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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 resolah, non-invasive
biological imaging technique capable of imaging both vitro andin vivo at the depths of
several hundred microns. The goal of the thesis work is to cortitite towards a ber based
non-linear excitation uorescence microscopy system that we g to build for our lab,
which would later on be integrated with the OCT imaging setup ad the DIC microscope.
This thesis work involves lling in the key components in the ricroscopy system. These
key components are; femtosecond pulse diagnosis, study of dispersn optical media,
dispersion free femtosecond pulse delivery and design and constian of an experimental
multi-photon imaging setup which would be used for imaging biogical samples. An
interferometric autocorrelator was designed, built and ir@rfaced with the computer for
diagnosis of femtosecond laser pulses. In order to quantify thespersion in optical
bers which are common choice for exible delivery of lighta mathematical simulation
was created. The results from the simulation indicated that djcal bers could not be
used as the means to deliver ultrashort laser pulses for non-lareexcitation uorescence
microscopy application. For the purpose of exible delivery foultrashort pulses as well as

preserving their ultrashort temporal pro le, hollow core phdonic bandgap ber (PCF)

iv



was chosen and characterized. In the last part of the thesis workn experimental setup
of a two-photon excitation uorescence microscope was desigingnd 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 resolutionon-invasive bio-
logical imaging technique that can be used to selectively imagellular and extracellular
matrix activity within in highly scattering tissues at the depths of several hundred mi-
crons [1] [2]. Although there are other optical techniqueskie 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 uescence mi-
croscopy for the rst time [3], they demonstrated the potentialof imaging two-photon
excitation uorescence in a scanning microscope withltrashort pulsed lasers Due to
the nonlinear nature of the excitation, the inherent confoality and the longer wave-
lengths of light used, this has become the technique of chofoe high-resolution biological
imaging[4].

Two-photon microscopy nowadays is being widely used for reselain the following
four areas:

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

2. Embryology[9],[10],[11]
3. Dermatology[12],[13]
4

. Optical Biopsy[14]



1.1.1 Requisites for two-photon excitation
Two-photon excitation of any molecule is related to the absption of two long
wavelength excitation photons simultaneous in space and timdhe probability of two-

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

_ (F)avg)2 2 Z(NA)4
- of 2(hc )2

n (1.1)

where,
Pavg is the average power of the laser pulse
f, 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 focugi light
- is the two-photon absorption cross-section
The mathematical expression shows that the probability two-pbton absorption of pho-
tons is directly proportional to the average power of the pgk and inversely proportional
to its temporal width. When imaging cells and tissues it is neexd to maintain low aver-
age power levels (5-10mW) to avoid cell and tissue damage whyhts a lower limit on
n,. The other option to increasen, is to decrease,. Thus, two photon excitation sources
which produce temporally con ned excitations pulses (i.eultrashort laser pulses) with
required peak powers for e cient two-photon absorption (mamtaining 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 ime duration equal
to or shorter than picosecond (10'?seqd. With time the lowest laser pulse durations
have drastically reduced from picoseconds (1¥) to femtoseconds (10'®) and now to
attoseconds (108). The shortest pulse width reported till date is in attosecond rgime

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

in biology and medicine is that these pulses have emerged as aque tool for the
study of ultrafast dynamics associated with light-matter inteaction. The interaction of
these pulses with matter at molecular, cellular and tissue levplovides us with valuable
chemical, physiological and structural information. Curretly, ultrashort laser pulses
are being used for various applications ranging from study oérmtosecond dynamics of
electrons in solids [16] to observing chemical reactions(femshemistry)[17] [18] to non-

linear microscopy [19] [20].
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Figure 1.1 Various regimes of laser pulse interaction with tises

Figure from Biomedical Optical Instrumentation and Laser-Assisted Biotechndogy, Kluwer Aca-
demic Publishers 1996, Netherlands



1.3 Motivation

The goal of the thesis work is to contribute towards a ber basedon-linear ex-
citation uorescence microscopy system that we plan to build foour lab, which would
later on be integrated with the OCT imaging setup and the DIC ntroscope. 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 opticaimaging setups that
are currently being used in our lab. The laser that we use is a Taphire which can
operate in the wavelength region 7060m  1100vm. 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 (18seq are generated by

modelocking of the laser source.
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Figure 1.2 Vision of Multiphoton Microscopy System
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Since the temporal pro le of the laser pulse plays a vital rolenithe 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 tle 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 mosommon means of exi-
ble delivery of laser pulses is an optical ber which are made ugpf optically dispersive
material. To quantify the dispersion in optical media a matheratical simulation was cre-
ated. Using this simulation we studied the dispersion of a laser puladien it propagates
through a given dispersive media of a given length. Using the mddee did a compara-
tive study the propagation of a chirped and un-chirped pulse tiough a dispersive media.
Mathematical simulation such as this holds a considerable prazal signi cance as the
subject of pulse propagation is of great importance in the studgf ultrashort pulses and
their propagation.

The study of pulse propagation in dispersive media indicated thaltrashort pulses
undergo temporal dispersion so signi cant that ultrashort pulseso longer remain ultra-
short. The short temporal pro le is the very property of the lase 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 pulsewith minimum dis-
persion. For this purpose we chose a hollow core photonic crystaer (PCF). We also
characterized the PCF by performing experiments to comparnaput-output pulsewidth,
input-output power and input-output spectrum of the ber.

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

which could be used for the purpose of imaging of biological saleg.



1.4 Specic Aims

The primary objective of the thesis work was to simultaneously onitor the laser
pulse characteristics and deliver them to be used for two-photapplication. 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 dispecsi) exible delivery
system for ultrashort pulses.

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

1.5 Organization of thesis

This section gives a brief overview of the research work donesmards the thesis
and the motivation behind the work. It also enumerates the spec aims of the research
work.

Chapter 2 details the principle, instrumentation concepts ad working of the inter-
ferometric autocorrelator that was built as a part of the prgect. In addition it presents
the application of the autocorrelator in pulse diagnosis and ® characterization. The
chapter also explains the software module programmed in LabWE to interface NI 6111
S-series DAQ card which acquires autocorrelation signal frothe homebuilt detector.

Chapter 3 discusses the background of pulse propagation in a dispee media
and the mathematical simulation created to study the same. Onef dhe sections in
this chapter covers the study on pulse dispersion as a function leingth of the four

dispersive media (BK7, Fused Silica, SF5 and SF11) that are coronly used to make
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optical components. The chapter discusses the propagation ofirgled and un-chirped
pulses through a dispersive media.

Chapter 4 describes the photonic crystal ber based dispersiore delivery system.
The chapter also includes the characterization of the system

Chapter 5 give a comprehensive review of the principle of ndinear excitation
uorescence and how ultrashort pulses induce non-linear exatton in matter. The chap-
ter also discusses an experimental setup that was designed and ttor two-photon
excitation uorescence imaging.

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

Chapters 2, 3 and 5 conclude with a discussion on the scope of imgments 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 negsary to characterize
these pulses for their e ective usage. The parameters of an w@short 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 cHkenging because
of a variety of limitations of the conventional; pure electonic methods. And, this chapter
discusses the optoelectronic setup that was designed and builtrt@asure these ultrashort

pulses.

\ | (WA Vi | |\ (WAY,
v |‘| \l‘ U ! I.‘"H |‘| U Time
i mIR

‘ (Repetition Rate)™ ‘

Figure 2.1 Output of Pulsed Laser

Now the question that arises is if these pulses have ultrashort terogal width, how
can these fast temporal events be measured? To measure time of trder of 10

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

8
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measured. Even with a fast photodiode the time resolution thatam be achieved is 8ps

which cannot ful ll the needs of ultrashort pulse characteriation in the femtosecond

regime. The solution to this problem is; to measure the ultrashbpulse 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: .
N YA PTG 2.1)
where,
I, is the light intensity of the input pulse

Ia( ) is the autocorrelation of the input pulse

is the lag

Retroreflector I

Arm 1 Mirror

a Arm 2 l \{ \ Focusing Lens

Mirror Beam Splitter

Input Pulse *‘M

! W

Detector

Signal

Figure 2.2 Schematic Diagram of an Autocorrelator
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The schematic diagram of an Interferometric Autocorrelators as shown in the
gure 2.2. As can be seen in gure 2.2, the incoming pulsed laserdma is divided in to
two identical parts using a 50:50 beam-splitter. These two pasttravel a certain distance
and retrace the same path . When the di erence between path lgths traced by these
two pulses is zero, maximum overlap is seen. And, the lag in theuagion is mismatch
between the two paths that is obtained by scanning one of theras of the autocorrelator.

Assuming a gaussian shaped pulse was the input to the autocorrelator

E(t)= e 2 (2.2)

where,
p Is the FWHM of the input pulse
is the chirp of the pule

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

( ) ( R)

i(L)Z 1(ty2 ﬁ(L)Z
lac()=1+ 2+e 2 p' coq2!g) €2 ¢ +4e 8 pcosZ — coy!o )
p

(2.3)

2.1.2 Autocorrelator

In this section we will discuss the architecture of the autocoetator. The autocor-
relator setup is built on an optical breadboard with the dimesions 12n  10in S%in,
gure 2.3 shows the top view of the optical setup of the autocoetator. The incoming
laser beam is at a height of gn, but the desirable height of the laser beam isi®b. To
translate the beam to the desired height a periscope setup is usesisinown in the gure
2.3. The input laser beam is made to pass through a pinhole asseynhich is used not
only to spatially Iter the incoming beam, but also makes the atocorrelator 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-Redre 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 theslectromagnetic
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 diectric layer with the
splitting occurring at dielectric layer. The beam-splitter tsed in the autocorrelator is an
ultrafast laser beam-splitter (Newport 10RQO00UB.2). These beamsplitters are specially
designed to minimize pulse dispersion and maximize bandwidthrfoeam sampling and
autocorrelation measurements of ultrafast laser pulses. The ftosurface is coated with

a dielectric material which provides a 50/50 split at 45 anglef incidence for s-polarized
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light from 700 to 950hm. A thin UV grade fused silica substrate, with 1/10 wavefront

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

Arm 1

A

Y

L |

A

Beam in arm 1 travels through the
substrate two time less

Dielectric
A layer

Input beam traveling
through the substrate

Substrate

Figure 2.4 Beam-splitter

When a beam is split using a beam-splitter there are certain issuésat need to
be addressed. As can be seen in the gure 2.4 the beam in one arm é&lavthrough the
(UV fused silica) substrate two times less than the beam in the othearm. This will
cause the dispersion imbalance between the both the arms whicancproblems. Our
autocorrelator does not address this problem. The suggestedwtmn for this problem
is that an additional substrate can be added in the path 1 whichdlances out both the

arms in the autocorrelator. Another solution to this problem $ to cut the beam-splitter
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in half and ip the halves such that the dielectric layers facehe opposite directions [23].

This point leaves a scope for improvement of our autocorrefat

2.1.2.2 Scanning Retro-re ector

Retro ectors are constructed of three re ecting rst surface nirrors into a corner
of a cube i.e., all these surfaces are perpendicular to eachastlwvhich makes these totally
insensitive to position and movement. The result is that paralleincident light will be
re ected with great accuracy back to the light source, regatdss of the angle of incidence.
Thus retrore ector is used in the scanning arm of the autocortator instead of a mirror.
The retrore ector used of our application is a hollow retroreector made of pyrex material
with a gold coating designed for 650 nm with a clear aperture &2.7 mm (Edmund Optics
NT46-181) [24]. The retrore ector was scanned by mounting itroa speaker cone and

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

The path lengths of the two arms are matched by micrometer ad$tments in the arm
2. When the path lengths in both the arms match up we get the aotorrelation signal.
We can see two autocorrelation signals per oscillations as shointhe gure 2.5. The
micrometer is adjusted such that autocorrelation signal is ptaed at the center of the scan
of the retrore ector. This is the done to ensure that the acquied autocorrelation signal

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

2.1.2.3 Photo-detector - Two-Photon Absorption

The photo-detector used for detection of the autocorrelatiosignal is a home built
detector. The photodiode used to build the photodetector is @aAsP-photodiode (Hama-
matsu G1116). The spectral response of the photodiode is from 390 to 680 nm. The
input laser pulses are in the wavelength range 700 nm to 900 nm.hdse pulses are
detected by the photodiode due to two-photon absorption of #se pulses. Thus, from

the detector point of view, the autocorrelator can be used favavelength 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 photodtector is as shown in the

gure 2.10.

2.1.3 Calibration and Measurement

NI LabVIEW is an open environment designed to make interfacing ith any mea-
surement hardware simple [25]. For interfacing the output ofhe photodetector with the
computer LabVIEW 7.1 was used. National Instruments DAQ card 6111 was used to
acquire the interferometric autocorrelation signal (IAC) fom the autocorrelator. This
section explains the LabVIEW module designed and programmed aaquire 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 scanrgmmotion of this
arm is obtained by feeding the speaker with a sinusoidal signabMm the signal generator.
This scanning motion of the speaker introduces the lag (equati 2.1) between the two
autocorrelating pulses in the optical setup. The autocorrefleon signal is obtained only
when the path length di erence between the two arms is less tha;, where is the
wavelength of the laser pulses. This is referred to as path lehgtof the both arms to be
matched.

The signal from the photo detector is rst acquired using the "Cibration 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 signafrom the signal generator

that drives the scanning arm. The IAC signal is acquired at a sanhipg 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 saaplThis implies that
the data is acquired for 0.05 sec (Samples per channel / SamgliRate) after the trigger
is detected. Single oscillation of the sinusoidal input results forward and backward
scan of the retrore ector. Each scan (forward and backward) selts in one IAC signal.
The micrometer in the arm 1 is adjusted such that the IAC signal fits in the center of
the forward and backward scan of the retrore ector. This adjatment can be done by
simultaneously acquiring the signal generator output and theriggered IAC signal. This
adjustment also ensures that the IAC signal falls in the linear ggon of the scan.

The data for calibration or measurement is acquired only for single scan (forward
or backward), which means that 100000 samples represent sinfpeward or backward
scan. To relate the scan dimension and the number of samples, thecrometer 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 reents a scan

dimension of

7= 2% (2.4)
This scan dimension is related to the change in delay or lag by
z
= = 2.5
- (25)

where, c is the speed of light.

For example, if x =6 10 ®°mand s= 10000 samplesthen, z=6 10 °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 autocoelator is used. z is
one of the parameters that is stored in the header informatioof 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 AW | ac
of the IAC signal which in turn is related to the input pulsewidh ;, by the equation
% = p% for a gaussian input pulse. The rst VI (gure 2.8) (acquire and stoe
binary VI) acquires the IAC signal and stores it as a binary le wih 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° 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 useddomputing the
pulse width of the input pulse. And, the acquisition of data stops féer the number of
averages are completed. The second VI shown in the gure 2.9 (cehinary VI) does
not acquire the IAC signal but read the signal from the binary ks stored by "acquire
and store binary VI'. The header information in the binary lesis 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 oniy the design but also
in the components that were used to build it. There can be vans other designs that
can be used for the autocorrelation of the femtosecond pulsesigthhave their respective

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

the autocorrelator are the beam-splitter and the scanning sgbu A scanner with a better
response at lower frequencies will prove to be a plus factor iccuracy and repeatabil-
ity of measurement. The accuracy in pulse width measurement caiso be improved
by using iterative methods to curve t the acquired IAC signal n the standard IAC
equation.These methods are computationally intensive andntie consuming. We tried to
implement MOSAIC (modi ed-spectrum autointerferometric carelation) technique [?]

for our application which needs further work.
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CHAPTER 3
FEMTOSECOND PULSE PROPAGATION IN DISPERSIVE MEDIA

Mode-locked lasers are capable of producing extraordingriemporally short opti-
cal pulses with high average power. In the previous chapter wiéscussed about how the
temporally short laser pulses can be characterized using an oplectronic setup.

Next task was to build a ber based light delivery to the multiphaon imaging
setup. The most common exible delivery of light is through optal bers which are
made of optically dispersive material. Our goal of the light devery system is not only
the exible delivery of light pulses but also to preserve the utashort temporal pro le
of the pulse when it propagated through this delivery system. Tk lead us to study
and quantify the e ects of various dispersive material on a pi@agating ultrashort pulse.
Another question that needed to be answered was, will these e edst adversely on the
application of ultrashort pulses in multiphoton imaging of bological systems.

The study of pulse propagation also holds a considerable praetidmportance in
analyzing optical systems like laser ampli ers (i.e., active pppagation systems), optical
bers and other passive propagation systems. This chapter startsitiv an introduction
to fundamentals of pulse propagation in linear dispersive systsmvhich covers concepts
of group and phase velocities. Then, the chapter discusses the hnhatical simulation

of dispersion in a linear dispersive system.

3.1 Theoretical Background

The time representation of real electric eld correspondinga a monochromatic

plane wave is given by [21]:
E(t) = Re Egé' oteb® (3.1)

where,
21
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Eo is Intensity of the oscillating electric eld of light
I o is frequency of oscillation corresponding to wavelength oflht.

b(t) is the phase function

Eo T

Figure 3.1 Schematic representation of electric eld of mombromatic plane wave

Since we were interested in studying the dispersion of ultrashgpulses, the pulse
shape assumed for the mathematical simulation was a gaussian pulsesdown in the
gure 3.2. The mathematical representation of a light pulse wh a complex gaussian

envelope with a magnitude unity is [26]:
E(t) = € at?) gt ot+ (1)) = o )l o) (3.2)
The complex gaussian parameter describing this pulse is given [26]
a ib (3.3)

Also, full width at half maximum pulse width is de ned by , and is related to the
parameter a by [26]:
=2 — (3.4)

The gaussian pulse spectrum is given by [26]:

(1 19)?

n ) o]
E(')= FfE(t)g= F & T*'o) ) g (3.5)
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E()
/I 9]

Figure 3.2 Schematic representation of electric eld of a gasian light pulse

The gure below illustrates the e ects of propagation of ligh pulses through a
dispersive media.

Now consider a dispersive wave propagating linear system like artiopl ber or any
lens. The propagation constant of such a medium with permealijli and permitivitty

can be written as:

P — (3.6)

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

then:

(3.7)

!
c
where, c = L If the dispersive material properties vary with change is walkength of
light propagating, then the propagation constant is a frequecy dependent propagation

factor and is given as:

()= n(!c?,! 0 (3.8)




24

E(t) E(z,t)

Dispersive Medium

E(J E(z. 3

Figure 3.3 Modi cation of gaussian pulse spectrum

n(! ) de nes the refractive index of the dispersive media as a furioh of wavelength
In order to allow for a partial analytical calculation of prgagation e ects, the
propagation factor is rewritten using a Taylor expansion as auhction of the angular

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

00

)= (oa+ ( lo+ 5 1of+um (3.9)
where,
o d( )!
= o, (3.10)
and
I A ( )!
= = (3.11)

=19

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

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

E(z;!)= E(!) el ()2
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2 0 1 3
Ez)=expd i (o2 i2 ( lo) @ A (1 1) (3.12)

P
4O+IZOZ

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

form e ', with a shiftin time by t  °z [26]:

E(zit)= ot (ol d (2 (t 7 (3.13)

where,

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

From the rst exponent is the equation 3.13 it can be inferred hat when the
gaussian pulse propagates a through a dispersive lengtithe phase of the sinusoidal
carrier with frequency! ¢ is delayed by a phase shift given by (! 4z) which represents
that there is a time delay between the input and the output pude calledphase delayis

given by [26]:

z (!o)z

(o) o

(! o) phase velocityin the equation 3.14 refers to the velocity at which the sinu-

t = (3.14)

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

o
s (3.15)

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

(!0): tE:

modi ed gaussian pulse parameter ¢) is also delayed by a timety called group delay
which is given by [26]:
Z 0

ty = 9 (3.16)

(! 0) group velocityin the equation 3.17 refers to the velocity at which the pulse

envelope appears to move forward given by [26]
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(o= qoo = o (317)

I=1g I=1lg

Analyzing the equation 3.13 it is understood that pulse dispersiodepends on the
element (z) which in turn depends on the second and higher order coe ci¢s in the

Taylor's expansion of propagation constant [26].

(12) Y o)z (3.18)
3.2 Mathematical Model

In the previous section the mathematical background of gaussigulse and its
propagation was discussed. The next step towards simulating a rh@matical model
was to understand the about how the linear dispersive media e &cthe propagating
light pulse. As can be understood from the equation 3.8 propagan constant (!) is
dependent on refractive index of the dispersive medium.

In order to simulate a dispersive media Sellmeier's equation svased which is given
as:

B, 2 B, 2 Bjs 2

n?()=1+ +

et Tt T oC (3.19)

B1, By, B3, C;, C, and C; are constants that de ne a particular material where
wavelength is expressed inm . For example, material constants for Schott BK7 are
Bi = 1:03961212B, = 0:231792344B; = 1:01046945,C, = 6:00069867 1C°, C, =
2:00179144 10 ? and C; = 1:03560653 1(°.

The wavelength dependence of refractive index was transldténto angular fre-

guency dependence using the relationship:
= — (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 calilated using the

equation 3.8
n(l )I 0

t)="¢

where,Co = 5

Di erentiating the above equation 3.8 with respect to angulafrequency! we get:
" #
d 1 dn

= 24— (3.22)

" #
¢ 1 3d2n , &°n
az - C, Cazt s

(3.23)
The higher order coe cients can be calculated by di erentiding the lower orders.
Since the higher order coe cients carry the pulse dispersion farmation 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 showshe snapshot of the

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

3.3 Results and Analysis

Using the simulation the dispersive property of four common matets used for
making optical components were studied. The four materialsese :

Fused Silica

Schott BK7

SF5

SF11
In this study, light pulses with di erent pulse width (10fs - 100s) were propagated
through four di erent materials and the data was graphical epresented as shown in the

gure 3.6 - 3.9. As we can seen in all the four plots, the shorter thiemporal width of
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v
/ Input: Pulse width /

Y

Simulate a Gaussian pulse (electric field) of given
pulse width and Z correspondingto O 800 nm

Y

Gaussian pulse transformed into frequency domain

E(9 = F{EWM}

A

E(9=E()xH()
H( 4 is transfer function representing the dispersive material
H(Q=exp(- E Z)

Y

Output spectrum transformed back to time domain

Et) = F{E(2}

Y

maxtab=peak detection {E'(t)}
Envelope of E'(t) = Interpolate(maxtab)

Y

Output pulse width = FWHM [envelope of E'(t)]

/ Output: Pulse width /

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 propagatingedium. The data also

shows that the material SF11 disperses the light the most and Fus&ilica the least (this

is the reason fused silica is used as a substrate for beam-splittensl deam picko s).
The simulation was also used to study the e ects of chirp on the digpsion. The

results are tabulated in table 3.1 The results tell that a chirpd 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 gter the pulsewidth of

the chirped pulse, the higher the dispersion.
From the mathematical simulation it was concluded that use ofmtical bers as
a exible pulse delivery system was not suitable for our applicain as our application

demands the preservation of ultrashort temporal pro le of thepulse.

(102 Pulse Width as a function of Dimension
25 I [ I
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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 aletailed study of
e ects of phase changes on the pulse width. This in turn will hplus understand the

phase dependent pulse characteristics better. To apply the kntedge obtained from the
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(102 Pulse Width as a function of Dimension
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Figure 3.7 Dispersion of femtosecond pulses through Fused Silica

mathematical simulation, optical setup needs to be designedrfthe purpose of phase

management and femtosecond pulse manipulations.
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Figure 3.8 Dispersion of femtosecond pulses through SF5
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Figure 3.9 Dispersion of femtosecond pulses through SF11
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CHAPTER 4
FEMTOSECOND LASER PULSE DELIVERY

The study of pulse propagation in dispersive media indicated thaltrashort pulses
undergo temporal dispersion so signi cant that ultrashort pulsego longer remain ultra-
short. The short temporal pro le is the very property of the lase 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 Ight pulses to the multi-

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

4.1 Hollow Core Photonic Bandgap Fiber

Photonic Bandgap Fibers guide light in a hollow core, surrowted by a microstruc-
tured cladding formed by a periodic arrangement of air holeth silica. As the light is
guided in the hollow core, the e ects of material nonlineaties that were discussed in
chapter two are signi cantly reduced thus providing an advatage over conventional op-
tical bers. The PCF that we used for our purpose was a hollow corghotonic bandgap
ber HC 800 02 by Blaze Photonics [27]. The gure 4.1 shows the schematiadram

of a photonic crystal ber.

4.2 Delivery setup

To focus the beam into the core of the PCF a beam expanding setwas con gured.
The input beam was expanded three times by using two achromatdoublet lenses in
keplerian setup as show in the gure below. The focusing lens thaas used to focus

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

34
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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 endf 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 weregsformed:
How input and output power change with change in the spectrum dight
How input and output pulse width change as the spectrum of lightlanges
In the rst experiment, the position of the prism 2 in the laser washanged to spec-

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

of light was calculated using the following equation:
|
Outputpower

Attenuation = 10log
Inputpower

(4.1)

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

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

From this experiment it was understood that the minimum attemation region for
the PCFHC 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 ihigure 4.3).
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In second experiment, the dispersion characteristics of the PGiere studied. The
temporal pro le of the input and output laser pulses were studi@ using the autocorrelator
setup that was discussed in chapter 2. The graph ( gure 4.4) showsd results that were
obtained from the second experiment. From the graph the rst aaclusion we can draw
is that using a photonic crystal ber signi cantly reduces the plse dispersion. Secondly,

the input output pulsewidth di erence reduces for wavelendts above 80Am.

x 10 Input-Output Pulse Width Difference as a Function of Wavelength
12 F T T T T T T =

10

Input-Output Pulse Width Difference (sec)

|
750 760 770 780 790 800 810
Wavelength (nm)

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 baised 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 anghanges 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 peserves the tem-

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



CHAPTER 5
PRINCIPLE OF NON-LINEAR EXCITATION FLUORESCENCE

The constant demand of a better diagnostic imaging techniqueah lead to the evo-
lution and development of an optical microscope to great lind. The resolving powers of
the modern microscopes have grown powerful and unparallelesl an investigating tool of
structure, function, chemistry and dynamics of molecules, pteins, nanoparticles, chro-
mophores, uorophores and even microbes. The modern day omtianicroscopes have
not only overcome the diraction limit that governed the conventional optical imaging,
but also have proven to be potentially more powerful in perfoning sectioning deep into
the tissue using contrast agents. And, non-linear excitation uaFscence microscopy is
one such technique used in bio-imaging today.

This chapter provides a comprehensive review of the physicswi-linear excitation
uorescence and technical aspects of design and assembly of a mphlbton uorescence

microscope.

Figure 5.1 Schematic diagram of an electromagnetic wave

Figure from Biomedical Photonics Handbook, CRC Press 2003, NY USA
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5.1 Light and Light Interactions

5.1.1 Light

Light is an electromagnetic radiation consisting of symbiotioscillations of electric
and magnetic elds( gure 5.1). Itis that part of the electromagnetic spectrum which has
wavelength range from 1000nm to 100nm. As shown in the gure 5.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 drholds a great importance

in the eld of biomedical optical imaging.

WavelengthO
10%nm 1 I
105nm +
104nm - Gamma Rays
10%nm —+
102nm X-Rays
100md — | uv-C
1nm4 1 uv-8
Ultraviolet
10nm—+ l . UV-A
100nm- — Bl
1 “Visible Light 1 fn Vellow
10 Infrared Red
100 An—+
Near IR
1mm—+
Microwaves
lem—
10 cm+-
1m— TV, FM
10m+
100 m—+
Standard Broadcast
1km4
10 km4-
Long waves
100 km4- ‘

Figure 5.2 Electromagnetic Spectrum

There are two types of theories concerning light; the classicdeory 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 lij to be made up of energy
packets (quanta) called photons. The quantum theory also suggje that energy exchange
between light and matter is in the form of these energy packet3.he equation give below
formulates the relationship between the energy of photon arttie frequency of the EM
wave.

(5.1)

where,
E is the energy of the photon
h = 6:6x10 Js is the Planck's Constant
¢ = 3x10®m=s s 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 inhomogeneousedia, hence there is a
need to study the aect of such media on light and its propagatio. There are three
fundamental photophysical processes the light undergoes whigmnteracts with matter
at bulk level.

Refraction

Scattering

Absorption

Refractive index is one of the fundamental properties of a hwgeneous media,
which can also be de ned for an inhomogeneous media. In a phydisense, refraction
is the bending of the light when it travels from one median;) to the other (n;), 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= (5.2)

<
Cm
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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 refractive indices
(nq,ny) occupy a focalized area in the media ( gure 5.3). Scattergnproperties of a given
media can used for diagnostic purposes as this property rendemformation about the
size, morphology and structure of the various components in ¢hmedia. Any change
in the scattering properties of a biological sample can be tralated into physiological

information about the sample.

5.1.2.2 Molecular Level Interactions

The molecular level interaction of light holds a higher vale in biomedical optical
imaging compared to the bulk interaction because, these intestions have extraordinary
sensitivity and selectivity. There are four ways in which lighinteracts at molecular level.

Absorption

Spontaneous Emission

Stimulated Emission

Raman Scattering
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The interaction of light with a molecular media (nano and mioo biological systems)
can be described by an apporach known atectric dipole approximation It is based on
the electrical polarization of a molecule which is exposed & electric eld.

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

dipole moment has a linear dependance on the electric eld.
(= er= + ()28 (5.3)

where,
¢ 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
( °) is the dipole moment induced by the electric eld (i)
( °) is oscillating electric eld of light
is the dynamic polarizability term
in IS the polarization of the electronic cloud of the moleculender the in uence
of the eld. This induced polarization is characterized by , which relates the directions
of the vectors; and i,.
The dipole interaction between the molecule and a radiativeld ( ) can be math-

ematically represented as

V= () + () ()08 (5.4)

The rst term in the equation 5.4 represents the electric eld dthe incident photon
having frequency of which contributes to absorption and spontaneous and stimulate
emission (gure 5.4). The second term represents Raman scattegirwhere the interac-

tion of the photon with the matter causes a change in its frequey
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< <
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Absorption Spontaneous Stimulated Raman
Emission Emission Scattering

Figure 5.4 Schematics of various light-molecule interacins

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

5.2 Fluorescence

The phenomenon of uorescence is a radiative photo-physicaitéraction of light
that involves absorption and emission of energy. Now let us undgand the physics of
uorescence at atomic level.

By now we know that uorescence involves the excitation of a neecule in its
ground state to higher energy level. Any electronic state (growl or excited) consists of
vibrational levels. And, when the molecule absorbs the energy the incident photon,
molecule is excited from a vibrational level in the electrao 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 bawded 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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— Processes involving photons
N/\/\V/\» Radiationless transitions
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=

Vibrational States
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Figure 5.5 Jablonski diagram showing possible fates of excitati

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

The total spin in the molecules of the ground state i$ = 0 and a spin multiplicity
2S+1 = 1. An exception to this is the oxygen molecule ©Q,), whose ground state is
a triplet with spin S = 1 and spin multiplicity 2S + 1 = 3. As shown in the gure 5.5
the singlet states in the order of increasing energy from groursfate are labeledSy, S;,
S, so on and so forth. As shown in the gure 5.5, absorption of a photoraases the
molecule to jump to a higher vibrational levels of singlet st&S,. In almost all molecule
that are in a high vibrational level of the excited state will auickly fall to the lowest
vibrational level of this state by losing energy to other molades through collision. The
molecule will also get rid the excess energy by means of vibaatiand rotation. After
which the molecule undergoes a non-radiative crossing frometls, state to S; state.
This crossing from one electronic state to the other of the same spnultiplicity is called
internal conversion (IC). Whereas, when a non-radiative crossing takes place bewve

two electronic states § and T) with di erent spin multiplicity, it is called intersystem
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crossing (ISC). Crossing to the S; state is followed by non radiative energy dissipation
causing the molecule to fall to the lowest vibrational level ithe S; state. At this point,
the molecule can return to its electronic ground stateSp) by emitting a photon, and
this emission is known as uorescence [28][29][30].

As the energy conversions talked about in the beginning of thisection suggests
that the energy of the photon absorbed is higher than the energpf the photon emit-
ted. Since energy and the wavelength of light have inverse jpartionality (equation
5.1); higher energy corresponds to shorter wavelength and kemenergy corresponds to
longer wavelength. Which means in the uorescence phenomen@xcitation wavelength
is shorter than the emission wavelength. Take for example Rhod&e, a common uo-
rophore used for staining mitochondria and staining cell lineot detect apoptosis has its
excitation peak at 507nm and emission peak at 529nm.

The information borne in the emitted photons in this phenomeon has a high di-
agnostic value. The transitions between one energy level toglother for a uorophore is
well de ned at speci ¢ wavelengths serves as its spectral ngprint. As a result uores-
cence emission spectrum of a any uorophore is speci ¢ and can bged in uorescence
diagnostics. The uorescence spectra not only provides detailformation about the u-
orophore, but also about their conformity, binding sites andnteraction with cells and
tissues [29]. At present, various exogenous uorescing dyes da@ applied for probing
cell anatomy and cell physiology [31]. Dyes such as uoresceindaindocyanine green

are used for uorescence angiography and blood volume detenation.

In traditional uorescence microscopy, uorescence is a resulif interaction of a
single photon with the uorophore. In this phenomenon the engy required for the
uorophore to be transfered to the excited state is derived frm absorbing as single
photon. Fluorescence microscopy has proved to have potentiiaimaging microbiological

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

Invitrogen Corporation-Molecular Probes

1. Excitation spectra of most of the uorophores used as biomatdl imaging probes
lie in the UV or blue-green region of the electromagnetic speam. And, light in
this region is heavily scattered in a biological sample resuly in a low penetration
depth.

2. Single-photon uorescence is not a localized phenomenoa.; single-photon uo-
rescence is not just con ned to the focal point of the excitatio beam. This causes
the blurring of the image due to the out of focus uorescence &t is seen at the
detector end. For blocking the out of focus uorescence cora 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 betwethe excitation and
emission spectra. The ltering of the excitation wavelengthstahe detector results
in the lose of uorescence signal in that band.

4. Phototoxic e ects of the wide- eld uorescence is a problen when imagingin-vivo.
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5.3 Non-linear Excitation Fluorescence
Non-linear excitation of uorescence molecules is related tthe simultaneous ab-
sorption of two or more photons whose energy equals the energy fmore familiar single

photon excitation uorescence [32].
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Figure 5.7 Jablonski diagram for one photon (a) and two photo(b) excitation.

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

It was back in 1931 when Nobel Laureate G-Mayer Maria, predietl the phe-
nomenon of two-photon absorption (non-linear absorption) imer doctoral dissertation.
According to her theory, an atom or molecule could simultanealy absorb two photons
in the same quantum event [33]. But the temporal window in therder of femtoseconds
was a requirement for such an even to occur. It was not untill 89, after the develop-
ment of femtosecond laser sources, the detection of two-phototcigation uorescence in

CaF, was reported by W. Kaiser and C. B. G. Garret [34]. And, soon aften 1964 the
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detection of three-photon absorption cross-section for naphdtene crystals was reported
by S. Singh and L. T. Bradley [35].

As shown in the gure 5.7, in non-linear excitation the energe(E=h<) of the two
or more photons combine to excite a uorophore to its excitabn state. Let us consider
the case of two-photon excitation. If two photons were to exta the uorophore their
energiesE; and E, not necessarily be equal. In terms of wavelengths the necessary

condition can be mathematically shown as:

1 1 1
—+ = (5.5)
1 2

1 photon

where, 1 photon IS the peak excitation wavelength of uorphore for single pthton
excitation. And, ; and , 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 21 photon (5.6)

Denk and Svoboda in 1997 reported that in bright daylight thgossibility of single-
photon absorption to take place is about one every second andatiof two-photon is one
every 10 million years. Over the years great technological wahcements have increased
the probability of non-linear excitation of any molecule. e probability of multiphoton
excitation is based on: the probability of a molecule undergoy n-photon absorption is
proportional to the probability p, of nding n photons within the volume it occupies at
any moment in time [37],[38] and the probability (,) of nding them within the interval
of time [39].

Let us try to understand the spacial probability of such occuraces. Mean energy
of a molecular volume (side of cubs} when illuminated by a laser beam of wavelength

is (assuming beam width is greater than)

Em = th[SO] (5.7)
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where, m is the mean photons within a molecular volume at a g instance. The

intensity (energy per unit area per unit time) of the laser beantan be shown as
2
= En _ My, (5.8)

| =
2.5 < 3
S.C .S

= 6:6023X 10®mol ! represents

substituting V = s® = Molar volume = \h’l—m Where ,N,

avagardo's constant.
IV
m = W[30] (5.9
Using Poisson distribution it is found that the probability of p, is [37]
n
(5.10)

o = e "[30}[37]
When the equation 5.10 is expanded using taylor series the orgigni cant term that

remains is the rst term.
mn
(5.11)

Substituting n = 2 in equation 5.11 we get

m2
Py = ?/ | 2[30] (5.12)

The equation 5.11 suggests the quadratic dependence of twoefn excitation on the

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

dependence.
The probability of non-linear excitation also depends uporhe probability of nding

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

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

§ . 2
NA2"? 1
(5.13)

hl(t)i—l T|(t)2dt—
ISR S "% he T

OT P (t)dt[40} [30]

where,
> 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 igliced by continuous-
wave laser for a time intervalT. For a pulsed laser, the time intervalT = % wheref,
is the repetition rate of the laser. For a pulsed laser the averagpower of the laser pulse

with a pulse width of , and repetition rate f, is P’j—;i[BO]

. ” . )
. P2 NA221%, P2 NA2 2

The probability n, that a certain uorophore simultaneously absorbs two photons

during a single pulse in the paraxial approximation is given by3],

P2, NAZ ?

Ny /
? ofp 2C

(5.15)

where, = I
Pavg is the time averaged power of the beam
is the excitation wavelength
The equation 5.7 to equation 5.15 mathematically validatehe following:
The probability (p,) of TPE has a quadratic dependence on the Intensityl | of
excitation.
The shorter the temporal pulse width () of the excitation the higher the proba-
bility of TPE ( n,)
The higher the repetition rate ) of pulses the higher the probability of excitation
(Na)
The probability of TPE can be increased by increasing the NA of #hobjective lens
used to focus the beam on to the sample
The probability (n,) of TPE has a quadratic dependence on time averaged power
of the incident beam
All the above parameters can be used as controlled variables fpetting 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 wavengths are longer than
the emission wavelengths. An important advantage of MPE is thathe excitation
wavelengths lie in the near infra-red (NIR) region of the elémmagnetic spectrum.
NIR is that part of the EM spectrum su ers less scattering in biologal tissues
resulting in higher penetration depths.

2. Non-linear excitation is a highly localized phenomenon ebrved at the focus of
the excitation beam which prevents from imaging out of focusiorescence to be
imaged, increasing the signal to background ratio. Since ahe photons emitted
can be used for generating an image, no confocal blocking apegs or descanning
optics are needed.

3. In non-linear excitation uorescence phenomenon the ird&nt photons excites u-
orophores only at the focal plain considerably reduces the pio generation of toxic
products.

4. The excitation and the emission spectra far away from each @hin EM spectrum,
thus Itering of the excitation wavelengths does not cost theuorescence signal.

5. Since uorescence signal has a non-linear dependence onititensity of the incident
excitation beam. Any small change in intensity of the incident bam can enhance
the uorescence signal to a higher level.

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

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

5.4 Design and Architecture of MPM

The nal step of the thesis was to design and build an experimernitaetup for a
multiphoton microscope to biological imaging. In this sectio we will the discuss the
design aspects to optimize the two-photon signals. The design bietMPM system is as

shown in the gure 5.8.



Photomultiplier «——

Tube

Beam m

Expanding

Setup
2 D

A

™
6 A
A
1,7 — PCF in Fiber Mount 5
2 — Collimating Lens in a tube
3 — Dichoric @ 8

4 — Cage Cube
5 — High NA Aspherical Lens
6 — Focusing Lens

8 — Fluorescent Sample
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5.4.1 Excitation Source

The MPM system consists of a 5W Coherent Verdi green laser that purmghe
Ti:Sapphire laser which is used as the source of excitation fone MPM system. The
laser has a wavelength tunability between 700900 nm. Using the 5W Verdi laser pump
source, the output power of the Ti:Sapphire laser that can be @ined is 500 mW.
The output power of the laser can be controlled using neutral dsity Iters in the path
of the laser beam. For the generation of ultrashort pulses thedar is mode locked and

for MPM application the laser is used at a center wavelength o228 nm.

5.4.2 Dichoric

A long wavelength pass dichroic beam-splitter (Semrock FF6@3i01-25x36) [41]
is placed in the two-photon pathway just before the objective This Iter allow the
excitation light ( > 680 nm) to pass to the objective lens, which focuses the light oa t
the sample. The re ection bands of this dichoric beam-splitteare in the range 350 650
nm, i.e., it re ects the uorescence signal that is picked up fsm the sample on to the
ber that carries the signal to the detection system. The transnssion and the re ectance

wavelengths of dichoic beam-splitter used are as shown in theuge 5.9.

5.4.3 Detection system

The detection system consists of a large core multimode ber thajuides the uo-
rescence signal to the photomultiplier tube (Hamamatsu Corp.)The detector is a H5784
series photosensor module comprising of a metal packaged phaitiiplier tube, a low-
power consumption high-voltage power supply and a low noise alingr. The electric
current output of the PMT is converted in to a voltage output by an amplier. The
current to voltage conversion factor of the module is ¥=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 @ve

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

5.5 Scope of Improvement

Swaping the excitation source arm and the detection arm of theetup and using
a short pass dichroic is another MPM setup design that can be used. Amgher NA
objective lens will highly increase the non-linear excitatn of the molecules increasing
the multiphoton signal. The PMT used is a photosensor module witlgives an analog
voltage output proportional to the detected multiphoton uorescence. For detection of

low uorescence levels, using an single photon counting modul@&® much e ective.



CHAPTER 6
FUTURE WORK

This thesis work started with the vision of a comprehensive mufthoton microscopy
system that can be used not only for biological imaging but alsorfeano-surgeries, tissue
ablation and other laser applications. This MPM system was to havthe 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 featurs of the MPM
system. Also, an experimental MPM setup was built as discussed in cli@p5, but it
lacked a scanning or a beam steering setup. The future work invek the completion of

the vision of the MPM system.

Pulse Diagnosis Setup
Interferometric Autocorrelator

Data Acquisition
and Processing

Handheld Scanner

|

[ -
T N Multiphoton
Microscopy Setup

«IBeam Steering|

Pulse Management
Setup

To OCT
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—-»>
y—

- 10% of

4%
laser light

Flip Mirror _%_._
Beam Pick-off
I
[}
Shortpass h ) _
Filter nn Dichroic
(]] e o Longpass
Filter
I
)
Beam Pick-off spectrometer Analog Data on XYZ stage i
Ti: Sapphire [ =

DIC Microscope

Figure 6.2 Detailed diagram of Multiphoton Microscopy System

The following are the requirements for completion of the MPMystem:

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

2. Photomultiplier tube calibration

3. Interfacing photomultiplier tube with computer

4. System calibration and optimization



5. Integration of the MPM setup with OCT and DIC microscope
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DATASHEETS
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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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