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ABSTRACT

A HYBRID OPTICAL TWEEZERS AND
PHOTOACOUSTIC MICROSCOPY SYSTEM

Photoacoustic microscopy (PAM) is a promising imaging modality that combines
optical and ultrasound imaging. It takes advantage of high optical contrast and high
ultrasonic spatial resolution. Conventionally, piezoelectric transducers are used to de-
tect photoacoustic waves. Here, it is aimed to utilize a particle trapped by an optical
tweezers (OT) system as a sensor by tracking the change in its displacements caused
by the photoacoustic radiation force. By this way, it is possible to put the detector as
close as a few microns to the absorber which is not possible with any other currently
existing detection mechanisms. An all-fiber integrated laser with custom-developed
electronics and software is developed specifically for the hybrid PAM and OT system.
The laser is home-built for maximum flexibility in adjustment of its parameters; pulse
duration (5-10 ns), energy (up to 10 pJ) and repetition frequency (up to 1 MHz) in-
dependently from each other. It covers a broad spectral region from 450 to 1100 nm
and can also emit wavelengths of 532, 355, and 266 nm. Photoacoustic radiation force
caused by the change in the density of time-averaged kinetic and potential energy of
the acoustic wave when encountered with a compressible or incompressible sphere is
analyzed theoretically. Then, experiments are conducted on several particles and cells
to manipulate them inside an absorbing medium. Apart from system development for
diagnostics, to turn a hand on the treatment side, proton-induced acoustics is studied
which has a potential to get real-time feedback for intratreatment adjustments and to
reduce range uncertainty via high spatial resolution in ultrasound. In this regard, an
analytic solution for the proton-induced acoustic wave is presented; then it is combined
with an analytic approximation of the Bragg curve. The influence of the beam energy,

pulse duration and beam diameter variation on the acoustic waveform are investigated.



OZET

HIBRIT OPTIK CIMBIZ VE FOTOAKUSTIK
MIKROSKOP SISTEMI

Fotoakustik mikroskop sistemi optik ve ultrason goriintiileme sistemlerini birlesti-
ren gelecek vaadeden bir sistemdir. Hibrit yapisi geregi optik kontrast ve yiiksek uza-
ysal ultason ¢ozuniirliikten ayni anda faydalanmaktadir. Geleneksel olarak fotoakustik
dalgalar piezoelektrik problarla algilanmaktadir. Bu tezde ses algilanmasinin optik
cimbiz tarafindan tuzaklanan parcacik vasitasiyla yapilmasi hedeflenmistir, bu sayede
sogurucuya halijazirda kullamlan herhangi bir dedektoriin yapamayacag kadar (birkag
mikron) yakinlagilmak hedeflenmistir. Hibrit fotoakustik mikroskop ve optik cimbiz
sistemi icin Ozel olarak fiber lazer sistemi gelistirilmigtir. Bu lazer sistemi parame-
trelerinde azami ayarlanabilirlik saglanacak sekilde tasarlanmigtir. Geligtirilen lazerin
atim stiresi 5-10 ns arasinda, atim enerjisi 10 pJ’e kadar ve tekrar sikhigt 1 MHz'e
kadar birbirinden bagimsiz olarak ayarlanabilmektedir, dalga boyunu ise 450-1100 nm
arasinda ayarlamak ve 1064 nm'nin harmonikleri olan 532, 355, ve 266 nm’den fay-
dalanmak miimkiindiir. Fotokustik dalgalar sikistirilabilir veya sikistirilamaz parca-
ciklarla karsilagtiginda, kinetik ve potansiyel enerji yogunlugunlugun degigsiminden
otiirii parcaciklara kuvvet uygulamaktadirlar. Ik olarak bu kuvvetler hakkinda teorik
caligmalar yapilmig daha sonra da deneysel olarak parcaciklar ve hiicreler bu kuvvetlerle
manipiile edilmigtir. Teshis i¢in yapilan bu caligmalar diginda tedavi kisminda da yer
almak icin proton tarafindan indiiklenen akustik dalgalar da incelenmistir. Bu ses dal-
galariin takibinin tedavi sirasinda diizenleme yapma imkani tanima ve yiiksek uzaysal
¢oziiniirliigii sayesinde proton menzil belirsizligini azaltma gibi potansiyel faydalari bu-
lunmaktadir. Bu konuda dalga denklemi analitik olarak ¢oziilmiig, 1g1n1in enerji, atim
siiresi, ve cap1 gibi degigskenlerinin etkileri incelenmis, ayrica frekans uzayinda da anal-

izler yapilmigtir.
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1. INTRODUCTION

Photoacoustic microscopy (PAM) is a biomedical imaging modality that com-
bines optical and ultrasound imaging. It takes advantage of high optical contrast
and high ultrasonic spatial resolution owing to its hybrid nature. When a short laser
pulse illuminates tissue, absorbed light leads to acoustic emission via thermoeleastic
expansion [4-13]. Generated ultrasonic waves are commonly detected by transduc-
ers. Recorded signals are used to map the distribution of the locations of optical
absorbers. Relatively low scattering of ultrasonic waves in biological tissues provides
deeper penetration beyond the optical transport mean free path [7]. The contrast
of PAM is endogenously produced by optical absorption of chromophores within the
tissue [14,15].

Photoacoustic imaging has various applications from material characterization to
biomedical sciences [16,17]. Photoacoustic imaging is safe for in vivo tissue imaging
since it has a non-ionizing absorption mechanism. Considering these particular advan-
tages, Photoacoustic imaging is a promising technique for biomedical optics. Resolution
and contrast of photoacoustic imaging depend primarily on laser parameters. Thus,
developing a model that reveals the dependence of the photoacoustic signal on laser
parameters and building a laser that takes the results of the model into account is

important to achieve optimal values for different applications.

In general, the laser system needs to produce short enough pulses, i.e., several
nanoseconds, in order to generate photoacoustic signals efficiently and emit wavelengths
in the visible range to cover absorption peaks of tissue chromophores in their spectra |7,
18,19]. To obtain adequate penetration depth, it is also desirable to utilize a wavelength
in the near infrared range, from 600 to 1200 nm, where biological tissues are relatively

transparent [20,21].



1.1. Lasers in Photoacoustic Microscopy Systems

Several kinds of lasers have been used for photoacoustic imaging. Pulsed laser
diodes draw researchers’ attention by being compact and inexpensive. While the peak
power is relatively modest [20,22], it is sufficient to obtain adequate signal-to-noise ratio
for in-vivo optical resolution photoacoustic microscopy (OR-PAM), as demonstrated
in several publications [23-27]. On the other hand, they found only limited place in
photoacoustic applications due to their lack of continuous tunability in wavelength. Q-
switched Nd:YAG lasers operating at 1064 nm (and/or acquiring 532 nm by frequency
doubling) are frequently utilized for PAM [20,28]. They are generally preferred because
of their easy accessibility. However, their fixed wavelength output is a serious drawback
for multispectral photoacoustic applications which quantify unique spectral features
of each absorber by a set of wavelengths. On the other hand, Q-switched Nd:YAG
pumped dye lasers, Ti:Sapphire lasers, and optical parametric oscillators (OPOs) are
usually preferred for providing necessary wavelength tuning with high pulse energies
(>1 mJ) [10,11,19,29-37]; yet, they have some major limitations of their practical
applications such as having low pulse repetition frequency (PRF) (generally less than
50 Hz, recently up to several kHz for OPOs [38,39]), being bulky and expensive, and

requiring external cooling units [17].

For the sake of enabling spectroscopic measurements, multiwavelength spectrum
is obtained from a single wavelength emitting Q-switched Nd:YAG laser (sometimes
microchip), either through stimulated Raman scattering (SRS) or nonlinear broadening
by coupling its output to a fiber [40-49]. For lasers utilizing SRS, major energy is
distributed on a series of fixed individual wavelength peaks that result from nonlinear
interaction between incoming photons through the fiber and the molecules in the fiber
itself, thus offers a limited wavelength tunability [50]. Polarization-maintaining single-
mode fiber (PM-SMF) as well as PCF have been used for generation of SRS peaks
[44,45,50-52]. Koeplinger et al. [45] reported four bands in a polarization maintaining
single mode fiber (PM-SMF), and Loya et al. [44] improved the system with a broader

wavelength tuning range also with a higher repetition rate and pulse energy per band.



Koeplinger et al. [45] sent the output of a Q-switched Nd:YAG microchip laser
with a repetition frequency of 7.5 kHz to a frequency-doubling KTP crystal. Then,
this output was sent to a 6 m-long PM-SMF and acquired four distinct bands 546, 560,
574, and 600 nm with a pulse energy of 80 nJ for the each wavelength. Loya et al. [44]
coupled the output of a Q-switched Nd:YAG laser operating at 30 kHz repetition rate
to a 30 m-long large mode area photonic crystal fiber (LMA-PCF) and individual
pulse energies were reported as 270, 360, 520, 530, and 400 nJ at wavelengths of 532,
546, 568, 589, and 600 nm, respectively. It was also demonstrated that both discrete
lines and a continuum can be produced by using four-wave mixing in a special fiber
(SMF-28e¢) [46]. As a different technique, Buma et al. [47] used a birefringent optical
fiber and produced discrete spectral bands in near infrared region. For comparison,
Table 1.1 summarizes specifications of these lasers with respect to the pump laser,
pulse duration, output wavelengths, measured pulse energies for some of the output
wavelengths counting in the bandwidth of the filter, pulse repetition frequency, and
fiber type. For all of the studies compared here, SRS in a fiber is utilized to obtain a
multiwavelength spectrum except from Ferrari et al.’s study in which four-wave mixing

is used [46].

Much more broader wavelength tuning can potentially be achieved by a supercon-
tinuum source such as photonic crystal fiber (PCF), which relies on spectral broadening
through nonlinear processes [2,40,53,54]. PCF is a silica optical fiber with an ordered
array of microscopic air holes running along its length [55,56]. Figure 1.1 shows the
structure of a PCF in detail [2]. The supercontinuum can also be generated in a stan-
dard silica based optical fiber. However, the high-index contrast between the core
material and the air holes inside PCFs leads to a very strong waveguide contribution
which is related to the geometrical distribution of air holes in the cladding microstruc-

ture.

Billeh et al. [40] utilized PCF for developing spectroscopic photoacoustic mi-
croscopy system. They sent the output of a Q-switched Nd:YAG microchip laser with

a repetition frequency of 6.6 kHz to a 7 m-long PCF and reported seven wavelengths of



Table 1.1. Comparison of specifications of lasers with respect to the pump laser, pulse
duration, output wavelengths, measured pulse energies for some of the output
wavelengths counting in the bandwidth of the filter, pulse repetition frequency, and
fiber type. For the studies compared here, SRS and four-wave mixing are utilized to
obtain multiwavelength spectrum. PD: Pulse duration, OW: Output wavelengths,
MW: Wavelengths for which energy values are measured, BW: Bandwidth, E: Energy,

PREF': Pulse Repetition Frequency, and ML: Microchip laser.

Pump PD | OW MW BW E PRF | Fiber
Laser (ns) | (nm) | (nm) | (nm) | (nJ) | (kHz) | Type
Koep-
Q-switched 6 m
linger 532, 546,
Nd:YAG 0.6 NA 80 7.5 PM-
et al. 560, 574, 600
ML SMF
2011 [45]
Loya 532, 546, 30 m
Q-switched D32-
et al. 1.8 568, 589, | NA NA 30 LMA-
Nd:YAG 610
2012 [44] 600 PCF
1064 1064 NA | 1170
1100 1097 4 250
Buma, | Q-switched 20 m
1175 1150 4.5 390
et al. Nd:YAG 0.6 7.4 PM-
1225 1215 10 480
2015 [47] ML SMF
1275 1275 20 430
1375 1325 55 200
532, 546
Ferrari 590, 600 100 m
Q-switched 532- up to
et al. 2 650, 700 | NA 20 SMF-
Nd:YAG 900 100
2015 [46] 750, 800 28e
850




575, 625, 675, 725, 775, 825, and 875 nm with a bandwidth of 40 nm for each wave-
length and pulse energies were measured as 7, 15, 24, 31, 31, 31, and 33 nJ, respectively.
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Figure 1.1. Photonic crystal fiber structure. a) Electron micrograph of the PCF used
in the supercontinuum generation experiments of Ranka et al. [1]. b) Central
microstructure of PCF in detail, and c¢) ideal hexagonal structure with the

parameters of A = 1.6 pum pitch and ¢ = 1.4 um hole diameter [2].

Lee et al. [41] also built a supercontinuum laser system for both PAM and opti-
cal coherence tomography (OCT). Afterwards, they determined oxygen saturation of
hemoglobin and hemoglobin concentration via the same laser source [42]. They also
sent the output of the same type of laser to a 10 m-long PCF and stated pulse energy

of the generated supercontinuum light as 500 nJ.



The pulse energies of two bands, 500 to 560 and 560 to 660 nm were measured
as 0.6 and 1.8 nJ, respectively. As can be seen, these pulse energies are quite low
despite the wide bandwidths. There are many attempts to develop multiwavelength
laser systems generating higher pulse energies from the output of an integrated fiber
for various photoacoustic imaging applications [40,43-45,49]. However, this condition
requires PCFs to withstand such high energies. Since non-linearity increases as the
effective mode area of fiber gets smaller; thus, it is advantageous to decrease core di-
ameter for generation of more efficient supercontinuum. Yet, energy per surface area
of the fiber has a major effect on the maximum optical pulse peak power which a
fiber can withstand [57-59]. Therefore, there is a trade-off between supercontinuum
efficiency and energy to be coupled into the fiber. In order to overcome this limitation,
tapered fibers are designed. Bondu et al. [49] used a nonlinear fiber that combines
a large-core fiber for high-pulse energy handling with a small-core fiber for efficient
spectral broadening. They used five different PCFs with varying core diameters, two
of them were tapered for supercontinuum generation. They also demonstrated that
total energy at the output of the straight PCF with core diameters of 5, 9, and 10 yum
as 10, 29.5, and 30 uJ, respectively; with visible output energies of 1.7, 5.4, and 4.6
pd. Total output energy of tapered PCF of length of 1 m with an input core diameter
of 10 um tapered down to 5 um was stated as 22 pJ with visible output energy of 6
pJ [43,49]. Whensoever the applications by coupling the output of Q-switched Nd:YAG
microchip to PCF are considered, energy per band is reported to be lower in super-
continuum case than SRS, which may be a drawback for many applications [50]. In
order to achieve wider tunability in the wavelength with high energy per band, Shu et
al. [43] proposed a master oscillator power amplifier (MOPA) laser system with a home-
built yterrbium-doped (Yb) fiber amplifier for power boost. The amplifier was coupled
to a specially designed PCF taper that connects a large-core fiber that has a much
more resistance to high-pulse energy at the input to a small-core PCF for spectrum
broadening. Pulse energy per band increased dramatically and became comparable
to the ones produced through SRS [43,49]. Table 1.2 summarizes these comparisons
with respect to the pump laser, pulse duration, output wavelengths, measured pulse

energies for some of the output wavelengths counting in the bandwidth of the filter,



pulse repetition frequency, fiber type and the method. For all of the studies compared

here, non-linear broadening in a fiber is utilized to obtain multiwavelength spectrum.

Table 1.2. Comparison of specifications of lasers with respect to the pump laser, pulse
duration, output wavelengths, measured pulse energies for some of the output
wavelengths counting in the bandwidth of the filter, pulse repetition frequency, fiber
type. For all of the studies compared here, non-linear broadening in a fiber is utilized
to obtain multiwavelength spectrum. PD: Pulse duration, OW: Output wavelengths,
MW: Wavelengths for which energy values are measured, BW: Bandwidth, E: Energy,
PRF: Pulse Repetition Frequency, and ML: Microchip laser.

Pump PD | OW MW BW E PRF | Fiber
Laser (ns) | (nm) | (nm) | (nm) | (nJ) | (kHz) | Type
575, 625, 7, 15,
Billeh | Q-switched
500- | 675, 725, 24, 31, 7 m
et al. Nd:YAG 0.6 40 6.6
1300 | 775, 825, 31, 31, PCF
2010 [40] ML
875 33
Lee Q-switched
500- 530, 60- 0.6, 10 m
et al. Nd:YAG 0.7 21
1700 610 100 1.8 PCF
2014 [42] ML
Shu Q-switched
500- PCF
et al. Nd:YAG 2 NA NA NA 25
2300 Taper
2016 [43] ML
Bondu | Q-switched 15 m
500- Total
et al. Nd:YAG 4 NA 4000 1 PCF
1600 | Visible
2016 [49] ML Taper

Apart from wavelength tunability, a laser system with high pulse repetition fre-
quency (PRF) is also desired for fast image acquisition. The repetition frequencies

of solid-state lasers are limited up to several kHz; but recently, fiber lasers with high



repetition rates emerge as an alternative excitation source for PAM. Through their
high repetition rate, near real and real time imaging can be achieved [50,60-62]. It
has already been reported that in comparison to conventional systems with solid state
lasers, the ones with fiber lasers are at least two orders of magnitude faster without
compromising lateral resolution [60,63]. Fiber laser sources are also used for in vivo
and in vitro studies also including flow cytometry applications [60,62-66]. The main
disadvantage of these systems are their fixed wavelength that does not allow for multi-
spectral functional imaging. To overcome the limitations, fiber laser technology seeking
for tunability in wavelength is put forward. Hajireza et al. [51] developed an SRS fiber
laser source for photoacoustic imaging. They coupled the output of an Yb fiber laser
into a PM-SMF in varying lengths at different PRF's and extended the number of wave-
lengths at SRS peaks that were previously limited [50,52]. The acquired pulse energies
were in between 100 to 500 nJ. In recent years, due to high power capabilities, MOPA
laser systems have begun to be developed [67-69]. The first demonstration of a short
pulse MOPA fiber laser at 1 um was the study by Ilday et al. [70]. Allen et al. [67]
produced a fiber laser system with a high repetition frequency in MOPA configuration
with a single emission wavelength of 1064 nm. Mahmud et al. [68] demonstrated an
OR-PAM system by using a commercial picosecond MOPA laser system consisting of
a fiber-based tunable oscillator and three amplifier stages with a high power booster
amplifier. However, the wavelength tunability was limited with 50 nm bandwidth.
The output power was reported up to 1.1 W and pulse energy up to 500 nJ. Table 1.3
summarizes these comparisons with respect to the pump laser, pulse duration, output
wavelengths, measured pulse energies for some of the output wavelengths counting in
the bandwidth of the filter, pulse repetition frequency, fiber type and the method. For
all of the studies compared here, pump lasers are fiber based, and SRS in a fiber is

utilized to obtain multiwavelength spectrum.

For this thesis, to address the limitations of each approach, a tunable fiber based
MOPA laser system producing nanosecond pulses, covering spectrum from 450 nm
to 1100 nm is developed specifically for PAM. The supercontinuum part is all fiber-

integrated; guided-beam-propagation renders its misalignment free and largely immune



to mechanical perturbations. Free space harmonic generation creates higher pulse
energy for a specific band, i.e. 532 nm, and also generates ultra violet (UV) light with
wavelengths of 355 and 266 nm. Total supercontinuum output power is over 1 W, and
visible output power is around 270 mW at 65 kHz repetition rate corresponding to 4

pJ pulse energy.

Table 1.3. Comparison of specifications of lasers with respect to the pump laser, pulse
duration, output wavelengths, measured pulse energies for some of the output
wavelengths counting in the bandwidth of the filter, pulse repetition frequency, fiber
type. For all of the studies compared here, pump lasers are fiber based and SRS in a
fiber is utilized to obtain multiwavelength spectrum. PD: Pulse duration, OW:
Output wavelengths, MW: Wavelengths for which energy values are measured, BW:
Bandwidth, E: Energy, and PRF: Pulse Repetition Frequency.

Pump PD | OW | MW | BW E PRF | Fiber
Laser (ns) | (nm) | (nm) | (nm) (nJ) (kHz) | Type
Hajireza 3 m
Yb-doped 532, 543, 300-
et al. 1 10 40 PM-
fiber laser 560, 590, 600 500
2013 [51] SMF
545, 550, 136, 76,
Hajireza 6 m
Yb-doped 558, 570, 151, 21,
et al. 1 NA 160 PM-
fiber laser 580, 590, 105, 213,
2014 [50] SMF
600 116
1030-
Fiber based
Mahmud 0.1- | 1080 100-
laser 1064 NA 500 NA
et al. [68] 5 515- 120000
(MOPA)
540

One of the novelties here is the improvement of wavelength tunability, output
power, and pulse energy when fiber-based lasers are benchmarked. This is the first

demonstration of spectroscopic PAM by developing a supercontinuum all-fiber based
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MOPA source. The tunability of the laser parameters allows using only one laser for
many different PAM applications, and also high repetition rate enables fast scanning.
The coverage of near-UV spectrum gives an opportunity to image cell nuclei. As certain
morphological changes such as size and shapes irregularities in the nuclei are known
indicators of various cancers [35,71], this system may also be useful for cell nuclei

studies as well.

1.2. Optical tweezers

Optical tweezers (OTs) are used for trapping and manipulating small particles
after Ashkin pioneered the technique. The momentum transfer of light to the particle
generates radiation pressure, and when it is tightly focused, sufficiently large forces
can be exerted on the particle to confine it near the focus [72]. Initially trapping of
dielectric particles from nanometer to micrometer sizes are demonstrated, and rapidly
the research has expanded to trap organic materials such as eukaryotic cells, bacteria,
viruses, and even to organelles within cells [73]. Currently, it is possible to trap not only
dielectric particles but also metallic nanoparticles through exploiting their plasmonic

response [74].

The basic operation principle of optical tweezers is grounded on the change in the
momentum of a photon, due to an alteration in its direction by reflection, refraction,
or scattering during interaction with a particle. In the presence of no external forces,
conservation of momentum implies that the particle should undergo an equal and op-
posite momentum change in compliance with Newton’s second law whose rate produces
a force acting on the particle. The momentum of light is expressed as, p = h/\, where

h is Planck’s constant and A\ the wavelength of the light.

The forces can be classified into two types: scattering and gradient force. The
former is proportional to the intensity of the light and pushes the particle towards
beam center in the case that refractive index of the particle is bigger than of the

medium n, > n,. The latter is towards the beam axis due to the gradient in the
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intensity of light as in the Gaussian profile, the light at the center is more intense
than the edges. Figure 1.2a shows gradient and Figure 1.2b scattering forces with

different directions. [3].

-np?\ /-’E:,

Figure 1.2. a) Gradient, b) scattering forces acting on a particle in a trap [3].

Based on the comparison of the wavelength of light to the dimension of the
particle, the theoretical explanation of optical trapping utilizes some approximations
referred as the Rayleigh and the Mie scattering regime. In the Mie scattering regime,
the diameter of the particle is much larger than the wavelength of the light, d >> A
and ray optics model can be applied. For the particles with diameters smaller than the
trapping wavelength, d << A, Rayleigh regime holds, and electromagnetic theory can

be used to treat particles as point dipoles [72,75,76].
1.2.1. Ray Optics Regime
In this regime, the forces on a spherical particle with refractive index larger than

the surrounding medium that is uniform and non-dispersive can be calculated directly

by geometric optics as following [77]:
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Focat = fim (1 + Rcos(20R) — #(cos(20p 1) + Rcos(20R))

1.1
c 1+ R? + Rcos(20r) (11)

and

P T2 in(2 _9 9
Fgrad = fm (]_ + RSZTL(29R) _ F(‘%n( HR QT) + RCOS( HR))

1.2
c 1+ R? + Rcos(26r) (12)

Here n,,, P, ¢, R, Tg, Og, and O are refractive index of the medium, power of the ray,

speed of light, Fresnel reflection, transmission coefficients and angles, respectively.

1.2.2. Rayleigh Regime

In the case that the wavelength of trapping laser is much bigger than the diameter
of the particle, geometric optics regime is not valid, light can not be represented as
rays. However, forces can be determined by using electromagnetic theory by behaving
the particle as a point dipole. Lorentz force acts on the dipole as a result of spatially

varying intensity in the electromagnetic field and can be expressed as following

ES11
I

|
<
-

(1.3)

Electrostatic potential due to the interaction between dipole with an electrostatic

field, E, is defined as a vector product with dipole moment, p.
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By using some vector identities, the force becomes

— = —

F=V@E)=px (VxE)+ @V)E (1.5)

By using the result of Maxwell’s equations in the absence of time-varying magnetic

field [78]

<
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o

(1.6)

and the linear relationship between the induced electric field and the polarization for

the weak fields ignoring the higher orders [79]

p=aE (1.7)
where « is the linear polarizability constant, Equation 1.5 becomes
F = (aEN)E (1.8)

The electric polarization of the dielectric can be defined as the electric dipole
moment induced per unit volume of the dielectric material. By using the following

vector identity
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— =

VE? = 2(EV)E + 2E x (V x E) (1.9)

gradient force that confines the particle around focus, i.e. Equation 1.8 can be expressed

as

— ]_ - -

F(r,t) = §onE2(r, t) (1.10)

The particle experiences a time averaged gradient force, the relation (E(r, )2), =

%|E (r)?| yields the force

(1.11)

The intensity of light, i.e., power per unit area is related to the square of the

magnitude of the electric field is expressed by [80]

Nm€onC

S B (112)

1(r)

where n,,, €, and ¢ are refractive index of the medium, permittivity of free space, and
speed of light, respectively. Putting Equation 1.12 into Equation 1.11 the following

equation is acquired



15

Firaa = aVI(r) (1.13)

By using Clausius-Mossotti and Lorentz-Lorentz relation for linear polarizability

constant a,

m2 —1

) (1.14)

o = 14 ial = 4rn? egr®(

where n,, and 1 are the refractive index and the radius of the particle with m = :—", it

adheres the following [80] definition of the gradient force:

)WI(r) (1.15)

The direction of the gradient force is toward the region of highest light intensity
which is toward the beam axis in the case of a Gaussian beam profile. The scattering
force is expressed as following in this regime [80]:

_, 1287°r%n,, m? — 1. =

et = (V) (1.16)

1.2.3. Biomedical Applications of Optical tweezers

Optical tweezers have found their place also in bioscience. The possibility of
non-invasively trapping and manipulating cells, bacteria, organelles and even single
molecules open a cache of opportunities to research their interactions with the environ-
ment. For cells, the absorption coefficient of infrared light is low, thus the possibility
of damage can be reduced by working in this region. There are many studies show that

cells are viable after being tweezed [81,82].
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Optical tweezers are also crucial tools for measuring and applying of subtle such as
a few picoNewtons [83]. Interactions in biological systems are made by such weak forces.
In this regard, optical tweezers is a versatile technique for biomedical applications
[84-88]. Whensoever biological objects themselves can not be trapped, as in the case of
DNA or RNA because absorption dominates over scattering, coated and functionalized
silica or polystyrene particles are used as handles [89]. Using optical tweezers, the
elastic and mechanical properties of DNA and the effect of binding molecules on these
features are analyzed [73,85,90-93|. Torsional properties of DNA are explored by many
studies [94,95]. Research revealed crucial information about physical properties and the
functioning of DNA enzymes. Under small extensions, DNA shows entropic elasticity,

yet at higher stretching forces, it exhibits linear, i.e., enthalpic, elasticity [90,96,97].

Another critical exploration through optical tweezers is the dynamics of motor
proteins as single biological molecules. They play key roles like transportation and
packaging inside the cell by transforming chemical energy into mechanical one. Studies
include muscle motor myosin that drives muscle contraction, intracellular transport
motor kinesin and dynesin that walk the positive and negative end of the microtubule,
molecular motor RNA polymerase (RNAP) that transcribes a DNA template into
messenger RNA, viral DNA-packaging motor DNA polymerases [98-102]. In addition,
optical tweezers served for understanding complex cellular processes including interac-
tions between cells as well as with their environments and adhesion forces. Viscoelastic
properties of cell membranes are studied by stretching them. It is also possible to fuse
cells with optical tweezers such as bringing T-cells and other cells in order to study
immune response. By combining the system with pulsed lasers, microsurgeries are
performed [103,104]. Cell division mechanisms are examined by manipulating chromo-

somes; organelles are also trapped and repositioned [104].

1.3. Photoacoustic Radiation Force

There are numerous biomedical applications of acoustic radiation force (ARF)

which is a period-averaged force that is applied by a sound wave on the medium.
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Viscoelastic properties of biological tissues including breast, muscles, liver can be eval-
uated employing ARF [105-110]. Elasticity measurements are valuable for diagnostic
reasons since anatomical structures differ for a healthy and abnormal tissue. Micropar-
ticles can be manipulated by ARF [111,112]. Directing such agents to the location of
interest is important since they may carry drugs and genes, enhance cell membrane and
vascular permeability by being selected through the vasculature due to their size [113].
The acoustic force on microbubbles is widely explored in the literature due to their
usage as contrast agents to increase the intensity of scattered echoes [114,115]. There
are many examples of using ARF in a standing wave for manipulation of cells, sorting

and separating different particles [116-118].

One of the earliest theoretical explanation on ARF is made by King [119]. He
expressed primary ARFs on a rigid, incompressible sphere suspended in a nonviscous
ideal fluid. Calculations were based on a plane axisymmetric standing waves. Em-
belton extended the theory of radiation forces on incompressible spheres for spherical
and cylindrical waves [120, 121]. Later, Yosioka and Kawasima derived the equations
for compressible bodies whose compressibility is much larger than the fluid they are
in [122]. Wu and Du made calculations for a compressible particle placed in the fo-
cus of the acoustic beam where is a stable point [123]. Utilizing a different model,
Gor’kov obtained forces for an arbitrary sound field which is in a complete harmony
with King’s model [124]. The effect of the primary and the secondary radiation force
on a microbubble is studied by Leighton and Dayton et al. both theoretically and
experimentally [125,126].

In contradistinction for conventional piezoelectric acoustic sources, short laser
pulses may induce acoustic waves in a more efficient way [127,128]. Zharov et al. pre-
sented a force expression for this kind of impact [129]. They introduced photoacoustic
tweezers, based on the generation of forces because of the change in the density of time-
averaged kinetic and potential energy. They also conducted experiments and controlled
the movement of particles and cells inside an absorbing medium by means of forces

induced by thermal and pressure gradients. This thesis puts its emphasis on acoustic
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radiation forces produced by photoacoustic waves in which high spatial control of the
applied force is assured by smaller focal spots through optics. Photoacoustic radiation
force is critical for detection of ultrasound waves with the hybrid optical tweezers and

photoacoustic microscopy system.

1.4. Proton Therapy

The main advantages of proton therapy are the finite range of the beam with
a maximum dose at the end of this range and the sharp dose falloff at the distal
edge [130]. Energy deposition and the speed of proton beams remain constant through
medium until a depth where particles start to slow down which leads to an increase in
the corresponding linear energy transfer (LET). Just before the end of protons’ track,
LET reaches to a maximum value when maximum energy deposition occurs, which is
called as the Bragg peak [131]. In conventional photon therapy, i.e., radiotherapy, the
use of X-rays may cause damage to healthy tissue as a result of exponentially decaying
dose along the beam path. However, if proton therapy is used, radiation dose is highly
accumulated at the Bragg peak and consequently, the damage in the healthy tissue is

minimized [132].

Nevertheless, real-time non-invasive monitoring of the radiation dose distribution
still remains elusive. To address this issue, positron emission tomography (PET) has
been suggested [133,134]. However, low spatial resolution and unattainable real-time
application of PET adversely affect its use [130]. Detection of gamma rays that are
produced as a result of inelastic interaction between incoming protons and nuclei at
the target site is another proposed method for dose monitoring [135,136]. The main
advantage of using gamma rays for this purpose is its real-time operation. However,
lack of optimized gamma detectors renders its utilization limited [130]. Besides, con-
ventional single positron emission tomography (SPECT) cameras cannot deal with the
high energy gamma rays produced in proton therapy. Detection of these rays with a
Compton camera has shown promise in range verification, yet minimum dose require-

ments should be satisfied to acquire adequate signal [137].
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Short and varied lifetimes of isotopes, high cost, and complexity of the system
are other drawbacks for the configuration [138]. In addition to the above-mentioned
modalities, magnetic resonance imaging (MRI) is also used for in vivo range verification
due to its high spatial resolution. However, further studies are needed to understand
the role of MRI in proton therapy [139-141]. In summary, all of these approaches
have their own obstacles. The difficulty of integration of imaging systems such as PET
and MRI within the proton therapy facilities is another stumbling block on the way
to practical applications of real time monitoring. As an alternative approach, dose

monitoring through acoustic waves during the radiation therapy has been emerging.

The generation of acoustic waves induced by proton beams has been studied using
simulations and verified with experimental studies. Sulak et al. [142] explained the-
oretical background in detail and performed an experimental verification. Hayakawa
et al. [143] and Tada et al. [144] monitored pressure waves created in both water
and animal muscle by pulsed proton beam. Hayakawa et al. [145] detected acoustic
pulses from a hepatic cancer patient during treatment that showed up the possibil-
ity of monitoring dose distribution through acoustic signals. Space—time structure of
hydroacoustic field was analyzed by Albul [146] and thermoelastic model was verified
through both pulsed and continuous beams by Graf et al., Terunuma et al., and DeBo-
nis, respectively [147-150]. Bychkov et al. [150] simulated proton induced acoustic
waves with different methodologies and showed a consistency of their simulations with
experimental data. Pressure waves generated from pre-Bragg peak heated region were

also simulated by [151].

In 2015, many studies were presented regarding proton induced acoustic waves
[138,152-154]. Ahmad et al. [152] investigated the detection limits on proton-acoustic
signals of distinct pulse durations for various beams of different energy, and spot size
by using semi-empirical analytical model presented by Pedroni et al. [155]. They not
only analyzed thermal noise of transducers’ detection threshold but also reported the
frequency and bandwidth of the acoustic signals to emphasize the importance of selec-

tion of transducers in proton-acoustics applications. Alsanea et al. [153] studied the
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feasibility of using proton induced acoustics to measure the range and Bragg peak
dose sensitivity by using Monte Carlo simulations based on computed tomographic
methods. Assman et al. [154] varied proton beam pulse intensity and length in pur-
suance of determining an achievable position resolution of proton acoustics. Jones [138]
observed acoustic waves generated by proton beams from a hospital-based proton ther-
apy unit in which source current was modulated by a function generator to acquire

desired spill time envelope.

Recently, Patch [156] correlated the Bragg peak location with target structure
through overlaying the location of the Bragg peak onto its ultrasound image by simul-
taneously acquiring proton induced acoustic signals with a clinical ultrasound array
at low energy. Jones [157] conducted simulation studies about the effects of pulse

characteristics on the determination of proton-beam range.

One of the difficulties for the translation of this technique in clinical arena is
the low amplitude of proton acoustic signals. Selection of the acoustic transducer
is of paramount importance in this regard. The magnitude of the acoustic signal is
strongly related to proton beam characteristics such as beam energy, pulse duration,
and beam diameter [144, 152, 158]; hence, it is important to investigate the effect of
these parameters. For this purpose, we first present an analytic solution of the proton-
acoustic wave equation based on our previous work [159]. Secondly, we combine this
solution with an analytical approximation of the Bragg curve established by Bortfeld
[158]. This manuscript focuses on providing an analytical model that explicitly connects
properties of proton beam and the acoustic wave. In general, the spatial and temporal
profiles are described by Dirac delta point distributions. In our work, we use Gaussian
spatiotemporal profiles to elucidate the relation between the parameters of the proton
beam and the acoustic wave. We believe that our systematic study of different variables

can be useful in studies of monitoring dose distribution through acoustics.
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1.5. Thesis Outline

In Chapter 2, the stages of fiber laser system development for photoacoustic
microscopy system is explained. Before the construction, an analytical solution of
photoacoustic wave equation is obtained to reveal the relationship between the laser
parameters and the photoacoustic signal. In the light of these analyses, specifications
are determined, and a design of the laser that can be seen in sections of the chapter
is put forward. The reason for building a custom made laser is to have flexibility on
the parameters. Commercial lasers have built-in properties that can not be tuned or
altered. Chapter 3 focuses on photoacoustic microscopy setup by using the home-made
laser. Subsequently, determination of lateral resolution and various multiwavelength
applications including cell studies in microfluidic devices take part under its sections.
Conventionally, piezoelectric transducers are used to detect photoacoustic waves. In
this thesis, trapped particle via an optical tweezers system is aimed to be utilized as
a sensor. By this way, it is possible to put detector as close as a few microns to the
absorber which is not possible with any other currently existing detection mechanisms.
Photoacoustic radiation force is applied on the trapped particle which causes some
changes in the position of it. By following the displacement of the particle, ultrasound
waves could be detected. In Chapter 4, theoretical analysis regarding photoacoustic
radiation force is shown, and then the results of experiments that are in harmony with
the theory are exhibited. Chapter 5 is about detection of the sound waves originating
from a source having the control on the amplitude and the frequency for calibrating
studies. Subsequently, construction of the hybrid photoacoustic microscopy and optical
tweezers system is explained, and then the results of experiments are presented. Apart
from the hybrid system, this thesis has a final chapter which is about proton-induced
acoustic waves. The motivation here is not only to focus on a system built for diag-
nostic purposes but also to monitor radiation therapy through acoustics. The physics
behind proton induced acoustic waves is similar to that of photoacoustics, for this rea-
son in Chapter 6, an analytic solution for the proton-induced acoustic wave is presented
to reveal the dependence of the signal on the beam parameters; then it is combined

with an analytic approximation of the Bragg curve. The influence of the beam energy,
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pulse duration and beam diameter variation on the acoustic waveform are investigated.
Further analysis is performed regarding the Fourier decomposition of the protonacous-

tic signals.
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2. DEVELOPMENT OF A NOVEL FIBER LASER FOR
PHOTOACOUSTIC MICROSCOPY SYSTEM

2.1. Oscillator and Pre-amplifier

An Yb-doped fiber is backwardly pumped by a 976 nm diode laser that can
deliver 540 mW power at the furthest. The reason for the backward pumping is to
reduce amplified spontaneous emission (ASE) rate. As a seed source, a 1064 nm diode
laser is used and driven by a nanosecond diode driver (PicoLas, LDP — V03-100 UF
V3). For harmonic generation, pulses with narrow bandwidths are beneficial, because
longer crystals induce more efficient wavelength conversion; yet, the length of the
crystal results in phase shifts in proportion to the bandwidth of the laser, a situation
that decreases the efficiency. Therefore, diode laser is chosen to have a very narrow
bandwidth of 0.3 nm. The driver is controlled through a field programmable gate array
(FPGA) circuit (BASYS2, Xilinx). FPGA is chosen for its high-speed performance
to generate pulses with durations of a few nanoseconds which is a requirement for
photoacoustic imaging. 15 ns long pulses are generated with a repetition rate of 65
kHz and sent to the gain fiber. Pulse repetition rate can be adjusted electronically
by means of FPGA and may go up to 1 MHz. Pulse duration may also be tuned
in the same way, shorter pulse durations produce photoacoustic waves with greater
amplitudes [160]. In front of the seed source, initially a directional isolator is used
to block 1064 nm of light and then an omnidirectional ASE filter is used to prevent
spontaneous emissions reaching back to it. The signal is combined with the pump
through a wavelength division multiplexer (WDM) and sent to preamplifier.In the first
stage, the pump is divided by a 30:70 coupler, 70% of the output pumps another
Yb-doped fiber for further amplification. An average power of the output power of
170 mW is measured at the end of the second stage. An isolator with a maximum
power handling of 2 W protects the stages from back reflections. Figure 2.1 shows the

schematics of oscillator and pre-amplifier.
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Figure 2.1. Schematic of oscillator and preamplifier. SM: Single mode fiber FPGA:
Field-programmable gate array, WDM: Wavelength division multiplexer, and ASE:

Amplified spontaneous emission.

At the end of the preamplifier, a 30:70 coupler allocates the signal. For supercon-
tinuum generation 30% of the signal is utilized and 70% of that is used for free space

harmonic generation.
2.2. Supercontinuum Generation

For the amplification of the signal that has an average power of 45 mW, a high
power laser diode that can deliver a maximum power of 18 W and a double clad (DC)
Yb-doped fiber (Yb-1200 20/125 PM, nLight Liekki) are used. A multipump combiner
(MPC) (10-125, 2+1, 976/1064 nm) conjoines the signal and the pump just before the

gain fiber. Figure 2.2 shows the schematics of supercontinuum generation.

high power
laser diode, WT 18W,
isolator coupler fixed wavelength  DC-Ybgainfiber ~ NKTSC50-1040 supercontinuum

1064 nm 30/70  ~45mW @ @ output
Preamplifier Sw—-__"% —
- ~108 mW MPC 10/125 photonic crystal fiber © 600-1000 nm, 1 W, 8 ns,

2+1,976/1064 nm 65 kHz, ~15uJ

achromatic
lens

Figure 2.2. Schematic of supercontinuum generation. MPC: Multiple pump combiner.



25

A 15 m long photonic crystal fiber (PCF, SC 5.0-1040, NKT) with 5 gm core size
is spliced to the end of the gain fiber for supercontinuum generation. As the length of
the PCF increases, supercontinuum can be generated more efficiently [reference].The
core size of the DC-Yb-doped fiber is larger than of PCFs’, for this purpose, a special
splice is utilized in between them. A splicer (FSM-100M, Fujikura) is used in which
the positions of the fibers in front of the arc welds can be manually adjusted. When-
ever, the splicer adjusts the positions automatically, the hexagonal structure of PCF
may be ruined at the entrance of the PCF, and supercontinuum may not be produced.
Total output power of supercontinuum is measured over 1 W with visible output power
around 270 mW with a powermeter (S314C, Thorlabs) at 65 kHz repetition rate that
corresponds to 17 uJ total and 4 pJ visible energy. Optical spectrum of the supercon-
tinuum is measured by two optical spectrum analyzers (OSA) with different wavelength
ranges; OSA 1 (Avaspec-3648-VIS, Avantes) and OSA 2 (QE65 Pro, Ocean Optics).
The acquired spectra are digitally combined in a single plot (Figure 2.3).
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Figure 2.3. Optical spectrum of the supercontinuum output (acquired by OSA 1 and
OSA 2, respectively).

In the first spectrum, the intensity of near infrared region appears lower than

its actual level due to the decrease in the response of the analyzer while approaching
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to the edges of the measurable spectra region. It may also be caused by the diffi-
culty of collecting all the beam with broad spectrum which is collimated by a single
lens. Although the lens is an achromatic lens, it may still not be enough to eliminate
slight divergence for different wavelengths and thus amplitude measurement variation
throughout this broad spectrum range. In the second one, the intensity of the region
between 450 to 650 nm lowered to noise level as a result of using neutral density filters

in order to prevent saturation of the detector for the remaining spectrum.
2.3. Harmonic Generation

Polarization of light is crucial for frequency multiplication; thus, 70% of the
allocated signal is passed through a polarizer and all fiber components beyond this
point are polarization maintaining. Figure 2.4 shows general schematics of harmonic

generation including the final amplification.

E?;Z‘;"LZ’ W b doned ~5W,8ns 1064 nm laser beam
Sgl:at?;l?::)n fixed wavelength bc ope er 67S6kHJZ Harmonic 532 nm laser beam
0 (( )) ! ; >
70 % of } * — Generation 355 nm laser beam

coupler ; h
P ~108 mW, polarizer  \ioc 50125 PM Collimator 1064 nm Module 266 nm laser beam

65 kHz 2+1,976/1064 nm laser beam

Figure 2.4. Schematic of harmonic generation.

A 976 nm diode laser is used and a multi-mode pump combiner (MPC) combines
the pump and signal. A polarization maintaining double cladding Yb-doped (PM-DC-
Yb) fiber is spliced to the end of the MPC for amplification of the signal and pulses
with 8 ns duration with an average power of 3 W at 65 kHz repetition rate are ac-
quired. Figure 2.5a shows the optical spectrum and Figure 2.5b shows the temporal
profile of a pulse at the end of the amplification. In the temporal profile, the leading
edge of the pulse is sharpened, or self-steepened, as the gain is partially saturated by
each individual pulse and consequently less gain is available for the trailing edge. The

temporal structure in the trailing edge is a static structure, which does not vary from
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pulse to pulse, originating primarily from the dynamically varying impedance of the

semiconductor diode that seeds the system.
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Figure 2.5. a) Optical spectrum and b) temporal profile typical pulse at the end of
PM-DC-Yb fiber.

For frequency multiplication process, a half wave plate is employed to match
the polarization between the isolator and crystals. An anti-reflection coated (for 1064
nm wavelength) lens with a focal length of 30 mm is used to focus light into crystal.
For SHG, a 20 mm long Lithium Triborate (LBO) crystal (Eksma, LBO-405) is used.
For non-critical phase matching (NCPM), a crystal oven and a proportional—integral
(PI) controller is added to maintain the temperature at 150.8 °C that results in max-
imum power. The light is passed through an anti-reflection coated (for 532/1064 nm)
lens for collimation. Two dichroic mirrors separate the generated SHG beam (532
nm light) from the 1064 nm beam. Here, the output power is measured as 500 mW
for 532 nm light. A mirror hold including a dichroic mirror reflecting 532 nm wave-
length is added to the system. When the mirror is flopped, beam including 532 and
1064 nm wavelengths pass through a lens to enter a crystal (Eksma LBO-407) for
THG. The crystal is maintained at 40 °C for NCPM. The output power is around
3 mW for 355 nm light. Another flip mirror mount with a dichroic mirror that is
transmitting 1064 nm and reflecting 532 nm beam is added to direct the beam to-

ward a lens with a focal distance of 30 mm. This lens focuses the beam into a Barium
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Borate (BBO) crystal (Eksma BBO-700, thickness = 6 mm) that generates second
harmonic of the 532 nm beam (fourth harmonic generation), which results in around
10 mW of 266 nm light. The output of the crystal is filtered via a dichroic mirror
reflecting 266 nm light and collimated by using a UV-coated lens with a focal dis-

tance of 50 mm. Figure 2.6 shows the schematics of harmonic generation module.
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Figure 2.6. Schematic of harmonic generation module.

The optical spectrum of SHG is shown in Figure 2.7a and of THG in Figure
2.7b. The spectra are acquired with OSA 2 and OSA 1, respectively. The photographs
showing the outputs of supercontinuum and harmonic generation units can be seen in

Figure 2.8a and Figure 2.8b, respectively.

The developed laser system has a total supercontinuum output power over 1 W
and visible output power around 270 mW at 65 kHz repetition rate corresponding
to 4 pJ pulse energy. At the harmonic generation unit, average power of 532, 266,
and 355 nm outputs are 500, 10, and 3 mW respectively. Table 2.1 summarizes these

specifications with related pulse energies.
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Figure 2.7. Optical spectrum of the a) SHG (acquired by OSA 2), and b) THG
(acquired by OSA 1).

For photoacoustic imaging, desired wavelength is filtered from supercontinuum.
Some of average power and pulse energy values can be seen at Table 2.2 after using

several bandpass filters with both small and large bandwidths.

Figure 2.8. The photographs showing the outputs of a) supercontinuum and b)

harmonic generation units.
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Table 2.1. Output specifications of the fiber laser system.

Average Power | Pulse Energy (at 65 kHz)
Supercontinuum Total: 1 W 15 pd
Visible: 270 mW 4 1d
Harmonic Generation | 1064 nm: 5 W 76 pJ
532 nm: 500 mW 7.7 pnd
266 nm: 10 mW 150 nJ
355 nm: 3 mW 46 nJ

Pulse energy values on the order of tens of nanojoules are sufficient for photoa-
coustic microscopic applications. The amount of energy increases towards the near
infrared region since the wavelength broadens towards visible region from 1064 nm

having the most intense power peak.

Table 2.2. Average power and pulse energy values for several outputs of

supercontinuum.

Wavelength | Bandwidth Average Pulse Energy
(nm) (nm) Power (mW) | (at 65 kHz)
650 80 92 1.4 pJ
680 10 5 76 nJ
732 68 82 1.3 pd
830 10 10 150 nJ
880 70 142 2.2 ud
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3. PHOTOACOUSTIC MICROSCOPY SYSTEM

The schematics of experimental setup for transmission mode OR-PAM system by

using the irradiation source explained previously (Chapter 2) is shown in Figure 3.1.
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Figure 3.1. The schematic of experimental setup for transmission mode OR-PAM

system.

A standardized resolution test target (USAF-1951, Thorlabs) was imaged for de-
termination of the lateral resolution of our OR-PAM system. A transducer (V384,
Panametrics) with a 3.5 MHz center frequency was used to acquire photoacoustic sig-
nals at the optical wavelength of 1064 nm filtered from the supercontinuum output.
For focusing the light, a 5x objective (LMH-5x—1064, Thorlabs) was used. The tar-
get was immersed in water, then 2D raster scanning by a motorized linear translation
stage (LNRSOSEK1, Thorlabs) along the x-y plane in steps of 1 pum for an area of 300
x 330 pum? was performed. The acquired signals were averaged over 128 consecutive
signal cycles. The trigger signal from the field programmable gate array (FPGA) of
the laser was used to trigger a data acquisition card (DAQ) for synchronization. Fol-
lowing the triggering of each laser pulse, photoacoustic signals were initially amplified

by 40 dB using a pre-amplifier (5678, 40 MHz bandwidth, Olympus) and then 39 dB
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via a pulser/receiver (5073PR, Olympus). The signals were digitized through a DAQ
(Razor Express CompuScope 1422, Gage Applied Technologies, Inc.), then data pro-
cessing and reconstruction were performed. Figure 3.2a shows the optical microscopy
image and Figure 3.2b presents the maximum amplitude projection (MAP) image of
the scanned area (Group 6 and 7) of the test target. The lateral full width at half-
maximum (FWHM) value from the imaged highlighted well resolved bars (Group 7,

Element 6) was determined as 2.68 pym, as shown in Figure 3.2d.
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Figure 3.2. a) Optical microscopy image, b) photoacoustic microscopy image of
USAF resolution test target (Group 6 and 7). c¢) Photoacoustic microscopy image of
Group 7 Element 6. d) FWHM of a line at Group 7 Element 6 from Gaussian fit
(blue) of raw data (black).

3.1. Phantom Studies

For the demonstration of our multiwavelength PAM system, Group 5 Element 6
of the test target were also imaged with six different wavelengths of 532, 650, 697, 732,
785, and 880 that can be seen in Figure 3.3a, 3.3b, 3.3c, 3.3d, 3.3e, and 3.3f respectively.
These wavelength values except from 532 nm which was obtained by second harmonic
generation (SHG), were filtered from the supercontinuum output of the laser for each

experiment. A 10x objective (Plan Achromat, 0.25 NA, Olympus) was used to focus
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light to the relevant area.

Figure 3.3. The PA image of Group 5 Element 6 scanned within an area of 56 x 101
pum? with steps of 1 um acquired at optical wavelength a) 532 nm from harmonic
generation unit, b) 650 nm, c¢) 697 nm, d) 732 nm, e¢) 785 nm, and f) 880 nm,

respectively; from supercontinuum output.

Each data set is normalized internally and the same colour palette is used, but

the variation in the absolute optical signal is about 15%.

3.1.1. Microfluidic Device Studies

Novel tissue-simulating phantoms should be utilized before conducting animal
experiments. Materials with stable optical and acoustic properties are required to
create phantoms. Some tissue-mimicking phantoms such as gelatin based and bovine
gelatin phantoms are constructed by adding India ink, whole blood, copper/nickel
chloride and fluorescent dyes (Direct Red 8, Evans blue) to provide optical absorbing for
both pre-clinical and clinical applications of combined PA and US imaging [161-164].
Although these hydrogel-based materials are optically transparent, easy to prepare,
and the speed of sound inside of them is similar to that in biological tissue, these
types of phantoms have a limited re-usability capability. The reason for this is their
low-temperature stability which may result in structural integrity loss [162]. Another

drawback of using agar or agarose gel as a phantom is that the inhomogeneity of



34

concentration during preparation causes some changes in the speed of sound along the
sample. Moreover, some absorbers such as copper or nickel ions were discovered to

react with aqueous gels [164].

Polyvinyl alcohol (PVA) gels were described as solid photoacoustic breast phan-
toms [165]. A variety of procedures were employed for gel reinforcement by an in-
crease in the cross-linking between the polymer chains to construct a higher dimen-
sional network structure. However, the phantom which is only sensitive to humidity
takes a long time to prepare through repeated freeze-thaw cycling [166]. Instead of
using water-based materials (gelatin, agarose) and PVA gels as phantoms, polyvinyl
chloride-plastisol (PVCP) that is synthesized from vinyl chloride monomers and in-
soluble in water is considered as an alternative phantom material. Spirou et al. first
presented the utility of PVCP phantoms in a PA context [167]. The PVCP based
tissue-mimicking phantom has a long-term stability with structural rigidity, as well as
its Gruneisen parameter is greater than expected in tissue, which causes an increase
the signal-to-noise ratio of the photoacoustic measurements. However, it has higher
acoustic attenuation than tissue, and its preparation is not trivial [163]. Polydimethyl-
siloxanes (PDMS), a silicone-based polymer, can be incorporated into phantoms for
photoacoustic applications. Creating microchannels within hydrogel structures is a
challenge, yet the elastomeric properties and optical transparency of PDMS make it
possible to design microfluidic channels and chambers with various geometries by us-
ing soft lithographic techniques. PDMS stiffness and hardness could be adjusted by
changing the ratio of pre-polymer base to curing agent. Therefore, PDMS-based mi-
crofluidic devices are regarded as promising tools for phantom studies of photoacoustic

microscopy [168-171].

For our studies, we used several microfluidic devices prepared by soft lithography.
Figure 3.4 shows photographs of some of them which are different in thickness. Figure

3.5 belongs to the optical microscopy image of the channels of the devices.
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Figure 3.4. Photographs of microfluidic devices with different thicknesses.

Figure 3.5. Optical microscopy image of the microfluidic devices’ channels.

Photoacoustic image of a microfluidic device loaded with black ink was acquired
for the PDMS thickness of 6 mm as can be seen in Figure 3.6. A transducer with a 3.5
MHz center frequency was used to acquire photoacoustic signals at the optical wave-
length of 1064 nm filtered from the supercontinuum output. The device is immersed in
water, then 2D raster scanned for an area of 4 x 1 mm? was performed. The acquired
signals were averaged over 128 consecutive signal cycles. The resolution of the image
is estimated to be around 5 pm which is the dimension of the pillars as they can barely

be distinguished.
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Figure 3.6. Photoacoustic image of a microfluidic device loaded with black ink for an

area of 4 x 1 mm?.

A microfluidic device loaded with red blood cells were also imaged with the pho-
toacoustic microscopy system. Figure 3.7a shows the results of scanning for an area
of 600 x 600 pm?. A transducer with a 10 MHz center frequency was used acquire
the photoacoustic image. Figure 3.7b and Figure 3.7c¢ belong to CCD and optical

microscopy images, respectively; for the comparison.

Figure 3.7. a) Photoacoustic, b) CCD, and ¢) optical microscopy image of a

microfluidic device loaded with red blood cells.

Signal to noise ratio of the photoacoustic image is low since acoustic attenuation

in PDMS is relatively high when compared to the tissue [172].
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4. PHOTOACOUSTIC RADIATION FORCE

4.1. Photoacoustic Radiation Force on Compressible Spheres

Microbubbles may be considered as compressible microspheres so that primary
radiation force is the time averaged product of the volume of the bubble and the

gradient in the acoustic pressure as follows [125,126]:

Forimary = (VVp(r, 1)) (4.1)

where V and V are the volume of the bubble and gradient in space, respectively. The
secondary radiation force is negligible compared to the primary force. In the case that
the acoustic pressure matches the resonant frequency of the microbubble, the force
expression can be simplified as

. QWPinTVpRF

F = 4.2
5totPVw0 ( )

where Pa, Ry, T, VprE, O, V, p, and wy represents the pressure amplitude, radius of
the bubble, pulse duration, pulse repetition frequency, density of surrounding medium,
total damping constant, speed of sound, and resonant frequency, respectively [126]. Tt
is noteworthy that Equation 4.2 is applicable when the center frequency of the acous-
tic wave and the resonant frequency of the bubble are equal. Moreover, Equation 4.2
is derived for a narrowband acoustic wave, yet the photoacoustic wave is generally
broadband. However, the photoacoustic wave is reported as narrowband when the
pulse duration of the laser is long [173]. For these reasons, the pulse duration is taken
sufficiently long as 7= 1/2w, which equates the center frequency of the photoacous-
tic wave to the resonant frequency. Table 4.1 summarizes the resonant frequencies
and the corresponding pulse duration values used in calculations for three commercial

microbubbles; Sovonue, Albunex, and Quantison that have 5 ym diameter.
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Table 4.1. Resonant frequency wy and corresponding pulse duration, 7 = 1/2wy for

the microbubbles with diameter of 5 pm.

) Resonant frequency | Pulse duration
Microbubble
wo (MHz) [174] T =1/2wp (ns)
Sovonue 2.2 227.3
Albunex 5.2 96.1
Quantison 11.0 45.4

Table 4.2 summarizes the resonant frequencies and the corresponding pulse du-
ration values used in calculations for microbubbles for three commercial microbubbles;

Sovonue, Albunex, and Quantison that have 10 ym diameter.

Table 4.2. Resonant frequency wy and corresponding pulse duration, 7 = 1/2wq for

the microbubbles with diameter of 10 pum.

) Resonant frequency | Pulse duration
Microbubble
wo (MHz) [174] T =1/2wp (ns)
Sovonue 0.9 555.5
Albunex 1.9 263.1
Quantison 4.0 125.0

In order to calculate the force on a microbubble, firstly the pressure amplitude
is obtained by using Equation 4.14, and then the radiation force on each microbubble
with respect to the radial distance is investigated. For the wavelengths of 970, 596,
and 578 nm, the absorption coefficients of whole blood are taken as u, = 6.9, 44.8, and
268 cm ™!, respectively [10,175]. Parameters of the absorber are I'= 0.2 with fluence F
= 15 mJ/ cm?. The density and the speed of sound are taken as p = 1000 kg/m?3 and
vs= 1480 m/s, respectively [126,176]. Figure 4.1a shows the change of the force on the

microbubbles with a diameter of 5 pm with respect to distance from the absorber. The
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resonant frequencies of previously specified microbubbles are 2.2, 5.2, and 11 MHz.
Figure 4.1b shows the change of the force on the bubbles with a diameter of 10 pum
and resonant frequencies of 0.9, 1.9, and 4 MHz, as summarized in Table 4.2. For
these graphs, the absorption coefficient of whole blood p, is taken as 6.9 cm~!. Total
damping constant is taken, d;;= 0.15 for both mircobubble types with 5 or 10 pum
diameter [174].

F (pN) F (pN)
25¢

—+— QUANTISON
~= ALBUNEX
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Figure 4.1. Primary radiation force F (in units of pN) on Sovonue, Albunex, and
Quantison vs position r (in units of um) for the diameters of the microbubbles (a) 5
pm with the resonant frequencies of wy = 2.2, 5.2, and 11.0 MHz, respectively; and
(b) 10 pm with the resonant frequencies of wy = 0.9,1.9, and 4.0 MHz, respectively;
where the pulse duration 7 = ﬁ, the absorption coefficient of whole blood pu, = 6.9

cm™!, pulse repetition frequency vprr = 1 MHz, and beamwidth o = 70 um.

The results show that the force on the microbubble is decreasing with the dis-
tance between the bubble and the absorber. As can be seen from Figure 4.1 higher
resonance frequency leads to a higher force. According to the Equation 4.2, the force is
inversely proportional to the resonant frequency. However, adjusting the pulse duration

according to the resonant frequency leads to a higher amplitude and force.

Figure 4.2, recurrently, illustrates the change of the force on the microbubbles as
a function of the position of the bubbles for the same parameters except for the absorp-

tion coefficients of the whole blood that are u, = 44.8, and 268 cm ™! for wavelengths of
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596 and 578 nm, respectively. Here the pulse repetition frequency and the beamwidth

are vprr = 1 MHz and o = 70 pm, respectively.
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Figure 4.2. Primary radiation force F (in units of pN) on Sovonue, Albunex, and
Quantison vs position r (in units of ym) for the diameters of the microbubbles (a) 5
pm with the resonant frequencies of wy = 2.2, 5.2, and 11.0 MHz, respectively; and
(b) 10 gm with the resonant frequencies of wy = 0.9, 1.9, and 4.0 MHz, respectively;

where the pulse duration 7 = ﬁ, the absorption coefficient of whole blood i, = 44.8

cm ™!, pulse repetition frequency vprr = 1 MHz, and beamwidth o = 70 pm.

A comparison among Figures 4.1, 4.2, and 4.3 reveals the significant influence
of the absorption coefficient on the force. Near the visible wavelength of 578 nm, the
force increases dramatically. The absorption coefficient can also be increased by using
contrast agents. For example, the optical absorption coefficient of whole blood for a
wavelength of 800 nm is around 4 cm™! but it is ten fold more than blood for ICG (43

m~') [21]. On the other hand, it should be noted that when the absorption coefficient
increases, penetration depth in tissue decreases. There is a compromise between the
increase in force and penetration depth via absorption coefficient adjustment. Figure
4.2 and Figure 4.3 indicate that the force can reach to the orders of 100 and 1000 pN.
Application of the force at this scale makes the manipulation and confinement of the
microbubbles possible to enhance the image quality and drug delivery. At least forces
of a few hundred piconewtons are needed to manipulate the microbubbles in biological
applications [177,178]. In addition, considerably small forces (< 10 pN) can be utilized

to measure viscoelastic properties of the microbubbles [178]. As the microbubble is
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Figure 4.3. Primary radiation force F (in units of pN) on Sovonue, Albunex, and
Quantison vs position r (in units of ym) for the diameters of the microbubbles (a) 5
pm with the resonant frequencies of wy = 2.2, 5.2, and 11.0 MHz, respectively; and
(b) 10 pm with the resonant frequencies of wy = 0.9, 1.9, and 4.0 MHz, respectively;
where the pulse duration 7 = ﬁ, the absorption coefficient of whole blood u, = 268

em™!, pulse repetition frequency vprr = 1 MHz, and beamwidth o = 70 um.

farther away from the absorber, the force decreases as expected. These results are

in a good agreement with Zharov’s and Hernot’s experimental results [113,129].

Pulses generated by piezoelectric transducers have repetition rates are on the
order of kHz. In our case, the pulsed laser is used to create an acoustic wave by means
of the photoacoustic effect. Thus, repetition rates up to the order of MHz are utilized
in order to adjust the radiation force. Figure 4.4 shows the upsurge in the force as the
pulse repetition rate increases from vprr = 250 kHz, 500 kHz, and 1 MHz, respectively.
The effect of the beamwidth on the radiation force is also investigated at r = 75 pum
for a microbubble with a diameter of 5 ym. The pulse duration of the laser is 45.4 ns

matching the resonant frequency of the microbubble which is 11 MHz.

The reason for the increase in the force with the beamwidth is that the laser pulse
with a large beamwidth is absorbed by the larger part of the absorber. The impact
of pulse duration on the wave is also shown for various beamwidths. It is already well

known that the amplitude of the photoacoustic wave decreases as the pulse duration
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Figure 4.4. Primary radiation force F (in units of pN) on Quantison vs beamwidth o

(in units of pm) for the pulse repetition frequencies of vprr = 250 kHz, 500 kHz, and

1
2wq ?

1 MHz, respectively; at r = 75 pum, where wy = 11 MHz, the pulse duration 7 =
the absorption coefficient of whole blood is p, = 44.8 cm™!, and the diameter of the

microbubble 5 pm.

gets longer. The peak power is inversely proportional to the pulse duration if the pulse
energy of the laser is constant. Therefore, shorter pulse durations yield larger wave
amplitudes accompanied by a deterioration in depth resolution. In Figure 4.5, as the
beamwidth decreases the signal decreases slightly because the radial profile becomes
very sharp approaching a Dirac ¢ function. Therefore, the explicit laser parameter

dependence disappears.

For a very large pulse duration, the wave diminishes since the stress and thermal

confinement conditions are violated.
4.2. Photoacoustic Radiation Force on Incompressible Spheres
4.2.1. Theory

The scalar potential of the velocity field ¢, can be obtained from the pressure

field p; by the following integration [128]:
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Figure 4.5. Normalized amplitude of photoacoustic wave p(r,t)/py versus pulse

duration, 7 for the beamwidths ¢ = 25, 50, and 75 um, where r = 100 pum.

1
p(r,t) = —;/Pz‘(ﬂ t)dt (4.3)

where p is the density of the medium. The velocity field, v;, is the gradient the scalar
potential [128],

Time-averaged kinetic (V;) and potential (T;) energy densities in the acoustic

wave could be expressed as [124]
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_ 1 —
Vi=spv} (4.5)
2
and
__ 1 —
= ———p? 4.6
T 2p'U2 7 ( )

Here v is the speed of sound in the medium, v2 and p? are the time-averaged
squares of the pressure and the velocity field of the acoustic wave at the point of the

incompressible sphere’s position and can be denoted as

— 1 /T
vi= —/ v(r,t)%dt (4.7)
T Jo

and

_ 1 T
ﬁ:—/pmﬁﬁ (48)
T 0

where T is the characteristic acoustic pulse duration which is the twice of the laser
pulse duration, T = 27. The acoustic field generates a force on the particle whose

potential function can be described by the following expression [124,129]:

=

2o | S|

U = 27rp( fi== 1) (4.9)

N

V2

3p
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where r, is the radius of the particle, f; and f, are related to the physical parameters
of speed of sound and the density of both medium and the particle that are defined
as [124,129]

fi=1- oy (4.10)
and
Ps — P
=2 4.11
f2 et p (4.11)

where v? and p are the square of the speed of sound and the density inside the medium,
respectively; v2 and p, are the square of the speed of sound and the density inside the

incompressible particle, respectively.

The potential function can be expressed in terms of time-averaged kinetic (V})

and potential (7;) energy densities [129]
302 7 A
U= 27T7’8<§f1ﬂ — fz‘/;) (412)

The force acting on the particle can be expressed in terms of the spatial gradients of

the potential, F; = —V7T; and the kinetic energy F, = VV; of the acoustic field

F= 27TT§(§f1F1 - f2F2> (413)

For force simulations, initially scalar potential of the velocity field is obtained

by using the analytic expression of the pressure wave that belongs to our previous
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work [159] as
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From this pressure field, we obtain analytic solution for the scalar potential of

the velocity distribution and the velocity field by using Equation 4.3.

Figure 4.6 shows the velocity field simulated by using Equation 4.4. Here the
medium is water (vs = 1500 m/s and p = 1000 kg m~3) that includes trypan blue with
an absorption coefficient, i, = 0.1 cm™!, the radius of the absorber is R = 5 ym. The

pulse duration of the laser is 4 ns having a pulse energy of 1.5 uJ.

Regardless of the non-dimensional time, the time-averaged potential energy mono-
tonically decreases as can be seen in Figure 4.7. For smaller non-dimensional time, the
decline is sharper. The outcome of this behavior is that this component of the photoa-
coustic radiation force is always positive and reaches to a maximum value around the
variance of the laser beam. Figure 4.8 shows normalized gradient of the potential energy
for different non-dimensional times, 7, = % = 2.4, 1.7, and 0.8, respectively; versus
non-dimensional radial distance. Figure 4.9 shows normalized time averaged-kinetic
energy, (T;) obtained analytically from scalar potential for different non-dimensional

times, 7,= %= 2.4, 1.7, and 0.8, respectively; versus non-dimensional radial distance.
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Figure 4.6. The velocity field versus normalized time (vst/R) for the medium of water
(vs = 1500 m/s and p = 1000 kg m™3) that includes trypan blue with an absorption
coefficient, p, = 0.1 cm™!, the radius of the absorber is R = 5 pum. The pulse

duration of the laser is 4 ns having a pulse energy of 1.5 uJ.

Normalized potential energy (a.u)

Nondimensional radial distance (r/o)

Figure 4.7. Normalized time averaged-potential energy, (V;) for normalized times, 7,

v —

R

2.4, 1.7, and 0.8, respectively; versus non-dimensional radial distance (r/o).
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Figure 4.8. Normalized gradient of the potential energy, (VV;) for different

non-dimensional times, 77, = 7 = 2.4, 1.7, and 0.8, respectively; versus

non-dimensional radial distance (r/o).
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Figure 4.9. Normalized time averaged-kinetic energy acquired analytically from scalar

potential for different non-dimensional times, 7,= %= 2.4, 1.7, and 0.8, respectively;

versus non-dimensional radial distance (r/o).
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As can be seen in Figure 4.9, the position of the maximum of kinetic energy
depends on the non-dimensional time. Figure 4.10 shows normalized gradient of the
kinetic energy for different non-dimensional times, 7,= F= 2.4, 1.7, and 0.8, respec-
tively; versus non-dimensional radial distance. This component of the photoacoustic

radiation force reaches to its maximum value and then becomes zero.

05F

Normalized gradient of the kinetic energy (a.u)

0 1 2 3 4 5 6
Nondimensional radial distance (r/o)

Figure 4.10. Normalized gradient of the kinetic energy for different non-dimensional

times, 7= ‘£= 2.4, 1.7, and 0.8, respectively; versus non-dimensional radial distance

(r/c).

The photoacoustic radiation force is estimated on a small silica particle with the
following parameters: speed of sound inside the particle, v, = 5968 m/s and density of
the particle, p, = 2650 kg m~3, speed of sound inside the medium, v = 1500 m/s and
density of the medium, p = 1000 kg m~3, f; = 0.9762, f, = 0.5238, total absorption
coefficient of trypan blue and the water, u,= 0.1 cm™!, the radius of the particle is r, =
2 pm. The pulse duration of the laser is 4 ns with a pulse energy of 1.5 uJ. Figure 4.11
shows the force resulted from the gradient of the potential energy (blue) and kinetic

energy (red) by using these variables versus radial distance (in units of pm).

By using Equation 4.13, total photoacoustic radiation force on a silica parti-

cle with a radius, r, = 2 pm is evaluated and it is presented in Figure 4.12.
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Figure 4.11. Photoacoustic radiation force (in units of pN) due to the gradient of the
potential energy (blue) and kinetic energy (red) on a silica particle with a radius, 7,

= 2 pm versus radial distance (in units of pm).
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Figure 4.12. Total photoacoustic radiation force (in units of pN) on a silica particle

with a radius, r,= 2 pm versus radial distance (in units of pm).
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For these parameters, there is a strong repulsive force up to a radial distance of
9 pum, the force is attractive in between 9-16 um and finally becomes a weak repulsive
force and then vanishes. The position of the attraction and the amplitude of the
photoacoustic radiation force depend on medium, particle and excitation parameters.

In some cases, the force is only repulsive.

4.2.2. Experiments

For experimental studies, silica particles with various diameters, (1, 2 and 4 pm)
and polystyrene beads (diameter, 4 um) were used. The particles were suspended in
a solution consisting 1-67 % trypan blue to increase absorption. These objects were
placed in a cavity between the microscope slide and the cover slip. The laser beam was
focused with a 100x oil immersion objective. The position of the laser focus in the x-y
plane was fixed, controllable in the z, the relative position of particles was adjusted

with the microscopy stage on the same plane.

The photoacoustic waves were monitored with the presence of a water immersion
transducer with a central frequency of 3.5 MHz upon the microscope slide. Figure
4.13 shows the position of the transducer contacted to the microscope slide with an

ultrasound gel to prevent impedance mismatch between the glass and the air.

We showed that it is possible to move particles with the photoacoustic radiation
force. Silica beads with diameters of 4 ym and density, p, = 2650 kg/m? are used for
this experiment. Figure 4.14a shows the positions of particles just after the laser shot
(532 nm, pulse energy around 1.5 pJ), Figure 4.14b shows the positions after 3 frames,

with a video recording of 15 frames/s that corresponds to 0.2 seconds later.

Green and red arrows show the initial and final positions of silica particles. Re-
mote particles (farther from 25 um) were not affected by the photoacoustic radiation
force as theoretical studies show that the magnitude of the force around these distances

is insignificant.
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Figure 4.13. Acoustic wave monitoring via a 3.5 MHz transducer contacted to a
microscope slide with an ultrasound gel to prevent impedance mismatch between

glass and air.

00>

Figure 4.14. The position of silica particles with diameters of 4 um a) just after b) 3
frames later than the laser shot (A = 532 nm; pulse duration, 8 ns; energy, 1.5 puJ;
beam diameter, ~ 2 um) in a solution of 67% trypan blue. Bright spot belongs to the

position of the laser beam.
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Our simulation studies showed that the force is repulsive for the relative distance
between the laser focus and the particle is in the range of 2.5-7.5 pum, attractive be-
tween 7.5-10 pm and repulsive for the rest but with a very small magnitude. Figure
4.15a shows the positions silica particles just before the laser shot (A = 532 nm; pulse
duration, 8 ns; energy, 1.5 uJ; beam diameter, ~ 2 um). Figure 4.15b displays separa-
tion of four attached particles that are very close to the focal spot of the laser beam.
At these distances attractive photoacoustic radiation force is in action, as can be seen
in Figure 4.15¢ and Figure 4.15d particles get close to the focus, then they start to
move away with the effect of repulsive photoacoustic radiation force that can be seen
in Figure 4.15d and Figure 4.15f. All the pictures here are snapped with an interval
of 3 frames. Because of the relatively slow CCD camera (< 24 frames/s), it can not

capture the speedily moving particles and some of them seem blurred.

In the other set of experiments, silica beads with diameters of 2 um and density,
ps = 2650 kg/m? are used. Figure 4.16a shows the positions of particles just before the
laser shot (532 nm, pulse energy around 1.5 uJ), Figure 4.16b, 4.16¢, and 4.16d show
the positions after 5 frames from each other, with a video recording of 15 frames/s that

corresponds to 0.33 seconds later.

Green and red arrows show the positions of silica particles at each frame. A very
similar experiment is conducted on red blood cells to illustrate that cells can also be
manipulated. Figure 4.17a shows the positions of particles just before the laser shot
(532 nm, pulse energy around 1.5 pJ), Figure 4.17b, 4.17c and 4.17d show the positions
after 2 frames from each other. It is observed that membrane of cells rupture when
they intersect with the laser beam. Bright spot belongs to the laser beam which is
scattered by the constituents of the blood.

An analysis regarding the effect of repetition rate of chopper is conducted. Thus,
the affect of bursts on the motion of the particle is also performed. Figure 4.18 shows
the general scheme for bursts generated with a chopper that operates in between 10-

80 Hz for the fiber laser that has a repetition rate of 65 kHz. In the Figure 4.18, the time
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Figure 4.15. a) The positions of silica particles just before the laser shot (A = 532
nm; pulse duration, 8 ns; energy, 1.5 pJ; beam diameter, ~ 2 um), b) separation of
four attached particles with repulsive photoacoustic radiation force ¢) and d) getting
particles close to the focus with the effect of attractive photoacoustic radiation force
d) and f) departing of particles with the effect of repulsive photoacoustic radiation

force.
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Figure 4.16. The positions of silica particles with diameters of 2 ym a) just before the
laser shot (A = 532 nm; pulse duration, 8 ns; energy, 1.5 pJ; beam diameter, ~ 2 pm)

b), ¢), and d) 5 frames later than each other in a solution of 67% trypan blue.

Figure 4.17. The positions of red blood cells a) just after the laser shot (A = 532 nm;
pulse duration, 8 ns; energy, 1.5 pJ; beam diameter, ~ 4 um) b), c), and d) 2 frames

later than each other in their serum.
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difference between bursts (top) depends on the repetition rate of chopper and time

difference between intra-burst peaks (bottom) are determined by the fiber laser.

Figure 4.19 shows the displacement of particle (in units of pum) versus repetition

rate of chopper (in units of Hz).
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Figure 4.18. General scheme for bursts generated with a chopper that operates in
between 10-80 Hz for the fiber laser that has a repetition rate of 65 kHz. Top: the
time difference between bursts (depends on the repetition rate of chopper), bottom:

time differences between intra-burst peaks.
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As can be seen, from Figure 4.19 as the number of individual peaks increases in
the burst, the distance that the particle can travel also increases. Working in the burst

mode may increase the sensitivity in detection of photoacoustic radiation forces.
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Figure 4.19. The displacement of particle (in units of ym) versus repetition rate of

the chopper (in units of Hz).
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5. HYBRID OPTICAL TWEEZERS AND
PHOTOACOUSTIC MICROSCOPY SYSTEM

In the hybrid optical tweezers and photoacoustic microscopy system, trapped
particle is used to detect photoacoustic waves. In this sense, it is critical to understand
the dynamics and the calibration techniques of optical tweezers. The following sections

includes these know-hows.
5.1. Optical tweezers

The motion of a Brownian particle is slower than the atoms of the fluid that it
is immersed in when the dimension of the particle is larger than those atoms. This
motion is a result of random collisions with the atoms of the fluid because of density
fluctuations [179]. Time scales in a colloidal system vary, for instance the relaxation
time for the Brownian particle, i.e., the momentum relaxation time is expressed as

following;:

m
T = — 5.1
> (5.1)

where 7 is the particle friction coefficient for a spherical particle of radius R moving in

a fluid with viscosity 7, is determined by Stokes’ law [179]
v = 6mnR (5.2)

For a particle with radius R = 1 pm, mass m = 11 pg, in water with viscosity n =0.001

N s m™? at room temperature, momentum relaxation time is 7, = 0.6 us [180].
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The relaxation time for the Brownian particle, i.e., the time that the particle

have diffused its own radius is defined as [179]

2
= % (5.3)

where D is the diffusion coefficient as defined [180]

For a particle with radius R = 1 pm in water with viscosity 7 = 0.001 N s m~2

at room temperature, the relaxation time for the Brownian particle is 7. = 5 s [180].

In general,

T << T, (5.5)

The equation of the motion of the particle in a viscous fluid can be described by

the following Langevin equation [180]:

m%r(t) = — %r(t) + x(t) (5.6)

where x(t) is the random fluctuation force with zero mean, i.e., (x(¢)) = 0. When there
is a potential, U(r), such as the presence of an optical trap, Equation 5.6 becomes [180]
o 0

m o (t) =~ Ur) — 7o (t) + x(0) (5.7
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here, the force acting on the particle is F(r) = —2U(r), under such a potential.

The Reynolds number is defined as the ratio of the inertial forces to the viscous

forces [180]

_ Inertial Force  Rup (5.8)
“" Viscous Force 1 '

R

In the low Reynolds number regime, viscous force dominates. The inertial term

can be ignored in the low Reynolds number regime, then Equation 5.7 becomes

o.7(t) = —;—U(T) +&(1) (5.9)

Here £(t) =v2DW (t), where W (t) is the white noise [180].

For a 3D optical trap, Equation 5.9 can be utilized to express Langevin equation

for each dimension as following [180]:

de(t) ke

= —Vm(t) +V2DW,(t)
W) _ ~2y(1) +V2DW, () (5.10)
dz(t)
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where x and y represent the position of the particle in a plane that is perpendicu-
lar to the beam propagation direction z, k;, ky,, and k. are the stiffness of trap in that

direction, W, (t), W,(t), and W,(t) are independent white noises.

5.2. Calibration Techniques

For calibrating an optical trap, the traditional approach is to determine the stiff-
ness of the trap [181], and hence the force which is proportional to the stiffness and
displacement of the trapped particle with respect to the center of the trap can be
determined. Calibration is also important in determining the conversion factor, 3, to
transform measurement units into real displacements. Generally, these units are pixels
(e.g., for CCD) and volts (e.g., for QPD) that are required to be converted to determine
absolute positions [180].

Various techniques can be employed to perform calibration. There are passive and
active calibration techniques. In the passive ones, trajectory of the particle is measured
inside a fixed trap whereas in the active ones, the effect of a known force is examined
on the trapped particle. Passive techniques include the potential analysis, the equipar-
tition method, the mean square displacement analysis, the autocorrelation function
analysis and the power spectrum analysis and these techniques will be explained in the

following sections [182-184].
5.2.1. Potential Analysis
The trapped particle is in thermal equilibrium with the molecules of fluid that

behaves as a heat-bath, therefore Maxwell-Boltzmann distribution gives the probability

distribution of the trapped particle inside a potential as following [184]:

(5.11)
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By solving Equation 5.11, the expression for U(z) can be obtained [182]

—U(zx) = kgTlog[p(x)] + Uy (5.12)

Utilizing the histogram of the position, probability distribution, p(x) can be ap-
proximated, and then the trapping potential U(x) can be acquired.

Figure 5.1a shows the position histograms of a silica particle with a diameter of
1 pm trapped inside water by a laser diode operating at 976 nm wavelength with a
power of 10 mW at the sample. Figure 5.1b shows the acquired potential by using
Equation 5.12.
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Figure 5.1. a) The position histogram, b) potential corresponding to an optically

trapped silica particle with a diameter of 1 ym by a 2.3 mW laser power.

In the presence of harmonic potential, the probability distribution is Gaussian,
whenever the potential is not harmonic, the distribution can be used to characterize
the potential by using Equation 5.12. However, this method has some drawbacks such
as low-frequency noise appear in the wings of the histogram and may overspread the

distribution [184].
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5.2.2. Equipartititon Theorem

A trapped particle makes thermal fluctuations and moves continuously because
of the heat of solution. The fluctuations are balanced with potential which can be

assumed as harmonic [182]

U(e) = ghall — ) (5.13)

where k, is the trap stiffness, x is the displacement of the particle from its trapped
equilibrium position, z.,. The potential variance can thus be used to calibrate the

optical tweezers. Langevin equation with this assumption becomes [180]

dx(t)
dt

= —kg[z(t) — Zog] +V2DW, (1) (5.14)

By using Equation 5.11, the probability distribution becomes Gaussian

[ ([ — xeq])Q])
2%k T

p(x) = poexp(— (5.15)

The equipartition theorem that states every degree of freedom has an average

energy of $kpT, which makes the following equation applicable: [183]

(U(2)) = 5mallle = el ) = T (5.16)



64

For sufficient number of independent data points, z;, (that do not need to be

acquired at fixed intervals), the position variance is estimated as [180]

L
1
2,(ex) __ ex)\2

glea) = Z;m—xgq ) (5.17)

and the trap stiffness by following:

o kgT
K = e (5.18)
Ox

The method is advantageous in that stiffness can be determined without the need
to know the shape of the particle and the viscosity of the medium. The parameters af-
fect the distribution implicitly. Yet, the approach is prone to errors since low-frequency
noise increases the overall variance, and may decrease the stiffness. The errors can be

reduced by repeating the experiments and averaging the results [185].
5.2.3. Mean Squared Displacement Analysis
It is also possible to calibrate the optical trap by mean squared displacement

(MSD) analysis. The MSD which is a quantification of a particle’s movement from its

initial position is given by [180]

MSD, = (@(t+ 1) — 2())? (5.19)
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where 7,;, = -= is the trap characteristic time. For short times, 7 << 7, MSD is

linearly proportional to t as in the free diffusion case and for long time scales, 7 >> 7,
within the confinement of the optical trap it reaches a plateau. In this situation, MSD

can be related to the position autocorrelation function [182]

MSD, =202 — 2(x(t)z(t + 7)) (5.20)

o2 is the variance of the displacement data set, the angle brackets represent averages

over all time values. MSD takes the following form for timescales much longer than

the inertial time scale [180]

kT _
B (1 —exp 7o) (5.21)

MSD, =2

Ky

The diffusion coefficient can also be extracted from the analysis. Data acquired
from experiments is not in the units of lengths, it is pixel for CCD and voltage for

QPD. It is necessary to obtain a conversion factor

~
Stea) — | (5.22)

,y(ea:)
where 7(¢?) is the experimental friction coefficient acquired from fitting. Figure 5.2
shows MSD for a trapped silica particle with 2.3 mW laser power in the absence of an

external sound source.
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Figure 5.2. Mean square displacement analysis corresponding to an optically trapped
silica sphere with a diameter of 1 ym by a 2.3 mW laser power in the absence of a

sound source.

5.2.4. Autocorrelation Analysis

Another data analysis tool for calibration of optical tweezers is the autocorrelation
function (ACF). This method measures the bead’s position with respect to itself after a
later time, and it is an indicator of the required time for the particle to be uncorrelated

from its initial position. It can be calculated as [182]

Co(1) = (x(t)z(t + 7)) (5.23)

Here the angle brackets represent an average over all times, t, and 7 is the lag

time. Evaluation of the Equation 5.24 gives [180]
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Cu(1) = (exp Tots ) (5.24)

For 7 >> 7,_, the positions that are measured sufficiently far enough in time
are independent of each other. This technique is very useful when worked with non-
spherical particles [182]. Figure 5.3 shows ACF for a trapped silica particle with 2.3

mW laser power without any external sound source.
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Figure 5.3. Autocorrelation function analysis belongs to an optically trapped silica

sphere with 2.3 mW laser power in the absence of a sound source.

5.2.5. Power Spectrum Analysis

Power spectrum distribution (PSD) is considered as the most reliable method for
calibration of an optical tweezers. Its advantage is a result of working in the frequency
domain. Mechanical drifts and electrical noise can clearly be identified since they ap-

pear as peaks in the spectrum. PSD gives the power of the motion that contributes
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to each frequency [185]. The Langevin equation of motion can be redesigned as [180]

dx(t)
dt

+ 2 f, o (t) =V2DW, (1) (5.25)

by introducing the corner frequency,

Ry

Taking the Fourier transform, Equation 5.25 becomes [182]

where X (f) and W,(f) are Fourier transforms of X (¢) and W,(t). By squaring the

modulus of Equation 5.27, the particle’s movements are expressed in terms of a power

spectrum [180]

P(f) =X = 52— (5.28)
where D is the diffusion coefficient.

It is required to obtain a conversion factor to transform acquisition units to length

(5.29)
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Figure 5.4 shows PSD for a trapped silica particle with 2.3 mW laser power

without any sound source inclusion.
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Figure 5.4. Power spectrum analysis belongs to an optically trapped silica sphere

with a diameter of 1 ym by a 2.3 mW laser power in the absence of a sound source.

5.3. Sound Wave Detection via Optical tweezers System

The optical setup based on an inverted bright-field microscope coupled with a
diode laser operates at 976 nm to trap silica particles. The laser beam is broadened
by a telescope built with two plano-convex lenses to overfill the back aperture of an
oil-immersion microscope objective (Nikon 100x, NA 1.3). The positions of the trapped
particle are recorded with a CCD camera at 25 frames per second with sound switched
off and on. The back reflected light from the trapped particle is also collected with a
QPD for more sensitive acquisition. The translational stage of the microscopy body is
used to move particles with respect to the objective. As a sound source, an earplug
drived by a function generator is used. By this way, the frequency and the amplitude

of the sound wave is controlled. A petri dish with a base plate of thickness 170 pum
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is used as a vessel to suspend particles and to place the earplug. Figure 5.5 is the

photograph that shows the location of earplug inside a petri dish.

Figure 5.5. The photograph showing the location of the earplug inside a petri dish.

5.3.1. Results of the Earplug Experiments

The trajectory of the x displacement of a trapped particle was tracked with QPD
with the sound off and on, respectively; and analyzed. Figure 5.6a displays the voltage
values that can be converted to the particle positions in the absence of any sound.
Figure 5.6b, Figure 5.6c, and Figure 5.6d show the voltage values acquired through
an oscilloscope when there exists a sound wave with 300, 500, and 1000 Hz frequency,

respectively.

In the condition that no sound wave is present the position of the particle ran-
domly fluctuates in time around its equilibrium position. In the presence of a sound
wave, the particle explores mostly the edges of the potential well. As the frequency of
the sound wave increases the change from opposite edges becomes more frequent. Fig-
ure 5.7a exhibits Fourier transformation of the trajectory of a particle when sound is off.
Figure 5.7b, Figure 5.7c, and Figure 5.7d show the trajectory in the frequency domain
when a sound wave is generated with 300, 500, and 1000 Hz frequency, respectively.
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Figure 5.6. Positions of particle (from QPD) versus time, when there is a) no sound,

a sound wave with b) 300, ¢) 500, and d) 1000 Hz frequency.

Further analysis was made in the frequency domain, as well. In the trajectories

recorded with no sound, all possible frequencies were observed in the Brownian motion

of the particle with a peak on its angular frequency.

When the sound is on, peaks at the frequency of the sound source emerged, and if

the amplitude of the sound wave was high enough, as in the case of 300 Hz harmonics

of the frequencies could also clearly be seen.

Several analyses were also performed including mean square displacement, au-

tocorrelation function and power spectrum analysis. Figure 5.8a, Figure 5.8b, Figure

5.8¢c, and Figure 5.8d belong to the graphs of mean square displacement analysis when

there is a sound wave with 100, 300, 500, and 1000 Hz frequency, respectively.
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Figure 5.7. Fourier transformation of the trajectory of a particle, when there is a) no

sound, a sound wave with b) 300, ¢) 500, and d) 1000 Hz frequency.

As distinct from no sound case (Figure 5.2), at the climb of the graphs there were
undulations due to the force applied by the sound wave that compelled the particle to
visit mainly the borders of the potential well. The raise in the frequency of the sound

wave brought about the change from opposite edges more frequent.

Figure 5.9a, Figure 5.9b, Figure 5.9¢, and Figure 5.9d demonstrate the graphs of
autocorrelation function analysis when there is a sound wave with 100, 300, 500, and

1000 Hz frequency, respectively.
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Figure 5.8. Mean square displacement analysis when there is a sound wave with a)

100, b) 300, c¢) 500, and d) 1000 Hz frequency.

Similar to Figure 5.3 which is the case for no sound, ACF also converged to zero
in the existence of sound waves. In like manner to mean square displacement analysis
(Figure 5.8), the raise in the frequency of the sound wave caused an escalation on the
recurrence of moving between the edges. It was also observed that the change in the
lag time of the particle was insignificant. The difference in the amplitude of voltage
values may be a result of taking data for different particles, the disparity in the relative
position of sound source and the particle, the attenuation differences of the sound wave
as a result of difference in path, variations at the angle of sound source with respect

to the bead.
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Figure 5.9. Autocorrelation function analysis when there is a) no sound, a sound

wave with b) 300, ¢) 500, and d) 1000 Hz frequency.

Figure 5.10a, Figure 5.10b, Figure 5.10c, and Figure 5.10d illustrate the graphs of
power spectrum analysis when there is a sound wave with 100, 300, 500, and 1000 Hz
frequency, respectively. The peaks that belong to the central frequency of the sound

source and its harmonics can clearly be seen.
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Figure 5.10. Power spectrum analysis when there is a) no sound, a sound wave with

b) 300, ¢) 500, and d) 1000 Hz frequency.
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5.4. Photoacoustic Wave Detection with Hybrid Photoacoustic

Microscopy and Optical tweezers System

5.4.1. Simulations

For simulations, Equation 5.9 is solved with Finite-difference method, by the

replacement below

dr(t)
dt

— (r; —riz1) /At (5.30)

and the following equations are acquired [180]:

i = Tj—1 — @xi_lAt +V 2DAthyl
v
K
Yi = Yi—1 — fyi—lAt +V2DAtw, ; (5.31)

Zi = Zi—1 — &ZiflAt +V QDAtU)Z’Z
Y

5.4.2. Properties of the White Noise
A white noise W(t) has the following properties [180]:
1. (W(t)) = 0 for each t;
2. (W(t)?) =1 for each t;

3. W(ty) and W (t,) are independent of each other for ¢, # t,.
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An open source library is used for simulation studies [180]. The library is written
in object-oriented programming and includes Brownian motion of a particle. For this
thesis, photoacoustic radiation force is modeled theoretically (Chapter 4) and added
as an external force to Equation 5.6. Then simulations are made accordingly. Figure
5.11 shows the trajectories of a single particle under random walk (blue) and with the

influence of a photoacoustic radiation force (red) having a maximum value of 20 pN.
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Figure 5.11. The trajectories of a single particle under random walk (blue) and the

influence of a photoacoustic radiation force (red) having a maximum value of 20 pN.

The data shown here belong to a particle with 2 um radius in water, with a dif-
fusion coefficient, D = 1.0987 x 10713 m? /s, friction coefficient, v = 3.7699 x 1078 kg /s
released at t=0 second from r =0 pm. Spring constants are taken as k, = 2 x 107°
N/m and k, = 2x107% N/m. Equilibrium point is taken as, r., = [0,0]. Time intervals
for simulations are, dt = 100 ns, for a total number of 10° data points corresponding

to a total time of 0.1 seconds. There is no significant variance difference between the
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two trajectories. Figure 5.11 shows the positions of a single particle under random
walk (blue) and with the influence of a photoacoustic radiation force (red) having a

maximum value of 40 pN under the same parameters summarized above.
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Figure 5.12. The trajectories of a single particle under random walk (blue) and the

affect of a photoacoustic radiation force (red) having a maximum value of 40 pN.

Although there is no significant difference in the variance, random walks are
cumulated around a 100 nm far from the equilibrium point. The influence of photoa-
coustic radiation force is felt by the particle especially in the beginning of trajectory
before settling down. Further analysis is performed by taking Fast Fourier transform
(FFT) of the positions. Figure 5.13 shows the comparison of FFT analysis for the tra-
jectories of the particle when there is no photoacoustic wave (yellow), a photoacoustic

wave with an initial pressure, py = 130 kPa (red), and py = 180 kPa (blue).
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Figure 5.13. FFT analysis for the trajectories of the particle when there is no
photoacoustic wave (yellow), a photoacoustic wave with an initial pressure, py = 130

kPa (red), and py = 180 kPa (blue).

The repetition frequency of the excitation source (fiber laser) and its harmonics
can clearly be seen which shows the existence of a photoacoustic wave. It is important
to note that the amplitude of the frequency component increases as the the amplitude
of the photoacoustic wave, thus the amount of photoacoustic radiation force increases.
It is possible to get information about the amplitude of photoacoustic wave from its

intensity in the power spectra.

5.4.3. Experiments

An inverted free microscope body (Nikon Eclipse) is used to combine photoa-
coustic microscopy and optical tweezers system that can be seen in Figure 5.14. A
continuous wave laser diode that operates at 976 nm wavelength delivering a maxi-

mum power of 600 mW is used for trapping.
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A shortpass dichroic mirror (805 nm) reflects the laser beam and transmits the
visible wavelengths to CCD camera for visualization, manipulation, and tracking of
the particles. A 50-50 beam splitter is used right after the dichroic mirror for the
separation of back reflected light from trapped particle to be monitored by the CCD
and also a QPD. Two different configurations are used for the hybrid system. Figure
5.15 shows the schematic of the experimental setup in its first configuration. A 100X
oil immersion (NA, 1.3) is used to focus the laser beam. For illumination of the sample

a led flashlamp is used with some angle in this configuration.

Harmonics
Generation
Unit Supercontinuum
output
4= Free Space
output
CCD ey

Laser Diode s

Figure 5.14. The photograph of the hybrid photoacoustic microscopy and optical

tweezers system.

In the photoacoustic microscopy part, the laser source is a custom designed tun-
able fiber laser which provides pulses at a repetition rate of 65 kHz with a wavelength-
tuning range of 600 to 1100 nm also with the harmonics of 1064 nm that are 532, 355,
and 266 nm. The preferred wavelength is filtered through a bandpass filter, then the
beam is expanded through a home built telescope. A 10X objective is used to focus

the light.
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Figure 5.15. The schematics of the hybrid photoacoustic microscopy and optical

tweezers system in its first configuration.

The laser beam for the generation of photoacoustic waves is coupled to the hybrid
system from the top of the XY stage of the microscope since optical trapping is only
possible against the gravity. A 3.5-MHz unfocused ultrasonic transducer is attached to
the surface of a slide to monitor photoacoustic waves. The signals are initially amplified
by 40 dB using a pre-amplifier (5678, 40 MHz bandwidth, Olympus) and then 39 dB
via a pulser/receiver (5073PR, Olympus). Then they were digitized through a DAQ
(Razor Express CompuScope 1422, Gage Applied Technologies, Inc.). Because of the
difficulties in the illumination and acoustic monitoring , the hybrid system is also built

in a second configuration whose schematic can be seen in Figure 5.16.
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Figure 5.16. The schematic of the hybrid photoacoustic microscopy and optical

tweezers system in its second configuration.

The photograph of the optical tweezers part of the hybrid system is shown in
Figure 5.17. The laser beam couples to the system being transmitted via a short-pass
filter (DMSP 1000, Thorlabs) and enters the microscope body from its backward port.
Afterwards, a dichroich mirror (DMLP 550, Thorlabs) reflects the beam to a conjoint

sample plane.
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Figure 5.17. The photograph that belongs to the optical tweezers part of the hybrid

system (second configuration).

The photograph of the photoacoustic microscopy part of the hybrid system is
shown in Figure 5.20. The laser beam couples to the system being reflected via a short-
pass filter (DMSP 1000, Thorlabs) and enters the microscope body from its backward
port. Afterwards, a dichroich mirror (DMLP 550, Thorlabs) reflects the beam to the

conjoint sample plane.
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Figure 5.18. The photograph that belongs to the photoacoustic microscopy part of
the hybrid system (second configuration).

When the laser pulse is absorbed by a target, thermoelastic expansion induces
acoustic signals which then cause a change in the behavior of the trapped particle.

Figure 5.19 illustrates the usage of a bead as a photoacoustic wave detector.

All of the analysis are done by tracking the trapped particle either by a CCD or
a QPD. For the camera tracing, an algorithm that follows the most intense pixel at
the center of the particle is used. Figure 5.20 shows the image of a silica particle with

a radius of 2 pum inside a trap with a red circle marking the most intense pixel.

Experiments are conducted to see the affect of the magnitude of pressure on the
FFT amplitude of the particle positions. Figure 5.21a shows FFT analysis for the case
of photoacoustic wave absence (P; = 0). Figure 5.21b and 5.21c belong to the same
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Figure 5.19. The illustration of the bead (blue sphere) as a detector for photoacoustic

waves generated by an absorber (grey sphere).

Figure 5.20. The image of a silica particle with a radius of 2 um inside a trap. Red

circle marks the most intense pixel for tracking its positions.
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analysis for the laser pulse energies of P, = 0.5 and P3 = 1.5 uJ, respectively; with the
chopper operated at 10.5 Hz.
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Figure 5.21. FFT amplitude of trapped particle positions versus frequency for the
pulse energies of a) P, =0, b) P, = 0.5, and ¢) Py = 1.5 uJ, respectively; with the
chopper operated at 10.5 Hz.
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Additionally, the excitation laser frequency is varied by the chopper revealing
that the peak in the FFT precisely follows it. Figure 5.22 shows normalized FFT
amplitude of the particle trajectories versus frequency for the chopper frequencies of

a) fi =10.5,b) fo = 15.6, and ¢) f3 = 19,6 Hz, respectively.
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Figure 5.22. Normalized FF'T amplitude of the particle trajectories versus frequency
for the chopper frequencies of a) f; = 10.5, b) fo = 15.6, and ¢) f3 = 19,6 Hz,

respectively.
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In the spatial domain, no significant difference is observed between the cases of
photoacoustic wave absence and existence. The voltages acquired from CCD versus
time for a pulse energy of P, = 1.5 uJ can be seen in Figure 5.23a. The recordings are
made for 2000 frames with a frame rate of 40. Figure 5.23b shows the voltages when

there is no sound.
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Figure 5.23. The voltages acquired from CCD versus time for a) a pulse energy of

P, = 1.5 pJ and b) the absence of photoacoustic wave.

Figure 5.24 shows the amplitudes of photoacoustic waves (in units of voltage) for

different pulse energy values.
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Figure 5.24. The photoacoustic signals (in units of voltage) for different pulse energy

values versus time (in units of seconds).
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6. PROTON INDUCED ACOUSTIC WAVES

The energy deposited by pulsed proton irradiation causes thermoelastic expan-
sion that induces a pressure wave. The physical mechanism behind protonacoustics
is equivalent to that in photoacoustics and X-ray induced acoustics [5,186]. There-
fore, the protonacoustic pressure wave distribution can be approximated by the wave

equation:

2 L& = BT
(V Ug (9752 )p(r7t) - Ii’Ug (9752 (61)

The left hand side of Equation 6.1 represents the pressure wave p(r,t) at position
r and time t where v, is the speed of sound while the right hand side of Equation 6.1
stands for the source term. Here, [ is the thermal coefficient of volume expansion, k
is the isothermal compressibility, and 7'(r,t) is the increase in temperature at position

r and time ¢.

Heat diffusion could be neglected, with the assumption of instantaneous energy
deposition, since heating occurs over a shorter period of time than heat relaxation time.
Excluding heat conductivity, the change in temperature can be expressed in terms of
heating function, i.e., the amount of heat generated by interactions of protons with
atoms of tissue per unit volume per unit time, and p and Cy denote density and the

specific heat capacity at constant volume, respectively,

oTr
pC’VE = H(r,t) (6.2)
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The heating term can be decomposed into a product of radial and temporal

components as follows

Here, we take the following Gaussian spatiotemporal profiles for the temporal
and radial parts, H(t) and A(r), respectively; to obtain explicit dependencies of proton

beam parameters (energy, pulse duration and beam width) on the resultant acoustic

wave:
exp(——2t22)
H(t) = —=—~ 6.4
)= "2 (61
and

Ar) = EP (- N 0r)0(—r + R) (6.5)

where 7 and o are the pulse duration and beam width of the proton beam, respectively.
In the literature, temporal profile of the heating term is generally described by the
Dirac delta function [5]. Nevertheless, the solution of the acoustic wave equation for
the Gaussian spatiotemporal approximation gives opportunity to directly observe the
effect of the proton beam parameters on the pressure wave. The analytic solution of
the photoacoustic wave equation presented in our previous work is based on the Fourier
transform and Greens’ function methods [159]. Firstly, the Fourier transform is applied
to reduce the acoustic wave equation to a simple wave equation in frequency domain.
Later, using the Greens’ function technique, frequency domain solutions are obtained.

In other words, the frequency domain solution is found by calculating the following
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integral:

p(r,w) = /é(r,r’;w)g(r’;w)d%/ (6.6)

Here, tilde () represents the Fourier transform. In the Equation 6.6, G(r,r";w) is

given by [187]

~ 1

G(r,r';w) = exp(i | v —1'|) (6.7)

Cdm|r—r | s

and the Fourier transform of the source term is given by [159]

S(r,t) = i po(r)wexp(—T d ) (6.8)

Finally, using the inverse Fourier transform, the pressure wave is presented by

the following comprehensive expression stated in Equation 4.14.

The instantaneous energy deposition caused by the short pulse duration of the
proton beam leads to a local rise in pressure immediately after the excitation. The
initial pressure rise, pg, can be expressed in terms of the Griineisen parameter I', and

the local energy density u,

po=Tu (6.9)



93

The dimensionless Griineisen parameter I' is defined as

s
F pu—
kpCy

(6.10)

where [ is thermal expansion coefficient, x is isothermal compressibility modulus, p
is mass density of the medium, and C' is heat capacity at constant volume. For soft

tissue its value is measured as 0.2 [7].

The energy density is related to dose D and density p by u = Dp [152]. Then,

the initial pressure rise, pg, can be written as

po =I'pD (6.11)

In order to calculate the initial pressure rise, the dose term D in Equation 6.11
needs to be determined from the Bragg curve. An analytic approximation for the Bragg
curve provided by Bortfeld is used to calculate the depth-dose distribution [158]. By
using that model, the relationship between energy of the beam and beam width is
established, then deposited dose values are obtained for various energies. These values
are substituted into Equation 4.14 and Equation 6.11 to determine the value of the

pressure for various parameters.

In general, the fundamental assumption for the energy distribution is that the
beam would be mono-energetic just before it enters the medium. However, in real-
istic cases, the initial spectral energy distribution has a Gaussian shape rather than
a perfect d-shape. Furthermore, the range of individual protons varies due to statis-

tical differences in energy losses. Thus, the Bragg peak is broadened around Ry which is
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known as range straggling [158]. To consider aforementioned effects, we use a dose
calculation algorithm which contains a multiplication of a central axis term, commonly

referred as ”Bragg curve”, and an off-axis term [188].

Beam specifications such as pulse duration, beam diameter, beam width, etc.
should be measured with low uncertainty for dose monitoring since they have a con-
siderably significant effect on the acoustic waves. These parameters depend on the
type of the accelerator which are summarized in Table 6.1 including pulse repetition

frequency (PRF) [189-197|. Parameters on simulations are chosen according to these

specifications.
Table 6.1. General specifications of accelerator types.
Laser
Cyclotron | Synchrotron | FFAG DWA Linac
Driven
Current (nA) 1-300 1-10 1-100 | Very High | 1600 | ~ 1000
PRF (Hz) Cont. 0.5-50 100-1000 <1 1-60 | 1-1000
Pulse Length Cont. 0.5 us-3 s | ~ 100 ns ~ NS ~ s | ~ ps

6.1. Results

Firstly, we investigate depth-dose profiles of Bragg curves. Figure 6.1a shows
dose distribution as a function of distance through the stopping medium of water, for
clinical energy values of proton beam, i.e. 50-200 MeV. Here, the number of protons is
N, = 4x10°% and the beam diameter is taken as 1.50 cm [142,152]. Bortfeld’s model is
used for calculations of beam width and approximate dose deposition [158]. Afterwards,
these calculated values are used for the simulations of induced acoustic waves, which are
performed by the MATLAB (MathWorks Inc.) software. For biomedical applications,
the mass density of the medium is taken p = 1000 kg/m?® which is an acceptable
approximation for the soft tissue. The speed of sound in tissue is taken as v, = 1480

m/s [7].
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The decrease in the value of the absorbed dose at the Bragg peak and the broad-
ening of the beam width are clearly visible as the energy of individual protons in the
beam increases. Figure 6.1b shows that beam width increases with the beam energy.

The energy spectrum and range straggling are taken into account for calculations of
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Figure 6.1. a) Dose in units of ¢cGy versus depth in units of cm for energies of 50, 75,
100, 125, 150, 175, 200 MeV with beam widths of 0.05, 0.10, 0.16, 0.23, 0.32, 0.42,
0.53 cm, respectively; for N, = 4 x 10% and a beam diameter of 1.50 cm. b) Beam

width vs energy.

beam width and approximate maximum dose. More energetic beams can reach to

tumors in the deeper regions of body in the expense of delivered dose per pulse.

The approximate dose delivered to tissue can be seen in Figure 6.2a and 6.2b
for beam diameters of 1.50 and 4.00 cm, respectively; for beam energy in the range of
50 to 200 MeV for different number of protons per pulse, N, = 4 x 10°, 1 x 107, and
2 x 107, respectively. The decreasing maximum dose corresponding to the increasing

energy can clearly be seen in Figure 6.2.
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It is crucial to understand the approximations and fitting mechanisms of Bort-
feld’s study, since it is used to determine the delivered dose [158]. Bortfeld compared
the analytical results with measured and numerically calculated depth-dose curves to
validate the model [158]. The energy spectrum and range straggling were taken into
account for calculations of dose. In order to consider the tail of the energy spectrum,
a relatively small fraction, €, to the total fluence in the peak was defined. For the pur-
pose of achieving an optimum fit to the measured data, €, the beam width o, and range
Ry were varied. To be able to compare with measurements, maximum dose delivered
was normalized to 1.0 because no absolute values were available. The comparisons of
measurements with and without the proton nozzle in the beam path were also inves-
tigated, and concluded that the model is in harmony with measurements, noting that
nozzle causes a higher value of € for the fit. Analytical results were also compared with
numerically calculated Bragg curves, in this case, normalization was not necessary and
the model predicted 5% higher peak dose than the TRIUMF algorithm. The approach
was validated so that measured and calculate values could be easily be fitted within

the error of measurement. Here, maximum dose delivered without any fitting is used.
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Figure 6.2. The approximate maximum delivered dose to soft tissue in units of cGy
vs beam energy in units of MeV a) for N, =4 x 10%,1 x 107,2 x 107, respectively;
and for a beam diameter of 1.50 cm, b) for N, = 2 x 107,3 x 107,5 x 107,

respectively; and for a beam diameter of 4.00 cm.
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6.1.1. The effect of beam energy on the amplitude of the acoustic wave.

Pressure waves are simulated for various energies to see the effect of the energy of
the proton beam on the acoustic wave. Figure 6.3a shows the acoustic waveforms for a
1 ps pulse duration for energies 70, 100, 120 MeV corresponding 87.4, 64.2, 54.3 mGy
dose, respectively; by using Eq. 4.14 for the number of protons N, = 5x 107. Fig. 6.3b
shows the acoustic waveforms for the same pulse duration and energies for number
of protons N, = 4 x 10° that correspond to 17.5, 12.8, 6.4 mGy dose, respectively.
For both simulations, beam diameter is taken as 1.50 cm. On the grounds of spatial
widening of the beam width, the amplitude of the pressure rises, albeit the reduction in
the delivered dose as energy increases. As the beam width decreases, the radial profile
becomes very sharp starting to behave like a Dirac delta function, and acoustic wave

convolves to an N-shaped signal.
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Figure 6.3. Pressure in units of Pa for energy values of 70, 100, 120 MeV,
respectively; for r = 2R, the pulse duration 7 = 1 us and a beam diameter of 1.50 cm

for number of protons a) N, =5 x 107 and b) N, = 4 x 10°.
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6.1.2. The effect of spill time on the amplitude of the acoustic wave.

6.1.2.1. Case 1: Constant proton number. The amplitude of acoustic wave is strongly

related to the pulse duration, i.e. spill time of protons. The simulations of the acoustic
waveforms for beam energy of 100 MeV are shown in Figure 6.4a for pulse durations
of 7 = 100, 350, and 600 ns, respectively; and in Figure 6.4b for pulse durations of 7
=1, 2, and 3 us, respectively. For both calculations, number of protons is constant
and taken as N, = 4 x 10%. The shorter pulse duration yields larger acoustic wave
amplitude as a result of sharper dose deposition in time. The time necessary for the
conversion of kinetic energy into thermal energy should be shorter than the travel time
of acoustic waves. For a very large pulse duration, this condition is violated and the

Equation 4.14 is no longer valid.
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Figure 6.4. Pressure in units of Pa vs time in units of s for pulse duration values of a)
7 = 100, 350, and 600 ns, respectively. b) 7 = 1, 2, and 3 us, respectively; for r = 2R,
and the beam energy of 100 MeV for constant number of protons Np = 4 x 106,

6.1.2.2. Case 2: Varving proton number with pulse duration. The simulations of the

acoustic waveforms for beam energy of 70 MeV are shown in Figure 6.5a for pulse
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durations of 7 = 50, 100, 200, and 300 ns, respectively; and in Figure 6.5b for pulse
durations of 7 = 1, 2, 3, and 4 us, respectively; for various number of protons with
pulse duration. In the case of varying proton number, the amplitude of pressure wave
increases with the pulse duration when spill time is on the order of nanoseconds. How-
ever, the amplitude of pressure wave decreases as pulse duration increases when spill
time is on the order of microseconds since the effect of pulse duration on the acoustic
wave prevails over the effect of increased proton number. The amplitude of pressure
wave has a linear relationship with proton number and energy deposition, and this

relation is illustrated in Figure 6.6 for pulse durations of 100 ns and 1 us.
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Figure 6.5. Pressure in units of Pa vs time in units of s for pulse duration values of a)
7 = 50, 100, 200, and 300 ns, respectively; b) 7 = 1, 2, 3, and 4 pus, respectively; for r
= 2R beam diameter of 1.50 cm, and the beam energy of 70 MeV for varying number

of protons with pulse duration.
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Figure 6.6. Pressure amplitude in units of Pa vs number of protons and beam energy

for pulse durations of 100 ns and 1 us.

6.1.3. The effect of the pulse duration and the energy of the proton beam

on the frequency of the acoustic wave.

The simulations can also give information about the frequency spectrum of the
induced pressure waves, which is important for the selection of detectors. The effect of
the pulse duration and the energy of the proton beam on the frequency of the acoustic
wave are investigated. Figure 6.7a shows power spectrum versus frequency for three
different pulse durations, 7 = 750, 1000, and 1250 ns, respectively; for a beam energy
of 200 MeV while Figure 6.7b for energies E = 70, 100, and 120 MeV, respectively;
for a pulse duration of 1 ps. The pulse duration and the beam width of the proton
beam have a minor effect on the frequency of the acoustic wave. The main spectral
components are found to be centered around 100 kHz for the first case and 200 kHz

for the second.

We compare our results with existing experimental measurements and simulation

studies in order to validate our approach.
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Figure 6.7. Power spectrum versus frequency a) for pulse durations 7 = 750, 1000,
and 1250 ns, respectively; for a beam energy of 200 MeV and b) for energies E = 70,
100, and 120 MeV, respectively; for a pulse duration of 1 us.

Jones et al. measured the acoustic signals produced by cyclotron generated proton
spills in a clinical setting [138]. They measured the amplitude of acoustic wave as 4, 8,
11, 17, 20, 25 mPa for the proton numbers of N, = 1.2 x 107,2.9 x 107,3.9 x 107, 7.0 x
107,9.1 x 107, and 12 x 107, respectively. We compare our results for a beam having the
same energy and the spill time (230 MeV, 18 us). Corresponding pressure values for
equivalent proton numbers are found to be 5, 11, 15, 27, 36, and 47 mPa, respectively;
and these results are in a good accordance with Jones et al.’s study [138]. The slight
differences in amplitudes can be a consequence of beam diameter variations, in addition
to this; the attenuation between the source and detector is not taken into account for

our simulations.

Hayakawa et al. delivered 0.05 Gy dose to an excised muscle through a proton
beam having a pulse duration of 50 ns which was delivered with an interval of 50 ms
and measured the amplitude of pressure as 1.3 Pa [143]. The corresponding situation
in our simulations is for a proton beam of 50 MeV energy with 4 x 10° particle number

inducing a pressure of 2.90 Pa.
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Tada et al. measured acoustic signals induced by protons in water [144]. The
pulsed proton beam with a duration of 50 ns was modulated for the ranges of 51 and
81 mm and delivered to the phantom with an interval of 50 ms. They measured the
amplitude of acoustic wave as 0.12 Pa for the beam delivering 0.4 ¢Gy/pulse at the
Bragg peak. The comparative situation for our simulations is for a beam having the
same ranges corresponding to an approximate of 80 and 103 MeV, respectively; with
1.50 ¢m spot size and 100 ns pulse duration. In our work, the amplitude of acoustic

wave is found to be 0.33 Pa for 4 x 10° protons depositing 0.4 cGy/pulse.

Alsanea et al. simulated proton induced acoustic waves. The pulse duration
was 1 us with the number of protons per pulse N, = 8 x 10°. For a beam energy of
172.4 MeV, delivered dose and the amplitude of the acoustic wave were reported as
0.4 ¢Gy and 0.14 Pa, respectively [153]. The corresponding result in our simulation
agrees reasonably well for a beam having the same energy, number of protons and pulse

duration, the amplitude of acoustic wave is calculated as 0.44 Pa.

The results of experimental and simulation studies are compared with ours for

various parameters and these are summarized in Table 6.2.

Dose delivered to the patient depends on the number of protons. To assess the
influence of the beam energy on the dose, we investigate several beam energies. We
plot the dose in cGys versus the beam energy in which we change the proton number.
Specifically, we assign proton numbers such that they represent real proton beams used
in the therapy facilities [191,197]. Linear relationship between proton beam intensity
and hydrophone signal can be seen in Fig. 6.6. Debonis also showed the same linear
relationship [149]. The linear relationship and the values of pressure amplitudes are
also in a good agreement with Sulak et al.’s and Alsanea et al’s studies [142, 153].
Bortfeld’s model is used without fitting in dose calculations, even the effect is minor,

this is one of the limitations of this work [158].
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Table 6.2. Comparison of experimental and simulation studies’ results with this

work’s for various parameters. PN: Proton number, PD: Pulse duration, BE: Beam

Energy.
Dose PN BE Pressure
PD
(cGy) | (x109) | (MeV) (Pa)
Experimental Studies
Hayakawa
Performed in a 0.3 NA NA 50 ns 0.300
et al. [145]

Clinical Setting
This work | 0.3 3.5 100 50 ns 0.280

Jones
NA 12 230 18 us | 0.004
et al. [138]
This work | 1.3 12 230 18 us | 0.005
Experimental and Sulak

NA 8.0 158 50 us 0.010
Simulation Studies | et al. [142]

This work | 6.0 8.0 158 10 ps 0.012

Hayakawa
5.0 NA NA 50 ns 1.30
et al. [143]
This work | 4.7 12 50 50 ns 2.90
Tada
0.4 NA NA 50 ns 0.12
et al. [144]
This work | 0.4 4.0 50 50 ns 0.33
Alsanea
Simulation Studies 1.00 8.0 1724 | 1 ps 0.14
et al. [153]
This work | 0.85 8.0 1724 | 1 ps 0.44
Ahmad
2.00 4.9 100 | 0.1 ps 0.10
et al. [152]

This work | 0.90 4.9 100 | 1.0 ps 0.14
This work | 0.90 4.9 100 | 0.1 pus 0.77
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The amplitude of the acoustic wave is another important parameter to be taken
into account when proton acoustics is implemented in clinical studies. Pressures in the
order of a few Pascals are difficult to measure instrumentally which is one of the main
challenges to monitor dose through acoustics. Nevertheless, several medical experi-
ments authenticated the detection is possible [143-145,198]. Accumulation of signals
and noise reduction techniques such as usage of filters, less noisy preamplifiers and
electrostatic shielding are required for measuring waveforms of such small amplitudes.
Figures 6.4 and 6.5 show the dependence of the beam energy and pulse duration on the
amplitude of the pressure wave, respectively. Both parameters drastically change the
amplitude of the signal. The simulations show that increasing beam energy causes a
sharp rise in the amplitude of acoustic wave. Notwithstanding noise modelling is out of
the scope of this work, it should be noted that higher noise level is expected as a result
of the less sharp spatial dose deposition. Likewise, pulse duration also has a consider-
able effect on the signal amplitude. Smaller pulse duration is desirable to achieve the
highest signal to noise ratio when number of protons is constant [199]. Compressing
protons in a shorter period of time significantly enhances the signal amplitude. For a
pulse duration smaller than 50 ns, the change in the amplitude is not significant. Stress
confinement condition must be met to prevent the broadening of the proton acoustic
signal and a decrease in the peak pressure amplitude. Most of the accelerators produce
pulse duration between ms to ns. Pulse duration in the order of nanoseconds is used
especially in a medical experiment regarding dose monitoring by acoustic waves [145].
That experiment advocates the benefits of using such small pulse duration which is
in harmony with the results of our simulations. Moreover, pulse duration does not
directly change the dose. In the case of varying proton number, the effect of pulse du-
ration depends on its order. The amplitude of pressure wave increases with the pulse
duration when spill time is on the order of nanoseconds as shown also by [142, 154].
However, the amplitude of pressure wave decreases with the pulse duration when spill
time is on the order of microseconds since the effect of pulse duration has much more
influence on the acoustic wave than increased proton number. Moreover, the effect of
pulse duration and the beam width of the proton beam on the frequency of the acoustic

wave is negligible, and hence it does not alter the selection of the central frequency
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of detector. The frequency of the respiration and blood circulation is smaller than 10

kHz, thereby has no impact on the signal but a shift [143].

Widely used and favorable accelerators in proton therapy centers worldwide are
synchrotrons and cyclotrons [200]. Besides, novel accelerator technologies are also
considered and being tested for therapeutic applications [201]. One of the acceler-
ator technologies is fixed-field alternating-gradients (FFAG) which combine both cy-
clotrons’ time-independent magnetic field and synchrotrons’ alternating gradient struc-
ture. However, FFAGs are not considered as the primary accelerator choice because of
high costs and necessity of large space [202]. Dielectric wall accelerators (DWA) have
been used in cancer therapy lately because of their low cost and small footprint [191].
DWA is basically a modified linear accelerator (LINAC) system which is patented in
1990s [203]. Another recently suggested accelerator type is laser-driven ones which
gained interest because of their inexpensive structures and freely adjustable beam pa-

rameters [204].

However, the beam extracted from an accelerator nozzle cannot be used for treat-
ment without further modifications. In contemplation of covering a target volume
and creating a spread-out Bragg peak (SOBP), beam modifying devices are required.
Range shifting instruments are necessary for decreasing the beam energy and hence
range. There may be some issues such as scattering and reduction in the particle
number. Nevertheless, these problems can be overcome by choosing a most suitable
material [198,205]. For complicated target shapes, a patient specific compensator (bo-
lus) can be used to control the beam through the field of interest [198,206]. The
bolus system is followed by spot scanning system which makes it possible to have a
radiation field of any desired shape and intensity with the reduced fluctuation [207].
Furthermore, the pulsed proton beams via continuous wave cyclotrons can easily be
achieved with the help of a beam chopper providing an adjustable pulse width that

helps generation of detectable acoustic signals [208].
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Current developments both in therapy accelerator design and beam modifying de-
vices, such as choppers, can increase signal to noise ratio (SNR) of acoustic waveforms
enabling desired modifications on beam profile [208]. Synchrocyclotron accelerators of-
fer substantially more protons per pulse than conventional cyclotrons that can increase
the signal amplitude and reduce treatment time by delivering more doses [209]. Newly
emerging single room proton therapy systems may be a more compact solution that
also can reduce the cost of construction considerably by optimizing economics of pro-
ton therapy [210]. Recently, a compact laser-based accelerator has also been proposed
to reduce the rather high installation cost [204]. This new acceleration technique has
an expected high pulse intensity of more than 108 particles/ns [154]. This may clearly

enhance the SNR, yet there is a limitation for dose deposition in tissue.

The beam delivery method is also important for proton therapy [211]. Two
available methods are the passive scattering and the active scattering. In passive
scattering the proton beam is spread over the target by using scattering materials [201].
Scattering from the material provides both the broadening and uniformity of the proton
beam. The spread-out-Bragg-peak is obtained via the modulator wheel. In passive
scattering systems, obtaining the pulsed proton beam and measurement of the acoustic
wave would be technically challenging due the modulator wheel. In active scattering,

a magnetic scanner is used to deflect the proton beam and delivery is more flexible.

Tissue heterogeneities cause slight variations in the speed of acoustic waves. How-
ever, position dependent speed results in a nonlinear wave equation that is considerably
harder to solve. In addition to this, acoustic attenuation also depends on the tissue
composition and it becomes dominant in high frequencies. As shown in Figure 6.7, the
frequency of the induced acoustic wave is less than 1 MHz for the beam parameters used
in the literature. In this scenario, the variations in the attenuation can be neglected.
Thermal noise sets a fundamental limit on the lowest detectable acoustic signal. Ther-
mal noise presents in both the medium and the detector. The root of the thermal noise
is the acoustic black body radiation. At room temperature, this is around kgT=10-20

W /Hz [32]. For ultrasonic transducers, this corresponds to microPascals. However, in
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a recent study, Ahmad et al. have investigated the thermal noise in a realistic PZT
ultrasound transducer (5 cm diameter) and presented that noise could be as high as

milliPascals [152].

The shape of the beam is considered Gaussian, yet it is an approximation. How-
ever, in practice, there may be some irregularities in the shape of the beam. Therefore,

shaping beam with a collimator is crucial for dose monitoring via acoustics.
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7. CONCLUSION

In order to evaluate the performance of the developed laser system, pulse energy,
average power and repetition rate values are compared with the ones in existing systems
within the literature including fiber components and independent of seeding laser type.
The tunable fiber-based laser system has three outputs; supercontinuum (from 450 to
1100 nm), 1064 nm from single-wavelength emitting port, and harmonic generation
(532, 355, and 266 nm). The average power of 1064 nm output is around 3 W which
seeds harmonic generation unit but also can be used for its own applications. The max-
imum average power values of SHG (532 nm), third harmonic generation (THG, 355
nm), and fourth harmonic generation (FHG, 266 nm) are 500, 3, 10 mW, respectively.
Total output power of supercontinuum is measured over 1 W with visible output power
around 270 mW with a powermeter (S314C, Thorlabs) at 65 kHz repetition rate that
corresponds to 17 pJ total and 4 uJ visible energy. Various bandpass filters are used to
obtain wavelength of interest from supercontinuum output and power measurements
are performed to compare with the values in the literature. In order not to damage
bandpass filters, a 1000 nm shortpass filter is firstly employed. Average power values
at wavelengths of 680 and 830 nm with 10 nm bandwidths are measured as 5 and 11
mW by a powermeter (S142C, Thorlabs) after the achromatic lens that corresponds
to 76 and 169 nJ pulse energy. For wider bandwidths, average power values for wave-
lengths of 650, 697, 732, 785, and 880 nm with 80, 75, 68, 62, and 70 nm bandwidths
are 92, 93, 82, 84, 142 mW, respectively. Corresponding pulse energies are 1.4, 1.4,
1.3, 1.3, 2.2 pJ. These energies are higher than the ones produced through coupling
the output of Q-switched Nd:YAG microchip laser to PCF which is at most 33 nJ [40].
As mentioned above, for the special case of tapered PCFs, visible output energy was
reported as 6 pJ at 25 kHz, for our system that is 4 pJ at 65 kHz and comparable
to that output [43,49]. In addition to that, our laser source can provide higher pulse
repetition rate, up to 1 MHz, at the expense of lower pulse energies. For the systems
utilizing SRS, the energies per band were reported several hundreds of nJs with an

utmost energy of 500 nJ [50,52]. SRS peaks are produced with a bandwidth around
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10 nm, pulse energies are higher than our system for such narrow bandwidths for
visible region. However, when filters with wider bandwidths are selected, pulse ener-
gies become higher than ones that SRS peaks possess. To be also noted, pulse energies
of SRS peaks decreases (estimated around 100 nJ) elongating near-infrared spectral
region. The edge of peaks was noted as 788 nm [50], our spectrum covers up to 1100
nm. Allen et al. [67] produced an all-fiber laser source with a PRF up to 2 MHz but
the output wavelength was fixed. Mahmud et al. [68] also reported a fiber based laser
source. By means of electronic modulations in the oscillator, tuning the repetition rate
(0.1-120 MHz), the pulse-width (0.1-5 ns) and the wavelength (1030-1080 nm) were
carried out. Green light was also generated through frequency doubling. The output
power was reported up to 1.1 W and pulse energy up to 500 nJ. However, wavelength
can not be tuned in a broad range which does not allow for various spectroscopic
photoacoustic applications. There are many other advantages of our system. All the
laser parameters, which are reported as independently adjustable, could be achieved by
changing FPGA configuration and currents to the pump diodes electronically without
any mechanical intervention. The only exception to this is the switching among the
supercontinuum and harmonic generation ports, which is achieved by a mechanically
switchable mirror, that can also readily be motorized, if desired. In addition to this,
it is very compact with dimensions of 40x40x9 cm?® except from free-space harmonic
generation unit and does not require any big cooling unit. Thanks to its high PRF, it

may be a promising source for cytometry as well [65].

In our system, the light is transmitted through the splice between Yb-doped fiber
and PCF for rendering all-fiber integrity with an efficiency of 40%. One of the disad-
vantage of current configuration is the heating at the splice point. Despite the cooling
fan, the splice should be renewed once in a while in order to compansate for decreasing
power in time. In order to handle the issue for robust and long-term operation, the
splicing between the gain fiber and the PCF is optimised for low-loss and high tensile
strength (using GPX-3000 series splicer, Vytran, Inc.), as demonstrated in the context
of in-situ absorption spectroscopy of plasmas using a similar supercontinuum source

and the same type of fibre [212]. Free space coupling is also possible between Yb-doped
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fiber and PCF; in that case transmission can be performed with higher efficiency and
higher pulse energies can be produced if all-fiber integrity is disregarded. The present
limitations to the continuously and independently adjustable laser parameters arise
from the requirement of simultaneous satisfaction of the following conditions during
laser design: ensuring that each amplification stage is seeded with sufficient power to
prevent generation of laser noise in the form of amplified spontaneous emission (ASE),
ensuring that the targeted, final pulse duration will depend on the seed pulse duration
in a complex manner due to gain saturation and that there is sufficient peak power to
accomplish the supercontinuum generation in the PCF. We believe that even a large
range of parameters are possible, albeit at the cost of increased system complexity (by
adding a second AOM and additional amplifier stages). The present parameter range
was decided based on the balance between system complexity and sufficiency for most

typical OR-PAM applications.

When all-fiber based laser systems are taken into consideration, the developed
system improves the wavelength tunability with a repetition rate up to 1 MHz. For
laser systems having fiber components, pulse energies of this system are higher from
PCF coupled supercontinuum cases and comparable to the outputs of special tapered
PCF designs. The system also offers all-fiber integrity and higher PRF by means of
custom developed FPGA electronics controlling laser diode. Pulse energies of SRS
peaks can be surpassed at near-infrared region with same bandwidth, at visible region
only by using filters with wider bandwidths. This system may provide the means
of spectroscopic photoacoustic microscopy applications via widely tunable fiber laser

technologies.

In the analyses about proton-induced acoustic waves, our results show that the
smaller spill time of the proton beam upsurges the amplitude of the acoustic wave for a
constant number of protons, which is hence beneficial for dose monitoring. In the case
of a varying proton number, the amplitude of the pressure wave increases with the pulse
duration when the spill time is on the order of nanoseconds. However, the amplitude of

the pressure wave decreases as the pulse duration increases when the spill time is on the
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order of microseconds, since the effect of pulse duration on the acoustic wave prevails
over the effect of an increased proton number. The amplitude of a pressure wave has
a linear relationship with the proton number and energy deposition. The increase in
the energy of each individual proton in the beam leads to the spatial broadening of
the Bragg curve, which also yields acoustic waves of greater amplitude. The pulse
duration and the beam width of the proton beam do not affect the central frequency

of the acoustic wave, but they change the amplitude of the spectral components.

Although our study presents a model to investigate the relationship between the
properties of the proton beam and the induced acoustic wave parameters, this model
can be used to solve an inverse acoustic source problem in the future. That will lead
to mapping of the acoustic source distribution which is directly related to radiation
dose. Hence, this work may pave the way towards a useful tool for real time dose

measurements in proton therapy.

We have obtained an analytic expression for the velocity field and scalar poten-
tial of the velocity field for the first time to express photoacoustic radiation force on
incompressible spheres. These analyses are crucial for using a trapped particle as a
sound wave detector. We also demonstrated that the hybrid optical tweezers and pho-
toacoustic microscopy system would be useful in listening ultra quiet sound resources.
High-frequency components of photoacoustic waves are lost during detection since they
attenuate very fast (i.e., ultrasound softening). This hybrid system would be useful
for getting information about those components as well since it is possible to put a
trapped particle very close to the absorber and ultrasound wave would reach it before
attenuating. By designing multiple optical traps with scanning galvo-mirrors or spatial
light modulators, several particles can be trapped and also utilized for the localization
of the photoacoustic wave sources by means of a triangulation system. We showed
that it is possible to get information about the amplitude of the photoacoustic wave by
courtesy of that distinct sound power levels resulted in different FFT amplitudes of the
particle’s trajectories. In conclusion, we have performed proof of concept experiments

demonstrating how a single optically trapped particle can be used in photoacoustic
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wave detection and put forth an alternative detector that has the potential to increase

the sensitivity of the minimum detectable sound power level.
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