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ABSTRACT

The last a few decades Vmwitnessed the rapid progress of ultrafast optics, which
has been driving the technology revolutions in scientific research and engineering
applications. For instance, several recent Nobel Prize evgiihavemade their
discoveries usingfemtosecond optics applications in physics, chemistry and

biomedicine.

This dissertation covers three important applications of ultrafast femtosecond lasers.

First, we study the single particle scattering spectrogcoging supercontinuum

white light tweezers. We have developd supercontinuum white light optical

tweezersby using the lirabroad band supercontinuum (SC) generated in highly

nonlinear photonic crystal fibers pumped by ultrafast laser pubsas for thefirst

time studied the scattering spectra in tightly focused supercontinuMvinen the

scatterer is of spherical shapae describeY2 RSt Ay3 o6l aSR 2y aASQ;
theory and angular spectrum decompositionFor the nonrsphericalshaped

scatterers, when e size of the scatterer is small or the refractive index of the

scatterer is close to the surrounding medium, another modeling based on Born
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as well. This work has built e foundation to understand optical scattering

spectroscopy of single partiden the supercontinuum white light optical tweezers
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properties via the linear and nonlinear opticadattering spectra, which can lead to
many important applications particularly in nanoparticle characterization and

sensing.

The second part of this dissertatios dedicated to the study of the femtosecond
pulse beam shaping. For femtosecond laser puledsch coveibandwidths oftens
of nanometers, the performance of beashaping a Gaussian beam into a-tiaped
rectangularintensity profileis discussed fom practical realization. In the meantime,
the convergence of the improvederchbergSaxtonalgaithm has been studied and
the number of iterations for phase element designoptimized The temporal and
spatial properties of femtosecond laser pulses during beam shapmgtudied This
studyis expected tdenefit many industrial, medical and mdiy applications where

specified beam shaping profiles are desirable.

The last part of this dissertation terahertz (THz) generation by optical rectification
of femtosecond laser pulses. A method using ptical recification of
supercontinuum iproposel to improve the conversion efficiency over a broadband
range. Highly efficient broadband terahertz will accelerate the development of
terahertz technologies and thempplicationsto areassuch as biomedical imaging

and remote security screening.
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Chapter 1 Introduction

Ultrafast optics isa rapidly developingoranch of opticsn recent years, whicteals

with the study and application of optical pulses and optical phenomenaltrgtshort

laser pulse$l, 2]. Ultrashort laser pulses, which refers to the pulses dtiationat
femtosecond (I& s) level and even shorter, have the special properties, such as
ultrashort duration, high pegdower, broad spectral bandwidth, short coherent length,
and structured spectral coheren@, which makethem especially useful for a
number of applications. The most obvious property of ultrashort pulses is short pulse
duration, whit is critical for timeresolved study offast processs Majority of
applications use laser pulses with duration falling in #mge of 100 fs to 1 ps, where

the abiity for timeresolve fast process is far greater than anything that can be
achieved by means of conventional or stat¢he-art electroits. The extremely

short pulse duration also implies that very high peaker can be generated even at
moderate pulse energies. For example, a 1p0l&ewith energy of 1 nJ gives a peak
power | evel of ~10kW. When such %te pul se
intensity is on the order 0f10 GW/cni, which is strong enough to observe many
nonlinear optical phenomenahile the average power is maintaining at hundreds of
milliwatts, which will not damage the samplEor ultrafas pulses with energy at
microjoule or millijoule levels, the intensity after focusing can be more than ~1000
TWi/cn?, which can induce idmation in the materials. This process has been applied

to laser ablation and micromachinirgroad spectral bandwidth and short coherent



length is anessential property for ultrashort pulses as a result of the uncertainty
principle. When ultrafast lasers are applied to optical coherent tomography,(OCT)
improvement in longitudinal resolution can be achieved. One other property of
ultrashort pulsed lase is the structured spectral coherence. In 2005, the Nobel Prize
in physics was awarded to the research of frequeretyology, whichprocesseshe

comb structure of laser pulses in temporal and frequency domain.

In my dissertation, | present three apations of the ultrafast femtosecond lasers:
scattering spectroscopy of single micro/nano particle using supercontinuum white
light tweezers, tunable femtosecond laser beam shaping and terahertz (THZz)

generation by optical rectification of femtosecond |gsdses.

The first part my dissertation is to study the single particle scattering spectroscopy
using supercontinuum white light tweezg8k Spectroscopy has a long history and it

has been widely used in research and industries. Since the ultrafast optical techniques
were launched and advanced quickly, the spectroscopy techniques hava mgde
revolution. Not only havenany nonlinear optical spectroscopy techngjceme to

this expanding world, such as fluorescence spectroscopy and coherent Raman
spectroscopy, but alsthe arealinear optical spectroscopy $iamade a great
improvement. Eamples includereports of applications using sourcesuttfabroad

band supercontinuum (S@)-6] generated in highly nonlinear photonic crystal fibers

[7] pumped by ultrafast laser pulses. Supercontinuum white light covers more than

1000 nm from UV to nealR, yet it still keeps high intensity and high degree of



spatial coherence. It is a major enhancement over traalittmoad bandoptical
sources in lineaoptical spectroscopy. We devetapthe supercontinuum white light
optical tweezers to perform single particle spectrosd@y Unlike conventional
spectroscopy, single particle spectroscopy can avoid ensemble averaging and it has
the capability to probe the properties of individual particles (e.g., sizape,
refractive index, resonant absorption, chemical composition), which can lead to many
important applications particularly in nanoparticle characterization and sensing. The
supercontinuum white lightptical tweezerssystem setufs describedn Chager 2

The scattering spectroscopy of single parsitlapped by supercontinuum white light
tweezers was firstly observed by our group. Scattering spectra of different particle
have been measured and presentd in this dissertation. The properties wapping
forces in the supercontinuum whitight optical tweezers are calibrated and results

arepresented.

In order to understand the scattering spectrum in the supercontinuum white light
tweezersChapter 3discussstheoretic models, whiclare constrated under various
approximation conditions. When the scatterer is of spherical shape, modeling based
on Mi eds s cl8tandeamgular gpectrumealecomposition will be described.

In order to verify the model, a series of particularly designed experiments have been
performed and results showed consistent with our thealysis. This modeling can

also be applied to nanoscaled metallic particle scatterer. The calculation results will
be presented and the results will be discussed in my dissertation. For the arbitrary

shaped scatterers, when the size of the scatterer is@rize refractive index of the



scatterer is close to the surrounding medium, another modeling based on Born
approxi mation and Greent6s function is
between these two mels show consistency and are presented, tegettith

calculationresults

Chapter 4in my dissertation is dedicated to the study of the femtosecond beam
shaping[9]. Some specifibeam shapes, such as flat top rectangpiafiles are
desirable in lithography, laser printing, optical data storage and many other
applications, but the basic mode comiogt of laser cavity ioften of Gaussian
profile. A flexible approach to producing relatively small fiap profiles is to use a
shaping phase element followed by a focusing (Fourier transform) lens. Gefchberg
Saxton (GS)10] or improved GS algorithrfiLl1] based on the desired wavelength is
often used to obtain the phase element design. For femtosecond laser pulses, which
coverbandwidth oftens of nanometers, the performance of behaping a Gaussian
beam into a flatoped retangularprofile will be studied and discussed for practical
realization. In the meantime, the convergence of the improved GS algorithm has been

studied and the number of iterations is optimized for phase element design.

The third part of my dissertatipiChapter 5js about terahertz (THz) generation by
optical rectification of femtosecond laser pulses. THz radiation is an electromagnet
wave that is in the randsetween FIR and microwavgE?]. THz radiation is nobnly
capable ofpenetrating tissues, bacs, plastics and many other noonducting

materals without damage, but also for spectral fingerprintingnainy materials of



interestsuch as cancer cells. THz has a splendid application future in biomedical
imaging and security screening. Opticaltifezation of femtosecond pulse in second
order nonlinear materials is a simple and widely used method to generate broadband
THz radiation[13]. However he limitationis that the energy conversion efficiency
from femtosecond pumping laseto THz radiation is very low, usually at3{14].

One important reason is the absorption of nonlinear materials and highly dispersion,
which breaks the phase matching condition and limits the interdetnggth. In my
dissertation, a method usingtaal rectification of supercontinuum pulses generated

in nonlinear photonic crystal fibelis proposed to improve the efficien@f THz
generation in the desired frequency region by tuning the supercontinuum spectrum
Terahertz radiation generated withasegy isanalyzed and simulated with numerical

calculations by usinthe split step method.

Chapter 6 present®nclusios andsuggestsuture research directign



Chapter 2 Supercontinuum White Light Optical Tweezers

2.1 Introduction to Optical Tweezers

A strongly focusedight beam can exert force to trap and manipulate microscopic
objects[15-19]. This technology is namédibptical tweezead. Prior to the invention of
optical tweezers, opticgressureon micronsized particles wagbseved and studied

in the earlyl970s. In 1986, Arther Ashkirteven Chuand their collagues at
AT&T Bell Lab introduced singlkdeam gradient force optical trap, which is known
as the first optical tweez¢t5, 16] Developed rapidly during the last two decades
optical tweezers have found a wide range of applicationssearctields of physics

[20-27] and biology[16, 2840].

Current technologies of optical tweezers have demonstrated the capahiiégpofg
objectsas small asens of nanomets [41, 42]in size The trapping forceswhich
usuallydepend on power and wefront structuresof the light beam, are typically at
the pico-Newton level [43, 44] Such a scale is ideafor manpulating
macromolecular systems, such l@slogical cells and probing their responseBy
measuing mechanic force response of biopolymer, such as Di¥Wl protein
molecules and cell membranesising optical tweezers, has been revealed thtte
cell regulates gene transcriptiga5], inter and intracellular signaling [46] and
respiraton during reproductiong47]. Optical tweezersare useful not only for

selecing individual heterogeneousicrobes, but also foapplications in future



intracellular surgery48]. Moreapplications of optical tweezers in biologicasearch
and medical applicationsave beemeviewed indetail[16, 30, 31] Optical tweezers
can also be used studyng interactions between colloidal particlgsl] in the field

of physical and colloidal science.

Optical tweezer technology has expexded huge progress, and has become more and
more powerful and versatil§l7, 49-55] Meanwhile, efforts have been also made to
combine optical tweezetechnologywith spectroscopy techniques, such as Raman
spectroscopys6, 57]anddark fieldspectroscopy58], to probe properties of trapped

particle

The basic principle behind optical tweezexphoton momentum transfer during the
light reflection and refractionThe momentum of photon is in the direction of light
propagation. When light is reflected or refracted the surface of an object, the
direction of light propagation changes, which resuttsthe photon momentum

changing. At the same time, the object undertakesgaal momentum change the

opposite direction. This isowthe forceis exertedn the object by the light.

When the objecsize is larger thanthe trapping wavelength, the opaik trgpping
forces can be explained Hye geometric optics model, as shown in Figure \&/hen
the tightly focusedlaser beam hits a microsphere, the light rays are berihe
surface of the microsphere according to the laws of reflection and refradtietotal
force on the miasphere can be decomposed into scattering forcgranlient force.

The scattering force is always pointing in the direction of laser beam propagation to



push object along that direction, whilee gradient force, which is propional to the
gradient of the intensifyalways pulls the object to the point of intensity péaks
refractive index is larger than that of the surrounding mediwmntypical optical
tweezers, the incoming lasers arerking onTEMOO modewith a Gaussn intensity
profile. This meanshe center of the beam has stronger intensity than the edges.
When the axial gradient force is large enough to balance the scattering force, the
microsphere will be trapped. In order to obtsirongly focused field, highumerical
aperture objective lensesherethe gradient forces are overwhelming at focal spot,

are always desired.

Fscatteri ng
1

Figure 2.1 The principle of optical trapping

The geometric optis model, discussed above, is in good agreement with measured
forces, if the diameter of the trapped object is well abogemtvelength of the laser
light; whereas electromagnetic theory cabe used for particles that are small

compared with the waveletiy In the intermediate regime, where the particle sizes



are of the same order as the wavelength of the trapping laser, the electromagnetic

theory yield better results than the geometric optics model.

In the electromagnetic mode&¥hen the size of the gicle is smaller than wavelength,

the external electric field of light will inducedipole,
p=aE , (2-1)

wherep is the induced dipoleE is the electridield of light, Uis thepolarizability of
particle. When this induced dipole moment interacts with electric field of light, the

total energy of this system, U, is
Uu=-pC . (2-2)

Therefore the force, gradient force, is proportional to the gradieneahténsity of

the laser field,
F=- @ =abE* (2-3)

The electromagnetic theorgan not onlyexplain the diedctric particle trapping, but

can be also apply to metallic particle trapping. Experiment has verified the metallic
nano particles cabe trapped. Furthermore metallic nanoparticle trapping shows more
tightly than dielectric trapping, because the matellic partichaase easilypolarized

and has largepolarizability.

A basic optical tweezer setup is simple: light source, beam expaarsibsteering

optics, high numerical aperture objective lens, sample cell hotdet imaging



equipment for observationThe trapping light sources are usually conventional
continuouswave lasers becausethe laserpower stabilityis an essential factor
Optical tweezers using femtosecond pulsed laser have also been investigated recently.
We introduced the white light supercontinuum optical twee@réor the first time

by using supercontinuuf®] generated from highly nonlinear photonic crystal fibers

[7]. Many interesting properties and applications of white light supercontinuum

optical tweezers argtudied and discusséelow.

2.2 Supercontinuum generat ion from photonic crystal fibers ( PCF)

Supercontinuum generation is the process of the extremely broadening of spectrum
when high intensity lasers interact with materi@sipercontinuum generation has
been observed and studied in the bulk matés@]sandoptical fiber$60, 61] With

the development of the photonic crydibers (PCH, supercontinuungeneration was

for the first time observedin highly nonlinear photonicrgstal fiber pumped by

femtosecond laser puls@s2000[5].

Photonic crystal fiber is a kind of microstructured optical fiber, in which optical wave
can be confined by periodic air holes andgargate within core The size of the core
can be as small as 1~2 microns. Figure 2.2(a) shows the cross sécidgpical
photonic crystal fibe{62]. Thereby the nonlinearity of the fiber can be improved
aboutan order of magnitude compartm conventional single modebfrs.Another

advantage of photonic crystal fibers is that the group velocity dispersion (GVD)
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property is adjustable by tuning the s pitch of air holes in the cladding layers
With special designthe zero groupvelocity dispersion wavelength care Ishifted
from visible to near infrared region, which is a critical condition for supercontinuum

generation over extremely broadband spectrum range.

When ultrashort, femtosecond to picosecond, laser pulses are coupled into highly
nonlinear PCF, SC can lgenerated due to extremely intense nonlinear interaction
between optical field and PCF materidlhe mechanism®ehind the SC generation

in highly linear PCF hee been studied during thgears since it was observég].
Supercontinuum generation in the highly nonlinear PCF can be categorized to two
cases: pumping in the normal GVD regime and in the anomalous regiimen
punping laser pulses are located in ti@mal GVD regimeof PCF, the physics of

SC generation is similar to that from conventional optical fiber, whashthe typical

zero GVDwavelength in the near IR (about 1u®1). In this situationself phase
moduhtion (SPM), Raman scattering, cross phase modulaf}i®M) and four wave
mixing (FWM) are the major nonlineaptical process involved in SC generation
[63-65]. As mentioned aboyene of importanpropertieso f P C Fabtheir GMD t h
can be tuned by adjusting the pitches and sizes of air holes in the cladding layers. A
specially designed PCF can shift the zero GVD wavelength to visible regime. As a
result a general femtosecond oscillator or picoseconds laser sourcerogrPpQ F 6 s

in thaer anomaloussVD regime In this case that the highly nonlinear P@Hpumped

at anomalousGVD regime, a broader SC spectrum can be obtained. That is because

in the anomalousGVD regime, high frequency components travel faster than the

11



lower ones while the SPM effect on the high intensity pulse wlbw them down.
When the effect of SPM and anomalous group velocity dispersiopagarce each
other, anoptical soliton can be formed. A series of solitefated nonlinear processes
areinvolvedin SC generationsuch as soliton fissiofe6, 67] soliton self frequency
shift [68, 69] and dispersive wave generatipr0]. Consequently, a broader SC
spectrum can be obtainedlC generation in the following experiment belongs to this
caseFigure 2.2(b) shows the far field image of a typical SC generated fromTPEF.

theordical simulation of SC generation in PCF will escribedn section5.2.

@ (b)

Figure 2.2 (a) Typical cross section of nonlinear PCF[Source: Crystal-Fibre] and (b)
supercontinuum generation

Since the core of the photonic crystal fiber is very sméth a diameter usuallyf

less than 5 pm, the supercontinuum light source &atrinsic character a high
degree of spatial coherence, whis unique from other traditional white light sowsce
such as th&e arc lamp. Therefore supercontinuum can be collimated to a plane wave
and focused to a nearly diffraction limited spot. This makes the supercontinuum work
more like a traditional lasemubwith ultra broad bangidth. The unique property ai

high degree ofspatial coherence and extremely broadband spectrum of SC has made

12



it attractive in the applications of optical frequency metrolpd], optical coherent
tomography [72], telecommunication[73], confocal imaging [74, 75] and

spectroscopyB, 76, 77]

Two types of supercontinuum white light sourge=re used in the dissertation work

In the firstone, femtosecond laser pulses (average power +4@0repetition rate ~

88 MHz, pulse width ~64s) from a moddockedTi: Sapphire laser (KM Labs) are
coupled into a short sectigseveral centimetedsng) of photonic crystal fibefNL-
2.0-770, CrystalFibre). A typical supercontinuum spectrum measured by an Ando
optical spectrum analyzer is shown in Figurg(&). In the second supercontinuum
white light source, subanosecond laser pulses from a passivehgwiched
microchip laser (JDSU NB062G100, =1064 nm, average power7/6- mW) are
coupled into a ~20 metéwng photonic crystal fibeBlazePhotonics SG.0-1064) to
generate supercontinuum white light. Compared with the first source, it has less

power but a much more uniform power spectrum as showigure 23(b).
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Figure 2.3 Typical spectrum of supercontinuum generated in highly nonlinear photonic crystal
fibers (a) supercontinuum pumped by femtosecond laser pulses (b) supercontinuum pped by
subnanosecond laser pulses

2.3 Supercontinuum White Light Optical Tweezer

Since the supercontinuum white light generated from highly nonlineatopic
crystal fibers has a high degree spfatial coherencesollimated supercontinuum
beams perform like lasers. We demonstratedhat strongly focused the
supercontinuum white light is able to trap and manipulate mesoscopic scale

objectives.

First collimated supercontinuum white light from the fi&€ source was tightly
focused by an objective lens (Mport 60X/0.85 NA) into a sample cell filled with
microsphers in solution. A norinverted optical tweezer setup wased in our
experiment. In Fig. 2,4a silica micosphere of 4.82m-diameter (Bang Laloratory)

is trapped in 2D and manipulated in the lateral direction. In order to show the trapped
microspherewe blocked the supercontinuum white light intermittently during the

experiments.
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Figure 24A482¢e m silica microsphere was 2D trapped by

To demonstrate 3D trapping by using supercontinune constructed a downward
optical tweezer (noinverted) using the send supercontinuum source. The
collimated white light was tightly focused by a Zeiss Fiaofluar oil immersion
objective lens (63x/1.2BIA) into a sample cell filled with polymer microspheres
suspended in water. A sequence of frames was captamnedhese areshown in
Figure2.5to demonstrate the 3D trappingof&#2n di amet er mi crospher
frame shows the initial positions of several microspheres before one of them was to
be trapped. We mechanically translated the sample cell and moved one sphere
(pointed by the arrowjoward where the white light was focused (frame 2). The
sphere was then trapped and as a result the white light was strongly scattered (frame
3). Once it was trapped, it stayed there when we continuetbtethe sample cell

with the other spheres in tHateral directions (frames 4, 5, and 6). In order to
demonstrate the trapping along the axial direction, we moved the sample cell

downwards (frames 7 and 8), and as expected all the other microspheres were

15



defocused. Finally, in the last frame we blockid white light toshowthe trapped
sphere and it is evident that it remained in the same place all the time. This clearly

demonstrates the 3D trapping capability of the white light tweezers.

Figure 25A2-em pol ymer microsphere was 3D ,tandahpseed by
particles are identified, A, B, andC, in the frame sequencé-irst three frames show the process of

a sphere being trapped by the tightly focused supercontinuum white light, #imes 46 show the

trapping in the lateral plane, and the last three fames demonstrate the trapping in the axial

direction.

Compared taconventional optical tweezgrthe white light tweezer has broader
versatility in controlling the properties of antmal trap, especially in the axial
direction, due to the extra degree of freedomavelength. To illustrate this idea,
following our work on tromatic confocal microscogdy5], we insert a pair of singlet
lenses, which form a telescope system, in order to purposely introduce chromatic

aberration. As the result, different waveldmyarefocusel at slightly different axial

16
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positiors and therefore an extended depth of focus (EDOF) is obtained. The length of
the EDOF depends on the amount of material dispersion and the bandwidth of the
white light. Longer EDOF can be achieved by using a diffraadptical element such

as a Fresnel lens. We used an inverted setup with chromatic aberration to lift and
move multiple silica microspheres and to align micams. The experimeal results

are given in Fig. 2.6 (a) and (b). In Fig. 2.6 (@ temporallyblocked the
supercontinuum white light after 8 microspheres were lifted. The three frames show
the falling of e spheres due to gravity. In Fig 2.6 #o) initially aligned micrerod

fell down after the white light was temporally blocked. Stacking maeltipl
microspheres and aligning mierods have previously reportesing Gaussiafi78]

and Bessel beanjg9]. Although the achievable depth of focus is shorter than that of
a Bessel beanb5], it does not havehe ring structure. In addition, the intensity
distribution along the axial direction can be controlled by spectrally filtering the white
light beam using a pulse shadée setup. Furthermore, since different spectral
componerg of the white lightare focused at different axial positisnthe relative
position information of the lifted microspheres could be potentially retrieved by

examining the back scattered light spectrum as in a chromatic confocal microscope.
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(b)

Figure 2.6 Trapping and manipulation of microspheres and microrod using supercontinuum

white light (a) the collapse of eight & m mi crospheres |ifted by the inv
light tweezer after blocking the white light. (b) the falling down of a micrerod initially lifted and

aligned by the inverted chromatic white light tweezer after blockinghe white light.

It is interesting to perform spectroscopic measurements, particularly the optical
scattering measurement, while the particle is being trappddnamipulated. As
shown in Fig 2.7, when we use the supercontinuum white light generated tinem

first SCsource to 3D trap a-2m-diameter polystyrene sphere with a high numerical
aperture objective lens (Zeiss Plderofluar 63x/1.25 N.A.), a colored scattering
pattern was observed and captured by color CCD cankega.2.7 (a) is the
background when no sphere was trapped ands(f)e scattering pattern of a 3D
trapped latex sphere. Clearly, the presence of a-thmensionally trapped sphere

modified the spectrum dramatically.
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Figure 2.7 Schematic diagam of the experimental setup. The inserted pictures are (a) the
background when no microsphere was trapped and (b)
microsphere was three dimensionally trapped by an inverted white light tweezer using the

femtosecond supercontinum source

To measure the optical scattering spectrum, we constructed an inverted tweezer with
the second subanosecond supercontinuum white light source because of its relative
flat spectrum. An objective lens (Newport 10x/0.25 N.A.) is placed on {hecto
collect the transmitted light in the nearly forward direction. The numerical aperture of
the collection system is limited to about 0.13 by the iris. Finally the spectrum of the

transmitted light is measured by an optical spectrum anal{oelo 6315E)

During the experiments, we first measured the signal spectrum of the transmitted light
with a three dimensionally trapped microsphere. Next we measure the reference

spectrum when no microsphere was trapped. We define the ratio between the signal
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and refeence as the scattering efficiency, which serves as a metric to describe how
strongly the light is scattered atertain wavelength. The scattering efficiency curves
of microspheres with three differerdiameters are plotted in Fig. 2.8(&),

respectivey.

The jagged structure of the plot is primarily due to the oscillatory movement of the
trapped microsphere. Each curve is the average of several traces which were obtained
by repeated measurements of the same trapped microsphere. As the microsphere
diamet er increases from 1.5 e€m to 2.5 &m,
i.e. 580nm, 820m, and 900nm respectively and the peak value of the scattering

efficiency increases (from 1.8 to 4) as well.
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2.4 Optical Tweezer Trapping Force Calibration - Stiffness
Determination

Trapping force is one ahe important properties of optical tweezg89, 81] The
tightly focused optical fi@l forms a thee dimensional potential well. The trapping
force always puls the particls being captured toward the nadir of the potential well.

The potential can be written in the forms of series expansjon as
U(X) =U (X)) + S k(x- X)) +3
=YX 2 %o , (2-4)

wherexpisthe equi |l i brium positioospringeonstargini s t he
Ho o k 0 sF=4k&xwx,) . Since the forces come from the photon momentum

transfer, the force is proportional to the power of trapping laser, and so is the stiffness.

A numkber of methods have been developed to measure theestffof the optical
trapping, such as power spectrum measuren@&it 83] equipatition [18, 84]

optical potentialanalysis[18], and drag force methof80]. Setupsof first three
measuremestare similar.The trappedarticleis imagedon aquadrant photodiode
(QPD) in the forward direction. The photodiode quadrants are then summed pairwise,
and differential signals are deriveaiin the pairs for both x and y directiong/hen

the size of probing bead is known atieé trace of Browniamotion in a harmonic
potental is recorded, thstiffness of the trapping can be calculated throughsihed

power spectruni82],
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K T
pro(fl+ %)

S (f)= (2-5)

where g i s Bol tzmannos constant, OoTis thes t he 8
hydrodynamic drag coefficient, afglis the roloff frequency. The olloff frequency

fodepends on t he ft=rk/@mp. Tshtei fdfrnaegs so ai sbygi ven b

Stokes relatiop=6p&a, where d i s the viastheradiusof of t he

the bead. The stifiess of trap can be also ologd thermal fluctuations of the

particle through thequipartition theorenfid4],
1 I
EkBT —Ek<x ). (2-6)

The position variance<x®>, connects to the stiffness, directly. An extension of the
equipartition method is tanalyze the complete distribution of the particle position in
the potentialwell due to thermal motion. The probability of the displacement in the

potential well is given by the Boltzmann distriton [18],

PO expl ) =exn

). (2-7)

For all of these three methgdhe bandwidth of position detection systesare
required to record the power spectrum well beyonddheff frequency (n general,
more than one order of magnitud8&jnce all of these three methods are based on the
thermal dynamics of the particle, the temperature monitoring at focal point is very

important during the measurement.
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The drag force methodlirectly measure the force balanced by viscous forces
produced by the medium at the largest displacement from the equilibrium position.
The sample cell iranslated at known velocityerpendicular to the laser beam until

the bead is left behind he calbration force i480]

Fla =6p avk , (2'8)

wherev denoteghe velocity of the microscope stageridg escapeandk is a factor
that takes into account the finite distance from the upper and lower boundaries of the

sample cell.

To calibrate the stiffness of the white light supercontinuum optical twgezerused

the methodinvented by Nemet and CranGolomb [85, 86] which is actuallyan
extension of the drag force method. Trepped objecscatters the trapping light and

is confocally detected through a pinhole or an optical fiber placed in the imaging
plane.When the optical trap is movdxack and forth asmallamplitude, the trapped
particle is driven to move at the same frequency but with a phase lag due to the
viscous drag of media. By measuring the phase lag, the stiffnegsicdl trapping

can be determined.
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Figure 2.9 Schematic diagram of SC white light optical tweezer force measurement setup. PCF,
photonic crystal fiber; OBJ, objective lens; MR, mirror; BS, beam splitter; SMF, single mode
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fiber; PD, photodiode detector; SM, scanning nmrors.
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In December 2007, | went to Tufts University to calibrate the trapping stiffness of

supercontinuum optical tweezers in Prof. Mark Cre@wmiomb and Prof. Fiorenzo

Omenett obds

measurment system, which was used to calibrtite trapping stiffness of optical

a

b .

The

experi ment

S

perforr

tweezerusing a narrow band laseFigure 2.9 shows the schematic diagram of

experiment setupA collimated siperontinuum beam generated from PCFhigh

delta PCF, silica, 2.6 micnocore zero GVD at 780ninpumped by femtosecond
laser pulses froma Ti:Sapphire mode locked laser is focused by Zeiss-Rkofluar
oil immersion objective lens (63x/1.25 NA) into polystyrenenwsphere solution. A

pair of scanning mirrors (Cambridge Teologies) are used to steer the beamd

move the trapping spot. Back scattered light frone trapped particle is confocally
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measuredy aphotodiode detector thrgh a single mode fiber placedthe imaging
plane. A CCD camera monitors the motion @pjping spot and trapped particle.
When the scanning mirrors are driven by computer signals and oscillate periodically
at a give frequency, the confocal signal peak appeawaise for each cycle, which
corresponddo the second harmonic signd. digital lock-in amplifier (Stanford
Research System SR85Measuresand recordshe phase difference between back

scattering confocal signals and second harmonic of scanning mirrors driving signals.

In the following, the physics behind such a confocal system teunedhe stiffness
of optical trapping is described. One dimensio{jlmotion equation of a particle in
a viscous fluid undertaking Brownian motion in an oscillating harmonic potential is

given by[85, 86]

g‘;—fw[x- O] = L(t) (2-9)

wherexi s t he par,pl s the gostionpobtsapping ab time t, and L(t) is
the Langevin force function related to
given by Stokes relatiopm=6p & [87] The mass times aceshtion term is ignored

since Reynolds number is very small for micsired particle where viscous drag
dominates.Let u=x- p(t) denotethe relative position of particle tthe center of
trapping. If the optical trapping oscillageas sine wavep(t) = Asin(w,t), Eq (2-9)

becomes

26



g5+ hu=- gy coswt + L), (2-10)

whereA a n d, arer the amplitude and frequency of oscillation, respectively. When
the oscillation amplitude is small, the confocal signal is proportiondl- tau?,

wh e r ean Ekpansson coefficient. When the time constant of-lockmgifier is
setlarge enough, for example H) the contribution from Brownian motion in the
signal band where trapping oscillation dominates is very small and can be considered

as noise. Therefore, the solution of Eg1® can be expressed as
u(t) =-u, sin(wt +£,), (2-11)

1/2

where f, =cot* wyt andu, = Awyt /[1+ (wt)?]"?, andt =g/ k is the relaxation

time. The phase of the confocal detection signal of second harmonic appears as
f,=2f, =2cot*wyt . (2-12)

We first measurethe giffness ofwhite light supercontinuum optical tweegewith

two different spectra, and th2.9-micron-diameter polystyrene beagsed asthe
probing particle. In order to reduce the media boundary effect on the viscosity, the
microbead is 3D trapped far aw from the wger and glass interfacéhe time
consant of digital lockin amplifier is set to 10 s[he oscillation frequency is varied
from 3.7 Hz to 303 HzFirst the coupling of femtosecond laseto a ~15 cm length

of PCF(high delta, 2.6 micron cejis optimizedto providethe highest output power.

The powemeasuredefore the trapping objective lens is 16.5 nad spectrum is
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shown as blue line in Fig . The experiment results are ps circles on the phase
vs-1/f coordinatein Fig. 211(a). We useMatlaband OriginPrato look for the best
fitting curve andthe result arealso ploted in the same figure as solid linéhe
stiffness the calculated mean valueaf i s6 p/um8After measurement, the PCF
was tweaked at the input coupling end slightly to reduce the output power while SC
spectrum changedihe power measured before the trapping objective lens is 15.5
mW and spectrum is shovas red line in Fig. 20. The experiment results and fitting
curve are pldaedin Fig. 211(b). Thecalculated mean value sfiffness of trappings,

is 4.8t pN/pm. The results show he stiffness of low power white light
supercontinuum is even stronger than thatigh power.That is becauseptical field
distribution of SC atthe focal point is more complicated than that afsingle
wavelength trappinglue to chromatic aberratioof the optical system. Theocal

point of SC is the superposition @il the spectrum component§he chromatic
aberration of optics is inevitable for such extremely broadband supercontinuum. The
different wavelengths componerdase focused at different axial positioie light

beam of each wavelength component divergesy from its focal pointespecally

for tightly focusedlight beans using high NA objective lenss That results in the
effective focal point of SC beingiot as tight asthat of single wavelength.
Consideing the fact thathie spectrum of first SC ibroaderthis chromatic aberrain

effect is more obviousvieanwhile given same SC spectrum, the trap stiffness will

still be proportional to the power.
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Figure 2.11 Second harmonic phase delay measurement results

To prove this point,we built another trapping stiffness calibration system at
PennStateandsetup ismodified as shown in Fig. 22. Subnanoseond SC sources

used in the experiménSubnanosecond pulsed lasers from a passivegmiched
microchip laser (JDSU NR062061 0 O , =1064 nm, average
reflected by a narrow band mirror for 106¥n wavelength (CASIX) and then
coupled into a ~16 meter long photonic crystalifiigdazePhotonics SG.0-1064) to
generate supercontinuum white light. The output end of BdkKked to a pieze
electric actuator (AE0505D18, Thorkgb Collimated SC white light isteered up and
focused by Zeiss PlaNeofluar oil immersion objective Ien(63x/1.25 NA) to trap
partides. The highly nonlinear PCFs iused toalso confocally detect backward

scattering SC lightThe backward scattering SC gaésugh 1064nm narrow band
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mirror andis detected bya photodode detector. When computer sersiisusidal

signal to drive piez@lectric actuatoto vibrate, the optical trap oscillatas a result.

Confocaly detectedsignalsare sent to a digital lockn amplifier to mease the

phase at theecond harmonicA CCD camerad used to monitor the trapyy. 4.82

pm diameter microbead@Bangs Laboratories) ateapped right above surface of the

glass slideThereforeh e boundary effect on the hydrody

into account . Faxends | aw gives [he proxim

9= o o 0 5 (2-13)
gaag 1aa” 45 aao 1aad

Q
T 16502 85hY T 2569h8  169h%

where h is distance of sphere center above the surface.

Laser
Aon
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1064
Mirror .
v
LockIn P Computer

Amplifier

Figure 2.12 Schematic diagram of modified white light SC trapping force measurement setup.
MR, mirror; OBJ, objective lens; BS, beam splitter; PZ, piezoelectric actuator; PD, photodiode
detector.
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The experimental procedure is descrilibediow: first we optimizethe couplinginto

the PCF taobtain highest SC output powdihe power of SGor trapping is16 mW

and spectrum is pltgdas blue line in Fig. 23. The trapping oscillation frequency

varied from 30Hz to 300Hz. The experimetal results are pléed as circles on the
phasevs-1/f coordinate in Fig. 24(a). After curve fitting, thenean value ofrapping
stiffness s, is calculated a82.76 pN/um. An ODO0.08 neutral density filter (83.2%
Transmission)s insertedbefore highNA trapping objective lensThe power of SC

for trapping is reduced th3.5 mW andits spectrum is plded as green line in Fig.

2.13 The expament and fitting results are ptetlin Fig. 214(b). The mean value of
trapping stiffnesss, is calculaéd as 25.1pN/um. Then the neutral density filtés
inserted before the PCF. Consequently the SC spectrum changed, shown as red curve
in Fig. 213, andtotal power changed t@2 mW. The experiment and fitting results

are plotedin Fig. 214(c). Themean valudrapping stiffnesss, is calculated as 27.14
pN/pm. The first two SC spectra are uniformly attenuated for all the wavelengths,
therefore tle trapping stiffness is still proportional to the total pgwdrich is similar

to the single wavelength optical trappir the third SC, the power becomes lower,
however, spectrum is narrower. The experiment results show, as we expected, that
the traping stiffness is even higher than that of the second trapping. The trapping

stiffness of white light SC is strongly dependent on thetspa of SC.
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SC white light optical tweezers hagtso beemdemonstratetb havethe capability of
trapping metallic nanesized paitles in lateral directions. Same strategy has been
used to measure theeapping stiffnesswvhen a 100 nm diameter gold particlis
trapped by SC white light tweezefihe experiment setup is similar to that shown in
Fig. 2.12.Femtosecondaser pulses (avage power ~ 55W, repetition rate ~ 88
MHz, pulse width ~64fs) from a moddocked Ti: Sapphire laser (KM Labsye
reflected by a 808 nm long pass filter (Semrock L-BO8RU), instead of 1064 nm
mirror in Fig. 2.12, and coupled into a ~d long PCFNL-2.0-770, CrystalFibre).
Since the wavelength componerglorter thanthe localized plasmon resonance
frequency of the particle will repel the particle away, only the long wavelength
components can be used to trap rs@ed metal particlefb8]. As a consequence, a
long pass filter (HQ810LP Chroma) is used to remove the short wavelength
components. SC spectrum after filter is shown in Fig. (2)With total power 31

mW. SC is focused by a Zeiss apochromat objective lens (100x/1.320A)00
nm-sized gold nanoparticle solutiorsold nanoparticles are pushed to top surface of
sample cell and trapped in the latedakctions The trapping stiffness measurement
results and fitting curve are shown in Fig. 2.15(bhe mean value ofrapping
stiffness g, is calculated ag.38pN/pm, wherethe approximate drag near a surfaise

given byEq. (213).
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Figure 2.15 Trapping stiffness measurement of a 10@m-sized gold particle trapped by SC
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2.5 Summary

In this chapter, the optical tweezers and supercontinuum generation technologies are
first reviewed .t is demongtatal that white light supercontinuum optical tweezars

able to trap and manipulate mesoscopic objects by taking advantage of the high
degree of spatial coherence and high power of supercontinuum generated from highly

nonlinear photonic crystal fiberaimped by ultrashort laser pulses.

Since supercontinuum covers extremely broadbapdctrum @ver 1000 nm),
spectroscopy techniques are easily combined with white light supercontinuum optical
tweezers. Linear scattering spectra of trapped particles aruradaand presented.
This shows the potentials of probimparacteristicssuch as size, shape, refractive
index, and chemical components, of iadividual particleby linear and nonlinear

spectroscopy techniquesthe future

Trapping stiffness of whitdight supercontinuum optical tweezers has also been
calibratedfor both dielectric and metallic bea@he measurement results show the
stiffness of white light supercontinuum optical tweezers not only depends on the total
power but also the spectrum. Bdea spectra may reduce the stiffness due to the

effect of chromatic aberration of optics.
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Chapter 3 Single-particle optical scattering spectroscopy in
white light supercontinuum optical tweezers

3.1 Background

As demonstrated in ChaptertRjhtly focused spercatinuum cartrap a particleand

at the same time to obtastattering spectrurnf the particle In contrastto some
conventional spectroscopgchniquessingle particle spectroscopysing white light
supertonintinuum optical tweeze/oids ensemble avaging and hathe capability

to probe the properties of individual particles (e.g., size, shape, refractive index,
resonant agorption, chemical composition). This obvioutgds to many important
applications, particularly in nanopatrticle characterizati and sensing. To further
explore the potential of single particle spectroscopy with focused supercontinuum

illumination, theoretical modeling tools need to be developed.

Optical scatteringpy a spherical scatterer in a focused nartzamd laser beam has

been studied for many yedi®3-96]. For instance, generalized Lorertte theory

(GLMT) can be used to study the scattering of a single spherical scatterer in a focused
Gaussian bearf0-96]. We have recently developed a theoretical moaedtudy

scatteringoy a uniform spherical scatterer in a supercontinuum optical trap based on

Mi ebs scattering theory and HXuFKFourierr angul
angular spectrum peesentatiorcan be used to desbe strongly focused beam, and

has been applied to investigatetsmang in optical tweezel®8], reflection at media
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interface[99], and confocal imaging100]. In this chapterwe apply the angular
spectrum analysis anthe Mie scattering theory to investigate optical scattering
spectroscopy of a single spherical scattedrminated with tightly focused
supercontinuunsource The scattered field is obtained by the linear superposition of
the scattered fieldgroduced byeach ofthe Fourier angular componenf the tightly
focused incident field The theory is compared witkxperiment. The effect of
chromatic aberration is also consider@&tmerical calculatios of both polymer
microspheres and metallic nanoparticee® presentd Next, we show that Born
approximation methofll01] can be used to calculate the scattered fettiuced by

a nonsphericalshapedveak scatterefe.g.,whentherefractive index of the scatterer
is close to that of the surrounding medjwnthe size of the scatterer is much smaller
than the wavelengjh

3.2 Theoretic al Model Based on Mie Theory and Angular Spectrum
Decomposition

Figure 3.1 Schematic diagram of optical scattering by using tightly focused supercontinuum. A
linearly-polarized incoming supercontinuum is tightly focused by objective lens,L The scattered
light produced by a spherical scatterer is collected by objective lens,land analyzed by a
spectrometer.
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Figure 3.1 shows aschematic diagram of a typicdbrward optical scattering
measurement system usiagightly focused supercontinuusource An incoming
supercatinuum beam which is linearly polarized along the -direction and
propagates in the z directioms strongly focused by a higiumericalaperture
objective lens kL (NA = nsing,), with focal lengthf. We first consider a single
wavel engt h odnovequunm) ef nhe whitexlight supercontinuum. Let us
choose the geometrical focal point as the origin of our coordinate system. At the same
time a spherical coordinate is consted. The tightly focused electric field in the

vicinity of focal point can then be expressed in terms of its Fourier angular spectrum

20 G

E(r) = REM)e™ °dk,dk, =) f E(k;)e’ °k? singcosgdadf (3-1)

wherek = 2p// is the wave number, = a/n is wavelength in the medium with

refractive index n. k, =k(singcosfk+singsinfie+ cosgl) is the incident wave
vector andg, f are the polar and azimuthal angles, respectivilly,) is the spatial

spectrum of the electrical field, which can be expressed in terms of the feEetd

f) on thereference spheré [102].

i/ 1
J (——

E(k.)=-
(ki) (20)? ‘cosq

)feME_( (g.7) . (3-2)

Here we assume the incoming beam is a plane wave with a uniform electric field

distributionE, . = E,E. E-{(g, f) can be obtained by taking account of the refraction

of objective lens
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E_ (g.7)=/cosg? RL (g, 1) (3-3),
where Jcosg is introduced due to energy conservation for an aplanati¢166%
Einc(@.7)|" f singdf 2 d(f sing) =|E_, (q,f)\2 f singdf 3 d(fg) (3-4)
RL is the matrix to calculate the refraction of lensrithe form of

;%osqcos2 f+sin?f (cosg- 1)cosfsinf sin gcosf g

RL =afcosg - )cosf sinf cosgsin®f +cos f singsinf 6. (3-5)
é@ - singcosf - singsinf cosg @

Substituting Eq(3-5) into Eq. (3-3), we carobtain
E.. (9.f) = Eyn/cosg[(cosgcos’ f +sin? f)k+ (cosq - 1) cosf sin FiE- singcosfl . (3-6)

Let us nowfirst consider optical scattering caused by the presence of a spherical
object located at the focal point of the objective lensSince thdield near the focal
point can be thouigt of as the superposition of many plamave componenié(ki),

like Eqg. (3-1), the scattered field can be obtained by coherently superimposing the
scattered fields produced l®ach plane wave component, and can be calculated by
using Mietheory. For each plane wawemponentwe define a rotated coordinate
system (denoted with a prime) such that the plane wavelet is polarized aloxig the
direction and travels along tlzédirection in the new coordinate system (the standard
configurationused in Mie theory). So the unit vectdés ¥ ,andg can be presented in

the general fixed coordinate as
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£ = (cosg cos? f +sin? f)i+ (cosg - 1) cosf sin FEE- sin gsin FE, (3-7a)

E=singcosf+ singsin e+ cosge (3-7b)
¥ = B3 ¥ = (cosg - 1) cosf sin fic+ (cosgsin? f +cos? F)¥- singsin fE | (3-7¢)

Any vectorv in the stationary coordinate system can be expressed in the terms of

projections in the directions d¢f ,  ,andg

v = (v GE )+ G )E+HVE)E , (3-8)
or written in the matriXorm as

V=M &, (3-9),
whereM is the transformation matrix given by

élé:osqco§ f+sin’f (cosg-1)cosfsinf - sin qcosfg

M =agcosg - )cosfsinf cosgsin®f +cosf - singsinf 6. (3-10)
? sin g cosf singsinf cosy @

The scattered fielddlecayswith propagation distance. For each Fourier angular
spectrum componeﬁ(ki), the scakered waveletlong at the measurement position
R, R(sinUcosik+sinUsinty+cosUB along the direction @F)is named as
E.(R;k;) , whichcan be calculated using the Mie€bhy. First we use E(3-10) to
represent R in the rotating system as
R'= R (sin U'cosi ' &+sin U'sinG ' ¥+ cosU' £) =M (R, where Q' and ' arethe polar

and azimuthal anglesespectivelyin the rotag¢d coordinate system.
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From Mieds theory, in the rfieldissgivently coor di na

iw _ ge sin?0'S(0") +cosU'cog 'S, (U") g
E's(R) = JiR af- ! - [ fei E,vcosglee cosi 'sint 'S, (U') + cosJ'cosi 'sint 'S, (U') 6
(2p)" cosg ? - sinU'cosi 'S, (U') 9

(3-11)

where S and S are the scattering functions for the -@itplane and ifplane

componentsespectiveli8], and are defined as

W 2n+l . .
Sl(Q ) - na:.l n(n+1)[anpn(co£ ) +bnl‘n(co£ )]
W 2N+l , .
SZ(Q ) - naz.l n(n+1)[bnpn (CO@ )+anl‘n(COQ )]
1 —_ Pnl(cogl) 1 —_ dF?]l(COQ')
pn(COQ ) - SinQ' tn(COQ ) - dQu

o =¥ n(mkay,(ka)- my ,(mkay ', (ka) — ~_ my’, (mkay,(ka)-y, (mkay", (ka)
"y, (mkaz, (ka)- my  (mkaz', (ka) tomyt, (mkaz, (ka) -y (mkaz', (ka)
(3-12)

where B" is theassociated Legendre function, andx, are RiccatiBessel function
which are defined ag n(r)=rjn(r), x(r)=rhu(r), wherej(r) andh®y(r) are the
spherical Bessel and Hankel functions of first kind respectiealy the radius othe
sphere and m is the ratio between refractive index thfe phere to that othe
surroundingmedium.Transformed back tthe fixed coordinate system, the scattered

field is given by

E.(Rk,)=E, (0, :g.f) =M1, (M R). (3-13)
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The total scattered field ithen the coherent superpition of the scattered field

produed by each plane wave component,

20Gm
Es(0,0)= Fﬁs(llﬂ :q,F)k? singcosgdgdf . (3-14)

00

We also need to consider the incident field propagating in the detection region when

Qis less than maximum incident angig

_ 2 kR
E (0,0)=- jE(Q,F)(Z‘/’) co@eJR . (3-15).

So the total optical intensity to be detected in this directicdh@ésoherent sum of

scattered field and incident field

2

v A
(Q.F; /o) = f%ﬁzs(o,u ;q,f)kzsinqcosqdqde+ E,(0.0) . (3-16)
oo \

If an objective lens & with numerical aperturA=nsinU,, is used to collect th

forward scatteretight (as shown in Figure 1)he detected power is given by

2pUp,
P(/4) =R* ffj (Q.F:/,)sinU d dili . (3-17)

00

When the detection angl® is larger than the maximum incident anglg, the

incident fieldis not present. For examplen backward scétring measurement
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where the maximum collecting aperture angle is @lsothe detected power is given

by,

2
2pGm

» p
P(/o)" R*ffia fysinU d |{fE.U.0;q9.7)k?singcosgdgd?| . (3-18)

0 p-Up, 00
When the spherical scatterer is centere,atether than at the origin, the phase term

e % for each Fourier componeﬁt(ki) should be considered for the scattered field

and the incident field in the far field regiolm this caseEq. (3-14) and EQq.(3-15)

become, respectively,

204

P m )
Es(U,0) = . 0.0;q.1)e™*k? sin g cosgdgdf (3-19)
00
and
- 2 kR .
E,(U,u)z-jE(Q,F)(zl/’) cosQ%e'ki‘Q'F)‘Dﬂ. (3-20)

Since the power of linear scattered field depends on the incident power of each
wavelength,as describedn Chapter 2 we introducea dimensionless scattering
efficiency, g, which is deihed as the ratio of the detectschttering poweto the total
power, when there is no scatterer,

7! . F)sin QdQdw

Wy

q= ) ) (3-21)
N ' Q. F) sin QdQaw

Wa
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where Y4 is the is the measurement solid angle. Scattering efficiency, g, in the
forward direction is easy to be measured in the experiment. Howelven detection
direction is not within the incident angle, for example in the backward direction, the
scatteringfield cannot be normalized to the field, which is zero when there is no
scatterer. Furthermore, the scattering efficiergpydepends on the detection angle.
Here we introduce the intensity angular distribution function of scattered field for
each wavelegth FQ,F ;av) that is the intensity in every direction normalized to the

far field intensity of incident wave in the forward direct{8,

|(QF) _[EsQF)+E QF)

F(QF;/y)=
(QF:0)=1 (00) IE, (00)°

(3-22)

Therefore the scattering efficiency g can be expressed in the form of intensity angular

distribution function as

ﬁ Fﬁ), F) sin QdQdwW

Wiy

™ R FRQ.F) sh Qagaw’

Wy

(3-23)

whereFo(Q,F; Jats the intensity angular distribution function of the initial incident

field. For Eq (3-4),we can easily geto®,F ;3 as

o Q¢q,

F,(Q.F;/ :" )
QFED=1 0 qsq,

(3-24)

N
Ve
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From Eg. 3-10) to @3-24), we can calculate any single wavelength scattered field
producel by a uniform spherical scatterer in the tightly focused field. When trying to
calculate the scattering spectrum in the supercontinuum tweezer in practice,
aberration shouldlsobe incorporated ithetheoretical model. Chromatic aberrason

due tothe focal length difference$or different wavelengths require éhange of

coordinate origins, which can be written as

f(/)="F(/,)+Df, ro(/)=ry(/,)- Df E. (3-25)

of is the chromatic aberration of the system which can be calibrated experimentally.
We useEq. 3-25) together with Eq.3(10)(3-24) to analyze the optical scattering
spectrum of auniform spherical scatterein a supercontinuumtrap. Another
aberrationproduced bya tightly focused beanoccurs due torefraction at the
interface of cover glass and solutjoand it can be calculated usifgr e snel 6 s

equations.

3.3 Experiment Verification

To verify the theoretical analysis, we have also investigatedesoattof tightly
focused supercontinuum experimentally. Since the scattering spectrum depends on
the position of the scatterer, in order to quantitatively compare theory and experiment
we immobilized microspheres (Dul&ientific, 4000 series, n2.59 @ 58 nm) on
the bottom of the sample cell (made from standard glass coverslip) so that we can

precisely control and determine the position of microspheres. Immobilization was
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achieved by aidrying microsphere solution in a sample cell for a few days. The
sanple cell was then filled with immersion oil whose refractive in@@x= 1.5150)
matches that of the sample célip = 1.523) As a result, the microsphere is
surrounded by a uniform mediuwith slightly different refractive indexThe
experimental setupsishown in Fig. 3.2. White light supercontinuum, which was
generated by coupling sutanosecond laser pulses (JDS UniphaselB623100)

into a nonlinear photonic crystal fiber (BlazePhotonics53€1040), was collimated
and then tightly focused onto angle microsphere by an apochromatic objective lens
L1 (100x /1.4N.A.). The full aperture of the objective lens was uniformly illuminated.
Another objective lens L2 (10x /0.28.A.) was used to collect the forward scattered
light. In addition, an iris wassed to further limit the effective numerical aperture of
the collection system (effective N.A.~ 0.08). Finally, the spectrum of the forward
scattered light was measured by an optical spectrum analyzer. A CCD camera was
used to monitor the position of th@crosphere.

Iris Itimode
fiber

filled with

index matched ﬁ, 3 0

immersion Qil

Spectrometer

I,;] glass
immobilized L1 COVeISP ppotonic

microsphere \| = I crystal fiber| |aser
= pulses
<

AVA supercontinuum

Figure 3.2 Schematic diagram of experiment setup to verify the modeling of focus beam
scattering by a spherical particle
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We normalized the forward scattering spegtrto the reference spectrum which was
measured when no microsphere was present. This ratio is defined as scattering
efficiency (denoted by in Fig. 3.3 and Fig. 3)5 By mechanically translating the
sample cell, normalized scattering spectra (i.e., extagf efficiency) at different
positions can be obtained. The results are plotted in Fig. 3.3. Fig. 3.3(a) and (b) show
the scattering efficiencies of two microspheres (diameter el angm 2
respect ipw 600 gn as a tfunceon of their axial position. The blue dots
correspond to experimental data while the red lines represent calculation results.
Intuitively, since the refractive index of the microsphere is larger thanothtite
surrounding medium it works like a positive lens approximately. A strong peak can
be observed in the scattering efficiency curve if the sphere is moved away from the
lens and collimates the incident beam. On the other hand, a minimum occurs if the
sphere is moved closer to the lens and focuses/defocuses the incident beam more
strongly. Finally, when the sphere is very far away from the focal region the
scattering effect is weakened and the scattering efficiency approaches to unity as
expected. Compad with that of the 1.8 mdiameter microsphere, the maximum
sattering eff i cdiammeatec microspheretishséghtl highemand the

positions of its maximum and minimum are further away from the focal point.
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== Theory
=& = Experiment [ )

== Theory
=@ = Experiment

(b)

Figure 3.3 Dependence of scattering efficiency on axial position (a) and (b) are the scattering
efficiencies of the 1.5and2 m di amet er mi cr os pdré&llamsasatusciipect i vel y
of axial position. Red lines are theaatical calculation results. Blue dots are experiment results.

Due to chromatic aberration, different wavelengths focus at different axial positions.

As a result, the -elependence scattering efficiency curve for different wavelengths
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will center at differat positions (their actual focal points). We correlated the
experimentally measured scattering efficiencydependence curves with the
corresponding theoretical curves (assuming no chromatic aberration) for each
wavelength. The positions of correlation kgandicate chromatic aberration for
different wavelengths. We used both the-Tabd 2.0e ndiameter microspheres to

calibrate the chromatic aberration of the whole system. The restlt (I )-

f(I ==600nm) is shown in Fig.3.4.
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Figure 3.4 Measured chromatic aberration of the experimental system. Circles and pluses
represent the results using 1.5 and 2-:8 rdiameter microspheres respectively. The blue line is
the fitted curve.

Fig. 3.5 shows the measured armlculated sdgering efficiencies of the 1.5 m
diameter microsphere as a function of wavelength at two different axial positions.

Chromatic aberration was included in the calculation. The theory (dotted red line) in
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general agrees with the experimentdults (solid blue line). However, there exists
quite considerable discrepancy between the theory and experiment when the focused
spot is moved near the interface of microsphere/coverslip. Several factors may have
contributed to it: (1) although the reftave index of the immersion oil (1.515) is very
close to that of the glass coverslip (1.523), they are not identical. As a matter of fact,
the difference is about 10% of the refractive index difference between the
microsphere (1.59) and the immersion Bibundary effects (e.g., multiple reflections

and scatterings between the coverslip andnti@osphere) may not be ignoreg@)
dispersion of the microsphere, glass, and immersion oil was not considered in the
theoretical calculation(3) possible lateratlisplacement of the microsphere from the
center of the beanf4) noise in the supercontinuum. Since the polymer sphere is quite
inert in the measurement wavelength range, the measured scattering spectrum does
not show any pronounced features. We shouidtput that the method outlined here

can also be used to model optical scattering of other types of particles including
metallic particles. Since the scattering spectrum depends on particle size, shape,
refractive index, and resonant absorption (if exigiptical spectroscopy with focused
supercontinuum is a promising technique to-muasively probe the properties of

individual particles.
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Figure 3.5 Scattering spectra of a 1.5 ndiameter microsphere at two different positions. Dotted
red lines are theoretical calculation results while solid blue lines are experiment data.
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3.4 Further discussion about scattering model based- EA8 O 4 EAT OU

In the forward Q@ = 0) and backwardQ = ") directiors, due to the axial symmetry of
incident beam, the formalisntain be further simplifiesvhen scatterer sphere is also
on the axis FordQ = 0 (forward direction) it can be shown that the scattered field

produced by one plane wave componerthefincident field is given by

e & sin’f @ & codf @
. _ Je] ro. J/ 1 jkf & . O $. O Jk(ﬂ)
E.(00,q9,7)= 5 fe! [ee sinf cosf 6S,(q) +asinf cosf 6S,(q)] E,v cosge
kr (3p)icosy g 8§ B 8
¢ 0 - ¢ o 2

(3-26).

If r, =2k (i.e., the sphere iglisplaced onlyalongthe z axis), the total scattered field

can be calculated as follows.

Es(0,0)
2pGm

= ﬁfﬁs(oyoiq,f)kzsinqc()gydqdf
00

- a sin’f @ a cosf 0
_ 1 f ik(f+R) ~m& . O ® . 0 jkzy COSG \/—
=——e E, fifiee cos’ sinf 6S,(qg) +aeosf sinf &S, (qg)]e sing~coxydgdf
(; - (; -
=1f + i jkz, co:
=E e VB, ' cog[S () + S, (9)ld cosy
COSGp,
-1 f .. 2n+1 o
= k- —elMRE a +b) "% /cogg[p, (cosy)+t (cogz)ldco
2R Oan. n(n+1)( n n) r? g][pn( &7) n( &7)] g]

€OSGpy,

(3-27).

The ircidentfield in the far field regions given by
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E, (0,0) =- iRei““meikZo E k. (3-28)

We canobtain the normalized angular intensity functiorthe forward directiomnd

F (0, 0),as
& 1 Bt |
. - )
FO0 =84 L (a, +b,) 3" cosglp, (cosq) +*,(cosg)]d cosgis— -
Sn n(n+1) cosg, H 2
(3-29)

Similarly, in the backward directiofQ = ") the scattered field produced by one plane

wave component can be written as

eR 1 :

E_(p,0.0,f)= M3

POLD =R @) coxg

a sin’f 0 a cosf 0 .
& 0 ® 0 »
[ee sinf cosf 6S,(p - q) - asinf cosf 6S, (0 - g)]E,~Jcosge™*®
=<} 0 0 & 0 0
% - v =

(3-30)
The total backward scattered field at distange z,£ is

(VO]- f i +
ES(,U,O) - XEEeJk(f R) E03

2n+1
n n(n+1

(@, - b)) " Jcosglp,(cosp - q))- t,(cosp - g))ld cosg

(3-31)
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Similarly, we alsoobtain the normalized angular intensity functionthe backward

direction, F(, 0) as

2

(a,- b)) Fp*eosglp,(cosp - ))- ¢,(cosp - g))}d cosgt 2

oSy, g

€. 2n+1
F(p,0) =|é
©.0) gan‘n(n+1)

(3-32).

All the calculation codes are programmed in Matlab 7.0.4.,Ristcalculate the
single wavelength intensity angular distribution of différsized spherical scatterers
located at focal point of high numerical aperture objective lens3Fda)(d) show

the normalized intensity of 800 nm wavelength optical wave scattered by uniform
polystyrene spheres with refractive index 1.59 in the m&aution( refractive index

is 1.33). Different colored curves are the results of observation azimuthal angles at 0?
30? 60°and 90; respectively. Fig. 3.6(a) plots the results of-@icron-diameter
sphere trapped by using a 1.25 numergadrture olgctive lens; Fig. 3.@) plots the
results of 2 microndiameter sphere trapped by using a 0.85 numeadpalture
objective lens; Fig. 3.€) is the result of 1 microdiameter sphere trapped by using a
1.25 numerical aperture objective lens; and Bi§. (d) is the result of -Inicron
diameter sphere trapped by using a 0.85 numerical aperture objective lens. The
scattered field angular distributions change significantly for different sizes and

numerical apertures of objective lens.
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Figure 3.6 Normalized intensity angular distributions of focused beams scattered by spherical
particles by a800nm source The refractive indices of spherical scatterer and surrounding media
are taken to be 1.59 and 1.33, respectively, ardifferent color curves represent azimuthal angles

at 07 307 60°and 907 respectively.

(a) 2 micron diameter sphere, NA= 1.25; (b) 2 micron

diameter sphere NA = 0.85; (c) 1 micron diameter sphere, NA=1.25;(d) 1 micron diameter
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sphere NA=0.85.

Figure 3.7 shows the calculatedrmalized scattering spectra in the forward direction
using Eq. (-29). The scatterers and surrounding media are still selected as
polystyrene sphereand water, respectively, and the wavetbndependence of the
refractive indices and absorption agnored. The scattering spectra from 408 to
1500 nm in forward direction using 1.25 numerical aperture and 0.85 numerical
apertures i@, respectively, plot in Fig. 3(a) and (b). Blue curveseathe results of 1
micron diameter and red curves are of 2 micron diameter. Similarly, we uge &).

to obtain the normalized scatteringespra in the backward direction, and calculations
are plotted in Fig. 3.8 (a) and (b). The spectra structure tieas show obvious
dependence on the size of the scatterer. For examplee spectra of Fi8.7 (a), a

dip appears at around 650 nm fomicron diameter sphere, while for ther@icron
diameterspherethe corresponding dip shifts tabout 1300nm. Ths analysisis

consistent with Mieds theoryods results.

When the center of spherical scatterer is not located at the focal point, the scattering
specta change due to phase factor. Figure 3.9 showsalwelated the scattering
spectra when 1 mion diameterspherical particle ixentered at different position
along the z axis Fig. 3.9(a) displays the results for abjective lens(NA = 1.25

and Fig. 3.9b) displays the results ahother NA = 0.85. Since the refractive index

of scatterer sphere is Mgr than that of surrounding media, water, the scatterer

behavedike a positive lens. When scatterer is centered behind the focal point, the
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light is collimated into the forward direction. Therefotiee scattered intertgiis

higher than when the parids located on other positions.
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Figure 3.7 Normalized scattering spectrum in the forward direction. The refractive indices of
spherical scatterer and surrounding media are assumed to be 1.59cht.33, respectively. (aNA
= 1.25; (b) NA = 0.85. Blue curves are the results of-fnicron-diameter sphere, and red curves
are of 2micron diameter sphere.
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Figure 3.8 Normalized scattering spectrum in the backward direction. The refractive indices of
spherical scatterer and surrounding media are assumed to be 1.59 and 1.33, respectivelyNA)
= 1.25;(b) NA = 0.85. Bue curves are the results of 1 micromliameter sphere, and red curves are
of 2 micron diameter sphere.
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Figure 3.9 Normalized scattering spectrum in the forward direction at different axial positions
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In the calculation above, the scatteisrassumed to be inerte., there areno
resonancedatures in the refractive index, and the effectasgatsion and absorption
are ignoredThe formulagderivedabove do not rely on the refract index properties;
thus they can also be used to modgdtical scatteringoy other types ofuniform
spherical particles including metallic particldsigure 3.10shows the calculated
forward direction scattering spectra of gold spheres of different siza@aterusing
Eq. 3-29). A numerical aperturef 1.25for the focusingobjective lenswvas used in
the calculation.The nanoparticles assuned to be suspended in the water, amel t
refractive index data of gold are obtain frdPalik [104] . We assume that the
refractive index of the gold nanoparticle is the same as that of bulk mafesial.
shownin Figure 3.10 there are characteristic dips in the forward scattering spectrum,
which are caused by localized surface plasmon resorfa8¢&R)[58, 105] This is
because the scattering at LSPR frequency is strongerrtbrresonance frequency,
andless energy will be lesgceived.Theseposition of thedips shift as the size of the

nanoparticles change
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Figure 3.10 Normalized scattering spectrum of gold nanopatrticles of various sizes the water
solution. NA = 1.25. Solid dashed and dotted lines are the results of 8im, 90nm and 100 nm
gold particles, respectively.

3.5 Modeling Non-spherical -shaped Weak Scatterers Based On Born
Approximation

The discussios and calculations abover e based on Miefors scatt
which the scatterer isaumed as sphere. In the more general case, when scatterer is

of nonsphericalshape, other than sphere, there is no general analytical formula to

calculate the scattered field. But where scattered field is weak aradble tobe

treatedas a perturbatigrfor example, under the condition thieé refractive index of

thescatterer is very close to that of th@roundingnedium (i.e., n? 1) or thesizeof

thescatterer is much smaller than the wavelengtrn approximatiorj101, 106, 107]

can be applied to obtain the scattered field.
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The derivation starts wi-fedhspada and aldo ltiFdes
dependency * is assumed throughout. The incident field propagating in the

uniform medium withat scatterer satisfies the wave equation
D3D3E, - wmE, =0, (3-33)

wheree= gg = n’g is the permittivity ofthe medium With the presence of a weak

scatterer, the total fieldE=E;+Es, where E5 is the scattered field, satisfies wave

equation
D3 D3 (E, +E,)- wme+De)(E; +E,) =0. (3-34)
where
De = \I'e'(rn2 -)n’g, insidethescattere (3-35)
i 0 else

is the permittivity difference between scatterer and medium. Subtydet). (3-33)

from Eq.(3-34), we have

D3P E - WmE, =w’ nDe(E; +E,) (3-35).

For weak scatterer Es << E;, we can solve thescattering field by using Born
approximation method, in whicEg term in the right side of E(3-35) is ignored.
The incident field takes place of total field as the driving field, thus the wave equation

for scattering wave changes to

D3 P3 K - W mE = w’ NDeE, . (3-36)
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EqQ.336) can be solved by wusing method of

written in the form of

E,(R) = w? 7fij G{RF{)DeE, dr’ (3-37)

where R(Rsin QcosF, Rsin Qsin F, cosQ) is the position where the signal is detected,

andr (r'sing'cosf',r'sing'sinf',cosq’') is the spatial volume the of the scattef@is

the Greenbés function of equation

P3D3 G- k2G =nd(r - 1) (3-38)

where n is the unit vector of driving field. The analytical solution ®iis given

aq108]

G=(+2Hg, (3-39)
wherel is a 33 wit matrix,Go(R,r') =exp(jkR-r))/(4p|R-r)i s t he scal ar
function. Forfasf i el d r a d |[Rat]in theph&e term dan be approximated

as|R|- R®'/|R|. The scattering field can be reformatted into spherical coordinate

compaents
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ES(R)=W2mM~ (ﬁ Qgexp( jk )DeE dr'
e 0 0 0 geE,XgrE
qﬁeﬁ’p( K4 CD)cochosF cosQsinF 'S'thgE'yu
é - sinF cosF 0 BE,HF

- W2 e exp(JkR) ~

(3-40)
where &, (F, andFare the unit vector in the spherical coordinate.

Since the scatterer is in the vicinity of the focal point, the electric field adent
wave at point @an be still described as E@-1). When Eq. %-6) is substituted in

Eq.(3-1), the incident field can be written as
_ écosgcos f +sin’ o

E(r') = ﬁp ﬁm - e EO\/cosqe""'@'ksinqg(cosq- 1) cosf sinfﬂdqdf .

i € -singcosf U

e u

(3-41).

As derived by Richard and Wolf in refl09], the integration with respectfocan be

carried out with Bessel function of first kind. The electric field at a ppint i s

expressed as

fke’kf E é,J(IO +|2 COSZf')g

" — 0 € ; ; ! u
E(r')=- — 6 jl , sin 2f N (3-42)
g 2l,cos" |

where
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m N N |
lo = ﬁ:osE gsing(1+cosg)J,(kr'singsin q')elreosacoss' g
0

m

l, = ﬁ:os% gsin® gd, (kr'sin g sin g')e™ % dg : (3-43)
0

I - |
I, = [Fos gsing(1- cosq)J,(kr'singsin q')eleos1eost g g
0

Substituting Eq. 3-42) and 8-43) into Eq. (3-40), we get the three spherical

coordinate components of scattered field in the form of

E.z(R)=0
exp(jkR fke'' E,
R 2
N fA'efpc ikq @")[jcosQcosF (I, +1, cos2f') + jcosQsin F 1, sin 27'- sin Q2I, cosf']

E.s(R) =- w’nDe

exp(jkR fke'' E,
R 2
N ' efpc ikq @")[- jsinF(l,+1,cos2f')+ jcosFI, sin 2f']

r

E.z(R) =- w?nbe

(3-44)

The integration in the Eq3{44) clearly indicates the statershapedependence of

scattered field.

When the termB(® ) in the Eq. 8-36) can be ignored, we use a scalar formalism

instead of vectorial field ones to describe scattered field. The wave equation of

scattered field becomes
D%E, + W meE, = - w?mDeE, . (3-45)

The solution of Eq.3-45) is given by
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- . €1 _explik,Gr-r a..,
E. = FimDe ET 1 Kplik, @ )]dkdxdkdy@d3r

2JKq y . (3-46)
jkq® De(r-)E_e-jkd(b'dSr.
= W m i dR,dk, S i B
nh y4’02 J 2_kdzx_kgy

The curled bracket term in E®-46) is thescalarGreeris functionGy.

To compare with the resultsbtainedby using Miés theory, weused Eq. §-29) to

calculate the normalized scattered intensity in the forward direction, F(0,0), produced

by a spherical scatterer illuminated by tightly focused beam at diff@@sitions

along the z axis. The results are in RBdl1(a)(d) as solid blue curves. The résu

calculated by Born approximation method using vectorial formulas(F&4g), and

scalar formulas, Eq3-46), are also plot in the same figures as red curves with circles

and green curves with stars, respectivéhe wavelength is chosen to be 800ang

the numerical aperture of the focusing objective is assumed to be 1.2&fractive

index is 1.59. Fig. 3.1&) shows the reswdt100 nm sphere immersed in the oll

(refractive index 1.5 Fig. 3.11b) shows the resudtof 1 micron sphere immerseéa

the oil Fig. 3.11(c) shows the reswudtof 100 nm sphere immersed in the wate

(refractive index 1.33); Fig. 3.1d) shows the residtof 1 micron sphee immersed in

the water. Fig. 3.1tlearly shows that when refractive index of sphere is closeto th

of media,(a) and(b), or the size of scatterer is very small (a) and (c), the Born
approximation methods are consistent wi t h
met hod. As expected, the results wusing vec

theay results than those by using scalar formulism. When weak scattediti@os
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are not satisfied, Fig. 3.1(), there ismuch larger discrepancy exiting between
calcul ations from Born aBupBomxapproxmtonon and

methods can slirepresenthe basic featusan the scattered intensity.

The normalized scattering spectra produced byspdrerical scatterer in the tightly
focused supercontinuum beam are calculated by using vectorial formulisn3; 4, (

of Born approximation mbabd. Fig. 3.12displays the resultof normalized
scattering spectra of cubic scatter and spherical scatterers measured along the forward
direction and the direction of polar angle at 30° The refractive indices of scatterer
and medium are 1.59 and 1.32spectively. Fig3.12 (a) shows the scattering
spectrum of scatterer size at 19®, and Fig.3.13 (b) shows the results of scatterer

size at 1 micron. The scattering spectinaw dependenaan the size and shape of the

scatterer.
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Figure 3.11 Normalized scattered intensity in forward direction of spherical scatterer located at

di fferent positions along z axis. Bl. Red cwvesr ves ar e
with circles and green curves with stars are calculated by using Born approximation method

with vectorial and scalar formula, respectively NA is1.25, wavelength is 800nm, and refractive

index of scatter is 1.59. (a) 100 nm sphere in oil; (byhicron sphere in oil; (c) 100 nm sphere in

water;(d)1 micron sphere in water.

72



1.04 T T

m— cube Q=0
1.02t e Sphere Q=07 | ]
: = === cube Q=30
1r == === sphere Q=30 ||
0.98 b
0.96 - b
w
0.94 N
0.92 - b
09r b
0.88 N b
e e L L
0.86 . . ! ! !
400 500 600 700 800 900 1000
I (nm)
(a)
25 T
m— cube Q=0
\ e sphere Q=0
20 \ cube Q=30 B
\ == === sphere Q=30

0
400 500 600 700 800 900 1000
I (nm)

(b)

Figure 3.12 Calculated forward scattering efficiency & =8 0 0 N.A=1.25 nppe1.59,
Nmedgium=1.33 d=100nm (a) and d=1000nm(b). Solid curve is obtained by using Mié theory and
angular spectrum decomposition while the dotted one is obtained using Born approximation
method.
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3.6 Summary

In this chapterwe presentheoreti@l models toanalyzeoptical scatterindpy a single
particle being trapped in white light supercontinuum optical tweezerMi e 6s t heor
and angular spectrum decomposition metluash be used to study the optical
scattering spectra a single uniform spherical scatterer. Analytical formulas for
scatteed wave in the forward and backward direct®are derived whena spherical
scatterer is placed on the z axis. The theory dilas beenusedto calculatethe
scattering spectra of a singi@ld nanoparticlalluminatedby tightly focusedwhite

light supeécontinuum. Born approximation can be appliedanalyze scattering by
weak scatteres (e.g., the refractive indexof the scattereis close to surrounding
mediumor its sizeis small compared with wavelength) nonsphericalshape The
calculation resu#t showsoptical scattering spectrum depends on particle size, shape,
refractive index, and resonant absorptioimgf particle scattering spectroscopyain
supercontinuumtrap can be a promising technique to Homasively probe the

properties of individal particles.
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Chapter 4 Femtosecond Laser Beam Shaping

4.1 Introduction to beam shaping

Beam shaping is generally definedaagrocess to rearrange tinéensityand phase of
an optical light bean®]. One of the simplest examples of beam shapimyabably
thata plane waves focusedinto a spotby a convex las Thet e r bmamfishape
stands for théntensityprofile. The phase profile determines htve intensityprofile
evolves during propagatio® general bea shaping problem is to finen optical
system that operates the incident beangdoeratea desiredintensity distribution,
such as a uniform distribution at certain aomathe target plandhe beam shaping

technique has been investigated for both coherent and incoherent light beams.

Current beam shaping techniques can dagegorized into two basic ggs: field
mappers and beam integrators. Field mappers are designed for the incident beams
with a known intensityprofile; whereas ntegrators are designed for the relatively
incoherent incident beanvgith less intensity informatiariThe integrators are neso
sensitive to bearalignmentand beam size as field mappers; however, theyrame

easily affected bynterferenceof coherent beanespecially Diffraction theory and
geometric optics have been widely used in beam shaper design for difasesbf

application.

Since the firstournal publicationthat introducing basiddeas ofbeam shapindpy

Roy Fieden in 1965110], the feld of laser beam shaping has witnessed a steady
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increase in researdhteress and practicalapplicatiors. Today manyimportantlaser
technologieshave alreadynade use of beam shapimghile some could potentially
take advantages of the technigue their applicatios, these includdithography,
drilling in integrated circuit, packages and wiring boards, circuit component trimming,
laser printing material processing and formation, optical data storage, isotope
separation, fiber injection; optical melwgy, optical data/image processing, medical

applicationsas well adaboratory researcji11-115].

Ultrafast lases, as the name implies, haextremelyhigh peak poweiin short time
duration, and are veryattractive in material processing, because they have been
shown to increase efficiency and accuracy of mateiiddtion etching and cutting
with less influence on the physical properties of the bulk matgris®-119]. The
current designs ofbeam shaping systems usually involve using monochromatic
continuous wave (CW) lasefhe aim ofthis chapteiis to simulate and analyze the

performance of ultrafast laser in the beaming shaping system.

4.2 Losslessbeam shaping phase mask design

Figure 4.1 illustrates the typical beam shaping system. A laser beamawittial
intensity profile entersan aperture where a diffractive optical element (DOE) is
placed. The phase of incident beam will be modulated by the DOEdd&$ieed
intensity distribution will be obtained at the focal plane. If we assume the beam
shaping lens is lossless, which means no energy absorption and blockingsout exi

the systemi.e., the total energy of incoming and outgoing beams are the same.
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Figure 4.1 Schematic diagram of typical beam shaping system

The field on the incoming aperturegether withthat on the target plarns a Fourier
transformpair. The uncertainty principle, wdh constrainshe lower limit for the
product of the roetneansquare i(ms) width of a function and its rms bandwidth,
must be taken into accoulh di mensi onl ess parameter b

diffraction problent9].
b=2p52, (4-1)

where R $ the characteristic length mfcoming beam, Ds thecharacteristic length
ofout put beam, & | $is thehfecal Vemgthidowedonocgrivdra a n d
Gaussianntensity profile, the fundamental mode ddder, into dlat-top rectangular
intensityprofile, a favored bearprofile by many applicationssia typical problenm

the beam shapingtudies The 2-D Gaussian an@-D redangular functions can be

decomposed into the products of two independeit Gaussian functions and
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rectangular functions, respectivelyhe 1-D functions are used in the follomg

discussions without losing generality.

The one dimensional intensity profile of the unshaped laser is a Gaheaiargiven

byl =€ I%" where p is the Gaussian radius at 1/e intensity. The desired output

intensity is flattop rectangwdr with the widthat2. The di mensi onl ess pa

can be expressed as

2\2p . r
b:#. (4-2)

The efficiencyof the field mappingoroblem of converting a Gaussian bearto a
flat-top beam can be describedt@mms of the ranges @fas follows: forb 32 one

can obtain very good solutiorad geometrical optics is applicabfer 4 Ob 32

useful results may babtained but they are not ideal; and fior 4®ne cannot achieve

very goodshaping of the beaif®]. Larger values ob make it posible to get steeper
skirts and lowe bumps on the output intensity profilEhe factorb can be improved

by increasing the input beam radius, expanding output spot size, decreasing

wavelength, or reducing focal length.

To study the ultrafadaser beam shaping, we first designed the phase maskTfor

Sapphie femtosecond laser with center wavelengtB@¥ nm.The beanparameters

are chosen athe following: ro =2 mmandrs= 3 0 & m. The focal | enc
transform lens is assumedioe 50 mm. The cal76199, phbsed b i s

mask designing can be achieved based on diffraction theoretic methods.
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Figure 4.2 Diagram of GerchbergSaxton Iteration

GerdbergSaxton (GS]10] and modified GS algorithmd1] have beerthoroughly
discussed and used to efficiently sollie phaseetrieval problems. Aliagram of the
iteration process is shown in Fig. 4The term  (X) is the intensity profile on the
front focalplane of Fourier transform lens, aihg, (u) is the desired intensity profile
on the target plane. THeh iteration start from the electric field dhe input plane,
g.(x), of which amplitudes thesquare root of the intensity. The phase information
of the electric field profile on the target plagg(u) is extracted. In the meantime,
the amplitude is replaced by the sguaoot of the desired intensity, (u). After

performinginverse Fourier transform, the phase information is extractetié¢k+1)

th iteration

The nodified GS algorithm, whichvas proposed by Liu and Taghizafielj, starts

from G, (u) that is the result afterthe Kth GS iteration This modified constraint
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functions can be defined based on the diffeeebetween the desired and actual

out put profiles making verbtobpok bfkehandésywv

A l2|
Fra (U) =ﬂ Gy (u) |u| ¢ ) (4-3)
P @) o>

where c is a constarthat can be manipulated he iteration is usually evaluated by
the normalizedite mean square error (MSE) of the intensity at the target,plane

. 2 2

a. “Gk (U)| - Iout(u)‘

MSE=-! ) 4-4
Al @4

The simulation is implemented in the Matlal® 4. The spatial size is chosen as 200
mm. Thus the resolutiod=00.2hemt &oget
points. Figire 4.3 (a) shows the normalized intensity distribution of the output beam
after 5000 GS iterationdNe find that~98.78% emrgy is constrained within the
region, |ulOr;. The corresponding MSEonverges during the iterations stsown in

Fig. 4.3(b).
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Figure 4.3(a) Normalized intensity distribution of designed flattop beam after 5000 GS
iterations. (b) Calculated MSE during the GS iterations
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The convergence of the modified GS algorithm strongly depends on the selection of
constantc. In our mask design process, the constant ¢ and iteration numbers are
optimized to fnd the minimum MSE during the first 200 modified GS iterations. The
intensity profile after modified GS iterations with optimized constant ¢ and iteration
number is plot in Fig. 4.4(a)Approximately99.68% of energy is cairained in the
target region.but the intensity profile is still far away from the flégp profile. That

is because optimization of MSE of the intensity profile does not help to improve the

flatness of the intensity profile. Therefore a new evaluation criterion is introduced

2

oW - [6. O
T =

4, 45
GO < 9

where u= 0 is the center of the talge p | an e, and the subset
the weight of boundary in the evaluation criterion. The smaller FLAT number is, the
flatter intensity profile is in center part on the target plane. After similar optimization
process for constant ¢ and @gon number, the intensity profile is plot in Fig. 4.4(b).

A flatter top intensity profile is achieved. In the meantime, the ratio of energy

constrained in the target region improves to 99.83%.
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