
FIBER BASED NON-LINEAR EXCITATION FLUORESCENCE

MICROSCOPY

by

PRIYANKA AMRITA JILLELLA

Presented to the Faculty of the Graduate School of

The University of Texas at Arlington and

The University of Texas Southwestern Medical Center in Dallas

in Partial Ful�llment of the Requirements

for the Degree of

MASTER OF SCIENCE IN BIOMEDICAL ENGINEERING

THE UNIVERSITY OF TEXAS AT ARLINGTON

May 2007



And God said, \Let there be light" and there was light.



ACKNOWLEDGEMENTS

This thesis is a result one and a half years of work, cunctation,learning, patience

and encouragement. And, I acknowledge myself for the �rst threein the list which

variably have aided and impeded the completion of this thesis.The next two in the list

have been the most signi�cant external factors that unarguably catalyzed the successful

completion of the thesis, for which I cannot be enough grateful.

Dr. Dave, I am grateful for giving me the opportunity to work on such interesting

projects. You introduced me to the �eld optics and helped me inunderstanding optics

better, for which I will always be indebted in gratitude to you. I am also thankful for

your patience with me throughout the course of this work. Thank you!

Dr. Jamboor Vishwanatha, Dr. Kytai Nguyen and Dr. George Alexandrakis, my

sincere thanks to you for serving on my thesis committee.

Thank you Daddy, for your love and support throughout my life. You are the

bestest. Thank you Mummy, for your love and prayers without which nothing of this

would be possible. Thank you to my sister, who loves me much and whom I love much.

My special gratitude to my friends and lab mates for their soundand timely advice,

good company and most importantly encouragement. I am grateful.

December 5, 2006

iii



ABSTRACT

FIBER BASED NON-LINEAR EXCITATION FLUORESCENCE

MICROSCOPY

Publication No.

PRIYANKA AMRITA JILLELLA, M.S.

The University of Texas at Arlington, 2007

Supervising Professor: Dr. Digant Dave

Non-linear excitation 
uorescence microscopy is a high resolution, non-invasive

biological imaging technique capable of imaging bothin vitro and in vivo at the depths of

several hundred microns. The goal of the thesis work is to contribute towards a �ber based

non-linear excitation 
uorescence microscopy system that we plan to build for our lab,

which would later on be integrated with the OCT imaging setup and the DIC microscope.

This thesis work involves �lling in the key components in the microscopy system. These

key components are; femtosecond pulse diagnosis, study of dispersion in optical media,

dispersion free femtosecond pulse delivery and design and construction of an experimental

multi-photon imaging setup which would be used for imaging biological samples. An

interferometric autocorrelator was designed, built and interfaced with the computer for

diagnosis of femtosecond laser pulses. In order to quantify the dispersion in optical

�bers which are common choice for 
exible delivery of light,a mathematical simulation

was created. The results from the simulation indicated that optical �bers could not be

used as the means to deliver ultrashort laser pulses for non-linear excitation 
uorescence

microscopy application. For the purpose of 
exible delivery of ultrashort pulses as well as

preserving their ultrashort temporal pro�le, hollow core photonic bandgap �ber (PCF)
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was chosen and characterized. In the last part of the thesis work, an experimental setup

of a two-photon excitation 
uorescence microscope was designed and built with a 
exible

delivery setup and laser beam diagnosis setup.
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CHAPTER 1

INTRODUCTION

1.1 Background

Two-photon 
uorescence microscopy (TPFM) is a high resolutionnon-invasive bio-

logical imaging technique that can be used to selectively image cellular and extracellular

matrix activity within in highly scattering tissues at the depths of several hundred mi-

crons [1] [2]. Although there are other optical techniques like confocal microscopy that

provide comparable resolution to TPFM, TPFM is the techniqueof choice due to its

deeper tissue penetration and reduced phototoxicity.

In 1990 when Denk and Webb introduced two-photon scanning 
uorescence mi-

croscopy for the �rst time [3], they demonstrated the potentialof imaging two-photon

excitation 
uorescence in a scanning microscope withultrashort pulsed lasers. Due to

the nonlinear nature of the excitation, the inherent confocality and the longer wave-

lengths of light used, this has become the technique of choicefor high-resolution biological

imaging[4].

Two-photon microscopy nowadays is being widely used for research in the following

four areas:

1. Neurobiology[5],[6],[7],[8]

2. Embryology[9],[10],[11]

3. Dermatology[12],[13]

4. Optical Biopsy[14]

1
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1.1.1 Requisites for two-photon excitation

Two-photon excitation of any molecule is related to the absorption of two long

wavelength excitation photons simultaneous in space and time. The probability of two-

photon absorption by a molecule can be mathematically expressed as [2]:

n2 =
(Pavg)2� 2� 2(NA)4

� pf 2
p (hc� )2

(1.1)

where,

Pavg is the average power of the laser pulse

f p is the repetition rate of the laser

� p is the laser pulse width

� wavelength of light

NA is the numerical aperture of the objective lens used for focusing light

� 2 is the two-photon absorption cross-section

The mathematical expression shows that the probability two-photon absorption of pho-

tons is directly proportional to the average power of the pulse and inversely proportional

to its temporal width. When imaging cells and tissues it is needed to maintain low aver-

age power levels (5-10mW) to avoid cell and tissue damage whichputs a lower limit on

n2. The other option to increasen2 is to decrease� p. Thus, two photon excitation sources

which produce temporally con�ned excitations pulses (i.e.,ultrashort laser pulses) with

required peak powers for e�cient two-photon absorption (maintaining low average power)

are requisites for a two-photon 
uorescence microscopy system.

1.2 Ultrashort Laser Pulses

In physics, the term `ultrafast' describes events that occur in atime duration equal

to or shorter than picosecond (10� 12sec). With time the lowest laser pulse durations

have drastically reduced from picoseconds (10� 12) to femtoseconds (10� 18) and now to

attoseconds (10� 18). The shortest pulse width reported till date is in attosecond regime

[15].
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The main reason why ultrashort laser pulses are �nding increasingapplication

in biology and medicine is that these pulses have emerged as a unique tool for the

study of ultrafast dynamics associated with light-matter interaction. The interaction of

these pulses with matter at molecular, cellular and tissue levelprovides us with valuable

chemical, physiological and structural information. Currently, ultrashort laser pulses

are being used for various applications ranging from study of femtosecond dynamics of

electrons in solids [16] to observing chemical reactions(femtochemistry)[17] [18] to non-

linear microscopy [19] [20].
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1.3 Motivation

The goal of the thesis work is to contribute towards a �ber basednon-linear ex-

citation 
uorescence microscopy system that we plan to build forour lab, which would

later on be integrated with the OCT imaging setup and the DIC microscope. This thesis

work involves �nishing the required ground work for setting upthe microscopy system

as illustrated in the �gure 1.2.

Pulsed laser light is the basic building block of all the opticalimaging setups that

are currently being used in our lab. The laser that we use is a Ti:Sapphire which can

operate in the wavelength region 700nm � 1100nm. The laser is capable of emitting

both continuous output beam and pulsed output (modelocked).And, periodic trains of

ultrashort laser pulses with durations less than picosecond (10� 12sec) are generated by

modelocking of the laser source.
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Since the temporal pro�le of the laser pulse plays a vital role in the phenomenon of

two-photon excitation, it was crucial to to monitor this parameter. The optoelectronic

setup that is commonly used to monitor the temporal pro�le of the pulse is an inter-

ferometric autocorrelator which was designed and built withmotive of pulse temporal

characterization in real-time for their e�ective usage.

Our next undertaking was the 
exible delivery of ultrashort pulses to the desired

application; imaging, microscopy, nano-surgery etc. The mostcommon means of 
exi-

ble delivery of laser pulses is an optical �ber which are made upof optically dispersive

material. To quantify the dispersion in optical media a mathematical simulation was cre-

ated. Using this simulation we studied the dispersion of a laser pulsewhen it propagates

through a given dispersive media of a given length. Using the model we did a compara-

tive study the propagation of a chirped and un-chirped pulse through a dispersive media.

Mathematical simulation such as this holds a considerable practical signi�cance as the

subject of pulse propagation is of great importance in the studyof ultrashort pulses and

their propagation.

The study of pulse propagation in dispersive media indicated that ultrashort pulses

undergo temporal dispersion so signi�cant that ultrashort pulsesno longer remain ultra-

short. The short temporal pro�le is the very property of the laser pulses which makes

them viable for their application in multiphoton excitation 
uorescence. This motivated

us to assemble a setup for 
exible delivery of the ultrashort pulses with minimum dis-

persion. For this purpose we chose a hollow core photonic crystal�ber (PCF). We also

characterized the PCF by performing experiments to compareinput-output pulsewidth,

input-output power and input-output spectrum of the �ber.

The �nal task was to design and build an experimental two-photon imaging setup

which could be used for the purpose of imaging of biological samples.
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1.4 Speci�c Aims

The primary objective of the thesis work was to simultaneously monitor the laser

pulse characteristics and deliver them to be used for two-photon application. The thesis

work is divided into three segments:

1. Femtosecond pulse characterization

2. Femtosecond pulse delivery

3. Designing and building a two-photon imaging setup

The speci�c aims of the research work were:

1. Build an Interferometric Autocorrelator to characterizethe temporal pro�le of ul-

trashort laser pulses.

2. Simulate a pulse propagation in a dispersive media.

3. Build and characterize a dispersion free (or minimum dispersion) 
exible delivery

system for ultrashort pulses.

4. Design and build a two-photon imaging setup for imaging biological samples.

1.5 Organization of thesis

This section gives a brief overview of the research work done towards the thesis

and the motivation behind the work. It also enumerates the speci�c aims of the research

work.

Chapter 2 details the principle, instrumentation concepts and working of the inter-

ferometric autocorrelator that was built as a part of the project. In addition it presents

the application of the autocorrelator in pulse diagnosis and PCF characterization. The

chapter also explains the software module programmed in LabVIEW to interface NI 6111

S-series DAQ card which acquires autocorrelation signal fromthe homebuilt detector.

Chapter 3 discusses the background of pulse propagation in a dispersive media

and the mathematical simulation created to study the same. One of the sections in

this chapter covers the study on pulse dispersion as a function oflength of the four

dispersive media (BK7, Fused Silica, SF5 and SF11) that are commonly used to make
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optical components. The chapter discusses the propagation of chirped and un-chirped

pulses through a dispersive media.

Chapter 4 describes the photonic crystal �ber based dispersion free delivery system.

The chapter also includes the characterization of the system

Chapter 5 give a comprehensive review of the principle of non-linear excitation


uorescence and how ultrashort pulses induce non-linear excitation in matter. The chap-

ter also discusses an experimental setup that was designed and built for two-photon

excitation 
uorescence imaging.

Chapter 6 discusses the future work for the completion of the MPMvision.

Chapters 2, 3 and 5 conclude with a discussion on the scope of improvements of

the systems that were designed and built.



CHAPTER 2

FEMTOSECOND LASER PULSE DIAGNOSIS

2.1 Ultrashort Laser Pulse Diagnostics

Before ultrashort pulses are used for any applications, it is necessary to characterize

these pulses for their e�ective usage. The parameters of an ultrashort pulse one needs to

analyze carefully are [21]:

� Energy in each pulse or average power

� Shape, temporal width and spectrum of the laser pulse

Measurement of the temporal pro�le of an ultrashort pulse is challenging because

of a variety of limitations of the conventional; pure electronic methods. And, this chapter

discusses the optoelectronic setup that was designed and built tomeasure these ultrashort

pulses.

Figure 2.1 Output of Pulsed Laser

Now the question that arises is if these pulses have ultrashort temporal width, how

can these fast temporal events be measured? To measure time of theorder of 10� 15,

we need a temporal resolution higher than that of the ultrashort pulse that has to be

8



9

measured. Even with a fast photodiode the time resolution that can be achieved is� 8ps

which cannot ful�ll the needs of ultrashort pulse characterization in the femtosecond

regime. The solution to this problem is; to measure the ultrashort pulse against itself.

This method is known as autocorrelation.

2.1.1 Interferometric Autocorrelation

2.1.1.1 Theoretical Background

An autocorrelator is an optical setup that practically implements the mathematical

expression given below:

I A (� ) /
Z 1

�1
I 1(t)I 1(t � � )dt (2.1)

where,

I 1 is the light intensity of the input pulse

I A (� ) is the autocorrelation of the input pulse

� is the lag

Mirror

Retroreflector

Mirror

Focusing Lens

Detector

Beam Splitter

�W

S
ig

na
l

Input Pulse

Arm 1

Arm 2

Figure 2.2 Schematic Diagram of an Autocorrelator
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The schematic diagram of an Interferometric Autocorrelator is as shown in the

�gure 2.2. As can be seen in �gure 2.2, the incoming pulsed laser beam is divided in to

two identical parts using a 50:50 beam-splitter. These two parts travel a certain distance

and retrace the same path . When the di�erence between path lengths traced by these

two pulses is zero, maximum overlap is seen. And, the lag in the equation is mismatch

between the two paths that is obtained by scanning one of the arms of the autocorrelator.

Assuming a gaussian shaped pulse was the input to the autocorrelator:

E(t) = e� 1
2 ( t

� p
)2(1+ i� )

(2.2)

where,

� p is the FWHM of the input pulse

� is the chirp of the pule

The Interferometric autocorrelation signal for the incoming pulse (equation 2.2) is:

I IAC (� ) = 1 +

(

2 + e� � 2

2 ( t
� p

)2

cos(2! 0� )

)

e� 1
2 ( t

� p
)2

+ 4e� 3+ � 2

8 ( t
� p

)2

cos

(
�
4

 
t
� p

2
!)

cos(! 0� )

(2.3)

2.1.2 Autocorrelator

In this section we will discuss the architecture of the autocorrelator. The autocor-

relator setup is built on an optical breadboard with the dimensions 12in � 10in � 81
2 in ,

�gure 2.3 shows the top view of the optical setup of the autocorrelator. The incoming

laser beam is at a height of 314 in , but the desirable height of the laser beam is 5in . To

translate the beam to the desired height a periscope setup is used as shown in the �gure

2.3. The input laser beam is made to pass through a pinhole assembly which is used not

only to spatially �lter the incoming beam, but also makes the autocorrelator setup easy

to install.
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Figure 2.3 Top view of the autocorrelator optical setup

1,2-Pinhole Assembly, 3-Periscope, 4-Beam-splitter, 5-Mirror, 6-Speaker, 7-Retrore
ector, 8-
Mirror, 9-Lens, 10-Detector

2.1.2.1 The Beam-splitter

Beam-splitter is an optical element which allows a part of theelectromagnetic

wave and re
ecting the other part. Any simple dielectric layercan serve as a beam-

splitter. Beam-splitters are made of substrate coated with a dielectric layer with the

splitting occurring at dielectric layer. The beam-splitter used in the autocorrelator is an

ultrafast laser beam-splitter (Newport 10RQ00UB.2). These beam-splitters are specially

designed to minimize pulse dispersion and maximize bandwidth for beam sampling and

autocorrelation measurements of ultrafast laser pulses. The front surface is coated with

a dielectric material which provides a 50/50 split at 45 angleof incidence for s-polarized
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light from 700 to 950nm. A thin UV grade fused silica substrate, with l/10 wavefront

distortion, is used to reduce pulse dispersion from the substrate material [22].

Beam in arm 1 travels through the 
substrate two time less

Input beam traveling
through the substrate

Substrate

Dielectric
layer

Arm 1

Arm 2

Figure 2.4 Beam-splitter

When a beam is split using a beam-splitter there are certain issuesthat need to

be addressed. As can be seen in the �gure 2.4 the beam in one arm travels through the

(UV fused silica) substrate two times less than the beam in the otherarm. This will

cause the dispersion imbalance between the both the arms which can problems. Our

autocorrelator does not address this problem. The suggested solution for this problem

is that an additional substrate can be added in the path 1 which balances out both the

arms in the autocorrelator. Another solution to this problem is to cut the beam-splitter



13

in half and 
ip the halves such that the dielectric layers facethe opposite directions [23].

This point leaves a scope for improvement of our autocorrelator.

2.1.2.2 Scanning Retro-re
ector

Retro
ectors are constructed of three re
ecting �rst surface mirrors into a corner

of a cube i.e., all these surfaces are perpendicular to each other which makes these totally

insensitive to position and movement. The result is that parallel incident light will be

re
ected with great accuracy back to the light source, regardless of the angle of incidence.

Thus retrore
ector is used in the scanning arm of the autocorrelator instead of a mirror.

The retrore
ector used of our application is a hollow retrore
ector made of pyrex material

with a gold coating designed for 650 nm with a clear aperture of12.7 mm (Edmund Optics

NT46-181) [24]. The retrore
ector was scanned by mounting it on a speaker cone and

the speaker was driven sinusoidally at 10 Hz using a function generator.

The path lengths of the two arms are matched by micrometer adjustments in the arm

2. When the path lengths in both the arms match up we get the autocorrelation signal.

We can see two autocorrelation signals per oscillations as shownin the �gure 2.5. The

micrometer is adjusted such that autocorrelation signal is placed at the center of the scan

of the retrore
ector. This is the done to ensure that the acquired autocorrelation signal

occurs in the linear scan region of the sinusoidal scan of the retrore
ector.

2.1.2.3 Photo-detector - Two-Photon Absorption

The photo-detector used for detection of the autocorrelation signal is a home built

detector. The photodiode used to build the photodetector is aGaAsP-photodiode (Hama-

matsu G1116). The spectral response of the photodiode is from 300nm to 680 nm. The

input laser pulses are in the wavelength range 700 nm to 900 nm. These pulses are

detected by the photodiode due to two-photon absorption of these pulses. Thus, from

the detector point of view, the autocorrelator can be used forwavelength range from 600
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Figure 2.5 Single scan of retrore
ector

nm to 1360 nm. The electrical circuit of the homebuilt photodetector is as shown in the

�gure 2.10.

2.1.3 Calibration and Measurement

NI LabVIEW is an open environment designed to make interfacing with any mea-

surement hardware simple [25]. For interfacing the output of the photodetector with the

computer LabVIEW 7.1 was used. National Instruments DAQ card 6111 was used to

acquire the interferometric autocorrelation signal (IAC) from the autocorrelator. This

section explains the LabVIEW module designed and programmed toacquire and interpret

the autocorrelation signal. There are two VIs, Calibration andMeasurement, discussed

in this section.
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Figure 2.6 Photodetector Circuit

2.1.3.1 Calibration

The arm 1 of the autocorrelator is the scanning arm. The scanning motion of this

arm is obtained by feeding the speaker with a sinusoidal signal from the signal generator.

This scanning motion of the speaker introduces the lag (equation 2.1) between the two

autocorrelating pulses in the optical setup. The autocorrelation signal is obtained only

when the path length di�erence between the two arms is less than �
2 , where � is the

wavelength of the laser pulses. This is referred to as path lengths of the both arms to be

matched.

The signal from the photo detector is �rst acquired using the `Calibration VI' for

calibrating the output. The snapshot of the calibration.vi isas shown in the �gure 2.7

The data acquisition is triggered by the trigger output signalfrom the signal generator

that drives the scanning arm. The IAC signal is acquired at a sampling rate of 2 MHz
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Figure 2.7 Snapshot of Calibration VI

and the samples per channels that are acquired are 100000 samples. This implies that

the data is acquired for 0.05 sec (Samples per channel / Sampling Rate) after the trigger

is detected. Single oscillation of the sinusoidal input resultsin forward and backward

scan of the retrore
ector. Each scan (forward and backward) results in one IAC signal.

The micrometer in the arm 1 is adjusted such that the IAC signal falls in the center of

the forward and backward scan of the retrore
ector. This adjustment can be done by

simultaneously acquiring the signal generator output and the triggered IAC signal. This

adjustment also ensures that the IAC signal falls in the linear region of the scan.

The data for calibration or measurement is acquired only for asingle scan (forward

or backward), which means that 100000 samples represent singleforward or backward

scan. To relate the scan dimension and the number of samples, the micrometer in the

arm 1 of the autocorrelator is moved (�x units), which results the IAC signal to shift
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(� s samples) on the VI display. Therefore, each sample in the data represents a scan

dimension of

� z =
� x
� s

(2.4)

This scan dimension is related to the change in delay or lag �� by

� � =
� z
c

(2.5)

where,c is the speed of light.

For example, if � x = 6 � 10� 5 m and � s = 10000 samples then, �z = 6 � 10� 9 m.

This scan dimension means that the pulse delay is changing �� = 0:02fsec with each

acquired sample.

This calibration protocol is followed every time the autocorrelator is used. � z is

one of the parameters that is stored in the header informationof the binary �le which

contains the acquired IAC signal.

2.1.3.2 Measurement

Two measurement VIs were made for the purpose of measurement of FWHM � IAC

of the IAC signal which in turn is related to the input pulsewidth � ip by the equation

� ip

� IAC
= 1p

2
for a gaussian input pulse. The �rst VI (�gure 2.8) (acquire and store

binary VI) acquires the IAC signal and stores it as a binary �le with head information.

The header information contains the following parameters:

� Date and Time

� Maximum Voltage in mV

� Minimum Voltage in mV

� Sampling Rate in Hz

� Samples per Channel

� Scan Dimension in 10� 5 m

� Scans to Average
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Figure 2.8 Snapshot of Acquire and Store Binary - VI

Scans to average speci�es the number of averages that is used for computing the

pulse width of the input pulse. And, the acquisition of data stops after the number of

averages are completed. The second VI shown in the �gure 2.9 (read binary VI) does

not acquire the IAC signal but read the signal from the binary �les stored by `acquire

and store binary VI'. The header information in the binary �les is extracted to analyze

the IAC signal and calculate the pulse width.

2.2 Scope of Improvement

The scope of improvements for the autocorrelator lie not onlyin the design but also

in the components that were used to build it. There can be various other designs that

can be used for the autocorrelation of the femtosecond pulses which have their respective

advantages and disadvantages. The components that can improve the performance of
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Figure 2.9 Snapshot of Read Binary VI

the autocorrelator are the beam-splitter and the scanning setup. A scanner with a better

response at lower frequencies will prove to be a plus factor in accuracy and repeatabil-

ity of measurement. The accuracy in pulse width measurement canalso be improved

by using iterative methods to curve �t the acquired IAC signal in the standard IAC

equation.These methods are computationally intensive and time consuming. We tried to

implement MOSAIC (modi�ed-spectrum autointerferometric correlation) technique [?]

for our application which needs further work.
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Figure 2.10 Flow chart showing acquisition and storing of IAC signal



CHAPTER 3

FEMTOSECOND PULSE PROPAGATION IN DISPERSIVE MEDIA

Mode-locked lasers are capable of producing extraordinarily temporally short opti-

cal pulses with high average power. In the previous chapter wediscussed about how the

temporally short laser pulses can be characterized using an optoelectronic setup.

Next task was to build a �ber based light delivery to the multiphoton imaging

setup. The most common 
exible delivery of light is through optical �bers which are

made of optically dispersive material. Our goal of the light delivery system is not only

the 
exible delivery of light pulses but also to preserve the ultrashort temporal pro�le

of the pulse when it propagated through this delivery system. This lead us to study

and quantify the e�ects of various dispersive material on a propagating ultrashort pulse.

Another question that needed to be answered was, will these e�ectsact adversely on the

application of ultrashort pulses in multiphoton imaging of biological systems.

The study of pulse propagation also holds a considerable practical importance in

analyzing optical systems like laser ampli�ers (i.e., active propagation systems), optical

�bers and other passive propagation systems. This chapter starts with an introduction

to fundamentals of pulse propagation in linear dispersive systems which covers concepts

of group and phase velocities. Then, the chapter discusses the mathematical simulation

of dispersion in a linear dispersive system.

3.1 Theoretical Background

The time representation of real electric �eld corresponding to a monochromatic

plane wave is given by [21]:

E(t) = Re
�
E0ei! 0 teib(t )

�
(3.1)

where,

21
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E0 is Intensity of the oscillating electric �eld of light

! 0 is frequency of oscillation corresponding to wavelength of light.

b(t) is the phase function

E0

t

Figure 3.1 Schematic representation of electric �eld of monochromatic plane wave

Since we were interested in studying the dispersion of ultrashortpulses, the pulse

shape assumed for the mathematical simulation was a gaussian pulse as shown in the

�gure 3.2. The mathematical representation of a light pulse with a complex gaussian

envelope with a magnitude unity is [26]:

E(t) = e(� at2 )ei (! 0 t+ b(t )) = e(� � t2 )ei! 0 (t ) (3.2)

The complex gaussian parameter describing this pulse is given by[26]

� � a � ib (3.3)

Also, full width at half maximum pulse width is de�ned by � p and is related to the

parameter a by [26]:

� p = 2

s
ln2
a

(3.4)

The gaussian pulse spectrum is given by [26]:

~E(! ) = F f E(t)g = F
n
e(� � t2+ i! 0 t )

o
) e

( � ! � ! 0 ) 2

4� (3.5)
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2|)(| tE

Figure 3.2 Schematic representation of electric �eld of a gaussian light pulse

The �gure below illustrates the e�ects of propagation of light pulses through a

dispersive media.

Now consider a dispersive wave propagating linear system like an optical �ber or any

lens. The propagation constant of such a medium with permeability � and permitivitty

� can be written as:

� � !
p

�� (3.6)

If � and � are constants i.e., if they do not vary with the wavelength of the light pulse

then:

� =
!
c

(3.7)

where, c = 1
�� If the dispersive material properties vary with change is wavelength of

light propagating, then the propagation constant is a frequency dependent propagation

factor and is given as:

� (! ) =
n(! )! 0

Co
(3.8)
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Figure 3.3 Modi�cation of gaussian pulse spectrum

where,

C0 = �!
2�

n(! ) de�nes the refractive index of the dispersive media as a function of wavelength

In order to allow for a partial analytical calculation of propagation e�ects, the

propagation factor is rewritten using a Taylor expansion as a function of the angular

frequency assuming that �! << ! 0. Applying the Taylor expansion we get [21]:

� (! ) = � (! 0) + �
0
(! � ! 0) +

�
00

2
(! � ! 0)2 + :::: (3.9)

where,

�
0
=

 
d� (! )

d!

!

! = ! 0

(3.10)

and

�
00

=

 
d2� (! )

d! 2

!

! = ! 0

(3.11)

When an optical pulse propagates a distancez through such medium (�gure 3.3)

its spectrum is modi�ed as shown in the equation below [26]:

~E(z; ! ) = ~E(! ) � e� i� (! )z
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~E(z; ! ) = exp

2

4 � i� (! 0)z � i�
0
z � (! � ! 0) �

0

@ 1

4� 0 + i� 00z
2

1

A � (( ! � ! 0))2

3

5 (3.12)

Taking an inverse Fourier transform of equation 3.12 we get a gaussian pulse of the

form e� � t2
, with a shift in time by t � �

0
z [26]:

E(z; t) = e[i (! 0 t � � (! 0z))] � e[� �( z)� (t � �
0
z)2 ] (3.13)

where,

�( z) is the modi�ed gaussian pulse parameter after traveling a distancez.

From the �rst exponent is the equation 3.13 it can be inferred that when the

gaussian pulse propagates a through a dispersive lengthz the phase of the sinusoidal

carrier with frequency ! 0 is delayed by a phase shift given by� (! 0z) which represents

that there is a time delay between the input and the output pulse calledphase delayis

given by [26]:

t � =
z

� � (! 0)
=

� (! 0)
! 0

z (3.14)

� � (! 0) phase velocity, in the equation 3.14 refers to the velocity at which the sinu-

soidal waves within the pulse envelope will appear to move forward given by [26]:

� � (! 0) =
z
t �

=
! 0

� (! 0)
(3.15)

The second exponent in the equation 3.13 shows that the dispersedpulse with a

modi�ed gaussian pulse parameter �(z) is also delayed by a timetg called group delay

which is given by [26]:

tg =
z

� g(! 0)
= �

0
z (3.16)

� g(! 0) group velocity in the equation 3.17 refers to the velocity at which the pulse

envelope appears to move forward given by [26]
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� g(! 0) =

 
1

d�=d!

!

! = ! 0

=

 
d!
d�

!

! = ! 0

(3.17)

Analyzing the equation 3.13 it is understood that pulse dispersion depends on the

element �( z) which in turn depends on the second and higher order coe�cients in the

Taylor's expansion of propagation constant [26].

1
�( z)

=
1
�

+ 2i�
00
(! 0)z (3.18)

3.2 Mathematical Model

In the previous section the mathematical background of gaussian pulse and its

propagation was discussed. The next step towards simulating a mathematical model

was to understand the about how the linear dispersive media e�ects the propagating

light pulse. As can be understood from the equation 3.8 propagation constant � (! ) is

dependent on refractive index of the dispersive medium.

In order to simulate a dispersive media Sellmeier's equation was used which is given

as:

n2(� ) = 1 +
B1� 2

� 2 � C1
+

B2� 2

� 2 � C2
+

B3� 2

� 2 � C3
(3.19)

B1, B2, B3, C1, C2 and C3 are constants that de�ne a particular material where

wavelength � is expressed in�m . For example, material constants for Schott BK7 are

B1 = 1:03961212,B2 = 0:231792344,B3 = 1:01046945,C1 = 6:00069867� 103, C2 =

2:00179144� 10� 2 and C3 = 1:03560653� 102.

The wavelength dependence of refractive index was translated into angular fre-

quency dependence using the relationship:

� =
2�C

!
(3.20)

where,

C is the speed of light in vacuum
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The coe�cients in the Taylor series expansion equation are calculated using the

equation 3.8

� (! ) =
n(! )! 0

Co

where,C0 = �!
2�

Di�erentiating the above equation 3.8 with respect to angular frequency! we get:

d�
d!

=
1

C0

"

n(! ) + !
dn
d!

#

(3.21)

d2�
d! 2

=
1

C0

"

2
dn
d!

+ !
d2n
d! 2

#

(3.22)

d3�
d! 3

=
1

C0

"

3
d2n
d! 2

+ !
d3n
d! 3

#

(3.23)

The higher order coe�cients can be calculated by di�erentiating the lower orders.

Since the higher order coe�cients carry the pulse dispersion information the mathemat-

ical model includes the coe�cients till the fourth order. The 
ow chart (�gure 3.4)

illustrates the approach of the simulation. The �gure 3.5 showsthe snapshot of the

graphical user interface that was given to the simulated mathematical model.

3.3 Results and Analysis

Using the simulation the dispersive property of four common materials used for

making optical components were studied. The four materials were :

� Fused Silica

� Schott BK7

� SF5

� SF11

In this study, light pulses with di�erent pulse width (10fs - 100fs ) were propagated

through four di�erent materials and the data was graphical represented as shown in the

�gure 3.6 - 3.9. As we can seen in all the four plots, the shorter thetemporal width of
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Figure 3.4 Flow chart for simulation
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Figure 3.5 GUI for the Mathematical Model

the pulse the greater the dispersion of the pulse in propagating medium. The data also

shows that the material SF11 disperses the light the most and FusedSilica the least (this

is the reason fused silica is used as a substrate for beam-splitters and beam picko�s).

The simulation was also used to study the e�ects of chirp on the dispersion. The

results are tabulated in table 3.1 The results tell that a chirped pulse disperses more

Table 3.1 E�ects of Chirp on Pulse Propagation

Input Pulse Width Chirp Dispersive Length Output Pulse Width
10 fsec No chirp 50mm BK7 1:374� 10� 12 sec
10 fsec Chirped 50mm BK7 1:73� 10� 12 sec
50 fsec No chirp 50mm BK7 2:521� 10� 13 sec
50 fsec Chirped 50mm BK7 3:864� 10� 13 sec
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in a propagating media compared to an un-chirped pulse. The shorter the pulsewidth of

the chirped pulse, the higher the dispersion.

From the mathematical simulation it was concluded that use of optical �bers as

a 
exible pulse delivery system was not suitable for our application as our application

demands the preservation of ultrashort temporal pro�le of thepulse.
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Figure 3.6 Dispersion of femtosecond pulses through BK7

3.4 Scope of Improvement

The mathematical simulation can be improved by introducing adetailed study of

e�ects of phase changes on the pulse width. This in turn will help us understand the

phase dependent pulse characteristics better. To apply the knowledge obtained from the
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Figure 3.7 Dispersion of femtosecond pulses through Fused Silica

mathematical simulation, optical setup needs to be designed for the purpose of phase

management and femtosecond pulse manipulations.



32

0 1 2 3 4 5 6 7 8 9 10

x 10
4

0

1

2

3

4

5

6

7

8
x 10

-12 Pulse Width as a function of Dimension

Material Length (microns)

P
u
ls

e
 W

id
th

 (
s
e
c
)

 

10fsec
20fsec
30fsec
40fsec
50fsec
60fsec
70fsec
80fsec
90fsec
100fsec

Material - SF5

Figure 3.8 Dispersion of femtosecond pulses through SF5
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CHAPTER 4

FEMTOSECOND LASER PULSE DELIVERY

The study of pulse propagation in dispersive media indicated that ultrashort pulses

undergo temporal dispersion so signi�cant that ultrashort pulsesno longer remain ultra-

short. The short temporal pro�le is the very property of the laser pulses which makes

them viable for their application in multiphoton excitation 
uorescence. Hence, we chose

a hollow core photonic crystal �ber (PCF) for the delivery of light pulses to the multi-

photon imaging system. In this chapter we will discuss the characterization of PCF.

4.1 Hollow Core Photonic Bandgap Fiber

Photonic Bandgap Fibers guide light in a hollow core, surrounded by a microstruc-

tured cladding formed by a periodic arrangement of air holedin silica. As the light is

guided in the hollow core, the e�ects of material nonlinearities that were discussed in

chapter two are signi�cantly reduced thus providing an advantage over conventional op-

tical �bers. The PCF that we used for our purpose was a hollow corephotonic bandgap

�ber HC � 800� 02 by Blaze Photonics [27]. The �gure 4.1 shows the schematic diagram

of a photonic crystal �ber.

4.2 Delivery setup

To focus the beam into the core of the PCF a beam expanding setupwas con�gured.

The input beam was expanded three times by using two achromatic doublet lenses in

keplerian setup as show in the �gure below. The focusing lens that was used to focus

this expanded beam into the core (6:8�m ) was an aspheric of power 10X and numerical

34



35

Figure 4.1 Photonic Crystal Fiber

Figure taken from http://www.crystal-�bre.com/

aperture of 0.16. Collimating optics is used at the other end of the PCF for collimating

the laser beam.

Figure 4.2 Keplerian Setup

4.3 Characterization of PCF

To characterize the PCF the following two experiments were performed:

� How input and output power change with change in the spectrum oflight

� How input and output pulse width change as the spectrum of light changes

In the �rst experiment, the position of the prism 2 in the laser waschanged to spec-

trum of laser light pulses. The power of laser at the focusing end and the collimating end
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of the PCF was measured. Using the input and output power readings the attenuation

of light was calculated using the following equation:

Attenuation = 10log10

 
Outputpower
Inputpower

!

(4.1)

The results obtained from this experiment are graphically represented as shown in

the �gure 4.3
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Figure 4.3 Attenuation as a function of wavelength

From this experiment it was understood that the minimum attenuation region for

the PCF HC � 800� 02 we were using, was between 815 nm to 835 nm �gure and there

was a steep increase in attenuation at wavelengths below 760 nm(�gure 4.3).
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In second experiment, the dispersion characteristics of the PCFwere studied. The

temporal pro�le of the input and output laser pulses were studied using the autocorrelator

setup that was discussed in chapter 2. The graph (�gure 4.4) shows the results that were

obtained from the second experiment. From the graph the �rst conclusion we can draw

is that using a photonic crystal �ber signi�cantly reduces the pulse dispersion. Secondly,

the input output pulsewidth di�erence reduces for wavelengths above 800nm.
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Figure 4.4 Di�erence in Input-Output Pulsewidth as a function of Wavelength

From the two experiments it was concluded that the �ber can beused optimally in

the wavelength region between 815 nm to 840 nm.
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The input and output light spectra were compared to observe anychanges in the

spectral content of the input and output pulse from the PCF. Theresults showed little

or no changes.

Thus it was concluded that the photonic crystal �ber not only preserves the tem-

poral pro�le of the pulse but also the spectral content of the pulse is unaltered.



CHAPTER 5

PRINCIPLE OF NON-LINEAR EXCITATION FLUORESCENCE

The constant demand of a better diagnostic imaging technique has lead to the evo-

lution and development of an optical microscope to great limits. The resolving powers of

the modern microscopes have grown powerful and unparalleledas an investigating tool of

structure, function, chemistry and dynamics of molecules, proteins, nanoparticles, chro-

mophores, 
uorophores and even microbes. The modern day optical microscopes have

not only overcome the di�raction limit that governed the conventional optical imaging,

but also have proven to be potentially more powerful in performing sectioning deep into

the tissue using contrast agents. And, non-linear excitation 
uorescence microscopy is

one such technique used in bio-imaging today.

This chapter provides a comprehensive review of the physics ofnon-linear excitation


uorescence and technical aspects of design and assembly of a multiphoton 
uorescence

microscope.

Figure 5.1 Schematic diagram of an electromagnetic wave

Figure from Biomedical Photonics Handbook, CRC Press 2003, NY USA

39
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5.1 Light and Light Interactions

5.1.1 Light

Light is an electromagnetic radiation consisting of symbioticoscillations of electric

and magnetic �elds(�gure 5.1). It is that part of the electromagnetic spectrum which has

wavelength range from 1000nm to 100nm. As shown in the �gure 5.2, this range includes

the near infrared (NIR), the visible light and the ultraviolet bands (A,B and C). This

range is also called the diagnostic (or therapeutic) window and holds a great importance

in the �eld of biomedical optical imaging.
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Figure 5.2 Electromagnetic Spectrum

There are two types of theories concerning light; the classical theory according to

which the light is an oscillating electromagnetic �eld whichcan have a continous range
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of energies (�gure 5.2) and quantum theory that describes light to be made up of energy

packets (quanta) called photons. The quantum theory also suggests that energy exchange

between light and matter is in the form of these energy packets.The equation give below

formulates the relationship between the energy of photon andthe frequency of the EM

wave.

E = h� = h
c
�

(5.1)

where,

E is the energy of the photon

h = 6:6x10� 36Js is the Planck's Constant

c = 3x108m=s is the speed of light in vacuum

� and � are the frequency and wavelength of EM wave respectively

5.1.2 Light Interactions

5.1.2.1 Bulk Interactions

The biological environment is an optically inhomogeneous media, hence there is a

need to study the a�ect of such media on light and its propagation. There are three

fundamental photophysical processes the light undergoes whenit interacts with matter

at bulk level.

� Refraction

� Scattering

� Absorption

Refractive index is one of the fundamental properties of a homogeneous media,

which can also be de�ned for an inhomogeneous media. In a physical sense, refraction

is the bending of the light when it travels from one media (n1) to the other (n2), where

its speed is di�erent from the �rst media (�gure 5.3). Refraction of light depends on the

linear optical properties of a media.

n =
c

cm
(5.2)



42

where,

n is refractive index

c is speed of light in vacuum

cm speed of light in media

Figure 5.3 Light interaction at bulk level

Scattering occurs at localized inclusions, when the mismatch in refractive indices

(n1,n2) occupy a focalized area in the media (�gure 5.3). Scattering properties of a given

media can used for diagnostic purposes as this property rendersinformation about the

size, morphology and structure of the various components in the media. Any change

in the scattering properties of a biological sample can be translated into physiological

information about the sample.

5.1.2.2 Molecular Level Interactions

The molecular level interaction of light holds a higher value in biomedical optical

imaging compared to the bulk interaction because, these interactions have extraordinary

sensitivity and selectivity. There are four ways in which lightinteracts at molecular level.

� Absorption

� Spontaneous Emission

� Stimulated Emission

� Raman Scattering
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The interaction of light with a molecular media (nano and micro biological systems)

can be described by an apporach known aselectric dipole approximation. It is based on

the electrical polarization of a molecule which is exposed toan electric �eld.

In the case of a linear �eld response, the total molecular dipoleshows that the

dipole moment has a linear dependance on the electric �eld.

� t = � er = � + �� (�
0
)[28] (5.3)

where,

� t is the total electronic dipole moment vector

e and r is the electronic charge and its position respectively

� is the permanent dipole term in the absence of any �eld

�� (�
0
) is the dipole moment induced by the electric �eld (� in )

� (�
0
) is oscillating electric �eld of light

� is the dynamic polarizability term

� in is the polarization of the electronic cloud of the molecule under the in
uence

of the �eld. This induced polarization is characterized by� , which relates the directions

of the vectors;� and � in .

The dipole interaction between the molecule and a radiative�eld � (� ) can be math-

ematically represented as

V = � (� )� + � (� )�� (�
0
)[28] (5.4)

The �rst term in the equation 5.4 represents the electric �eld of the incident photon

having frequency of� which contributes to absorption and spontaneous and stimulated

emission (�gure 5.4). The second term represents Raman scattering, where the interac-

tion of the photon with the matter causes a change in its frequency � .
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Figure 5.4 Schematics of various light-molecule interactions

Adapted from Introduction to Biophotonics, Wiley-Interscience 2003, NJ USA

5.2 Fluorescence

The phenomenon of 
uorescence is a radiative photo-physical interaction of light

that involves absorption and emission of energy. Now let us understand the physics of


uorescence at atomic level.

By now we know that 
uorescence involves the excitation of a molecule in its

ground state to higher energy level. Any electronic state (ground or excited) consists of

vibrational levels. And, when the molecule absorbs the energy of the incident photon,

molecule is excited from a vibrational level in the electronic ground state to one of

the many vibrational levels in the electronic excited state.In most of the molecules,

particularly in organic molecules electronic states can be divided into singlet states and

triplet states;

� Singlet state: All electrons in the molecule are spin-paired

� Triplet state: One set of electron spins is unpaired
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Adapted from Introduction to Biophotonics, Wiley-Interscience 2003, NJ USA

The total spin in the molecules of the ground state isS = 0 and a spin multiplicity

2S + 1 = 1. An exception to this is the oxygen molecule (O2), whose ground state is

a triplet with spin S = 1 and spin multiplicity 2 S + 1 = 3. As shown in the �gure 5.5

the singlet states in the order of increasing energy from groundstate are labeledS0, S1,

S2 so on and so forth. As shown in the �gure 5.5, absorption of a photon causes the

molecule to jump to a higher vibrational levels of singlet state S2. In almost all molecule

that are in a high vibrational level of the excited state will quickly fall to the lowest

vibrational level of this state by losing energy to other molecules through collision. The

molecule will also get rid the excess energy by means of vibration and rotation. After

which the molecule undergoes a non-radiative crossing from the S2 state to S1 state.

This crossing from one electronic state to the other of the same spin multiplicity is called

internal conversion (IC). Whereas, when a non-radiative crossing takes place between

two electronic states (S and T) with di�erent spin multiplicity, it is called intersystem
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crossing (ISC). Crossing to theS1 state is followed by non radiative energy dissipation

causing the molecule to fall to the lowest vibrational level inthe S1 state. At this point,

the molecule can return to its electronic ground state (S0) by emitting a photon, and

this emission is known as 
uorescence [28][29][30].

As the energy conversions talked about in the beginning of thissection suggests

that the energy of the photon absorbed is higher than the energy of the photon emit-

ted. Since energy and the wavelength of light have inverse proportionality (equation

5.1); higher energy corresponds to shorter wavelength and lower energy corresponds to

longer wavelength. Which means in the 
uorescence phenomenon, excitation wavelength

is shorter than the emission wavelength. Take for example Rhodamine, a common 
uo-

rophore used for staining mitochondria and staining cell line to detect apoptosis has its

excitation peak at 507nm and emission peak at 529nm.

The information borne in the emitted photons in this phenomenon has a high di-

agnostic value. The transitions between one energy level to the other for a 
uorophore is

well de�ned at speci�c wavelengths serves as its spectral �ngerprint. As a result 
uores-

cence emission spectrum of a any 
uorophore is speci�c and can be used in 
uorescence

diagnostics. The 
uorescence spectra not only provides detail information about the 
u-

orophore, but also about their conformity, binding sites and interaction with cells and

tissues [29]. At present, various exogenous 
uorescing dyes canbe applied for probing

cell anatomy and cell physiology [31]. Dyes such as 
uorescein and indocyanine green

are used for 
uorescence angiography and blood volume determination.

In traditional 
uorescence microscopy, 
uorescence is a resultof interaction of a

single photon with the 
uorophore. In this phenomenon the energy required for the


uorophore to be transfered to the excited state is derived from absorbing as single

photon. Fluorescence microscopy has proved to have potentialin imaging microbiological

systems, but it has a number of disadvantages.
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Figure 5.6 Emission and excitation spectrum of Rhodamine/pH 7.0

Invitrogen Corporation-Molecular Probes

1. Excitation spectra of most of the 
uorophores used as biomedical imaging probes

lie in the UV or blue-green region of the electromagnetic spectrum. And, light in

this region is heavily scattered in a biological sample resulting in a low penetration

depth.

2. Single-photon 
uorescence is not a localized phenomenon i.e., single-photon 
uo-

rescence is not just con�ned to the focal point of the excitation beam. This causes

the blurring of the image due to the out of focus 
uorescence that is seen at the

detector end. For blocking the out of focus 
uorescence confocal setup can be used

at the cost of amplitude of the 
uorescence signal.

3. As seen in the �gure 5.6 there is a considerable overlap between the excitation and

emission spectra. The �ltering of the excitation wavelengths at the detector results

in the lose of 
uorescence signal in that band.

4. Phototoxic e�ects of the wide-�eld 
uorescence is a problem when imagingin-vivo.
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5.3 Non-linear Excitation Fluorescence

Non-linear excitation of 
uorescence molecules is related tothe simultaneous ab-

sorption of two or more photons whose energy equals the energy for more familiar single

photon excitation 
uorescence [32].

Excitation
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First Electronic 
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Figure 5.7 Jablonski diagram for one photon (a) and two photon(b) excitation.

Figure adapted from Biomedical Photonics Handbook, CRC Press 2003, NY USA

It was back in 1931 when Nobel Laureate G-Mayer Maria, predicted the phe-

nomenon of two-photon absorption (non-linear absorption) inher doctoral dissertation.

According to her theory, an atom or molecule could simultaneously absorb two photons

in the same quantum event [33]. But the temporal window in the order of femtoseconds

was a requirement for such an even to occur. It was not untill 1961, after the develop-

ment of femtosecond laser sources, the detection of two-photon excitation 
uorescence in

CaF2 was reported by W. Kaiser and C. B. G. Garret [34]. And, soon afterin 1964 the
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detection of three-photon absorption cross-section for naphthalene crystals was reported

by S. Singh and L. T. Bradley [35].

As shown in the �gure 5.7, in non-linear excitation the energies (E= h c
� ) of the two

or more photons combine to excite a 
uorophore to its excitation state. Let us consider

the case of two-photon excitation. If two photons were to excite the 
uorophore their

energiesE1 and E2 not necessarily be equal. In terms of wavelengths the necessary

condition can be mathematically shown as:

� 1� photon �
� 1

� 1
+

1
� 2

� � 1

(5.5)

where, � 1� photon is the peak excitation wavelength of 
uorphore for single photon

excitation. And, � 1 and � 2 are the wavelengths of the two photons participating in

exciting the 
uorphore. Even if the equation 5.6 holds true,for practical reasons the

experimental choice is such that [36]:

� 1 = � 2 � 2� 1� photon (5.6)

Denk and Svoboda in 1997 reported that in bright daylight thepossibility of single-

photon absorption to take place is about one every second and that of two-photon is one

every 10 million years. Over the years great technological advancements have increased

the probability of non-linear excitation of any molecule. The probability of multiphoton

excitation is based on: the probability of a molecule undergoing n-photon absorption is

proportional to the probability pn of �nding n photons within the volume it occupies at

any moment in time [37],[38] and the probability (na) of �nding them within the interval

of time [39].

Let us try to understand the spacial probability of such occurances. Mean energy

of a molecular volume (side of cube-s) when illuminated by a laser beam of wavelength

� is (assuming beam width is greater than)

Em = mh
c
�

[30] (5.7)
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where, m is the mean photons within a molecular volume at a given instance. The

intensity (energy per unit area per unit time) of the laser beamcan be shown as

I =
Em

s2:s
c

=
mhc2

�:s 3
[30] (5.8)

substituting V = s3 = Molar volume = Vm
Na

. Where , Na = 6:6023X 1023mol� 1 represents

avagardo's constant.

m =
IVm �
Nahc2

[30] (5.9)

Using Poisson distribution it is found that the probability of pn is [37]

pn =
mn

n!
e� m [30]; [37] (5.10)

When the equation 5.10 is expanded using taylor series the onlysigni�cant term that

remains is the �rst term.

pn =
mn

n!
[30] (5.11)

Substituting n = 2 in equation 5.11 we get

p2 =
m2

2!
/ 
I 2[30] (5.12)

The equation 5.11 suggests the quadratic dependence of two-photon excitation on the

intensity of the excitation. Higher the order of non-linear excitation higher the order of

dependence.

The probability of non-linear excitation also depends upon the probability of �nding

the photons within the interval of time. The equation below shows how the time-averaged

two-photon 
uorescence intensity per molecule within an arbitrary interval T is given as

hI f (t)i =
1
T

Z T

0
I f (t)2dt = � 2

"

�
NA 2

hc�

#2 1
T

Z T

0
P(t)2dt[40]; [30] (5.13)

where,

� 2 is molecular cross-section

I (t) is the temporal characteristics of light

NA is the numerical aperture of the objective lens
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P(t) is the excitation power as a function of time

The equation 5.12 represents the case when the excitation is induced by continuous-

wave laser for a time intervalT. For a pulsed laser, the time intervalT = 1
f p

, where f p

is the repetition rate of the laser. For a pulsed laser the average power of the laser pulse

with a pulse width of � p and repetition rate f p is Pavg

� p f p
[30]

hI f;p (t)i = � 2
P2

avg

� 2
p f 2

p

"

�
NA 2

hc�

#2 1
T

Z � p

0
dt = � 2

P2
avg

tpf p

"

�
NA 2

hc�

#2

[40]; [30] (5.14)

The probability na that a certain 
uorophore simultaneously absorbs two photons

during a single pulse in the paraxial approximation is given by[3],

na / � 2
P2

avg

� pf p

 
NA 2

2�c�

! 2

(5.15)

where, � = h
2�

Pavg is the time averaged power of the beam

� is the excitation wavelength

The equation 5.7 to equation 5.15 mathematically validate the following:

� The probability ( p2) of TPE has a quadratic dependence on the Intensity (I ) of

excitation.

� The shorter the temporal pulse width (� p) of the excitation the higher the proba-

bility of TPE ( na)

� The higher the repetition rate (f p) of pulses the higher the probability of excitation

(na)

� The probability of TPE can be increased by increasing the NA of the objective lens

used to focus the beam on to the sample

� The probability ( na) of TPE has a quadratic dependence on time averaged power

of the incident beam

All the above parameters can be used as controlled variables for getting desired

non-linear excitation of the sample.

Advantages of Non-linear Excitation Fluorescence :
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1. In non-linear excitation 
uorescence the excitation wavelengths are longer than

the emission wavelengths. An important advantage of MPE is that the excitation

wavelengths lie in the near infra-red (NIR) region of the electromagnetic spectrum.

NIR is that part of the EM spectrum su�ers less scattering in biological tissues

resulting in higher penetration depths.

2. Non-linear excitation is a highly localized phenomenon observed at the focus of

the excitation beam which prevents from imaging out of focus
uorescence to be

imaged, increasing the signal to background ratio. Since all the photons emitted

can be used for generating an image, no confocal blocking apertures or descanning

optics are needed.

3. In non-linear excitation 
uorescence phenomenon the incident photons excites 
u-

orophores only at the focal plain considerably reduces the photo generation of toxic

products.

4. The excitation and the emission spectra far away from each other in EM spectrum,

thus �ltering of the excitation wavelengths does not cost the
uorescence signal.

5. Since 
uorescence signal has a non-linear dependence on theintensity of the incident

excitation beam. Any small change in intensity of the incident beam can enhance

the 
uorescence signal to a higher level.

6. The most important attribute of non-linear excitation 
uo rescence is its inherent

3D sectioning capability which due to its quadratic and higher order dependence.

5.4 Design and Architecture of MPM

The �nal step of the thesis was to design and build an experimental setup for a

multiphoton microscope to biological imaging. In this section we will the discuss the

design aspects to optimize the two-photon signals. The design of the MPM system is as

shown in the �gure 5.8.
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Figure 5.8 Multiphoton setup
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5.4.1 Excitation Source

The MPM system consists of a 5W Coherent Verdi green laser that pumps the

Ti:Sapphire laser which is used as the source of excitation for the MPM system. The

laser has a wavelength tunability between 700� 900 nm. Using the 5W Verdi laser pump

source, the output power of the Ti:Sapphire laser that can be attained is � 500 mW.

The output power of the laser can be controlled using neutral density �lters in the path

of the laser beam. For the generation of ultrashort pulses the laser is mode locked and

for MPM application the laser is used at a center wavelength of 820 nm.

5.4.2 Dichoric

A long wavelength pass dichroic beam-splitter (Semrock FF665-Di01-25x36) [41]

is placed in the two-photon pathway just before the objective. This �lter allow the

excitation light ( � > 680 nm) to pass to the objective lens, which focuses the light on to

the sample. The re
ection bands of this dichoric beam-splitter are in the range 350� 650

nm, i.e., it re
ects the 
uorescence signal that is picked up from the sample on to the

�ber that carries the signal to the detection system. The transmission and the re
ectance

wavelengths of dichoic beam-splitter used are as shown in the �gure 5.9.

5.4.3 Detection system

The detection system consists of a large core multimode �ber thatguides the 
uo-

rescence signal to the photomultiplier tube (Hamamatsu Corp.).The detector is a H5784

series photosensor module comprising of a metal packaged photomultiplier tube, a low-

power consumption high-voltage power supply and a low noise ampli�er. The electric

current output of the PMT is converted in to a voltage output by an ampli�er. The

current to voltage conversion factor of the module is 1V=�A . The spectral response of

the module is from 300 to 600 nm.
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Figure 5.9 Dichroic Beamsplitter Transmission and Re
ectance Curve

Graph taken from http://www.semrock.com

5.5 Scope of Improvement

Swaping the excitation source arm and the detection arm of thesetup and using

a short pass dichroic is another MPM setup design that can be used. Anhigher NA

objective lens will highly increase the non-linear excitation of the molecules increasing

the multiphoton signal. The PMT used is a photosensor module withgives an analog

voltage output proportional to the detected multiphoton 
uorescence. For detection of

low 
uorescence levels, using an single photon counting modulesare much e�ective.



CHAPTER 6

FUTURE WORK

This thesis work started with the vision of a comprehensive multiphoton microscopy

system that can be used not only for biological imaging but also for nano-surgeries, tissue

ablation and other laser applications. This MPM system was to have the following key

features:

1. Pulse diagnosis setup

2. Pulse manipulation setup

3. Flexible delivery of light pulses

4. Beam steering setup

Figure 6.1 Block diagram of Multiphoton Microscopy System

56
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6.1 Future Work

This thesis work involved working on the �rst three key features of the MPM

system. Also, an experimental MPM setup was built as discussed in chapter 5, but it

lacked a scanning or a beam steering setup. The future work involves the completion of

the vision of the MPM system.
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Figure 6.2 Detailed diagram of Multiphoton Microscopy System

The following are the requirements for completion of the MPMsystem:

1. Software controlled beam steering setup capable of xy-scanning of the biological

sample.

2. Photomultiplier tube calibration

3. Interfacing photomultiplier tube with computer

4. System calibration and optimization
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5. Integration of the MPM setup with OCT and DIC microscope



APPENDIX A
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Figure A.1 Datasheet of GaAsP 1116
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Figure A.2 Datasheet of GaAsP 1116 contd.
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Figure A.3 Speci�cation sheet of OPAMP OPA124
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Figure A.4 Optical and physical properties of PCF
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Figure A.5 Speci�cation sheet of dichroic
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Figure A.6 Speci�cation sheet of PMT
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Figure A.7 Speci�cation sheet of PMT contd.
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