn)"! Zl n+ 1 Relanaiyy + bably)
Ti=x (2.5)
| 2n+ 1

+ — ————Re(ayh, ).
(ka)? nin + 1)
where Re stands for the real part and * stands for the complex conjugate.
The normalized transport cross section is related to the normalized scattering cross

section as: )y = Q. —g). In terms of the normalized transport cross section, the

transport mean free path is given by:

I = ——, (2.6)




where p is the number of particles per unit volume.

When the index of refraction of the background medium is close to that of the scatterer
(m=1), one sees that, from eq. 2.1, #,— > 0 as there is no scattering independent of

the size of the scatterer.

Once the diameter and the index of refraction of the sphere are known, one can
calculate the scattering and the transport cross sections at different wavelengths. The
normalized scattering cross section (. = 24 and the anisotropy factor g for various
sizes of polystyrene latex microspheres scattering suspensions are plotted in Figs. 2-1
and 2-2, respectively. The index of the scatterers is taken as 1.59 and the host medium
is water(index=1.33). The volume concentration of the scatterers is 1%. The scattering
increases and then oscillates at around 2 for large particles. The anisotropy factor against
the diameter of the particle up to 20um is shown in Fig. 2-2a. The diameter axis in
Fig. 2-2a is expanded to 6um in Fig. 2-2b. The anisotropy factor increases rapidly
to about 0.92 and then oscillates for particles of diameters around 41 and stabilizes at

around g=0.92 (Fig.2-2a and b).

Fig. 2-3 shows the wavelength dependence of the anisotropy factor for polystyrene
spheres of (.46, diameter. The anisotropy factor decreases for long wavelengths (i.e.

small particles). The anisotropy decreases from 0.92 at A =300nm to 0.72 at A =850nm.

Fig. 2.4 shows the dependence of the transport mean free path and the scattering
length on the size of the particle for 1% volume concentration of the scattering particles.
For small particles, Ii=l;. This means that for small particles, it may be difficult to see
the diffuse signal in the transmission geometry at moderate source to detector separations

( about 101;) because the ballistic signal might be too intense. For large panicles, I is

13



much larger than ;.

2.3 Transfer equation

Consider a specific intensity /{7, <.{), which is the number of photons per unit area
per unit time per unit solid angle, at r at time t, travelling in the direction s, and incident
on a cylindrical elementary volume with unit cross section and length ds and particle
density p (Fig. 2-5). The volume ds contains pds particles at time t. At time (, each
particle absorbs the power a,/(7, 3.1} and scatters o,/(7. 8,1}, where o, and o, are
the absorption and the scattering cross-sections, respectively. The decrease in specific

intensity, with the total cross section @ = a, + 7, I8

dI(F.51) = —dsplog + a M (F.801) = —dspad(F, 8. 1). (2.7

The contribution to the specific intensity for one particle is obtained by the specific
intensity incident on the volume from other directions &' that is scattered into & and is
given by:

% pla V(R do. (2.8)
i

The phase function p{s.5') represents the probability that a photon travelling in
direction &' will be scattered into direction ¢ and is related to the scattering cross section
as: o, = & { p(3. 38 dw.

iw

The “equation of transfer” for pds« particles and a source of photons S, assuming that

it takes at least t seconds for a photon travelling the distance ds at a speed v (i.e. ds=vdt)

14



to exit the volume is given as:

di(F.s, 1) di{rF & 1) - - Filef . - P o n
= — . ] — S. 8 . } 1H T . .
o7 + o podd(F.8,0) + r /p(‘i.‘- W(F. & ) de' + S(F. 5. 1), 2.9
ir

Consider the photon number density(number of photons per unit volume) n(r.{) at
position 7 = {r.y.z) at time t. The amount of energy leaving a small area da in a
direction normal to it within a solid angle dw in ume dt is /(7. 5./ ydadwedt. This energy
occupies a volume vdadt. The energy density dn(r.1) in that small volume element is

H{(F.& dadwdt — 1(F.8.F)dw

tn(r.t) = = 2.10
dn(r.1) vedadt v ( )
Integrating eq. 2.10 over all directions, the photon density becomes:
- ] A
n(r.d) = —/ HF s t)do, (2.11)
i‘
i

The photon number density is due to the radiation in all directions. The photon flux

represents the amount and the direction of the net flow of power and is given by:

-

J(F) = &, 0(F.1) = ] 17 & 8)idw. (2.12)
ir

2.4 Diffusion equation and Boundary conditions
2.4.1 Diffusion equation
The specific intensity is composed of two parts: ballistic/snake, [;(+. &.f), whith

travels a path almost straight from the source to the detector and diffuse, [4(7, 5. ¢), which

15



travels all over the scattering medium(/(.5.1) = (7. 8.1} + [4(7. 5.1)). Replacing
this expression for the total intensity breaks eq. 2.9 in two parts. The ballistic/snake

component satisties the equation:

(73 1) | dI(F 5 )

et T = —poyIy(F 8. 1) + S(r.801). (2.13)

The diffuse part satisties the equation:

dig(F,8.1) N dlg(¥.5. 1)
redt s

= —p(nld(l_". 8, f)+

%? p(. &) g (F3 1)d’ + Sy(F 41 (2.14)
ir
where Sy, &.1) = % p(3 &)V (7. & ) do .
B3
ir

Remark that "—"%{-“—'—’ = & VIiFr. & t) =& i, HAr D) \here in cartesian coordinates

5 wr

i = gk +aygt + i g and 8- d, = cosb = p.

After replacing the above expression for M"r{:'—” eqg. 2.14 becomes:

dIg(F, e t) n ﬂa'fd(r-".p.f} _

rdt dr = —paplg(7 o t)+
"y l (2.15)
-{i——-'— placoipd )P O do' dpd + Sp(Fopt)
in
-1
where the substitution du' = sin@'d0'do’ = —du'de’ is made. Integrating eq. 2.15 over
¢ yields:
Ha(Fopt dlg(F. .t .
diyg(r, )+H alr g ) _ —pody(Fo )+

rdl dr

ooy 1 | Ir | 2x (2'6)
T]f!;;' E/rfo;;jdo'p(y.o: 1 OV TGPl o) + Sy(Fojat).
-1 0 0
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The source of photons is assumed to have no ¢ dependence

A standard way to solve this equation is to expand the different terms in spherical

harmonics. The diffuse intensity can be expanded into a series of Legendre polynomials

as:
I=x
Ig(Fop ) = Z (r O P (2.17)

i=i0

where the first terms of the Legendre polynomials are: /() = 1. P (p) = poand P(p) =

%(:lp" - 1).
After multiplying eq. 2.17 by #,(x) and inlegrating over ;i from -1 to 1, one finds
Lir.t) = dCF e Y P (2.18)
where the orthogonality relation for the Legcndre polynomials
1 0:ifl#n
f Pt =§ (2.19)
ST 1fl=n

has been used.

Substituting { by 0 in eq. 2.18, one has:
1
fo{F. f) = % [ 14(F. . O)dp that is related to the photon density (eq. 2.11) by

L1
-1
n(7 1) = . [ =0. (2.20)
.

Substituting { by 1 in eq. 2.18 gives:

(2.21)

| {0 R

l'[(?-".f) =

1
/ tg(Fopi )y
-1
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which is related to the flux (eq. 2.12) by:

J(Ft) = il;ih(r".!) [=1. (2.22)

The elementary diffusion equation is obtained by taking P;=0 for { >17#1'. That
is the angular distribution is represented by only the first two terms in the spherical

harmonics expansion. The expression for eq. 2.17 becomes:

Tq(Fop ) == In(r@ )+ ph(F. 1) (2.23)

which gives the diffuse intensity as:

(2.24)

. rn{r.d dped(r, ¢
Iy(# 1) = irr )+ LAY

i
where (7. ¢) is the photon number density( # of photons per unit volume) and J(7.¢) is
the photon flux( # of photons per unit area per unit time).
The first term is considerably larger than the second term of eq. 2.24.
The derivation of the diffusion equation is proceeded by expanding the different
terms of eq. 2.16 by their spherical harmonics.

If the scattering is symmetric about the direction of the incident radiation, the phase

function p(u.o: ', ¢') is expanded in spherical harmonics as:
plp.on, Z W Pr{eosy) (2.25)

where 1, = “;'* and Wy = 3gWy, 4 is the angle between (. o) und (', o') and

Piicosy) = Pi(p) Pi(a') Z f:, - P"'(u)Pf'"(H')fv-“(fb - ¢'). (2.26)



Substituting eq. 2.26 into the phase function expansion eq. 2.25, and replacing eq.

2.25 into eq. 2.16 gives:
dIg (7 t) dIg(7 . t)
+ i

= —podgrF.opt
vdf dr P d{? i )+

(2.27)

=0

x !
a . 3 o
% Z Wil(p) ]dp'.";(p'):’,;(r.;:'. 1)+ Sp(Fop ).
=1

Integrating eq. 2.27 with respect to u# ( which is equivalent 10 multiplying by £5(;1)
and then integrating with respect to j; this concept will be applied for the second term
on the right hand side of eq. 2.27 so that the orthogonality principle can be used) and

substituting the expressions for the photon density and flux give:

d vru(r.t) d J(FH) vnf{r ) L engit) .
‘!‘_rﬁ o f—!-;- oy — Ty o + peil [JT + Syl f), (2.28)

1
where Sy(r. 1) = [ Sp(Fope )dp.
-1

After multiplication by 2r, eq. 2.2B yields:

! {
E (7o) + —J(Fit) = —pagen(F ) + 208407 1), (2.29)
ol dr

Multiplying eq. 2.27 by P(;1) and integrating with respect to » while applying the

orthogonality principle and replacing the expression for the flux gives:

|
11(r. t { J{F. !
L 1) - () a(Fop Ody = —pery (1) + il
2re dl dr
'

(2.30)

SR
2n 3 W 2
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The integral of the source term is zero for an isotropic source. The expression
Ll ) = In(7 ) Pa(p) + L7 )Py (i) which is the approximation of the Legendre
polynomials expansion given earlier is replaced in the second term on the left hand side
of eq. 2.30. Neglecting the time derivative term of the flux in eq. 2.30, we have, after

applying the relation
0ifl#n+1

1
/p! P = € 4+ %) ‘ (2.31)
ifl=n+1,
~1 204+ 12(n+1)4+1

oo

3T —n{(F ) = =pladl — g) + o) J{F ). (2.32)

In vector form, eq. 2.32 is written as:

%vn(m) = —plasl = g) + o) d(F.0). (2.33)

This equation is Fick's law of diffusion and is often written as:

—

HFE) = —=DVu(F. 1 (2.34)

_ P _ L{L . . . -~ . s -
where ) = o0 = 5t is the diffusion coefficient and is independent of time

and space and the absorption cross-section is negligible with respect to the scattering

cross-section. Taking the divergence of eq. 2.34 and replacing it in eq. 2.29 gives:

d”i;'” = DVn(F.t) — ;—.n(f".!) + 2m Syl 1). (2.35)
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At time O for an impulse source at & = 17, eq. 2.35 is often written as'>~14;

dn(rv. t) 3. v (= I\,
T_I)V n(r,!)—-an(r,!)-i-b(r -7 )b(f). (2.36)

This approximation is called the diffusion equation and is valid for source-detector
separated by at least 7/;'*. The term on the left harid side is the rate of photon generation.
The first term on the right hand side is the diffusion term; the second and third terms on

the right hand side are the absorption and the source terms, respectively.

2.4.2 Boundary Conditions

Consider a scattering medium of boundaries as shown in fig. 2-6 where p s a unut
vector normal to the boundary and directed toward the scattering medium and s is a unit
vector in the direction of observation.

The exact boundary condition is that at the surface there should be no diffuse intensity
coming from outside the medium to inside the medium, Because of the approximative
nature of the diffusion equation and of the specific intensity, this boundary condition can
not be satisfied exactly. One must have recourse to approximate boundary conditions

one of which ts that the total flux directed inward must be zero i.e.:

f L7y 5. 0)(p - 8)dw. (2.37)
pd

where r, stands for a position at the surface.
Replacing 2.24 in 2.37 and replacing p = cos = & - 5, one obtains:
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-

(it 3J(r )-8
f(m(: ), ey )(,;..;);u={l (2.38)
ir i

Ix

where J(7.t) = §,J(7.t).

Substituting the flux by a sum of a normal(Jy, ) and tangential components(./4;) where
J = Janb + Jarf, and replacing in eq. 2.38 give:

’ 3 3 .
i-ii—fi ssde + — /Jdnfi &P S + — /.r',“! CAp-Side =0
I A Ir

'

I 2% 2 ”
whero p-s = cosf) (2.39)
-5 = sintleoso
Performing these integrations gives the boundary condition as:
nir e
‘!rhf{’?‘c) = _‘_"'("')_)"'_ (240)

Substituting Ja, (7. pot) = p- (= DV(F. )|z, = — D24 gives the boundary
condition as:
2y idn(r,. t)

H{F,.f}— TT =1 (24[)

This boundary condition( eq. 2.41) means that the photon density should approximate
to zero at a distance equal to 21,/3 = 0.667]; beyond a plane separating a diffusive medium
from vacuum. This is, however, an approximation. According to the more exact transport

theory. the extrapolation distance has been shown to be 0.7104],.

In this thesis, the extrapolation distance of 0.71041; is used.
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2.5 Conclusion

The diffusion equation approximation to the transfer equation for highly scattering
media has been derived. The boundary condition at the surface has showed that the
photon number density vanishes at a linear extrapolation distance beyond the medium
boundary. In the succeeding chapters, the diffusion will be solved in time or frequency
domains according to the geometry of the particular problem. Better approximation might

be needed in the future to fit more accurately the experimental data.
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2.7 Figures

Figure 2.1 Plot of the normalized scattering cross-section vs. diameters of
polystyrene latex microspheres at the laser wavelength of 625nm. The volume
concentration is 1%, The index contrast is the ratio of the index of refraction of

the intralipid scatterers to the index of the host medium which is water in this case.

index contrast=1.19294, wavelength=625nm
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Figure 2.2 Plot of the anisotropy factor vs diameters up to a) 20 xm and up to b} 6um
of polystyrene latex microspheres scattering suspensions at the laser wavelength of
625nm. The index contrast is the ratio of the index of refraction of the polystyrene

latex microspheres to the index of the host medium which is water in this case.

0.8

index contrast=1,13294 a)

0.7
0.6}

0.44

0.aff
0.2 )

01

s 4 6 6 10 12 14 16 18

n
o

diametar(micronsg)

index contraat=1,19294 b)

o
P

i

ot
o

% 2 3 4

diamaeter{microns)

27



Figure 2.3 Plot of the anisotropy factor vs. wavelengths of radiation for
polystyrene latex microspheres of diameter 0.46microns. The index contrast

1s the ratio of the index of refraction of the scatterers to the index of water .
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Figure 2.4 The transport mean free path and the scattering length plotted vs the particle diameter

for an index contrast of 1.19294 at the wavelength of 625nm. The volume concentration is 1%.
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Figure 2.5 An incident beam incident on a volume of scattering

!

medium is scattered from the direction &' into the direction 3.

dw

ds

Figure 2.6 A diffusive medium is separated from a vacuum medium.




Chapter 3

CW imaging of an object hidden
behind a highly scattering wall

3.1 Introduction

Imaging an object hidden behind randomly scattering medium has received increased
attention in the optical community in recent years. For highly scattering medium, the
ballistic tight which projects a shadow of the object on the detector is extremely low
and can be many orders of magnitude below the diffuse light . The edges of the object
become extremely blurred by the diffuse noise. It becomes almost impossible to obtain an
image with decent contrast. Many time-resolved methods, such as streak camera'~3}, Kerr-
gate® and ultrafast holography® have been introduced to selectively extract the ballistic
light image information from the diffuse noise information. The time-resolved methods
uswvally require complicated and expensive instrumentations. A simpler CW method has
been presented by Alfano et al.® who have used absorption to improve the contrast in
imaging through a scattering wall. The image became clearer and clearer as absorption
was increased by adding more absorbing dyes. The underlying principle is that the diffuse
light travels an average distance of f:T:‘ which is much longer than the distance L that
the ballistic light travels. The more distance the light travels, the more probable it is
for the light to be absorbed. Therefore, the diffuse light will be absorbed much more
than the ballistic light. This technique can be exploited further by naturally varying the
absorption in the medium. A natural way to change the absorption in the medium is to

vary the wavelength of radiation.
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In this chapter, we introduce a novel technique that uses a spatial filter and several
laser wavelengths in the NIR region that can reduce the diffuse light below that of the
ballistic/snake component. This technique is based on the Fourier transform properties
of an optical lens and the absorption of the host medium in the NIR wavelengths’.
The diffraction pattern of an object illuminated by a plane wave is formed at the focal

plane of the trunsform lens® 10,

That pattern consists of different spatial frequencies.
The central spot in the diffraction pattern is the D.C. term corresponding to zero spatial
frequency (ballistic light). As the spots in the Fourier plane get farther from the central
axis, their associated spatial frequencies representing the multiply scattered light increase.
A suitable mask may be used to remove most of these high Fourier frequencies and
image preferably the ballistic component on the image plane. Some diffuse light exit
the medium collinearly with the ballistic/snake signal and can be removed by absorption
of the medium. The absorption of the medium varies with the wavelength of radiation.

The longer the wavelength is in the therapeutic window (from 700nm to 1300nm), the

more absorption water has.

This method can aflow the separation of large objects whose spatial frequencies are
low from small objects whose spatial frequencies are high. With this capacity, objects
such as tumors might be detected and removed at a very early stage as opposed to current

technologies such as X-Ray which can detect objects of several mm sizes.

3.2 Theory

The attenuation of the light components upon exiting a slab of scattering medium of

thickness L are as follows. The ballistic component is given by:
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[b: IO(‘H(T':+T£-)L (3_[)

*

where Iy is the input energy; i, the scattering length, and |,, the absorption length.
The snake component for media whose transport mean is much less than the absorption

length (l,<<l,) is given by'!

I, = IgA(At)ebAOL/ (3.2)

The diffuse component of the transmitted light is obtained by solving the diffusion

equation:
()n('r.t) = DVa(F t) — in(ﬂi’) + 5(17— ) 6(1). 3.3
o !u

where n(7. 1} is the photon number density; D = '—:{& is the diffusion constant; v is the
speed of light in the medium, |,, is the transport mean free path; 1, is the absorption length:
h(r"— rj)é(f) is the photon source effectively randomized at r'=(0,0,z") at time t=0.
For a slab of thickness L located between z=2; (29p=0.71041, is the extrapolation
length) and z=L+z;, with the condition that the photon density vanishes at z=0 and

z=L+22,, the photon number density is given by!2

_iq;_ m=+ o F3 F]
n(i 1) = “f"""""i“i? Z {f—{2md+z'—z} /4Dt _  —(2md—z'—z) /40:}(.-:4;:..‘ (3.4)
(1 D)7 ="

where # = /% + y°, and d=L+2z3. The photon density can be written using Poisson

sum formula as:

Z: ' m:ﬂ'.. -n'nm‘;r:E“D“m'/d]ze“"'ﬂ“. 3.5)

41r Dtd
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The photon flux derived from Fick’s law of diffusion, j, = — 1) :’" through the slab

in the z-direction with 2'=2z; and z=L+z; is given by:
_x =" .
l’)f (¥{ L1 JHHT:“ I”W:"!—!}”"l'ﬁ/d])(—l'ff‘l'u
~ 5 .
o
o

= o 3.
(7D . n p cos— (3.6)

J:

The temporal profile of the flux magnitude is obtained by integrating j, over the
whole transmitted surface as:
H==x

Irans (1) = 27 f . HdR. (3.7)
R=u

The expression for the transmitted intensity is found as:

! (1) = B"EC ””r,‘..,'“ ?HTFL)‘ —.")Hm:r/r”‘f —vtfl, (3.8)
frana (f (f ; 7 . 3

m=1

The total transmitted intensity is obtained by integrating the temporal profile of (eq.

1.8):

!fﬂfl‘lf = /hr:ms”)‘“- {3.9)

The expression for the total intensity is:

1 "= m.-iin—-a—-m“’
Iotat = = Z i (3.10)
T it g
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= .
Using the equivalence: Agukr %L":"ﬁg—ﬂ . one writes the total intensity

ale-—M:

sinh [(3/1;1,,)1/2{(:’ - L )}

(3.11)

f'totai =

2sinh [(:;/:,zf, }"”d]

The average time taken by a diffuse photon to travel from the source location to the

transmitted surface is ;

’ tHiranalt)dl
(t) = .. 312)

’ l,rhraml( t )(“
[{]

Assuming that the absorption is negligible i.e. /,— > ¢, the average time is found

to be:

L(L + 'l:n)
("= T (3.13)

In most cases, the thickness of the medium is much larger than the transport mean

free path, /. >> /;. The average time is then given by'? '

e

I
() = 3L, (3.14)

The average distance travelled by the diffuse photon is obtained as:
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Lz
(z) = v{t) =~ TR (3.15)

which is much longer than the path travelled by the ballistic/snake photons, = /..

For example, for L=10mm, l,=1mm, the average distance travelled by the diffuse
photons is 50mm which is tive times as long as the distance travelled by the ballistic/snake

photons of 10mm. If any absorption is introduced in the medium, the diffuse photons are

~50/la —-10/i

attenuated as ¢ while the ballistic photons are attenuated as ¢ a as a result of the
absorption alone. Taking [ as 200mm, the diffuse intensity is 0.78 and the ballistic/snake
intensity is 0.95, The ballistic signal is 22% more than the diffuse signal. Increasing the
absorption length to 50mm gives 0.36 for the diffuse photons und 0.82 for the ballistic
photons. The ballistic light is now 227% more than the diffuse light and the most change

happens in the diffuse signal( the diffuse signal changes from 0.78 to 0.36).

3.3 Experimental Methods

The Fourier gate imaging experimental set-up is shown in Fig. 3-1. Three CW
semiconductor laser sources operating at 670 nm, 830 nm, and 1300 nm of power 9.5mW,
14.5 mW, and 4.5 mW, respectively are used to obtain shadow images of an object hidden
behind the scattering medium. These wavelengths are of particular importance because
they fall within the therapeutic window ( 700 nm to 1300 nm } where blood and melanin
absorb weakly. This light penetrates deep into the body and reaches internal tissues.
The light beam at 830nm goes through the two mirrors system. The light beam at the
wavelength of 670nm is reflected by the first mirror and goes through the second mirror.
The laser beam at 1300nm is reflected by the second mirror. The diameters of the beams

are approximately 4mm. The laser light is expanded about six times ( to assume plane
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wave incidence) and collimated by the two-lens system onto an object sample placed
behind a 1cm glass cell containing some scattering medium. The object consists of a grid
sample of square openings of Imm x Imm. The scattering medium consists of intralipid
particles diluted in water. The original 10% concentration of intralipid suspensions is
diluted at the ratio of | to 50 and 1 to I8 for 2 % and 5.5 %, respectively. The average
diameter of the intralipid scatterer is 0.4um. With water absorption, some scattered light
are absorbed. The longer the wavelength, the more water absorbs. As can be seen from
Fig. 3-2, at shorter wavelengths, the total cross-section is essentially the scattering cross
section because the water absorption is negligible. At around 1 j;on, water absorption
becomes significant and the absorption cross section must be included into the total cross
section. The absorption of the scattered light is more significant than that of the ballistic
light because as mentioned above, the diffuse light travels a longer path ( = %f:— ) than
the ballistic component ( = L) where L is the thickness of the sample, /; is the transport
mean free path. Absorption does not however get rid of all the diffuse noise. To eliminate

more of the noise, a spatial filter is used before the scattering medium.

The spatial filter system consists of a transform lens of focal length Scm that Fourier
transforms the light that falls on it, an aperture that cuts off the diffuse light at spatial
frequencies higher than its cut-off trequency ( .7317 )} with d the diameter of the aperture,
A, the wavelength of the laser light, and f, the focal length of the lens, and an imaging
lens of focal length Scm which performs the inverse Fourier transform to yield an image
of the object. For d=lmm, f= Scm, and laser wavelength=670nm, the highest spatial
frequency that can pass the spatial filter is 15 lines/mm. This means that the smallest

size of discernible detail in the filtered image is about 67microns which is much bigger
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than the size of the intralipid particles.

The lower spatial frequencies contain direct information from the object. By adjusting
the spatial filter aperture to collect as much as possible the frequencies closer to the
ballistic one (spot at the center in the Fourier plane) the contrast of the image can

increase enormously.

Images were taken with various aperture sizes from Imm to Smm at Imm step
increment. The shadow was then detected by a PbS type infrared camera and displayed
on a video monitor. The image signals were recorded and digitized by a B-bit frame
grabber and the transterred to a computer for signal analysis. Hard copies of the images
were printed by a video printer.

Combining the results given for light attenuation in water vs wavelength from
Ishimaru with Mie theory'>!® assuming that the particle is a sphere of 0.4 ;0 diameter,
the optical properties of the 2% concentration scattering medium were determined as
follows: 1,=500 mm, g= 0.73, Ii= 0.66 mm, and L= 2.44 mm at 670 nm; l,= 200 mm,

g=0.64, 1;=1.09 mm, and §,=3.02 mm at 830 nm; and k,= Smm, g=0.28, I;= 2.57 mm,

and =3.57mm at [300nm.

3.4 Results

Images of the grid sample through the 2% concentration for a | mm spatial filter
opening are displayed in Fig. 3-3 for laser light wavelengths of 670 nm, 830 nm, and
1300 nm. Fig. 3-3 a shows the 2D image of the grid using 670 nm while Fig. 3-3 b
displays the digitized intensity distribution along a line across the grid image as indicated

in the image profiles. In these two figures, the transparent portions of the grid represented
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by bright spots (or high intensity values) can be easily differentiated from the opaque

sections of the grid represented by the blurry section (low intensity values) of the image.

Figs. 3-3c and d show the image and intensity profile for the 830am incident light,
respectively. The intensity profiles are either zero (dark regions} or high (bright regions).
The image and intensity profile, corresponding to 1300 nm illumination are displayed in

Figs. 3-3e and f. Again a clear image of the grid is obtained.

The 2D images and digitized profiles when the aperture diameter is increased to 4
mm are presented in Fig. 3-4. Fig. 3—4a shows the image for 670nm laser; the bright
spots are observed on a blurry white background, indicating a poor image quality. The
contrast of bright to dark background is reduced to about 50% as shown in the intensity
profile (Fig. 3—4b). Nevertheless, the images and intensity profiles produced by 830 nm

and 1300 nm lights still show remarkably good image quality (Figs. 3—dc-f).

Images and profiles of the grid through a high concentration (5.5%) intralipid medium
for | mm spatial filter opening are displayed in Fig. 3.5. Figs. 3-5a-b show the results
obtained for a 670nm laser; no image but a white background was observed. Because of
the intense diffuse light produced by this concentration, no image was observed. For the
830 nm radiation, bright spots are located on a strong background but the grid is clearly
observed (Fig. 3-5¢). The signal passing through the transparent regions of the grid is
greater than the background noise formed by the diffuse light (Fig. 3-5d). For the longer
1300 nm wavelength radiation, the image shown in Fig. 3-5e and f shows an excellent

contrast. The bright region of the grid is clearly observed with high contrast.

When the aperture diameter is increased to 4 mm, we observe no information signals

in the images from 670 nm and 830 nm lights (Figs. 3-6a-d); only white background
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formed by the diffuse light is seen. The grid is completely hidden from view. However,
for 1300 nm light, a perfect image of the grid with almost no diffuse noise (Figs. 3—6e

and ) is detected,

3.5 Discussion

From these data, it is clear that the best images are achieved when the aperture
diameter is the smallest, i. e. 1| mm and the light wavelength is the longest. There is no
significant change for 830 nm and 1300 nm light as compared with that for 670 nm by
opening the aperture from 1 mm to § mm for the 2 % concentration intralipid medium.
This is because the small aperture allows only the portion of the light that scatters within
a small angle from the axis of the transform lens to pass through. This small angular
distribution of light consists mainly of the ballistic and snake components. The other
portion , the diffuse signal is blocked by the filter whose cut-off spatial frequency is
as specified above: d/2Af. This is why a clear image is seen with a small spatial
filter diameter. As the aperture diameter is increased, the intensity of the diffuse light
is increased more rapidly than that of the ballistic light on the detector resulting in a
blurry image. This blurring is not observed for 830 nm and 1300 nm lights which are
not scattered as much as the 670 nm light. In addition, at 830 nm and 1300 nm, the host
medium is partially absorbing; a good part of the scattered light is then absorbed by the
medium. The images for longer wavelengths { 830 nm and 1300 nm) remain clear and
are not significantly affected by the aperture openings.

The contrasts of the images are computed from (Jnax - P min ¥ (1 max + 1 min) »
where I nay and I i are the maximum and the minimum values of transmitted intensity,

respectively. The ideal values of 100 % are obtained for 830 nm and 1300 nm but low
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values under 35 % are obtained for 670 nm as displayed in Fig. 3-7 for the 2% medium.
The low contrast value for 670 nm light comes from the high value of I ;. which is
the consequence of the high degree of scattening and the low degree of absorption of the
medium at this wavelength. Changing the aperture from | mm aperture to 4 mm for the
5.5% medium, a steady decrease of the contrast is observed and no change in contrast
occurs above 4 mm as presented in Fig. 3-8 The large amount of scattering in the

higher concentration { 5.5 %) scattering medium makes the grid more difficult to image.

Compared with 670 and 830 nm radiations, the 1300 nm radiation experiences the
least amount of scaitering and the most amount of absorption. The reduction in scattering
and enhanced absorption for 1300 nm allows a good image to be obtained from | mm to
4 mm spatial apertures. For 670 nm and 830 nm radiations, the scattering cross-section
is larger than that for 1300nm ( Fig.3-2) and the images produced by setting the aperture
diameter as small as Imm are still poor. The absorption being negligible for these two
laser wavelengths, most of the scattered light that exists paraxially with the ballistic
light reaches the detector. Consequently, the image contrasts are lower for 670 nm and
830 nm as observed in Fig.3-8 For d=l mm, the contrasts increase with increasing
wavelength and are 2.6 % for 670 nm, 29 % for 830 nm, and 100 % for 1300 nm. For
larger aperture openings, higher spatial frequencies pass through the spatial filter. Their
presence contributes to the blurring of the image and the deterioration of contrast. For d=4
mm, the contrasts for 670 nm and 830 nm drop down to 1.6 % and 4.1 %, respectively, as
shown in Fig. 3-8. The contrast for 1300 nm remains at 100 % for the same previously
stated reasons. The increase in aperture size does not decrease the image contrast because

there is little diffuse light transmitted through the intralipid medium for 1300nm laser
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wavelength. This clearly shows that the scattering cross-section decrease to a low value

for the long wavelength, 1300nm, and most of the transmitted light remains ballistic.

3.6 Conciusion

Images of a grid through two different concentrations of intralipid suspensions in
water media for laser wavelengths of 670 nm, 830 nm, and 1300 nm using a spatial filter
of different aperture sizes are measured. When the aperture diameter is set at | mm.
the best images are observed because the higher spatial frequencies are removed. As the
aperture diameter increases or the wavelength of the light decreases, the image quality
decreases. For the lower concentration scattering medium, the 670 nm radiation produces
the poorest images while those at 830nm and 1300nm remain relatively good. For the
higher 5.5% concentration scattering medium, images for 670nm and 830nm are blurry
with contrasts of 1.6% and 4.1%, respectively for 4mm aperture. These measurements
demonstrate the advantage of using the 1300 light beam because of more absorption and
less scattering of light. The best contrast is obtained for 1300nm light for all the aperture
diameters. Tunable laser radiation from 1100nm to 1350nm emitted from Forsterite laser
may be introduced to image breast tumor inside the human body.

This chapter shows that the Fourier gate imaging of an object hidden in a highly
scattering medium is possible. A combination of increase in absorption and decrease in
scattering significantly improves the image quality. Within the therapeutic window, the

best wavelength to image a small particle appears to be 1300 nm.
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3.8 Figures

Figure 3.1 4-f imaging experimental set-up: F: ND filter, G: grid, R M.:
random medium, B/S. C.: Ballistic/Snake component, D. S.: Diffuse

signal, S.P.. spatial filter, IR. Ca: Infrared camera, F. G.: Frame grabber.
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Figure 3.2 Optical density(OD) vs wavelength for water and intralipid suspensions in water

inside a Icm quanz cell. a) water; b) 5.5% intralipid concentration, and ¢} 2% concentration.
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Figure 3.3 Images of a grid object placed behind a lcm thick 2% intralipid suspensions
illuminated by different laser light wavelengths for the spatial filter of diameter
d=1mm. a) 2D image cbtained from 670nm laser; b) 1D intensity distribution
atong a line across the grid image of a); c) 2-D image obtained from 830nm

laser; d) 1D intensity distribution along a line across the grid image of c); e) 2-D

image from 1300nm laser, and f) 1D intensity distribution for the grid image e).
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Figure 3.4 Images of a grid object placed behind a 1cm thick 2% intralipid suspensions
illuminated by different laser light wavelengths for the spatial filter of diameter
d=4mm. a) 2D image obtained from 670nm laser; b) 1D intensity distribution
along a line across the grid image of a); ¢) 2-D image obtained from 830nm

laser; d) 1D intensity distribution along a line across the grid image of c); ¢) 2-D

image from 1300nm laser; and f) 1D intensity distribution for the grid image e).
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Figure 3.5 Images of a grid object placed behind a lcm thick 5.5% intralipid
suspensions illuminated by different laser light wavelengths for the spatial filter of
diameter d=1mm. a) 2D image obtained from 670nm laser; b) 1D intensity distribution
along a line across the grid image of a); ¢) 2-D image obtained from 830nm
laser, d) 1D intensity distribution along a line across the grid image of ¢); ¢) 2-D

image from 1300nm laser; and f) 1D intensity distribution for the grid image e).
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Figure 3.6 Images of a grid object placed behind a tcm thick 5.5% intralipid
suspensions illuminated by different laser light wavelengths for the spatial filter of
diameter d=4mm. a) 2D image obtained from 670nm laser; b} ID intensity distribution
along a line across the grid image of a); ¢) 2-D image obtained from B30nm
laser, d) 1D intensity distribution along a line across the grid image of ¢); ) 2-D

image from 1300nm laser; and )} 1D intensity distribution for the grid image e).
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Figure 3.7 Contrast vs aperture diameters (spatial cut-off frequencies) for the three wavelengths

for 2% concentration random scattering medium; a) 670nm; b) 830nm: and c} 1300nm.
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Figure 3.8 Contrast vs aperture diameters (spatial cut-off frequencies) for the three wavelengths

for 5.5% concentration random scattering medium; a) 670nm; b) 830nm; and c) 1300nm.
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Chapter 4

A scattering layer on top of
a scattering host medium

4.1 Introduction

Light scattering studies have usually been performed on a homogeneous slab where
the optical properties such as the transport mean free path, |, the absorption length, 1,, and
the index of refraction, n, are assumed to be constant throughout the scattering medium'~*,
In reality, no medium 1s completely homogeneous. Many media that are encountered in
real life are composed of layers. Determining the optical properties of the differemt
underlying layers is of extreme importance if an object hidden in between or behind the
layers is to be recovered or in case of therapy administer the right dose of photon radiation
to a selected region. Over the years, light scattering studies to characterize layered media

have been performed by several research groups®~’.

Taitelbaum et al® have simulated
a two-layer medium with same scattering lengths and different absorption lengths. The
information from the underlying layer was obtained only when the absorption length of
the upper layer was less than that of the bottom layer. Ostrander et al and Takatani et al®’
have showed that intensity contribution from deep layers may be obtained by increasing
the source-detector separation in the backward direction. They have investigated the
effects of the hemoglobin content, hemoglobin oxygen saturation on the net reflectance
from the two-layer model. Fujimoto et al® have obtained delineated images of epithelial
and sub-epithelial layers in soft tissues of mammalian gastro-intestinal tissues, and have

used Optical Coherence Tomography® to image the anterior layers of the human eye.

These models have for the most part used steady state light propagation. The steady—state
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model can not describe the time light first reaches the layer nor can one transform
the profile into frequency domain to see the contribution from each frequency. Such

techniques can be applied only when using pulses of light.

In this chapter, a layer of intralipid suspensions placed on top of a huge solid piece
of wax forming a single layer on a semi-infinite medium will be reconstructed using the
Fourier transform model of the diffusion equation to fit the Fourier transform of the time-
resolved experimental data. This inverse approach method in frequency domain from time

domain data allows one to fit the different frequency modes of a scattered pulse profile.

4.2 Theory

The diffusion equation model is used to obtain the inverse parameters for the semi-
infinite medium in which a layer of scattering medium is placed on another scattering
medium of different optical properties. The simulated modet for the structure is showed
in Fig. 4-1. An impulse source of photons is placed at the surface of the intralipid layer
of thickness d. A detector that collects the back-scattered photons is placed at a radial

distance R from the photon source.

54



Figure 4.1 The experimental geometry for a two-layered medium:

Source detector is separated by R. The thickness of the top layer is d.
Wax- Intralipid Medium

s D
}
=1 H -
¥, 0,00 Hxy® . .
1 Intralpid d

In this section, the theoretical model that is used to fit the experimental data to obtain
the transport mean free paths and the absorption lengths of both scattering media and the

thickness of the top layer is derived.

The model is obtained by solving the diffusion equation given by'*!! .
d”i;‘” = DV 1) - ;i:r(:f.r) + 5(:?«- :3)5(t) .1

where n(r.t) is the photon density at position r at time t; D, the diffusion coefticient,
1s assumed to be constant in space and time; v , speed of light in the medium; |, the
absorption length; # = (.r.y.2) and o= (.. 4. 27) are the positions of the detector

and source, respectively.
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The boundary conditions are given by’ '%:

mlr,y,z=0,1)=0
mlr.y.z.t) "f
ma(r.y.zt) ng ’ ( e
My = sy, =,
1)1(.”]_(1"9‘ f) =I_)2QL'L;{{__!}{,’ =
iz )=

where n) and n; are the indices of refraction of the top and bottom layers, respectively.
The subscripts | and 2 refer to the top layer and bottom medium, respectively. The
boundary conditions show that the photon density is zero at the boundary z=0, that the
photon densities at the boundaries of the two media are continuous to within a constant
given by the square of the two indices of refraction, and that the photon fluxes at the

boundaries of the two scattering media are continuous.

The diffusion equation (4.1) can not be easily solved in time and space for a layer of
scattering medium placed on top of a scattering medium. Such difficulties can be reduced
by transforming equation 4.1 into frequency domain. In the frequency domain, there will
be two kinds of frequencies: one frequency «* which is the transform in time t and another
frequency k which is the transform of space (x,y). To avoid difficulties in distinguishing
specifically between the two transforms, the frequency domain corresponding to « will
be called temporal frequency domain and the one corresponding to k will be called spatial
frequency domain. The phrase “frequency domain™ will be reserved to the general

transform into w and A,

The Fourier transform n(k,. k,.z.w) of a function n{x,y,zt) in time and space is

defined as follows:
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y==x
(ke by zow) = /dff"“‘" ] / f_'k-"r_*k’yii(.r.,u.:J)d.rdy. 4.3)

=0 y=—nc r=—r

The Fourier transform of 4.1 is obtained as follows. First, the Fourier transform of
the term on the left hand side of (4.1) , after changing the order of integration, is:

=X r=x f=w

/ / / elie '““‘W( —thir, 7"‘””(1.1‘({:} . (4.4)
¢

y=—m r=—2x =0

After integrating by parts with respect to time, this integral becomes:

1= y=2x

—iwhilh, by W) = —iw / dt ™! / f c""'"r"""-"'n(.r.y.:.f]d.rdy. (4.5)

= Y= F=—-x

Second, in the same manner after integrating by parts with respect to the spatial
coordinates x and y, the Fourier transform of the first term of the right hand side of 4.1

is obtained as:

b 3 .)3 .
.’)(--k; — ko + ; ,)n{k;. by zow) (4.6)
: -

The photon density (k. ky, z.w) is dependent on spatial frequencies &, and k, and
temporal frequency «. This frequency dependent density will be simply noted by n.

Third, the Fourier transform of the second term of the right hand side of 4.1 is
simply:

l!

——n. (4.7)
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Fourth, the Fourier transform of the third term of the right hand side of 4.1 is, taking

the position of the source at time t=0 to be (0,0,2°), :

6(:—2"). (4.8)

Setting eq. 4.5 equal to the sum of eqs. 4.6, 4.7, and 4.8, the Fourier transform of

equation 4.1 becomes:

—iwn = f)z;j;- + D(—k% - k;’:)ﬁ - ;;r'r +o(z—="). 4.9
- i

Rearranging these terms and setting k% = k7 + &} gives

i : " i i
AN ¥ B - |n= Mo — ") .
=2 ( YuDT D ) " ( ) (4.10)

The Fourier transforms of the boundary conditions are:

ny(kp by zow) ni = d
alke ky. 2 w) o == (4.11)

](‘)’.’I(A'r-ky--:.w') . n ()ﬂg(ﬂ'r.ﬂ‘y,:,w')
75 B dz

al z = d,

D

The time dependent partial differential diffusion equation has been transformed into
a frequency dependent ordinary differential equation. The solution to this equation (eq.
4.10) in the top layer can be divided into two parts: one part for an infinite medium

(fundamental solution) with a source at z° and another part so that the total solution
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satisfies the boundary conditions. The solution in the second layer has no fundamental

part since there is no source there.

The fundamental solution in frequency domain to this equation for an infinite medium

and a source at z' is given by:
B Ae VAT R (4.12)

where A is an arbitrary constant to be determined from the source intensity. Integrating
eq. 4.10 over a small path from ' — ¢ to ' + ¢ gives:

t

4 e

J*n 1 ,
—_— = —— bz -2}, A3
/d 92 D fd &( ) (4.13)

- )

=¥ Io—t

Note that the integral of the second term of the left hand side of eq. 4.10 is zero
since the function is continuous. The first derivative is discontinuous however over that
interval. These are the fundamental properties of Green's functions'*-14. Solving eq.

4-13 gives :

an L. 1
ol =—5 {4.14)

Taking the derivative of the photon density (eq. 4-12) gives:

( - " T =) S =t R
—_ .2 - — ]/ =z nr -ﬁ .1
(\/A YA n) b

. .
el (\/"’+ - —E)A:-‘“’-z* L AT (4.15)
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Replacing these expressions into eq. 4-14 and setting ¢« — > 0 gives:

B L — (4.16)

Setting p = \/k'—’ +1p— 5 . onecan write eq. 4.12 as

= ——e e (4.17)

This is the photon density in frequency domain(spatial and temporal ) for a point
source in an infinite medium.
The other part of the solution for layer | is obtained by replacing the source term
in eq. 4.10 by zero and is given by:
i

—_— (e T 4 e )
wlm( ¢ + (') (4.18)

The total solution in the first layer is given by adding 4-17 and 4-18:

| C .
- 11 Bl U IE T
) TN (f + e + (' ) (4.19)

The solution for the second layer is:

- ¢ s (4.20)
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The coefficients B, C, and E are frequency dependent and are determined from the

boundary coefticients {eq. 4.11). The values of B and C are:

¢ = gz _ —M=o
1 +

Dignd + Dl
[)] T ﬂf—‘- !’)lnl'lg

'.21'1121

and I3 = — (' — 70,

The coefficient E is of no importance here since only the flux in the backward

direction is being considered. Hereafter, only the density in the first layer is considered.

Usually, the experimental data can be taken only at a few spatial points. This makes
it almost impossible to be able to take the spatial Fourier transform of the experimental
data. To have enough spatial points, one would need a special scanning apparatus that
could scan the whole surface of the scattering medium. In contrast, with the synchroscan
streak camera, the temporal profile can have easily 1000 points. The temporal Fourier
transform of the experimental data can be easily performed with these temporal points.
To go around this problem, one can invert transform the calculated photon density from

spatial frequency domain and fit the experimental data in temporal frequency domain.

The inverse Fourier transform from spatial frequency domain{4;.4k,)} to spatial

domain(x,y) is given by:

(g sow) = —‘l“—;/ff'{k"+k”}fc|(l‘,.ku.:.w)dk,rﬁr,,. 4.22)
2r) , :
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This integral can be performed much simpler in cylindrical coordinates. Setting

r = Reoso
y = Hamne
kr = kcos8
(4.23)
ky = ksint
R =t + q',
ko= ki 4
gives
ir x
ey, 2 w) = f / ik R{:oa@(as¢+cmﬂcm¢]nIA(“ de . (4.24)
(2r)°
Noting that
Ir
/ RRosO=01gg — I fo(hR) . (4.25)
0
one writes Eq. 4.24 as
1
(e oy, sow) = 5= /Ju(ﬂ'H}ﬁ]k(ﬂr (4.26)
2r
Replacing », in eq. 4.26 gives:
x
: l k I Ty ppy
nlroyg.zow) = —J(I(K'H){Hf A 2 o L }dk (4.27)
inln )

LU
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which is the photon density in the first layer in temporal frequency domain. The

dependence of the photon density on « is through 1y repeated here for convenience:ny =

\/F + 5 — 7 - The density in time is given by :

2

] .
m{r.y. 2. ) = — ff:l(J‘. y.zoe)e "™ do. (4.28)

'

Solving this integral is tedious. For this reason, the parameters of the layers will
be reconstructed in frequency domain. The flux in temporal frequency domain in the

back-scattered direction is given by:

-] - -y dnl(.r?y.:.u!)' (4.29)
i:
The magnitude of the back-scattered photon flux is:
L f
Ji{r oy, z.w) = yp / al'Ju{ﬂ‘H]{ —BemME g CeME 4 e mlz-2l }dfr. (4.30)
R R
n

This equation of the photon flux {(eq. 4.30) in the backscattered direction will be
used to find the inverse parameters of the intralipid layer and the wax medium.

Typical curves of the calculated photon flux{eq. 4.30) for different heights of the top
layer ranging from 3mm to 12mm are shown in Fig. 4-2 for k;=3.1mm, l;3=1.6mm, and
R=20mm. These plots show that as the top layer thickness increases, the back-scattered

intensity becomes larger and larger. The peak intensity increases by about 65% from
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d=3mm to d=6mm and by 25% from d=6mm to d=8mm. For large thickness of the top
layer, the back-scattered profiles are pretty much close to each other; only an increase
of about 8% in the peak intensities is calculated when the thickness of the top layer is
increased from d=8mm to d=12mm. In Fig. 4-3, the profiles given in Fig. 4-2 are
norralized where the four curves are multiplied by a factor to bring all the intensity
values at frequency « = 0 to the same level. The shapes for d=Bmm and d=12mm
are very close to each other. Therefore, it may be difficult to uniquely reconstruct a
layer with thickness about half the source-detector separation. As the thickness of the
layer decreases, the sensitivity of the scattered intensity to the layer thickness increases
as is seen for d=8Bmm and d=6mm. The width of the profiles becomes narrower as the
thickness of the top layer decreases. The narrowing of the profile in frequency domain

is equivalent to a broadening of the pulse profile in the time domain.

4.3 Experimental methods

The set-up to experimentally investigate the layers is shown in Fig. 44. A colliding
pulse mode-locked (CPM)} dye laser produces ultrashort faser pulses of 100fs duration
at 625nm wavelength and at a repetition rate of 82 MHz. The beam diameter is
approximately Smm. The average power of the laser beam is about 10mW. The beam
is split in three parts: one part goes to the photodiode that triggers the streak camera;
another small part is used as a reference to monitor the stability and to mark the arrival
time of the signal. The main part used as the photon source is focused by a lens to
about 300 ;m spot size onto a layer of intralipid scattering medium, 0.25% by volume
( transport mean free path l;)=3 mm), placed on top of a solid piece of wax (l=1.5

mm) contained in a cylindrical glass cup 88mm height x 80mm diameter. The height
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of the intralipid is varied by extracting some intralipid solution and raising the container
containing the two layers so that the liber detector always touches the top layer in the

perpendicular direction. The height of the wax medium is kept fixed at 55mm.

The detector is a multimode optical fiber of 400 ;sm core size and is placed at different
distances from the source. The optical fiber delivers the light to the streak camera to be
time-resolved and a CCD camera system detects the signal. The time resolution of the
streak camera is about 10ps. The gain of the streak camera is kept fixed at maximum
( gain 5) to avoid errors in the number of photons detected by changing from one gain
to the other. To maintain the detected signal at safe level for the streak camera without
affecting the signal to noise ratio, only neutral density filters are removed or added as
needed. The neutral density factor is taken into account when processing the data so
that the backscattered light intensity protiles can be compared to each other for the same
amount of input energy. The slow speed of the streak camera is used to obtain the whole
intensity profile. The intensity values in the absolute intensity profiles are given as a

fraction of the input energy.

These experimental values of the transport mean free path are obtained by independent
experiments where data obtained from light scattered from homogeneous wax medium

are fitted with the diffusion equation model.

4.4 Results

The scattered temporal pulse profile along with the fitting from diffusion theory from
a homogeneous wax medium is displayed in Fig. 4-5a. The source to detector separation

in the back-scattered direction is 25mm. The best fit is found to be for It ( wax)=1.5mm.
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A typical transmitted pulse profile for a homogeneous medium of intralipid scatterers of
li=3mm for a source detector separation of 201; is shown in Fig. 4-5b.

The experimental temporal profile for the top layer of thickness d=(0mm, R=S-
D=20mm, l;;=3mm, l=1.5mm is shown in Fig. 4-6. The peak intensity is about
1.4 % 107%, The intensity values come down to 0 for times more than about 1600ps.

Fig. 4-7 shows the experimental temporal profile when the top layer thickness is
d=6mm, the source to detector distance is R=S-D=20mm, and | ;=3mm and l,»=1.5mm.
The peak intensity increases to .85 x 107" compared to the peak intensity when the
thickness of the top layer is 10mm. The temporal pulse profile is broader for d=6mm.
Such observation can be seen from the theoretical frequency profiles plotted above where
the bandwidth (FWHM) increases as the top layer thickness increases. This narrowing
of the temporal pulse profile for d=10mm can be explained as follows: As the thickness
of the top layer increases, the detected back-scattered signal comes from light that has
propagated mostly in the top layer. Since the top layer is less scattering than the bottom
layer, the signal coming from the top layer only tends to be narrower and of higher peak

intensity than the light that has reached both layers.

4.5 Discussion

4.5.1 Inverse fitting procedures

The aim of the fitting is to determine the optical parameters of the two layers and the
height of the top layer. The procedure to do the fitting is as follows and is showed in the
flow-chart below. First, the experimental data is obtained in time. The temporal profiles
are then transformed into temporal frequency domain. Each transformed data profile is

then compared with the temporal Fourier transform profile of the photon flux obtained
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from the diffusion theory. Different combinations of |, |, and d are used to compute
the photon flux. The set of parameters that matches best the experimental data is used

as the inverse parameters of the scattering medium.

Expanmania deta
t ,
Theoretical lamporal F:
o eperimentl dala wih ), lat 2, a2 d
Agree ? g
- No
You
Thes set of parameters
prves he nverse pametens
ol the layered madium

4.5.2 Reconstruction of the layers

Reconstruction of the temporal pulse profile given in Fig. 4.6 where the experimental
optical parameters are: l=3mm, l;=1.5mm , d=10mm and a source detector separation,

R=20mm, are shown in Figs. 4-8 and 4-9. The transport mean free path for the top

W
0 2orm

and bottom layers are obtained as & = 3.l £ 0200, and 1y = LGnin
as compared to the experimental values of lj;=3mm, and li2=1.5mm, respectively. The
height of the top layer is found to be about 10min + 2mm. To assess the uniqueness
of the fitting parameters, different curves with different transport mean free paths for
the bottom layer are superimposed on the fitting curve. In Fig. 4-8 the transport mean

free path of the bottom layer is varied. For this thickness of the top layer, however,
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the bottom layer does not seem to influence too much the detected intensity when its
transport mean free path is more than 1.6mm because values of transport mean free paths
above 1.6mm do not change the fitting curve. Therefore this is not a unique fitting of ;3.
This is why a big error in |3 is given above. In Fig. 4-9, the transport mean free path
of the top layer is varied. Clear differences are seen as |y, is varied from below to above
the fitting parameter. For this thickness of the top layer, the parameters of the bottom
layer are not unique. This situation was predicted above by comparing the shapes of the

curves for different depths of the top layer.

Fig. 4-10 shows the reconstruction of the temporal profile given in Fig. 4-7 where
the height of the intralipid suspension forming the top layer is 6mm. The paramelters are
reconstructed as follows {;) = 3. 1m0 2mm, Ly = L6mm20.3mom, and o = 61w
as compared to the same experimental values l;j=3mm, l;2=[.5mm, and d=6mm. These
parameters are very close to the experimental values. The uniqueness of this 1,3 is verified
by plotting curves with different l;z on the same graph. As seen from these plots, the
profiles look different for different ;. The parameters for this depth of the layer are

more uniquely comparable to the experimental parameters.

These results show that it is indeed possible to reconstruct the parameters of a two
layered scattering medium by using the diffusion equation. When the top layer is large
(about 10mm), the transport mean free path of the bottom layer and the height of the
top layer are not uniguely reconstructed. This limitation is because the backscattered
light does not contain significant information from the bottom layer. The backscattered
light is mainly from the top layer. If the bottom layer is made more scattering, more

light will reach the detector and the parameters of the layers will be reconstructed more
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accurately. This is showed in Fig. 4-7 where the difference between the protiles for
la=1.6mm and lp=1.1lmm is clear.

When the top layer thickness is decreased to 6mm, however, the backscattered light
contains much more significant informations from the bottom layer and this makes it

possible to reconstruct more or less uniquely the parameters of the layers.

4.6 Conclusions

With the two-layered diffusion model, s two-layered scattered medium is recon-
structed. The parameters of the top and bottom layers (ly), 2, and d) have been shown
to match the theoretical ones obtained from diffusion theory for layers. When the depth
of the top layer is large, no significant amount of backscattered light from the bottom
layer reaches the detector. The parameters of the bottom layer are then not uniquely
reconstructed. Almost any number more than 1.6mm for the transport mean free path for
the bottom layer can fit the experimental data. The transport mean free path and the depth
of the top layer fit the experimental data within 6% and 20%, respectively. For a lesser
6mm thickness of the top layer, both top and bottom layer parameters are more or less
found with less error, about 17% in the depth. This gives a lot of hope in trying to image
layered structures(skin, skuil) that are highly scattering. Once the light can penetrate all
the layers, it is indeed possible to reconstruct with minimal errors multiple structures.
This difficulty in uniquely reconstructing the parameters of the scattering medium reveals

the need for a better theory to reconstruct the optical parameters of a layered medium.
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4.8 Figures
Figure 4.2 Absolute calculated back-scattered intensity profiles in
frequency domain for different depths of the top layer and tixed

transport mean free paths and source-detector separation using eq. 4.30.
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Figure 4.3 Normalized calculated back-scattered intensity profiles
in frequency domain for different depths of the top layer and fixed

transport mean free paths and source-detector separation using eq. 4.30.
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Figure 4.4 CFM light is incident on a scattering medium. The backscattered signal is collected

by a tiber and time-resolved by an ultrafast streak camera and CCD detection system
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Figure 4.5 a)Fitting with the diffusion equation model of the intensity profile
from a homogeneous sample of wax; b) Fitting with the diffusion model of

the scattered pulse profile from a homogeneous sample of intralipid scatterers.
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Figure 4.6 Temporal experimental profile of the back-scattered intensity

from the two-layered medium. The depth of the top layer is 10mm.
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Figure 4.7 The temporal profile of light backscattered from a

two-layered scattering medium. The depth of the top layer is 6mm.
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Figure 4.8 Experimental and theoretical fittings of back-scattered intensity profile from a
two-layered random medium for a source-detector separation of 20mm. The transport mean free

path of the bottom layer is varied to check for the unigueness of the parameters of the bottom layer.
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Figure 4.9 Experimental and theoretical fittings of back-scattered intensity profile from a
two-layered random medium for a source-detector separation of 20mm. The transport mean free

path of the top layer is varied 1o check for the uniqueness of the parameters of the top layer.
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Figure 4.10 Expenmental and theoretical fittings of back-scattered intensity
profile from a two-layered random medium for a source-detector separation
of 20mm. The transport mean free path of the bottom layer is varied

to check for the uniqueness of the parameters of the bottom layer.
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Chapter 5

Photon migration in a rectangular slab

5.1 Introduction

Photon migration in highly scattering media has been used to reconstruct hidden
objects inside scattering media '->. Several research groups have used the diffuse light
to reconstruct the optical properties of the hidden object. In the reconstruction process,
the weight function for each volume element is usually obtained using Monte Carlo
simujations to calculate the collision densities. Different algorithms have been used.
These algorithms include projection onto convex sets (POCS), conjugate gradient descent
(CGD), and simultaneous algebraic reconstruction technique (SART). These simulations
and algorithms require substantial amount of computer time*=. For real life situations,
these methods may not be of practical importance. In this chapter, we present a simple
way to quickly evaluate the optical properties of the hidden object with respect to the
reference medium, It will be shown that the intensities at a point for a detector oriented
perpendicular to the medium surface decrease at all positions around a scattering medium
as the medium becomes more and more scattering. This way, one can just look at the
scattered intensity profiles and quickly estimate the properties of the object hidden inside
the scattering medium with respect to those of the reference medium without using

sophisticated mathematical equations and computer algorithms.

In this chapter, we will further show that the risetime and the peak intensity of
the scattered pulse profile are all that are needed to obtain the actual parameters of the

scattering medium.
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To acquire a 3—dimensional reconstruction map of the hidden object using multiple
detectors and a source of photons, one needs a reference data where the object is out of
the scattering medium for each detector position. In real life, it is not possible to take
the object out the medium and take data. It is possible, however, that one detector may
be placed at such a position that the object has no influence on that particular detector
reading. That reading is the reference data for that detector. Using one reference data
and a suitable theory such as diffusion, we will show, in this chapter, that the reference

data at any position around the scattering medium can be “measured”.

5.2 Theory

The diffusion equation to be solved for slab of length, L and width, w is given by:

d"((.)’;‘” = DVn(Rt) - ;—'n(r*.f) + 8(M)8(1) (5.1)

where n(7.t) is the photon number density at position ¥ = (.. y,z) and time t; [) = %ﬂ
is the diffusion coefficient; v, the speed of light in the mediem; |, the transport mean free
path of the medium at the operating laser wavelength: ;. the absorption length; 6(/)a(?).
the impulse source function at position 0 and time t=0.

In the diffusion approximation, the boundary condition used is that the photon density
must vanish at the extrapolated boundaries 2=0, z=L+22p=d , y=0, and y=w+2yy=h which
are the medium length and thickness extended by twice the extrapolation lengths zy and
yo. respectively. The actual medium occupies the region of space from z=z; to z=L+zp,
y=yg to y=w+yy. [t will be assumed that z;y and y are both equal to 0.7104];. The method

of images is used to set the photon number density to zero at the extrapolated boundary.
The solution of eq. 5.1 for an infinite medium is given by %8:
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.2 '
nir,t) = ——-——I 3 _)t‘.l'p(— d )f.rp(—ﬁ). 5.2)
(17 Dt) /2 i la

To make the photon density zero at the extrapolated boundary 2=0, a negative or
image source is added to the infinite medium problem at z=-z°. The zero photon density
condition at z=d can be met by adding two sources near z=2d, but then the boundary
condition at z=0 is violated for time t more than or equal to 2d/c. To resatisfy the
condition at z=0, two sources are placed near z=-2d. But now, the condition at z=d is
violated. These boundary conditions and those in the y-direction can be met at all times
by adding an infinite number of dipole sources all over the y-z plane as shown in Fig.

5-1. The medium is assumed to be infinite in the x-direction.

The photon number density for a slab of length L and width w, at a point (x,y,z) and
time t with the impulse source located at (0,y’,z') at time t=0 is given by the method

of images (Fig. 5-1) as:

A re o
niry. 2 f)= ————erp| ——— |erp| —— (5.3)
(royez.1) (1r D13 p( -H)f) p( fn)

where S is given by:

n="x

S = Z {r .rp[—(:!mf +: - :)',/-h')f} - f.rp[-('.!nd -z = :)3/4:')!] }\
"'i'x‘ {r.rp{—(‘.!mh +y - y)l"/-l[)!] —erp|—(2mh ~-y - y)zj.lf)t] } 69
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Using the Poisson sum formula S may be written as:

v =4 m Dt "f. ”_nnrr:'wnnrr: rp(—niDtn? fd*) X
N =g : Sin——¢rj n .
n=-—m50
— g . o (5.5)
Z sin——Y .w'n””ry(.rp(—rr"f)hn'/h").
M=—"2 ;r }J
The photon flux is given by:
J=—-DVn. (5.6)

The photon fluxes for different directions around a slab of scattering medium as

shown in Fig. 5-2 are given by:
a) Backscattering

For a detected oriented so as to pick up the backscattered light at the surface of the

slab, the flux is given by:

- )
Jroy o l) = J(J'.y.:u,!)| = l*[);?_fj (5.7)
which evaluates to:
S r? vt
Fr - \‘: !f = B—rye y—— - L] .
J. Aoy, zat) (Airr!)f)‘;lz! rp( _”)t)(.rp( fa) (5.8)
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where

{eon[=trr i) = conl=cr0?/101] }
where [y = (2nd + 2" — z4)
fr=2nd - -3 e
fi=2mh+y —y

fy=2mh -4 — .

b) Transmission

The transmitted intensity, given by replacing the zy term in the flux expression in

the back-scattered direction by d-zy, is written as:

(5.10)

- )
ey d—zo0) = |Ja oy d - :n.f)’ = ’—D:T)—r}

r=d—1zp

or

(5.11)




where

H2=C

Si=5 3 {nean[=nr 0] ~ (e[~ ] x
f {f.;-p[_(_r,;)?/-u)r] —f.,-p[—(_ﬂ. )‘/-m:]}

where fy = (2nd + 2 —d — z0))
' (5.12)
fg =2nd — 2 — ((f - ol

fy=2mh+y' —y.

and fy =2mh —y —y.

¢) Side Scattering

When the detector is oriented to collect the side scattering light in the y-direction,

the expression for the flux is:

- ()
Jyle o ) = [ yo, :.!)' = ‘—nfi (5.1
d” Mo
The flux in the y-direction is given by:
1 0 Ny o l'l) (5.14)
v s = |0t _——— Il - .
pl s Y0 (I;rl_)f):i/‘zt r] T .y I

with
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n=rx

S, = 5’}."?1 {r.rp[—(f“ 274Dt) = cap[~( )40 } X
"ix {_f_-nr.rp[—-(_f,;_-;)"/l!)!] — faqe .rp[——(f“)"’/-lf)f} } (315

where

fii=d+: - -,

for = 2nd — 2 — -,
(5.16)
faz = 2mh + ' — yo.

Jia =2mh — §' — yo.

The detection at the side y=h-yq is obtained by replacing yp by h-yp in eq. 5.14
above for the flux J.

The expressions for the Aux given in this section will be vsed to fit the experimental
data to obtain the optical parameters of the scattering medium. The theoretical profiles
and integrated areas in this chapter will be multiplied by the collection solid angle of the
optical fiber detector described below. The absolute intensity values of the theoretical
profiles and integrated areas are given as a fraction of the input energy.

The expression for 1] is used to compute profiles for different transport mean free
paths of a scattering medium and a fixed absorption length 1,=400mm. The size of the
slab is L=60mm, w=60mm. The source and detector axes lie on the same y-z plane. The
source location s y=30mm+yo and z2=zp.

Fig. 5-3 shows the computed transmitted intensity profiles for different transport

mean free paths; a) is for li=3mm, b} is for ;=2mm, and ¢) is for li=1mm. The source to
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detector distance is 60mm in the z direction ( S-D{z)=60mm} and O in the y-direction (
S-D(y)=Omm). The areas under the scattered pulse profiles are 17.1x10~7, 8.61x10~7,
and 1.82x 10~ 7, respectively. The peaks and the areas of the profiles computed from low
scattering medium to higher scattering medium decrease.

Fig. 5—4 shows the side-scattering profiles computed for source detection distance S-
D(y)=30mm and S-D(z)=30mm a) k=3mm, b) [;=2mm, and ¢) k=tmm. The areas under
these respective curves are 5.53x107%, 3.13x107°%, and 0.91x 10~%. The peak intensities

and the integrated intensities both decrease as the transport mean free paths decrease.

Fig. 5-5 shows the backscattered intensity profile at a source detector separation of
25mm in the y-direction and S-D(z)=0 for a) 4=3mm, b) 1=2mm, and ¢) =Imm. The
areas under the profiles are respectively, 11x107%, 6.37x 1074, 2.19x 1079,

The peak intensities and the areas under the profiles decrease as the medium becomes
more and more scattering. It was expected that the intensity peaks and/or the areas would
increase for a more scattering medium in the back-scattered direction at least . Such is
clearly not the case. The intensity values for the more scattering medium are slightly
higher than the values for the less scattering medium for later times. The same observation

is made for forward and side scattering profiles.

5.3 Experimental Methods

The experimental set-up is showed in Fig. 5-6. To study the scattering profiles
around a rectangular slab, a colliding pulse mode-locked laser generating ultrashort laser
pulses of 100fs duration is used as the source operating at 625nm at a frequency of
82MHz is used as the source. The average power of the laser pulses is 10mW. The

light is divided in three parts by a thin glass slide; one part goes to the photodiode that
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triggers the streak camera. Another part goes to an optical fiber of 400um diameter that
is used as a reference to monitor the stability of the laser and to mark the zero arrival
time. As the laser intensity fluctuates, this reference pulse is used to bring the incident
light to the same level so that the detected intensities can be compared with each other.
The detected intensities will be given as a fraction of the input intensity. The main part
of the divided beam is focused onto an optical Aber of 400;m diameter by a lens of
focal length, f=7.5cm. The other side of the optical fiber is screwed onto a plastic cell
60mm x 60mm by a SMA connector at the middle of the input side of the slab. The cell
is fitled with intralipid scattering suspensions. The original 10% stock of Intralipid is
diluted with water to form three samples of different concentrations. The concentrations
used are 2.4% (2.4% of the original 10%), 3.6%. and 4.7%. The height of the scattering

medium is 12¢m: The bottom boundary is Scm from the source detector plane.

The scattered pulses are detected by four optical detector fibers of 400y core
diameter. These optical fibers are assumed to collect light at all angles. The detector
fibers are positioned around the cell slab. One is placed in the backscattered direction (
fiber d) 25mm away from the source. The other two (b, ¢) facing each other are placed
each at the middle of the two sides perpendicular to and 30mm from the input side of
the slab. The two axes are collinear but perpendicular to the axes of the source and back
scattered fibers. The optical fibers b and ¢ arc separated by the slab thickness of 60mm.
Another optical tiber detector (a) facing the source is positioned in the middle of the exit

side of the slab to collect transmitted signals.

Calibration of the detected intensity is performed to make sure that for any fixed

level of intensity incident upon the optical fibers, under the same conditions, each yields
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the same output. This is performed by putting alternatively each of these optical fiber
detectors at the exit surface of a highly scattering medium at exactly the same location
and oriented in the same direction to detect the transmitted intensity. Given that all
the conditions are the same, the same intensity should be obtained. To account for the
missing intensity, a calibration factor is added to the appropriate fibers.

The output sides of the four fiber detectors and the reference one are connected in a
bundle and screwed onto the streak camera. The surfaces of the fibers are all on the same
plane on the input slit of the streak camera. The streak camera time resolves the signal

that falls unto it with a resolution of 10ps. A gain of 3 and the slow speed 4 are used.

5.4 Resluits

The absolute detected intensity values and integrated areas are given as a fraction
of the input energy. Fig. 5-7 shows the experimental curves together with their fittings
(broken lines) for the transmitted intensity profiles: 5-7a is for Li=3mm, 1;=480mm
and area=1.0x 107" 5-7b is for 1;=2.1mm, [,=492mm, and area=0.58x 10~%; and 5-7¢
for I,=1.7mm, 1,=559mm, and area=0.35x 10~%. The fittings are performed using the
diffusion model described in the theory section. Excellent agreement is observed between
experiment and theoretical model. The peak intensities and the areas under the profiles
decrease as the medium becomes more scattering. To assess the errors in the fitting
parameters l,=3mm and 1;=480mm, intensity profiles using transport mean free paths of
2.8mm, 3.imm, and 3.2mm and fixed [;=480mm are plotted on the same graph(Fig.
5-8a). The profiles plotted with ;=2.8mm and 3.2mm are largely different from the
fitting profile. The error in |; can then be safely taken as 0.2mm. This error will be

even less as the medium becomes more scattering. The error in the absorption length
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is obtained by proceeding in a similar fashion for I;=430mm, 480mm, and 530mm and
fixed 1,.=3mm(Fig. 5-8b). The profiles for 1,=430mm and 530mm are clearly different
from the fitting profile which has 1;,=480mm. The error in the absorption length is then
about 50mm.

Fig. 5-9 shows the intensity profiles in time and fittings for the side scattering light.
The intensity profiles collected by the optical fibers #b and #c on the side of the cell
slab are symmetric. For this reason, only the intensity captured by #c is presented. The
areas under the pulse profiles are 3x 10~%, 2.3x107°%, and 1.75x107® for a, b, and c,
respectively. The optical parameters are found to be about the same as for Figs. 5-7a,
b,c. Fig. 5-10 represents the backscattered intensity with areas 4.96x 107", 4.4x 10~°,
and 3.5x 107, The optical parameters given in Fig. S-10 are the parameters obtained
from htting the transmitted profiles.

In all the cases, forward scattering, side scattering, and back scattering there is a
consistent decrease in the peak intensities and the integrated areas under the profiles.
At late times ( Figs. 5-7, 5-9, and 5-10), the intensity of the higher scattering medium
increases slightly over that of the less scattering medium but that increase is not enough to
significantly influence the total area under the profiles. These observations are consistent

with those made from the theoretical curves plotted for times as long as 6 ns.

5.5 Discussion

The decrease observed in transmitted and side scattering intensity profile for de-
creasing Iy is not surprising. However, the decrease in the backscattered signal was not
expected. If all intensity profiles decrease. then where does the energy go? An answer

to this question is addressed in this section.
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Without loss of generality, consider the same slab as before but with infinite width w
For the transmitted intensity, it is estimated that the total scattered light is approximated

b)' g-{| gf_

The solution to the diffusion equation for the back-scattered signal, using Poisson

integral formula, is:

f'.r-p(;n‘) "X mrd | omrs mry? vl
= ———— .“I R‘ g - ) £ _—— . 5'
n(k.1) Py E m——sin— f:;l( ! i‘( ) )f:p( ) (5.17)

o
m=—"2

The flux in the back-scattered direction is given by Fick's law of diffusion as:

7 -
- CIP\TADT) o~ 2mms : !
J(R.t) = —5-——%72’——’-)- ;L;.«m "'f "e-xp(—!)f(m) ),.,,,,(.,'_.)_ (5.18)

{i
m=|

Integrating the flux magnitude over the whole backscattered surface

H=

feur(l) =27 f J(R.ORdR (5.19)
R=0

gives

M=x

) - 2 1
lae ()= D Z r:;;-sm-mf;h"f'.rp(—!)!($) )(.l‘p(—:'—f). (5.20)
m=1

The total intensity in the back-scattered direction is obtained by integrating over all

time the intensity on the back-scattered surface and is given by:
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lrotat = f Tour (1)1 (5.21)

It is equal to:

!) =" -’ - 2 - l
Liotal = - Z m(%) sin m;r L — — (5.22)
m=1 ‘ ‘ ")(_J_) + T

For media of low absorption { {,— > oc), this intensity is approximately:

I 220 )
Tiotal = 2 (1 - T) = 5T 7o (5.23)

This 1/2 factor is due to the fact that the photon source is assumed to be diffuse

at the slab boundary z'=z5. If it is assumed that the photon source becomes diffuse at

2'=2z5'%" ie. at a distance z; after the physical boundary, the total intensity in the

back-scattered direction is:

/ !

- = - . 5.
+ 2 I + 1.-12()2’;{' (5.24)

"ff)ftlf = ]

where 2g=0.71041,. We remark that this expression for the total back-scattered intensity is
consistent with the calculations of Genack et al.!™!! if it is assumed that the penetration
depth that is the depth after the physical boundary of the slab where the collimated
source of photons is effectively randomized( referred to as zp, in [10-11]) is zy. The total
intensity in the transmitted direction becomes 7%_9;

This expression shows that over the whole back-scattered surface, for thickness of the

slab, L of the order of 2z, the intensity increases as the medium becomes more and more
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scattering. For L=60mm, |=7mm, the total back-scattered is li03=0.86; For L=60mm,
li=3mm, l;o2=0.93 which is an increase of about 8% compared to the total intensity given
before for ;=7mm. It can be seen then that as the transport mean free path of the medium
decreases, the transmitted intensity decreases and the backscattered intensity increases
slightly for whole surface collection. The increase in the whole surface collection of
the back-scattered intensity is mainly due to the light detected close to the source that
is not yet in the diffusion region. For point collection of the detected intensity in the
diffusion region i.e. S-D>7l, both transmitted and back-scattered intensities decrease.
The decrease in the point collection in the back-scattered direction is due to the absorption
of the medium. As the scattering increases, photon travels longer distances to reach the
detector and therefore is absorbed more. Therefore there is no contradiction with energy
conservation laws. This derivation shows also that for very large thickness of the slab,
the total backscattered intensity is always the same, independent of the transport mean
free-path. For completely non-absorbing media, the backscattered intensity is | for semi-

infinite geomelry.

In the diffusion region, two other parameters that can be used to obtain the optical
parameters, |, and 1;, of a random medium are the peak intensity and the risetime defined
as the difference between the time at which the intensity reaches 90% of the peak value
and the time at which the intensity reaches 10% of the peak value. Figs. 5-11 shows plots
of the risetime against the peak intensity for different | and different t,. The theoretical
points are obtained from eq. 5.11; the experimental data points are obtained from Fig.
5-7. As the transport mean free path increases, the peak intensity increases and the

risetime decreases. For large |,, the curves of the risetime vs the peak intensity start to
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converge meaning that in the non-diffusion region, the risetime and the peak intensity
can not uniquely give the optical parameters of the scattering medium. This was 1o
be expected since the diffusion approximation is valid for source-detector separation
more than about 7l. If the pulse profile is given, all that one is to do is to find the
peak intensity and the risetime and go to these two plots to find uniquely It and la.
For example, from the experimental curve profile in Fig. $-7a, the peak intensity and
the risetime are, Ipeak=0.84x 10" and trise=407ps. Placing this point in the plot, one
finds the optical parameters as ;=2.9mm and 1,=500mm which are pretty close to the
reconstructed parameters from diffusion theory of |=3mm and 1,=480mm, which is a
discrepancy of about 3%. This is a simple way so far to obtain the parameters of a
medium. All that is needed is the risetime and the maximum intensity that can be easily
found from the profile in question. As stated before, the error in the optical parameters

increases as the source-detector separation is decreased below 7I,.

This multi-fiber collection system can be used to obtain pulse profiles for a reference
medium for possible three-dimensional imaging using only one detector. Only an
appropriate theory to calculate the intensity profiles at other positions is needed. Fig.
5-12 shows the transmitted intensities divided by the side-scattered intensities at different
times for the three different transport mean free paths from theoretical and experimental
data. The ratios are exactly the same for the different scattering media. The equality

may be written as follows:

’ff;ﬂ’ﬂﬁ . !) ,!rmu J g
mfdr( g UL Y (5.25)
25y (r.t) 184 (1)

where the subscripts exp and th stand for experimental and theoretical values, respectively.
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Fig. 5-13 is the ratio of the forward-scattered to the back-scattered intensity profiles
for the different transport mean free paths . The ratios for theory and experiment are the
same for early times but different for later times. The fitting looks better as It becomes
smaller. The discrepancy might be due to the fact that the detector in the backscattered
direction is close to the corner of the slab. The smallest distance to the corner of the
slab is about 4lt. The corner might affect photons arriving at late times, which may be
why there is a substantial discrepancy in the ratios at late times. The equality of the

ratios may be written as:

lf{;‘;in’(r,‘f)l _ [tnme(,r.fll (5 26)
Thk(rt) T bk (e 1) B
irans
where "—'i,{’.—,;[—”| is the ratio of the forward-scattered to the back-scattered experimental
pxp

lr(uu rl !

,(., o) Y;, is the ratio of the

curves in time for a particular scattering medium, and
forward-scattered to the back-scattered theoretical curves in ime for the same scattering

medium.

The proportion being valid for any direction, one can generalize by omitting the

superscript side, back, or trans in eqs. 5.25 and 5.26 as follows:

’frp("'-’)l lfh( )

= 527
If.rp(r-” I”,(I f} 1 ( )

which is equivalent to:

i
J'rrp(l’".f)lf, = a’(-:p(?‘. ) ”'( !))l (5.28)

that can be used to “measure’” an experimental curve in any direction given one exper-
imental profile in one direction and theoretical algorithms to calculate profiles in any

direction. The terms of this equation(eq. 5.28) are interpreted as follows:
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ferp(r'.1) is the desired experimental value at time t and position r'; lerp(r.t) is an

actual experimental measurement value at time t and position r; and

Tan(r' 1)
—_— 7 5.29
!”,(T.f) ( 2 )

is the ratio of the theoretical intensities at position r’ to those at position r at time t.

5.6 Concluslon

Experimental data and theoretical model confirm that forward-, side-, and back-
scattered light exhibit a decrease in peak intensity and the areas under the profiles. It
has been expected that when a medium becomes more scattering, the backscattered light
intensity would become higher and the transmitted intensity would become lower. This
has been now shown not to be correct for the back-scattered signal. Only at certain late
arrival times, the backscattered intensity i1s higher. It has been shown, however that for
whole surface collection in the back-scattered direction, the intensity increases as the
transport mean free path decreases.

A new method to obtain the transport mean free path of a medium is by finding the
risetime and the peak intensity of the scattered puise profile. There are many transport
mean free paths and absorption lengths that correspond to a particular risetime or peak
intensity. For a given profile of scattered intensity in the diffusion region, however, there
is 4 common point that corresponds to the risetime and the peak intensity. That point
represents the optical parameters of the scattering medium. A large error in the optical

parameters in the non-diffusive region is expected.

It has also been showed that any cxperimental profile can be “measured” by using

only one detector at one direction with a suitable theoretical model. This is important
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in medical imaging where a reference profile is needed for every detector position. If
one detector can be placed at such a position that the hidden object does not influence
the collected data, then reference profile can be “measured” for any other detector at

any position.
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5.8 Figures

Figure 5.1 Diagram of the dipole sources to satisfy the boundary conditions at all times.
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Figure 5.2 A rectangular slab comtaining scattering particles. The

positions of the forward, backward and side detectors are shown.
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Figure 5.3 Forward scattering light profile computed from diffusion theory for
a) lt=3mm, la=400mm, area=17.1 xt0~7b) lt=2mm, 1a=400, area=8.6x 10"

and ¢) lt=1mm, 1a=400mm, area=1.82x 10~" for S-D(y)= Omm, S-D{z)= 60mm.
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Figure 5.4 Side-scattering intensity profile computed from diffusion theory for a)
lt=3mm, 1a=400mm, area=5.53x 10~% b) k=2mm, 1a=400mm, area=3.13x10~%, and

¢) It=1mm, la=400mm, arca=0.91x 10" for S-D(y)=30mm and S-D(z)=30mm.
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Figure 5.5 Back-scattered intensity profile computed from diffusion theory for a)
h=3mm, la=400mm, area=11x10"% b) l;=2mm, 1a=400mm, area=6.37x10-¢ and

¢) li=1mm, la=400mm, area=2.19x 10~% for S$-D(y)=25mm and S5-D{z)=0mm.
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Figure 5.6 Experimental set-up. Multiple detection system uses

four optical fibers of the same length. C. F. : Collection tiber
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Figure 5.7 Transmitted experimental profiles and diffusion model fittings
for a} 2.4% intralipid concentration, lt=3mm, 1a=480mm, area=1x {0~
b) 3.6%, It=2.1mm, la=492mm, area=0.58x 10~° and c) 4.7%, lt=1.7mm,

la=559mm, area=0.35x%107% for S-D(y)=Dmm and S-D(z)=60mm.
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Figure 5.8 Fitting of the transmitted experimental profile given in Fig. 5-7a with
the diffusion theory model; a) various transport mean free paths 1,=2.8, 3.1, and
3.2mm besides the best fit of [i=3mm and a fixed absorption length 1,=480mm

are used to fit the experimental data to estimate the error in I;; b) the error in I, is

estimated by fitting the experimental profile with the diffusion theory computed for

=430 and 530mm besides the best fit parameter 1,=480mm and fixed 1;=3mm.
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Figure 5.9 Side Scattering experimental profiles and diffusion model
fittings for a) 2.4%, 1t=2.7mm, 1a=533mm, area=3x10"" b) 3.6% intralipid
concentration, It=1.9mm, la=479mm, area=2.3x 10~" and ¢) 4.7%, lt=1.5mm,

la=487mm, area=1.75x%10"% for S-D(y)=30mm and S-D(z)=30mm.
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Figure 5.10 Back-scattered intensity profile for a) 2.4% intralipid concentration, lt=3mm,
la=480mm, area=4.96x 10~" b} 3.6%. lt=2.lmm. la=492mm, area=4.4x 10~" and ¢)

4.7%, It=1.7mm, la=559mm, area=3.5x 10~ for S-D¢y)=25mm and S-D(z)=(mm.
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Figure 5.11 Risetime against the peak intensity for the transmitted profiles for different

transport mean free paths I, and absorption lengths 1. Selid line: theory: Points: experiment.
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Figure 5.12 Ratio of transmitted to side scattered intensities in time from

diffusion(solid) and experiment(broken) for different transport mean free paths.
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Figure 5.13 Ratio of forward- to back- scattered intensities in time from

diffusion(solid) and experiment(broken) for different transport mean free paths.
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Chapter 6

The angular dependence of
backscattered light intensity profile

6.1 Introduction

Over the past decade, diverse research projects have been oriented toward studying
the light back-scattered from a random medium'~%. The application of light back-scattered
has been extended from a determination of the optical properties such as the transport
mean free path and the absorption length to the imaging of hidden objects inside the
scattering medium. In 1975, Reynolds et al.! used back-scattered light to determine
the oxygen content in blood. In 1979, Shimizu et al.? used the back-scattered light to
determine the optical properties of scattering media such as tissue. Recently, Welch et
al.** used reflectance measurements to obtain the difference in the optical properties
of normal egg white and coagulated egg white. Das et al.’ and Yoo et al.® determined
the transport mean free path and the absorption length of cancerous and benign breast
tissues using the back-scattered light. Feng et al.”used theoretical back-scattered data
1o reconstruct an absorber imbedded inside a scattering medium. Light back-scattered
from a random medium has the advantage of non-invasively probing the interior of the
medium® such as the breast. Unlike the transmitted signal. the back-scattered detected
signal is not limited by how much the breast can be compressed; some signal can always
be obtained in the back-scattering direction by adjusting the detector. While a substantial
amount of work has been accomplished using the reflectance geometry, these works have
been performed by placing the detector perpendicularly to the surface of the scattering

9-10

medium. In a recent study” ', it has been shown, using the back-scattered signal, that
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there may exist most favorable photon paths along and near by which most of photons

propagate. These photon paths have been shown to be time and angle dependent.

In this chapter, we will show that there is a strong angular dependence to the
temporal behavior of the back-scattered light in the non-diffusive region. The profiles
were measured using an ultrashort laser system and picosecond resolution streak camera
system. This angular dependence of the back-scattered light indicates that there may
be well defined photon paths between the source and the detector. By substiracting the
effect of the diffuse photons, we will determine the fraction of photons that travel along

well defined paths.

6.2 Experimental methods

The experimental geometry to demonstrate the angular dependence of the back-
scattered intensity profile is shown in Fig. 6—1. A colliding pulse mode-locked (CPM)
laser is used to produce ultrashort pulses of 100fs FWHM at a repetition rate of 82MHz
and a wavelength of 625nm. The average power of the laser beam is 10mW. The pulses
from the mode-locked laser are divided in three parts;: one small part goes into a fast
photodiode that triggers the streak camera, another part goes into the streak camera and is
used as a reference to mark the arrival time of the pulse, und the main part of the beam is
coupled through a lens to the input side of an optical fiber used as the source. This fiber
has a core diameter of 200 ;m and a divergence angle of Sdegrees (FWHM). This small
divergence of the optical fiber is designed by placing a small self-focusing lens at the
end of the delivery fiber. The tip of this optical fiber is inserted Imm below the surface
of an intralipid suspension. The intralipid is contained inside a rectangular plastic cell

{10cm width x 10cm length x 13cm height ). The intralipid reaches a height of 11lcm.
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Two different concentrations are used in this experiment; the first one is obtained by
adding 7.6ml of the stock ( the stock is 10%) to | 100ml of distilled water. The transport
mean free path for this concentration is ,=9.3mm. The other concentration is obtained by
adding 30.6ml of the stock to 1 100ml of water for a transport mean free path 1,=2.3mm.
An optical fiber detector of 400um: core diameter with collection angle of about 10degrees
is placed 40mm (R=S-D=40mm) from the source fiber in the back scattered direction.
This tiber is mounted on a rotational stage so that the angular dependence of the scattered
light can be measured. When the fiber detector is oriented parallel to the source fiber and
perpendicular to the medium surface, the angle of collection is referred to as O degree.
When the orientation of the fiber detector is tilted away from the source, the angle of
collection is positive and when the orientation is tilted toward the source, the angle of
collection is negative as shown in Fig. 6-1. It should be noted that the tip of the fiber
detector is always at the same point. The streak camera and CCD systemns time resolve

and display the signal on the video monitor.

6.3 Results

Experiments have been performed to determine the angular dependence of scattered
light profile in the backward direction. The absolute intensities represent the fraction of
photons detected for one photon incident on the scattering medium. Fig. 6-2 shows the
absolute detected intensity profiles in time for [;=9.3mm for three different orientations
of the tiber detector: 0, -25, and 45 degrees. The dependence of the detected scattered
signal on angle is clear. The more the detector fiber is oriented away from the source, the
more the detected signal and the earlier the intensity peak arrives. The later portions of

all the curves, beyond 750ps, are about the same. These late arriving photons represent
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the diffuse signal for this source detector separation. The early part of the signal has some
diffuse signal but this diffuse signal which can arrive only after travelling 71, however, is
superimposed on some amount of snake signal that has travelled about the same distance
with less scattering. In this geometry, the source to detector distance is about 4.31; which
is not yet in the diffusion region for the early arriving photons. One can observe the
broadening in the pulse profile as the detector is turned from 45 to -25 degrees. Such
broadening is a direct consequence of the low amount of snake light and more diffuse
like light(the photons are randomized) that enter the detector at —25 degrees. Also at that
orientation of the detector, the signal is more evenly distributed in time.

Fig. 6-3a displays the detected intensities for [=2.3mm for detection angles of 0,
~25, and 60 degrees. There is a small difference between the detected intensities at angles
0 and -25 degrees around the peak time 750ps. The scattered signal intensities detected
at angles 0 and 60 degrees are about the same. This source to detector distance is about
171; which is in the diffusion region even for early photons . In other words for this
configuration, diffuse photons can (but do not have to) arrive early. The early photons
that are snake-like are few. The majority of photons detected are diffuse. Therefore, the
orientation of the detector does not make much difference in the detected signal. The
profiles for detector orientations of 0 and -25 degrees fitted with the same version of the
diffusion theory are shown in Fig. 6-3b. The transport mean free paths are found to be
2.38mm and 2.32 for 0 and -25 degrees, respectively. These parameters match closely

the experimental value of the transport mean free path of 2.32mm.

6.4 Discussion

Fig. 6-2 has shown an increase in the absolute detected intensity as the fiber detector
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is oriented away from the source. The ecarly part of the detected signals up to about
750ps at 45 degrees is larger than that at 0 and -25 degrees. The difference in the
detected intensities due to the orientation of the tiber detector is showed in Fig. 6—4a
where the intensity profile for the tiber detector oriented at -25degrees is substracted
from the intensity profiles for the fiber detector at —15, 0, and 45degrees for 1,;=9.3mm.
The peak of the intensity difference reaches about 3.4x10~" for the fiber detector
oriented at ang=45degrees, drops to about [.1x10~* for ang=0Odegrees, and to about
0.3x 107" for ang =-15degrees. The larger value of the intensity difference is due to
snake photons entering the detector as it is turned towards positive orientations. For
the higher concentration L=2.3mm(R=S-D=17],), however, the difference between the
detected intensities is very low as shown in Fig. 6-4b drawn to the same scale as Fig.
6—4a for comparison. This small difference means that the orientation of the detector

does not make a lot of difference in the diffusion region.

The maximum detected intensities are explicitly plotted in Fig. 6-5a for ,=9.3mm
for the different oriemtations of the fiber detector. The peak intensities are the same
from -25 to -15 degrees detector orientations meaning that the snake light does not
influence the detector reading when the detector has a negative orientation. As soon as
the detector is turned to O degree, the peak intensity increases by about 35%. From 0
to 15 degrees fiber orientation, the peak intensity increases by about 26%. The peak
intensity keeps increasing at the same rate as the detector is turned toward 45 degrees.
The peak intensities for 1;=2.32mm remain basically the same for the different angles of
orientation of the detector as shown in Fig. 6-5b indicating that the scattered intensity

profile has little angular dependence in the diffusion region.
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The difference that the snake photons make can be studied further by plotting the
risetime against the angles of orientation of the optical fiber detector (Fig. 6-6). For the
fiber oriented at =25 and -15 degrees, the risetime is about the same. There is a steep
decrease of the risetime as the angle is varied from -15 to +15 degrees. The risetime
keeps decreasing as the detector orientation is increased to 45 degrees. The region from

—15 to 45 degrees is where the snake photons make the most difference.

Fig. 6-7 represents the plot of the time where the intensity is maximum against the
angte of detection. The peak time moves earlier as the angle of detection becomes more
and more positive. Such is again a direct consequence of the non—diffusive photons that

become more and more intense close to the surface of the medium for this geometry.

These observations show that for 1;=9.3mm the snake signal contribution to the
detected signal is negligible when the detector has negative orientation. Only a small
amount of snake light turns around to enter the detector when oriented at a negative
angle. The reason is that is very unlikely for a photon to leave the source, scatter only
a few times, pass the detector location, and scatter back to enter the detector oriented at
a negative angle as shown in Fig. 6~1 and not be diffuse. To enter the detector, the last
scattering of the photon must be such that the angle the direction of the last scattering

makes with the normal to the detector is within the acceptance angle of the detector.

The fraction{relative difference) of the snake photons that travel along well-defined
paths can be obtained by substracting and dividing by the effect of the diffuse photons.
The relative difference gives a better understanding about the photons that are not diffuse
compared to the simple difference. The relative difference compares the difference at a

time to the number of photons detected at that time. For l,=9.3mm, the detector oriented at
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angle=-25degrees collects mostly diffuse photons. Fig. 6-8a shows the relative difference
of the snake photons for [ =9.3mm. The peak is about 4 for angle=45degrees meaning
that the non-diffuse photons is about 5 times as much as the photons that are for the most
part randomized. The peak falls to about 1 for angle=0Odegrees and to 0.3 for angle=-
15degrees. The large value of the peak of the relative difference at angle=45degrees
indicates that the paths of photons are very intense below the surface of the scattering
medium for this geometry. As the orientation of the detector turns to O and to -15
degrees, the paths of photons become more and more randomized as indicated by the
decrease in the peak of the relative difference. Fig. 6-8b shows the relative difference of
the snake photons for 1=2.32mm. The relative difference is almost zero for the various
orientations of the fiber detector indicating that there is no particular group of photons

that travel well-defined paths for this concentration of the scattering medium,

6.5 Conclusion

It has been shown that there exist some well-defined angular dependence of photons
in the non-diffuse region. The orientation of the detector in detecting the paths is shown
to matter mostly in non-diffusive region. This shows that some photons may travel along
well-defined paths(Fermat paths). These paths have been shown to be very intense for
photons that are the least randomized. But, in the diffusive region(R>7];), the detected
intensities are about the same independent of detector direction which can mean that the
paths are not as well defined. The detected intensity is completely randomized in the
diffusion region. This is why there is no clearly well-defined photon path by varying the
angle of detection in the diffusion region. This is important for imaging with different

angles. If one desires the intensity profile for a certain solid angle about a certain point,
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one can just multiply the detected intensity at that point by that solid angle. Knowing
that the intensity has no angle dependence, one can assume that the weight functions

used in several inverse reconstruction algorithms are the same regardless of angles.
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6.7 Figures

Figure 6.1 Geometry for the scattering light experiment at

different angles of orientation of the detector. R=S8-D=40mm.

Input fiber

Output fiber
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Figure 6.2 Back-scattered intensity profiles from intralipid suspensions for different

orientations of the fiber detector for a source detector separation of 40mm. R=5-D=4.3l,.

ang=45deg
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Figure 6.3 a)Back-scattered intensity profiles from intralipid suspensions
for different orientations of the fiber detector; b) Fitting of a) with

diffusion theory. The source detector separation is 40mm. R=S-D=17.2),
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Figure 6.4 The difference of photons detected at a certain angle with respect to the detected
photons at detector orientation of ang=-25degrees for a) 1;=9.3mm and b) ,=2.32mm. The two

figures are drawn to the same scale for comparison. The source detector separation is 40mm.
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Figure 6.5 The peak intensity for different angles of orientation

of the detector for a) 1;=9.3mm, b) 1=2.32mm and S-D=R=40mm.
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Figure 6.6 The nsetime for different angles of orientation

of the detector for 1;=9.3mm and S-D=R=40mm.
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Figure 6.7 The peak time against the different angles of

orientation of the detector for 11=9.3mm and S-D=R=40mm.
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Figure 6.8 The relative difference of photons detected at a certain angle with
respect to the detected photons at detector onientation of ang=-25degrees for

a) [1=9.3mm and b} [;=2.32mm. The source detector separation is 40mm.
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Chapter 7

Photon paths in highly forward scattering media

7.1 Introduction

In the previous chapter on angular dependence of intensity profile, the strong angular
dependence of the back-scattered light suggests the existence of special photon paths.
Studies on photon paths have been undertaken by several research groups'®. In 1991,
Cui et al.! used a light shielding plate with a hole inside to study the probability
distribution of photons emitted from a surface. In 1993, Grandjbakhche et al.? used
Monte Carlo simulations to study the photon path-length distributions through optically
turbid media. Recently. Perelman et al.> have used the path integral approach to show
that photons travelling in random scattering media follow well-defined paths. Polishchuk
and Alfano* calculated the most favorable photon paths on the basis of Generalized
Fermat Principle for highly forward scattering media. They showed that the Fermat paths
have the largest probability even though some other paths may have the same lengths

and tangents at the source and detector points.

Each detected photon follows a trajectory starting at the source and ending at the
detector. There are groups of photons that travel along unique trajectories. One group
of photons follows the ballistic path. The ballistic path is determined by the straight line
joining the source and the detector and is given by [, = ly¢ 5+ ) where Ip is the
input energy, s, the scattering length, and I;, the absorption length. This group of photons
has been used intensely by different research groups to project a shadow of the target

7

object on the detector®™’. For highly scattering media, the ballistic signal is extremely
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low or non-existent. To use as much of the detected signal as possible, researchers at
various groups have developed reconstruction algorithms for the diffuse signal *-!! that
goes all over the medium. Although plenty of signal is available using this method,
the best resolution that one can achieve is about 51,. An alternative way of imaging is
to use the snake photons that are detected after the ballistic signal. The snake photon
region is between the ballistic and diffuse regions. The snake component for media
whose transport length is much less than the absorption length (li<<l,) is given by!!
I, = i A\{ Al ~HANL/ This non-diffusion region where the photons are not totally
randomized has the resolution advantage of the ballistic region and the signal advantage
of the diffuse region. In this region, some photons travel along well defined trajectories.
In the previous chapter, we have showed that snake photons make a lot of difference
depending on the orientation of the fiber detector. This region can not be described,
however, by neither Beer's law that is used for the ballistic signal, nor by the diffusion
equation that is used for the diffuse signal. A theoretical model that can describe this

region is not yet available.

In this chapter, we will show the existence of certain photons that travel along
well-detined trajectories and that arrive at specific times at the detector. These photons
referred to as “Fermat photons™ by Polishchuk and Alfano** visit different depths inside
the scattering medium and can be probed by analyzing the detected signal at different
times and at different angles This work shows that the Fermat photons may be able
to pinpoint the location of a foreign object inside the scattering medium by using the

non-diffuse portion of the detected radiation.

This chapter presents the work performed to determine whether well-defined Fermat

132



photon paths exist by using an ultrashort colliding pulse mode-tocked laser and an ultrafast
synchroscan streak camera. The angular dependence of photon paths and the dependence
of the scattered light from media of different anisotropy factors will be studied. The
scattering medium used closely simulates the anisotropy factor g, about 0.9, of real

human tissues.

7.2 Experimental Methods

The experimental set-up is shown in Fig. 7-1. A colliding pulse mode-locked (CPM)
laser is used to produce ultrashort pulses of 100fs FWHM at a repetition rate of 82MHz
and a wavelength of 625nm. The average power is |OmW. The laser pulses are divided
in three parts: one small part goes into a fast photodiode that triggers the streak camera,
another part goes into the streak camera and is used as a reference to mark the arrival
time of the pulse, and the main part of the beam is coupled through a lens to the input
side of an optical fiber used as the source. This fiber has a core diameter of 200 ;m
and a divergence angle of Sdegrees (FWHM). This small divergence of the optical tiber
is possible because of a small self-focusing lens placed at the end of the delivery fiber.
Typical angular divergence of optical fibers is about 25degrees. The output side of the
delivery fiber is inserted inside a suspension of polystyrene spheres of diameter 1.1 1 e
contained in a cylindrical tank of 15cm height by 24 cm diameter. The tip of the delivery
fiber is 3cm below the liquid surface and 7cm from the bottom boundary of the container.

The original 10% concentration of the polystyrene spheres is diluted with distilled
water to different concentrations. The first concentration is obtained by adding 10ml of
1.1l polystyrene spheres to 4500ml of water. The second and third concentrations

are obtained by adding 15ml and 34.65ml of 1.11.m polystyrene spheres to 4500ml of
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water, respectively. The anisotropy factor is g=0.93. An optical fiber detector of 600:m
core diameter is placed at 22mm from and same height as the delivery fiber inside the
scattering medium. The collection angle is about Sdegrees (FWHM) so that only light
exiting the medium at a specific angle or orientation is collected. This small collection
angle is possible by inserting a ferrule tube over the optical fiber in the collection side.
This tubing is Scm length of which 3.5cm serves as an extension to the fiber. This length
of the tubing is used to eliminate the light outside the desired collection angle. Inside
the tubing, different spacers are used to clip out the higher modes. The fiber detector is
mounted on a rotational stage so that light scattered at different angles can be measured.
The signal from the collection fiber is imaged on the input slit of the streak camera by

a lens of focal length f=3cm,

7.3 Results

To determine whether some photons travel well-defined paths, an experiment is
designed using a spherical ball painted black of about Smm diameter placed in the
midplane between source and detector. This ball is assumed to absorb any light incident
on it. The ball is suspended by an invisible string of about 100;m diameter. There is
minimum ecffect from the invisible string on the detected signal. The ball(referred to as
object) is heavy enough to keep the string straight. The string is attached to a translation
stage that moves the ball up and down on the midplane so that different depths(paths) of
the scattering medium can be probed. The height of the object(H) is the distance from
the center of the object to the line joining the source and detector tips as shown in Fig.
7-2. When the object is below the line, H is positive and when the object is above the

line , H is negative. As shown in the figure, the object affects some very specific photon
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paths. The photon paths that intersect the object are blocked: those that do not intersect

the object are not disturbed by the presence of the object.

The absolute intensities represent the fraction of photons incident(1 incident photon)
on the scattering medium detected by the fiber detector. Typical intensity profiles
of the back-scattered light from polystyrene suspensions of transport mean free path
i=15.45mm(R=S-D=1.41,) are shown in Fig. 7-3a. The profiles were measured when
there was no object inside the medium and when the height(H) of the object was at H=0,
6. and 11mm. The scattered intensity protile for the object at height H=0mm starts to
deviate from the intensity profile of the reference medium from the ballistic time of about
100ps. The intensity profile for object at H=6mm starts to differ enormously from the
tntensity profile for the reference medium(no object) at about t=120ps. This time is close
to the computed time, 111ps, where one is supposed o start seeing a difference in the
intensity profiles(the plots of the differences of the intensity profiles will be discussed
in the next section). The time is computed by assuming that the least path a detected
photon that hits the object can travel is a path formed by a straight line joining the
source to the center of the object and from the center of the object to the detector.
There i1s an enormous (about 80%) decrease of the detected peak intensity with respect
to the peak intensity of the profile for the reference medium. These two intensity profiles
become equal at about t=300ps. The intensity profiles for object at H=1tmm and for the
reference medium start to differ at about 160ps which is pretty close to the computed
time of 140ps(path from source to object to detector). The peak intensity of the intensity
profile for H=1 Imm shifts to early times by about 20ps as compared to the peak intensity

of the protfile for no object. These two intensity profiles become equal at about t=400ps.
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These curves show that as the object is moved deeper and deeper inside the scattering
medium, the time the detector first feels the effect becomes greater and greater because
the detected photons that hit the object must travel longer distances. The effect starts
earlier for H=6mm(t=120ps) than for H=1lmm{t=160ps).

The intensity profiles of the back-scattered light from the polystyrene suspensions of
trunsport mean free path 1;=4.47mm{R=S~-D=51,) are shown in Fig. 7-3b. The intensity
profiles for the reference medium and when the object is at height H=0Omm start to differ
from the ballistic time of about t00ps. This is to be expected because the photons that
can reach the detector the earliest are the photons that travel the straight line joining the
source to the detector. When the object is at height H=0mm, the center of the object falls
exactly on that line and blocks the early arriving photons. The intensity profiles for the
reference medium and when the object is at height H=6mm start to differ at time about
t=120ps which is the same time as the case of ;=1545mm. The difference between
the two profiles persists for long times. The peak intensity drops by about 35%. As the
object is moved down to H=9mm, the difference with the profile of the reference medium
becomes very small indicating that it might be difficult to detect an object inside a highly
scattering medium. The profiles for the object located at H=9mm and | 1mm look pretty

much the same. For this reason only the intensity profile for H=9mm is presented.

7.4 Discussion

7.4.1 Photon paths for different concentrations of polystyrene spheres

The intensity profiles measured for different phantom media of different concentra-
tions may be analyzed in two ways to obtain information about photon paths: 1) The

difference, Af(t) = I50(t) — Iy4(t), between the intensity profiles in time for no object
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inside the scattering medium, /,,(7) and the object at a certain height H, /4 (/) inside the

scattering medium and 2) the relative difference }M}H = ',""(;)_{:;'m

given by the ratio
of the intensity difference to the intensity when there is no object inside the scattering
medium. This difference gives the number of photons travelling along a particular path
absorbed by the object for one incident photon on the scattering medium; The second
way, the relative difference, gives the percentage of photons travelling a particular path

absorbed by the object.

In this section, both difference and relative difference are used to discuss the photon

paths.

Fig. 74 shows the difference of detected intensities at various times for no object
inside the scattering medium and the ball object at a certain height (H) inside the scattering
medium of transport mean f{ree path 1,=1545mm. A large difference at a certain time
means that a large number of photons following a particular path from the source to the
detector intersecting the object has been absorbed by the object. A small difference means
that the object barcly affects the photon paths that reach the detector at that particular
time. Four different heights (H=Omm, H=6mm. H=9mm, and H=11mm) of the object
are displayed. The effect is clear when the ball is placed at H=0 with maximum effect
at about time t=145ps. As the object is moved to H=6mm, the peak of the intensity
difference increases by about 60% and moves to t=175ps. The increase in the peak of
the intensity difference is attributed to the fact that in the absence of an absorbing object
a great number of detected photons travels the path from the source to H=6mm and to the
detector. When the object is placed there(H=6mm), it just blocks many of these photon

paths and that makes a large difference in the peak intensity. The curve profile of the
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intensity difference is shifted by about 12ps with respect to the previous one meaning
that the effect of the object ball at H=6mm is seen later by the detector than the effect
of the abject at H=Omm. In other words, the photons that travel the straight path from
the source to the detector arrive at the detector earlier than those that travel the curve
path from the source to H=6mm and to the detector. The difference approaches 0 for
times greater than 300ps implying that the object at H=6mm does not affect any paths
of photons that reach the detector after the time t=300ps for this geometry. When the
object is placed at H=9mm, the peak of the intensity difference decreases by about 37.5%
and shifts to 1=200ps. For the case of the object at H=11mm, the peak of the difference
falls at t=220ps and decreases by 12% as compared to the intensity difference when the
object is at H=9mm. The difference is zero for times greater than 400ps. There is a
broadening of the intensity difference as the object is moved deeper and deeper inside
the scattering medium. This means that for objects deep inside the scattering medium,
the object affects a wide range of photon paths. That may make it difficult to precisely

specify the location of an object deep inside a scattering medium.

As said before, the analysis using the difference of the profiles does not yield a
complete picture about the effect of the hidden object. The difference just gives the
number of photons following a particular path affected by the presence of the absorbing
object. From that difference, one can not really see how big or small that number of
affected photons is when compared to the number of photons that would normally reach
the detector in the absence of the absorbing object. To have a better idea about the
effect of the object, one must understand also the “weight” of the difference which is

given by the relative intensity difference. Fig. 7-5 shows the relative intensity difference
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which is the ratio of the difference of the intensity profiles for no object and the object
at a certain height inside the scattering medium to the intensity profile for no object
inside the scattering medium. The relative intensity difference represents the fraction
of photons following a particular trajectory affected by the presence of the object. For
instance, in this figure, when the object is at H=0mm, the maximum of the relative
intensity difference is 0.71 at t=112ps. This maximum means that of the photons that
would normally travel(where there is no object inside the scattering medium) the path
from the source through the object position and detected at time t=112ps, about 71%
have been absorbed by the object. When the object is moved to H=6mm, the fraction
of the photons absorbed is about 48% at t=157ps. The maximum percentage of photons
absorbed by the object decreases as the object is moved deeper inside the scattering
medium; it is 33% and 31% for the paths arriving at t=200ps and t=226ps at the detector,
respectively. The effect of the object consistently decreases as it is placed deeper inside

the scattering medium.

One can remark that the time of the peak of the intensity difference is greater than
the time of the peak of the relative intensity difference for H=Omm and H=6mm. The
reason is that when the object is placed at these positions, the effect is maximum at
early times. However, at early times, the intensity is very low. Therefore even when the
intensity difference is maximum at a certain time, by dividing this difference by small

numbers the peak of the relative intensity difference can move to other times.

Fig. 7-6 shows the intensity difference for higher scattering medium of ||=10.3mm
and for H=0, 6, 9, and H=11mm. The peak of the intensity difference is about the same

for H=0 and H=6mm. A shift in the peak of about 40ps is observed from H=0mm to
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H=6mm. From H=6mm to H=9 mm the peak drops by 50% and moves by 35ps. The

intensity difference for H=11mm is very low and broad. The peak falls at 1=220ps.

Figs. 7-7 shows the intensity difference for |;=4.47mm and for H=0. 6, 9, and
I Imm. The effect of the object is felt for H=0mm and H=6mm. Contrary to the case
of I;=15.45mm where the peak of the intensity difference increased by about 60% from
H=0mm to H=6mm, this time the peak of the intensity difference decreases by about
40% and shifts from t=175ps to 1=260ps from H=0mm to H=6mm. The effect of the
ball extends to times as long as 1000ps . The extemt of this difference indicates that in
highly scattering media photons that travel paths close to the line joining the source and
detector are very intense. Once disturbed, these photons will affect most of the intensity
profile. The intensity differences between the profiles for no object and the object at
heights H=9 and ] Imm are almost flat. There is no clear maximum. This means that
for highly scattering media, the effect of a hidden object on the photons that travel paths
that intersect the object is not localized. This is why it may be difficult to exactly locate

an object deep inside a very dense scattering medium.

From these data plots(Figs. 74, 7-5, 7-6, and 7-7), two different factors are seen
to affect the photon paths: the depth of the object inside the scattering medium and the
scattering properties of the medium. When the object is deep inside the medium, its
effect is almost negligible on the detector. That is why the effect of the object placed at
H=20mm inside the scattering medium of 1,;=15.45mm is barely noticeable. The depth
of effect of the object becomes less and less as the medium becomes more and more
scattering. For the medium of transport mean free path |;=4.47mm , the effect of the

object at depth as low as | Imm is almost zero.
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As the object moves deep inside the medium, its effect can reach the detector only
at late times. Groups of photons arriving at late times have no well defined paths
because they have travelled all over the scattering medium. These photons are completely
randomized and follow a diffusion-like behavior. Therefore, those few late photons that
have hit the target object do not affect the detected intensity at any particular time so as
to see clearly the photon path deep inside the medium. In other words, one can say that
for objects located at approximately more than half the source detector(S-D) distance,
the width of the photon path is too broad to determine the object location accurately.
The maximum depth at which an cbject can be detected is further reduced when the

medium is highly scattering.

When the medium does not strongly scatter light, the snake light can go deep inside
the medium and return to the detector. This is why the object is seen so clearly for
S-D=1.4];, and 2.11, for depths almost equal to half the source-detector separation. There
is a group of photons following well detined paths in the time range from 100ps to 250ps.
When the object moves, a localized group of photons is affected. As the medium becomes
more and more scattering (S-D=S5l;), the snake region moves closer and closer to the line
joining the source and the detector and deep structures can not be resolved because

photons reaching those structures are randomized and follow diffusion-like behavior.

The determination of the location of an object inside scattering media offers great
promise for imaging sub-millimiter structures. One problem in using the backscattered
geometry for the anisotropy factor g= | is the small amount of signal that goes back to
the detector in the non-diffuse region. This signal must be integrated over a long time to

have a reasonable signal to noise ratio. With a good signal to noise ratio, it is possible
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to locate the position of the target object by slicing the intensity profile in time.

Fig. 7-8 shows plots of the intensity difference against the position of the object at
different time slice for a source-detector separation of 22mm and L=15.45mm. Fig. 7-8a
shows the intensity difference between the intensity profiles from the reference medium
and when the object is placed at different depths inside the scattering medium at time
slice t=146ps. It can be easily seen that the position of the object is around 3mm. Fig.
7-8b shows the intensity difference at time t=175ps. The peak has moved to H=7mm.
The peak has moved to around H=12mm for the intensity difference at time t=222ps(Fig.
7-8c¢). These three curves show that it may be possible to pinpoint the position of a
hidden object from the back-scattered intensity profile. Different portions of the intensity
profile carry informations from different parts of the scattering medium. For instance
at 1=146ps an object located ut H=12mm has almost no effect on the detected intensity.
At that location of the object(H=12mm), the detector feels the effect of the object at

t=222ps. Shicing the time can yield the object position.

The position of the object can be located by considering the fraction of photons
absorbed by the object. This is done by slicing in time the relative intensity difference as
shown in Fig. 7-9. The position of the object is about the same as slicing the intensity
difference as described in the preceding paragraph. The major difference is that the
relative number of photons absorbed decreases as the object moves deeper inside the
medium. This means that when compared to the number of photons that would have
been detected without the presence of the absorbing object, the difference in detected
intensity has more and more effect as the object is moved closer and closer to the line

joining the source and detector for this geometry.
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Contrary to the case in Figs. 7-8 and 7-9 where the object can be located by
slicing the intensity in time, the object seems to be always at the same position when
slicing in time the intensity difference profile for 1;=4.47mm and R=S8-D=5l;. Fig.
7—-10 shows that the peak of the difference does not move as the protile is sliced for
different times. This is because the more intense paths are located close to the line
joining the source to the detector. When the object is placed close to that line most
of intense paths are absorbed. That affects strongly the detected intensity profile which
implies that the intensity difference is high. When the object is moved deeper inside
the scattering medium, the paths become less intense meaning that the object barely
affects the detected intensity profile implying that the intensity difference is very low.
The intensity difference, then, is the largest for the various time slices when the object
is between H=0 and 3mm. For highly scattering media then, it may be very difficult
to locate correctly an object deep inside. The object position may seem to be always

near the surface.

7.4.2 Angular dependence of photon paths

In the previous section we have shown that the detected intensity 1s sensitive to the
height of the object. In real life, however, one can not move a tumor object up and down
inside human body to study the effect of the tumor on the detector. However, one can
vary the position and orientation of the detector to study the effect of the object. By
varying the detector orientation, we will show, in this section, using the same experimental
conditions as before, that the photon paths have an angular dependence. This angular

dependence can make it possible to locate an object inside a scattering medium.
Fig. 7-11 shows the intensity difference for no object and object located at H=6mm
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inside the scattering medium for two different orientations, O and 15 degrees of the fiber
detector . The peaks of the paths clearly move from t=150ps for the detector oriented at
15degrees to the medium to t==175ps for the detector oriented at 0 degree to the medium.
The effect of the object to the detector oriented at angle=15degrees is more(about 30%)
than that for the detector at angle=0Odegree. This clearly shows that some paths of photons
are angle sensitive and that one can probe different depths of a scattering medium by
just changing the orientation of the detector.

To verify this possible angular dependence, the object is placed in a suspension of
intralipid scatterers of transport mean free path l;=4mm. The source to detector distance
(S-D) is 14.5mm. The object is placed at H=6mm and in the plane 10.3mm from the
source between the source and the detector. The intensity difference for no object and
H=6mm inside the medium is shown in Fig. 7-12. There is absolutely a shift in the
peaks. The shift is about 40ps. Furthermore, the peak of the intensity difference of the
object for the detector oriented at angle=30degrees is about 3 times that for the detector
at angle=0Odegree. This angular dependence of some photon paths can be useful for

imaging hidden objects inside scattering media.

7.4.3 The dependence of detected intensity on the anisotropy factor g

Many researchers have been investigating intralipid suspensions with anisotropy
factor of about 0.7. Optical imaging will be applied in human tissues of anisotropy
factor about 0.9. The question to be addressed is: Is it possible to expect the same
conclusions in intralipid as in tissue or in general any other particles in the diffusion
region?. In this section, we will investigate two suspensions with polystyrene spheres of

completely different anisotropy factors(g) and determine whether the pulse profiles are
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different or the same for same source-detector separation in transport mean free paths.

Transmitted pulse measurements were performed using the femtosecond laser and a
streak camera. The light was incident to the sample through an optical fiber. The tip of
the fiber touched the sample container. The container was a S0mm diameter cylindrical
glass cell of pathlength 20mm. The container was respectively filled with polystyrene
spheres of diameters d=1.07ym and d=0.107;m. The concentrations of the polystyrene
spheres were 7.7% of stock {stock was 10%)(1,=0.91 mm) and 3.3% of stock(l,=0.076mm)
for d=0.1074m and d=1.07;:m, respectively so that the distance in |, could be the same.
The anisotropy factors of these two particle sizes are, respectively, g=0.094 and g=0.93.
For the two different concentrations, the transport mean free path of both particle sizes 1s
Imm. An optical fiber placed on the transmitted side of the sample container collects and
delivers the scattered light to the ultrafast streak camera system. The source to detector
separation is 20l; which is well in the diffusion region.

The detected profiles normalized are showed in Fig. 7-13. As can be seen, except for
the ballistic part for the small particles, the profiles are essentially the same for both sizes
of particles. Therefore, in the diffusion region, the detected signal profile is independent
of the sizes of the particles. The profiles depend only on I, but not separately on I
and g. If I, and g are varied to yield the same 1(/; = I—‘l_'-y-). the profiles of the scattered

detected intensities should be the same.

7.5 Conclusion

It has been showed that there is a possibility that photons may travel along well-
defined paths inside the scattering medium. This fact can make it possible to detect

objects with sub-millimiter resolution in the near diffusive limit. In the non diffusive
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region, an object located inside the scattering medium affects a specific group of photons.
This group of photons arrives on the detector at a specific time. The time of arrival of
the group of photons affected by the object changes as the position of the object changes.
Such change in the arrival of the photons shows that it is possible to pinpoint the location
of a hidden object. The change in the arrival time of the most probable group of photons
has been accomplished also by changing the orientation of the detector. The technique
of varying the angle of detection can make it possible to locate a hidden tumor inside
human tissues. In the diffusion limit, however, the well defined paths arrive very early
which is why the effect of the object can be seen more or less clearly when placed close
to the straight line joining the source to the detector.

{t has been showed that in the diffusion region, the scattered pulse profiles depend
only on the transport mean free path but not on |, and g separately. As long as I; is the
same and the source-detector separation i1s >>71,, no matter how much Iy and g change,

the pulse profile is the same.
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7.7 Figures

Figure 7.1 Experimental arrangement to study photon paths in forward scattering media.
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Figure 7.2 The geometry showing the object inside the scattering medium. When the center of
the object is below the line joining the source and detector tips, H is positive When the

center of the object is above the line joining the source and detector tips, H is negative.
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Figure 7.3 The temporal profile of the back-scattered intensity for no object and
object placed at H inside the scattering medium of a) 1;=15.45mm b) |;=4. 47mm;

the profiles for H=9mm and H=IlImm are pretty much similar. R=§-D=22mm.
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Figure 7.4 Difference of intensity profiles between no object and object placed

at height(H) inside the scattering medium of L=1545mm. R=S-D=22mm.
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Figure 7.5 Relative intensity difference profiles between no object and object

placed at height(H) inside the scattering medium of =15.45mm. R=8-D=22mm.
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Figure 7.6 Difference of intensity profiles between no object and object placed at height(H)

inside the scattering medium of I;=10.3mm and R=S-D=22mm for different time.
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Figure 7.7 Difference of intensity profiles between no object and object placed

at height(H) inside the scattering medium for lt=4.47mm and R=8-D=22mm=5h.
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Figure 7.8 Intensity profile difference vs different heights of the object at specific
times a)d=146ps bi=175ps, and c) 1=222ps; 1,=15.45mm, R=S-D=22mm=1.4l,.
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Figure 7.9 Relative intensity difference against H for different time slices au=146ps

b)t=175ps, and c)t=222ps for polystyrene spheres of =15.5mm. R=8-D=22mm=1.4|,.
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Figure 7.10 Intensity profile difference vs different heights of the object at specific

times apu=146ps b)t=175ps, and c) 1=222ps; =4.47mm, R=8-D=22mm=5l;.
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Figure 7.11 Intensity difference for two different orientations

of the fiber detector for Li=15.45mm, R=S-D=22mm=1.4l;.
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Figure 7.12 Intensity difference for two different orientations of the fiber detector. Object is

placed at H=6mm and on the plane 10.3mm from the source between the source and the detector,
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Figure 7.13 Normalized intensity profile for two suspensions of polystyrene

microspheres of g=0.093(d=0.107microns) and g=0.93(d=1.07microns).

T T

— :d=b.107micr6ns
== .d=1.07microns

Intensity (normalized)
x|

time {ps)

159



Chapter 8

Summary

CW light and a spatial filter have been used to image an object hidden behind
random scattering particles. It has been found that when the spatial filter diameter is d,
only the spatial frequencies below the cut-off spatial frequency .Ti"]' can pass through.
The higher frequency components representing the highly scattered light are cut off by
the spatial filter. Some of the highly scattered light that would come out collinear with
the ballistic light is absorbed by the host medium because the scattered light travels a
longer distance than the ballistic light. This way, one can obtain an image of the object
with approximately ballistic light quality by closing down the spatial filter diameter to
cut off as much scattering light as possible. It has been shown that the scattering cross-
sections are lower for NIR light about [.3;0#n than for visible light around 6.70um. We
have shown that the best image of a hidden object is obtained when the spatial aperture
diameter is closed to the minimum and the longest wavelength(1.3;:21) of light in the

therapeutic window is used.

Light back-scattered from a two-layered medium has been studied. We have shown
that a layer of intralipid scattering medium placed on top of a semi-infinite piece of wax
can be reconstructed using the Fourier transform solution to the diffusion equation. When
the top layer thickness is more than the source-detector separation, the signal detected
has not propagated deep enough to reach the botiom layer and that makes the inverse
parameters of the bottom layer not unigue. The layers are reconstructed uniquely when

the source-detector separation is more than the depth of the top layer.
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Scattered pulses around intralipid scattering medium have been measured. We have
found that the intensity profiles around the scattering medium decrease as the medium
becomes more scattering. The experimental observations are confirmed by the diffusion
model. We have shown a novel way of obtaining the transport mean free path and the
absorption of a scattering medium by using only the peak intensity and the risetime of
the pulse profile. We have shown that it is possible to obtain multiple experimental pulse
profiles for the reference medium by using only one detector at a single position and an
appropriate theoretical model. This result is very important for inverse reconstruction
algorithms using real human tissues where the reference data are often needed and one

can not take the hidden object out to take a reference data.

Laser pulses back-scattered from a homogeneous semi-infinite suspension of intralipid
scatterers have been measured at different orientations of the detector. We have found that
below the diffusion region(S-D < 71;), the detected intensity has an angular dependence.
However, in the diffusion region(S-D > 7l;). the detected intensity is almost the same

regardless of orientation of the detector.

Our measurements show that photons in the non-diffusive limit have well detined
paths inside the scattering medium. We have shown that each path reaches the detector
at a specific time and the deeper the target object is, the later the arrival time. When
slicing the time of arrival of the photons, we have shown that the position of the object
can be located. Changing the depth of the target object is equivalent to varying the angle

of collection of the detector. This method can be casily used for real breast experiments.

Transmission experiments have been performed on scattering media of different

sizes(g=0.093 and g=(.93) but same transport mean free path to determine whether,
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in the diffusion region, the pulse profile depends on the size of the scattering particle.
We have found that in the diffusion limit, the scattered pulse profiles are the same except

for a small difference in the ballistic region.
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Chapter 9

Future research directions

The research work that has been conducted in this thesis needs to be continued. More
experiments using spatial filter should be carried out to try to optimize the quality of the
tmage obtained. Different shapes of spatial filters should be used to try to eliminate as
much as possible of the diffuse light and image the ballistic light. After the image is

improved, experiments must be performed to determine exactly what the object is.

Experiments need to be done in the NIR region around 1300nm to take advantage of
the absorption of water that can make it easier for light to emerge from human tissues
with minimum scattering since the highly scattered light is absorbed by the water. This

way, the detected signal will have enormous ballistic information on the hidden object.

Additional experiments must be done using the photon path concept. Theoretical or
experimental techniques must be developed to isolate photons that travel very different
trajectories but nevertheless reach the detector at the same time and angle. Multiple
fiber system needs to be used to determine the muitiple photon paths that travel from
the source to the detector so that the position and the size of the object can be located.

When that is realized, object of sub-millimiter size can be detected.

Experiments need to be preformed on real breast tissues in vivo to determine and
see the difference between the optical properties of each breast. The difference in optical

parameters of the breast from different persons will also be determined.

Transmitted and back-scattered signals will be compared to check what geometry

is more probable to yield better imaging results. The light back-scattered and detected

163



has to go inside the scattering medium and come back. This means that for some thick
scattering medium, the back-scattered light may not penetrate enough to reach the hidden
object. The transmitted light, however, always passes through, at least, the volume
of scattering medium around the straight line joining the source and the detector. By
scanning the source and the detector, the signal from a hidden object will eventually

reach the forward detector.

The results found from reconstructing the two-layer problem are encouraging. The
failure of the diffusion theory to find uniquely the layer parameters when the thickness
of the top layer is about half the source-detector separate brings home the need for a
better theory. The new theory must be able to reconstruct large and thin and multiple
layers. Theoretical approaches using photon path integral can be used to check whether

that can yield better results.

More reconstruction work will be done by using multiple sources and multiple
detectors. The sources and detectors will be placed at different orientations. The sources
will be turned on and off to avoid interference in the detected signals. Different theoretical
models such as the exact transport equation, diffusion, telegraph, and the non-Euclidian
diffusion equation wil! be used to reconstruct the inverse parameters of a hidden object
inside a highly scattering medivm. Different shapes, size, packing density of the scattering

medivm will be considered.

Current reconstruction algorithms can take hours of computer time using a fast
computer. In real life, one expects results right away. Therefore fast reconstruction
algorithms will be developed to perform efficiently the reconstruction. Some methods

to estimate an unknown system from the input and output signals used in control theory
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will be borrowed to reconstruct a hidden object.
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Appendix

In this appendix, some of the computer programs used in this thesis will be presented.
The program in A.1 was provided by Dr. A. Ya. Polishchuk. The programs in A.2 and

A.3 were provided by Prof. F. Liu.

A.l Program to fit the two-layer data from chapter 4
AR iy 9 R ok ok

implicit double precision {a-h,0-z)

character* 12 outfile

double complex fr.gxom,f,gxoml,gxom2,coeffl,coeff2,grgxom,grfrfrl,grgrfr
common /prop/ d1,bl1,d2.bl2,nl.n2

commeon /pi/pi

common/bound/z0,z1

pi= 4.d0*datan(1.0d40)

write(6,*) 'pipi’,pi

v=300.d0

print*, “please, enter the index of refraction for the top layer”
read *, nl

print* “please, enter index of refraction for the bottom layer*
read *, n2

vi=v/1.33d0



v2=v/1.43d0

print* “please, enter the mean free path for the top layer”
read *, all

print*, “please, enter the mean free path for the bottom layer"
read *, al2

print*,” please, enter the absorption length for the top layer*
read *, absl]

print*,” please, enter the absorption length for the bottom layer"
read *, absl2

dl=vIi*al1/3.d0

d2=v2*412/3.d0

bl | =dsqrt(al ! *abst1/3.d0)

bl2=dsgrt(al2*absl2/3.d0)

z0=0.71045d0*al |

print*, ** please, enter the thickness(depth) of the top layer"
read *, zl

print*, ** please, enter the source detector separation*
read *, r

c r=15.0d0

z2=20

print*,"please, enter the name for your output file"

read *,outfile
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open(10,file=outtile)

zz=2-20

zzz=z+20

omega = 50.

print*, “omega=".0omega

¢ omega = .0

do 1212 i=1,200

c zl=z0 + 0.1d0*
omega=0.001+i-1.d0

¢ write(*,*) “omega=", omega
call gxomega(gxoml,.zz,r.omega)
call gradcoeff(coeffl,zz,r,omega)
call gxomega(gxom?2,zzz,r,omega)
call gradcoeff (coeff2,zzz,r.omega)
gxom=gxom | -gxom?2

grgxom = coeffi*gxoml - coeff2*gxom2
¢ call fzomr (fromega,z,r)

¢ dz = .001d0

¢ zpdz= z+dz

¢ call fzomr (frl.omega.zpdz,r)

¢ gregrir = {fr] - fr) /dz

call grfzomr ( grir,omega,z,r)
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c write (*,*) ’grgrfr’ ,grgrfr,’grfr’ grir

c fr = fr + gxom

grfr = grfr + grgxom

¢ write (*.*) "zl’.z], ratio’.grfr

¢ write (*,*) omega’,omega, ratio’,grir
grirmag=cdabs(grfr)

greal=real(grfr)

gimag=imag(grfr)

if (greal .gt. 0.0 .and. gimag .gt. 0.0 ) then
griphi=atan(gimag/greal)

endif

if (greal .It. 0.0 .and. gimag .It. 0.0 ) then
griphi=3.14 +atan(gimag/greal)

endif

tf (greal .1t. 0.0 .and. gimag .gt. 0.0) then
griphi=3. 14+atan(gimag/greal}

endif

if (greal .gt. 0.0 .and. gimag .t. 0.0) then
griphi=6.28+atan(gimag/greal}

endif

write (10,101)omega,grirmag,griphi

¢ write (*,*)omega,greal,gimag
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¢ write (*,*) 'zl’.z1,’fr’ fr,"gxom’,gxom
101 format(1x,1e10.5,1x,1e10.5,1x,1¢10.5)
c write {(*,*) 'zl .zl grfr’ grfr,’ grgxom’, grgxom
111 format (2(el2.4,x)}

¢ write (*)%) Lft

c write {(*,*) t.gxt

1212 continue

stop

end

subroutine gzrt (gt.z, r, t)

implicit double precision (a-h,0-z}
common /pi/pi

common /prop/ di,bll,d2.bl2,nl,n2

XX = ¥ + 2%z

dit=d1* dabs (1)

expg l=dexp(-xx/4.d0/d 1t)
expg2=dexp(-d1t/bl1/bl )
gi=d1/(4.d0O*pi*d11)**.5%expgl *expg2
return

end

subroutine GXOMEGA (gxom, zz,r ,omega)
implicit double precision (a-h,0-z)
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double complex capO,capl,cc,ccl,gxom
common /prop/ d1,bl1,d2,bl2,n1,n2
common /pi/pi

cap01=1.d0/bl1/bll

cap(2= - omega/d]
capO=dcmplx(cap0l,cap02)
capl=cdsqrt{cap0)
absx=dsqrt(zz*zz+r*r)

cc= -capl*absx

ccl= cdexp(cc)

pix=4.d0*pi*absx

gxom=ccl / pix

return

end

subroutine gradcoeff (coeff,zz,r,omega)
implicit double precision (a-h,0-z}
double complex capO,capl.coeff
common /prop/ dl,bl1,d2,bl2,nl,n2
common /pi/pi

cap01=1.d0/bl1/bll

cap02= - omega/d|
capO=dcmplx(capOl,cap02)
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cap | =cdsgri(cap()

absx=dsqrt (zz*zz + r¥*r)

coeff = -zz/absx*(capl + 1.d0/absx)
return

end

subroutine fzri{ft,z.r.t)

implicit double precision (a-h,0-z)
double complex fom

common /pi/pi

common /prop/ d1.,bl1,d2,bl2,nl,n2
common /bound/z0.z |
weightb=1.d0/3.d0

weight 1=4.d0/3.d0
weight2=2.40/3.d0
ddd=dmax1(d1.d2)
xxxx=dminl{r.z1.,bl1,bl2)
omm=ddd/xxxx/xxxx
omegamin=omm*|.d-8

nt=20

stepomega= 2.d0*pi /t/nt
stepomega = dminl (stepomega, omm/nt)
CCCCCCCCCCCCCCCCCCeCCeececeeeeee
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omegaminQ = stepomega * 1.d-8
CCCCCCCCCCECCCCCCCCCCCCCCCCCCeCe
omegamin=omegamin(
CCCCCCCCCCCCCCCCCCCCCCCCCCeece

n=nt

omegamaxO=dfloat (2*n)*stepomega
omegamax = omegamax()
CCCCCCCCCCCCCCCCCCCCCCCCeeece

sum0 = 0.0d0

10 continue

call fzomr (fom,omegamin,z,r)

c call gxomega (fom,z-z0,r,omegamin)
fom I=dbleq(fom)

fom2=dimag(fom)

foms=fom | *dcos(omegamin*t)+fom2*dsin(omegamin *t)
foms= 2.d0* foms

sum=sum0 + weightb*stepomega*foms
call fzomr (fom,omegamax,z,r)

¢ call gxomega (fom,z-z0,r,omegamax)
fom1=dbleq(fom)

fom2=dimag(fom)

forns=fom | *dcos(omegamax*t)+fom2*dsin{omegamax *t)
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foms= 2.d0* forns

summ = sum + weightb* stepomega*foms

do I5 i= I,n

omega = omegamin + stepomega *fHoat(2*i-1)
call fzomr (fom,omega.z,r)

¢ call gxomega (fom,z-z0,r,omega)

fom | =dbleg(fom)

fom2=dimag(fom)

foms=fom | *dcos(omega*t)+fom2*dsin{omega*t)
foms= 2.d0* foms

sum = sum + weight|* stepomega*foms

¢ write (*.*)'1",1."sum’ sum

IS continue

do 17 i= L,n-1

omega = omegamin + stepomega *float(2*i)
call fzomr (fom,omega,z.r)

¢ call gxomega(fom,z-z0,r,omega)

fom I=dbleq(fom)

fom2=dimag(fom)

foms=fom | *dcos(omega*t)+forn2*dsin{omega*t)
foms= 2.d0* foms

sum = sum + weight2* stepomega*foms
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¢ write (*,*)’1",i,”sum’, sum

|7 continue

accur = dabs ((sum0-sum)/sum)

if {accur.le.l.d-3) go to 19

sum{=sum

omegamin = omegamin + omegamax(
omegamax = omegamax + omegamax(
¢ write (*,*)’sum’,sum,’accur’,accur,’ omegamax’ ,omegamax
go to 10

19 continue

ft = sum /2.d0/pi

return

end

subroutine fzomp (f.z,omega,p)
implicit double precision (a-h,0-z)
double complex cl.c2.c3.c4

double complex dcapl,dcap2,capl,cap2,f,b,bn,bd
double complex contl cont2.cont3
common /prop/ dl.bi1.d2,bl2,n1.n2
common /bound/z0,z}

common/pi/pi

¢ write (*.*),’come in fzomp’,p
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p2=p*p

cli= p2+1.d0/bl1/bl1
¢l2 = -omega/dl
cl=demplx{c!1,cl2)
c2i= p2+ 1.d0/bI2/bI2
c22= -omega/d2

c2= dcmplx (c21,¢22)
capl = cdsqrt(cl)
cap2= cdsqrt(c2)
*exxxx*calculation B
c2= capl*z0

LI AL EEE S L L]

cl = cdexp(-c2)

bn = |.dO-cl*cl

dcapl = dI * capl

¢ dcap2 = d2 * cap2 modified on 5-9-95
dcap2 = d2 *cap2*({n2/n1)**2)

bn = bn * (dcapl-dcap2)

PR T

cl=dcapl + dcap2

c2=dcapl - dcap2

¢3= 2.0d0 * z1 *capl
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¢3 = cdexp(-c3)
bd = ¢2 * ¢3 + cl
b=Dbn/bd

******t**********b***********
*t***#tcalc Contl****

cl = -dabs(z-zO)*capl

contl= cdexp( ¢l)

ook Rk R oy ek ko

cl = -(z+z0)* capl

cont2 = cdexp (cl}
********CO"‘S*********

cl = capl * (z - 2.d0*z1 + z20)
¢2 = capl *(-z - 2.d0*z1 + z0)
€3 = cdexp (cl)

c4 = cdexp (c2)

cl =¢3 - ¢4
cont3 = b * ¢l

LA L L EE LR L LS

cceccceeccceecccececcceccecectest ceccececc
cont 1=0.d0
cont2=0.d0

cl = contl - cont2
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¢2 = ¢l + cont3

11

¢3 =4.d0 * pi * capl

o o e o o o o R R R e e o
f=c2/c¢3

LEE L ER L LSS

¢ write (*,*) 'f".f."2’,z,"omega’ ,omega,’p’.p

return

end

lll**********gradicnl*****t**ttﬁtt

subroutine grfzomp (grf.z,omega,p)

implicit double precision (a-h,0-z)

double complex ¢l,c2,c3,c4

double complex dcapl.dcap2,capl,cap2,grf,b,bn,bd
double complex cont3

common /prop/ di.bl1,d2,bl2,nl,n2

common /bound/z0,z |

common/pi/pt

¢ write (*,*),’come in grfzomp’,p

p2=p*p

cll= p2+1.d0/bl1/bi)

¢12 = -omega/d]

cl=dcmplx(cil,cl12)}
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c2l= p2+ 1.d0/bl2/bl2
¢22= -omega/d2

¢2= demplx (¢21.¢22)
capl = cdsqrt(cl)
cap2= cdsqrt(c2)

wkd¥kx*calculation B

c2= capl*z0

LEEE RS L L 2R
cl = cdexp{-c2)
bn = 1.d0-cl*cl

dcapl = d1 * capl

¢ dcap2 = d2 * cap2 modihed on 5-9-95
dcap2 = d2 * cap2*((n2/nl)**2)

bn = bn * (dcapi-dcap2)
oo R

cl=dcapl + dcap2

c2=dcapl - dcap2

ci= 2.0d0 * z1 *capl

¢} = cdexp(-<3)

bd

c2 * ¢33 + ¢l

b=bn/bd

20 o AR o o o oy o ol o ok
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********Con[3*********

¢l = capl * (z - 2.d0*%zl + 20)
¢2 = capl *(-z - 2.d0*zl + z0)
c3 = cdexp (cl)
c4 = cdexp (c2)

wokrkx next line is for density®** %%+

cl =c¢3 -c4

*hxk* next line is for z-gradient of density******
cl = capt * (c3 + ¢c4)

cont} = b * ¢l

o o ok e 7k e ok Ak ok sk o ok ok ok ok ok ok %k
ccececccccccceccececceccecceccetest coeeceec)

c2 cont3

c3

4.d0 * pi * capl

o o o o ok e o Ak K ok e o ok o ke ok ok ak ok ok ok ok %k %k

grf = ¢2/¢3

o 3k o o o ok e ok e ok ok

¢ write (*,*) "grf".grf,’z’,z,"omega’,omega,’p’.p
return

end

subroutine fzomr(fromega,z,r)

implicit double precision (a-h,0-z)
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double complex f.fr.sum,sum0
common/bound/ z0,zt
common /pi/pi

c write (*,*),’come in fzomr’
ne=10

pmin0=0.d0

¢ pmax0=2.3d0*ne/z0
pmin=pmin0

¢ pmax=pmax0

nb=50.d0

step= dmini {pi/r,1.d0/z1)/nb
¢ ng=nint((pmax-pmin)/pstep/2.}) + |
ng=100

pmaxO=step * ng*2.d0
pmax=pmaxQ

cn=2*%ng

c step = (pmax-pmin)/float(n}
sumO=dcmplx (0.d0.0.d0)
t10 continue
weightb=1.d0/3.d0

weight 1=4.d0/3.d0

weight2=2.d0/3.d0
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st o o o o o o ol e o o Ok

call fzomp (f,z,omega,pmin)

besp= pmin*bessjO(pmin*r)

sum = sum0 + f *besp*weightb*step
Aok o o K

call fzomp (f,z,omega,pmax)
besp=pmax*bessj0(pmax*r)

sum = sum +f *besp*weightb*step
A R o o

do 10 i=l.ng

pl= pmin + step*float(2*i-1)
besp=p1*bessj{pl*r)

call fzomp(f,z,omega,pl)

sum =sum + { *besp*weight] *step
10 continue

do 20 i=1,ng-1

p2= pmin + step*2.d0*float(i)
besp=p2*bessjO{p2*r)

call fzomp(f,z,omega,p2)

.;um = sum + f *besp*weight2*step
20 continue

PR L2 L EELE S T 2 ]
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if (sum.eq.0.dO)then

write (*,*)’in fzomr fr=0’

go to 19

else

endif

accur= cdabs((sum-sum0)/sum)

call resterm (rest,r,pmax, dabs(2.d0*z1-z-20))
accurl= rest/cdabs(sum)

¢ write (*.,*) pmax’,pmax,’sum’ . sum,’accur’,accur, accurl’ accurl
sumO=sum

pmin=pmin + pmax0

pmax=pmax + pmax0

if (accur.le.l.d-3.and.accurl.le.1.d-3) go to 19
go to 110

19 continue

fr=sum

return

end

LR L EE S L L L gradicnl con‘inues********#ﬂl*
subroutine grfzomr{grfr,omega,z,r)

implicit double precision (a-h,0-z)

double complex f,grfr,sum,sumO
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common/bound/ z0,z|
common /pi/pi

¢ write (**),’come in fzomr’
ne=|0

pmin0=0.d0

¢ pmax0=2.3d0*ne/z0
pmina=pmin0

¢ pmax=pmax0

nb=50.d0

step= dminl (pi/r,1.d0/z1)/nb
¢ ng=nint((pmax-pmin)/pstep/2.} + |
ng=100

pmaxQO=step * ng*2.d0
pmax=pmax()

cn=2*ng

¢ step = (pmax-pmin)/float(n)
sumO=dcmplx (0.d0,0.d0}
110 continve
weightb=1.d0/3.d0
weight1=4.d0/3.d0
weight2=2.40/3.d0

Ll L E A EEL R
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call grfzomp (f,z,omega,pmin)
besp= pmin*bessjO(pmtn*r)

sum = sum0 + [ *besp*weightb*step
EEER ES L E L LR

call grfzomp (f,z,omega,pmax)
besp=pmax*bessjO(pmax*r)

sum = sum +f *besp*weightb*step
AR A A K AR KKK

do 10 i=l.ng

pl= pmin + step*float(2*i-1)
besp=p1 *bessjO(p1*r)

call grfzomp(f,z,omega,pl)

sum =sum + f *besp*weight1*step
10 continue

do 20 i=l,ng-1

p2= pmin + step*2.d0*floal(i)
besp=p2*bessiHp2*r)

call grfzomp(f,z,omega,p2)

sum = sum + { *besp*weight2*step
20 continue

oo e o e e oo sl e

if (sum.eq.0.d0)then

RS



write (*,*)’in grfzomr grfr=0’

go to 19

else

endif

accur= cdabs{(sum-sum0)/sum)

call grresterm (rest,r,pmax, dabs(2.d0*zl-z-z0))
accurl = rest/cdabs(sum)

¢ write (*.*) pmax’ pmax,’sum’ sum, accur’ accur, accurl ' accurl
sum{=sum

pmin=pmin + pmax0

pmax=pmax + pmax0

if (accur.le.1.d-3.and.accurl le.1.d-3) go to 19
go to 110

19 continue

grfr=sum

return

end

double precision function bessjO{x)

¢ function bessjO{x)

implicit double precision (a-h,0-z)

¢ real*8 y.pl.p2.p3.p4.p5.91.92,93,q4,95,r1,r2,r3,r4,r5,r6,
¢ * 51,52,83,54,55,56
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data pl.p2.p3.p4,p5/1.d0.-. 1098628627d-2,.2734510407d-4,

* -.2073370639d-5,.209388721 1d-6/, q1.92.93,94,95/-.1562499995d-
*l‘
* .1430488765d-3,-.6911147651d-5,.7621095161d-6.-.934945152d-7/
data r1,r2.r3,r4,r5.r6/57568490574.d0.- 13362590354.d0.651619640.7d
*0,

* -11214424.18d0,77392.33017d0,-184.9052456d0/,

* 51,52,53,54,55,56/575684904 1 1.d0, 1029532985.d0,

* 9494680.718d0,59272.64853d0,267.8532712d0. 1.d0/

c write (*.*),’bessj0’

if(abs(x).1t.8.)then

y=x**2

bessjO=(rl+y*(r2+y*(r3+y*(rd+y*(r5+y*r6)))))

* STy *(S24y ¥ (s3+y*(54+y *(s5+y*$6)))))

else

ax=abs(x)

z=8.d0/ax

y=z**2

xx=ax-,785398164d0

bessjO=sqrt(.636619772d0/ax)*(cos(xx)*(p | +y*(p2+y*(pI+y*(pd+y

* *p5))N-z*sin(xx)*(q1+y*(g2+y*(q3+y*{qd+y*q3)))))

endif
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return

end

subroutine resterm (rest, r, p0, alpha)
implicit double precision (a-h,0-2)
common/pi/pi

rest=1.d0/4.d0/pi

rest=rest * dsqrt (2.d0/pi/r/p0)

rest=rest * dexp( - alpha *p0) *(alpha + r)
rest= rest/(alpha*alpha + r*r)

return

end

subroutine grresterm (rest, r, p0, alpha)
implicit double precision (a-h,0-2)
common/pi/pi

rest=1.d0/4.d0/pi

rest=rest * dsqrt (2.d0/pi/r*p0)

rest=rest * dexp( - alpha *p0) *(alpha + r)
rest= rest/(alpha*alpha + r*r)

return

end
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A.2 Program to calculate the pulse profile for a rectangular slab using photon

flux for chapter 5.
#ifndef lint
#static char sccsid[] = “@#)subsiabl.r 1.5 95/05/19*;
#endif
# program subslabl.r: basic subroutine program to compute
# temporal profile of point input transmitted through

# point to point inside a slab

#
# Modified 26/1/91 to include error standard.
# Diffusion 5/1/90 modified to fix 1t, change
# length, absorption considered.

# trom Lax Theory

# INPUT:

# time: vv (ps)

# xx1: 1t (um); xx2: la (um); wd: thickness (um);
# sor: source position-z direction (um);

# sord: source detection distance-z direction(um}

# rad: source detection distance-radius direction{um);

*

dex: index; uu : OUTPUT
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subroutine gg(vv,xx1,xx2,wd,wdy,sor sory,sord,sordy,rad.dex.uu)
implicit double precision (a-h,0-z)

common /funl/pi.d thetathetal dif.t,h,thetay,thetaly

if (vv <= 0.} { uu=0.

)

else |

#

# parameters

ero=1.e-6

70=0.71*xx| # for boundary condition
d=wd+2.*z0

h=wdy+2.0*z0

#ddsor=sor+z0 #5/19/95, sor is from real slab boundary, add extra length
ddsor=sor+2.0*z0 #7/16/95
#ddsory=sory+z0

ddsory=sory+2.0%z0 #7/16/95
pi=3.14159654

tsord=sord-z0 #7/16/95

#print* sord

tsordy=sordy-z0 #7/16/95

theta=tsord

thetay=tsordy
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theta | =2*ddsor+tsord

thetal y=2*ddsory+tsordy

dif=.1*xx1/dex # diffusion coefticient =vl/3 (um**2/fs)
ale=.3/xx2/dex #absorption coefficient
ddia=rad**2*.25/dif

# end parameters

#

t=vv*|1000. # t time (fs)
call sum(ero,cjj.m}
# print*.m
uu=cjj*exp{-t*ale)*exp(-ddia/t)/sqrt((4.*pi*dif *t)**3)/(2.%1)
# print*, “cjj,uu.cjj,uu

}

end
HiHitH
# function subroutine, func(m)
subroutine func(m, funcm)
implicit double precision (a-h,0-z)

common /funl/pi.d,theta,thetal,dif t,h,thetay,thetaly
fm=float(m)

if(m .gt.0) |

ff1=theta-2.*float(m)*d

191



ffn | =theta+2 . *float{im)*d
ff2=thetal-2.*float{m)*d
ffn2=thetal+2.*float(m)*d
#
term={f 1 *exp(-ff1**2/4 /dif/t)}+ffn i *exp(-ffn 1 **2/4./dif/1)
term2=ff2*exp(-ff2**2/4./dif/t)+ffn2*exp(-fin2**2/4 /dif/t)
funcm=term-term2
|
else |
funcm=theta*exp(-theta**2/4./dif/1)-thetal ¥*exp(-theta | **2/4 /dif/1)
|
# print*,“terml, term2" term,term?2
#
end #end of function
# function subroutine, funcb(m)
subroutine funcb({m,funcmb)
implicit double precision (a-h,0-2)
common /funl/pi.d,theta,thetal dif t,h.thetay,thetaly
fm=float{m)
iftm .gt.0) {
ff 1=thetay-2. *float(m)*h
ffnl=thetay+2.*float{m)*h
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ff2=thetaly-2.*Aoat(m)*h

ffn2=theta ty+2.*float(m)*h

#

termb=exp(-ff1**2/4./dif/t)+exp(-ffnl**2/4 /dif/t)
term2b=exp{-ff2**2/4 /dif/t)+exp(-fin2**2/4./dif/t)
funcmb=termb-term2b

}

else |
funcmb=exp{-thetay**2/4./dif/t)-exp(-thetal y**2/4./dif/t)
}

# print*,“termb,term2b™ termb,term2b

end #end of function

HitH

#iHi

# subroutine to do infinite sum to certain accuracy,
# SUM (from m=0 to m=inf) func(m)

# func(m) is a subroutine.

subroutine sum(ere,sumf,m)

implicit double precision {(a-h,0-z)

tero=1.

call func(0,sum()

m=|  #initial condition
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call func(m,sumf) #initial term
sumf=sumf+sum0

if ( abs(sumf) Jt. 1.0e-100 ) {
sumf=0.0

}

else |

while (tero .gt. err ) {
nstart=m+1

nfinish=2*m

dsum=0. # added part

do i=nstart, nfinish {

call func(i,funci)
dsum=dsum+funci

}

sumf=sumf+dsum
m=nfinish
# print*,"sumf="sumf

if (sumf .eq. 0.) {tero=]
}

else |
tero=abs(dsum/sumf)

}
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)

)
# print* “tero="tero
lero=1.
call funcb(0.sumOb)
m=1  #initial condition
call funcb{m.sumfb) #initial term
sumfb=sumfb+sumOb
if (abs(sumfb) .lt. 1.0e-100) {
sumtb=0.0

}

else |

while (tero .gt. err ) |
nstart=m-+1|
nfinish=2*m

dsumb=0. # added part
do i=nstant, nfinish {
call funcb(i,funci)
dsumb=dsumb-+funci

}

sumfb=sumfb+dsumb

m=nfinish
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# print*,“sumfb",sumfb

if (sumfb .eq. 0.) {tero=l|
}

else {
tero=abs(dsumb/sumfb)

}
# print*,"“tero”,tero

}

|
# print*, “here"
sumf=sumf*sumfb
# print*, “sumf sumfb” sumf,sumfb

end
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A.3 A program to fit intensity profile.

#ifndef lint

#static char scesid(] = “@(#)y2.r 1.3 92/11/26",
#endif

# Program fitZ.r

# date 11-30-91,

# for diffusion eq. fit

# must be linked with taurosv.f

# for infinite slab, point to point source

# must linked with function subroutine

# sublaxpld.r, and taurosv.f

#
#
subroutine fen(npar, g.f.x.iflag)

implicit double precision ( a-h, 0-z)

character * 12 anam, outfile

character * 60 comfle.comflel

real*8 y(1024), z(1024),zz(1024), w(1024), x(6)}, c(1024)
go to (10,60,60,60,120) iflag

10 print *, “enter infile"
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read *, anam

open{ | .file=anam)

print *, “enter outfile*

read *. outfile

open(8,file=outfile)
# print *, “index, and pinhole diameter(um)* #activate this line
# when using this it prog. with sublaxpld.r
# read*, dex.pdia

print* “index, and source detector radial separation=0 for box™ #
# activate this when using this hit prog. with subslabj.j.

read* dex,pdia

print*,“source-detector in the y-direction™

read*,sordy

print*, “thickness (um)"

read*, wd

print*, “thickness in the transverse direction" #5-27-95
read*,wdy

print*, “source position in the z direction(um)* #with subslabj.r
read* sor

print* “source position in the y-direction™

read* sory

print*, “source-detector z-separation(um)" #with subslabj.r

198



read*,sord

ymax=0,

yto=0.
#read(1.*)comfle.comflel
print *, “yes"
#read(1,*)ddjunk, ddjunkl
do i=1,1024 {

read (1. *.end=222)wi(i), cli)
y(i) = c(i)

if (y(i).gt.ymax) {ymax=y(i)
}
# #if (y().10.0)y(i)=0.

}
222 n=i-1

nn=n-|

do m=1,nn {
yto=yto+(y(m)+y(m+1))*(w(m+1)-w(m))/2.
}
# write(6,*)" area="yto
# do i=1,1024 | ###
# y(i)=c(i¥ymax #Ht

# ) #RH



# yymax=ymax ###
# ymax=1.0 #i#
# print*, “yymax,ymax", yymax,ymax
60 f=0.0

zmax=0.

zto=0,
# print*.* 1 am about to call gg*

do i=l.n |{
# call gg(w(i),x(1).x(2),wd.dex,pdia,z(i))
# call gg(w(i),x(1),x(2),wd,sor,sord,pdia.dex,z(i)) # this line

# is activated only when compiling with subslabj.r. If compiling
# with sublaxpld.r or sublaxpl42.r activate the previous call line.
call gg(w(i},x(1),x(2),wd.wdy,sor,sory,sord,sordy,pdia,dex,z(i))S (} #5-27-95
# z(\)=z(1)*zz(i) #added 5-27-95
# write(33,*)w(i),z(i)

if(z().11.0) z()=abs(z(i»)

if{(z(i).gt.zmax) {zmax=z(i)

}

}
# print*, “l have called gg",zmax,ymax

do i=t,n {

z(i)=z(i)/zmax*ymax*x(3) #equal total intensity
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#=f+(z(1)-y 1) *(2(1)-y () Vsqri(y(i)* y(i))
f=f+(z(1)-y(D)y*(2(i)-y(i))
# print>*f “f

}

f=f/ymax**2 #add this line when exp. data are small{e-8,e-10.etc. range)
# print*"2nd f*.f

if (iflag.ne.3) return

120 print *x(1).x{2),wd

write(8,*)"'%lt="x(1)

write(8,* )" %la=",x(2)
write(8,*)"%thickness=",wd,"norm factor=",x(3)
write(8,*)"%fcn=".f,"theory max=",zmax
write(8.* ) %dia="pdia,"index="dex

do m=1,nn {
zto=zto+(z(m)+z{m+1))*(w(m+1)-w(m)¥2.

!

rat=yto/zto

write(8,*)"“%total count exp.=".yto

4

write(8,*)“%total count theo=", zto,"ratio=exp/theo”,rat
write(8, *) titda=["
do i=l,n |{

com=(z(i}-y(i)/y(i)
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# print*, “z(i)="z(i)

# z()=z(iY*yymax #H#

# print*."z(1),yymax™.z{i),yymax
write(8,111)w(i), z(i)

# write(18,*)w(i),com

}

1] format(le10.5.1x.1e10.5)
write(8,%)"];"

close (8)

# print *, “chi** =" xx

end
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