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Abstract

Picosecond Kerr Gated Imaging of Phantoms in Turbid Media
By Leming Wang

Ph.D Advisors: R.R. Alfano and P. P. Ho

The focus of this thesis is to characterize, understand, and improve upon a
picosecond time-gated optical imaging method to localize hidden objects inside turbid
media with sub-millimeter resolution. It was found that imaging information can be
transported through the scattering medium by early-arriving ballistic and snake photons.
Effective improvements of the image spatial resolution, dynamic range, contrast and
signal to noise ratio of phantoms hidden in biomedical turbid media were achieved using
a picosecond time- and space-gated imaging system. The rejection rate of diffusive
photons provided by the time and space imaging system was ~10'° to select the early
light. The spatial resolution of image signal through turbid media was experimentally
determined by estimating FWMH of point spread function of a point source. The spatial
Fourier spectrum of turbid media with and without hidden object were examined. The
minimum detectable contrast difference of AOD=~0.14 or scattering coefficient difference
Ap=0.05mm™ was demonstrated in a 50-mm thick highly scattering media with |, =
4.6mm. Early-time-detected scattering attenuation coefficients of Intralipid solution was
found. Images of translucent objects hidden in thick turbid media were obtained.

The thesis is divided into ten chapters. In the first chapter, the scientific background
to field is introduced, which includes: several key issues to be investigated using the early

light detection and spatial Fourier spectrum analysis in optical imaging in turbid media.
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In Chapter II, the operational principles behind the experimental arrangements, in which
the time- and non-time-resolved imaging methods, transmission characters of the imaging
set up are discussed. In this chapter, (i) a traditional continuous wave (CW)
transillumination imaging method (Diaphanography); (2) a picosecond Kerr time-resolved
imaging system without spatial gate (Kerr imaging); (3) a continuous wave spatial gate
imaging system (CW-F); (4} a time-resolved Fourier gate imaging system (K-F); and (5)
a double-stage optical Kerr gate imaging systemn are discussed. In the chapter III, the
optical properties of biomedical media are discussed at different wavelengths, In the
chapter IV, the transmission of the image signal of a point source, as the basic element
of an image, is presented. In the chapter V, the spatial Fourier transform of turbid media
using a time-resolved imaging system and its application to image quality improvement
are introduced, which includes Fourier spectrum of turbid media, the frequency filtering
effect of an aperture on the image contrast and the temporal intensity distribution of the
image signal through turbid media. Chapter VI focuses on the illumination intensity
dependence of the image contrast in turbid media. The experimental results of the image
contrast for both 1054nm and 527nm are described. In chapter VII, three basic influences
onto the image quality in thick turbid media are discussed: 1) the size of the target; 2) the
target depth (location) inside turbid media; 3) the minimum irradiation difference (the
object contrast or contrast resolution) between the target object and the surroundings. The
conclusion and future-direction of this work are fund in Chapter VIII. The appendix is
in Chapter IX, The last two sections of this thesis are Bibliography and list of my

publications.
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Chapter I

Introduction

1.1 Introduction

Seeing small hidden objects inside highly "scattering walls" remains one of teday’s

most challienging technological problems in the development of optical mammography and

-2 offers many

tomography in biomedical and other applications. Optical technology
advantages over conventional approaches such as X-ray in that it uses non-ionizing
radiation to locate small objects such as tumors in their earliest stage of growth. One key
issue of the time-gated early light imaging is the large scattering loss through thick
scattering media, and secondly large dynamic range (> 10") is required to detect the weak
transmitted early light through thick turbid biomedical media.

My thesis focuses on the development of a gated early-light imaging technique to
detect phantom in highly scattering media such as breast cancer screening. When a
photons travels through a turbid medium, three signal components'? can be defined:

diffusive, ballistic, and snake. The diffusive medium D, operates on the input pulse L(t)

profile to produce an output complex pulse given by:

Lu(t) = D Iy(t) (L1)
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A schematic diagram of these three components is shown in Fig.I.1. The diffusive
scattered photons of the signal travel over a much larger distance in turbid sample, while
the ballistic ones take the shortest path through the turbid medium. The snake component
arises from those photons scattering within a small forward angular cone that arrive at the
onset of the driffusive component. In a highly turbid inhomogeneous medium, such as
human breast, the contribution to the ballistic component becomes exceedingly smaif and
is buried and merged into the snake/diffusive component. The early snake component

preserves the image information, while the diffusive component loses most of the

information.

Input & N Output Pulse
Pulse e T
& ;f’ & Difl‘us'v\c
o A =)
Iu(t) L ; :Q:gg-”y e
ity T AR T AN )

x,,,i'_; : g '. H
A i %‘E:_/. LN Snake-like

SEEShakelliKetn i itk Ballistic
R R Shadowgram

e —————t

FigI.1. Three components of photons transmitted through a turbid medium,

I have investigated time-resolved optical methods to detect early arrival photons and
obtain 2D images with ultra-high dynamic range and sub-mm spatial resolution for

biomedical samples. Optical signal transmitted through the breast depends on the size,
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amount of fat, composition, and optical density of skin and glandular tissues, vascular
supply, the presence and extent of fibrosis, inflammation, cysts, and neoplasia. With
today’s ultrashort lasers and ulirasensitive detectors, a ~lmm spatial resolution of the
optical image in a turbid medium may be achieved. This thesis describes 2D shadowgram
images of objects hidden in highly scattering thick walls using 10 ps gate resulted part
of transmitted light.

Over the past several years, various optical detection and imaging methods have been
used to try to determine the location of objects through turbid and biomedical media. The
theoretical approach was first proposed by Ewings and Adair in 1928 and actually tested
by Culter on breast tissue in 1929 using steady-state transillumination (also called
diaphanography). Direct visual interpretation has been used for extension to physical
examinations of the breast. In this case the entire signal consisting of ballistic, snake, and
diffusive components are detected without time or space gating. This results in the higher
noise levels and poor spatial resolution(>>1 cm). To improve upon this approach of optical
imaging technique, uitrafast lasers, time-gating, space gating, and the new optical
technique, and computer-assisted CCD system are now employed in a shadowgram
approach.

Recently, several groups have pioneered advances using the early snake light for
imaging. Using an optical Kerr gate®™, the early light was selected to generate clear
images® of a 0.1 mm width test bar hidden behind a 3.5 mm human breast tissue. A
photon counting based delayed coincidence detection technique from the Svanberg group™

was developed to detect structures inside turbid media. Using picosecond semiconductor
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diode laser” and 120 ps early light time-gating, a large tumor embedded in a 30 mm
thick breast tissue could be identified with > 10 mm resolution. Reintijes et al."used the
nonlinear gain from stimulated Raman scattering''" to enhance the quality of optical
images in the scattering media. Chance, et al."'"" have demonstrated an optical imaging
system using streak camera technology to study the deoxyhemoglobin in brain with a
stimulation system. Chromo-coherent imaging was investigated by Spears''” using the
principle of the pulsed holographic interference technique. A holographic image is
formed from the coherent (ballistic) part and is separated out from the incoherent
(diffusive) part, which takes a longer path and contributes a uniform noise background.
The time-resolved holographic technique has been further studied by Feinberg using a
polymeric film"® and by Valdmanis et al.. at the University of Michigan using electronic
video recording"”. Path-resolved imaging method by David A. Benaron'®, Stanford
University, the SHG time-gated imaging by Yoo et al.''", and the multi-wavelength
imaging method by A. Duncan et al.?®. A new reconstruction imaging method, (one
being the Banana’s imaging method), using diffusive light has been recently studied”,
in which, the inner structure of turbid media can be reconstructed by the measurement of
the distribution of the photon path in turbid media.

For biomedical imaging applications, a significantly large dynamic range and
ultrahigh SNR improvement are needed to obtain image information of an object in thick
turbid media. For instance, for 80mm-thick chicken breast tissue with 1, = 2.5mm, the
photon intensity is attenuated to very low level of exp(-50/2.5) = 10'%. A conventional

time-gated approach may not achieve this required range and SNR. A Fourier spatial
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filtering technique® coupled with ultrafast time gating can greatly improve the dynamic
range and SNR forward this level ~ 10", The angular spatial frequencies of scattering
light will be forwardly Fourier transformed to the Fourier spectral plane. The central
pattern arising from the collimated portion of the transmitted light represents the zero
frequency (DC) component. The intensity of the region spread around the central part
represents higher spatial frequencies. Higher angular frequencies are of larger radii. The
earlier ballistic/snake and the later diffusive signals can be spatially filtered and separated
out.

1.2 Thesis Statement

This thesis focuses on characterizing, understanding and improving upon optical
imaging to locate hidden objects in turbid media with sub-mi{limeter resolution using
picosecond time-gated optical imaging.

The following are the thesis goals:

1) Using picosecond time-resolved imaging for turbid media to give the quantitative
determination of the imaging quality and the minimum object size;

2) Design and improvement of using time- and spatial-gated optical imaging
approach;

3) Spatial Fourier spectrum imaging in turbid media and objects surrounded by
turbid media;

4) Compares of CW, CWF, Kerr and KF imaging systems and as a function of the
temporal intensity profile, sample thickness, spatial resolution z;nd contrast, and analysis

of SNR improvement in a sample with |, = ~5mm.



5) Resolution vs time for scattering medta with 1, = 2mm.

6) Improvement of SNR and temporal resolution of a multi-stage Kerr gate imaging
system.

1.3 Definitions

The definitions of terms frequently used in my thesis are displayed in Table 1.3.1.

Terms Definitions

Ballistic photons Coherent photons, which travels in a straight line parallel with
original input direction, and arrives first. It is part of remaining light
pulse scattered coherently.

Snake photons Photons, which travels along a zig-zag path slightly off the
original input direction, arrives afier the ballistic photon, attenuates
exponentially with distance as relation exp{-bZ/l)], where snake
transport distance I/b is Jarger than 1, where b = b(At), is strongly
dependent on At, the observation time window for the early portion
of scattering light. The snake photons are those which arrive within
an early time of At prior to parts of diffusive light.

Snake photons are quasi-diffusive photon®, which do not obey
the diffusion statislics or equation,

Diffusive photons Phaton, which takes a random walk path and arrives late with a
broad temporal distribution.

CW imaging Signal detected in an ultrashort period of time

Time-resolved imaging Averaged input signal in a long period of time is detected

Ballistic time T = Lic,, T: time needed for ballistic photon travels through
distance of L in medium; c,: the light speed in the medium (c/n).

Fourier spectrum Intensity distribution as a function of spatial Fourier frequency

Spatial frequency Different harmonic components obtained by spatial Fourier
transform

Kerr gate Gating operation produced by using optical Kerr effect

Space gate Gating operation produced by using a spatial filter

4F Space gale Gating operation produced by placing a sample and a spatial filter at
front and back focal planes of the first Fourier transform lens,

respectively. Two lenses are separated by 2F.

Kerr-Fourier (KF) Gating operation of the combination of Kerr-gate and spatial gate

Spatial resolution Detectable minimum separation of object




Signal to Noise ratio {(SNR)

Intensity ratio of signal to noise: ~ Ty / T

Noise background

Average value of noise component

Object contrast

Variation of irradiation intensity from an object

Image contrast

Intensity variation of detected signal: (Iny, - Lo (Lnax + Inin)

Detection Sensitivity

For a certain SNR reguirement, the minimum exposure value

1,, scattering length

Mean free path between two scattering event

1, transport length

~ I, f(1-g), the mean value of the distances where a photon lost all
information about the original input traveling direction, phase, and
intensity due to the scattering.

g-factor

~ < cosine (o)>, mean value of cosine of scattering angles
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Chapter 1I

Experimental Arrangements for Optical Imaging

II.1 Transillumination Imaging

I1.1.1 History of Optical Transillumination

Optical transillumination or diaphanography is a noninvasive optical procedure for
examination of the breast involviné transillumination with either visible or infrared light,
The concept of transillumination of the breast was first introduced by Ewings (J.Ewing,
Neopiastic Disease, Sauders, PA, 1928) and Adair of the Breast Clinic at Memorial Hospital
in New York at 1928, An earliest clinical examination using the transmission of light
through the breast was reported by Cluter'™ in New York at 1929, Since the image
signal level Qas too weak and the contrast was too low to be used in an actually clinical
examination, the optical transillumination technique development was temporally stopped
in 1940’s. From 1950 to 1970s, the technique had been improved by Gros, et al by
using a new light source, in which the most heat radiated from light was removed by a
water cooling device'”. In 1972, Gros et al, reported that they were able to distinguish
benign from malignant lesions using light and coined the obscure term "diaphanography”
to describe the transillumination process. One of the first commercial instrument was
manufactured in Sinus Medical Equipment AB, Stockholm, Sweden. In 1978, the

limitations of X-ray radiography in the case of young dense breast and the increasing
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concern over the smallest radiation dose led to a reawakening of interest in
diaphanography as a diagnostic method”. In 1980, Olsson et al. found that adding
infrared wavelengths (by photographing the transilluminated breast with an infrared-
sensitive film) considerably improved their ability to identify carcinoma. In 198(s, Isard,
Ohlsson, Hussey, et al, have encouraged the view that diaphangraphy has a valuable role

2 Ohlsson proposed a new method at Sweden,

as a supplement to mammary radiography
in which a high sensitivity color film and 35mm SLR camera were used to improve the
detection sensitivity and specificity of the transillumination approach'”. In Ohlsson’s
technique, the illumination light was delivered from a 75W halogen projector lamp by a
fibercable for visual inspection and electronic flashlight for photography'". Watmough
found out that the large-size light source caused the more scattering and decreased the
resolution’”. He used a new torch light with a small exit aperture to improve the
resolution to less than 5mm in 1982, Watmough, Carlson, and Drexler modified
procedure by eliminating ail light wavelengths except for visible red and near infrared and
view the breast in real-time by using a TV vidicon tube and a television monitor. Carlsen
called this new method "lightscanning”. Based on the Carlsen’s design, a two-wavelength
commercial diaphanography was manufactured by Spectrascan, Inc.. The similar product
(for instance, Spectrascan Litescan model 10} was stopped because of poor result. In
1987, Jacson, et al proposed and tested a transillumination tomography method. However
this technique has not been used as a commercial product. After 65 years development,

the transillumination of the breast as progressed from a pocfket flashlight to present

sophisticated, computerized equipment for breast evaluation. The resolution was
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determined to be lcm and offer no specificity of tumor types (see section IL.1.3 for

detailed)

11.1.2 Principles of Diaphanography

Diaphanography or lightscanning method consists of shining light onto an scattering
object and viewing the transmitted light on the opposite or nearby side. Any defects are
observed as a shadow. In this method, a visual inspection of the superior aspect of teeth
or breast is obtained when a light source is applied to the outer surface of the teeth or
skin surface. The second part of the examination is to make either view the shadow in
a monitor or take a color infrared photographic record using 35mm camera synchronized
to a n-eon flash tube in the torch or a video system.

According to Ariel and Cleary®, the criteria evaluated in breast examination are:
(1) symmetry in overall transmission of both breasts, (2) detection of focal areas of
decreased or increased transillumination, and (3) the vascular pattern of the superficial
veins. The ratio of fibroglandular to adipose tissue determine the amount of light
absorbed. Cysts are visualized as discrete, round areas of increased transillumination.
Gradations of decreased transillumination of focal areas are noted in benign masses, such
as fibroadenoness or papillomas. Poorly defined areas of markedly decreased
transiilumination are characteristic of malignancy.

Early diagnosis was based on visual analysis of different color signals transmitted
through the breast, which can provide meore information than black/white pictures to

improve the accuracy of diagnosis. Experimental results have showed"™, there was no
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clear distinction between transmission characteristics of neoplastic and benign lesions in
the visible band (450 - 700nm), i.e., what were imaged was not the properties of the
tissue and lesions themselfs. However, the image contrast with a white light illumination
appeared in different characteristic colorations. Profio found that'”: a carcinoma was
generally dark blue and dim (indicating a high infrared/red radio and low overall
transmission; a normal glandular tissue was gray and medium bright; fibrous tissue was
white and bright; a fatty tissue is reddish and bright; blood (deoxygenated) was red and
dim, even so dark no color can be perceived; fluid filled, blood-free cysts were
distinguished by their much brighter appearance (greater light transmission becanse of less
scattering and absorption than normal breast tissue). Watmough reported that the
absorption of the light in hemoglobin is basis for the contrast and shift in the IR-to-red
transmission ratio in diaphanography images. Cluter found that a variety of solid lesions
absorbed more light than the surrounding tissue, appearing dark spots in the breast.
Ohlsson pointed out that not only neoplasms and cystic lesions may be recognized by the
technique but also areas of fibroadenosis by their characteristic intense charred color. He
found in 1980'® that breast tissues exposed to visible yellow light absorbs more than
99,95% of this light and the emitted radiation was red-infrared. Based on Watmough’s
report, the breast in younger woman appears in red-yellow tones; malignant changes
appear as a brown-black color, benigh conditions with an increase in the stroma or
connective tissue, or hyperplasia of the parenchyma produces an intensely red color,
which represents mainly adenosis (sometimes the red color is interspersed with lighter

areas representing fibrosis); cysts containing clear fluid are seen as brighter areas
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(sometimes is darker, and difficult o be distincted from a cancer).

Although color by itself is not sufficient for diagnosis, the obvious correlation

between the contrast in infrared range and the red-ball concentration (RBC) make a

lightscanning method useful in distinguishing carcinoma and benign lesions. Experiments

by Watmough'® shown that the density of blood in the tissue, (number of red cells per

unit volume) was the factor giving rise to different colours of breast tissues and breast
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Fig.l1.1.2.1 Spectrophotometric trace obtained with
blood at a range of dilutions indicating oplical cut-

pathology observed upon transillumination
with white light in vivo. The colours
depended on the red cell. The experimental
results of (ransmission percent for different
concentration blood diluted by saline as a
function of wavelength are shown in
Fig.1L1.2.1. The (d) curve in Fig.1.1.2.1
suggests the concentration of red cell in breast
is ~10% since a red colour image of breast
usually is obtained with a white illumination.
From Edward’s results, the RCB concentration
varying with different conditions of tissues'”

are shown in Table 11.1.1.

offs whose wavelength depends on the dilution factor.
Rired;O:orange; Y:yellow; G:green; B:biue; Viviolet;
£:172000; £:1/1000; e 17/100; d:1/10; c:1/5; b:1/2; a:1/1.

It was found that the highest concentration occurred at the edge of a carcinoma;
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the next highest one in the peripheral tissue immediately outside the carcinoma; the next

Tissues RBC (mmYg)
Normal lissue 4.2
Fibroadenoma 5.4
Carcinoma (lumor) 4.9
Carcinoma (edge) 16
Peripheral tissue immediately outside the carcinoma g2

Table I1.1.1 RBC of different types of tissues (Ref.])

highest one in the peripheral tissue immediately outside the fibroadenoma. The third
highest one is in the fibroadenoma, and roughly the same concentration was measured
inside the acarcinoma and nontumorous tissues.

The contrast in infrared wavelength is related to the cell concentration, which is
important in determination of carcinoma and benign. For instance, the region at the
growing edge of a carcinoma has a higher RBC than fibroadenoma or normal tissue,

carcinoma has higher RBC than fibroadenomas.

11.1.3 Drawbacks of Diaphanography or Lightscanning Techniques

Over the years, the breast diaphanography method has been investigated in clinical

(-9 The examination results of diagnostic sensitivity and

practice by several groups
specificity usually were compared with that of a X-ray mammography. There have been
a number of experimental results convincing the potential of a diaphanography to detect

breast cancer"®®, which includes: a two-wavelengths diaphanography is capable to detect

some cancers, not be adversely affected by dysplastic breast, gives a rather good view in
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young patients in where mammography gives poor penetration, and no radiation problem
to which young women are especially sensitive™, more easily distinguish benign lesions
from cancers. However, due to the fact that a diaphanography test was examiner-
dependent”, the predicting sensitivity of clinical examination results were great different
for different research groups.  For instance, in Marshall’s experiments, the
diaphanography sensitivity was ~95%, which was very close to that of X-ray
mammography'®’; while in Geslien and Sickles’s experiments™'?, it was about 20 - 50%,
much lower than that of mammography. However, the overall evaluation results have
shown that the sensitivity of diﬁphanography is still lower than the mammography,
especially for a small size tumor (< 1 cm)!'+41%,

To enhance the diagnostic sensitivity, the lightscanning technique has been
experienced a series of improvements, which include: a new torch light source to detect
the small-size lesions (Watmough), the multi-wavelength detection, a high sensitivity
color camerﬁ, film, and television monitor,, and a spatial filter to decrease the light
noise'?. However, so far a poor spatial resolution is a fundamental weakness of a
diaphanography, which limited the further development and application of
diaphanography. One of problems is optical physicist was not involved in the
development of the method and it was premedically tested by medical university. The
lower sensitivity came from a poor spatial resolution, which is mainly caused by the
diffusive scattering of photons by a breast tissue (additionally, a diffusive light source
often used in a diaphanography also limited the spatial resolution). These diffusive

scattering photons increased noise background, decreased the signal contrast, resulted a
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loss of the fine structure of optical images, and finally caused a low predicting sensitivity
and a high false rate in a clinical examination. The clinical examination has shown that
for tumor size < lcm, a sensitivity of ~30-44% for diaphanography was compared with
a sensitivity of ~90% for X-ray mammography™?”. This caused poor detection capability
for the early (first and second) stage tumor in comparing: ~87% for X-ray mammography,
~60% for diaphanography”. In addition, diaphanography is not adversely affected by
dysplastic tissue, in which neoplasms embedded most oflen have been overlooked by X-
ray mammography test”, More work is needed by experimental optical physicists and
engineers to test and improve this method.

The research experimental and clinical results are showing the overcoming of the
scattering has been seriously limited by using only conventional spatial improvement
technique. In this thesis research, several new approaches have been proposed and tested
to create a further improvement of the lightscanning diaphanography performance by
addition of time and space gates. These new imaging methods concentrated on the
elimination of the diffusive scattering photons before they arrive at detector to increase
the SNR and resolution < lcm of the images. The space gating is an addtional appraoch

to improve the signal to noise ratio and discussed in the following section.

I1.2 Experimental Arrangements

Four optical imaging arrangements have been used and tested in my research, they

are: 1) a steady-state or continuous wave imaging system (CW system); 2); a
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conventional picosecond optical Kerr gate imaging system (Kerr system); 3) a steady-
state or regular continuous wave imaging system with Fourier spatial filtering (CW-F
system); and 4) a picosecond Kerr-Fourier filtering imaging system (K-F system).

The main operational principles of these methods are described in this chapter. The

detailed specifications of each method are discussed in the relevant chapters where they

have been used.

11.2.1 Non-Time-Resolved or Steady State Imaging Method

A conventional lightscanning technique is a steady-state or continuous wave (CW)
imaging system, which operates based on a non-time resolved imaging technique. The
image is formed by the time-averaged transmitted optical signal since the image signal
is received by a detector in a long period of time, such as in a breast diaphanography.
The basis for the breast diaphanography is the differential transmission of optical
radiation. The visible or IR source illuminates one side of a breast, and the output optical
signal is detected in the other side. For CW integrated intensity detection, The output

intensity has been expressed as™:
I = 41,(1+2Doy 'exp(-0x) (I1.2.1.1)
D is diffusion coefficient, is equal to {3[u(1-g) + 1}, o = (u/D)? = L'\, L is the

diffusion length, or penetration depth.

Recent research has shown that the detected intensity in the early time period of ~
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300 ps can be expressed by a numerical formula (from Feng Liu’s Thesis):

I,=1,,/2Z) (11.2.1.2)

where |, is the transport mean free path, and Z is the thickness of turbid media.
An numerical example for a 50mm-thick breast tissue estimated by the equation
11.2.1.1 using the relation D=(31,)", absorption coefficient of p, ~ 0.0lmm™ and the mean

free transport path of |, = 2mm:

I = 451423 2mm)"'0.0408mm '] 'exp(-0.0408-50mm) =40.9970.13], =
0.518I;: and

L = (D/p,)"2 ~ 24.5mm.

However, with the same tissue parameters and thickness as above, Equation I1.2.1.2 gives
1 = 0.04];, which is much smaller than that from eq. [1.2.1.1. The reason for the
difference is the 0.04L, is detectable transmitted intensity in the early-period of ~ 300ps,
while 0.518], is CW measurement result.

‘Due to the long time detection, the considerable light noise is received, and the
image resolution is decreased to scale of centimeter in a conventional light
transillumination imaging method. A relatively much slower detection compared to the
traveling speed of the signal photons in the steady state or continuous wave imaging

technique causes a serious loss of some important information, such as the variation of
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index n along the travelling path and the time-dependence of the true image signal
determined by the arriving-lime difference between the ballistic/snake and diffusive
photons. For instance, in the imaging of phantoms in the 50mm thick 2% diluted
Intralipid solution using {0ps 1054nm Iaser pulses, the image signal part with highest
resolution, contrast and SNR (ballistic/snake component) is only located in the earliest
period of time of ~10 - 40x10"* second. Meanwhile, the shutter speed of steady-state
light imaging instrument is usually very slow, for instance, 30x10” second for
diaphanography or lightscanning, which is operating in a TV video system. A shutter
with such long opening time would actually let all photons including late-arriving

diffusive noise part arrive at detector, which will result in a total distortion of an image.

I1.2.2 Time-resolved Imaging Method

In a time-resolved imaging system, the image signal is detected in a very short
period of time. The temporal distribution of the photons in turbid media with a 10ps
opening time of an optical Kerr gate imaging technique is used in this research work. In
this case, only the selected portion of signal photons is detected, which is not averaged
with rest part of the signal arrives beyond the opening time of the optical gate. -

The operational principle of a time-resolved imaging technique and a steady-state
or non-time-resolved technique (CW technique) is shown in Figll.2.2.1a and b,
respectively. In time-resolved imaging method (Fig.I1.2.2.1.a), only the portion of the

signal (the shadow area of the profile) covered by detection gate duration &t is detected.
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Intensity profile

Propagation Direction of Signal -~
Part to Be Gated

t
P

Time-gale "OIF'/I 51 l\ Time-gate "On"

(a)

b
(b -t

Fipg11.2.2.1 Principle of the time-resolved (a). and non-lime-resalved detection {h).
8t: detection duration of time-gate; 8T delection lime in pon-time resolved process.

All the rest part of the signal is rejected before the signal is received by a detector. The
gate position can be shilted to any place in the time-axis using an optical delay line to
sclect a particular part 1o be detected.

In this research work, the gate width is detesmined by the width of the pumping
pulse and release time of Kerr medium, which is ~10 ps (refer to the discussion on Kerr
gale imaging in the following). In steady-state method (Fig.11.2.2.1b), whole signal
profile, covered by the delection time period 8T, is received by the detector. In this
research work, a compuler-controlled mechanical gate is used in cooled-CCD camera in
the steady-state imaging experiment, the detection time is 4 second, which is much larger
than that time duration of the output signal profile of scale of nanosecond.

When a laser pulses were broadened due to the mulli-scattering, the early part of
pulses were still carrying non-distorted signal, but the late part lost true image signal and
became light noise. To separate the early-time signal (or any portion of the signal) from

the rest, an time-gate has to be set in between the detector and the turbid sample and this
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gate must be "on" at a proper time. When the adjustment of the "on time" of the time-
gate synchronized with the left dashed line, the part of signal in 8t duration (between
dashed lines) is detected, and all the rest part of signal is rejected. The SNR
improvement of this technique has been demonstrated to detect a hidden object in turbid
media. The transmitted optical signal through highly scattering media consists of the
early-arrival little-distorted signal part (ballistic/snake component) and late-arrival

diffusive component. The signal SNR is proportional to the ratio of ballistic/snake
component to diffusive component, i.e., SNR ~ L. i.on / Liinsives Which is usually as low

as 10" or even less for a highly scattering medium. To improve SNR, it is necessary to
filter out as more diffusive photons as possible. Which can be realized by an early-time
detection using an ultrafast time-resolved imaging system, where the gate interval &t is
located at the T=0 to let ballistic/snake photons only pass through the gate. For a
different case in which a conventional non-time-resolved (a continuous wave imaging
system, CW system) is used, where there is no time gate, all part of the transmitted
photons are to be detected (the early- and late-arriving photons are accumulated together).
The mix-up of the true image signal carried by the early arriving-photons and the light
noise formed by the later arriving-photons would result in an image blurring. In the
actual bio-medical imaging and other applications, an ultrafast (a few picosecond or less)
gate is needed to pick up the early-arriving photoﬁs from the diffusive light noise. An
electronic imaging gate with the gate-opening time of a few picosecond is not available
in market.

A picosecond optical Kerr gate has been involved in a time-resolved imaging system.
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The operational principle of an optical Kerr gate and the imaging system is shown in
Fig.I1.2.2.2a and b"""*_respectively. The imaging system consists of a mode-locked Nd
glass laser, a CS, Kerr shutter and an video image processing system. The 1034-nm laser
pulse has a peak power 5x10°W with 8-ps pulse duration. The 1054-nm laser beam
passes through a KDP crystal to produce the second harmonic component with a
wavelength 527-nm and peak power of about 10'"W, The 1054nm {or 527-nm) pulse was
used to illuminate the hidden object. The 527nm (or 1054nm) pulse was separated by a
beam splitter and sent into a CS, cell to open the gate for ~10-ps. The thickness of
optical glass cell is lem. The extinction coefficient for a pair of crossed calcite polarizers
is ~10%, and ~2 x 10*! for a pair of crossed plastic polarizers. The aperture size of
polarizers is 15mm diameter. The spot size of pumping beam on CS, cell is ~lcm
maximum for 1054nm,

An picosecond optical Kerr gate is a time-varying nonlinear device, in which, the
optical transmission characteristic is dominated by the interaction of the gating pulse and
Kerr active medium. When an intensive linearly polarized laser pulse passed through a
Kerr active medium, the difference of the induced indices of refraction parallel and

perpendicular to the polarization direction of the orienting laser field can be written as:

dnt) = n<E2(0> + (0%t | <BA0> exp(-(t-iidt  (112.2.1)

where <Egz(t)> is the time averaged gating laser pulse intensity function which is assumed
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be a Gaussian temporal profile <E2()> = 172 Eglexp(-t*/1.%), T, is the pulse width

g
defined as e decay time of the pulse envelope, n,® is the fast nonlinear refractive index
caused by fast relaxation mechanisms such as electron cloud distortion; and n,° is the
slow nonlinear refractive index caused by a slow (molecular) relaxation time 7, Using

a slow detector, the transmitted signal of a probing pulse <EX(t)> = 1/2 E\? exp(-(t/17))

through a Kerr gate can be expressed as a function of delayed gating time 7,

Sty = 8" | <BAt-t,)>GHY) dt (11.2.2.2)

where G*(1) is an optical transfer function with the superscript s correspond to a single
stage optical Kerr gate: G(t)=sin®*(nL/A &n(1)). S, = J <E}(t)> dt is the normalized
probing pulse intensity; T, is the delayed gating time between the gating pulse and
probing pulse; 1, is the ¢ decay time of the probing pulse.

The transmission efficiency for a single stage Kerr gate was about 5-10%. The
image was measured by an intensified 2D CCD camera (from VIRO and Pulnix) with
gain of ~10* times or a cooled CCD camera (from Photomatrix). The Pulnix CCD
camera has 640x480 pixles, 256 gray levels (8bit), and the real time (TV) operation
version. Photometrix camera has 512x512 pixles, 65000 gray levels (16bit), and ~10
second readout time for 512x512-pixles area.  For Photometrix CCD camera cooled

down to -45-degree Centigrade, the detection sensitivity is ~20 photoelectron/bit. For
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Kerr Media

Kerr Cell (CS 2)

Fig.11.2.2.2a  Operational principle of an optical Kerr gate.

Intensified or
cooled CCD
camera

4

Image plane

R

Fig.11.2.2.2b Experimental sctup of single aptical Kerr gate imaging systei

A laser-pulse train from a mode-locked Nd:glass laser was used to study the gate, ML. The laser-
cnergy fluctuation was ~3% from shot to shot. KDP, potassium dihydrale phosphate crystal for a SHG
pulse: BS. beam splitter; S, sample; DL, delay line; P, and A, polarizer, and analyzer oriented at -45° and
+45° with respect o the polarization of the probing beam.  Plastic (Poloroid HN22) or calcite polarizer has
becn used. K. b-cm long C8, Kerr cell; L. lens with focal length ~35¢in - 60cm; ND, nutral density filiers;
NB, narrow-band filters, [CCD, image-intensified CCD camera detector with ~10" gain, or cooled CCD with
sensilivity ~1 count/20 photoms. The Kerr active medium carbon disullide liquid in an 10mm thick optical
glass cell. The whale sysiem was contrelled by a PC computer, which was triggered by the laser firing
signal from the laser power supply. The transinitted signal pulse was recorded by an CCD camera. From
which, the output signal was send (o a PC compuler (o be processed
and displaycd.
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1054nm wavelength, quantum efficiencies ~8%. Therefore, the minimum detectable
number of photons is ~250 photons. A IBM/PC computer for Pulnix CCD and a Mac II
are used for Photometrix CCD camera, a frame grabber and software package were used
to store and process the image data.

Temporal resolving capability of a time-resolved imaging system is an important
requirement. The experimental results have shown that the system has been used in this
research can resolve signals in ~3.3ps when the signal intensity varys equal to or more
than 20% in 3.3ps interval. In this case, the laser output has to be kept less than 10%.
When the power density of gating pulse is too high, the gate opening time would increase
due to the saturation'®'”. When the pumping intensity is to low, the detectable signal
level would be limited. To match both the requirements, the Kerr conversion efficiency
is kept at ~10%, that is, the 10% signal pass through the gate when the gate is "on".

When a input optical signal E(t) passes through a Kerr gate, the intensity of the

gated signal through the Kerr gate can be represented by‘'""'¥:

I(t,) = EX(0)G(t-t,)dt (11.2.2.3)

-e0 —3 oo

where, G(t) is the pumping pulse intensity profile:

G(t) = E;? (1) = Ey’ exp-(t-t))*/2(A1) (11.2.2.4)

where, t, is the gating time, and At is the ¢'-width of the pumping laser pulse.
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The temporal resolution of an optical Kerr gate used in my research is ~3.3ps. That
is, the intensity change of gated signal ~20% when the gating time delayed by ~3.3ps.
The reason why choosing 20% is to make sure the measurement of a gated signal is
stable and reliable even when the laser power fluctuates by 10%. The calculated intensity
decrease of the gated signal I(t,} is ~20% if At is 5ps, and t-t; is 3.3ps, which is consistent
with the experimental results,

The SNR mainly depends on the ratio of transmittance between a crossed and a
parallel polarizers for a signal stage optical Kerr gate. Two factors must be considered:
the extinction rate of polarizers, and Kerr efficient. The higher extinction rate and Kerr
efficiency produce the higher SNR. The lower extinction rate will caused the more
leakage of diffusive noise. The lower Kerr efficiency will cause the more loss of true
signal. The extinction coefficient of a pair of polarizers corresponds to the system SNR,
which is ~10° for calcite polarizers, and Kerr efficiency is ~10%. Which yield a SNR
~10° for a conventional single stage Kerr gate imaging system.

To improve the temporal resolving capability and SNR of an optical Kerr gated
imaging system, a multi-stage Kerr gated system was developed, which will be described
in detailed in Chapter IL.3. The basic operational principle of a double-stage Kerr gated
imaging system can be briefly explained using Fig.H.§.2.3a, b, and c. Qutput signal
photons travel through the two stage of Kerr gates serially connected. The temporal
positions of two time gate can be independently shifted to the earlier or later using a
corresponding optical delay line, separately. The time difference between two gate, at,

depends on the position difference of each gate time with respect to the same part (it may
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be the zero-point) of the signal.

In the first stage Kerr gate (refer to Fig.I1.2.2.3a), only the part of signal, which
arrives at the same time as the probing laser beam in the first Kerr cell, pass through the
analyzer (the second polarizer) of the first stage, and enter the first polarizer of the second
stage Kerr gate, This gated part of the signal is sent to the second Kerr cell to be gated

by the pumping pulse, which comes out from the first Kerr cell. The arriving time of the

Propagation Direction ofSiml

Signal
{a)
l L]
Opening lime duration ~e -~ Lo
of Kerrgate | '
Signal Portion Rejected Signal Porion Gaoted by
by First Stage Kerr Gate Fiirst Stage Kerr Gate
-
\' - -"'-.I 1
. - . .
\
_- l
-
(v) o 1!
Galing-time of gale 3 —p-} e t
3 b
Signal Partion Rejected by Ficst 5t : Gating Time Difference
and Secand Stage Kerr Gates Beiwgen Geate 1 and Gale 2
-
e~ R o
() - - | N
- ! \)
Gating-time of gale 2 —pw{ p - 1

Gating-time of gale | ~——{ji] [ R

Common area of the gated signal by the first and second gales.

Fig.11.2.2.3 The principle of a double-siage optica! Kerr gated imaging system.
Ot: the time difference between two Kerr gate determined by a delay line.
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pumping pulse at the second cell can be adjusted earlier or later with respect to the gated
signal by an independent delay line. That means, when these two gates were opened at
different times with respect to the arriving time of the signal (i.e., 0t is not zero), only the
portion of the signal appearing in the common range of gating time of the two gates will

pass the 1" and 2™ Kerr gates and amrive at the detector, as shown in Fig.11.2.2.3c.

11.2.3 Fourier Spatial Filtering Method

When a plane wave illuminate an object, the light will be scattered into different

directions in space® 2, uas shown in Fig.J1.2.3.1. This scattered light represents a spatial

Fourier Planc

X. Y, XeYg X Y

Fig.]1.2.3.1 Spatial angle frequency and Fourier transform in optical imaging
OP: Object plane; IP: Image plane; DR; Diffractional Ray; FTSP: Fourier
transform spectrum plane; FF: Forward Fourier transform; BF: backward
Fousier wansform; f: Focal lengih; a: Object distance; b: Image distance,

angular frequency spectrum of the object shape. The angular frequency components can
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be displayed on the Fourier plane. A diffraction pattern consists of a series of different
spatial frequency components on the Fourier plane. The center of the diffraction pattern
which comes from the collimated diffraction light represents the zero frequency DC
component. The spatial region spread away from the central portion represents higher
frequency components, The higher angular frequencies are located at larger radii on the
Fourier plane.

The spatial frequency of an object under the forward Fourier transformation is

defined to be®":

f, = AX/(A 1) (I11.2.3.1)

where the scale unit of the f, is lines/mm, A is the wavelength of the illumination laser,
and

f is the focal length of the lens L., and AX is the half width at full maximum (HWFM)
of the

Fourier spectral profile of the object at the back focal plane. For an object illuminated

by a plane wave, the radius of the diffraction image is equal to:

AX =f AQ (IL2.3.2)

here A® is the angle of diffraction of the object. For a slit object of width D, A® can

be approximately to be
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AO ~ AMD. (11.2.3.3)

For a round object with diameter of D, A© can be approximately to be
A® ~ 1.22 M/D. (1L.2.3.4)
Using eqs.}1.2.3.1 to 11.2.3.4, the Fourier spatial frequency of an object is ~ 1/D. For
example, when the width of a slit is 0.5mm, the corresponding spatial frequency at
1.06pum wavelength is 1.06x10%/0.5x10™ = 2 line-pairs/mm (or 2 Circles/mm).
Using Eq.I1.2.3.1 and 11.2.3.2, the forward Fourier transformation which forms a

spatial Fourier spectrum, U at the back focusing plane of the lens, can be expressed as:

UeelXpy) = A tolXgYo) eXP-I2/A T(XoX Yoy dxedy,,  (11.2.3.5)

and the backward Fourier transformation which formed a real image. I(x,y,) at the

imaging plane can be expressed as:

I(x.y)= A, Up(XpY ) exp( 2/ f(x x+y,y)dx dy g, (11.2.3.6)

where, x, and y, are displacements at object plane in x & y directions; x; and y, are
displacements at Fourier spectrum plane ( back focusing plane ); x; and y; are
displacements at image plane; A, and A, are phase terms.

The major energy location in the spatial modulation spectrum is proportional to the
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reciprocal of the size of spatial variation of the modulation: for the spatially larger area
modulation, the higher energy density appears at the lower range of the spatial spectrum,
and for the smaller area modulation, it does at the higher range of the spectrum. Any
modification (filtering) of the spatial spectrum pattern by removing part of the
components will change the image resolution and contrast.

To examine the spatial frequency distribution of collimated light through turbid
media, the transmitted signal of turbid media has to be measured at Fourier transform
spectrum plane (FTSP) in a time-resolved 4F imaging system. When collimated laser
light travels through turbid media, they emerge at different directions into half-space. The
ballistic/snake photons travel in a zero or small diverged angles with respect to the
original laser beam path; the diffusive photons distribute in a 7 space angle which include
the non-co-linear (large-angle) photons and the co-linear (smalf angle) photons. The
early-arriving part (ballistic/snake component) of the small-angle photons carry the least-
distortion image signal.

The spatial filter, which is based on the Fourier analysis on the transmitted signal
through turbid media discussed as above, can be used to improve the image guality by
filtering out the noise photons at FTSP. An example of optical filter is a circular mask,
or a aperture as shown in Fig.I1.2.3.2. The optical setup shown in Fig.I1.2.3.2 is a 4F
system, in which object is placed at front focal plane of first lens and the image is formed
at back focal plane of the second lens, respectively. The co-focal plane of the two lenses
in between the first and second lenses, is called Fourier spatial spectrum plane (FTSP).

The first lens collected the image signal and resolves (forward Fourier-transform) them
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into different spatial lrequency components, displayed in a specific spatial distribution in
FTSP. The second lens reforms (back Fourier-transform) the components into a real
image at back focal plane. A specially designed mask can be placed at FTSP (for
example, a aperture) to modify the passing signal. The circularly symmetric low-pass
filter has a transfer function:

T=1iff2+ 1< and T = 0, otherwise.

hnage
plane

Fourier /
spalial
Speetrun)

Object Lens plane

plane

Aperlvre
.‘ j/f (spatial
) lilier)

Fig1.2.3.2  Principle ol spatial liltering of a 4§ imaging system.

The unit in ebject and imaging planc i< mm, and the unit in spatial lrequency is
pair-line pec mm. { is focal length of lens. An aperture works as a spatial fiter.

where f, and f, are Fourier spatial frequencies in X- and Y- coordinates, and f_ is cutoff
frequency, which is equal to lh.c radius of the mask (aperture window). It passes spatial
frequencies that are smaller than the cutoff frequency f,, and blocks the higher
frequencics. This filter is implemented by a mask in the form of a circular apertare of

diameter D, with D/2 = f, ‘AL, For example, if D = 3mm, A = 1.06y, and L, =
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600mm, f_ = 2.5 lines/mm. This filter eliminates spatial frequencies that are greater than
f.. The size of delails in the filtered image is approximately 0.4mm.

The aperture size as a function of cutoff frequency f, at 1054nm and 527nm at
Fourier plane is shown in Fig.11.2.3.3. The high-pass filter is the complement of low-
pass [ilter. 1t blocks tow frequencies and transmits high frequencies. The mask is a clear
transparency with an opaque central circle. The filter output is high at regions of large
rate of change and smalt at regions of smooth or slow variation of the object. The filter

is thercfore uscful for edge enhancement in image-processing application. The vertical-
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Fig1.2.2.3  The cutoff frequency as a function of
aperture size at FTSP for a coherent imaging syslein.

pass f{ilter blocks horizontal frequencies and transmits vertical frequencies. Only
variations in the x direction are transmitted. If the mask is a vertical slit of width D, the
highest transmilted frequency is f, = D/2A Ly,

In the optical image signal transmitted from (urbid media, the true signal is mainly

concentrated at the center arca of FTSP at the early time (ballistic/snake photons), while
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the noise component used to be spread over larger radii area at the later time, At the late
time detection, the diffusive photons at the out surface of turbid media distribute
approximately uniform in a © half-space. The fraction of the diffusive noise energy, R,

which is filtered out by a small size aperture set at FTSP can be calculated as shown in

Fig.11.2.3.4:
The diffusive photon noise energy leak through the aperture
R, =
Total diffusive photon noise energy in a solid angle of &t
Aperture diameier d Aperture diameter d
R, = tan’ { Vi = ~ | Vin
Focal length f Focal length f
Turbid Media FTSP
Vi
/ Fourier transform lens FTSP
\
# Aperture
i T—
--—’- — _ |_::-~ ——————— -~ b
s \ \ -
o d
Input
Laser
| — o — 1
d72f= tana

Fig.11.2.3.4 Diagram used to calculate the fraction of diffusive
photons passing through the aperture set at Fousier transform
spectrum plane (FTSP). d: apenure’diameter; : collection angle
determined by d; f: focal length; L: forward Fourier transform lens.
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where R, represents the rejection efficiency of diffusive intensity by a space filter (an
aperture), For example, if the focal length of Fourier transform lens is f = 600mm, the
diffusive photon noise energy leak through the aperture (at FTSP) with diameter of d =

Imm is:

R, =~ 6007/ =~ (1/600)* &' ~10°.

In experiments, an adjustable aperture was chosen to work as a spatial filter because
it is easy to be combined with an optical Kerr gate (refer to the principle of a continuous
wave system with spatial filter (CW-F system} and a time- and space-gate imaging system
are shown in Fig.IL2.3.5a and b, respectively). In Fig.I1.2.3.5a, a mechanical aperture
was set in Fourier plane (FTSP). In Fig.I1.2.3.5b, an intensive picosecond gating pulse
was focused inside the Kerr-active medium, CS,, induced a small size soft aperture, The
8ps duration and small size aperture can provide both the early-time and collimated
imaging detection. An adjustable mechanical aperture is placed at Fourier transform
spectrurn plane (FTSP)., The sample to be detected is placed at the front focal plane of
the Fourier transform lens. Due to the nature of Fourier transformation of this optical
setup, the signals will be resolved into the different Fourier spatial components at Fourier
transform spectrum plane (FTSP): the collimated photons (DC component) at the center
point, the lower frequency component at the small-radii area around the center, and the
higher frequency components appear at the larger-radii area. Only the frequency at the

small-radii area around the center, and components (DC and some lower frequencies)
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located at the window area of the aperture can pass through. The varying of the
mechanical aperture size will determine the spatial frequency up-limitation of the input
signal arriving at image detector. The advantage of Kerr-Fourier design in Fig.11.2.3.5b
compared to the CW-Fourier design in Fig.11.2,3.5a is that the early-time-induced aperture
in Kerr-Fourier system can provide highest signal fidelity by a more effective noise
reduction. The late-arriving co-linear diffusive photons, which fly in a small diverged
angle, can leak through a small-size mechanical aperture, but be rejected by an early-time

detection in Kerr-Fourier imaging system.

Fouricr Spectrum Plane  (FTSP)

Laser Image
Light F I F Mccf:mnical | F Planc
' . o aperture n /
— - 2"‘-"-: / —
@ -l "I
Object Diffusive light Image .
Turbid Media Baltistic/snake light CCD chip

Fourier Spectrum Plane (FTSP)
»

Laser F —b—,-—F | —»1--— F Image
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! o, /

PR - -
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1
/ Mm% 1 cop
Object Diffusive light  Ballistic  Pumpregion  CHOF
Turbid Media fsnake light {induced aperture)

Figll.2.3.5 The principle of a continuous wave imaging system with a
mechanical spatial filter (a), and a time- and space-gated imaging system,
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The total reduction of diffusive component for a single-stage time- and space- gate
system is: Ry =R, 'R, = 10° - 10°, that is, Ry = 10",
The rejection rate of diffusive photons provided by a single-stage space gate- (CW-

collimation), time- gate, and time-space gate are displayed in Table 11.2.3.1.

Gate Type Space gate Time gate Time- and Space-Gate
{collimated Method)
Rejection Rate ~10° ~10° ~10"
System Specs. Aperiure size: Imm Caleite polarizer Aperture size: 1lmm Calcite
10ps gating pulse polarizer, 10ps gating pulse

To enhance the rejection rate to above 10", a double-stage K-F imaging systern may
be used. In which the diffusive photon rejection rate of ~10" to 10" is expected (refer

to sectien I1.3).

11.2.4 Optical Imaging Arrangements

Four experimental imaging arrangements have been used in this thesis:: 1) a regular
continuous wave imaging system (CW system) is shown in Fig.I1.2.4.1; 2) a conventional
picosecond optical Kerr gate imaging system (Kerr system) is shown in Fig.11.2.4.2; 3)
a regular continuous wave imaging system with Fourier spatial filtering (CW-F system)
is shown in Fig.11.2.4.3; and 4) a picosecond Kerr-Fourier filtering imaging system (K-F
system) is shown in Fig.11.2.4.4.

In Figll.2.4.1, the signal is directly detected by detector (CCD camera). The
reduction of the noise background is mainly depends on the small collection angle of the
camera and proper color filters. The SNR of the detected image is usually very poor in

imaging through turbid media, such as in breast diaphnography.
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CCD chip

Fig.11.2.4.1 A regular CW imaging system.,

In Fig.11.2.4.2, an optical Kerr gate is used to reduce the noise level by an early-
time detection. When the signal passes through the Kerr gate, only the photons meeting
the pumping pulse in Kerr cell pass the analyzer to be detected. A main disadvantage of
a conventional Kerr gate (as shown in Fig.11.2.4.2) is the high frequency noise is mixed

up with the low frequency and DC signal (i.e., the noise component is not separated from

the true signal spatially) when the Kerr cell is placed in a non-Fourier spectrum plane,

and the noise reduction capability is limited.
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Fig.]1.24.2. A conventional optical Kers gated imaging system.

Fig.I1.2.4.3 shows a steady-state imaging system with a spatial filter set at FTSP
(CW-F system). The arrangement of the Fourier transform spectrum plane (FTSP) make
the most of the scattering light noise be separated from the major part of the true image
signal (concentrated at the lower frequency and DC component) in space. Due to the
non-time-resolved detection, CW-F imaging system can't completely reject the late-
arriving co-linear diffusive photons.

A Kerr-Fourier imaging system is shown in Fig.11.2.4.4, which combine the Kerr

gate and Fourier spatial filter in a same system to create a rnaximum SNR improvement.
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The signal is resolved into different spatial frequency components at FTSP located in the

middle of the Kerr cell to be time-gated, then form the image in CCD chip. In an actual
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Fig.11.2.43 A CW-F imaging syslem
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Fig.l1.2.4.4 A time- and space-gated imaging system.
L1 =60cm, L2 =20cm
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experimental setup, the focal lengths for L1 and L2 is 30 ~ 62cm, and 15-18cm,
respectively, The laser beam diameter is ~ lem. The input collection angle is ~1°. The
resolution is ~100pm in clear water.

The collimation is different from the Fourier filter used in the imaging system of
this research. The former is a method used to change non-collimated light to collimated
light by filtering out non-collimation component. The Fourier spatial filter used in this
research is an optical signal processor by placing a space mask at Fourier plane. The
mask would modify the transmittance of different frequency components of passing signal

to improve image quality.

11.2.5 Modulation Transfer Function

11.2.5.1 Background

An image signal is a modulated distribution of the illumination light intensity and
phase caused by the difference of optical properties in different positions of an object to
be imaged. For incoherent imaging process, an image I, (X,y) formed by an imaging
system can be expressed as a convolution of this modulated signal intensity I, (X, ¥) and

the intensity transfer response of the imaging system for a point light source, h(x,y):

Iout = A Iinpm(x' y) *h (x'y)

=Al

inpul

(x, y) * PSF (x.y); ' (IL2.5.1)

h(x,y) = PSF(x,y);
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L}

where,'*" represents a convolution operation, and h (x,y) is also referred to the Point
Spread Function, PSF, in imaging process.

PSF describes the spread distribution of a point source image. The Fourier transform
of PSF is defined as the optical transfer function, OTF, which characterizes the

performance of the imaging system in term of spatial frequency components as shown by

equation I1.2.5.2:

OTF(x.y,) = A PSF(x,y)exp[-i2m(x,x + y,;yldxdy

= A |OTF(x.yp) | expl-i®(x,.y,)] (I12.5.2)

where x,.y, are the spatial frequency defined in Fourier plane; A is normalization factor,
and the is the modules of OTF; exp[-j®(x,.y,)] is the phase of OTF. In equation IL2.5.2,

the first term | OTF(x,,y,) | can be expressed by Modulation Transfer Function, i.e., MTF:

MTF represents the optical intensity transfer response for a point source. The phase
transmission has to be considered in an aberrated optical imaging system unless the field
angle is very smail®'??, The imaging experimental setup in this research is approximately

aberration-free since the actual imaging field angle = 1°. Therefore, the phase term in
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equation 11.2.5.3 is approximately constant 1, and then OTF(x.,y,) = A MTF(x,,y,), that
is only the MTF of imaging setup in my research work will be discussed in following
part.

From point of view of imaging, the MTF describes the reduction of the signal
modulation (contrast) as a function of the Fourier spatial frequency through an optical
imaging system, which is defined as a ratio of Fourier spectrum of the image intensity

distribution to the object radiance distribution:
MTEF(x,.y,) =(Image Contrast)/(Object Contrast) (11.2.5.4)

where x.y; is the spatial Fourier frequency. MTF gives a measurement of change of
contrast arising from the attenvation of spatial frequency component of the image signal

in term of contrast {and the summation of contrast loss of all spatial frequency

components result in the image distortion). For example, if C,,,,=0.81, Cg;,=0.9 at 5-
Cycle/mm (~0.1mm resolution), and MTF = 0.9, which means 10% of the 5-Cycle/mm
component of the image signal would be lost in the transmission, and the image resolution
would be decreased. If the modulated signal is transmitted through an imaging optics and
detected by a detector without distortion, a perfect image would be obtained, and
MTF(x;,y)) = 1. In this case there is no loss of information, that is, all frequency
components are transmitted without any loss. In an actual imaging experiment, the
transmittance is different for different frequency components. Some of components lose,
and cause the reduction of the image quality. In my research work, this difference is

caused usually by the limitation of the diameter of lens, aperture and the scattering in
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turbid media.
Theoretical analysis on MTF through turbid media has been obtained by Zardecki,

@, They have shown that

Ishimaru and other authors in CW measurement condition
the image in turbid media would be seriously blurred due to the rapidly decay of the
higher frequency component of MTF with turbid media existing. However, the MTF of
the highly scattering media detected in the early time could be much wider than that in
the late time according to the time-resolved spatial spectrum measurement''”.

11.2.5.2 Determination of MTF from measured contrast

Modulation Transfer Function of an imaging system may be determined by two
calculation methods using experimental data: 1) Fourier transform of a Point Spread
Function (PSF), which is actual measured intensity profile of a single-point-source image,
and 2) sinusoidal transform of Contrast Transfer Function (CTF), which is a measured
intensity profile of bars with different pair-line per millimeter.

In the PSF method, a Fourier transform of PSF was performance by substituting the
measured image intensity profile of a signal point source into Eq.IL.2.5.1 to 11.2.5.3.

In the second method to determine MTF, a measured distribution of contrast as a
function of the bar resolution (pair-line per millimeter) is regarded as a CTF(f)). Then

the Fourier-transform-based conversion of the CTF is used to calculate MTF(f), where f,,

f, are replaced by f for the convenience:

MTE(f) = %IF[CTF(D + Z° _(-1)" 2n-1Y'CTF[(2n-1)f]

= UUr[CTF(f) + 1/3 CTF(3f) - 1/5 CTF(5f) + .. ] (II.2.5.2.1)
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where Ym is a normalization factor, f represents the fundamental Fourier spatial g
frequency, while (2n-1)f is the (2n-1)™ harmonic of f. Fourier spatial frequency is defined
as the pair numbers of bars per millimeter. CTF(f} is a measured contrast distribution as
a function of the bar resolution in an Air Force testing target. Only odd terms are
contained in Eq.J1.2,5.2.1 since the expansion of a black/white bar chart contains only the
odd harmonics of the fundamental frequency according to the Fourier analysis on a
periodic rectangular square wave distribution.

The determination of MTF(f) can be performed by substituting the Fourier
expansion of each of the CTF(D,-CTF(3f), CTF[(2n‘-1)f] into Eq.11.2.5.2.1. Where,
CTF(), CTF(3f), ..., CTF[(2n-1)f] are measured contrast values of bars with f, 3f...., (2n-
1)f pair-lines per millimeter as indicated by Air Force testing target. The Fourier
expansions of the contrast of different bars are:

n=1: CTF() = MTF(D) + Z*,(-D™! 2m-1y'MTF[(2m-1)f

| = MTF(f) - 1/3 MTF(3f) + 1/5 MTF(1) + .. ]
n=3: CTF(3f)= MTE(3f) + Z°,.,(-1)™ 2m-1Y'MTF[(2m-1)3f
= MTF(3f) - 1/3 MTF(9f) + 1/5 MTF(15f) + ... ] (11.2.5.2.2)
n=5: CTFE(5f)= MTF(5D) + Z£°,,(-D™' (2m-1)'"MTF[(2m-1)5f
= MTF(5f) - 113 MTF(15f) + 1/5 MTE(25f) + ... ]
Substitution of these expressions in Eq.I1.2.5.2.2 into Eq.11.2.5.2.1 gives MTF(f) since all
the terms are canceled out to each other except the first term of n=1 expression. For the

MTF(2f), MTF(3{),....., MTF(NF), the similar procedure can be carried out.
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The measured distribution of contrast as a function of bar resolution, i.e., CTF, and

the calculated MTF with and without turbid media for 1054nm wavelength is shown in

Fig.I1.2.5.1.
100 W a .y,
4 B Kerr-F CTF with ~15mm
. m aperture in a clear water , the
. . N curve | is the calculated MTF.
80 I~ \ ¢ Ker-F CTF with ~2.5mm
= N aperture in 2% Intralipid
N\ \ solution, the curve 2 is the
~ 60 | \ * calculated MTF.
(5 . a \ 8 CW-F CTF with ~2.5mm
= AN , o °* 1\ - uperture in 2% Intrali.pid
a0 - \ solution, the curve 3 is the
\ 2 \ calculated MTF.
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Fig.I1.2.5.1. Contrasl transform function of Kerr-F in a clear water (m)

and 2% Intralipid solutiom ( *); CW-F in 2% Intralipid solution {3) as

a function of spatial resolution with wavelength 1054nm illumination.

Curves are corresponding modulation transform functions (MTF).
In Fig.J1.2.5.1, the black square data and curve 1 are the measured distribution of contrast
as a function of bar resolution (CTF) detected at T=0, and the calculated MTF for a Kerr-
F imaging system through a clear water with an induced aperture size of ~15mm,
respectively. The cutoff frequency is about 4 pair-line/mm (corresponding to ~(4x2)" =
125pm resolution). This is the highest performance of the system at 1054nm wavelength

»

with maximum aperture size of 15mm. The decay at the higher frequency is mainly due
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to the intensity decrease of pumping laser beam at larger radii. The black-star data and
curve 2 is the measured CTF and the calculated MTF of Kerr-F imaging system through
a 2% diluted Intralipid solution filled in a 50mm cel] with an induced aperture size of
~2.5mm detected at T=0. The contrast drops rapidly at a lower cutoff frequency of ~3
pair-line per millimeter caused by the decrease of the induced aperture to 2.5mm. The
square data and the curve 3 is CTF and the calculated MTF through 50mm-thick 2%
Intralipid solution by a CW-F imaging system with a aperture size ~2.5mm. Due to the
effect of scattering noise in a non-lime detection, the contrast decreased at the higher
frequency more than Kerr-F system shown by curve 2. At the low frequency range (<3
pair-line per millimeter), both CTF and MTF of a Kerr-F system are obviously higher
than é CW-F system. The relationship between aperture size and maximum resolution

can be understood using an example. The cutoff frequency f, are defined as:

f.. = d/(2LA), for coherent imaging system (I1.2.5.5a)

f., = 2d/(2LA) for incoherent imaging system (11.2.5.5b)

In my research work, only the incoherent imaging process has been considered.
Therefore, for L; = 600mm, \;vave!ength A=1054nm, and aperture diameter d(mm) =
2.5mm, the f. = 4.2 lines/mm, which corresponds to a reso.lution ~0.24mm. With the
same conditions, the distribution of spatial resolution as a function of diameter of an

aperture placed at Fourier transform spectrum plane is shown in Fig.I1.2.5.2.
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Fig.11.2.5.2 The distribution of maximum resolution as a function of diameler of an aperture
placed at Fourier Transform Spectrum plane (back focal plane of Fourier transform lens).

It can be seen from Fig.11.2.5.2 that when the aperture size decreases, the maximum
spatial frequency component passing the aperture (cutoff {requency), £, decreases, and the

spatial resolution decreases. For the imaging system used in this research, f, is ~2

line=pair/mm, which corresponds ~0.25mm resolution.

11.2.6 Optical Properlics of Biomedical Media

" 11.2.6.1. Introduction

The scattering parameters of breast tissues and Intralipid solution will be discussed
in this chapter, Knowledge of the optical properties of normal and disease breast tissues
are key paramelers needed for developing optical imaging techniques for mammography

and tomography. There are four major optical parameters: the absorption length I,
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transport mean free path |, scatiering mean free path 1,, and mean cosine of scattering
angle g. These parameters will be discussed.

The loss of the ballistic photons in turbid media can be estimated by scattering

parameters of turbid media from Equation 11.2.6.1.1:

I, = Lexp-(w/l, + w/l), (I1.2.6.1.1)
where w is the thickness of the turbid medium, 1, is the input photons intensity, 1, is the
mean absorption length, defined as a mean distance before a photon was absorbed by
turbid media, and 1, is the scattering mean free path, defined as a mean distance between

two neighbor scattering events for a photon. The parameters |, and 1, are the reciprocal

of the absorption coefficient y, and scattering coefficient Ps, respectively:

=1 " and I, = p,"! (I1.2.6.1.2)
It was found experimentally that the intensity of snake light in time At is:

L(AD) = A exp[-bZ/1,] (11.2.6.1.3)
where b is parameter depending on At, b = 0.8 averaged. The snake is portion of earliest

arriving photons from diffusive photons after ballistic component.

The transport path length, 1, is defined as the distance in which a photon is fully
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randomized (" forgotten its original direction of motion ") after infinitely collisions of I
by the multi-scattering. The mean free transport path It is average distance travelled in
the original direction by photons after infinite number of collisions. The relationship

between 1, and L is related to I, by g factor:
d>=21n,

where n represents the vector displacement of a photon in turbid media. To calculate the

relationship:

<> =<1+, cos® + I, cos’@ + |, cos’@ + - + |, cos"© + - > (11.2.6.1.4)
From equations:

<l> = 1/ 1-<cos@>) (11.2.6.1.5)
or <> =1/41-g), (11.2.6.1.6)
where g = < cos © > is the mean cosine value of scattering angle of photons ©, which
describes the scattering anisotropy of the turbid medium.

For a given wavelength, |, and |, can be calculated by:

I, = (nc)!, and 1, = [no, (1-2)]" (11.1.7)
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where n is the volume concentration, and o, is the scattering cross section.

Fig.lILY.1. Mean free scatiering distance [, mean free unspont distance {1, and mean vafue of cosine
function of scaltesing angie, g, which are related from each other by:
<ly>=<l leosg +cosZorcodo v |, . v cofe v, )>=) Hlcsosgd)m 1/ 1D

When ihe scattering is uniformly distributed in any directions for a single collision,
I, = 1,, and when scattering angle is highly forward-peaked I, >> |, which means'a
photon would carry some information of its original motion until traveling through a
much longer distance than |, This depends on g factor. For example, g~0 for a small
particle, and g~1 for a large particle at a wavelength., The g as a function of size of
particle calculated by Mie's theory, and the values of |, to [, are shown in Fig.I1.2.6.1.2
and Fig.11.2.6.1.3, respectively. In Fig.I1.2.6.1.2, it can be seen that the g factor greatly
depends wavelength, especially at the diameter less than ~2 ym, which is close to the

wavelength 0.527um and 1.054nm. For the Intralipid solution, the particle diameter is at

order of 0.5y, which comresponds g=~0.9 and 0.6 for 527nm and 1054nm, respectively.
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Fig.11.2.6.1.3 The valucs of |, to {, as a function of particle diameter d (pm) with
a 10% diluted Polystyrene solution,

At larger diameters, the g faclor oscillates about 0.85 by a deviation of ~5% for 1054nm

wavclength. While g lactor increases up to ~0.9 for the larger diameters for 527nm.

In Fig.11.2.6.1.3, the calculation was performed for 1% (volume density) bead

solutions (10% in stock). The vertical scale is the values of |, to I, (mm), the horizontal

scale is the diameter of particle (um). Due to the wavelength dependence, there are

smaller difference between 1, and |, for the particles with the smaller diameter. When the
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diameler increases, the difference decreases, When diameter is more than 3pm, the

diffcrence between two wavelengths are increases for both |, and L.

11.2.6.2 Scaltering Coellicient in Breast Tissue

Tissue scatlers light strongly in the forward direction, the g value was ~0.9. A
value of g=0.9 makes |, = [0l Intralipid suspension has been widely used as a model
to simulate the bio-medical tissues. Which g is ~0.8, and 0.6 for 530nm, and 1054nm""
respectively, and with Jower absorption coefficient. For imaging experiments performed
in this research, a 2% diluted solution from stock-10% Intralipid has been used to
simulate a checked breast tissue. This sample was used to be simulated to a homogenized

human breast. This is a assumed model for test iimaging approximation. The particle size

distribution of Intralipid solution is shown in Fig.11.2.6.2.1.
10000
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1 } r -A '.l ".‘..l, i EEIN B EOX) '.n.‘.h‘-‘«“ h ’:\~.-l..w.
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Fig.[1.2.6.2.1 'The particle size distribution of Intralipid selution (Mos et al, Appl. Opt. Vol .28 No.12, 1989)

Associated optical parameters of 2% Intalipid soluiton and human breast tissues at

visible and IR wavelengths are shown in Table 11.2.6.1. Intralipid-10% suspension
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contained™ 50-gm soya bean oil, 6-gm phospholipid, 11.25-gm glycerol, and the 2%

concentration solution was done by diluting Intralipid-10% with distilled-water.

It can be seen from the data in Table 11.2.6.2.1 that the transpost mean free path

Transport Absorption Mean cosine value Mean free | Wavelength
Tissue type and mean free length I, of Scattering angle, Palh 1, {nm)
2% Imtralipid path I, (mm) (mm} g (mm}
Glandular 1,25 7™ 1064
0.8"” 0.9"” 67[.[111”] 700|.Il
Adipase oy 1550 620"
(latty breast} )28 107 1064™
0.77'% 100" 0.05'% Af6um™ | 700M
1 .0”’ 100171 633”'
1 .3173 130”' 800”'
Carcinoma 121 230" 1064
0.5"“ 0.88"“ 700(.‘!
0.6% 155" 620
0'54”] 24:?) 633['”
0.96™ 62.5" go0™
Benign 2.6'" 30" 620"
Fibreadinoma 2,087 13 1064
1 .55121 H}Om 620’:’
2% diluted of 3o 500" 620"
Stock Intralipid-10% T 500" 0.5" 1064
34-50 0.71-0.8% 1.0 633
6.6151 0.5‘5‘ 3'3I51 ]064'5'
5.0'5, 0‘64151 ].83'5' 8001.'-1
2.3 1054'
1.23® 527

Table 11.2.6.2.1. Optical properties of human breast tissues and 2% Intralipid solulion
References for the data in this table are following:
(I) F.Liu, Ph.D Thesis, CUNY, New York, 1992; B. B, Das, Ph.D Thesis, CUNY, New York, 1993, (2} Peters ef
al. Phys. Med. Biol. 1990, Vol.35, No.5 1371-1334 (Homogenized tissue model)*", (3 Key et al, Phys. Med. Biol.
1991, Vol.36, No.5 579-59072, (4) See next section 111.2 of this chapter. (8) Staveren et al, Appl. Opt. Vol.30 No.31
19917, (6) Determined by the same method as in (4), not described in 111.2 of this chapter. (7) Amir H.
Gandjbakhche, R, Nossal, Reya Dadmarz, Douglas Schwartzentruber, Robert F. Bonner, "Expecled resolution and
detectability of adenocacinoma tumors within human breast in time-resolved images”, SPIE, 2387-18(1995)™",

and absorption length of 2% diluted Intralipid solution, 1, is ~3.4mm-5mm, 5mm, and

6.6mm at 630nm, 800nm, and 1064nm, respectively

(30

In the early-time-detection Iy,

= 2.3mm, and |, = 4.6mm if g=-0.5 at 1054nm. The 1, = ~500mm from 620nm to
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1064nm. For breast tissues, |, = ~0.5mm - ~2.6mm at 620nm to ~1.2mm - ~2.1mm and
1, = ~100mm. For the mean cosine of scattering angle, g, there is a difference between
real breast tissue and Intalipid solution. The gy, is from 0.88 - 0.95, while gipig 15
from 0.5 - 0.83, which was calculated from Mie’s theory (refer to Fig.11.2.6.1.2).

The optical parameters of tissues and 2% diluted Intralipid solution have been
measured and estimated by us and several groups. One need to be take care of is
accuracy of these values. Table I1.2.6.2.2 is ours and table I1.2.6.2.3 by Peters, et al,

show the major measured results.

Transport mean free path |, (mm) Absorption length {mm)
Random Media
1064nm 620nm 1064nm 620nm

Benign human breast ~51 2.60.2 30+5
Falty human breast ~1.4" 0.740.1 200 15550
Chicken breast 4.9+0.3 2.5£0.5 T0+10 60+30
Chicken fat 0.74+0.1 0.6 230£70 155
Pork breast 3.520.5 1.240.2 7010 70+8
Pork fat 0.58+0.05 0.35+0.05 40060 300+50
Whole milk (25%) 1.0£0.1 253+50
2% solution of stock Intralipid-109 1021, 4.4 3.0:0.1 500£50 500+50

Table 11.2.6.2.2. Transport mean free paths and absorption lengths with standard deviations for various random
media at 620nm and 1064nm measured using tlime-resolved transmission and diffusion approximation (F.Liu, Ph.D
Thesis, CUNY, New York, 1992; B, B. Das, Ph.D Thesis, CUNY, New York, 1993). (*: Estimated by p, =
0.50,viymer **: Estimated g, 14c4,, from data of Chapter 11 in this thesis.)

For 2% diluted of stock Intralipid solution, the scattering mean free path at
A=1054nm 1, = 2.2mm and ], = 1 /(1-0.5) = 4.4mm has measured by a K-F imaging system
in this thesis (refer to Chapter II1.2, Scattering Attenuation Coefficient in Intralipid
Solution). This is much smaller than the |, =10mm (by Feng Liu's Ph.D ref.) displayed

in Table 11.2.6.2.2.
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Breast tissue consists of fat, fiber, glandular, and blood. The mean free transport path
and the absorption coefficients of four different breast tissues at 1060nm, 800nm, and
625nm obtained by Peter et al are displayed in Table 11.2.6.2.3. These values were

estimated from experimental data using Monte Carlo numerical method.

Tissue types 1 06 0nm 8 0 0 nm 6 2 5 nm
I, {inm) I, (mm) 1 (mm) 1,(mm) 14mm) 1, (mm}
Normal giandular 1.25 17 0.84 25 0.60 20
Normal adipose 1.2 10 14 14 1.28 13
Fibroadinoma 208 13 1.55 100 1.04 17
Ductal cacinoma 1.21 7 i.14 33 0.79 8

Table 11.2.6.2.3. Transport mean free paths and absorption lengths with standard deviations for various
random media at 620nm and 1064nm measured by Peters et. al. Phys. Med. Biol. 1990, Vol. 35, No.9 1317-
1334 (These samples were compressed homogenized and chopped up), which [ believe have more scattering
effect than whole breast. The number of 1,(A) was from | to 3mm depending on A.

The |, for fat and glandular tissue are listed in Table.ll.6.2.3. Some values (for
instance 1, of adipose (fat) in Table 11.2.6.2.3 are different from that in Table 11.2.6.2.2.
The main reason for which is that samples used by Peters were compressed homogenized
tissues, in which the sample no longer possessed any natural structure, The value in
Table 11.2.6.2 were obtained from samples in vitro. It can be seen from Table 11.2.6.3
that the mean free transport path of the normal glandular is strongly dependent of
wavelength, which falls with the increase of the wavelength.

The absorption of different chromophores in tissue, such as H,0, and HbO,b as a
function of wavelength is shown in Fig.11.2.6.2.4. The curves in Fig.11.2.6.2.4 shows the
range from ~700nm to 1350nm may be the better wavelength band for the optical

mammography sinbe there is lower absorption by H,O, which is a major component of
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tissucs.  Atlenuation curves of a distill water and the 2% diluted Intralipid in stock
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Fig.11.2.6.2.4 Absorption curves for tissue constituents (Svanberg,
Atomic and Molecular Spectroscopy, Springer Verlage Published, 1991)
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0s \- shown in Fig.11.2.6.2.5. The
e prearea curve shows that the attenuation
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Fig.11.2.6.2.5 Attenuation of water and 2% diluted Intralipid, ratio for wavelength greater was

than 800nm. A peak at~1370nm was dominated by water in Intralipid. In which range,
the absoirption of water appeared at ~900nm, ~1200nm and longer. The attenuation for
0.5nun-thick motor oil (10W40) is shown in Fig.11.2.6.2.6. These are absorption peaks

at ~1200nm, which may help in defining the slate of tissues. The total attenuation
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coefficient for Smim-thick fatly breast tissue, and fibroglandular tissue are shown in
Fig.11.2.6.2.7. They show there is no considerable absorption peak caused by water
because the samples are dry. The transmission for Smm-thick carcinoma (thin curve) and

the surrounding tissue (solid curve) are shown in Fig.11.2.6.2.8"?. It shows that the
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Fig.11.2.6.2.6 Attenuation of motor oil Fig.11.2.6.2.7 Atlenuation of fally tissue
and fibroglandular (Key ¢t al, Ref.32).

b attenuations at range from 500nm - 600nm were

caused by oxyhaemoglobin (around 540, 577nm),
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Fig.I1.2.6.2.8 Transmission of carcinoma  ~1450nm). These chromophores may play a
and surrounding tissuc (Key ct ol, Ref.32).

importan( role to separate cancer from and normal

tissues.
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11.2.7 Detection Sensitivity

The detection sensitivity is a first important parameter for an imaging system.
Which determines the minimum detectable signal level and the maximum detectable
thickness (depth) of samples. In practical imaging applications, such as biomedical
diagnosis, the illumination energy is usually limited by the safety requirements and the
maximum illumination power of light source, which results in a limitation of the
maximum number of transmitted photons. in this section, the these key problems will be

discussed.

11.2.7.1 Sensitivity of Image Detector

The minimum detectable photon numbers of the detector of the imaging system is
determined for the maximum sensitivity. Two types of detectors have been used in this
research: (1) Intensified CCD camera, and (2) Cooled CCD detector.

(1) Intensified CCD camera

The optical magnification of the intensifier is of the maximum ~4x10", The wave
length response is ~80% at 527nm and ~10% in 900nm. The pixel area is ~17x17um?.
The minimum detection level for VIRO-Pulnix ICCD assembly provided by the
specification is ~ 1 Lux/em?, or 3.3x10lux/ pixel. The measured value of the detectable
optical energy is ~1x10® Joule per cm?, or 3x10™Joul/pixle. The dark noise level is ~1
count. The maximum gray level of bits is 2® = 256 with the 640 x 480 = 307200 pixels
in total chip area ~12mmx9mm.

The ICCD is used in the detection at visible wavelength due to the IR response
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limitation of the intensifier. In my research, the ICCD camera has been used in imaging
at the 527nm wavelength. Since the effect of the thermal noise in the intensifier, the
maximum detectable thickness is lower than a cooled CCD camera. The noise data has
not been provided by the manufacture. The overall noise background for intensified CCD
camera was tested to be ~2 counts when the working time of the CCD camera was not
over ~3 seconds.

(2) Cooled CCD detector

The cooled CCD detector works in -45 C° (Centigrade) with the maximum readout
gray level of bits 2'® = 65,536. The measured dark-noise-back-ground is ~1030 counts
over detection area. Because of the dark noise is quiet stable by =+1 count, the minimum
value of the effectively readout is ~2 count. The pixel size (the maximum spatial
resolving distance of the CCD chip) is ~}5umx15um, and maximum detection area is
~8mmx8mm. The total number of pixels is 512x512 = 262,144. The wavelength
response is ~ 55% at 527nm and ~8% at 1054nm. The minimum detectable photon
energy provided from Photometrix specification is:

2 count (Effective readout) x 0.3x10'*® Joule (photon energy) / 20 (photons) / 8%

= ~1.5x10 joule /pixel at 1054nm, which corresponds to a 500 photons/pixel.

" The measured results is ~2.4x10"J/pixel, in term of the minimum number of
photons, this corresponds to that ~800 photons can be detected for each pixel of CCD
chip at 1054nm wavelength. For a turbid medium with |, = 2mm and thickness of 50mm
and 1J/cm? illumination, the transmitted energy is ~10""'J. If imaging magnification is 1:1

and pixel size is 20pm, the energy collected at each pixel is 4x107°]/pixel, which
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corresponds to ~1300 photons, and 3 count.

11.2.7.2 Photon Count for One CCD Pixel

The early-arriving ballistic/snake photons are to be used to form a clear image. The

number of the ballistic/snake transmitted through tissue sample can estimated by®*:

KAL) = 1, A exp[-bd/]] (11.2.7.2.1)

where Al is a opening duration of a time gate; parameters A = 10 and b = 0.8 for At =
50ps, tissue thickness d= 50mm. Under the illumination of the laser pulses with 5mJ at
1000Hz, in 60 second, the number of photons transmitied through 50mmx50mmxS50mm-
thick random media(12J/cm?) with three different transport mean free paths are displayed
in Table 11.2.7.2.1. The sizes ?f illuminaled area of object and image on CCD chip are
assumed as 25cmx25cm and 10mmx10mm, respectively. The pixel size of CCD chip is
~20um.  Therefore, the spatial resolution is Scm/(10mm/20pum) =0.1mm. The

experimental setup is shown in Fig.11.2.7.2.1.

Image Lens
—b; - NN L o e — — — _@, — -
—»
Laser light CCD Chip
Sm} at 1000Hz

(Size: 10x10mm®; 500x500 pixels;
pixel size: 20 p mx20 pm)

Fig.1.2.7.2.1 The imaging set up to calculate the phaton number detected at each pixel of CCD chip.
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In Fig.11.2.7.2.1, the total energy of illumination laser at 1054nm is SmJ at 1000 Hz
for 60 seconds. The transverse area of an object illuminated by laser light is Scmx5cm.
The imaging magnification factor is M = (image size/object size} = 0.2, that is, the image
that is the larger image size, will produce the better resolution when pixel size is known.
size is de-magnified by 5-times. Without fimitation from imaging optics, the maximum
spatial resolution is determined by the pixel-size of CCD chip. Therefore, the bigger M,
On the other side, when the M is smaller, that is, the image size is smaller, the image
signal intensity will be higher (equivalent to the higher sensitivity) since more photons
will be concentrate in each pixel, which can improve the SNR of the image. In this
calculation, two different resolution, 0.1mm, and 1mm (which corresponds to the image
size of 10x10mm?, and 1xlmm® at CCD chip, respectively), will be set to determine
photon numbers.

Taking a detection time period of 60 seconds, the detectable photon number per CCD
pixel for 1054nm wavelength can be calculated using Eq.I1.2.7.2.1:

0s4nal 60 seconds) = 12Jem?3-10'%)"-102-10™ exp[-0.8 *50mm/],mm]

where, |, = 1.5mm, 2mm, and 4mm, respectively. The results are shown in Table

11.2.7.2.1.
Number of Photons Detected Per Pixel
Resolution
1 L.5mm 1 2mm 1z 4mm
0.1mm 1.92 1.54x10* 3.43x107
1.0mm 192 1.54x10° 3.43x10°

Table 11.2.7.2.1 Numbers of transmitted photons through 50mm random media with 1, =1.5, 2, and 4mm.

The data in Table 11.2.7.2.1 represents maximum detectable photon number per pixel of
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a CCD chip. For Imm spatial resolution and [, > 1.5mm, the result gives hope for time-
resolved transillumination detection technique for breast scanning. To estimate the actual
CCD output image signal level, the quantum efficiency and the CCD sensitivity have to
be taken into account. For a Photometrix CH250 CCD head, the quantum efficiency is
~5% at 1054nm and ~20 photons/pixel produce one count signal level with gain ~1.0.
In actual measurement, the Kerr efficiency of ~5-10% has to be taken into account to
estimate the maximum sensitivity. For tissue data is displayed in Table I1.2.6.1, the
detectable photon number for the same conditions shown in Fig.11.2.7.2.1 for 60 second

are shown in Table 11.2.7.2.2.

Detectable Photon Number Per Pixel for 1-mm Resolution
50-mm Thick Random Media
1064nm 620nm
1, Photon Number L Photon Number

Benign human breast ~5.1° 1.4x10" 2.6 4.5x107
Fatty human breast ~1.4" 14 07 0
Chicken breast 4.9 1.02x10" 25 2.43x10°
Chicken fat 0.74 O 0.6 0
Pork breast 35 5.28x10 1.2 0
Pork fat 0.58 0 0.35 0
Whole milk (25%) 1.0 0
2% solulion of stock Intralipid-10% | 10, 6.6x10" 30 3.48x10°

44" 6x10°

Table 11.2.7.2.2 The numerical results of the number of photons transmitted through 50-mm thick
tissue sample with the transport mean free path lengths at 620nm, and 1064nm displayed in Table
11.2.6.2.2. The photon number for 1-J at 620nm, and 1064nm are 1.8x10', and 3x10'%, respectively.
The thickness of tissue is 50mm. The achieved spatial resolution is 1-mm. Input ligh energy is Sm)/cm?
at 1000Hz for 60seconds. (*: Estimated by W g = 0.50, v **: Eslimated P, (g, from data of Chapter
I in this thesis.}

For different types of 50-mm-thick tissue using Peter’s data of I, shown in Table

11.2.6.2.2, the number of detectable photons per pixel of CCD chip in an early-60-second



65

period can be calculated using Equation 11.2.7.2.1. The results are shown in Table

11.2.7.2.3. In the calculation, all simulation conditions are same as that discussed in
Fig.I1.2.7.2.1.
Number of Detected  Photons Per Piexl
{1-mm Resolution)
Tissue types
1060 nm 8§00 nm 620 nm
{50mm-Thick)
I, {mm) Photon l{mm) Photon J(mm) Photon
Number Nomber Number
Normal glandular 1.25 0.46 0.84 0 0.6 0
Normal adipose 1.2 0.12 1.4 10.6 1.28 0.58
Fibroadenoma 2.08 1.6x10° 1.55 168 1.04 0
Duclal carcinoma 1.21 0.16 1.14 0 0.79 0

Table 11.2.7.2.3  The numerical results of the number of photons transmitted through 50-mm thick tissue
sample with the transport mean free path lengths at 620nm, 800nm, and 1064nm displayed in Table i[.2.6.2.3.
The photon number for 1-J a1 620nm, 800nm, and 1064nm are 1.8x10'%, 2.265x10™, and 3x10", respectively.
The thickness of tissue is 50mm. The achieved spatial resolution is 1-mm. Input ligh energy is Sm¥/em?

at 1000Hz for 60seconds. The values of 1, were from Peter's data which 1 believe are smaller than true values
since these samples were compressed homogenized and chopped up.

I1.3 Multi-stage Optical Kerr Gate Imaging Arrangements

I1.3.1. Introduction

Optical Kerr gate!?*5*3 has been used as a simple ultrafast switch to measure the
ultrafast events and relaxation processes in biology, chemistry, and physics. In some
cases, it can be used as a fast shutter for digital communication®® and computation™®.

For a single-stage optical Kerr gate"****** (SOKG), which uses a pair of plastic

sheet polarizers, the S/N ratio ~2x10° and the gate-opening time~8-16 picoseconds for the
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different pumping power has been commonly obtained from a 10 picosecond mode-locked

214 H
1214144} in

glass laser. However, in some applications, such as time-gated optical imaging
biological and medical samples, the higher dynamic range >10' and the shorter opening
time ~1ps are needed.*"*® In this paper, we present the experiments results and analysis
of a double-stage optical Kerr gate (DOKG) system for the improvement of the dynamic
range, S/N and temporal behavior. The shorter gating time was achieved in a DOKG, due
to the non-synchronized overlapping of two independent delay times: t, and t,. These two
gating times can be either the same or different. When t, = t,, it is called the
synchronized double-stage optical Kerr (SDOKG), and when t, = t,, it is called the non-
synchronized double-stage optical Kerr gate (NDOKG). In both SDOKG and NDOKG,
~500 times S/N ratio improvement than that of a SOKG system has been achieved. In
addition, for NDOKG system, FWHM ~3ps shutter time can be obtained.

For a single-stage optical Kerr gate (SOKG), which uses a pair of Calcite polarizes,
the S/N ratio ~2x10° and the gate-opening time~8-16 picoseconds for the different
pumping power has been commonly obtained from a 10 picosecond mode-locked glass
laser. In double-stage Kerr gate system, there are two independent delay times: t, and t,,
which correspond to gated portions of probing signal in two stages, respectively. These
two delay times can be either the same, which mean the same portion is gated twice, or
different, which means two gated portions are not same (they can be overlapped in part,
or completely separated, based on how different the two gating pulse arrive times are).
When t, = t,, it is called the synchronized double-stage optical Kerr (SDOKG). When

t, = t,, it is called the non-synchronized double-stage optical Kerr gate (NDOKG). In
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comparison to a single-stage Kerr gate, >3 times reduction of the gate-opening and 500
times improvement in signal-to-noise ratio has been achieved in the double-stage Kerr

gate,

11.3.2  Analysis of DOKG

An picosecond optical Kerr gate is a time-varying nonlinear device, in which, the
optical transmission characteristic is dominated by the interaction of the gating pulse and
Kerr active medium. When an intensive linearly polarized laser pulse passed through a
Kerr active medium, the difference of the induced indices of refraction parallel and
perpendicular to the polarization direction of the orienting laser field can be written

36-39),
as( 6 )_

dn() = ny7<E2(t)> + (n,%1y) J.<E82(1)> exp(-(t-T)/1p)dt  (11.3.2.1)

where <Egz([)> is the time averaged galing laser pulse intensity function which is assumed
to be a Gaussian temporal profile <Egz(t)> =172 Eg(,’exp(-tzi'csz) in this paper, T, is the
pulse width defined as e decay time of the pulse envelope, n," is the fast nonlinear
refractive index caused by fast relaxation mechanisms such as electron cloud distortion;
and n,’ is the slow nonlinear refractive index“**® caused by a slow (molecular) relaxation
time T,. Using a slow detector, the transmitted signal of a probing pulse <EZX(t)> = 1/2
* E,,* exp(-(t/1?)) through a Kerr gate can be expressed as a function of delayed gating

time T,
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S(ty) = S,'I J‘ <E]1(I—TD)>TS"'(1) dt (11.3.2.2)

where T “U(1) is an optical transfer function with the superscript s,d correspond io a SOKG
system T *(t)=sin(tL/A Sn()) and a DOKG system T (t)=sin®(nL/A 8n(t,)) sin’(TLy/A
on(1,)),

respectively (refer to Appendix). S, = J <EX(t)> dt is the normalized probing pulse
intensity ; T, is the delayed gating time between the gating pulse and probing pulse; T,
is the €' decay time of the probing pulse. Other parameters n,”, n,%, T, and L are set to
be the same for both Kerr cells.

When the intensity increased, the transfer function broadened and became
oscillatory*“® for both SOKG and DOKG, however, it narrowed for NDOKG. This due
1o the non-synchronous overlapping of two induced phase shift in the Kerr cell. The
partial overlapped opening time of these two gates lead to a significant reduction of the
gating time. The shape, width and the transmission efficiency of the transmitted pulse
signal are all the transferring functions T(t). Using a slow response detector, the gating
and probing pulses are convoluted through the integration of Eq.I1.3.2.2 at a particular

delay time Tp.

11.3.3 Experimental Method and Setup

Schematic diagrams of experimental setup of DOKG and a conventional SOKG are
shown in Fig.IL3.3.1. A laser pulse train from a mode-locked Nd:glass laser was used

to study the gate. A mode-lock Nd:glass laser with wavelength 1054nm and 10ps
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duration was used as the orienting light source. The peak intensity for the Kerr gating
pulse was adjusted from ~0.1 10 ~2GW/em? A potassium dihydrogen phosphate crystal
was used for the SHG. The average pulse duration was obtained by using streak camera
for 527nm (Ref.13) and the two-photon absorption induced fluorescence™® for 1054nm.
active medium carbon disulfide liquid in an 10mm thick optical glass cell was situated
between a polarizer and a analyser {(Poloroid HN22). The 1054nm beam was splitted by
a half-reflection mirror inlo two orienting beams and passed through these two Kerr cells

with independent time controls. The whole system was controlled by a PC computer,

Ml
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Fig.[[.3.3.1 (a) Experimenial setup of DOKG. A laser-pulse train from a mode-locked Nd:glass faser was used to study
the gale. The laser-encrgy Quctualion was ~5% from shol 1o shot, ML, mode=locked picosecond laser-pulse train:
KDP, potassium dihydraie phosphate crystal for a SHG pulse; BS. beam splitter; S, sample: DL, delay line; P1,
polarizer oriented at +45° and -45° with respect to the polarizalion of the 527-nm beam, respectively. Al, A2, analyzer
oricnled al -45° and +45° wilh respect to the polarization of the 527-nm beam, respectively. K1, K2, 1-cm long CS,
Keer cell: k., lens; SDL. Stacked glass slides for the time delay control ol the second stage; ND, neutral density filters;
narrow-hand fillers, ICCD, image-intensified CCD camera detector with -10* gain. (h) A SOKG set up.
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which was triggered by the laser firing signal from the laser power supply. The
transmitted 527nm signal pulse was recorded by an ICCD camera. From which, the
output signal was send to a PC computer to be processed and displayed.

The signal profile was obtained by sampling the delay time 1,. Each sampling step
was 0.25mm (~1.67ps). Each data point was obtained by averaging of ~6-10 shots and
calibrated for the nonlinear response of ICCD camera and the power fluctuation of the
The temporal distribution of the 527nm can be fitted as a Gaussian function”. The Kerr
incident laser pulse. The maximum overall system S/N is defined to be 5(1,=0)/S(1y=c0),
where S(t,=0) is the gated signal when the orienting and the probing puises met in the
Kerr cell at the same time, and S(t,=c0) is the gated signal when the arrival time for the
orienting and probing pulses is different by infinite time from each other. The system
extinction ratio, €, was defined as I,y (polarizer and analyzer were oriented at the same
direction) / I, (polarizer and analyzer were crossed). &€ represents the ability to reject
the leakage noise. For a pair of crossed HN22 polarizers, the measured £ was ~2.5x10°
for (633nm and 527nm). In the SOKG, the measured leakage intensity readout was
adjusted to be ~ 2+l counts (~5x10"J) and the camera background noise was ~ 1+
counts. In the DOKG, the maximum € was ~7x10° at the input total 527nm pulse energy
10 be ~1ml.

The laser-energy fluctuation was ~5% from shot to shot. ML, mode-locked laser-
pulse train; KDP, potassium dihydrate phosphate crystal for a second-harmonic-generation
pulse; BS, beam splitter; S, sample; DL, delay line; P1,P2, polarizers oriented at +45 and

-45 with respect to the polarization of the 527-nm beam, respectively; A1,A2, analyzers
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oriented at -45 and +45 with respect to the polarization of 527-nm beam, respectively;
K1,K2, I-cm-long CS, Kerr cells; L, lens; SDL, stacked glass slides for the time delay
control of the sccond stage; ND, neutral-density filters; NB, narrow-band filters; 1CCD,

imaging intensificd CCD camcra detector with ~10* gain.

11.3.4 Experimental Results and Discussion

Fig.11.3.4.1 displays the typical measured transmitted signal as a function of the

S(1,) (W/em?)

T

10°

104}

10!

DOKG Noi!
P vl it O I PU

200 <10 0 10 20

TIME (ps)
Fig.ll.3.4.1, Gated transmilted signals as a function of galing lime T, for NDOKG (a) and SOKG {b). The vertical
scale is the transmitted prohing heam intensity, and the horizontal scale is the delayed gating time in ps. The time zero
was chosen to be the maximum tratsmitled signal, which was an ~2 ps difference between SOKG and NDOKG. The
standard deviation for the measured signal was ~ 10%. For SOKG the galing intensity was ~ 0.2GW/em?, the expi-
1)decay time was ~ 8 ps. (he leaking noise level was ~ 700, and the maximum transmission efficiency was ~60%. For
NDOKG the gating inlensity of the first Kerr cell was ~ 1.2 GW/cm?, and the second Kerr cell was 11 ps. the expi-1)
decay time was ~ 5.6 ps. and the maximum transmission efficiency was ~10%. The noise level of DOKG was -2
counts at the input probing pulse intensily of ~10"W/cm?, The solid curve (a) is calculated from a laser-pulse profile that
is a Goussian function, 10*Viem? exp(-1#8"). The dashed curves*(h) and (c) are calcuiated from Eq.(2) for SOKG and
NDOKG. respectively. To align the peak transmitled signals of (a), (b), and (c), the lime axis was shifted for (c) by
~5.5 ps.
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gating time from a SOKG and a DOKG. Due to the limitation of 256 counts dynamic
region of the detection system used, some of the transmitted signal were attenuated by
4x10° times. The flat broken line represents the noise level caused by the light leaking
in the SOKG system. The noise level for the DOKG, plotted at the ground line in
Fig.11.3.4.1, was very small. The measured S/N for the SOKG and DOKG were 1.5x10°
and 5x10° respectively. The e decay time width of the gated pulse signal as a function
of the orienting intensity. o (SOKG), o (SDOKG) and x (NDOKG) are experimental
results . The experimental results of NDOKG were detected at four different 8t: 4ps ,9ps,
12ps and 16ps. (a) , (b} and (c) are calculated curves for SOKG, SDOKG and NDOKG,
using Eq.I1.3.2.2, respectively.

.In Fig.I1.3.4.1, signal profiles is a function of gating time 1, for a SOKG(0) and a
DOKG(0). The vertical scale is the transmitted probing beam intensity and the horizontal
scale is the delayed gating time in picosecond. The standard deviation for the measured
signal was ~10%. For SOKG, the gating intensity was ~0.2 GW/cm?, ¢ decay time was
~16ps and the leaking noise level was ~700; and the maximum transmission efficiency

for was ~60%. For NDOKG, the gating intensity of the first Kerr cell was ~1.2 GW/cm?,

the second Kerr cell was ~ 0.8 GW/cm?. the gating time difference 8t of two Kerr gates
was ~12ps, the ' decay time width was ~11ps, the maximum transmission efficiency
was ~10%. The leaking noise level of DOKG was 2+1 counts (ICCD camera internal
noise) at the input probing pulse intensity of ~10° W/em?. The solid line of (a) is a

calculated curve of laser pulse which is a Gaussian function: 10° V/em? exp(-t¥/5%). The
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T, = T, =5ps, T, = L.8ps, n,° =1.6x10"" esu, n,® = 0.25n,°, <E(t)>=~0.2GW/cm?,

<E, H()>=~14GW/em®, <E,,’(1)>=~0.9GW/cm’. Background noise level of SOKG

=~700, Background noise of DOKG =~!. Due to the nonzero 1,, the transmitted pulse
profiles were asymmetry with a slightly longer delay at the positive time region.)

The calculated e”! gating time widths of the gated signals from SOKG, SDOKG and
NDOQOKG as a function of the gating pulse intensity are shown in Fig.11.3.4.2. For

NDOKG, measured gating width from four gating time difference, 8t =4 ps, 9 ps, 12ps

0.54{(1) 1
(1) 'T(1)
0 /o N 0
J0 00 10
0.541(1) 1
(1) T')
0 A 0
0 00 1
.54 (0 ',““
[ !
(V] I
; L
0 A
0 0 10

TIME  (ps)

Fig.11.3.4.2. Calculated temporal profiles (solid curves) of oplical ransfer function T(t) from Eg.11.3.2.2 at two galing
intensitics: (1) 270MW/cm? and {2) 1.6GW/cm? for different gates: (a)n SOKG, (b) SDOKG, and (c) NDOKG with
T, - 5ps. T, = 1.8ps, n = 1.6x10"" esu and 0, = 0.25 n,; & = 11 ps for NDOKG. The dashed and dashed-dotted
curves in (c) are the transfer funclions from the individisal gates | and 2, respectively. The peak of the NDOKG shifis
10 5.5 ps, which is equal 1o one half of & (=i1 ps).



74

and 16ps are displayed. In all cases, the gating time width of DOKG is shorter than that
of SOKG. The salient feature of the measurements indicated that when the gating pulse
became more intensive, e’ gating time width increased for both SOKG and SDOKG, but
decreased for NDOKG under a proper selection of 8. When the intensity was ~1
GW/cm?, ¢! width was ~27ps for SOKG, ~24ps for SDOKG. When the gating pulse
intensity was ~1.2 GW/cm? for the first Kerr cell and ~0.8 GW/cm® for the second Kerr
cell with 8t~4ps, 9ps, ~12ps and 16ps e’ decay time width of gated signal was obtained
from NDOKG.

Calculated temporal profiles of optical transfer function T(t) from Eq.11.3.2.2 at two
orienting intensities (a) SOKG, (b) SDOKG and (¢) NDOKG when T, = 5ps, relaxation
time of CS, 1, =1.8ps, n,” = 1.6X10™" esu and n,S = 0.25n,°. In (a) SOKG and (b)
SDOKG, three different gating intensities were used: (1) 0.2 GW/cm?; (2) 0.45 GW/cm?
and (3) 0.7 GW/cm® In (¢) NDOKG, the corresponding orienting pulse intensity and dts
are (1) 0.6 GW/ecm?, 4ps; (2) 0.8 GW/em?, 7ps; (3) 1.2 GW/em?, 9ps.

Fig.I1.3.4.3 shows the calculated transfer function profiles of SOKG, SDOKG,
NDOKG caused by the 1054nm orienting pulse at three different intensities in a lcm long
CS, medium. When the intensity increased, the transfer function became broaden and
oscillating®®**® for both SOKG and DOKG, but narrowed for NDOKG. This dramatic
change of the temporal distribution of T(t) in a NDOKG due to the non-synchronized
overlapping of two induced phase shift in Kerr cell. The partial overlapped opening time
of these two gates lead the significant reduction of the gating time as shown in

Fig.J1.3.4.3c and Fig.11.3.4.2. The T(t) can strongly influence the shape, width and the



75

E ® +

— (\/

o 1ol |

E 10

=

>y

g

QU

=

w <X SUSRS 3
5t ¢ ST 1 1
0 0.5 i.0 1.5

be<lil o> (GW/em?)

Fig.11.3.4.3. Exgcnmcnl'\l results for the measured convoluled exp(-1) decay time of the galed transmitted pulec signal
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as a function of the gating intensity: o, SOKG; o, SDOKG; X, NDOKG (8t = {1 ps). (a), (b). (c): calculated curves
from Eg.(2) for SOKG. SDOKG. and NDOKG (81 = 11 ps. respectively.)

transmission elficiency of the transmitted pulse signal. When measured by a slow
response detector, the gating and probing pulses are convoluted through the integration
of Eq.11.3.2.2 at a particular delay time t,. Al lower orienting intensity ( induced phase
change « ® ), the transmission cfficiency is approximaltely proportional to the intensity
of the galing pulsc. When the gating pulse is more inlense, the gating time will be
broadened“™® (see Fig.11.3.4.2, a2 and b2) and the transmission efficiency is higher. The
temporal profile of the transmitted probing pulse signal will experience significant change.
For a SOKG, the maximum measured transmission was ~60% when the orienting pulse
(1054nm) reached ~0.5 GW/cm? in a Iem CS, cell. This is consistent with our previous

thcory and experiments®¢#74#

of the broadened and oscillating Kerr gate. When the e’
decay time of the gating profile increased, the e width of S(t,) would also increase. Due

1o the convolution 6f probing pulse and T * (t) in Eq.11.3.2.2, the measured gating timmes
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of DOKG shown in Figs.I1.3.4.3b & 3c were only slightly narrower (~10-50%} than the
gating time of SOKG. When the gating pulse intensity is = 0.5 GW/cm?, the ¢ decay
time of the gated signal is approaching that of the input probing pulse. However, from
the calculated transfer function of NDOKG shown in Fig.11.3.4.3c, the true gating time
is much smaller than the convoluted transmitted signal shown in Fig.11.3.4.2c, measured
and calculated from Eq.II.3.2.2. In principle, the reduced gating times of Fig.11.3.4.3C
can be measured using a shorter probing pulse or a transient detection system. The
temporal width of the transient probing signal (directly proportional to T(t)) is much
narrower than the integrated transmitted signal. The true gating width from a NDOKG
is 3 times smaller than that of the input orienting pulse. This is a breakthrough for the
ultrafast shutter technology.

A calculated curve of the transient gating time for the transfer function T %t) of a
NDOKG is plotted in Fig.11.3.4.4 as a function of integrated gating time of S(ty,) decay
profile at a selected gating pulse intensity of 1GW/cm?®. When the gating time difference
Ot between these two cascaded Kerr gates is increased, the overlapping time of the
transient gating transfer function T%t) with oscillating profiles is reduced. In this manner,
both the integrated and the transient gating time are reduced. The limitation on the
integrated gate decay time is the probe pulse decay time(5-ps), and for the transient decay
time, it is 0.

Another factor that affects the shortening of two overlapped oscillating Kerr gates
is the relaxation time (damping)) of the Kerr medium. In my experiment and theoretical

fittings the gating pulse width. T, = 5 ps, and the reorientational relaxation time of CS,,
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T, = 1.8ps, were used. Becausc of the fast Gaussian pulse decay, as long as the damping

factor T, < T,. there is no significant difference between the oscillatory overlapping time

(ps)

10|

GATING TIME OF S(=y)

0 5 1
TRANSIENT GATING TIME OF T* (P'S)
Figll.3.4.4. Calculated transient gating time [exp(-1) time T'(1) a5 a function of the integrated Kerr gating time
[expt-1) time S(1,,) of o« NDOKG. #n the caleulation galing pulse T, = 3 ps. probing pulse T, = § ps. and Lhe gating

intensity for both gates is | GW/em®, The variation of the exp(-1) time T' (1) displayed on the horizontal axis depends
on the overlap time hetween the two cascaded gates.

and that of an damped gate. When 1, > T, such a nitrobenzene Kerr gate with T, ~ 32ps,
the oscillating period is slower and the gating time is wider. The advantage of DOKG

will be reduced in the long damping case.

11.3.5 SUMMARY

For an OKG system, several factors can introduce the system noise and reduce S/N:
a) the leakage from the crossed polarizers; b) multi-photon effects such as the transient
galing in the Kerr active medium; c) stray light scattered and reflected from oplical

componenis; d} optical and electronic noise from the detector. In my measurements, the

leakage through the crossed polarizers was the major noise source for both SOKG and



78

DOKG systemns. The maximum system S/N for a SOKG system was ~1.5x10%, which
was limited by the extinction ratio 2.5x10" of crossed polarizers. For an DOKG system,
the S/N was ~5x10°, which was limited by the extinction ratio of a series set of two pair
crossed polarizers (~7x10%).

The theoretical analysis and experimental results of a double-stage optical Kerr gate
system have shown a significant improvement of the S/N and the gating time than that
of a single-stage Kerr system. The dynamic range of a DOKG has been improved by
~500 times with the transmission efficiency ~10%. A transient gate-opening time of ~3ps
was obtained from the experimental deconvoluted data and ~1.9ps from the calculations.
The NDOKG can considerably improve the gate-opening time by ~5 times narrower than
the orientation pulse. For a m-stage optical Kerr gate system, the overall dynamic range
may increase a factor by (500)" and the gate-opening time can be reduced further.
However, due to the increase of the stray light noise caused by the scattered or reflected
light and other system noise, further increasing of the number of the Kerr stage number
may not bring the same amount of the dynamic range improvement. A multi-stage
ultrafast optical Kerr gate system can be adapted for the time-resolved high dynamic
range optical switching and imaging measurements, such as time-resolved scattering and
fluorescence imaging for biological or chemical samples and optical tomography.
Experimental results and theoretical analysis on a double-stage picosecond Kerr shutter
are presented. In comparison to a single-stage Kerr gate, >3 times reduction of the gate-
opening and 500 times improvement of better signal-to-noise ratio has been achieved in

the double-stage Kerr gate.
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Chapter 111

Scattering Attenuation Coefficient in Intralipid Solution

II1.1 Introduction

The scattering coefficient, p, = 1), is one of the most important parameters to
characterize the state of a turbid medium. Intralipid solutions have been widely used''™
as a model system in optical imaging research for the development of a breast cancer
screening system. The scattering coefficient of Intralipid solution was measured by
several groups in visible and infrared"™ spectral regions using CW-transillumination
method'"?. In these experiments to avoid the effect of the noise caused by the diffusive
or stray light, spatial filtering methods are employed by a collimator with a small spatial
aperture or a single-mode fiber. The ability to separate the collimated photons from
diffusive photons traveling collinearly with small-diverged angles in the forward direction
can seriously limit the accuracy of using the CW transillumination method. When these
forward scattered diffusive photons leak into the detector, the measured transmitted
intensity is increased and the accuracy of the measured attenuation coefficient or
scattering coefficient can be greatly reduced from its true value. It is our opinion that
underestimated values of the scattering coefficient p, have been measured using the
conventional CW approach.

When an ultrashort laser pulse propagates through a turbid medium, the optical paths

of the scattered light consist of " ballistic, snake, and diffusive components as shown
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in Fig.lIL.I. One major difference between the forward scatlered diffusive photons to

INPUT TURBID MEDIA

PULSE . /\
l Diffusive(angular)

‘ e
Ballistic _Dil’fusivc(co—linea) /ks AB
=
r— -
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.

Diffusive(co-linear)

Time sequence

Fig.Ill.l A schematic of the forward scattered ballistic, snake, and diffusive
photons propagating through a turbid medivm. B: ballistic; S: snake; D: diffusive.

the ballistic or snake photons is the arrival time. Diffusive photons emerge at small and
large angles. Both of these diffusive photons arrived the detector at the later time due

s such as a

to the multi-scattering in the turbid medium. Time-resolving technique
time and a spatial gating® can provide a noise rejection of diffusive photons with a
signal to noise ratio up to 10'" to determine the "true” scattering coefficient of a turbid
medium with the improved accuracy. The attenuation coefficient of the turbid matter is
deduced from the transmitted light intensity of the ballistic component (Eq.111.1.1) which
varies as ~ exp(-j4z).

In this chapter, the true scattering and attenuation coefficients of turbid media using

various diluted Intralipid scattering solutions are measured for the first time using the
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Kerr-Fourier (KF) imaging method. The differences of the measured scattering
coefficients obtained from the time-resolved approach and the traditional CW collimation
method'"¥ are compared and described.

Intralipid-10% suspension contains 50-gm soya bean oif, 6-gm phospholipid, 11.25-
gm glycerol. The Intralipid solution actually used in this section was diluted with
distilled-water to the desired concentration. Using a picosecond time-resolved imaging
"true’ scattering (') and attenuation coefficients of turbid matter have been determined
more accurately. The scattering coefficient measured by the conventional CW collimation
method was found to yield smaller attenuation coefficient values in comparison to the
attenuation coefficient obtained from the ballistic light component using the early time-
sliced photons. Here, I discuss how to measure the "I, " = p," by time-resolved ballistic

light transmission more accurately.

iI1.2 Experimenial Method

The experimental setup of the time-resolved KF method is shown in Fig.111.2.1. A
picosecond gate with the gate-opening time of ~ 10-ps has been used to reject later arrival
diffusive photons for an optical path difference of ~ 3.3-mm. The 1054-nm pulse
generated from a mode-locked glass laser system was used as the probing beam and its
SHG 527-nm pulse was used as the gating beam of the KF system. The CW
transillumination detection was performed using the same KF setup of Fig.II1.2.1 except

the gating pulse was blocked and two crossed polarizers were set parallel to each other.
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Fig.IIL2.1. Time-resolved Picosecond Kerr-Fourier imaging system. The diameter of the gating beam was
2-mm which corresponded to 0.09° = ~1.7-mrad half-angle. For comparison, the same sample has been
tested by the CW-F imaging system. The dynamic range of the CCD detector was ~65,000 count. The
measured sensitivity at 1054-nm is ~200-photons/count at 1054-nm. The angle between the pumping and
probing beams was ~4° and the Kerr transmission efficiency was ~7%. The extinction ratio of a pair of
calcite polarizers was ~1x10% AP: {-mm input aperture; ML: mode-locked laser-pulse train with the pulse
energy fluctuation of ~5% from shot to shot. KDP: potassium dihydrate hosphate crystal for the second-
harmonic-generation 527-nm pulse; BS: beam splitter; DL: delay tine; P: polarizer oriented at +45° with
respect to the polarization of the 1054-nm beam; A: analyzer oriented at -45° with respect 1o the
potarization of 1054-nm beam; K: 1-cm long CS, Kerr cell; L, L;: Fourier transform lens with focal length
= 60-cm, and 30-cm, respectively. In the CW imaging, the diameter of a mechanical aperture was set to
be the same as the beamn waist of the gating pulse for the induced aperture in Kerr-Fourier measurement.

Two lenses L, and L, were set apart by a 2F distance. The sample was placed at the
front focal point of L, and a cooled CCD camera was set at the back focal point of L,.
The gating 527-nm laser pulse induced a “soft-aperture” in the CS, Kerr cell. This

induced-aperture worked as a spatial filter to further remove diffusive photons®®. A 10-
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mm thick glass cell filled with a diluted Intralipid suspension was used as the sample
holder.
I1I.3 Experimental Results
A typical measured temporal KF intensity profile of the 1054-nm transmitted signal
through a 2% diluted Intralipid solution is shown as the solid line in Fig.IIL.3.1. To
calculate the scattering attenuation coefficient, a prompt reference KF signal from a clear
water sample is also plotted as the dashed line in Fig.11L.3.1. The KF signal through a
1-cm thick 2% Intralipid solution extended to ~70-ps. Neglecting the absorption

coefficient (~ 1/500-mm) of the Intralipid solution at 1054-nm wavelength, the attenuation

Water\- _o— Ballistic Part(KF1)

KERR INTENSITY (Arbitrary unit)

GATING TIME (ps)

Fig.I11.3.] Temporal intensity profile of the transmitted signal of a 10-ps 1054-nm pulse through a 2%
Intralipid solution. Sample cell thickness: 10-mm; probe wavelength: 1054-nm. The dotted line is the Kerr
temporal intensity through a 1-cm thick water sample as a reference prompt curve. To compare with the
normalized water reference KF signal, the nermalized Intrafipid KF signal was multiplied by a factor of 74.

of the transmitted signal through a diluted Intralipid solution is mainly attributed to the
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scattering process. Using the value of ~2-mm from the KF induced aperture, the ballistic
(coherent forward) and snake (early-small-angle forward) scattered photons within the cut-
off angle o = tan"'(1-mm/600-mm) = ~0.09°(air), and ~0.06°(inside the Intralipid solution)
can be filtered through the spatial gate. The temporal intensity profile of a laser pulse
through a 2% Intralipid solution shown in Fig.111.3.1 consists of ballistic photons arrived
at 0220-ps and early snake photons appearing from 20-70-ps.

The time-resolved ballistic scattering attenuation coefficient, p, k. of various diluted
Intralipid solutions measured by the KF method at T=0-ps is displayed as the square in

Fig.I11.3.2. The conventional CW'scallering attenuation coefficient, p, cyr, measured
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Fig.lIL3.2 Scattering Attenuation coefficient y,(mm™) at 1054-nm as a function of the concentration of
diluted Intralipid-10% suspension. Sample cell thickness: 10-mm. Q: Measured attenuation coefficient of
various diluted Intralipid solution from the ballistic KFL, a: Measured attenuation coefficient of a 2%
diluted Intralipid solution using the time-integrated KFI14KF2. A: Scattering attenuation coeefficient of
various diluted Intralipid solution measured from CWF. o: Scattering coefficient of a 2% Intralipid solution
calculated from Ref.l by CW method,

by the CWF method is displayed as the triangle in Fig.lll.3.2. The KF attenuation

coefficients displayed in Fig.111.3.2 were determined by the Beer's law using the
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transmitied intensity ratio of photons through a 2% diluted Intralipid solution, which
arrived at the Kerr gate at T=0-ps (Full Width at Full Maximum of ~40-ps) and that in
a clear water. The rest part of the late-arrival snake photons from 20-70-ps shown in
Fig.Il1.3.2 was rejected. The CWF data in Fig.1I1.3.2 which includes all ballistic, snake
diffusive photons coming within 0.09° forward angle was also determined by comparing
the intensity ratio with the reference water CW signal. Furthermore, a black triangle
shown in Fig.lI1.3.2 was our deduced ballistic {(denoted KF1) and snake (denoted KF2)
attenuation coefficient, p, g,k €xtracted from a 2% Intralipid solution calculated from
the integration of the total Kerr temporal intensity profile of KF1 and KF2 shown in
Fig.1l1.2.1. A circle data point was the scattering coefficient p, measured from the
conventional CW collimation method as per ref.1.

The scattering attenuation coefficient for KF1 and KF2, p, ¢r,,kr Obtained from the
time-integration of both the ballistic and snake components is different from the p, g,
measured for the ballistic measurement alone. For a 2% Intralipid solution, the integrated
intensity ratio from the entire signal profile of KF1+KF2 to the ballistic component of
KFI was 1.26. The transmitted energy measured from the KF1 was 26% less than that
KF1+KF2 with the time integration from O to 80-ps. This 26% difference in transmitted
intensity introduces a 5.3% difference of the scattering attenuation coefficient, Le.:
eXply, kerskeZl/eXpl- YoxpZ) = 1.26. Where the thickness is Z = 10mm. For a 2%
diluted Intralipid solution, using the deduceci value of p y = 0.43mm’, giving the
M xesaxrz = 0.43 mm™? - In(1.26)/10mm = 0.43mm™ - 0.123 = ~0.407 mm'".

For the CWF measurements, the deduced scattering attenuation coefficient of a 2%
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diluted Intralipid solution is much less: p,cwr ~ 0.28 mm’ as shown by the triangle in
Fig.IIL.3.2. This p,cwe value is close to the scattering coefficient of 0.26 mm’' shown as
the circle in Fig.I11.3.2 measured by the conventional collimation approach. The relative
difference between the ballistic attenuation coefficient to the CW scattering coefficient:
(Mexrt - Bscwrllokr i 0.15 mm'/0.43 mm™ ~ 0.35. This 35% error difference between
L, «r1 1O M, cwr and the 5.3% increment difference between |, g, tO 1 kryaxr are attributed
to the actual size of the Kerr-induced aperture which is less than the 2-mm diameter of
a mechanical aperture used in the CWF measurement. Furthermore, using time-resolved
diffuse profile measurements, the transport reduced scattering coefficient, i, or .’ = (1-
g)H, can be determined. The time-resolved p,’was found to be larger'® than the steady-
state ps The results obtained here can be an explanation for these underestimated values.
The measured p, xp, and p, cwe sShown in Fig.I11.3.2 can be fitted by a linear function

on the concentration of Intralipid solution as: ¢ = 0.19 N mm™ and p, e = 0.14 N
mm’', where N is the concentration of the diluted Intralipid solution varying from 0 to
3%. The 0.14 slope from CWF measurement was in good agreemeni with the slope of
0.13 obtained by other group’” using conventional collimation approach. The Table

I11.3.1 shows relevant number results for 2% diluted Intralipid solution.

" Methods Hke Hker + Uxr2 Hs cur M en(Rell1)

" p-results 0.43mm"! 0.407umm* 0.28mm’! 0.26mm™

Table 111.3.1 The relevant numbers of scatiering coefficient y, using different method.

This time gating approach can be used to determine an accurate scattering
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coefficient of turbid medium. Differences of the scattering attenuation coefficient, g,
deduced from the time-resolved to the CW transillumination measurements are accounted
for by the later-arrived snake and diffusive photons within the collection angle of the
detector. About 20% -~ 30% error can be obtained to CW measuring method, Time- and
space- gated imaging methods provide a significant reduction of the diffusive photons
from the conventional collimation transillumination approach to determine the true

scattering coefficient, p, of a turbid medium.
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Chapter IV

Spatial Resolution Determination Through Turbid Media

By Time-resolved Imaging of A Point Light Source

IV.1 Introduction to Spatial Resolution

High spatial resolution is a major issue for an optical transillumination imaging to
determine the size of object in highly scattering media, such as biomedical samples.
When the collimated photons travel through the turbid media, besides the diffusive
scattering, the spatial variation of the optical properties of the media (such as refractive
index n, absorption parameter, and scattering parameters) will modulate the intensity,
speed, and traveling direction of the input photons. The spatial variations of these
parameters will be greatly effected by the multi-scattering, especially fine spatial changes,
which represented the details of image, that is, the higher resolution part of image signal.
Degrading of resolution will limit the sensitivity of a transillumination imaging technique.
This effect has been happening in the transillumination imaging of breast, where a tumor
with diameter < lcm often goes undetected unless they lie near the surface. The
degrading of resolution has been studied using non-time-resolved imaging methods!"”.
In those experiments, the intensity spatial profile of image of a point object has been

measured and analyzed. These results have shown that the degrading was due to the loss

of the higher spatial frequency components. The theoretical analysis and numerical
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simulation of spatial resolution have shown that spatial resolution of diffusive photons is
limited to ~0.2Z in diffusion limit®, where Z is size of the thickness of turbid media. For
50mm thick tissue, the spatial resolution is about ~lcm

To investigate the change of spatial resolution in turbid media, a point spread
function (PSF) transmission need to be determined. The image signal of an ideal point
source (object) is a spatial intensity distribution of d-function. Based on Fourier
transform. Fourier spatial spectrum profile of a 8-function is a infinite horizontal line with
an unit height all over the whole spatial frequency coordinate, as shown in Fig.IV.[.1.
After transmitting through an imaging system. any distortion of this flat spectrum profile
will reflects the effect caused by the imaging optics, detector, object to be imaged. and
the media surrounding the object. Usually, the higher frequencies are easily attenuated
in a actual imaging system. which results the spread of the image of the &-function, as
shown in Fig.IV.1.2. Therefore, the intensity profile of a point source is easy to use to

determine the transmission of the spatial resolution.
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Fig.IV.1.1 &-function (a) and its Fourier spectrum (b).
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Fig.IV.1.2 Actoal PSF (a), its Fourier spectrum (b), and an experiemntal
setup to determine PSF.  Z is the distance of a point source; d is the
imaging distance, and f is focus length of imaging lens.

The image of a point source can be regarded as a simplest object or an element of
an object, and the width of intensity profile of a point source represents a spatial
resolution response of an imaging process. The image of a point source is generally
characterized by 2D intensity distribution, which is called Point Spread Function,
PSF(x,y), where x-y plane is perpendicular to the photon propagating direction. PSF(x,y)

describes the spread out of a point image transmitted through an imaging system. For a
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symmetrical distribution in x-y plane, a 1D intensity profile may be used, PSF(x) or
PSF(y).
The image of an object is related to a point spread function, PSF, by a convolution

of PSF and the intensity distribution of the object:

L (xy) PSF (x, L (x’-x, y’-y)dx'dy'=PSF, *1,, (IV.lL.1)

where, I, and I, are intensity distributions of the image and object, respectively, and
PSF (x.y) is the Point Spread Function, representing the spatial response of an optical
imaging system without turbid media. The x’ and y’ are the coordinates in the object
plane, and x and y are in image plane. The "*" represents a convolution operation.
When a turbid medium exists, the overall spatial response, PSF, is modulated by optical
properties of turbid medium, which is the determined by the convolution of PSFs of the

imaging system, PSF, and turbid media, PSF, :

PSF = PSF, * PSF, (Iv.1.2)

where, PSF, is determined by a turbid medium, and PSF is an overall PSF of an imaging
system with turbid media. When the PSF; is a o-function (for a perfect imaging system),
the overall PSF is related PSF, by:

PSF = PSF, * PSF, = § * PSF, = PSF, (IV.1.3)
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Then, an image I, is formed by a convolution of an overall PSF and the object intensity

distribution:
I, =PSF * 1, = PSF, * PSF, * 1. (IV.1.4)

In an actual imaging system, the PSF, is a pulse-like profile with finite FWMH
instead a o-function, as shown in FigIV.l.2a. However, the effect of PSF, may be
neglected when FWMH of PSF, is much less than that of PSF,. In this case, PSF = PSF,
* PSF, = PSF, = PSF,. For example from our actual data, as shown in Fig.1V.2.1.3, the
late-time spatial resolution is about 5 to 6mm for a 0.2% solution of 0.45um Polystyrene
particle at 527nm, which is much more than the FWMH = ~0.08mm of PSF; of the
imaging system. In this case, the FWMH of 5~6mm can be regarded as the PSF,, i.e.,
FWMH of PSF, = 5~6mm.

However, for the early-time detection, the measured FWHM of PSF is about 0.5mm,
which must be regarded as the effect of both PSF, and PSF, in the measuring
determination of spatial resolution shown in next section.

The intensity profile of a point source, which is made of focusing the laser beam
onto a scattering glass, will be used as a PSF. Due to the diffraction of the lens, the
diameter of focusing point is limited about 0.2mm (iﬁstead of &-function). To take the
effect of this finite diameter into account, measured PSF shown in Eq.IV.1.3 has to be
modified as:

PSF = PSF, * PSF, * PSF, (IV.1.5)
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where PSF; is the intensity profile of the focusing point source, which is approximately
a Gaussian function with FWMH of ~0.2mn in my research work.

The PSF, can be obtained by deconvolution of the Eq.IV.1.5 if measured PSF, PSF,,
and PSF, are known. However, in the spatial resolution determination (as discussed in
next section), the FWMH instead of the profile of PSF, is the major problem to be
answered. In this case, FWMH of PSF, can be easily estimated according to the

convolution property (refer to Linear System, Fourier Transforms, and Optics, J. D.

Gaskill):
FWMH of PSF = FWMH of PSF, + FWMH of PSF, + FWMH of PSF, (iV.1.6)

The Eq.IV.1.5 is valid only if PSFs profile is limited in a finite duration.

When a highly scattering media exists between input illumination light and output
signal, the shape and amplitude of overall PSF would be strongly affected by the
scattering media. The actual images of a point source through the 50mme-thick 0.088%
Polystyrene particle solution at 527nm detected by a conventional optical Kerr gate
imaging system are shown in Fig.IV.1.3"Y. The PSF images were obtained at T=0, (a);
T=10ps, (b); T=20ps, (c); and T=40ps, (d). The digitized profiles on the top-right is the
measured PSF for each different gating time. The PSF is spreading out (FWHM of a
point image increased) caused by scattering of the particle solution with the delay of the
imaging time, as shown in Fig.IV.1.4. For different scattering media, the broadening of

PSF will be different as shown in the following section of this chapter. Therefore, the
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Fig.IV.1.3 Time-resolved images of a single point source behind a 0.45um Polystyrene paticle solution
with volume density 0.088%, Turbid medium cell thickness: SU0mm; wavelength; 527nm. (a) T=0. PSF
~0.2mm; () T=6.6ps. PSF ~0.35mm; (¢)T=19ps, PSF ~0.9mm; {(d)T=40ps, PSF ~1.6mm.
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Fig.IV.1.4 Spatial resolution (FWHM of a Point Spread Function) as a

fuction of the gating delay time in ps. Squares data: in 0.46pm Polystyrene
particle solution with 0.088% concentration (g~0.9); Dashed line: in clear
water, Wavlength : 527 nm; Glass cell size:5x5x5cm

measurement of FWMH of the PSF can be used to investigate the degrading of spatial
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resolved distance of image, i.e., the spatial resolution, which is explained in Fig.IV.1.5.
When there is no turbid media exist (refer to the top part of Fig.IV.1.3), PSF appears
sharp peak with narrow width (where PSF is not a &-function to simulate an actual
imaging condition due to the limitation by the resolving capability for an imaging

system). When turbid media exists (refer to the bottom part of Fig.IV.1.3), the point
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Fig.IV.1.5. Imaging of a double-point source with / without turbid media existing. R11: path of
photons from point 1 of object onto point | of image; R22: path of photons from point 2 of object
onto point 2 of image; R12: path of photons scattered from point 2 of object onto point 1 of image;
R21: path of photons scatlered from point 1 of object onto point 2 of image. L: imaging lens; d:
separation distance between two points in image plane; PSF g: point spread profile without turbid
media existing; PSF (5, PSFy : point spread profiles with turbid media existing; h1, h2: gap-
depths in between two points in image plane.
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images were broadened since some photons diverged from their original paths due to
multi-scattering in turbid media. The broadness of PSF would result in: (1) the decrease
of image contrast, resolution and SNR.

The resolution decrease caused by PSF broadness can be explained by the bottom
part of Fig.IV.1.3: the increase of the width of PSF, as shown by PSF,;, caused the more
overlap of the profiles in between two points, which result in the reduction of gap depth,
which was equivalent to the contrast decrease. When the width of PSF increased up to
make gap vanished, as shown by PSF,;, these two points were not resolved. To resolve
these two points, the separation in between these two points has to be increased that is,
the resolution decreased.

'fhe SNR decrease was caused by the crosswalk of signals among different image
areas and spoiled at the imaged point. Through the crosstalk, diffusive photons
irregularly arrived at anywhere of a detected image, distorted true intensity distributton,
and increased the level of noise background

Recent imaging research”™'? has determined that the image information is carried
by the ballistic or snake-like photons within A t window. The image will not or slightly
be distorted in the propagation in turbid media. Meanwhile, the part of image information
carried by diffusive photons will be lost due to the total distortion of traveling direction
and intensity of the photon. The image with highest resolution and contrast will be
formed only by early-arrival ballistic and snake photons. However, the ballistic photons

in visible and IR wavelength through thick biomedical tissues is actually undetectable due
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to the extremely high attenuation. Consequently, the early-arrival "small-angle" photons
in A t, i.e., the snake photons have to be the main component to be detected to improve
the image spatial resolution. To determine the temporal distribution of resolution
degrading in turbid media, an ultrafast time-resolved optical imaging system has to be
used within A t. In the next section, the temporal distribution of resolution will be
presented, where, a single-point and a double-point sources have been measured using a

picosecond time-resolved imaging system shown in the next section.

IV.2 Temporal Distribution of Resolution of Snake

and Diffusive Photons Through Turbid Media

The spatial resolution through highly scattering media is possibly improved using
early-time detection. Due to the difference of the arrival time of the ballistic/snake and
the diffusive photons, the PSF and SNR will be a function of the detection time. At the
early-time detection, the late-arrival diffusive photons were filtered out, and the higher
resolution would be achieved. The spread out of a point image would be none or slight,
(i.e., the more narrow PSF) and lower noise background (i.e., the higher SNR). At the
later time, the more diffusive photons appeared in the signal of detected image, which
result in lower resolution (a more-diverged PSF) and poor SNR. The demonstration of
these concept is shown in the following experiments by imaging the a point-source and

a double-point source through turbid media by a time-resolved imaging system.
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IV.2.1 Propagation of a Single-point Image Signal Through Turbid Media
In this experiment, a conventional picosecond optical Kerr gate imaging system was
used as the experimental setup and a 4F imaging system have been used in this

experiiment as shown in Fig.iV.2.1.1a and Ib.

Image plane

Fig.1V.2.1.1a A conventional Kerr gate imaging system used to delernmine the resolution distribution at
527nm as a function of gating time. ML, mode-locked laser-pulse train; the laser-cnergy flucluation was
~5% {rom shot to shot. KDP, potassium dihydrate phosphate crystal for a second-harmonic-gencration
pulse; BS, beam splitier; DL, delay line; The extinction ratio of the pair of calcite polarizers was ~10%: P,
polarizer orieated at +45 with respect to the polarization of the 527-nm beam; A, anatyzer ortenied a -45
with respect to the polarization of 527-nm beam; K, 1-cm-long CS, Kerr cells; L, lens; ND, neutral-density
fillers: NB: 527nm narrow-hand filter; CCD: -45°-cooled CCD camecra with a sensitivity of
~lcount/20photons at 527nm. The changes of the detection time swas done by adjusting a optical delay-line
in pumping beam path,
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Fig.1V.2.1.1b Experimental setup of the optical Kemr-Fourier imaging system to
determine the resolution distribution at [1054nm as a function of gating time.

To avoid the anisotropic scattering pattern, the 10-ps 527nm/1054nm laser pulses was
focused on a piece of scattering glass to simujate a single-point source. The spot size was
~0.3mm. The scattering glass was placed illumination side inside 50x50x50 mm’ glass
cell, which was filled with 0.45pm.Ponslyrene particle solution at the 0.1% and 0.2% of
10%-stock.

The transport cross section coefficient of a single particle can be caiculated by

I, = (Noy' = 4na¥/(3f o, = 2.125/f, (V2.1
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where [ is volume concentration, 6 = 2.26x 107 pnr?, a is the radius of the particle ball.
The concentration = 0.1%, 0.2% of slock 10% selution for 527nm test, and 0.4% of stock
10% solution for 1054nm test. The calculated [, for three different concentrations are:
21.2mm, 10.6mm for 0.1% and 0.2% at 527am, and 5.3mm for 0.4% at 1054nm
respeclively.

The time-resolved FWHM of PSF and the intensity profile of a point source image
with three different 1, I, = 21.2mm, 1, = 10.6mm, and 53mm, are displayed in
Fig.]V.2.1.2, FigIV.2.1.3, and Fig.IV.2.1.4 respectively. The first two tests were done
al 527nm, and last test  was donlc at 1054nm. First two tests were finished using a
conventional Kerr imaging sctup shown in Fig.JV.2.1.1a. The third test was finished with
the 527mn pumping of ~2.5mm diameter (~2.5min diameter space gate) in 4F imaging

system (shown in Fig.IV.2.1.1b), and 1054nm probing laser beam.
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Fig.1V.2.1.2 Temporal distribution of intensity , curve 1.and FWMH ,
curve 2. of a poinl source at 527nm as a lunction of gating time using setup

(). Concemration of 0.45 pm Polystyrence particle: 0.1% of 10% stock. 1,
=20 1Imm, g=49.

The data of 0.1% Polystyrene particle solution at 527nm is shown by solid squares
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in Fig.IV.2.1.2. Due to the less concentration, the first intensity peak at T=0 consisted
of ballistic rapidly decrease of ballistic/snake photons and the increase of diffusive
photons. The second intensity peak at ~7ps consisted of diffusive photons and some
snake photons. When T > 7ps, the number of snake photons decreased, which caused the
resolution rapid reduction. Ballistic photons with the smallest PSF size of ~0.3mm arrived
in the range from ~-10ps to +10ps. In the range from ~10ps to ~16ps, the quickly
broadening of PSF from ~0.3mm up to ~0.65mm shows the increase of diffusive photons.

The data of 0.2% Polystyrene particle solution at 527nm is shown in Fig.1V.2.1.3:
at T=0, the ballistic peak was not shown mainly due to the limitation of detection

sensitivity and lemporal resolution of the imaging system. Because of the higher
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Fig.IV.2.1.3 Temporal distribution of intensily . curve |, and FWMH, curve
2, of a puint source al 527om as a function of gating time using setup (a).

Conceatration of 0.45 pm Polystyrene particle: 0.2% of 10% stock. 1| =
10.6mm. g-0.9. ’

concentration, the FWHM of PSF at early-time range from -5ps to 5ps was ~0.5mm,
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which was larger than that in the 0.1 %-concentration experiment. At T=20ps, FWHM of
4mm is obtained. In the diffusive range with T > ~50ps, the FWHM of PSF increased
to ~6mm comparing to the resolution in diffusion limit was ~10mm. The main reason
for the difference is that the optical distance of ~5], was still not saturated at a real
diffusion limit condition.

CW results of FWHM in both the above tests have been measured, which was
~2.,6mm and ~6mm for 0.1% and 0.2% solution experiments. The FWHM, ,,, = 2.6mm
is less than the FWHM of late-arrival diffusive portion because that the CW FWHM
included all parts of signal: early-time-high-resolution part, and late-time-low-resolution
part, wherc the first part was the domination to make the overall FWHM less than that
of diffusive FWHM. Meanwhile FWHM,,, = 6mm is approximately equal that of the
diffusive portion because the late-time-low-resoluticn diffusive photons dominated overall
FWHM due to the denser concentration in this experimental condition.

In the 1054nm experiment, the resolution and intensity profile of a 0.4% diluted
particle solution at 1054nm detected is shown in Fig.JV.2.1.4. Where, the horizontal
coordinate is 40ps instead 430ps as in Fig.1V.2.1.2 and Fig.1V.2.1.3. Due to the rejection
of small induced aperture (~2.5mm diameter) to the diffusive component, the curve
distributed in about 40 ps range. The FWHM of measured PSF is less than 1mm
throughout the whole range. In this experiment, a CW imaging has been done to compare
the result from 4F system. It is found that CW FWHM was about 5.5mm diameter,
comparing the K-F FWHM of <lmm upto 40ps shown in Fig.IV.2.1.4. At early-time

T=0, the measured FWMH of PSF was ~0.4mm. Considering FWMH of PSF; = 0.08mm
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Fig.IV.2.1.4 Temporal distribution of intensity and FWMH of a point source
at 1054nm as a function of gating time using setup (b). Concentration of 0.45
m Polystyrene particle: 0.4% of 10% stock. 1, = 5.3mm. g=0.6.

(the minimum resolvable distance of the imaging system used in this experiment was

calibrated to be ~0.08mm), and FWMH of PSF, = 0.2mm, FWMH of PSF, of 50mm-thick

0.4% Polystyrene particle solution is estimated as ~0.12mm.

1V.2.2. Double-Point Source imaging

To demonstrate the reduction of image contrast and resolution caused by the
broadening of PSF, a double-point source imaging experiment has been prepared by time-
resolved and a CW imaging systems separately. In this experiment, the determination of
the contrast and spatial resolution as a function of the detection time was done by

imaging a double-point fluorescence source through a turbid medium. A double-point
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source imaging system is shown in Fig.1V.2.2.1. Where, the pair of point simulated two
adjacent points on an object surface. The double-point source was made by focusing
527am laser beam onto a 0.1mm thick PDA film was used as an object detected through
a turbid medium cell. The size of point was ~200um and the separation between them

was ~400um, which approximately represented ~0.4mm resolved distance of the object

ML

R I084nm 13 .
/ (double-point source). The NoZ

for the turbid medium was ~0.74.

A 527nm beam was used as an

illumination light source and

Turhid
nredivm

HEPAS ’ 1054nm laser beam was used as a

R pumping pulse.
The Kerr image at T=0 and
CW image!"" are shown in

Fig.1V.2.2.2 a and b, respectively.

IcLp
Fig.IV.2.2.1 The time-resolved imnging setup ta detect a
flnorescence double-point sovirce through Polystyrene
particle solution,

Fig.IV.2.2.2 The time-resolved image of a Nuorescence
double-pmnt souirce through Polystyrene particie solution,

a) Time-reselved image detected at T=0; b) CW imape
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In CW detection, the gap between (wo points almost disappeared because too wide foots
of both point overlapped together. The decrease of the gap depth implied the contrast
decreased, which used happen in CW imaging.

The imaging method discussed at above has been used to image an Air Force testing
bar chart at different gating times in turbid media. The images detected are shown in

Fig.IV.2.2.3.The bar width was 100pum. The bar contrast was 100% tested with the turbid

Fig.1vV.3.2.2 Two-dimensional images of the test chart behind (A) 3.5-mm
thick human breast tissue and (B) 3-mm-thick chicken breast tissue
illuminated by 8-ps, 527nm laser pulses. The test object is a five line pairs
per millime ter target from an Air Force bar test chart. Dark bars are the
object, and the white area is the transparent background, The width of each
bar is ~100um. (I) Reference image ( tissue removed ), (2) No time gate
(standard transillumination ), (3) t,=0, time gate at zero dely time, (4) tp
=22ps, time gate at 22-ps delay time. A 200um spatial resolution has been
obtained in both photographs of (3) from the time-gated ballistic imaging.
The image contrast is poor at a later delayed gate time as shown in (4).
Without the time gate in (2), the image was totally blurred Because of the
high fiber constant of chicken breast tissue,the resolution obtained from the
time-gated ballistic imaging in (B3) is poorer than that from (A3), Part of the
nonuniformity of the image at a time segment can be accounted for by the
laser beam nonuniformity, the sample:refractive index variation, and internal
structures.
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medium replaced by the clear water. The transmitted signal wavelength was 527nm and
pumping pulse wavelength was 1054nm. The 527nm narrow-band filter was set in {ront
of the ICCD camera. Two turbid medium samples were made of: (1) 3.5mm-thick human
breast tissue, and (2) 3mm-thick fresh chicken breast tissue. The tissue was fit in two

glass slide separated by 3.5mm and 3mm, respectively.

1V.3 Summary

Due to the multi-scattering in turbid media, FWHM of PSF (the size of point image)
was broadened. The increase of FWHM of PSF reduced the gap depth in between image
points and the neighbor points. Only the farther-separated points can be resolved for an
acceptable contrast, i.e., the image resolution decreased. Using a early-time detection
method, the FWHM of PSF through turbid media was smaller, which is equivalent to a
higher image resolution. Meanwhile, in CW imaging, both the late-arrival diffusive noise
and the true signal would be detected, which caused a fatter PSF, which result in decrease

of the resolution.
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Chapter V

Spatial Fourier Analysis of Optical Imaging in Turbid Media

V.1 Introduction

Various methods'"® has been applied to reduce the diffusive noise component of the
scattered light to improve the quality of an image through random scattering media. Due
to the serious requirement to achieve a significant large dynamic range of over 210" to
image an object through highly thick turbid media, such as breast tissues, a simple time-
gate approach can not achieve such a large dynamic range. In this chapter, a time and
space gate has been developed based upon the determination of Fourier optical spectrum
through turbid media.

To examine the spatial frequency distribution as a function of time from a turbid
medium, the time-dependence of Fourier transform spectrum of the transmitted signal of
turbid media was measured in a time-resolved 4F imaging system. The time-resolved
spatial spectrum in Fourier spectrum transform plane (FSTP) will be studied in this
section. This part of work is to use to the Fourier transformations to improve optical
imaging. The Fourier transformation with an object hidden in turbid media will be
developed as a scanning method.

When a plane wave illuminates an object, the light will be scattered into different

directions in space. This scattered light from an object represents a spatial angular



1i6

frequency spectrum of the object shape. The angular frequency components can be
displayed on the Fourier plane. The medium has its own spatial spectrum. A diffraction
pattern consists of a series of different spatial freguency components on the Fourier plane.
The object has it Fourier spectrum. The center of the diffraction pattern which comes
from the collimated diffraction light represents the zero frequency DC component. The
spatial region spread away from the central portion represents higher frequency
components. The higher angular frequencies are located at larger radii on the Fourier
plane. This pattern at the Fourier plane can then be backward-Fourier-transformed to the
imaging plane to form a true image of the object.

As discussed in Chapter II, the spatial frequency is defined by'”: f, = AX/(A f)
(lines)/mm, where A is the wavelength of the illumination laser; f is the focal length of
the lens L; and AX is the half width at full maximum (HWFM) of the Fourier spectral
profile at the back focal plane. For an object illuminated by a plane wave, the radius of
the diffraction image is equal to: AX = f A@, where A@ = A/D, is the angle of diffraction.

The Fourier spatial frequency of an object is ~ 1/D.
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V.2 Spatial Fourier Spectrum of Turbid Media

The spatial Fouirer spectrum of turbid media can be measured at Fourier transform
spectrum plane of an imaging system. To reveal the difference of the spectrum pattern
at early-time detection to that at later-time detection, a Fourier-Kerr imaging system was

used.

V.2.1 Experimental method of time-resolved 4F system

An experiment was designed to show the time-resolved pattern distribution in FTSP
for a pure diffusive media in this section. The time-resolved imaging system used to

detect the spatial Fourier spectrum of turbid medium is shown in Fig.V.2.1. 1.
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Fig.v.2.1.1 '.I“]?e time-resolved imaging experimental setup to detect the Fourier spectrum of clear
waler, Intralipid, and Polystyrene particle solution located at FTSP Wavelength :527nm. d = d.o +
d.i, where, d.o is the diatance between spectra pattern and camera lens (object distance); d.iis the
image dislance. 527nm laesr beam size: 10mm.

Turbid
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In the setup, the middle plane of turbid media was placed at the front focal plane, and the
Kerr cell was placed at the back focal plane of lens L, with L, = 60cm. The size of the
1054nm pumping beam at FTSP was ~10mm. To image the Fourier spectrum of a turbid
medium, the turbid medium sample was i)luminated by a collimated laser pulse at 527nm.
A intensity distribution of spatial Fourier spectrum was formed at FTSP (back-focusing
plane of the lens L, after forward Fourier transform by lens L,. Then the intensity
distribution of which spectrum was imaged by a CCD camera located at distance of d.

To calibrate the spatial frequency at the Fourier transform spectrum plane with
respect to the measured channels lat the CCD, a 0.5mm-wide slit was placed at middle
plane of the turbid sample (front focal plane, shown in Fig.V.2.1.1). The diffraction
width of a 0.5-mm slit was formed at FTSP, and imaged by the CCD camera was ~ 20
channels (FWMH). The scale of spatial frequency at the back focal plane can be
determined: given the input radius of the slit, D = 0.5-mm, the zeroth order spatial width
and the max.imum spatial frequency of the slit at the FTSP are AX = f /D = 60-cim X
(527-nm/0.5-mm) ~ 0.63-mm and f, ~ 1/D = 2 lines/mm, respectively. Since the width
of each CCD pixel is ~ 18-um, the demagnification factor between the FISP to the CCD
plane is ~ [18-pm/channel x 20-channels]/0.63-mm = 0.56. Since the minimum resolution
of the CCD is 2 channels, the smallest object size at the front focal plane to be resolved
from our experimental setup is ~ 1-mm x (2-channels/20-channels)~ 0.1-mm.

Three types of turbid samples were used to demonstrate the above concepts: 1)
0.25% concentration polystyrene particle of the diameter 11.9um solutions; 2) 1%

intralipid solution; and 3) a clear water for reference. Each material was filled within
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a 2.54-cm- x 2.54-cm x 4.5-cm transparent cell. The optical path length was 2.54-cm.
A 1054-nm laser pulse with diameter ~12mm was used as a gating pulse to open the Kerr
shutter. The time-resolved Fourier transform spectrum (TRFTS) images (the intensity
patterns of spatial Fourier transfer spectrum) of the input 1-cm diameter collimated 527~

nm laser beam through three turbid samples were measured.

V.2.2 Experimental results

Experimental results of 0.25% 11.9um Polystyrene particle solution and 1% diluted
Intralipid solution are shown in Fig.V.2.2.1a and b, respectively. Fig.V.2.2.1(a-I) and (b-I)
were detected at T=0, and (a-II) and (b-II} were detected at T=40ps. The spatial spectrum
was much broader at the later time (sequence II). Fig.V.2.2.1c represents a reference
TRFTS images in which clear water was used to replace the turbid medium. The
corresponding digitized {-D intensity profiles of TRFTS images of Fig.V.2.2.]1 are
displayed in Fig.V.2.2.2. The HWFM of the central peak in Figs.V.2.2.2a-1, 2b-I and 2¢
were ~8, 12, and 4 channels corresponding to the beam radius of ~ 144-pm, 216-um, and
72-pm, respectively. The largest diffusive spectrum displayed in Fig.V.2.2.1b-1I was ~
125 channels which corresponds to an image size at the FTSP to be 2 x (125-ch x 18-
pm/ch)/0.56 ~ 8-mm. The image field size was limited by the opening of the entrance
window opening of the first polarizer of the Kerr gate.

The TRFTS image of the water sample does not have higher spatial frequency wing-
distribution around the central peak as that from the turbid me:dia because that in clear

]

water test, only the collimated laser beam transmitted onto FTSP, and focused at the
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center. In turbid media test, besides that the bailistic photons formed a central peak, a
small amount of diffusive photons caused a wing. The appearing of diffusive photons at

early detecting time is due to the finite ~8ps duration time of gating pulse.

I(T=0)

C

Fig.V.2.2.1 The time-resolved images of the Fourier spatial
spectrum of turbid media and clear water; a) Dia. 11.9um
Polystyrene particle solution; b} 1% dulited Intralipid solution.
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Fig.V.2.2.2 The digitized intensity profiles of the Fourier
spectrum of turbid media and clear water: a) Dia. 11.9um
Polystyrene particle solution; b) 1% dulited Intralipid solution.
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The measured spot size of 72-um from clear water in Fig.V.2.2.1c is spreaéi out to
216-um at T = 0-ps from the 1% diluted Intralipid solution in 1b-I. The most possible
reason for which is larger number of the snake photon was detected at early gating time,
which widened the peak due to their small deflection angles.

The wing-distribution of the intensity profile from the 11.9um polystyrene beads
solution is narrower than that of the intralipid solution. This difference in distribution
may be accounted for by the different size-distribution of particles in the intralipid and
bead solution: from ~0.2um to ~1pm for the former, and 0.46pm for the later. Therefore
the Intralipid solution caused the higher spatial frequencies (i.e., located at the wider
range at FTSP) distribution.

At earlier-gating time T=~0, most energy of the transmitted signal is located in the
central spot at the Fourier plane. A quantitative comparison of this feature is extracted
from the digitized intensity profiles of Figs.V.2.2.2a-I and b-I. This FTS formed at the
back-focal plane indicates the peak intensity mainly consists of a small-divergence-angle
(~0.2) diffraction light which is the ballistic and snake transmitted light. The earlier light
represents the zero- and the low- spatial spectrum frequency components. Two weak side
lobes around the ceniral peak are shown in the earlier-gated Fourier spectra in
Figs.V.2.2.2a-1 and a-II. The side loops are the contribution of higher Fourier frequency
ballistic/snake signals from the turbid medium. At the later gating time T=20ps shown
in Figs.V.2.2.1a-11 and b-II, the later-arrival diffusive light with the spherical wavefront
formed an uniform intensity distribution at the FTSP. In a transparent medium, such as

clear water with nearly no light scattered, the transmitted light appears on the Fourier
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plane as a point image. The finite size of the measured spot is determined by the
detector’s finite resolution. A spatial Fourier filtering technigue coupled with the ultrafast
time gating imaging has the capability to greatly improve the dynamic range and signal-
to-noise ratio. The measured spatial spectrum mainly depends on the size and the type
of a hidden-in object. This dependence could be used to distinguish the different hidden-
in objects. For example, the spatial frequency of small tumor objects with dimensions
in the order of 0.f to I-mm embedded in a turbid medium (tissues) consisting of smaller
scattering particles of dimensions on the order of 1 to 10-pm is significantly different and
can be filtered out at the Fourier plane. The spatial frequency (~ l/object size) of the
tumor objects at the Fourier transform spectrum plane is lower than that from the
surrounding small random particles, e.g., cells. The spatial dimension of the gating laser
pulse radial profile can induce a spatial aperture at the Kerr cell to effectively remove the
higher spatial frequencies. In this manner, information from the surrounding random
small particles can be removed while the lower spatial frequencies from the tumor is
transformed. The different type of htdden-in objects also cause different spectrum, such
as the difference between a scattering object and a absorption object hidden in turbid
media. A scattering object usually changes the spectrum of turbid media more than that

done by a same-size absorption object.
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V.3 Spatial Fourier Spectrum of Turbid Media with Embedded-in
Objects

The spatial Fourier spectra depends on the size of the object. When an object
hidden-in a turbid medium, the spatial variation of the optical parameters between the
object and its surrounding media formats the information of a image of the object. The
meida would have its own Fourier spectrum. The spatial Fourier spectra of the media and
the object at FTSP are different temporally and spatially. The major component of the
image information of the object can be discriminated using a spatial filter set at FTSP.
At the early gating time, the ballistic/snake part of the diffraction light modulated by the
region will form an undistorted Fourier spatial spectrum. Due to the larger spatial size
of the phantom, its Fourier spectrum will be situated more near at the central area of
FTSP. At later gating times, the diffusive scattering light arrives and spreads around the
whole FTSP to form a quasi-uniform spatial noise distribution.

For a turbid medium with a hidden-in object, the spatial Fourier spectra will build
up from these two types of media in different ways., The spatial variation of the optical
parameters between the object and its surrounding media can be distinguished. Using a
collimated light illumination, the diffraction light from each of these regions will form
a specific pattern at FI'SP. At the early gating time, the ballistic/snake part of the
diffraction light modulated by the region will form an undistorted Fourier spatial
spectrum. Due to the larger spatial size of the phantom, its Fourier spectrum will be
situated at the central area of FTSP. At later gating times, the diffusive scattering light

arrives and spreads around the whole FTSP to form a quasi-uniform spatial noise
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distribution.

V.3.1 Experimental method

The difference between the Fourier spectrum measurement and the 4F Fourier
imaging measurement is the location of lens L, and CCD camera. When L, was located
at the focal length from FTSP, Fourier image was obtained at the image plane at the focal
distance away from L,. For the Fourier spectrum measurement, L, was located as a
regular image lens to collect the spectrum at FTSP to the CCD following 1/object +
l/image = 1/f. A O.lmm width slit immersed in a turbid medium cell was used as
hidden-in object. A 0.5% concentration 0.46pm polystyrene particle solution filled in 4cm
thick cell. A 527-nm laser beam was used as the turbid medium. The spectral patterns
formed at FTSP was imaged by a cooled CCD camera as a function of gating time T.
For the imaging measurement, a test grid with 1-mm space located in front of a 2.54-cm
X 2.54-cmm x 4.5-cm cell filled with 1% Intralipid solution was used for all cases.

Schematic diagram of experimental setup to measure Fourier spatial spectrum of an
object hidden in a turbid medium is shown in Fig.V.3.1.1. F: focal length; L: Fourier
transform lens; FFP: front focal plane; S: scattering particles; BL: ballistic light; SL:
scatering light; CL: collimated illumination light, TM: turbid medium; FTSP: Fourier
transform spectrum plane (or back focal plane_). The sample preparation: a 0.1mm slit,

simulated as an object hidden in 0.5% Intralipid solution filled in Scm transparent cell.
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Fig.V.3.1.1 The time-resolved imaging experimental setup o delect the
Fouricr spectrum of a 0. Enm slil behind the Intralipid, and Polystyrene particle
solution located at FISP Wavelength :527nm.

V.3.2 Experimental resulls

The time-resolved Fourier spectrum images of 0.l slit in a turbid medium are
shown in Fig.V.3.2.1: a) T=0; b) T=0.6ps; c) T=13.3p; d) T=40ps. At T=0, the spectrum
image is shaped as a horizontal spreading diffraction pattern, which corresponded to the
vertically-oriented slit.  Because the most diffusive photons did not arrive yet, the
diffraction pattern of the slit was not distorted. When the gating time was delayed at
T=0.6ps, the diffraction pattern was gradually distorted by the dilfusive light. At T=40ps,
the pattern was (otally blurred, and the pattern was buried by the scattering noise
background. The diffraction pattern distortion of the slit shows that most spatial
{requency components would not be blurred at early time, which can insure the early-time

image a best quality.
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(a) : (b)

© @

Fig.V.3.2.1 The time-resolved Fourier spatial spectrum ol a
O0.Imm slit through 40num-thick 0,5% Polystyrene solution .
The slit was set vertically, a) T=0; b) 6.6ps; ¢) 13ps; d) 40ps.

V.4 Aperture Dependence of Image Contrast in CW Measurement

An aperture with a small size (small NA) has been widely used in the optical
information process® and the collimation detection in the optical signal transmission'*!?,
To improve the quality of an image detected in turbid media, the temporal and spatial
responses of a imaging systemn must be examined. Experimental results have shown that
the image contrast of an object hidden in highly turbid media can be improved using a

small-size aperture*'¥, which is a low-pass spatial filtering function of the aperture. In
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this chapter, two problems related to the spatial filtering effect of an aperture will be
described: (1) the image contrast/resolution distributions as a function of the aperture size
at the FTSP; and (2) the temporal intensity distribution of the transmitted photons through

turbid media as a function of the aperture size at FTSP.

V.4.1 Aperture Dependence of Image Contrast

The contrast improvement provided by an aperture at back focal plane is based on
the concept of the spatial Fourier spectrum and the modulation transform function (MTF)
in turbid media (MTF was discussed in Chapter II). When a highly scattering turbid
medium exists in an imaging process, the main energy of a true signal is carried only by
the early-arrival ballistic/snake photons. At Fourier transform spectrum plane (FTSP, the
back focal plane of the Fourier transform lens), the collimated (ballistic/snake) photons
concentrate at the center and its neighbor area (DC and the lower frequency range). The
non-collimated (diffusive) photons distribute at the whole FTSP due to the nature of the
spherical wave of the diffusive scattering photons caused by scatters (scattering light
sources) inside turbid media. When the dimension of a hidden-in object to be resolved
is much larger than that of the scatters of turbid media, the image contrast can be
effectively improved by using a smaller-size aperture at FTSP.

In the transmission through turbid media, the higher frequency components met
much greater attenuation. The basic reason for which was that the major power of the
scattering noise distributed also in the higher frequency range, which buried the higher

frequency components of the true signal.
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V.4.1.1 Experimental Method

To examine lhe image contrast improvement of an space Fourier filter used in a
conventional transillumination method, a CW-F imaging experiment was designed to
image the testing bar chart samples in Intralipid solution as shown in Fig.V.4.1.1. The
space filter was made by setting a mechanical aperture in FTSP. The window of the
mechanical aperture was adjusted to ~1.5mm, ~2.5mm, ~5mm, ~8mm, and ~12Zmm. The
contrast of bar charts detected in a clear water was 100% used as a reference. A 1054nm
laser beam was used as a probing beam. Three different bar charts with the resolving
widths of ~0.25mm, 0.5mm, and lmm, have been tested. Turbid medium was made by
diluted 10%-Intralipid solution by 50-times (2%) and filled in a 55mm-thick transparent

cell. The bar chart was placed at the middle of the cell.

LASER

wuyco|

Testing bar AA CCD chip

Fig.V.4.1.1 Experimental setup to determine the contrast of a testing bar
chart in turbid media as a function of the size of the Fourier spatial aperture.
L1=60cm; L.2=20cm.
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V.4.1.2 Experimental Results

The image contrast detected by a CW-F imaging is plotted in Fig.V.4.1.2 as a
function of the aperture diameter of the spatial filter from the three different phantom
testing bar charts of widths ~0.25mm, 0.5mm and Ilmm on a glass slide used as the
hidden objects immersed in the middle of a 5-cm thick 2% diluted Intralipid solution.
When the aperture was reduced from ~i5mm to ~2.5mm, the image contrast was
improved by ~170% in all three bar widths. The contrast decreased with the resolution
increased from Imm, to 0.25mm. The reducing rate was about 17£5%. For instance, the
contrast of {-mm, 0.5-mm, and O.Zs-mm bar width using a 4-mm aperture are 64%, 57%,
and 44%, respectively. When the aperture diameter was less than 2mm, the image
contrast starts to be lower in all bar widths. This reduction of the image quality can be

accounted for by the lower signal level and the cutoff frequency from the spatial filtering.

0.8

0.6

04r

CONTRAST

02

0.00 ; . —

0 10 20
APERTURE SIZE (mm)

Fig.V.4.1.2 The contrast distribution of Imm ( O ), 0.5mm ( A)and 0.25mm ( O)
resolution bars in 2% diiluted Intralipid solution. as a function of the aperture size.



131

V.4.2 Aperiure Dependence of Temporal Intensity Distribution

For a turbid media sample, the measured results of the temporal intensity
distribution depends on the measuring system. Due to the different spatial response of
an smali-size aperture to the ballistic/snake parts and to the diffusive part of the
transmitted signals, the temporal intensity distribution will be a function of the aperture
size. The different response of an aperture to the ballistic/snake and to the diffusive
scattering photons can be used to improve the image contrast.

Due to the fact that the major power of the ballistic/snake and diffusive photons
appear at different range in Fourier spectrum plane (FTSP), a proper-size aperture set in
a time-resolved system would improve the degrading of the detected image. In a time-
resolved experiment using a Kerr-Fourier imaging system with a small-size induced
aperture, the diffusive component was filtered out, and the faster pulse profile was

obtained, which was examined by a streak camera test.

V.4.2.1 Experimental method and setup of time and space gate

To demonstrate the shape change of temporal intensity profile by adding a spatial
filter in time-gate imaging system, three different types of time-gated imaging system
have been used: a regular Kerr gate system, a Kerr-Fourier system with a size-limited
"soft aperture” at FTSP, and a streak camera system. Here, the size-limited soft aperture
is made by an intensive laser beam in CS, liquid of Kerr cell. This "soft aperture” would
only appear in Kerr cell for a short period of time when the géting pulses exist in CS,.

When the size of gating beam is changed by a mechanical aperture, the size of the "soft
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2mm. A 527-nm laser beam was used as a probing light. A grid chart with Imm-
separation was imaged, which was placed in a 25mm-thick cell filled with diluted 10%-
Intralipid by 100-times (1%). The collection solid-angle was same as ~2° for both two
systems. A conventional Kerr gating imaging system and a Kerr-Fourier imaging system

are shown in Fig.V.4.2.1.]1 and Fig.V.4.2.1.2 separately.

Cooled
CCD
camera

R
Fig.V.4.2.1.1. A picosecond optical Kerr gated imaging system:
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Fig.V.4.2.1.2 Picosecond Kerr-Fourier time-spatial imaging system.

The aperture dependence of the temporal distribution has also been demonstrated by
a series experiments using a streak camera. The setup is shown in Fig.V.4.2.1.3. In the
experiment, a 4F collection optics was built, and an adjustable mechanical aperture was
set at the Fourier spectrum plane. A single 527-nm laser pulse was used as the probing
light. The turbid medium was made by a diluted 10%, 2%, and 0.4% of Intralipid-10%

solutions filled in 2mm, 10mm, and 50mm glass cells, respectively.
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!
._A— Single Laser Pulse

PC

Fig.V.4..2.1.3 Experimental setup to detect temporal intensity profiles
using a sreak camera. R: mirror; TM: turbid media made of Intralipid
suspension; CL: beam collimating lens; L: Fourier transform lens; A:
input aperiure: AA!: adjustable aperture; PP: prepulse; BS: beam splitter;
SC. sreak camera; PC: personal computer.

V.4.2.3 Experimental resuits
Results of the temporal transmitted image signal of a 527-nm laser pulse from the
transparent part of a testing grid passed through scattering media detected by a Fourier-

Kerr gate and a conventional Kerr gate are plotied in Fig.V.4.2.3.1 as a function of gating
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Fig.V.4.2.1.3 Temporal distributions of 1-mm grid placed inside 1% of Intralipid-10%
filled in a 25-mm thick cell imaged by a Kerr (curve 1) imaging system and a Kerr-F (curve 2)
imaging system with ~2.5mm induced aperture.

time. The signals are represented by curves 1 and 2, respectively. The curve 1, by a
Fourier Kerr imaging system, and the curve 2, by a conventional Kerr imaging system.
The intensity of the curve I has been magnified 7 times for comparison.

The signal transmitted through the Fourier-Kerr gate was chopped. After ~13-ps,
most of the diffusive scattered light was removed by a space gate. For a conventional
Kerr gate, due to the limited capability to remove the diffusive noise, the peak of the
transmitted signal appeared at ~ 8-ps later and the overall temporal profile was much
broader (~ 80-ps). The temporal Kerr intensity profiles displays some difference between

the data measured by the conventional the Kerr and the Kerr-F imaging system.
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broader (~ 80-ps). The temporal Kerr intensity profiles displays some difference between
the data measured by the conventional the Kerr and the Kerr-F imaging system.
Temporal Kerr-Fourier intensity profile (curve 2) consists of mainly snake/ballistic
components centered at T = O-ps. In this case, the selection of low spatial frequencies
picks out early time components of output signal. Most of the diffusive component was
removed by the added Fourier spatial filtering: a soft aperture at FTSP. However, the
standard Kerr gate profile (curve 1), on the other hand, displays the more of diffusive
components, peaking later and over a wider time spread. The Kerr Fourier gate reduces
the diffusive light by removing late-time tail.

The results shown in Fig.V.4.2.3.1 were checked using a streak camera with a
resolution of 7.5ns/mm to measure temporal profile passing through scattering media in
4F arrangement with different aperture sizes. The normalized temporal profiles of 527nm
laser pulses transmitted through the 50mmx0.4% sample at aperture sizes of 1mm, 3mm,
and 10mm are shown in Fig.V.4.2.3.2. It can be seen that the profile of 10-mm aperture
was broadened and peak-delayed compared to that of 1-mm aperture. The curve
displayed in Fig.V.4.2.3.2 shows that the lmm aperture significantly filtered out the
diffusive photons in late time domain, and made the profile much narrower. A aperture

works as a temporal gate when the diffusive light exists.
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Fig.V.4.2.3.2 The temporal profiles of the laser pulses scattered by 50mm x 0.4% Intralipid solution.
As the diameter of the spatial Fourier filter changed from 10mm to Imm, the pulse duration of the
scattered pulse reduced significantly.

V.4.2.4 Conclusion

The spatial filtering provided by an aperture at FTSP in an imaging system can
improve the image contrast of an object hidden in highly scattering turbid media when
the dimension of the object is larger than that of the scatters. The contrast of image can
be improved either using a tcmporflllspatial or a CW spatial Fourier gate by filtering out

the most of diffusive scattering photons at the Fourier plane. With the combination of
the time and space filtering, the image quality can significantly be improved using only
a space gate, which works as a time gate. When aperture size is too small, the image
resolution of fine structures of a hidden-object would be obviously worsen due to the loss

of the higher spatial frequency components. A space gate acts as time gate for diffusive

light. A space gate removes diffusive light which occurs late in time.
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V.5 Aperture Size Dependence on Image Contrast in

Time-Resolved Imaging

Since the information carried by the ballistic/snake photons is non- or less-distorted
than that by the diffusive photons, the higher image contrast and SNR appeared at T=0,
or close to T=0. The contrast and SNR image formed by late-arrival diffusive photons
would be lower. The highest contrast and SNR appeared approximately at the same time
as that the ballistic/snake component. In this section, the contrast distribution are

determined using a time-gated (Kerr) and a time-space-gated (Kerr-F) imaging systems.

V.5.1 Comparison of Image Contrast Achieved by Conventional

Kerr imaging system to Kerr-Fourier Imaging System

This part of experiment was concentrated on the comparison of the contrast
improvement between a conventional Kerr gated and a Kerr-Fourier systems as shown in
Fig.V.5.1.1 and Fig.V.5.1.2. In Fig.V.5.1.2, images of 0.25mm and lmm bar charts
placed in 0.35% of Intralipid-10% solution filled in a 5.5cm cell. A 527-nm laser pulse
was used as a probe. For different detecting time T, the size of 1054-nm gating beam
was changed by a mechanical aperture in five steps: ~1.5mm, ~3mm, ~5mm, ~8mm, and
~12mm. When the aperture size was set 12-mm, the setup worked like a conventional
Kerr gated imaging system. As the aperture size was set the smaller, the contrast was
increased. At a early-gating time. This contrast increase was achieved by both time- and

space-gates. At the later time, the contrast increase was done mainly by the space gate.
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Fig.V.5.1.1 A conventional Kerr gated imaging system to determine
the conlrast distribution as a function of time. B: 0.25mm / lmm bar
charts; T: 0.35% diluted Intralipid solution; Cell thickness: 5.5cm;
wavelength: 527nm; 1054nm puinping beam size: ~12mm.
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Fip.V.5.1.2 A Kerr-Fourier imaging system to determine the contrast distribution
as a function of time and aperture size. B: 0.25mm / fmm bar charts; T: 0.35%
diluted Intralipid solution; Cell thickness: 5.5cm: wavelength: 527nm; [054nm
pumping beam size: ~1.5mn, ~3mm, ~5mm, ~8mim, and ~12mm.
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The measured results of contrast distributions as a function of the "soft aperture" size
in different gating time obtained is displayed in Fig.V.5.1.3, The curves 1 and 2 represent
the contrast of Imm and 0.25mm bar charts detected at T=0, respectively. The curves
3 and 4 represent the contrast of Imm and 0.25mm bar charts detected at T=~26ps. The
curves 5,6 are the calculated contrast as function of the aperture size in clear water, which

arc used as references. There were several points have been revealed from this result:

100 F . 1
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Kerr imaging
I operation range

Kerr-F imaging
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0 3 6 9 12
SOFT APERTURE SIZE (mm)

Fig.V.5.1.3 Contrast dostribution as a function of a soft aperture size gated at T=0 and ~21ps. Turbid
medium cell thickness: 55-mm; theconcentration of Intralipid: 0.35% (of Intralipid-10% suspension).
Probing wavelength: 527am. 1) T=0 and Imm-bar-chart; 2) T=0, and 0.25mm-Bar-chart; 3)T=~21ps
and 1mm-bar-chart; 4)T=~21ps and 0.25mm-bar-chart; 5) calculated contrast of imm-bar; 6) calculated
contrast of 0.25mm-bar.
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1) At an early imaging time as shown by curves 1 and 2, the contrast improvement
caused by the size of the aperture was not large as it does at later imaging time, as shown
by curves 3 and 4. At early-gating time, the major component was dominated by the
ballistic/snake photons. These photons concentrated at the center of FTSP, and would not
be affected greatly when the aperture size was increased over ~3mm. The maximum
contrast was ~95% at 3mm, the minimum was ~75% at 1.5mm and 12mm. The decrease
rate is about 21%.

2) At the late gating time T=~21ps as shown by curves 3 and 4, a contrast peak
appeared when aperture size was ~3mm. After 3mm, the contrast of 0.25mm dropped
fast down to zero al ~8mm. For Imm bar, the contrast dropped in a long tail with a
contrast ~5%. When gating time T=21ps (Because the measured result was a convolution
of 10ps-WWHM gating pulse and ~8ps-WWHM probing pulse. Therefore, the gating
time T=21ps was still setting inside the probing pulse duration , which corresponded to
the ~i0ps, the half-Max.height of pulse), the diffusive component increased quickly.
These diffusive photons spread at higher frequency range, that is the larger radius area
of FTSP. In this case, the contrast at a small aperture (as in Kerr-F system) was still
~40% for 1mm-bar, and ~25% for 0.25mm-bar, shown by curves 3 and 4, respectively.
When the aperture was increased to 12mm Dia., these diffusive photons passed the
aperture and spoiled the contrast. This is the case happened in a conventional Kerr

imaging system.
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V.6 Application of Space-Time Gate in Imaging Through

Turbid Media

As an application of the Kerr Fourier imaging system in turbid media, two actual
time-resolved images of 0.25mm-bar are displayed in FIg.V.6.1: (b) soft-aperture size
~3mm, (d) soft-aperture size ~12mm. Their intensity profiles are shown in (a) and (c)
respectively. The contrast of the image detected at T=0 {Fig.d) is about 25%, and the
image detected at T=21ps is completely spoiled by the light noise (refer to Fig.V.6.1b).

Experimental results have verified that the early ballistic/snake transmitted light
from turbid media appeared to be located at the zero- and lower spatial components at the
Fourier transform plane. The improvement of the image recognition of hidden objects is
mainly determined by the lower spectrum response under earlier-parallel-propagated rays
located at the center zone of the diffraction spectrum plane of the turbid medium from
a collimated illumination, A portion of the diffusive light is collimated after a
transformation lens and impinges nearly uniform onto the back-focal plane at later time.
The contrast of the time and spatial Kerr-gated ballistic image is improved through
selective filtering of the lower Fourier frequencies of the scattered light. A proper-
aperture-limited-time-resolved gate set at the spectrum plane can reject most of the noise
diffusive light and improve the dynamic range, image contrast and S/N. This

improvement is greatly paid by a loss of sharpness.
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FIGV.G.0 Tine-resolved images of (1.25mm-bar-charl set inside
0.35% Intealipid- 1% solution delected by a K-F imaging syslem at T=-20ps
wilh an apertuee size: {b): 15Smin, (d): 1.5mm. () and {c)are the profile of the
images in (b) nrd (d), respectively.
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Chapter V1
Image Contrast as A Function of

Illumination Intensity Density

VI.1 Introduction

Using more intense illumination has been used to enhance the image contrast in X-
ray. This enhancement was reduced by a requirement to reduce the dose to the patient
as far as possible to avoid a risk associated with ionizing radiation. For X-ray imaging
technology, the spatial resolving capability is seriously limited in the detection of small
hidden objects in vivo, The minimum dose to visualize an object increases as the inverse
fourth power of the size of the object'” ( ~ the maximum spatial resolution), i.e.,
resolution ¢ E*, where E is the exposure dose. The minimum dosage to detect a 1-mm
diameter hidden object will be 10* times more than that to detect 1-cm diameter hidden
object.

For optical radiation in diagnosis, there is no known safety hazard to human tissues
using red light under low energy density illumination. The data from an experimental
study performed at Commonwealth University, Los Almos Laboratory, and NIH in 1974,
the laser energy, peak power, and peak intensity used in a picosecond time-resolved
imaging measurement are well within the safety directly human beings. In their study,
the threshold injury for the use of picosecond laser pulses directly illuminating the retina

of monkeys in vive was ~67GW/cm® or ~2J/em’.
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A formula from ANSI Z136 (American Standard Institute) also has been used to
estimate the maximum safety for dosage caused by optical energy in exposure time

duration t:
I =1.7t% (J/em?) (VLL1.1)

For instance, for t=15 seconds 1.7(15)" = ~3.3J/cm? is maximum energy density allowed
to be applied in human skin.

When an optical image signal was detected by a CCD device, the detection noise
(major part is quantum mottle) would be added to the electronic image signal. Since the
number of photons detected per unit area of the detector is a Poisson process, the added

noise of output electronic image by CCD detector is proportional to the square root of the

exposure dose: [ .. O E*'"?. The SNR will be improved proportionally to a ratio of

noise
E/E" = E", where E is the exposure dose or intensity of input optical signal, i.e., S/N =
E'. Therefore, the higher illumination intensity produces a better SNR and higher
contrast in the output electronic image signal.

This approach has been a major way to improve detection sensitivity of an optical
transilluminational imaging technology, such as diaphanography. When the SNR of input
optical signal is low (higher noise level), the higher illumination intensity source won’t
necessarily achieve an expected improvement of image contrast and SNR. In this chapter,
an experiment has been done using time-resolved and CW imaging system to determine

the exposure intensity dependence of image contrast improvement in turbid media.
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V1.2 Experimental Method

Experiments were performed to study the intensity dependence of the contrast at
1054nm wavelength, and compare it to that at 527nm wavelength.

In the first part, three tests have been done to investigate the intensity dependence
of contrast by measuring a resolution target: (1) in a clear water using K-F system; (2)
in 2% diluted Intralipid solution using K-F system; and (3) in a 2% diluted Intralipid
solution using CW-F system. In the second part, two wavelengths laser light have been
used to determine the wavelength effect onto the contrast enhancement rate as a function
of input exposure on CCD chip.

Since there are several different types of noises affecting the SNR of an overall
imaging system other than the quantum mottle in CCD chip, such as thermal noise of
electronic circuits, stray light noise caused by imaging optics, the contrast improvement
with increase of intensity may not follow formula E*, Therefore an actual intensity
dependence -of contrast of the overall system had to been experimentally determined
without turbid media (in a clear water). Which result was vsed as a reference. The
turbid medium was made by filling 2% diluted Intralipid solution inte 50mm-thick
transparent cell. The mean free transport path is |, = ~5mm. The contrast calculated from
images of a Air Force bar testing target with a 0.315mm-resolution bar. The experimental
arrangements used here are similar as that used in the other imaging tests. In the
measurement, neutral density filters were used to adjust the illumination intensity density
onto the samples. To avoid the nonlinear intensity response of CCD chip, all input

exposure on CCD chip was kept in between 100 - 1200 count readout. The contrast of



149

the image -was limited at a lower range from 5% to 10%. Two reasons were considered
to choose this lower contrast level: (1) a minimum acceptable contrast level; (2) avoid the
non-linear response of CCD caused by too high transmittance level at the transparent
range of a black/white bar chart. The Kerr Fourier images was detected at T=0. The
pumping size of 527nm laser beam for Kerr-Fourier system was ~Dia.2.5mm. A
1054nm and 527nm laser pulses were used as a probing and gating beams, respectively.
Before the tests, the leak signal for Kerr gate has been calibrated by adding a proper

neutral density filters to eliminate the effect of fluctuation of noise background.

VI1.2.2 Experimental Resuits and Discussions

The experimental contrast results as a function of the illumination intensity density
in 2% diluted Intralipid solution at 1054nm is shown in Fig.V1.2.2.1. The dashed curve
is the calculation from E,,. The black square data is actual measured contrast response
as a function of input exposure in a clear water of CCD chip at 1054nm, which can be
approximately matched by a function E¥*2, This shown there were unknown noise
sources in the CCD camera, which reduced actual SNR and caused lower contrast
response. The hallow square data is for the contrast response as a function of input
exposure in diluted 2% Intralipid solution on CCD chip tested by a K-F imaging system
at T=0. Which can be approximately matched by E"**. This higher rate of contrast
enhance can be compared to the contrast response obtained by a CW-F imaging system

with no aperture, where the contrast enhance rate is roughly as E"°. Which is

.
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.M : Contrast impravement in a clear water. O : 4F data of contrast improvement in 2% diluted
latralipid solution at 7=t A: CW daia of contrast improvement in 2% diluted Intralipid solution.

showing when lurbid media exists, the faster increase of contrast enhancement should be
attributed 1o the less diffusive photons in detected signal by early-time detection using K-
F system.

The experimental data of contrast enhancement as a function of input exposure for
1064nm and 527nm oblained by Kerr-F imaging system is shown in Fig.VI1.2.2.2. The
dashed curve is calculated by EY. The black square and a hallow curves are for 1054nm
and 527nm, respectively. Due to a low concentration of 0.4%, the 1054nm contrast
response is about EY** very close to that in a clear water, ‘which is ~E"?? as shown in
Fig.IV.2.2.1. Meanwhile. the contrast enhancement for 527nm wavelength in 0.4%

Intralipid solution is much slower as E", The difference between two data can be

altributed to the larger scattering coefficient i, at 527nm, which cause more seriously
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crosstalk and the higher noise background level in whole detection area. This confirmed
that the higher noise level of inputl oplical signal would decreased the contrast

enhancement of the oulput electronic signal as shown in the last experimental data shown

in FigIv.2.2.1.
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Fip.V1.2.2.2 The K-I contrast improvement s a function of multification of CCD exposure intensity,
/Eq at 1054nm Mand 527nm0. Eg= 1.0, which actually correspanded to ~70 counts. B is the
intensily of inpul optical intensity st CCD surfnce, C gis image contrast ~5-10%:; C is the contrast
with exposure increased, Concentzatinn of Diluted Intralipid solution: 0.4% of stock, Cell thickness:
50mm. Dashed line, Q i3 a calculation from EI/2

The comparison of K-F curves at 1054nm in Fig.V1.2.2.1, where 2% Intralipid
solution used, and Fig.VL2.2.2, where 0.4% Intralipid solution used, shows the
concentration effect onto the intensity dependence. K-F curves for 2% and 0.4%
Intralipid solutions were fitted by EY*%, and E"**. This graph shows when the
concenlration increased (the number of diffusive photons increased, the contrast

cnhancement by intensity was reduced.
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V14 Summary

The SNR of the output signal from a CCD device is usually higher than that of the

input optical signal because the signal increases faster than the noise background in CCD
surface (Poisson process) when the input signal increases, i.e., SNR ~ E'2, In the imaging
of an object hidden in turbid media, the image contrast depends on the illumination
intensity in three ways: 1) the improvement rate of SNR is decreased with a increase of
exposure in CCD input surface; 2) the decrease of SNR of input optical signal caused by
diffusive scattering photons; and 3) the wavelength of the illumination light.

In CW imaging method, the increase of the illumination intensity would amplify both
of the true image signal and the scattering diffusive noise. The contrast improvement is
seriously affected by the extremely low SNR of the optical signal coming out from turbid
media. The enhancement of the contrast as a function of input exposure was decreased
faster than that for the early time measurement. In this case, the increase of the
illumination intensity won’t achieve an obvious improvement in the contrast.

To improve the contrast with the higher illumination intensity, the scattering noise
must be removed as greatly as possible before they arrived at the detector using a early-

time and space gate imaging method.

References
1. S. Webb, "The Physics of Medical Imaging", (IOP Publishing, New York 1990).

2. L. Levi,"Vision in communication", PROGRESS IN OPTICS, Vo.VII



153

Chapter VII

Imaging in Thick Turbid Media

VII.1 Object Location Influence of Image Contrast

in Thick Turbid Media

When laser light travels through a turbid medium, the diffusive scattering photons
act as a secondary light source to illuminate a hidden-in object. Other than the primary
illumination from the input laser beam, this secondary source is a non-collimated point
source and depends on the depth in the turbid medium. The intensities of these two types
of light source change rapidly with different depths inside turbid media. A regions closer
to the input surface of turbid media, there are more ballistic/snake photons, and less
diffusive photons, while a regions closer to the exiting surface of turbid media, the
diffusive photons are much more than the ballistic/snake photons. The transmitted image
signal is less distorted for the object located closer to the exiting surface than that to the
input surface. Both factors determine the quality, contrast, and SNR of the detected
images. In this section, the contrast of hidden objects at different locations in a highly

scattering Intralipid solution has been investigated and experimentally measured.

VII.1.1 Experimental Method and Setup

Three different test black phaniom bar charts of width 0.25-mm, 0.5-mm, and 1-mm
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on a glass slide were used as the hidden objects merged into the intralipid solution at
different depths. When the test chart was located at the entrance window and the exit
window of the sample cell, the depth was defined to be zero and 5.5-cm, respectively.
In each measurement, two bar charts: a and b in horizontal and vertical directions were
inserted into the intralipid solution in two different depths as shown in Fig. VIL.1.1.1. Test
bars in two different directions and two depths

were simultaneously measured to improve the accuracy of data calculation.

Test bar charts hidden in a 5.5-cm thick 2.5% intralipid solution of transport length
of 2.4-mm were measured as a function of depth and object size using steady state and
picosecond Kerr Fourier imaging systems.

The schematic diagram of the Fourier-Kerr gate imaging system is shown in
Fig.VIL1.1.2. The imaging system consists of three main parts: laser source, optical Kerr

gate, and detector.

Fig.ViL.1.1.1 The sample design
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Fig.VIL.1.1.2 The experimental setup of Kerr Fourier imaging system.

Essentially, in Kerr-Fourier imaging system, the signal from the turbid sample located at
the front focal plane*® of the lens L, was collected and transform to the Kerr cell located
at the back focal plane (FTSP in Fig.VIL1.1.2). The focal length of L, used in this
experiment was 60-cm. The spatial filtered and temporal segmented signal of t.he
phantom is imaged by L, onto the CCD camera for display. This is a standard 4F Fourier
imaging where the Fourier spectrum was transformed by L, onto FTSP and the image was
obtained after the transformation of the Fourier spectrum by L,. A picosecond mode-
locked Nd* glass laser system which emitted 1054-nm 8-ps lase.r pulse train was used as
the illumination source and its second harmonic 327-nm was used as the gating source.

For small scattering particles, optical scattering from the 1054-nm inside the turbid
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medium was reduced by 16 times (~ 1/&%) over that from lhe' 527-nm beam. The total
energy of the amplified 1054-nm laser output which consists of a train of ~ 100 laser
pulses was ~ 500-mJ. The illumination beam size was about l-cm’. The peak power
density of the 527-nm gating pulse was ~100-MW/cm? per pulse and the duration ~ 8-ps.
The Kerr gate consists of a pair of calcite crossed polarizers and an 1-cm C8; filled Kerr
cell. The extinction ratio of the Kerr gate was ~ 10° and the transmission efficiency was
~ 10%. A transparent sample cell with inside dimension of 7.5 x 5.5 x 5.5 cm® (optical
path = 5.5-cm) was filled with 2.5% intralipid solution. The transport mean free path of
this modeled turbid medium is ~2.4-mm which is similar to transport scattering length of
human breast tissues™?. A cooled CCD camera system controlled by a Mac lici from

Photometrics Inc. was used to detect the gated image.

VH.1.2 Experimental Results

Two photographs of the time-space gated images of the 1-mm bar chart at T = O-ps
and i5-ps are displayed in the lower portion of Fig.VII.1.2.1 with the contrast to be ~
0.85 and 0.55, respectively. The signal intensity level at T = 13-ps was ~ five times
lower.The contrast is defined as a ratio of maximum difference, (I, - I,), to the

summation of variation and the background, (I, + L.}, of an image signal:

C = (g - T (L + L) (VILL.2.1)

And the corresponding signal-to-noise ratio for the image of a clear-black bar chart is:
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Lo Towin = (Ibrighl bar ~ Ibnckgmund)/(ldmt bar 7 Ibacl:gmund) (VIL1.2.2)

It was ~ 20 at T = O-ps and was ~ 4 at T = 15-ps. The location of the time T = 0-ps was
determined when the test bar chart was inserted into the sample cell filled with clear

water,

(a) (b)

Fig.VIL.1.2.1 The blank points are Kerr time gated data and the salid points are cw (no time gate) data.
The dashed lines and solid lines of eye puided curves. For time-gated images, all the data were measured
at the gating time = Q-ps. When the gating time = 15-ps, the contrast of each measurement is ~ 80% -of
the contrast value at T = 0-ps. The vertical axis is the imape contrast of the opaque bars where the contrast
= 100% is defined to be the measured contrast of the bar merged in a clear water cell. The horizontal
depth axis is the location of the bar chart from the entrance window, e.g. bar phantoms at the entrance
window of the 55-mm cell is defined to be the depth = 0.  Each data point is an average of ~5
measurements with +5% error bar.

The measured contrast in these three test bars at five different depths in S0mm-thick
cell filled with 2% diluted Intralipid solution were calculated and averaged from the
measured images at T = 0-ps and 15-ps, the contrasts are displayed in Fig.VIiI.1.2.2a and
2b, respectively. The image contrasts at gating time = 0-ps (ballistic signal) are plotted

as the blank squares, triangles, and circles in Fig.VII.1.2.2a. At the later gating time of
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~ 15-ps (snake signal) in Fig.VI11.2.2.2b, the image contrast of the time-gated imaging was
slightly reduced by a factor of ~20% of that measured at 0-ps. Furthermore, the measured
contrast of cw-Fourier (no Kerr gate) spatially filtered images with ~2.5mm mechanical
aperture are plotied as the solid squares, triangles, and circles in Fig.VIL.1.2.2a for
comparison. The CW-Fourier images were obtained with the same experimental setup
shown in Fig.VIL.1.1.2. except the two polarizers of the Kerr gate were set in the parallel
direction (the time gate was turned off). Similar to the absorption gating technique, the
diffusive background light was significantly reduced by the Fourier spatial filtering. The
signal-to-noise ratio, in paralle] to Figs.V11.1.2.2a and 2b, of these three test bars at five

different depth at T=0-ps and 15-ps are displayed in Figs.VII1.1.2.2c and 2d, respectively.

154  ©-._
-------- Kerr Fautier O a4 ©
."'E- CW Foutsr B 4o =
10—
=
~
w
5 ]
) Exit
0- ‘ Entrance
i 1 3
6 4 0

2
Depth (cm)

Fig.ViL1.2.2c The image SNR of 1-mm {squares), 0.5mm (triangles), 0.25mm
(circies) bars detected at T=0ps as a function of the sample location in 2% diluted
Intralipid solution.



le0

Exit . Entrance

|

— T V !

6 4 2 0
Depth(cm)
Fig.Vil.1.2.2d The image SNR of 1-mm (squares}, 0.5mm (triangles), 0.25mm
(circles) bars detected at T=15ps as a function of the sample location in 2% diluted
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The minimum detectability of the time gated signal level is about 10 counts per
pixel above the dark current jevel. The peak intensity of the image through the intralipid
solution was ~ 1.5x 10" of the incident 1054-nm laser beam which was calibraled with
a set of neutral density filters. This transitivity is consistent with the calculated early
signal ~ exp[-(optical path/transport length)] = exp{~(55-mm/2.4-mm)] ~ 1.1x10.

The salient feature of Fig.VIL.1.2.2 indicates that in all cases studied the contrast
and the S/N increased when the depth was increased (close to the exit window) and the
contrast was higher for the time gated image. In addition, the contrast and S/N were
lower for the smaller bar width. The contrast .and S/N curves at different depths were
smoother for the time gated image than that from the ungated image. When the bar width

was reduced, the improvement of the time gate was larger. For instance, the contrast
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improvement between the object located at the exit plane and the entrance plane is ~ 10%
for 1-mm bars and ~ 95% for the 0.25-mm bars for Kerr-Fourier over cw-Fourier
imaging.

With the improved S/N, a 250-um spatial resolution of hidden bars in a 5.5-cm
2.5% iniralipid solution has been obtained from the time and spatial gated Fourier Kerr
imaging. The image contrast of the 250-um bars varies from 58% at the exit plane to
35% at the entrance plane. The contrast reduction ratio between the front to exit plane
was ~ (58%-35%)/58% ~ 40%. When the width of the bar was increased, the contrast
was increasing and the difference at different depth was reducing. For the 1-mm bar, its
image contrast varies from 88% to 80% at the exit and entrance plane, respectively which
corresponds to a ~ 8% reduction. While for the 500-um bar, its image contrast varies
from 86% to 59% or a 27% drop.

Under some severe cases such as the object is located at the front part of the turbid
medium or an ultra-small object with poor signal level, the combination of time and space
gating can significantly improve the image contrast.

The contrast obtained from all CW-Fourier measurements was worse than that from
Kerr-Fourier measurement, When the bar width is 2 I-mm, the difference between cw-
and Kerr-Fourier imaging was not significant. However, for bar size = 1-mm, the contrast
was 88% for Kerr-Fourier image and 87% for cw-Fourier image at exit plane; for bar
size= 0.5-mm, the contrast was 80% for Kerr-Fourier image and 72% for cw-Fourier
image; and for the bar size of 250-um, the Kerr-Fourier gated image contrast was about

twice better than that of the cw-Fourier image. In addition, the time gate on the image
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contrast was more significant for objects located at the entrance window than that for
objects at the exit window.

The time-resolved image contrast of threé test bar charts from the Fourier-Kerr gate
at T = 15-ps is plotted in Fig.VIL.1.2.2b as a function of object depth. These graphs are
similar but are poorer than the contrasts obtained at T = 0-ps for the three bar widths.
The contrast for three bar widths at T = 15-ps was slightly decreased (~ 80% of the peak
value) from the contrast obtained at T = 0-ps. This measured contrast at T = 15-ps
obtained from the Kerr-Fourier imaging is much better than that obtained from a
conventional Kerr gate. Due to the incomplete removal of the diffusive scaitering noise,
the measured contrast at 15-ps from the conventional Kerr gate dropped to ~10% of the
peak contrast value obtained at 0-ps. The signal to noise ratioc was reduced to ~ 1.2 at
T = 15-ps from ~ 5 at T = O-ps. While for the Fourier-Kerr gate, since there was less
scattering noise, the S/N at 15-ps dropped to the level of 25-50% from that of 0-ps in all
cases shown in Figs.VIL.1.2.2¢ and 2d.

The quality of image improvement through temporal and spatial Kerr-Fourier gate
is obtained from the collection of the ballistic/snake signal with most of the diffusive
scattered noise light filtered out at the Fourier plane. Under some severe cases such as
the object is located at the front part of the turbid medium or an ultra-small object with
poor signal level, the combination of time and space gating can significantly improve the
image contrast. The temporal and spatial gated Kerr-Fourier imaging has shown a
significant improvgment over the conventional time-gated Kerr imaging or the spatial

gated imaging alone. These measurements further reveal the direction to follow for
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optical systems to perform breast cancer screening.

Test bar charts hidden in a 5.5-cm thick 2.5% intralipid solution of transport length
of 2.4-mm were measured as a function of depth and object size using steady state and
picosecond Kerr Fourier imaging systems. With the improved dynamic range, signal to
noise ratio, and spatial resolution offered by time and spatial gated imaging, a 250-pm
width bar in thick highly scattering medium was resolved at the signal level attenuated

to ~ 107" of the probe light.
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VIH.2 Determination on Minimum Detectable Difference

for Transcendent Turbid Media and Absorption

VI1I1.2.1 Introduction

Optical signals transmitted through the breast depend on composition of the tissue,
i.e., the amount of fat, glandular tissues, and vascular tree. It also depends on the
presence and extent of fibrosis, inflammations, cysts, and neoplasia. These different parts
can not cause the very big difference of observation as a dark-clear bar pattern does when
they are illuminated with an uniform light. Due to the mixing up from the diffusive
scattering, the details of the part in the object with the lower irradiation difference will
be more difficult to recognized at the detector. To simulate better imaging for an object
in the practical condition similar to that in a real breast tissue, the minimum contrast of
the object has to be determined. The irradiation difference from the different part of an
object may be caused by the absorption, the scattering, or the both, which depends on the
nature of the tissue. Studies have shown that the absorption in normal breast tissue is
very small, and the loss of the transmitted photons from tissue was mainly due to the
multi-scattering. Therefore, the major work in this chapter is concentrated at object
contrast that would be achieved from the different scattering properties of the different
types of tissue.

Near infrared laser technology offers a non-ionizing radiation advantage over the
conventional x-ray method to image the shadéw of objects. One of several optical

methods used currently''? is to gate the early-light with a large signal dynamic range and



165

high spatial resolution for breast cancer screening to measure the shadow of tumors in
breasts due to the differences in scattering and absorption coefficients. Optical signals
transmitted through the breast depend on the amount of fat, composition and density of
internal media, glandular tissues, vascular supply, and the presence and extent of fibrosis,

1%n ultrashort lasers and

inflammations, cysts, and neoplasia. With recent advances
ultrasensitive photo-detectors, the spatial resolution of optical images on the order of 0.1-
mm can be achieved'* in a modeled turbid medium. A study of morphological

differences and optical properties, such as the dependence of the transport mean free path

on diseased tissues is needed in order to identify the type of tumors with high fidelity.

VIL.2.2 Experimental Method and Setup

The 2D imaging of two different semi-translucent modeled phantoms in thick
highly scattering host Intralipid solutions using time-resolved Fourier-Kerr imaging.
Translucent phantom solutions as small as a 2-mm thickness with as small as a 0.1%
concentration difference from the 55-mm thick surrounding scattering host environment
and 0.5-mm width semi-transparent bars with AOD=0.14 can be clearly identified using
digital video processed data. The object sample was made of a 2mm-thickness cell filled
with a concentration ranged from 1% to 4% from the 55mm thick surrounding scattering
host environment, which made of a 2% Intralipid. The hosf sample was place inside a
55mm-thickness cell filled by 2% Intralipid solution. The different image contrasts would
be obtained for a same hidden-in object using different imaging techniques due to the

several different dependence of the contrast: the gating time and the spatial spectrum
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(aperture size dependence). The former is based upon the time-dependence of the
different components of the transmitted signal, and the latter is based upon the Fourier
spatial spectrum filtering. In this chapter, the temporal and spatial contrast varying and
its limitation from CW, F-CW, Kerr and Kerr-F imaging systems will be examined.

The minimum phantom opacity difference of hidden objects of various size in turbid
media was measured as a function of the thickness, location, and transport mean free path
of the scattering media. Experimental results will determine the resolving capability of
a minimum object contrast for a time-resolved and non-time-resolved imaging systems.

The time-resolved and CW images of bar charts with different opacity under
different intralipid concentrations will be detected. The image contrast of the chart inside
the intralipid solutions with different concentrations and different locations will be
measured.

The experimental setup of the time and 4F-space gated Kerr Fourier
transillumination imaging system is shown in Fig.VI1.2.2.1 and Fig.VI1.2.2.2. Higher
spatial frequency compenents from diffusive noise is removed at the Fourier plane by the
induced Kerr aperture. A single shot Nd*:glass mode-locked laser generating 1054-nm
8-ps pulses was used as the probing pulse. The Kerr gate consisted of a pair of crossed
calcite polarizers and a CS, cell. The Kerr cell was placed at the back focal plane of the
lens L,. This arrangement is the main difference to the conventional optical Kerr gate.
The second harmonic 527-nm beam was used-to actuate the Kerr gate. A cooled CCD
camera system with 16-bit resolution was used to detect the shadow of the transmitted

signal with 2.5x10° detection pixels. A Fourier spatial filtering technique coupled with
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the ultrafast time gated imaging has greatly improved the dynamic range and signal-to-
noise ratio. The spatial dimension of the gating laser pulse radial profile automatically

induces a spatial aperture at the Kerr cell to effectively remove the higher frequencies.
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Fig.VIl.2.2.2 Kerr Fourier imaging system to determine the minimum contrast in turbid media.
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In this manner, when collimated ultrashort laser pulse enters a turbid material, the
forward propagation ballistic and snake signals have a plane wavefront and a quasi-plane
wavefront, respectively. These earlier arrival components will appear at the central DC
frequency region of the Fourier transform spectrum plane (FTSP). The multi-scattered
diffusive light at large angles has a spherical wavefront formed by off-axis line rays. This
later arriving diffusive light will spread around as the higher spatial frequencies and can
be gated either by using an ultrafast time gate or a spatial filter.

Intralipid solutions were used as the host and one of the phantom turbid media. For
an 2% diluted Intralipid stock solution of 10% (final solution was 0.2%]), the transport
coefficients, p,, of this modeled turbid medium at input wavelengths of 625-nm and 1060-
nm are ~ 1/(2.4-mm) and 1/(5.0-mm), respectively, which are similar to that of human
breast tissues. The absorption length of the modeled Intralipid solution is on the order
of 500-mm. The effect of absorption was negligible in our experimental arrangements.
The modeled phantom was a diluted Intralipid solution of various concentrations from 1%
to 4% contained in a 2-mm thick by 10-mm width rectangular glass cell situated in the
middle of the turbid medium as shown in the inset of Fig.VIL.2.2.2. The second type of
phantom was a printed test dark/white bar chart on a thin cellophane sheet with variable

optical densities for the dark and white bars.

VI1.2.3 Experimental Results

Two measured time-resolved 2D images with inserted phantoms of 3% and 4%

diluted Intralipid stock solutions situated in the middle of a 55-mm thick box filled with
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a 2% diluted Intralipid solution are shown in Figs.VIL2.3.1a-I and la-II, respectively.
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Fig.Vil.2.3.1 Early time images of 2-mm thick translucent Intralipid phantoms in 2 host 55-mm thick
R=29% diluted Intraiipid stock solution. The brighter left beam circle was the carly light through the
background turbid medium. The right part of the image circle was the eariy light through the phantom
cell. The sharp dark/white stripe at the center of the image was accounted for by the scattering /
tratsmission from the frost/clear parts of the phantom cell side wall.

(I) N = 3% Intralipid Phanton; (a) 2-D image; (b} I-D digitized intensity profile; (II) N=4% Intralipid
Phantom; (a) 2-D image; (b} 1-D digitized intensity profile. The vertical axis of (b) is the measured
digitized counts of signal integrated from row #60 to row #120, then subtracted by 1000 counts. The
noise ievel of the CCD system was 1037 = 1 counts. The error bar was either ~ £5% or =1 counts
whichever was greater. The horizontal axis of (b) is the channel # of the CCD. Each channel was
equivalent to a ~ 40-pm object width,

The transmitted signal intensity from the 3% phantom in Fig.VI1.2.3.1a-1 is brighter than
that from the 4% phantom in Fig.V11.2.3.1a-Il. The 2-mm thick phantoms with a A (=

N - R) = 1% concentration difference of dituted Intralipid solution can be visually
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identified, where N and R are the concentration of the phantom and the hosting material,
respectively. The 1-D digitized intensity profiles in Fig.VIL.2.3.1b have confirmed the
visual evaluation. Using digital processed data, translucent phantoms in a host scattering
medium with even smaller concentration difference of A ~ 0.1% has been distinguished
from the host as shown in Fig.VIL.2.3.2. The ratio of the normalized transmitted signals

from two phantoms with A=0.1% is [Iy/Ig/[Iy.04e/Tz] = 0.96. This 4% difference between
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Fig.VI1.2.3.2 The carly KF gated transmitted signal of translucent phatoms as a
function of Intralipid concentration. The horizontal axis, N, is the phatom
dilution percentage from a 10% Intralipid stock solution, The vertical log axis
is the early KF transmitted intensity through the phantom of N concentration, Iy,
nirmalized by the reference signal, IR, tranmitted through the 55-mm surrounding
2% Intralipid solution. Ir=Ig exp(-55/26)~6.5x 10 ]010. Each data ppppoint is an
average of four to six independent measurement.
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two phantoms can be quantitatively distinguished.

In Fig.VIL.2.3.2, the ratio of the early time gated transmitted signals through the
phantom, 1, with the signal through the reference host medium, I, are plotted as a
function of the concentration of phantoms from O to 4% diluted Intralipid solution. For
comparison, the cw-Fourier gated transmitted signals are also plotted as a function of the
phantom concentration. The salient features of the curves in Fig.VIL.2.3.2 indicate that
phantoms with the concentration difference of A < 0.1% (or 5% relative scattering
coefficient change = A/R) from the stock solution can be distinguished using the digital
information. As the concentration of the phantom, N, is increased, the transmitted early
radiation from the phantom Intralipid solution immersed in a 55-mm thick 2% diluted
Intrali-pid stock solution have been measured. There is a small peak for both KF and
CWF imaging when the concentration of the phantom (N=2%) is equal to the surrounding
host (R = 29%) Intralipid solution.

To determine the smallest optical density difference of phantoms relative to the
surrounding host that can be imaged through the Intralipid solution, a second type of
phantom consisting of a test dark/white bar chart with various opacity differences was
used. The optical density of the dark bars varied from OD 0.7 to 5 and the white bars
varied from OD 0.1 to 4. The width of the bar was varied from 0.25-mm to 0.75-mm.
These semi-transparent phantoms were inserted in the middlé of a transparent sample cell
with inside dimensions of (5.5-cm)’ filled with a 2.2% Intralipid solution. The measured
contrast of a bar with the OD ratio of dark/white = 2.0/1.7 was slightly worse than that

of a bar with the OD ratio of dark/white = 1.0/0.7 since the amount of photons
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transmitted for the latter case is higher. The 2D early-time images and 1D digitized
intensity profile of 0.5-mm test dark(OD 0.92)/white(OD 0.78) bar was measured by time-
resolved KF imaging is displaced in Fig.VI1.2..3.1. Phantom bars with a difference of

AOD = 0.14 can be clearly identified.

VII.2.4 Discussion

The mode] sample system consists of a 55-mm thick turbid medium consisting of
a R% diluted Intralipid solution (host) and a 2-mm thick glass cell filled with N% diluted
Intralipid solution (phantom). The measured normalized early light transmitted signal
of the N% Intralipid phantom inside a R% turbid background Intralipid solution can be

written as

IfTg = T 1; expl-py z - pg (2-2)1{1, expl-ppt}} = T expl-py z + pp (2+2)], (1)

where 1 is the transmitted signal through the N% phantom, I is the transmitted signal
through the R% background medium, 1, is the incident laser intensity, T is a transmission
factor of the phantom due to the interface reflections between the glass windows and the
turbid medium, py is the attenuation coefficient for the early light (first 10-ps) of N%
Intralipid phantom (a value between the scattering coefficient and the transport coefficient
with the unit of 1/mm), p, is the attenuation coefficient for the reference turbid medium,
t is the thickness of the sample cell, z is the phantom thickness which is 2-mm with two

1-mm thick glass windows.
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The attenuation coefficient is approximately proportional to the concentration of
the Intralipid stock solution. The atienuation coefficient of the phantom, py, in a

reference R=2% Intralipid host can be approximately written as

Uy ~ N%/R% pg (2)

Eq.l can be rewritten as

I/Ig ~ T exp[2 + (1-N/R)z] 1 (3)

For a phantom with thickness of z = 2-mm in a R = 2% host, eq.3 can be simplified as

I/l = T exp[4-N] 4)

For a clear water phantom where N = 0, 1/l = T exp{4p,]. Plotiing the data
points on a semi-log graph or fitting the experimental results as a function of N, the
attenuation coefficient can be deduced from the slope = 1/pg. At the same time, the
transmission factor T can also be numerically extracted. Using the data displayed in
Fig.VIL2.3.2, the experimental , is deduced to be 1/2.6 mm’' from KF imaging and is
1/3.8 mm* from CWF imaging. These values are situated between the scattering
coefficient at 1054-nm wavelength, p,, of 1/2.2 mm! and the transport coefficient, p,, of

1/5.0 mm™' which corresponds to the attenuation coefficients""” for the pure ballistic signal
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and the diffusive component, respectively. These two measured values of py = 1/2.6 mm’'
and 1/3.8 mm”' indicated that signals obtained from KF and CWF imaging techniques are
accounted for by the signals from ballistic, snake, and diffusive components. Using KF
imaging, most of the signals collected are ballistic/snake-like due to the effective time and
spatial gating. For signals obtained from CWF imaging where only the spalial filtering
exists which acts like a time-gate, they are dominated by snake-like and a portion of
diffusive photons. The transmission factor, T, through the phantom in equation 1 can be
fitted to be 74+4% through out both curves in Fig.VI1.2.3.2 except at the point where the
phantom concentration, N, was nearly equal to the surrounding medium of R=2%. The
fitted transmission factor for N=2% phantoms in R=2% background from KF imaging are
CWF imaging is 98+4%. This T factor is higher than expected value and may be
accounted for by the constructive interference between the two glass windows (see N=2%

shown in Fig.VI1.2.3.2) of the phantom cell.

VIL2.5 Summary

The limitation on imaging semi-transparent phantoms embedded in a highly
scattering environment was experimentally determined using a non-invasive and
non-destructive time- and spatial-gated Kerr-Fourier transillumination imaging system.
Weak-absorbing phantoms, 0.25-mm wide dark/white bars with an opacity difference of
AOD=0.14 have been distinguished from a thick highly scattering 2.2% Intralipid solution.
For a translucent scattering phantom, Iess than a 5% relative scattering coefficient change

(A/R = 0.1%/2%) of a 2-mm thick phantom can be separated from the backgrbund
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medium with the absolute signal difference of ~ 10'.  From the data fitting of the

transmitted signal as a function of the phantom concentration, the attenuation coefficient

of the early light which is a mixture of the scattering coefficient and the transport

coefficient has been determined.
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VIL3 Time-resolved Imaging of Translucent Droplets

in Highly Scattering Turbid Media

VII.3.1 Introduction

To observe translucent objects inside a highly scattering environment, early
ballistic/snake light imaging"® technique offers a non-destructive and non-invasive
method. In this section an experiment result about 2D imaging of translucent droplets
is introduced. Where, phantoms without container boundaries, with different densities
entered into a highly scattering host Intralipid solution using time-resolved Kerr-Fourier
imaging. The spatial distribution of the translucent droplets inside the 50-mm thick

surrounding scattering host environment can be clearly visualized.

VIL.3.2 Experimental Method and Setup

The experimental setup of the time and 4F-space gated Kerr-Fourier (KF)
transillumination imaging systermn has been described in chapter II. In this 4F system, the
transmitted shadow signal located at the front focal point plane was collected and
transformed by a lens L, to the Kerr cell located at the back focal plane. With the time
and induced spatial gating, the Fourier spectrum after the Kerr cell was retransformed and
imaged by the second lens L, to the detector plane. A single shot Nd*:glass mode-locked
laser generating 1054-nm 8-ps pulses was used as the probing pulse. The Kerr gate
consisted of a pair of crossed caicite polarizers and a CS, cell. The Kerr cell was placed

at the back focal plane of the entrance lens. The second harmonic 527-nm beam was
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used to actuate the Kerr gate. Higher spatial frequency components from diffusive noise
is removed at the Fourier plane by the induced Kerr aperture. A cooled CCD camera
systermn with 16-bit resolution was used to detect the shadow of the transmitted signal with
2.5x10° detection pixels. A Fourier spatial filtering technique coupled with the ultrafast
time gated imaging has greatly improved the dynamic range and signal-to-ncise ratio.
The spatial dimension of the gating laser pulse radial profile automaticaily induces a
spatial aperture at the Kerr cell to effectively remove the higher spatial frequencies.

A schematic of the sample phantom and host cell arrangement is shown in
Fig.VIL.3.2.1. Diluted Intralipid solutions"®' of various concentrations and pure water
were used for the phantom droplets in a 2% dituted Intralipid host turbid cell. The inside

dimension of the host cell was 50x50x50 mm’. The phantom droplets were generated in
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a 50-mL Kimex buret with a straight bore stopcock with a PTFE plug. The subdivision
or the limit of error of this buret is 0.1-mL. For a 2% diluted Intralipid stock solution
of 10% (final solution was 0.2%), the measured attenvation coefficient"” from the KF
imaging system of this 2% diluted Intralipid solution is 1/(2.6-mm). Due to the additional
time gating, this attenuation coefficient measured from the time-spatial gated approach
was found to be larger than the scattering coefficient of ~ 1/(3.7-mm) obtained from both
the cw Fourier"? and the standard cw collimated transmission'" approach. The absolute
signal collected was ~ 107" of the input probe beam. The absorption length of the
modeled Intralipid solution is on the order of 500-mm and can be neglected in our

experimental arrangements.

VII.3.3 Experimental Results

Two measured time-resolved KF 2D images of water droplets dropped into the
middle of a 50-mm thick host cell are shown in Figs.VIL.3.3.1a to lb. Since the
scattering loss from the water droplet is less than that from the surrounding host, the
intensity of the projected water droplet image was brighter. The shape of these water
droplets depends on the amount of water released. The delay time between the stopper
opening and the photographic time was varied from ~ 2 to 10 seconds. The
inhomogeneity of the brighter circle in Fig.VII.3.2.1 corresponds to the collection aperture
or signal beam diameter of ~ 12.7-mm was accounted for by the non-uniformity of the
laser intensity distribution. To determire the contrast of the transmitted early snake light

images as shown in Figs.VI1.3.3.2a to 2d, four different phantom droplets with 1%, 2%,
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3%, and 5% diluted Intralipid solutions were dropped into a 2% host medium,
respectively. The projected image from the 5% Intralipid droplet shown in Fig.V11.3.3.1d
is the darkest due to the increased scattering from the droplet, while the projected image
from the 2% Intralipid droplet shown in Fig.VI1.3.3.2b is hardly distinguishable from the

surrounding host with the identical scattering property. The images obtained from the 1%

Fig.VII.3.3.1 Early time 2D shadow images of water phantom droplets in a host 50-mm thick
of 2% diluted Intralipid stock solution. The spatial distribution of the water drop depends on the
amount of water and the delay of release time. The dark shadow at the top middle part of the
while laser beam circle is the end tip of the buret. (a) ~2 seconds delay from releasing stopper;
(b) ~10 seconds delay from releasing stopper

Intralipid droplet shown in Fig.VIil.3.3.2a is brighter than that from the 2% surrounding
host and the image from the 3% Intralipid droplet in Fig.VIL.3.3.1c is darker. A 1%
concentration dilution difference between the phantom droplet and the host medium can
be visually distinguished. The changes of the shape of the drop can be measured. A

much smaller concentration difference of 0.1% between the phantom droplets and the host
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medium could be identified using digital video signal processing (10). This work
demonstrates that small differencgs in scattering properties and shapes of small dimension
translucent droplets can be spatially determined inside a large l;ost turbid medium which
may be useful in moving towards the optical mammography. A droplet phantom inside

a scattering host without an artificial container boundary is an ideal object to simulate,

(A) (B)

(&) D)

Fig.VI1.3.3.2 Early time images of translucent Intralipid phantom drops of various concentrations in a host
50-mm thick 2% diluted Intralipid stock solution. (a) 1% Diluted Intralipid Phantom Drop; (b) 2% Diluted
Intralipid Phantom Drop; (¢) 3% Diluted Intralipid Phantom Drop; (d) 5% Diluted Intralipid Phantom Drop.

for example, a tumor embedded in a tissue or droplets in jet exhaust. Furthermore, the

early light transillumination technique can be adapted to determine the spatial distribution
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of the particle size and shape of the fuel spray in air from an jet nozzle to improve the

efficient engine design.
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Chapter VIII

Summary and Future Direction

VII.1 Summary

Various optical detection and imaging methods have been used to determine ultra-
small hidden objects in turbid and bio-medical media. In the conventional steady-state
transillumination or diaphanography, direct visual interpretation or IR mapping from video
imaging was used for an physical examinations of the breast. In this method, the signal
consisting of ballistic, snake, and diffusive components were detected without the vse of
time 6r space gating which results in higher noise levels with poor spatial resolution
(>lcm).

When photons travel through a turbid medium, three signal components can be
defined: diffusive, ballistic, and snake. The diffusive scattered photons of the signal
travel over a much larger distance in turbid samples, and lost most of the true image
information. The ballistic ones take the shortest path through the medium, and the snake
component arises from those photons scattering within a small forward angular cone
which arrives on the onset of the diffusive component, both of which carry true image
information.

A significantly large dynamic range of over 210" was used to obtain image
information of an object in thick turbid media, such as mucked media and breast tissues.

It was shown that a simple time-gating approach does not achieve this required dynamic
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range. A Fourier spatial filtering technique coupled with ultrafast time gating was shown
to increase the capability to greatly improve the dynamic range and diffusive noise
rejection. For a single stage Kerr-Fourier imaging system, the rejection ration of diffusive
photons has been demonstrated to be ~107%. A image system consisted of a double-stage
Kerr and spatial gate would provide a diffusive photon rejection are ~ 10%,

When laser light travels through a turbid medium, the diffusive scattering photons
act as a secondary light source to illuminate a hidden-in object. Other than the primary
illumination from the input laser beam, this secondary source is a non-collimated point
source and depends on the depth of phantoms in the turbid medium. The intensities of
these two types of light source change rapidly with different depths inside turbid media.
Regions closer to the input surface of turbid media, there are more ballistic/snake photons,
and less diffusive photons, while a regions closer to the exiting surface of turbid media,
the diffusive photons are much more than the ballistic/snake photons. The transmitted
image signal is less distorted for the object located closer to the exiting surface than that
to the input surface. Both factors determine the quality, contrast, and SIR of the detected
images. In all cases studied the contrast and the S/N increased when the depth was
increased (close to the exit window) and the contrast was higher for the time gated image.
In addition, the contrast and S/N were lower for the smaller bar width. The contrast and
S/N curves at different depths were smoother for the time gated image than that from the
ungated image. When the bar width was reduc_ed, the improvement of the time gate was
larger. For instance, in m 2% diluted Intralipid solution, the contrast improvement

between the object located at the exit plane and the entrance plane is ~ 10% for 1-mm
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bars and ~ 95% for the 0.25-mm bars for Kerr-Fourier over cw-Fourier imaging. The
time gate on the image contrast was more significant for objects located at the entrance
window than that for objects at the exit window,

Optical signals transmitted through the breast depend on composition of the tissue,
i.e., the amount of fat, glandular tissues, H,O, and vascular blood tree. The breast also
depends on the presence and extent of fibrosis, inflammations, cysts, and neoplasia.
These different components can not cause as large a difference as that a dark-clear bar
pattern does when they are illuminated with an uniform light. Therefore, a study need
to be done using a phantoms with a smaller contrast (<<100%) than that for a dark-clear
bar pattern (~100%). To test this, the minimum detectable contrast of the object was
determined. Experimental results determined the resolving capability of a minimum
object contrast for a time-resolved and non-time-resolved imaging systems. It was
demonstrated that weak-absorbing 2mm-thick phantom with an opacity difference of
AOD=0.14 can be distinguished from a 50-mm thick highly scattering 2.2% Intralipid
solution (for a hidden 0.4mm spatial resolution of black-clear object) with ], ~4.6mm. For
a translucent scattering phantom, less than a 5% relative scattering coefficient change
(0.05mm™-scattering attenuation) of a 2-mm thick phantom(A/R = 0.1%/2%}) can be
separated from the background medium (I, ~4.6mm) with the absolute signal difference
of ~ 107'° in 1054nm wavelength.

The estimation of detectable snake photons number in biomedical media and
experimental results obtained form time- and space- gated imaging system have shown

the possibility to develop an optical mammography for breast cancer. In illumination
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energy 12J/cm? at 1054nm and !mm resolution, for benign tissue (I, ~5.1mm), fatty tissue
(I, ~1.4mm), and fibroadenoma (I, ~2.08mm), the detectable photon number is 1.4x10'°,
1.5x10°% and 14, respectively.

The degrading of spatial resolution was studied using time-space imaging system
or 527nm and 1054nm. It has shown that in 50mm 2% diluted Intralipid solution with
], ~4.6mm, the spatial resolution with less than 0.4mm was obtained.

A space and time imaging system can be used to determine an accurate scattering
attenuation coefficient of turbid media. For 2% diluted Intralipid solution, the
experimental . is deduced to be 1/2.6 mm™ from KF imaging and is 1/3.8 mm™ from
CWF imaging. These values are situated between the scattering coefficient at 1054-nm
wavelength, p,, of 1/2.2 mm and the transport coefficient, p, of 1/5.0 mm™ which
corresponds to the attenuation coefficients for the pure ballistic signal and the diffusive
component, respectively. These two measured values of yg = 1/2.6 mm™ and 1/3.8 mm''
indicated that signals obtained from KF and CWF imaging techniques are accounted for
by the signals from ballistic, snake, and diffusive components. Using KF imaging, most
of the signals collected are ballistic/snake-like due to the effective time and spatial gating.
For signals obtained from CWF imaging where only the spatial filtering exists which acts
like a time-gate, they are dominated by snake-like and a portion of diffusive photons.
Difference of the scattering attenuation coefficient, y,, deduce from the time-resolved to
the transillumination measurements are accounted for by the later-arrived snake and
diffusive photons within the collection angle of the detector. About 20% ~ 30% error can

be obtained to CW measurement method. Time-space imaging methods provide a
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significant reduction of the diffusive photons from the conventional collimation
transillumination approach to determine the true scattering coefficient, p,, of turbid media.
To observe translucent objects inside a highly scattering environment, early
ballistic/snake light imaging technique offers a non-destructive and non-invasive method.
An experiment result about 2D imaging of translucent droplets with different
concentrations was introduced. Where, phantoms without container boundaries, with
different densities entered into a highly scattering host Intralipid solution using time-
resolved Kerr-Fourier imaging. The spatial distribution of the translucent droplets inside
the 50-mm thick surrounding scatiering host environment can be clearly visualized.
This work demonstrates that small differences in scattering properties and shapes of
small dimension translucent droplets can be spatially determined inside a large host turbid

medium which may be useful in moving towards the optical mammography.

VIII.2 Future Directions

VIIL.2.1 Optical Mammography

The major direction of this research in the future will focus on testing different
types of thick breast tissues (cancer vs normal) for developing an optical mammography
shadowgram breast screening system. Different wavelengths from 1000nm te 1300nm
will be used to probe the tissue H,O and fat in breast to attempt to separate tumors from
normal breast tissues, The future effort will be done to increase the detectable signal

level (ballistic/snake photon number) and reduce diffusive noise level using repeatable IR
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laser light pulses for a longer iltumination time. A series of experiments should be
designed to image the cancer tissue hidden in normal breast tissue with thickness of ~
Scm in vivo and in vitro applications with spatial resolution ~lmm using time-resolved
and non-time-resolved imaging systems. According to the difference of blood, water, fat,
normal, and cancer tissues, imaging experiments will be perforrned to investigate the
contrast difference using multiple wavelengths to perform difference spectral shadowgram
images of the breast.
To perform the future research work, the following improvements of the
experimental setup will need to be accomplished:
1. Light source

1) To enhance rejection efficiency for diffusive photons using a time and space
gating system, a repeatable tunable pulse laser with wavelength 800nm to 1300nm with
pulse width from 1ps to 10ps with pulse power density of S5mJ per centimeter square. A
possible laser systemn is Chromium-Doped Forsterite laser over the wavelength range from
1130nm to 1367nm, the pulse width of 1ps, repetition rate from ~0.25KHz to 2.0KHz,
maximum power output of 2.8W, beam divergence of 0.5mrad, beam size of 5cm. The
latter will be used in combination with pulses from Ti:Sapphire laser system covering
from 800nm to 950nm.

2) Collimated CW pulse light source at repetition rate of with wavelength from
850nm to 1300nm, and effective power density of 1W per centimeter square is needed
to investigate the improvement by a spatial filter to act as an eafly-time detection device.

When the laser pulses pass through tissues, the temperature of tissue will increase
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due to the absorption of laser encrgy by tissue. To avoid the damage to the tissue organs
due 10 the overheat, the maximum encrgy absorption and temperature increase must be
determined. The data may be obtained by solving a heat conduction equation'. In this
rescarch work, a simple method was used to estimale the energy absorption and
temperature rise. To do so, the same sample as used in Chapter 112 was used, which is
shown in Fig. VIIL.2.1.1 below (refer to Fig.i11.2.7.2.1 on page 62). A laser light with
encrgy density of 12J/cm? uniformly illuminated at the front surface of 5x5cm? of a tissue
sample with volume of ScmxScmxScm in 60 seconds {total input energy is 300J). The

volume density of the tissue m ~1,1gram/cm™?,

The specific heat for biological tissue
0 ~3.7/gram°C™. The absorption length of tissue is assumed as 1, = 500mm. Based
these conditions, it is assumed that the absorption is approximately uniform inside the

sample tissue since the input laser light iliumination is uniform in tissue surface, and the

absorplion length 1, is much longer than the sample tissue thickness. In the worst case,

Laser light
cnergy: 12)/en? Tissue size: SemxScmxScm

Fig.VII1.2.1.1 Sample and illumination arrangement for estimation of
temperatiure increase due (o the energy absorption.
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all the laser light energy is completely absorbed in the breast. The energy absorbed per
I-cm® volume is E/V = 300J/[5x5x5cm®] = 300)/125cm’® = 2.4)/em®. The most extreme
temperature rise expected in a 1-cm’ volume due to the light energy absorption is:

AT < (E/V)/(m'o)

< 2.41/cm®<(1.1gram/em’) (3.7)/gram-cm®-°C) = 0.59°C/em’,

This rise is less than maximum allowable temperature increase of 1°C (average value in
1 cm:l):-u_

2. Image Detector

A CCD detector with a higher readout rate and lower SNR is needed to perform
continuous imaging with 3KHz repeatable laser light source. The readout rate higher than
30 frame per second is preferred to fit TV format (higher readout rate can be done by
modifying readout format by CCD manufacture). The readout-rate per frame is less than

30ms.

VIIL.2.2 Fuel Spray

Knowledge of the spatial distribution of fuel spray in liquid rocket and airplane
engines can lead to improve the efficiency of ope;ation. This knowledge often requires
very expensive full scale injector screening test. In order to overcome this problem,one
required advancement is a diagnostic approach that would provide for detailed in situ
quantitative data for dense sprays found in rocket engines. Once a method is developed,
it is likely that this technique can be synergistically applied to aircraft engines to gain a

better understanding of the fuel injection and mixing processes. In either cases, better
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design and more effective engines may be obtained. Rocket engine fuel spray, and to a
certain degree aircraft engine fuel spray as well, tend to be dense and opaque to light.
This create several difficult diagnostic problems. For instance, in a large rocket engine,
the flow rate of liquid fuel plus oxidizer can be as large as 200lb/sec in chamber of 20
inches diameter. The quality of ordinary optical measurements of the size of a fuel drop
located in a dense spray are often degraded because of the noise that arises from multiple
photon scattering in a jet spray. The density of these sprays limits the use of traditional
optical technique, e.g., Malvern and Phase Doppler Particle Analyzer, in making drop size
or set break-up measurements. The use of penetrating radiation technique, such as X-
rays, neutron radiography, requires working fluids with physical properties quite dissimilar
to engine propellants or their simultants.

Optical imaging studied here offers a novel approach to be used in fuel spray
diagnosis in high scattering region. Ultrafast early light imaging technique has been
applied to measure the spatial distribution of hidden objects embedded in highly scattering
media. Sub-millimeter resolution has been obtained using the 2D and 3D imaging
techniques. In a liquid rocket engine, the fuel is injected at high velocity (15-100m/sec)
through orifices into the combustion chamber where the fuel forms liquid sprays. Using
high pressure gas, the sprays break-up into small droplets.

The future research on the Fuel spray imaging will concentrate the image of
individual particle size and shapes a function of time. Collimated laser light will be used
to illuminates the highly scattering regime, and the transmitted photons are detected by

a 4F system in different angles to create a deep distribution-map.



i92

References

1. Ashley J. Welch and Garrett D. Polhamus, "Measurement and prediction of thermal
injury in the retina of the rhesus monkey", IEEE Tran. on Biol. Eng. BME-31, 10,
633, (1984).

2. Patricia A. Athey and Frank P. Hadlock., Ultrasound in Obstetrics & Gynecology, 249-252,
published by C. V. Mosby Co., St. Louis, (1981).

3. G. Duncan, Physics for Biologists, 24, published by John Willey & Sons, Inc., New York,
(1975).

4, Webb, S., The Physics of Medical Imaging, 607, IOP Publishing, New York (1990).



193

Chapter IX

Appendix

IX.1 Electromagnetic field propagation in a double-stage Kerr gate

The analysis on the electromagnetic field in a single-stage Kerr gate has been done'
. In this section, the analysis for a double-stage Kerr gate is derived. The analysis starts
from the EM field entering the analyzer of the first Kerr gate, (for the detailed discussion
on a single-, and double- stage Kerr gate, refer to Chapter II):
First, assuming the output EM field after the first Kerr cell represented by &,, i.e.:

8, = Re(cos®¢'™, X + sin®, Y)Ee™;
where €™, is the EM field phase shift induced in the first Kers cell; X and Y represent
the horizontal and vertical coordinate directions; ©, is the spatial angle between the
direction of the first analyzer and the vertical direction.
After the first analyzer,
Then the EM vector after the analyzer is:

8, = Re[-cos®, cos(O+ 90) €™, + sin®, sin(®, +90)] Ee™™

= Re(-cos®, 5in@, €™, + sin®,cos®, ) Ee'™;

Where &, is oriented at the first analyzer as shown in Fig.II1.3.3.1. After the second
polarizer, the EM field will be splitted into X- and Y-components respectively along the

directions represented by X and Y. If the second polarizer is also oriented in the same
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direction as the first analyzer represented by ©,, then the EM field after the second
polarizer (refer to Fig.11.3.3.1 in Page 69) is:

8, = Re{[-cos®,sin®, €™, + cosO,sinOJcos@, X

+ [-cosO, sin®, €™, + sin®,€0s0,]sin®, Y } Ee'

After the last (i.e. the second) analyzer in the second Kerr gate, the second induced-phase
shift e'®, happened in the second Kerr cell will be added to the X-component of EM field,
which is represented by &;:

&, = Re{[(-1+5in’@,)sin®@, €, + cos’®,5in@,] ¥, X

+ [-cos®,sin’@, €™, + 5in’0,c0sO, ] Y } Ee™

= Re[sin®, c0s*@, (1-%))e®, X + [cos@, sin’@,(1-¢™))Y ] Ee*

= Re{ Y4 (€, - ™) %" (€9, + ¢ (1-e%)e™, X
+ A (@) 4670 ) T (€9 - eI )Y ) Ege™
When ©, is assumed as 45 degree,
&, = Re{ 42" [(1-€™,)e'™, X + (1-e¥,) Y } Ege™
When the analyzer of the second pair of polarizers is also oriented at ©,=45 degree, the
EM field in 45 degree direction, represented by A, is:
& = ¥ 2" Re {[(1-€™)e'™,(-cos®,) + (1-6)sin®,] Exe™} A
= ¥ Re{[(-1+€®))e™, + (1-))] Ege™ ) A
The intensity of the EM field after the second analyzer is:
I=<&’ >

]

= UE?[ cost - cos(8¢, + wt) - cos(6d, + wt) + cos(8, + 3¢, + wt)]
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= WE? cos’wt - 2cosmt + cos(8¢, + wt) + cos’ (89, + mt) - 2coswt cos(8d, + wt)
- 2coswtcos(5, + 89, + wt) + cos’(S, + wt) + cos’ (89, + 3¢, + wt)
- cos(8¢, + wt) cos(6¢, + db, + wt)]

= VB[ 1-cosdd, - cosdd, + cosbd, cosdd,

= 2B sin?2(50,) sin%2(5¢,) ,
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