MULTI PHOTON ABSORPTION
PROCESSES INDUCED BY ULTRA-FAST
LIGHT PULSES

Freie Universitit Berlin

-( L
//"""’E‘S'

im Fachbereich Physik der
Freien Universitat Berlin
eingereichte Dissertation

von

Baidaa Khalifa Hamed

Berlin, 11 September 2015



Die in vorliegender Dissertation dargestellte Arbeit wurde in der Zeit zwischen
Januar 2011 und August 2015 im Fachbereich Physik an der Freien Universitit
Berlin unter Betreuung von Prof. Dr. K. Heyne durchgefiihrt.

Erstgutachter: Prof. Dr. K. Heyne

Freie Universitat Berlin

Zweitgutachterin: Prof. Dr. Ulrike Alexiev

Freie Universitat Berlin

Date of the defence: 11 September 2015



Table of Contents

Table of Contents

ACKNOWIEAGEMENT ... [
LAST OF FIQUIES ..o I
ADDIEVIATIONS ... s \Y
Chapter One - INtrodUCTION .........cooviiiiiiece e 1
Chapter Two - TWO PhOtON ProCeSSES.......cccveiieiieiiiiie e 3
2.1 Introduction to Two-Photon Absorption (TPA) .....ccceeeeiieeiiieeiieeeeeeeee e 3
2.2 Methods for Measuring TPA Cross-S€CtiON ........c.ccccereeriiriiinieneniienieneereeeeneeeeneeens 7
2.2.1 Two-Photon Excited FIUOTESCENCE .........covouieiiiiriiiiiiiiiiiiieiceeee e 8

2.2.2  Open-ApPerture Z-SCAM ........ccceeriuieiriieeiiieeiieeeriteeeitee ettt e st e st e e sbeeesbeeesabee s 11
Chapter Three - Optical parametric amplifier .........c.cccoooeiiiiiiiiciiciieee, 14
3.1 Principles of optical parametric amplifier ...........coceveeviiiiiiniiniiceeeen 14
3.2 Phase-MatChiNg ........coceeviiriiiiiierierieeect ettt sttt 15
3.3 Group VeloCity dISPETSION ...c.eeveruiiriiriiriiiniieieeitesie ettt ettt et sttt sb et st e eneeeaees 18
3.4 Home-build optical parametric amplifier ...........cccccveviiiieiiiieniieeieeeeeee e 21
The First Stage 0f OPA ..o 22
The Second Stage 0f OPA ..o e 26
Spectra of Amplified Signal after the First and Second Stages .......cccccovvvirenennee. 29
OPA PerfOrmManCe .....cocooieriiiiiiiiieieeteteee ettt sttt ettt et s 30
Chapter Four - Some Applications of the TPA ... 33
4.1 Excitation of Photosentiziers and Initiation of Photochemical Reactions .................... 33

4.2 TPA in tetrapyrrolic MOIECUIES .........cccviiiiiiiiiieiieieeie e 37



Table of Contents

4.2.1 Porphyrins and deriVAtIVES .........cccceeruieriieeriieeiieiie et eiee et esee e eseeeesveesereensees 38
4.2.2 COITOLS 1ottt ettt ettt ettt ettt 43

Chapter Five - Experimental Measurements of the TPA Cross-Sections ....46

R BT T B o B B JeTo) 4 013 1o ) AR PPR 46
5.2 Sample Preparation ...........cceeceeeieeiiieeiiesiieeieeiee et esiee et e e esaeesbeessaeesseessaesseesaneens 54
5.3 Two-Photon Excitation Fluorescence Spectra of Porphyrin and Derivatives............... 55
5.4 TPA Properties of Tetrapyrrolic Molecules ............cccevvieriieiiiiiieniieieeeece e 58
5.5 TPA Cross-Section for Linear and Circular Polarization ............c.ccccevvveeeiienieeneennnnn. 64
5.6 Study of Solvent Effect in ChlOrin ........cccccoiiiiiiiiniiiiiineeeceee e 68
5.7 CONCIUSIONS ...viiiiiiieiiieeiiee et e et et ete e e st eeetaeeestbeeessseeessaeessaessaaesssseesssaeessseeensseens 72
SUMIMATY oottt 74
LiSt OF PUDICALIONS ..ottt 77
AppPendiX - TPA IMage ProCeSSING ...ccveiveiueeireereesieesiesneasseesseesseesseessesssessseesses 78

BIDHOGIAPNY ..o 93



Acknowledgement

Acknowledgement

The great pyramid can only be made by great efforts, which are represented by great persons

who supported me during my journey for learning.

Firstly, I would like to express my sincere gratitude to my supervisor Prof. Dr. Karsten. Heyne
for his support, motivation, guidance as well as his immense scientific experience. Which
facilitated many difficulties for me without his guidance and persistent help this thesis would

not have been possible.

I owe a special thanks to Dr. Valeri Kozich for his infinite patience, guidance and from the
initial to the final level of this research. He was like shining light in the dark road. Guiding me

all the way.

My sincere thanks also go to Theodore von Haimberger for his support by programing and
design of programs during the course of this research. My gratitude also goes to our group

members.

I would like to thank Dr. Hazim Dway Al-Khuzai for his help in image-processing.
I would like to thank DAAD (German Iraqi Academic Exchange) for financial support, many
people have been a part of my graduate education and I am highly grateful to all of them.

Last but not least I would like to thank my family: my loving mother from her I brought
strength. My affectionate father who cared for me a lot. My husband for supporting me
spiritually throughout writing this thesis and my life in general. And my precious son Amin

who gave me a great motive to keep studying and be what I'm now.

For all I mention above ...all love and respect

ilPage



List of Figures

List of Figures

Figure No. Designation

2.1 Graphical representations of a simultaneous and stepwise two photon
absorption

2.2 Scheme of open-aperture z-scan measurements

3.1 Schematics of the process in a non-linear crystal

3.2 Two-stages OPA

33 Spectrum of super continuum pulses generated in a 2 mm thick sapphire
plate.

3.4 Phase-matching conditions for type I BBO crystal with a pump wavelength
of 400 nm

3.5 Phase-matching conditions for: type Il KTA crystal with a pump
wavelength of 800 nm

3.6 Sketch of the experimental set-up of the two OPA stages.

3.7 Spectra of signal and idler beams generated after the first amplification
stage.

3.8 Spectra of the second harmonic of output pulses measured after the second
OPA-stage.

3.9 The autocorrelation function at A= 1150 nm.

3.10 OPA output power versus wavelengths.

4.1 Jablonski diagram.

4.2 Chemical structure and linear absorption spectrum of porphyrin molecules




List of Figures

4.3

44

4.5

5.1

52

53

54

5.5

5.6

5.7

5.8

59

5.10

Chemical structure and linear absorption spectrum of chlorin molecule

Chemical structures of (a) m-THPP-PD and (b) m-TCP-PD.

Chemical structures of aluminum corrol with two pyridine Al(tpfc)(py)2
and linear absorption spectrum, of Al(tpfc)(py)!1 and of Al(tpfe)(py)2
molecules

Experimental setup for fluorescence and two-photon absorption
measurements

(a) Measured transmitted power profile of the Ti:sapphire laser beam.(b)
Measured radius of the laser beam near the focus.

Change in the transmittance for R6G in DMSO solvent.

Two-photon excited fluorescence intensity for Rh6G in MeOH versus
excitation intensity of the laser showing a quadratic dependence.

Two-photon excited fluorescence measurements scheme

One-photon, two-photon fluorescence spectra and one-photon absorption
spectra of m-THPP, m-THPC, m-THPP-PD and m-TCP-PD.

Two-photon absorption, fluorescence and one-photon absorption spectra
for (a) m-THPP and (b) m-THPC dissolved in DMSO.

Two-photon absorption, fluorescence and one-photon absorption spectra
for (a) m-THPP-PD and (b) m-TCP-PD dissolved in DMSO.

Two-photon absorption, fluorescence and one-photon absorption spectra
for (a) Al (tpfc)(py)1 and (b) Al (tpfc)(py)2 dissolved in toluene

Transmittance and fluorescence curves for linear and circular polarization
for m-THPP (porphyrin) in DMSO solvent at 1258 nm.




Abbreviations

TPA
SPA
TPEF
OPA
DFG
SHG
GVM
PDT
FWHM
DMSO

Mix

Abbreviations

Two-photon absorption
Single-photon absorption
Two-photon excited fluorescence
Optical parametric amplifier
Difference frequency generation
Second harmonic generation
Group velocity mismatch
Photodynamic therapy

Full width at half maximum
Dimethyl sulfoxide

Mixture solvent




Introduction

CHAPTER 1

Introduction

Two-photon absorption has attracted considerable interest in optics, biological and medical
investigations where technologies, such as ultrashort pulse characterization [1-10], frequency
up-conversion lasing [11-13], two-photon excitation microscopy [14-17], three-dimensional
(3D) ultrahigh density optical data storage [18-20], 3D microfabrication [21,22], activating
photosensitizers in photodynamic therapy (PDT) [23-25] and optical power limiting [26-28]

are used.

The development of mode-locked ultrafast lasers in the 1990 provided a source of extremely
high peak intensity light pulses that facilitate instantaneous two-photon processes. Also, there
appeared an increasing demand for efficient two-photon absorbers, especially chromophores
that are compatible with new technological and biological applications.

For example, PDT with two-photon excitation has an advantage due to the longer laser
wavelength employed resulting in lower absorption and scattering by human tissues than
visible light. This enables increased penetration of exciting light into a human body and can be
used for two-photon excitation of biologically relevant molecules deep inside of the tissues.
Then the advantage can be gained by two-photon absorption -based photodynamic therapy,
which uses excitation by light of a drug inside of the body as a first step of photophysical and
photochemical processes leading to tumor destruction. The use of near-IR light for two-photon

excitation of photosensitizers can greatly increase the efficiency of PDT.

The ultimate success of any of the two-photon-based applications critically depends on the
efficiency of the two-photon absorption, in particular, on the value of intrinsic nonlinear cross
section. So far, two-photon absorption properties of only a limited number of molecules have

been known. Lack of reliable spectroscopic data has been holding back the search for new
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Introduction

efficient two-photon absorbers. In particular, almost no information has been available on

two-photon absorption properties of biologically relevant tetrapyrrolic molecules.

In this respect, study of the two-photon absorption properties of organic molecules, especially
those compatible with biological and medical applications, is of great importance. Compounds
of the tetrapyrrole type perform several crucial functions in nature, such as oxygen
transportation (breathing), photosynthesis, etc. They have found considerable interest in this
respect as they already play a strong role as photosensitizers in PDT [29] and due to the fact
that some of them exhibit high two-photon absorption cross-sections [30]. For these reasons, a
comprehensive investigation of the two-photon absorption properties of tetrapyrroles is rather

important.

Here we present a comparative investigation of the two-photon excitation of six
photosensitizers of the porphyrin type: 5,10,15,20-tetrakis (m-hydroxyphenyl) porphyrin
(m-THPP), chlorin 5,10,15,20-tetrakis (m-hydroxyphenyl) chlorin (m-THPC, Foscan,
temoporfin), palladium 5,10,15,20-tetrakis (3-hydroxyphenyl)-porphyrinato-palladium-(II)
(m-THPP-PD), 5,15-Bis-(4-carboxphenyl)-10,20-dihexyl-porphyrin (m-TCP-PD), Al(tpfc)py;
and Al(tpfc)py, type 5,10,15 tris (pentafluorophenyl) corrole in the spectral range of
1.04-1.45 pm.

We also paid attention to the polarization effect. We measured the two-photon absorption
cross-sections for linear and circular polarized exciting pulses. The polarization effects can
reveal important information about photophysical properties of the organic compounds. It can

provide information about the angle between dipole moments, symmetry of excited states.
We did image-processing for applications, it can be seen in Appendix A.

Finally, it has been studied the influence of solvents on the two-photon absorption process and

it has been found that the TPA cross section increases with increasing the polarity of solvents.
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Two-Photon Processes

CHAPTER 2

Two-Photon Processes

2.1 Introduction to the Two-Photon Absorption

The phenomenon of two-photon absorption (TPA) was first predicted by Goppert-Mayer in
1931[31]. Thirty years later, the first experiments on TPA were done by Kaiser and Garret.
They illuminated a europium-doped crystal (CaF;) [32] containing Eu”" ions, demonstrating

the existence of two-photon excitation.

Two-photon absorption is a nonlinear process in which two photons of identical or different
frequencies are simultaneously absorbed by the same species exciting the molecule from one
state (usually the ground state) to a higher energy electronic state. The difference in the energy
between the two involved states of the molecule is equal to the sum of the two photons

energies. The energy of both photons which absorbed by the molecule is:
hvy + hvy, = E (2.1)

where h is the Plank constant, v; is the frequency of the i-th absorbed photon, E is the

transition energy.

As it shown in Fig.2.1 (a), there is no real intermediate level populated in this process, both
photons are absorbed simultaneously through a virtual level, while in (b), the stepwise two
photon process can be divided into two distinctive single photon processes. Every level is
physically populated, which can be registered by means of transient spectroscopy. The next

level in the sequence is populated only after the previous one.
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Figure 2.1 Graphical representations of a simultaneous and a stepwise two photon

absorption. (a) Simultaneous two photon process. (b) Stepwise two photon process.

The magnitude of the two-photon absorption is proportional to the square of the light intensity.
It is a nonlinear process. Single photon absorption is a linear process since it is related linearly
to the intensity of light. This is a major difference between one and two-photon absorption. In
TPA two photon of twice the wavelength-half of the energy combine to provide the energy
needed for the transition. In two-photon absorption there is no need for an intermediate state to
populate before arriving at the final state. Instead of this intermediate state, the electron is
excited to a virtual state (Fig.2.1a.) allowed by quantum mechanics. Note, that this effect is
completely different from stepwise absorption, in which case there are real intermediate levels
involved that are populated (Fig.2.1b). The virtual state is accessible when the molecules
absorb the first photon. For TPA to occur a basically simultaneous absorption of two photons
take place via a virtual state in a medium. Thus TPA is a third order nonparametric process,
the selection rules for TPA process are different from that of single-photon absorption [33].
The TPA is an interesting spectroscopic tool because of the applicable parity selection rules
which differs from those of single photon absorption (SPA), as for example in the case of
centrosymmetric molecules. Single photon transitions are allowed only between states of

different parity, i.e. ungerade «> gerade. whereas two-photon transitions are permitted

4|Page
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between states of the same parity, i.e. gerade «» gerade and ungerade <> ungerade. Since the
ground level is usually of gerade parity, TPA simplifies the investigation of excited gerade
parity levels that are usually very difficult to access by ordinary linear absorption
spectroscopy. Consequently, TPA spectroscopy greatly increases our understanding of
molecular properties. Therefore, it opens up the possibility of probing transitions which are

inaccessible under single-photon excitation [34-36].

Some of the properties that make TPA attractive for practical applications are: the excitation

3
of the molecules selectively in a small volume ~ A , and the beam initiating the TPA has a

longer in comparison with the SPA wavelength and it penetrates deeper in the tissue.

Two-photon absorption is a nonlinear process which means that the transmittance of the
material depends on the light intensity and this is of particular interest to various applications
such as optical data storage [37, 38], fluorescence imaging [39], up converting lasing [40, 41],
activating photosensitizers in photodynamic therapy (PDT) [42-45] optical power limiting
[46], two-photon microscopy [47] and two-photon induced biological caging studies [48],
three-dimensional (3D) ultrahigh density optical data storage [49-51], 3D microfabrication
[52-56], and optical power limiting [57-59].

These applications exploit the important features of TPA which is the access to the highly
energetic excited states by using comparatively low energy photons and the quadratic
dependence of the absorption process. Due to the quadratic dependence of the TPA process,

spatial selectivity is obtained by using focused beam.

In these applications, especially in photodynamic therapy (PDT), which will be explained in
details in chapter 4, and two photon fluorescence microscopy, the aim is to achieve deeper
penetration into the biological tissues. The near-IR light, which is typically used for two-
photon excitation, is scattered and absorbed by human tissues much less than is visible light.
This enables deeper penetration of the exciting light into the human body and can be used for
two-photon excitation of biologically relevant molecules deep inside tissues. As a

consequence, TPA-based fluorescence microscopy that employs excitation of near-IR light
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provides imaging of the tissues of magnitude an order deeper than one-photon confocal

fluorescence microscopy using visible light.

Two-photon excitation of photosensitizers using the near-IR light can greatly increase the
efficiency of PDT because using excitation of a photosensitizer molecule inside the body as a
first step of photophysical and photochemical processes leading to tumor damage, whereas the
single photon absorption based PDT can treat only tumors which either sit close to the surface

or are accessible by endoscope.

In the visible region of the spectrum the use of two photon absorption in the optical power
limiting has a major importance for the protection of the eyes [60]. Until today a large number
of studies about photosensitizers which takes advantage of the conventional single photon
absorption phenomenon have been published. However, very few studies have been devoted to
evolving photosensitizers which absorbs two-photon simultaneously [61]. Another application
of the TPA is microfabrication. It utilizes the two photon absorption mechanisms and has

attracted attention recently [62].

One of the important application areas of the TPA technique is two-photon microscopy. It was
first introduced by the German scientist Winfried Denk [63]. Two-photon microscopy 1is
useful because at a longer wavelength, less scattering occurs than at the shorter wavelengths

[63-65].

To provide diffraction-limited 3D resolution, one can effectively confine two-photon
excitation to the small focal volume by focusing laser light in a two-photon absorbing
medium, This is particularly important for 3D microfabrication, high-density 3D optical data
storage and two-photon fluorescence microscopy. The excitation wavelength in a two-photon
transition is typically much longer and well separated from the fluorescence wavelength. This
greatly facilitates the registration of two-photon fluorescence, because fluorescence and
excitation photons can be easily separated by filters. Two-photon fluorescence is also
employed to readout high density 3D optical data storage. Unconverted fluorescence permits

lasing at new wavelengths where single photon pumping is inefficient.
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The quadratic dependence of TPA on the excitation light intensity can be used to limit optical
power. An ideal power limiter allows the light of low intensity to propagate without
absorption, while high intensity light is strongly attenuated. Moreover, the immediate response
of TPA can provide for effective cutoff even in the femtosecond time scale. Quadratic
dependence of TPA on the excitation intensity allows measurements of cross-correlation
functions or second order intensity autocorrelation and is used for short laser pulse

characterization.

The final success of any of the applications which is based on two-photon absorption crucially
depends on the efficiency of TPA, particularly, on the value of its nonlinear cross section
(g;). Until now, the properties of TPA have been studied and known only for a limited number
of molecules in adequate detail. The search for new efficient two-photon absorbers has been
held back due to the lack of reliable spectroscopic data. Almost no information has been
available on the properties of TPA of biologically relevant tetrapyrrolic compounds

(porphyrins, chlorins, bacteriochlorins, and so on).

The study of the TPA properties of organic molecules, in particular those which apply to
medicine and biology applications, is of great interest. As example, tetrapyrrolic molecules
perform many critical functions in nature, such as oxygen transport (breathing),
photosynthesis, etc. They are widely used in TPA-based PDT. For these reasons, an extensive

spectroscopic investigation of the TPA properties of tetrapyrroles molecules is needed.

2.2  Methods for Measuring TPA Cross-Sections

The methods for determining the two photon cross-section were outlined by Alberta, Xu and
Webb [61-64]. Two photon cross-sections of organic molecules can be measured by several
techniques. The most common techniques are two-photon absorption (TPA) and two photon
excited fluorescence (TPEF). Measuring the TPA cross-section is based on the measurement

of the change in the transmittance when the pump beam intensity is varied.

In the TPEF experiments the integral efficiency of fluorescence induced due to TPA is

measured. The two-photon-excited fluorescence signal is proportional to the TPA.
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Measuring the absorption is a simpler experimental setup than that required for fluorescence
measurements. But saturation, excited-state absorption and photo-bleaching can restrict the

accuracy of the absorption measurements.

For both methods high pump power is required. Typically for these purposes Ti:Saphire laser

systems and OPAs with ultra-short pulses are used.

2.2.1 Two-Photon Excited Fluorescence

Early observations of fluorescence were described by Bernardino de Sahagun. Sahagin
studied fluorescence in 1560 and Nicolas Monardes in 1565 [66]. A fluorescent molecule is a
molecule which has absorbed thermal energy or photons in a certain range of wavelengths. It
becomes excited after absorbing light. An outer electron will jump from the ground state to the
excited singlet or triplet state. Upon returning from the electronic excited state to the
electronic ground state, it emits light at a different wavelength. The excited molecules may
lose energy through a non-radiative process to reach the lowest vibrational level of the excited
state. Fluorescence is then the radiative loss of energy as a photon is emitted from a molecule
in the excited state returning to the ground state. Since a non-radiative loss of energy occurs
between the absorption and subsequent fluorescence, the emitted photon is of lower frequency
and a longer wavelength, than the absorbed photon producing a red shift between the
absorbance and fluorescence spectra. However, when the absorbed electromagnetic radiation
is intense, it is possible for molecule to absorb two photons, this two-photon absorption lead to
emission of radiation having a shorter wavelength than the absorbed radiation. The emitted
radiation may also be of the same wavelength as the absorbed radiation, termed “resonant

fluorescence” [67].

The main disadvantage of fluorescence-based methods is that the molecules must fluoresce. In
some cases, especially concerning fluorescence emitting molecules, fluorescence efficiency
measurements can be more sensitive than the measurements of the change of transmission

(nonlinear transmittance-based method).
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The fluorescence quantum yield gives the collection efficiency of the fluorescence process. It
is defined as the ratio of the number of photons emitted to the number of photons absorbed

[68, 69].

number of the emitted photons

~ number o f the absorbed photons

The TPEF cross section is linearly proportional to the TPA cross section, with the constant of

proportionality being the fluorescence quantum efficiency (1),) of the fluorescence molecule:

Orpg = 021] (2.2)

Two-photon cross section is determined using Albota, et al method [67, 70]. The number of
the absorbed photons as a function of time N(t) in the focal volume of strongly focused

illumination is related to the number of fluorescence photons per unit time F(t) [61, 62]:

1
F(t) = > @M, N(t) (2.3)

The % factor accounts for the fact that two photons are being absorbed for every one photon

emitted as fluorescence. The time averaged fluorescence emission < F(t) > can be measured
experimentally with the spectrometer. When the incident optical field is in the form of pulses,

the time-averaged fluorescence detected can be expressed as:

7 1@ Cgp 8 < P(t) >? »
<F(t) >~ = ON20,C = (2.4)
n

In equation (2.4) C is the concentration (in mole per cubic centimeters), n is the refractive
index of the sample, < P(t) > is the time-averaged laser source power (in photons per second),
A is the excitation wavelength, T is the full width at half-maximum (FWHM) of the excitation

pulse, and f is the pump pulse repetition rate. g, is dimensionless and depends on the pulse

9|Page



Two-Photon Processes

shape. The TPEF cross section, defined here as o,1, can thus be related to experimental

variables by use of equation (2.4). It follows then that o, is:

_2<F®)> fr v
%2 = ,0C g, 8n <P(t)? >

(2.5)

Equations (2.4) and (2.5) are not sufficient to determine o, if the collection efficiency @ is not
known for the experimental setup. The use of a reference standard with a known value of

05(A) allows the unknown g, to be calculated as the ratio of the two individual equations:

< F(t) >ref _ QrefWZrefo—ZrefCref < Pref(t) >2 nref (2 6)
< F(t) >unkn (Z)unknWZunkno_ZunknCunkn < Punkn(t) >2 Nunkn .
Solving for o, we get,
T2unkn (MM 2unkn =
(Drefanefo-ZrefCref < Pref(t) >2< F(t) >unkn nref
_ (2.7)
(Dunkncunkn < Punkn (t) >e< F(t) >ref Nynkn

Two photon absorption cross-section g, is mostly expressed in Goppert-Mayer unit (GM),
where [1 GM = 1073° (cm*s / photon)]. The organic molecules have small values of TPA

cross sections, typically of the order 10 GM.

The accuracy of two photon absorption cross section obtained from TPEF experiment does not
depend on the pulse width [63]. Since the TPEF experiment is performed with a dilute
solution, a very small amount of material is needed. This technique has limitation, that the
molecules must have a photoluminescence feature which can be handled by measuring the
secondary photochemical process, like the generation of the luminescence from the singlet
oxygen which is generated by the energy transfer from the triplet excited state of the material,

and this is achieved by TPA.
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It is important to note that the error in the determination of the two photon absorption cross
section are commonly more than 10 %, even if the experiments are carefully performed at the

best of conditions [ 65].

In our work we used Fluorescence-based method simultaneously with nonlinear transmittance-

based method, so called open aperture z-scan.

2.2.2 Open Aperture Z-Scan Technique

The Z-scan technique was introduced by Sheik-Bahae et al. [71, 72]. It works on the principle
of moving the sample under investigation along the laser beam. The transmittance changes as
the sample is moved along the beam axis. This is because of the different pump intensities
that the sample experiences, dependent on the sample position (z) relative to the focus (z = 0).
The transmitted light through the sample power as function of the sample position is
measured. The two nonlinear parameters which can be determined are the sample’s nonlinear
absorption coefficient and the nonlinear index of refraction. To measure the nonlinear
refraction index an aperture is place in front of the detector measuring the transmitted light.
This makes the measurements sensitive to beam spreading or focusing and related to the
transformation of phase distortion into amplitude distortion. The medium with nonlinear
refractive index causes an additional depending on z, focusing (at positive n) or defocusing (at
negative n) of the beam. Since our work deals with the nonlinear absorption, open aperture z-
scan experiment is used. It is used to calculate the nonlinear absorption parameter directly
from the transmittance measurements. The basic set up can be seen in Fig2.2. In order to tune
the excitation wavelength, we used a home built optical parametric amplifier. It is described in

details in chapter three.

As there are some differences in definition of the TPA cross section [73], we first present the
definitions and approximations for the quantitative estimations we use. The TPA in a sample is

described by the following differential equation:

dl/dt = —BI2 (2.8)
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where I is the intensity, ( is the distance in the sample and S is the two-photon absorption

coefficient.

The two-photon absorption coefficient f is related to the cross section o7 as [74- 75]:
o, = fhv/N,d (2.9)

where /Av is the exciting photon energy, N, is the Avogadro constant, d is the concentration of
the TPA molecule in solution [76,77]. For weak absorption and a sample thin in comparison to
Rayleigh range (zg), we can expand the solution of Eq.(2.8) in a series and take only the first
terms. The actual quantity of interest in the open-aperture z-scan experiment is the average
transmitted power as a function of the sample position. For this we can integrate over the
transverse coordinates to obtain the instantaneous transmitted power and then integrate over
the duration of the pulse. The transmitted power in these approximations as a function of the

sample-position z with respect to the focal point distance is given by:

BloL

2 (1 + (Z/ZR)Z)

T(z)=1- (2.10)

where I is the incident laser intensity on the Gaussian beam-axis at the waist, L is the sample
thickness. From the fit of the T(z) curve the nonlinear absorption coefficient B and the cross

section o 1s obtained.

In Fig.2.2 we show an experimental scheme. The laser beam is focused into the sample with
lens L;. To collect the signal on the probe detector D;, we used lens L,. We measured both the
fluorescence intensity and the change in the transmittance by also collecting the fluorescence

signal with the lenses L3 and L4 on detector Ds.
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Figure 2.2: Scheme of open-aperture z-scan measurements. D;, D, and D3 are photodiodes,

Ly, Ly, Lz and L4 are lenses.
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CHAPTER 3

Optical Parametric Amplifiers

3.1 Principles of Optical Parametric Amplifier

The most widely used methods to generate a high-power and widely tunable light, is the
optical parametric amplifier (OPA).

Femtosecond optical parametric amplifier has become a well-known device and is the most
widespread source of tunable femtosecond pulses since the early days of laser development
[78, 79]. OPAs can provide high output energies, broad frequency stability and are simple to
operate. The availability of high-intensity lasers has enabled the use of OPA for a large
number of applications, ranging from time-resolved studies to high-resolution spectroscopy,
especially, in the field of ultrafast spectroscopy [80]. OPA systems are usually optimized for
either the shortest possible pulse duration or for maximum output and wavelength stability.

They provide pulse energies from picojoules to milli-joules [81].

Femtosecond OPA can produce pulse energies up to the 100mJ level [82]. In addition, OPAs
has the ability to generate pulses significantly shorter than the pump pulses, exploiting the
broad band gain available in the parametric interaction. In fact ultra-broadband pulses have
been obtained with durations down to approximately 5 fs in the visible [83] and 15 fs in the IR

[84]. These contain only a few optical cycles of the carrier frequency.

The process of optical parametric amplification (OPA) resembles difference frequency
generation (DFG). It involves incidence of two waves with frequencies w, and ws in the
nonlinear medium and the light at the frequency w; is generated (w; = w, — wy). If the wave

at wy, is intense, the amplification at wgoccurs as a result of the interaction. The beam at
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frequency w, is referred to as the pump beam, wg will be signal or seed beam, and w; will be

the idler beam. Therefore, the energy conservation law simply transforms to:

Wy = Ws + w; (3.1)

Similarly, in terms of wavelengths we have:

t_1 + ! 3.2

A A A (3:2)
It should also satisfy the momentum conservation

ky = ks +k; (3.3)

The division of the energy between the signal and idler photons is adjustable, so an OPA

provides a tunable source of femtosecond pulses.

In principle, the signal frequency to be amplified can vary from(w,/2), which is the so-called
degeneracy condition (when wg = w;) to wy, correspondingly, the idler can vary from (w;/2)
to zero (when ws; = w,). In our OPA the pump at 400nm, generated a signal beam from
545 nm to 666 nm. However, in practice not all the wavelengths that satisfy the energy

conservation law can be generated. The absorption at the infrared wavelengths in the crystal

cuts the range.

3.2 Phase Matching

Phase matching in nonlinear optics describes conservation of energy and momentum. The
most common procedure to achieve phase matching is to make use of the birefringence of
crystals. Birefringence is the dependence of the refractive index on the polarization of the
optical radiation. Not all crystals display birefringence; in particular crystals belonging to the
cubic crystal system are optically isotropic and thus not phase-matchable. Glasses and

amorphous materials are also non-birefringent.

15| Page



Optical Parametric Amplifiers

Birefringent crystals have different indices of refraction for different wave polarizations, the

orientation of the wave vector can be changed by exploiting a medium’s birefringence. The

—
~

quantum mechanical momentum of a photon, hk, is related to the wave vector E, k = (%) S.

The index of refraction for each beam depends on several factors, including the incidence
angle of the beams relative to the crystal axes, the propagation directions within the crystal,

the polarizations of each beam in a birefringent medium, and the temperature of the medium.

When using a collinear geometry, only the incidence angle and play a role. The reason that
phase matching is of such critical importance in nonlinear optics can be understood by
considering dispersion. In nonlinear optics, energy is shared among multiple waves and the
interacting waves are at multiple frequencies. Dispersion will cause the waves to travel
through the nonlinear medium at different speeds. The interactions will take place until the
waves physically separate because of dispersion. However, birefringent optical media will
have waves with one polarization travel at one speed while waves with the other polarization
will travel with another speed. Selecting the polarization of the waves and their direction of
travel, the waves can be made to move at the same speed through the medium. This
significantly increases the interaction length between the waves, and drastically increases the

output power achievable after such an interaction.

The perfect phase-matching condition for the wave vectors K, ki and k, of signal, idler and
pump, Ak =k, — ks — k; = 0, is often difficult to achieve because the refractive index of
materials shows an effect known as normal dispersion; i.e. the refractive index increases with
frequency. As a result the condition for perfect phase matching with collinear beams is:

njw; NsWs

n, = ——t 4 S8 (3.4)
P p Wp

In femtosecond OPAs, and negative uniaxial crystals (n,<n,), the pump is polarized along the
extraordinary direction. If signal and idler beams have the same ordinary polarization
(perpendicular to that of the pump beam) the phase matching is called type I (0; + 0, =€), )
where 1 is the idler with ordinary polarization, s is the signal with extraordinary polarization

and p is the pump with extraordinary polarization. If one of the two generated beams is
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polarized parallel to the pump beam, that is type II phase-matching, either the signal
(es +0; = ep) or idler (o5 + e; = ep) can have extraordinary polarization. Both types of

phase-matching can be used and have their specific advantages. Usually the phase matching is

achieved by adjusting the angle 8,, between the wave-vector k of the propagation beam and
the optical axis of the nonlinear crystal (angular phase-matching) (Fig.3.1), or by changing the
refractive index by adjusting the temperature of the nonlinear crystal (temperature phase

matching). The value of refractive index can be calculated through the relation:

1 sin?6,, cos?0,,

= +
ne(6m)? 1 ng

(3.5)

where, n, is the principal value of the extraordinary refractive index. Note that n,(8,,) is
equal to the value of n, when 6,,=90°, and when 6,,=0, n, is equal to n,. Phase matching is
achieved by adjusting the angle 6,, to obtain the value ofn,(6,,) for which the condition

Ak = 0 is satisfied. Phase matching allows us to select the desired wavelength.

Crystal-axis

! " )

c-wave

Figure 3.1: Schematics of the process in a non-linear crystal. The terms ordinary ‘‘0” and
extraordinary “e” are used to describe the two beams within the crystal, The polarization o-

wave comes out of the page and the polarization vector of the e-wave is in the plane of the

page.
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Unfortunately, phase matching does not simultaneously ensure matching of the three group
velocities. The highest parametric conversion efficiency of ultrashort pulses is achieved when
the phase-matching condition is accompanied by matching of the group velocities of the

interacting pulses, especially in nonlinear crystals with large dispersion.

3.3 Group Velocity Dispersion

Dispersion can be described as the change in the group velocity with frequency and plays an
important role in ultrafast optics. As a pulse propagates in a dispersive medium, the frequency-
dependent velocity will modify the pulse envelope, often resulting in an increase of the pulse
duration and/or a degradation of the pulse quality (e.g. creation of satellite pulses).

The three pulses propagate in the nonlinear crystal with different group velocities, v, = %.
With the slowly varying amplitude approximation and neglecting the pulse lengthening due to
the second or high order dispersion (which is good approximation in the 100fs range), we

obtain the following equations [85]:

dAi 1 dAl (,l)ideff
—t———=—j A A —jAk 3.6

dAs 1 dAs _ Wsegr

@ T e A} Ay exp (—jAkz) (3.6b)
gs s

dA 1 dA Wy defr .

d_zp +— dtp = —j ;Z ceo Ag A; exp (jAkz) (3.6¢)
gp P

where A,, A; and A; are the pulse envelopes of the pump, signal and idler respectively. degr is

the nonlinear optical coefficient, which relates to x@® and depends on the propagation

direction and polarization of the beams in the nonlinear material. Eq. (3.6) also neglects third

order effects (self- and cross-phase modulation). By transforming them to a frame of reference
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that is moving with the group velocity of the pump pulse 7=t - ) we obtain the

Vgp
equations:
@ % ) vgip > T U herp (kD) (370
ddis + (i - é ) ddis == w;f;;f A; Apexp (—jAkz)  (3.7b)
% ==—j wﬁ:;;f Ag A; exp (jAkz) (3.7¢)

Eq. (3.7) have been simplified and there are some important parameters in ultrashort
parametric amplification, which are related to the group velocity mismatch (GVM) between
the interaction pulses. Particularly, GVM limits the interaction length between the pump and
the amplified (signal or idler) pulse over which the parametric amplification takes place, while
GVM between idler and signal beams limits the phase matching bandwidth. The beneficial
interaction length for parametric interaction is defined as the propagation length after which
the signal (or the idler) pulse separates from the pump in the absence of gain, and it is

quantified by the pulses splitting length. It is expressed as:

T 3 -
Lip =@,........] =15 (3.8)

where §;, = = — = is the GVM between pump and signal or idler and 7 is the pump

Vgi  Vgp
duration. The pulse splitting length becomes shorter for decreasing pulse durations. The GVM
depends on the phase-matching type, the crystal type, and the pump wavelength. Because of
the greater dispersion in the visible region, GVM becomes larger in the visible region. GVM
effects can be neglected for crystal lengths shorter than the pulse splitting length. But GVM
plays a critical role for crystal lengths longer than or comparable to the pulse splitting length,

and Eq. (3.7) must be solved numerically to properly account for it.
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d (i,p ) and & (s,p ) can have different signs. When & (i,p ) d (s,p )> 0, both idler and signal
pulses walk away from the pump in the same direction so that the gain quickly decreases for
the propagation distances longer than the pulse splitting length and finally saturates. On the
other hand, when & (i,p ) o (s,p )< 0, idler and signal pulses move in the opposite direction
with respect to the pump pulse; in this way both idler and signal pulses tend to stay localized
under the pump pulse and the gain grows exponentially, even for crystals whose lengths
exceed of the pulse splitting length in the case of a collinear configuration. For this situation
we assume that perfect phase matching, Ak = 0, is achieved for a given signal frequency wg
and for the corresponding idler frequency, w; (w; = wp — wg). If the signal increases to a
certain value, Aw to wgt+Aw, by energy conservation Eq. (3.3), the idler frequency decreases
to w;-Aw. We can thus take a Taylor expansion to first order in the wave-vector mismatch.

This wave-vector mismatch can be approximated to the first order as:

Ak = Ak Ok A dk; A 39
T 0w v ows v (3.9)
Since dwy = —0w;, and Ak, = 0, we obtain the following:
Ok dk; 1 1
Ak = — Aw + Aw =|——— |Aw (3.10)
Jdwg dw; Vgi  Vgs

A large GVM difference between idler and signal waves considerably decreases the phase
matching bandwidth. A large gain bandwidth can be expected in the case of group velocity
matching between signal and idler (vg4s = vg;), the group velocities of signal and idler, and

thus the phase matching bandwidth, are set. The gain coefficient depends on:

(1) The pump intensity,
(i1) The signal and idler wavelengths, A5 and A;.
(ii1) The nonlinear coefficient deg .

(iv) The refractive indices at the three interacting wavelength.
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3.4 Home-Build Optical Parametric Amplifier

There are several types of femtosecond optical parametric amplifier schemes which have been

reported, but there are only a few basic principles underlying their respective implementations.

Femtosecond OPA is pumped for example either with the fundamental (800 nm) or with the
second-harmonic (400 nm), both emanating from a regeneratively amplified modelocked
Ti:Sapphire laser. Pumping with the fundamental can generate new frequencies in the IR.
Pumping in the visible/blue can generate frequencies in the visible region. Standard systems
typically run at 1 kHz repetition rate and generate pulses at the wavelength longer than
A=0.8 um with 0.5 - 1 mJ pulse energy and durations ranging from 50 to 150 fs. However, the
OPA could also be pumped at a higher repetition rate such as 250 kHz but with lower output
energy levels of 5 to 10 nJ [86].

The optical parametric amplification process consists of interaction between a weak signal
beam with a strong pump beam. At the first stage of an OPA, the generated initial beam is

called the seed beam. A nonlinear optical material is required to generate the seed beam.

There are two common techniques, which have been used to generate seed beams: parametric
super fluorescence and white-light continuum generation. After generating the seed beam, the
pump and the seed pulses are combined in a suitable nonlinear crystal, in a first parametric

amplification stage. In the second stage, the signal beam can be further amplified.

In this section we describe a home-built femtosecond optical parametric amplifier as the
source of ultra-short spectrally tunable pulses. The scheme of our experimental setup is shown
in Fig.3.7. The OPA is pumped by a mode-locked Ti:sapphire laser (CPA-2001, Clark-MXP,
Inc.) delivering ~150 fs pulses of 0.5 mJ energy at a repetition rate of 1 kHz.

The total average power available is ~540 mW. The laser beam at the fundamental frequency
1s divided into two parts, using beam splitter BS1. About 160 mW (30% of the power) goes to
first OPA-stage and about 380 mW (70%) is reflected to serve as a pump for the second OPA-

stage.
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There are three key elements in an OPA: the pump beam, the seed and the nonlinear crystal
where the interaction takes place. Another important issue is the type of interaction, i.e.

collinear or noncollinear, as well as the type of phase matching (Type I or Type II).

v B |~ (ws) 2% | = I(wg
I((Useed)% *%Og ’ I((Ui)_) %ﬂg ( S)
SR CO N E IR
I1(2 <R Wp) = | §8
o) = 12851 w,) . 32| 51 (w,)

Figure 3.2: TWO'Stages OPA, (l)p: Wpyump » Ws . Wsignal Wi - Wigler , Wg: WIR signal

Our set-up is arranged collinearly. The first OPA-stage is pumped by the second harmonic
I(2w, ) of the Ti:sapphire laser. We seed with the generated white-light (I (wseeq )) Which has
a wide spectrum. The direction of the polarization vector of the seed beam is horizontal and
the second harmonic pump beam has a polarization vector oriented vertically to the seed. The
pump and seed beams interact in the BBO-crystal to generate a short wavelength beams called
signal I(w;) in the range of 666 — 560 nm and a long wavelength beam called idler I(w; )
in the range of 1000 — 1400 nm. The idler is amplified in the second OPA-stage with the
pump beam (at the fundamental wavelength) in the KTA-crystal. An amplified idler beam

I(w;) and longer wavelength (IR-range) I (w¢) are generated.

The First Stage of OPA

The fundamental power, which comes from BS; is focused with L, lens ( f = 1000 mm) and
is once again divided by another beam splitter, BS,, into two parts. We chose the second

harmonic of the Ti: Sapphire laser system as the pump for the first OPA stage.
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Part of the fundamental beam (95%) about 154 mW is frequency-doubled in a BBO-crystal
6x6x2 mm®, (6=29.2°) by second harmonic generation (SHG). The second harmonic light (at
388 nm) is used to pump the first OPA stage. By changing the angle between the crystal-plane
and the incident pump beam, an optimum of SHG can be achieved. By choosing the

appropriate angle, we get a 388 nm beam with a power of approximately 14.5 mW.

A nonlinear optical material is required to generate a seed beam with broad spectrum (see
Fig.3.4). In our OPA we used white-light continuum generation in a sapphire plate to get the
seed beams. A small fraction of the fundamental beam of 8 mW (5%) is used to produce a

white light continuum which has a broad spectrum.

We used sapphire plate for white-light generation because sapphire plates are more resistant to
degradation than fused silica plates. The super continuum generation in sapphire remains
stable for appreciable durations. This can be attributed to its high thermal conductivity and

low absorption in the UV [85].
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Figure 3.4: Spectrum of super continuum pulses generated in a 2 mm thick sapphire plate, A

SP700 was used to block the fundamental at 775 nm.

The light is focused in a 2 mm thick sapphire plate. Two lenses L, and L; with focal
distances f = 20 mm, are used to focus the beam to a required intensity for the generation of
white light, and collimate the white light beam. As a result of self-phase modulation, a large
spectral broadening takes place. By adjusting the focal length of the lens and the opening
diameter of diaphragm, the process is optimized: stability, wavelength range and spatial shape.
Thus, the seed is formed to be amplified in the nonlinear crystal. For the parametric gain a

nonlinear crystal needs to satisfy the following requirements:

Small linear and nonlinear absorption at the operating wavelengths, high laser-induced
damage threshold. The high transparency in the UV region and damage threshold to laser-
induced damage makes the beta barium borate crystal f-BaB,0,(BBO) [87] suitable in many

cases as a frequency conversion tool.
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The pump and the seed pulses are overlapped using the dichroic mirror DM, highly reflective
(R < 99%) for the pump and highly transmitting (T <90%) for the seed beam, and overlap in
the BBO crystal of 6x6x2 mm’size and cut at the angle of §=29.2°.

We have used type I phase matching interaction (os +0; =ep,) in a first parametric

amplification stage (Fig.3.5).

BBO Typel - 400nm pump

Signal pol.=o
Idler pol.=o
1400 - - Pump pol.=e -
€
£ 1200 -
-=
[e)) [
=
L)
© 1000 - —
©
= L
800 —
600 -
L 1 1 " 1 " 1 L
25 26 27 28 29 30

Internal Angle (degrees)

Figure 3.5: Phase-matching conditions for type | BBO crystal with a pump wavelength of

400 nm, using SNLO program.
As seen in Fig3.5 the phase-matching angle varies in the range 26.5 - 28.5 degree to get
wavelengths from 1000 to 1450 nm.

The pump is focused into the crystal using L4 lens (f = 250mm). We took care not to exceed

10 GW/cm? intensity in order not to damage crystal. Its damage threshold is 35 GW/cm®. The
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BBO crystal is close to the focal point of the lens but still far enough from it to avoid optical
parametric super- luminescence. The seed and pump relative timing must be adjusted by a
delay line to achieve temporal overlap and compensate the differences in the beams’ paths.
The spatial overlap between the pump and seed beams is adjusted by using pinholes PN
before and PN, after the crystal. The optical amplification can only occur if the pump and seed
light pulses overlap in both space and time. The spot size of the pump beam in the nonlinear
crystal is varied and is chosen to achieve the highest possible gain without causing optical
damage of the crystal, or inducing third-order nonlinear effects that would cause beam

distortion or breakup.

By choosing a crystal orientation, the phase matching condition for the desired signal and idler
wavelengths can be reached. The amplification is controlled using the portable fiber

spectrometer of OceanOptics5.

The output of the first OPA stage (signal plus idler powers) has the power in the range of
0.3-0.8 mW.

The Second Stage of OPA

The second OPA stage is pumped at the fundamental wavelength of the Ti:Sapphire laser 775
nm I(w, ) , and is seeded by the idler wave I(w; ) generated in the first OPA stage. The pump
and the seed beams have both horizontal polarizations. For the amplification process, we have
KTA crystal of type II. This crystal needs the pump and the signal beams to be polarized
perpendicularly. We change the polarization of the pump beam. The polarization of the pump

beam is rotated on 90 degree using a A/2-plate to a vertical polarization.

The pump beam is focused with L¢ lens (f = 1000 mm) in the crystal, seed beam (with
horizontal polarization) from the first gain stage is focused with lens Ls (f = 175 mm) and
reflected by a second dichroic mirror DM, (HR 770-820 and HT 870-8000 nm) to overlap
with the pump of power 380 mW in potassium titanyle arsenate (KTiOAsQ,), or KTA crystal
7x7x5 mm’ (6 = 38.4°,¢ = 0).
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We have used type Il phase matching (o5 + e; = e,,) (Fig.3.6). We have used KTA crystal

because of relatively large nonlinear optical and electro-optical coefficients, wide angular

bandwidth and small walk-off angle, and high damage threshold.

XZ plane
KTA 1 Type 2 - 800nm pump
4000 T T T T T
— Idler pol.=o
Signal pol.=e
3500 - -Pump pol.=o 7]
E 3000 |
E
=
2 2500
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>
®
= 2000 |-
1500 |
1000

40 50 60 70 80
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Figure 3.6: Phase-matching conditions for: type Il KTA crystal with a pump wavelength of

800 nm, using SNLO program.
In the KTA-crystal at angle from 38.4 to 55.5 degrees a beam at wavelength range of 1000 -
1450 nm is amplified.

The temporal overlap is adjusted in both stages by manual delay lines DL, and DL,

respectively, equipped with a micro screw.

Finally, the idler beam is reflected with the golden mirror M3 The optimizing of the two

stages is controlled with an InGaAs detector, which is sensitive in the range of 700 -1800 nm.
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We have used SNLO software, to get specific data concerning nonlinear crystals. SNLO is
public domain software developed at Sandia National Laboratories. From the SNLO software
one can get phase-matching information for large number of nonlinear crystals, as well as

effective nonlinear coefficients, group velocities, and birefringence [88].

Ti:Sapphire
laser 775nm,
150 fs.1 kHz.
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Figure 3.7: Sketch of the experimental set-up of the two OPA stages. BS:Beam-splitter, DM:

dichroicmirror, L: lenses, M: mirrors.
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Spectra of Amplified Signal after the First and Second Stages

We recorded the spectra of the generated beams after the first OPA-stage. The signal beam,

for example, is generated at 630 nm and the idler beam in this case has 1050 nm wavelength.

The idler beam at 1050 nm is further amplified in the second OPA-stage, as shown in Fig.3.8.

The spectrometer is sensitive up to 1.1 um.
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Figure 3.8: (a) Spectra of signal and idler beams generated after the first amplification stage,

(b) spectra of the amplified idler beam after the second OPA stage. The spectra have been

normalized.

In order to control and check the wavelength of the amplified idler beam from the second

OPA-stage, the second-harmonic generation was used. The frequency was doubled with a

BBO-crystal. The second harmonic spectra of the output idler beam are shown in Fig. 3.9.
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Figure 3.9: Spectra of the second harmonic of output pulses measured after the second OPA-

stage.

OPA Performance

The idler beam has pulse energy in the range 10-35 pJ, and the wavelengths in the range of
1040-1450 nm. The pulse-width is measured with an autocorrelator of APE GmbH. The
principle of the autocorrelation measurements is non-collinear generation of the second

harmonic. The intensity autocorrelation function is given by:

AGr) = f +001(1:)1(1: —7)dt (3.11)

where t is the time, 7 is the delay between two pulses and | is the intensity.
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For Gaussian pulse shape, the pulse duration is 12 from the autocorrelation full width at
half-maximum (FWHM). FWHM pulse-width of 100-125 fs is obtained assuming a Gaussian
pulse-shape (Fig.3.10).

The wavelength we measure with a NIR / MIR spectrometers. The spectral width of the output
idler beam is typically about 15 nm.

A long pass filter FGL850S is used to cut off the pulse at fundamental wavelength. A variable
neutral density filter is used to keep photon flux used in the experiment of the same power at

different wavelengths.
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Figure 3.10: The autocorrelation function, at A= 1150 nm. It is fitted by Gaussian with
FWHM of about 122 fs.
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The output power from the second OPA-stage versus the wavelengths is presented in
Fig. 3.11. The power was measured with the powermeter in the range of 1040-1450 nm. The
maximum power achieved is around 1225 nm. We used a pin-hole to cut the signal beam and

measure only the idler one.
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Figure 3.11: OPA output power versus wavelengths at a repetition rate of 1 kHz.
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CHAPTER 4

Some Applications of the TPA

4.1 Excitation of Photosensitizers and Initiation of Photochemical

Reactions

The molecules that we study here belong to photosensitizer. A photosensitizer (a
chromophore) is a photosensitive molecule that localizes preferentially in certain kinds of cells
and/or tissues, and absorbs light in a specific wavelength interval thus starting a
photochemical reaction. There are many different photosensitizers, but many of them share the
same photochemical reaction. Many new compounds have been synthesized in an attempt to
create better photosensitizers [89]. They are called the second generation photosensitizers.
One of the second-generation photosensitizers’ features is the large absorption coefficients at
longer wavelengths and thus, a photodynamic therapy (PDT) treatment with any of these
compounds would require lower doses of drug and light for efficacy (performance). The

photosensitizers of interest to us are those which could be used in PDT.

Photodynamic therapy has emerged in recent years as a novel approach and is one of the most
promising treatments for malignant and non-malignant diseases. It has gained a lot of
attention. PDT is used in such fields as oncology, ophthalmology, dermatology, cardiology

[90, 91] and atherosclerotic illnesses such as coronary artery diseases [92].

The treatment is based on a photodynamic reaction, which is a chemical reaction initiated by
light irradiation. This reaction can be used to selectively treat diseased cells. Three
components are required to perform photodynamic therapy, which are combined to induce
cellular and tissue illumination at a specific wavelength. The first factor of PDT is oxygen.
The second factor involves the administration of light of a specific wavelength. In this chapter

the third required element photosensitizer is studied.
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The PDT can be done with one-photon or two-photon excitation. The main disadvantage of
single photon PDT is the limited penetration depth of the visible light into the tissue. It is
possible to overcome this problem by using two-photon excitation with near-infrared (IR) light
[93]. Deeper penetration has been achieved. In this work, we are concentrated on two-photon

excitation of photosensitizers.

The motivation of our study is the importance of TPA information. The main classes of
photosensitizer are synthetic porphyrin, phthalocyanines, naphthalocyanines, chlorins,
bacteriochlorins, porphycenes, azaporphyrins, and expanded porphyrins such as texaphyrins.
Compounds of the tetrapyrrole type have found considerable interest in PDT with two-photon
excitation as they already play an important role as photosensitizers in PDT [94]. Some of
them have high two-photon absorption cross-sections. Tetrapyrrolic compounds (porphyrins,
chlorins, bacteriochlorins, and so on) are widely present in nature and play very important role
in different biological processes. For example, porphyrin-type molecules are the critical part of
hemoglobin and myoglobin, which are the proteins transporting and storing oxygen.
Chlorophyll, a derivative of chlorin, is found in green plants. It plays the central role in plant
photosynthesis. Bacteriochlorophyll is used for the same purpose in photosynthetic bacteria.
Owing to the great importance of the tetrapyrrolic molecules in biological processes, a great
deal of attention has been paid to the study of their spectroscopic, physical, chemical, and
biophysical properties. Tetrapyrrolic molecules have attracted attention also from a rather
different direction, due to their potential applications in various areas of technology including
photonics. For example, particular spectroscopic and linear absorption properties of
tetrapyrroles have inspired research in the area of synthetic light harvesting antennasystems
[95-97], holographic data storage [94,98,99-103], molecular scale electronic components
[104-107], and PDT [108-110]. Recently, growing interest to the nonlinear optical properties
of organic materials has prompted a new wave of investigation of tetrapyrrolic molecules. In
particular, tetrapyrroles are of great interest to nonlinear optics applications like electro optical
signal processing, power limiting, and molecular scale electronic components. On the other
hand, there are a few investigations of the TPA properties of tetrapyrroles. Lack of reliable
data on TPA properties of tetrapyrroles is in contrast with the large number of possible

multiphoton-based applications. Moreover, if one wants to increase efficiency of two-photon
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excitation, almost total lack of data about TPA properties of tetrapyrrolic molecules makes it
exceedingly difficult to judge what values of TPA cross sections can be expected after their
modification. Therefore, a systematic study of TPA properties of the tetrapyrroles leading to
the guidelines defining steps necessary for their TPA enhancement is of great practical

importance.

To explain the mechanism of the PDT, the photochemical reaction of the most common
porphyrin-based photosensitisers ProtoporhyrinlX (PpIX) will be taken as an example. When
PpIX absorbs light for example at 635 nm, the molecule will be excited to the first excited
single state S; (Fig.4.1). This absorption band or energy level is called the Q-band. From this
state the molecule can be transferred to the lowest triplet state (T;) even though this inter-
system crossing is spin-forbidden. This is possible because the small energy difference
between the states makes the quantum yield for the transition high enough. The next relaxation
of the molecule from the triplet state to the singlet ground state (Sy) is also a spin-forbidden
inter-system crossing with a low transition probability. Hence, the lifetime of the triplet state is
relative long (of the order of milliseconds), and gives the sensitizer time to interact with

surrounding molecules.

In PDT the light is used at a specific wavelength to activate the photosensitizer, which has
accumulated in a tumor or affected tissue, into its triplet state. The energy of the triplet state of
photosensitizers can effectively be transferred to the oxygen molecule and this transfer of the
energy gives rise to generation of singlet oxygen [111]. This cytotoxic singlet oxygen causes
direct chemical damage to the malignant tissues and to atherosclerotic plaque. The
combination of the interaction between light and drug must give rise to a targeted delivery of
the cytotoxic effect [91], to make the PDT effective. Singlet oxygen production is an
important issue for PDT and requires a sufficiently high energy of the triplet state of the
sensitizer. The following is an example for the photodynamic effect. In mechanistic terms the
process appears to depend primarily on singlet oxygen production, leading to a photoreaction,

thus:

hv IsC
P(S,) — P(S;) — P(T,) (4.1)
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)+ 30, - P(S,) + o, (4.2)

10, - results in membrane damage and cell death)

(where P is photosensitizer, S, is the ground singlet state, and S; is the first excited singlet
state, T; = first excited triplet state, >0, = ground state triplet oxygen, and 10, = A singlet

oxygen), so that the quantum yield of singlet oxygen formation is a significant parameter.

There are two types of PDT reactions. Type I reaction, a radical is formed, which may directly
or indirectly induce cell damage. Radical processes occur concomitantly, but appear generally
to play a less important role in cellular damage [112].The energy of the excited molecule (the

sensitizer) is transferred to another molecule via electron transfer or hydrogen abstraction.

In the other type of reactions, Type II, the cell death is caused by the very reactive singlet
oxygen. These reactions involve a process where the photosensitizer is relaxed from its triplet
state to its singlet ground state, simultaneously as oxygen is excited from its triplet ground

state to its singlet state (also a spin-forbidden inter-system crossing).
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Figure 4.1: Jablonski diagram. Sp, and S; are singlet electronic levels, Ty, is triplet

electronic levels.
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Fig.4.1 showing the possible photophysical processes in organic molecules. Excited state
absorption is possible from both singlet and triplet levels. Fluorescence takes place between
levels with the same multiplicity, i.e. S — S or T — T, phosphorescence takes place between
levels with different multiplicity, i.e. T — S or S — T. Since radiation transition between
levels with different multiplicity is forbidden, the efficiency of the phosphorescence is lower
than efficiency of the fluorescence. The efficiency of radiation less processes between excited
energy levels is very high so that fluorescence usually takes place only from the first excited
singlet level S; — Sy, phosphorescence takes place from the first triplet level Ty — S,.
Examples of fluorescence and phosphorescence between other energy levels are extremely

rare and even if they do occur, the quantum yield of such processes is very small.

4.2 TPAIn Tetrapyrrolic Molecules

Given the significance of the tetrapyrrolic molecules, there are a rather limited number of prior
studies of their intrinsic TPA. Particularly, it was found that two-photon cross sections of
aluminum phthalocyanine and chlorophyll at Aex = 1064 nm are g, = 12.7 GM [113], and
0, = 8 GM [114], respectively. For protoporphyrin IX the following values were reported:
o, = 0.7 GM at Aex= 760 nm, g, = 0.9 GM at Aex = 770 nm, g, = 0.6 GM at Aex = 780 nm,
and o, =2 GM at Aex =790 nm [115]. More recently, a number of TPA cross section
measurements were performed for several metalloporphyrins doped into boric acid glass
[116]. The measured cross-sections were in the range 25 — 114 GM [117,118]. There are
reported TPA spectra of several tetrapyrroles, but without giving absolute values of g,. From
these experimental studies, one can see that the two photon cross sections of tetrapyrroles are
rather small, typically less than 100 GM. Larger cross sections (g, = 100 — 1000 GM) are

required to advance TPA applications of tetrapyrrolic molecules.

J. Rodriguez et al. [119] studied excited state absorption of a large group of porphyrins. H.
Gratz and A. Penzkofer [120] investigated S; — S, excited state absorption of meso-
tetraphenylporphyrin in the wavelength range A = 250 — 450 nm with respect to the ground

state. Strong increase of S; = S, absorption was revealed when going to shorter wavelengths.
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The first clinical results for m-THPC have appeared in 1991 [115]. The photophysical
properties of the porphyrin, m-THPP has been described earlier [121]. Also investigations of
the two-photon excitation of the photosensitizer m-THPC at about 800 nm have already been

reported [122, 123].

4.2.1 Porphyrins and Derivatives

In this section we give a brief description of the porphyrins and related compounds [124]. The
attention paid to porphyrins and related compounds (tetrapyrrolic molecules) can be explained,
first by their technological applications, and second by their significance for life on earth. The
presence of these molecules is fundamental to our life. Tetrapyrrolic molecules play critical
role in the processes like photosynthesis by plants and bacteria, oxygen transportation and

storage inside animals (including humans).

Fig.4.2a presents the chemical structure of porphyrin. It consists of four pyrrole rings linked
by methine bridges forming a porphyrin macrocycle. The porphyrin macrocycle is a hetero-
aromatic system containing 22 m-electrons, 18 of which form a conjugated ring. It means that
these electrons are not bound to some specific atom in the porphine but rather delocalized
within the macrocycle. The macrocycle is very stable and, as a result, it was chosen by nature
to carry out different important functions. By adding different substituents to periphery of the
basic macrocycle and/or by introducing metals into the center of the macrocycle one can
obtain different types of porphyrins. For example, porphyrin containing iron in the center of

their macrocycle is called heme and is found widely in biophysics.

The typical UV-visible absorption spectrum of a porphyrin shows its strongest absorption peak
at the Soret band at about 420 nm, accompanied by a weaker absorption bands in the visible
up to about 640 nm (Q-bands) (Fig.4.2b). The rich visible absorption spectrum of the
porphyrins leads to their strong coloration. Many of the porphyrin molecules solutions have
intense red color. For example, the color of the blood is produced by the oxygen-transporting

porphyrins. In fact, the word porphyrin is derived from the Greek word “porphyra”, meaning
purple.
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Pyrrole ring

/ N

& m-THPP
s [5,10,15,20-Tetrakis (3-hydroxyphenyl)-
HO — porphyrin
CHNDO
/ 44 30 4 4
678.75 g/mol
OH
®
c— /
(@)
1.0  Soretband !
:
1
|
|
b |
-a :
C
(] 1
2 : Q- bands
@© |
O ;
o |
O !
:
1
:
0,0 :
1 1 " P! . 1 " | " 1 " 1 " J
350 400 450 500 550 600 650 700
Wavelength (nm)
(b)

Figure 4.2: (a) Chemical structure of porphine. A pyrrole ring is highlighted with a dashed

oval. (b) Linear absorption spectrum of porphyrin molecules.
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In order to improve/ or modify the porphyrins, reducing of the pseudoolefinic b,b’-double
bonds is possible by adding a metal ion to the center of the ring or by adding of a functional

group to the periphery.

The reduction of one or more of pseudoolefinic b,b’-double bonds in the pyrrole rings of the
porphyrin to a single bond produce a class of porphyrin derivatives called chlorin-type
tetrapyrrole (Fig.4.3).

As a result, the symmetry of the molecule imparts distinct changes to its optical absorption
properties [125, 126]. So, the absorption peak shifts to the red spectrum (650nm), which gives
chlorin a green color like chlorophyll (magnesium-containing chlorins). They are the central
photosensitive pigments in chloroplasts in plants and are involved in photosynthesis. The

green color of chlorin gives plants their color.

Another photosensitizer was produced by substituting the two hydrogen atoms in the center of

porphyrin ring with palladium. This leads to formation of m-THPP-pd (Fig.4.4).

Finally, by oxidation of two OH groups on opposite sides of the molecule (at the meso-bridge-

carbon position) and adding also two hexyl chain groups, we get m-TCP-PD (Fig.4.4).
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Figure 4.3: a) Chemical structure of chlorin. A dashed oval is used to highlight structural
difference between the porphine and the chlorin molecule. b) Linear absorption spectrum of

chlorin molecule.
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Figure 4.4: Chemical structures of (a) m-THPP-PD and (b) m-TCP-PD. Dashed ovals are

used to highlight structural differences between the porphine and these two molecules.
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4.2.2 Corroles

Corroles are tetrapyrrolic molecules. They are essentially slightly contracted analogs of
porphyrins, by lacking one carbon atom in one of the methyne bridges of porphyrin ring. In
spite of the lower symmetry, these structures preserve strong conjugation throughout the
tetrapyrrolic macrocycle. They were first reported by Johnson and Kay in 1965 [127].
Corroles were the product of a many step synthetic scheme, finally formed by the
photocyclization of a,c-biladienes. While this last step was simple, with 20-60% yields, the
route to a,c-biladienes was far from easy. Indeed, the overall reaction from readily available
starting materials to corrole was a multi-step synthesis, with poor yields in many of the

reaction steps.

Therefore, while corroles have been known for more than 40 years, research in this field was
progressing slowly, until the discovery of new synthetic method in 1999 by two groups
working independently. Researches in this area really started to expand thereafter [128].
Indeed, the field of corrole research was basically non-existent prior to the development of
these new methodologies. Many of the interesting properties of corroles were investigated by
different groups. One particular corrole 5,10,15- tris (pentafluorophenyl) corrole, synthesized
by the group of Zeev Gross, has been shown to stabilize four formal oxidation states of

chromium, Cr(IIL, IV, V, IV) [129].

Since the synthesis of corroles became easier, the field of corrole has greatly expanded. A
quick search of the literature reveals that of all the papers published on corroles in the 40 years
since Johnson and Kay’s initial publication, almost three-quarters have come out in the last

five years.

One of their remarkable properties is the ability to stabilize metal ions in higher oxidation
states, such as iron (IV), cobalt (IV), and cobalt (V) [130, 131]. Corroles are very versatile
toward substitution and metallation reactions, corroles with varying solubility properties, are
useful in many different applications. Some of these corroles form very tight conjugates with
proteins, opening up possibilities for use in biological systems [132, 133]. The physical

chemistry of corroles has recently emerged as an independent area of research [134—136].
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These properties open up potential for using corroles in many applications, including such
diverse areas as cancer diagnosis and treatment (PDT), and solar cell research. It is becoming
clear that they are a very important class of molecules. A fundamental understanding of the
properties of these new molecules is needed. In many respects, in comparison with porphyrins,
the corroles exhibit several interesting properties, such as higher fluorescence quantum yield,
larger Stokes shift, absence of phosphorescence and increased extinction in the red part of the
spectrum. These aromatic tetrapyrrolic macrocycles simultaneously show a strong conjugation
and a lowered symmetry, which are both the key properties for the enhancement of TPA. In
fact, it has been noted that lowering the symmetry of a molecule, especially if this leads to a
large difference in permanent dipole moments between the excited and ground states,

augments the TPA [137-141].

We did the TPA cross-sections measurements in the range 1040-1450 nm. Also we
investigated the lowest electronic transitions of the Q-band of hexacoordinated aluminum(III)
5,10,15-tris(pentafluorophenyl) corrole molecules, Al(tpfc) and Al(tpfc)(py)2 [142-145]
(Fig.4.5).
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(b)

Figure 4.5: (a) Chemical structures of aluminum corrol with two pyridine Al(tpfc)(py)2, (b)

Linear absorption spectrum, of Al(tpfc)(py): (blue) and of Al(tpfc)(py). molecules(red).
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CHAPTER 5

Experimental Measurements of the TPA

Cross-Sections

5.1 Set-up Description

The experiments are carried out with short pulses of the mode-locked Ti:sapphire laser (CPA-
2001, Clark-MXP, Inc.) having full-width at half-maximum (FWHM) pulse-length of 150 fs at
the fundamental wavelength of 775 nm. Ti:sapphire laser is used for TPA measurements as
well as to pump our home-build OPA. The tuning range of the OPA with a pulse-width of
100125 fs is from 1040 to 1450 nm.

The experimental scheme is shown in Fig.5.1. A half-wave (A/2)-plate and a linear polarizer
are used to control the laser energy at the fundamental wavelength, while a variable neutral

density filter was used to control the intensity at different wavelengths of the OPA .

The pump beam is focused into the sample with a 75 cm or 40 cm focal length lens (L) for the
fundamental and the OPA beam, respectively. By splitting the laser beam with a beam splitter
BS, 70% of the laser energy is used for the absorption measurements. The change in the
transmittance is measured with the photodiode D; (probe detector). The reflected part of the
beam (about 30%) is detected by photodiode D, (reference detector). D, is used to diminish
the influence of the laser fluctuations by taking the ratio of the signals of the probe and
reference detectors. The fluctuations are because of the change in the spatial and temporal
profiles of the laser pulse. L4 lens with focal length of 10 cm is used to collect the signal on

the probe detector.
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Photodiode D5 is used to measure the fluorescence intensity simultaneously with the change in
the transmittance. L, and L; lenses with focal length of 2.5 cm each are used to collect the
fluorescence signal on detector D3. A short pass filter FBS750 nm is used to cut off the light of

the fundamental wavelength.

The detectors D; and D, are high-speed photodetectors DET 10C/M sensitive in the range of
700-1800 nm with 10 ns rise time. D3 is FDS100 photodiode, sensitive in the range of 350-

1100 nm. It has active area of 3.6 mm x 3.6 mm and 10 ns rise time.

The amplifiers of the signals from photodiodes are of type DLPCA-D-S4 from Femto,
Messtechnik GmbH. The amplifiers are of the integrate-and-hold type. Time delay is used for

resetting the amplifiers and to trigger the data acquisition.

The sample is scanned through the focal point using a motorized translation stage (model M-
505-6PD) Physik Instrumente (PI) GmbH & Co.KG, which has a minimum step-size of
0.249 pm.

A sample is excited by means of two-photon absorption. Depending on the required
wavelength, either the Ti-sapphire laser beam, or the beams from the optical parametric
amplifier in the range 1.04-1.45 pm are used. The diameter of the laser beam is about 1 cm for
the Ti:sapphire laser (fundamental) and 0.5 cm for the optical parametric amplifier. One needs
the following parameters to describe the laser beam: beam waist, excitation wavelength, pulse

duration, average intensity of the excitation light, and the repetition rate of the laser pulses.

The sample 1s moved along the axis of the beam. Due to the change in the intensity we have a
change in the two-photon absorption and as a consequence a change in the transmittance of the
sample. Knowledge of the transmittance versus sample position allows determining TPA
cross-section. The transmitted power measurement and sample movement could be controlled

simultaneously. To do this, programs were written in Visual C++ and Labview.
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Figure 5.1: Experimental setup for fluorescence (marked in red) and two-photon absorption
measurements, D;, D,, and D3 are photodiodes, ND; and ND, are neutral density filters, L;, L
and L3 are lenses.
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A pump beam waist w,, is measured with a scanning knife-edge method, by taking the distance
between the knife-edge positions (Fig.5.2) where 90% and 10% of the maximum power are

transmitted. This beam size w (z) at the knife position is given by [146]:

w(z) = 0.78. (X109, — X90%)

Fig.5.2 (a) shows scanning knife-edge power profile of the beam at 1050 nm. The blue circles
are the normalized experimental data points and the red curve is the fit of the data. The
determined beam waist is in the range from 0.1 to 0.14 mm at wavelengths of 1040 - 1450 nm
(OPA). This corresponds to a Rayleigh parameter of zz = mw2/ A = about 30 - 40 mm. w, is
about 0.08 mm at the focal plane of the lens giving a Rayleigh range about 26 mm at 775 nm.
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Figure 5.2: (a) Measured transmitted power profile of the Ti:sapphire laser beam. (b)

Measured radius of the laser beam near the focus.

Fig.5.2 (b) shows the beam radius of the focused laser beam at different z-positions. These
measurements show that, the intensity profile of the beam is rather well described as Gaussian

one.

As alternative, we could check the size of the beam waist from the measured transmittance
curves. We use the width of these curves at the half of the maximum of transmission changes.
As we have quadratic dependence of the transmission changes on the pump beam intensity,

then:

hypewamy 1

. - (5.1)

Taking into account that for a Gaussian beam
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w2
b=2Z,=2 (5.2)
A
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I = 57 (5.3)
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2z 2z
h=—=— (5.4)

where b is the confocal parameter, z is the distance as shown in Fig.5.3. I, is the maximum
intensity, I}, is the intensity at the half transmittance change. The values from such estimation

correspond to the knife-edge method.
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Figure 5.3: Change in the transmittance for R6G in DMSO solvent.
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Experimental limitations one can expect from the fact that large excitation intensities, required
for TPA, may lead to undesired side-effect such as Raman scattering, self-phase modulation,

white light continuum generation and others. Strong side-effects can easily mask the TPA.

The calibration of our system was done with Rhodamine-6G, Rhodamine B (RhB), and
Coumarin 47 solutions. Their TPA cross-sections are well known. RhB and Coumarin 47 were
dissolved in methanol, R6G was dissolved in DMSO (dimethyl sulfoxide) in concentration of
5.4 mmol/L. The measured cross-section is 26 + 5 GM for Rh6G in a methanol solution.
(1 GM is equal to 10°°cm*s/photon/ molecule). It agrees with the value measured in [147]. A
detailed study of Rh6G TPA cross-section at 780—806 nm has been reported [148], it varies
from 8 to 134 GM.

The sample thickness is 3 or Smm, which is smaller than the Rayleigh parameter. In this case, we
can with good accuracy take intensity to be approximately the same along the beam within the
sample cell. To fit z-scans curves, the analytical expressions describing the transmission of
Gaussian laser pulses through a two-photon absorbing medium, which are valid for arbitrary

absorber thickness [149] are used.

To confirm that the change in the transmission is due to the TPA, the power dependence of the
change was measured regularly. There is a number of nonlinear effects, as, for example, Kerr-
lensing and thermal lensing, which can affect the measurements. They influence the collection
of the transmitted signal on the detector and can be interpreted as a change in the transmitted
power. Typically, dependence of the absorption on the power was close to quadratic if the
relative nonlinear absorption does not exceed 10—15%. For higher absorptions, the dependence

deviates from quadratic because of saturation effect.

The nonlinear absorption coefficient f and the TPA cross section g, can be calculated from

the transmittance, as mentioned in the Chapter 2 (see Eqgs.2.9 and 2.8).

The measurements of small changes in transmission require rather stable laser sources because
we measure low variation of large signal. This method is useful to calibrate the data and to

determine-absolute of the TPA cross-sections. But it is more convenient and precise to obtain

52| Page



Experimental Measurements of the TPA Cross-Sections

TPA spectra by measuring the corresponding intensity of two-photon excited fluorescence

while tuning the OPA’s output wavelength.

The fluorescence-based method is suitable for all compounds studied in this work. The method
was first proposed by M. D. Galanin and Z. A. Chizhikova [150] and later used with some

modifications in a number of studies [151-153].

The intensity of the fluorescence is measured as a function of the excitation wavelength. Since
for large organic molecules, including tetrapyrroles, the quantum yield of fluorescence is
independent of the excitation wavelength, the resulting fluorescence spectrum, in effect,
represents two-photon absorption spectrum in some arbitrary units. To get the absolute

magnitudes, one needs to calibrate measurements.
Applying the fluorescence-based methods, one should account for the re-absorption.

TPA induced fluorescence is a sensitive technique for the determination of TPA cross-
sections, because we measure signal variation starting from zero. Our results show that the
quadratic-intensity dependence of the two-photon fluorescence intensity is valid only at low
excitation intensity. When increasing the intensity of the laser beam, we observe that, the two-
photon fluorescence amplitude deviates greatly from the square law. This is due to the effects

of saturation and re-absorption.

Fig.5.4 shows the square dependence of the fluorescence intensity versus excitation laser
power at 1050 nm. It provides reliable evidence that the fluorescence emission originates from

the TPA process.
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Figure 5.4: Two-photon excited fluorescence intensity for Rh6G in MeOH versus excitation

intensity of the laser showing a quadratic dependence.

5.2 Sample Preparation

The Al(tpfc); and (Al(tpfc)(py). samples were synthesized as reported previously [142, 145].
They are dissolved in toluene (C;Hsg) at the concentration of 2.8- 4 mmol/L. A maximal linear

absorption is of about 0.6 OD in the Q-band (Fig.4.5).

The samples m-THPC, m-THPP, m-THPP-PD, and m-TCP-PD were obtained from biolitec
AG. They were dissolved in DMSO (dimethyl sulfoxide) at typical concentrations of 1.8—6
mmol/L. m-THPC was also dissolved in methanol and in mixture of 50% ethanol with 50%

acetonitrile solvents to study the solvent effect.
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5.3 Two-Photon Excited Fluorescence Spectra of Porphyrin and Its

Derivatives

The linearly polarized exciting laser beams at 1030 nm or 1300 nm were focused with an
f=40 cm lens into the 5 mm or 10 mm cuvettes with the samples positioned at the focal point
of the lens. The TPEF signal in the perpendicular to the beam direction with the lens
(f= 2.5 cm) and further focused on the Ocean-Optics spectrometers with other lens. The laser

polarization is adjusted to be in a vertical plane with the help of a half-wave plate.

The one-photon fluorescence is measured with the Fluorlog-3 Spectrofluometer (Horiba Jobin

Yvon).

Laser beam

V) I, FES l

Sammple

{ Spectrometer }

Figure 5.5: Two-photon excited fluorescence measurements scheme, L1 and L2 are lenses
with focal length of 2.5 cm each, FES short pass filter 750 nm.

From Fig.5.6 one can see that there is a shift between one and two-photon fluorescence spectra

for the four investigated samples.

For m-THPP-PD the first peak in one-photon fluorescence at Ay,,x=650 nm is dominating in
comparison with the two-photon excited fluorescence. We assumed that this is because of the

re-absorption in the sample.
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There is primary absorption processes when the pump radiation is absorbed and there is
secondary processes when the fluoresced radiation is absorbed. The primary absorption
processes, which are independent of all of the other photophysical and instrumental factors,
reduce the intensity of the excitation radiation and, as a result, reduce the amount of the

observed fluorescence [154, 155, 156].

In order to remove or minimize deviation that can arise from using two different instrument
systems for the absorption and the fluorescence measurements, Parker and Barnes [157]
propose the use of a correction factor [158, 159, 160]. It corrects the absorption of the

excitation radiation [161, 162].
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Figure 5.6: One-photon (red lines) two-photon (black lines) fluorescence spectra and one-

photon absorption spectra (orange lines) of m-THPP, m-THPC, m-THPP-PD and m-TCP-PD.
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5.4 TPA Properties of Tetrapyrrolic Molecules

Here we present the measurement of the TPA cross-sections and two-photon excited

fluorescence (TPEF) of six photosensitizer.

The following figures (Fig.5.7, Fig.5.8 and Fig.5.9) show the measured absolute TPA spectra.
The laser excitation wavelengths is tuned in the range A = 1040 — 1400 nm. Also the SPA
spectra are shown in the corresponding transition region of (A= 520 — 700 nm). The solid line
show the SPA, the filled circles with the solid lines show the TPA cross-section spectra, and
filled squares with solid lines show the TPEF spectra. The x-axis presents the transition

wavelength.

Our measurements of TPA cross-sections at 775 nm for m-THPC, m-THPP, m-THPP-PD and
m-TCP-PD dissolved in DMSO give the magnitudes of 28 + 8 GM, 60 + 20 GM, 120 + 40
GM and 50 + 20 GM, respectively. The value reported in the literature [122] is 0, = 18 GM at
800 nm for the m-THPC dissolved in 20% ethanol, 30% polyethylene glycol and 50% distilled
water. TPA cross-sections of about 2000 GM have been reported for other potential
tetrapyrrole-based PDT agents— tetraphenylporphycenes [163]. These significantly enhanced
TPA cross-sections are due to near one-photon resonance with the Q-band transition around
650 nm [163-165]. This effect is supported by a Soret-band absorption at wavelengths shorter
than 400 nm and is reduced by red shifted Soret-band absorption at wavelengths longer than
400 nm [163]. For m-THPP and m-THPC the Soret-band absorption is red shifted and peaks at

about 420 nm, gives a negligible resonance enhancement of TPA at 775 nm.

The two- and one-photon absorption spectra of m-THPC, m-THPP, m-THPP-PD and m-TCP-
PD are presented in Fig.5.7 and Fig.5.8. The TPA spectra are plotted against half the
excitation wavelength value to allow comparison with the one-photon absorption spectra. It
can be seen that the transition features for the one- and two-photon absorptions are very
similar, and if we could more precisely determine the maxima of the TPA spectra, they would
most probably be the same for m-THPC, and m-THPP. It is possible that one- and two-photon
excitations may reach the same excited state if a molecule is not centrosymmetric like in

Foscan (m-THPC )or through relaxation of symmetry rules by vibronic coupling [148,166—
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168], or due to conformational effects [163]. As a result, the same band could appear in both,
one- and two-photon absorption spectra, although with different relative intensities. The
molecule in this study m-THPP is centrosymmetric, whereas the m-THPC is not. In the m-
THPC the symmetry is broken by the reduced double bond. The decrease in symmetry results
in higher intensity of the long wavelength Q-band in the absorption spectrum of chlorins. The
reduced symmetry increases the TPA probability for the symmetry-forbidden transitions. The
observation of the relatively high and not resonance enhanced TPA in the Q-band region
between 500 and 700 nm for both symmetric and not symmetric molecules shows that the

vibronic coupling [168] and conformation [163] could play an important role here.

The TPEF spectrum differs from two-photon absorption cross-sections spectrum. It does not
follow exactly the two-photon absorption spectra for m-THPC, and m-THPP (Fig.5.7). The
main difference is not in the peak’s positions but in the peak’s intensity. We attribute these
differences not to photophysical properties of the samples, but to some factors or parameters,
which we did not manage to control properly. Between such factors could be re-absorption of
emitted fluorescence light as well as changes in geometry of fluorescence collection and

transmitted light detection when tuning the OPA’s output wavelength.

From Fig.5.8 it can be seen that, the TPEF spectra follow the two-photon cross-section

measured with the z-scan technique for m-THPP-PD and m-TCP-PD.
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Figure 5.7: Two-photon absorption (black), fluorescence (red) and one-photon absorption
spectra (blue) for (a) m-THPP and (b) m-THPC dissolved in DMSO. The TPA spectra are
plotted against half the excitation wavelength.
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Figure 5.8: Two-photon absorption (black), fluorescence (red) and one-photon absorption
spectra (blue) for (a) m-THPP-PD and (b) m-TCP-PD dissolved in DMSO. The TPA spectra

are plotted against half the excitation wavelength.
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TPA cross-sections and spectra of two corroles Al (tpfc)(py); and Al(tpfc)(py), in the spectral
range of 1040—-1400nm were studied . In contrast to symmetrically-substituted porphyrins, the
TPA spectrum of corrole contains a distinct peak at the laser wavelength close to twice the
wavelength of maximum of the Soret-band (850 nm). The corrole has a quite significant cross
section, g, = 60—130 GM [169]. Lowering of the symmetry relaxes the parity selection rules

for TPA, thus making the Soret-band allowed for two-photon transition.

SPA spectra of Al (tpfc)(py); and Al(tpfc)(py). show strong bands around 580 nm and 622
nm. In analogy to porphyrins, one usually keeps the notations Soret and Q-band for the short

and long-wavelength bands, respectively.

In both Soret and Q- band, the TPA transition wavelengths do not coincide with the
corresponding one-photon transition wavelengths. This indicates that, in contrast to centro-
symmetric porphyrins [170-173], the corroles are non-centrosymmetric. Fig.5.9 shows TPA

spectra with at least four distinct peaks, one in the Soret- and three in the Q- band.

Our measurements of TPA cross-sections at 775 nm for Al(tpfc)(py); and Al(tpfe)(py). give
the magnitudes of 133 + 40 GM and 300 + 90 GM, respectively.

The TPEF spectra do not follow the two-photon absorption spectra for Al(tpfc)(py):, while in
Al(tpfe)(py)2 both spectra are rather identical.
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Figure 5.9: Two-photon absorption, fluorescence and one-photon absorption spectra for (a)

Al (tpfc)(py); and (b) Al (tpfc)(py). dissolved in toluene. The TPA spectra are plotted against

half of the excitation wavelength.
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5.5 TPA Cross-Section for Linear and Circular Light Polarization

The polarization effects can reveal important information about photophysical properties of
the organic compounds. It can provide information about the angle between dipole moments
[174], symmetry of excited states [175]. In chiral samples, it allows to obtain information on

magnetic-dipole and transition electric-quadrupole moment [176, 177].

Synthesis and design of molecules with large o, has received a lot of attention [178-180], for
applications such as the two-photon imaging microscopy [181] photodynamic therapy [182],
optical limiting [183], all-optical switching and signal processing [184] etc.

Generally, the TPA and TPEF measurements are performed with linearly polarized light.
McClain and co-workers [185, 186] have laid the early foundation for describing the
polarization dependence of TPA of isotropic liquid samples. They have basically used
combination of photons with different polarizations for assigning the two-photon transition
rates for different symmetry states. Then, Nascimento [187] discussed theoretically the
polarization dependence of the TPA efficiency for randomly oriented molecules in a single-
beam regime. Circular dichroism of the TPA is also well-known theoretically for chiral

molecules [188, 189].

Recently, TPA spectroscopy with polarization control has drawn great attention due to the
possibility of exploring optical effects beyond the electric dipole approximation and also been
shown to be a powerful tool in study of complex molecular structures. For example, Olesiak-
Banska [190] and Mojzisova [191] used the polarized two-photon microscopy to investigate
the organization of liquid crystalline DNA. Luo and co-workers [192, 193] have also done
theoretical studies of polarization effect in TPA for different organic molecules by using ab
initio response theory. Recently Wanapun et al. [194] described a very interesting theoretical
method to determine secondary structures in proteins from the differences in TPA for circular
versus linear polarizations (circular-linear dichroism). De Boni et al. [195] reported anovel L-
scan method which allows experimental measurement of polarization dependent TPA effects

in chiral molecules.
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We measured ratio () of TPA cross-sections and TPEF signals for linear and circular
polarizations at different spectral peaks. As it was shown, it is an important parameter for
randomly oriented molecules characterization [187], and helps to determine whether a
particular transition has a change in symmetry or not. The Q is governed by the tensor patterns
of the two-photon transition matrix elements for circularly and linearly polarized beams
[187,196]. The tensor pattern is a property of the states involved in the transition and is merely
determined by the symmetry of initial and final states, with no role of the intermediate virtual

state.

It is stated that the ratio of the cross section for circularly polarized light to that for linearly

polarized light 2¢ p=(0, -p/0, p) < 1 for any transition involving two states of the same

symmetry on any point group with some rare exceptions [187]. For example, if the molecule
belongs to a well-defined symmetry point group, we can anticipate that if 2.;p < 1 the
symmetry of the ground and final excited state are the same. In contrast, if 2¢;p > 1, they

have different symmetry [187].

An example of different transmittance and fluorescence curves for linear and circular
polarizations is shown in Fig.5.10. The quantitative results are presented in Table 5.1. As it
can be seen, 2.;p does not exceed one for all peaks in the measured TPA spectra for all
studied samples, indicating that the excited Q-band states, responsible for the TPA allowed
band, have the same symmetry of the ground state. The averaged value for a number of
measured peaks in our experiment is 70 £ 20%. It indicates that in our measurements ground

and excited states have the same symmetry.

To guarantee the same experimental condition for the measurements, the quarter-wave plate is
kept in the setup in both experiments (linear and circular polarization). We oriented the axes of
the A/4-wave plate at 0° angle relative to the original direction of the light polarization in
experiments with linear and at 45° angle with circular polarizations. The TPEF experiments
also show that the fluorescence signal increases as the polarization changes from circular to

linear (Fig.5.10b).
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Figure 5.10: (a) Transmittance and b) fluorescence curves for linear and circular polarization
for m-THPP (porphyrin) in DMSO solvent at 1258 nm.
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Table 5.1 TPA cross-sections for linear and circular polarizations for the six studied

photosensitizers.

o, -Linear o, -Circular

MWD (i) Sl 28 pozlarization pf)larization Qew
1050 (525) m-THPC/ DMSO 2745 21 +4 0.78 +0.2
1076(538) m-THPC/ DMSO 13+3 11+2 0.8540.2
m-THPC/ Mix e 441 0.57+0.2
m-THPC/ DMSO 47+ 10 33 +7 0.70 + 0.2
m-THPC/ Mix 31+6 2545 0.81+0.2
m-THPP/DMSO 45+ 9 42 +8 0.934+0.2
1102(551) m-THPP-PD/DMSO 90 + 20 60 + 20 0.70 £ 0.2
m-TCP-PD/ Meth 4+ 1 3+1 0.75+ 0.2
Al(tpfc)py. 13+3 10+2 0.77+0.2
Al(tpfc)py, 16 +4 441 0.254 0.1
1128(564) m-THPC/ DMSO 441 3+1 0.75+0.2
1154(577) m-THPC/DMSO 12+3 6+ 1 0.5+0.1
m-THPC/ DMSO 19 + 4 13 +3 0.68 + 0.2
1180(590) m-THPC/ Mix 3+1 2+1 0.67+0.2
m-THPP/DMSO 11+2 4+ 1 0364 0.2
m-THPP-PD/DMSO 2145 12 +3 0.5740.2
m-THPC/ Mix 4+ 1 341 0.75+ 0.2
1258 (629) m-THPP/DMSO 17+ 4 11+2 0.65 +0.2
m-THPP-PD/DMSO 4148 31+ 6 0.774 0.2
m-THPC/ DMSO 6+ 1 241 0.33 +0.1
m-THPC/Mix 341 241 0.67 +0.2
m-THPP/DMSO 2545 14+3 0.56+ 0.2
1310 (655) m-THPP-PD/DMSO 3046 2545 0.83 +0.2
m-TCP-PD/ Meth 341 0.5+02 0.17 +0.2
Al(tpfc)py; 16+ 3 4+1 0.25+ 0.1
Al(tpfc)py, 20+ 4 18 + 4 0.90 +0.2
m-THPC/Meth 4+ 1 3+1 0.75+0.2
1362(681) m-TCP-PD/ Meth 4+ 1 341 0.75 + 0.2
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5.6 Study of Solvent Effect in Foscan (Chlorin)

It has been shown that effect of solvent polarity can play an important role in the modulation
of g, of the chromophores [197-203]. However, there is a lack of systematic study in this
direction. Extensive theoretical and experimental research has been devoted to understanding
the solvent dependence in linear spectroscopy [204-206] but the efforts were limited to
address solvent effects on TPA of conjugated molecules. Theoretical studies on push-pull
molecule [197, 200] show strong dependence of the molecular geometry in solution associated
with the solvent polarities, and therefore, polar solvents lead to higher g,. The studies of
solvent effect on the TPA of D — m — A systems [198] displayed a nonmonotonic behavior of
o, regarding the solvent polarity. Other theoretical studies with more developed models [200],
have found that for charge-transfer molecules o, is more dependent on the optical dielectric
constant rather than the static dielectric constant of the solvent. Consequently, a very polar

solvent, such as water, does not necessary yields a higher o5.

The experiments that have been performed [201-203], confirmed the theoretical predictions
[198, 199] that the g, do not show a monotonic dependence on the polarity of the solvent. It
was found for distyrylbenzene chromophores [201], that the o, in tetrahydrofuran is higher
than in water. However, using the TPA fluorescence method with femtosecond pulses for a
series of fluorene and carbazole-core molecules [202], the maximum o, was for a solvent of
intermediate polarity (acetophenone). While, the TPA study of the novel dibenzothiophene

core-branched structures [203], shows the highest g, in polar solvents.

The influence of the solvent on electronic and geometric properties of compounds is an
important aspect and affects their optical properties as well as one/two-photon absorption
properties. Almost all the experimental measurements of organic molecules have been carried

out in solutions. Parallel different computational calculations have been done [207-209].

It is important to consider the solvent effect, when performing the measurements on the
samples which are in solution. Sometimes an enhancement of the TPA is due to the solvent

effect.
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Methanol (MeOH), DMSO and mixture of ethanol and acetonitrile were used as solvents for

the m-THPC samples to study the solvent effect

Solvents of different polarity shift the two-photon absorption spectra of m-THPC. The TPA
cross sections show an increasing trend with the increase of solvent polarity. In general, for
centrosymmetric molecules, TPA is forbidden for single-photon allowed transitions. However,
for non-centrosymmetric molecules due to symmetry relaxations, the SPA and TPA peaks
may coincide. Our study shows that in polar solvents the relative intensities of the peaks in the

TPA and SPA spectra are similar.

Possible explanation for this phenomenon can be that the weak single-photon peaks at 400nm
may be due to the vibronic subbands coupled with electronic states. The coupling of the odd
parity component in the electronic state with odd parity component of vibrational state may
give rise to even parity component [210], which can be accessible from ground state via two-
photon transition. In nonpolar solvents this efficient vibronic coupling may be responsible for

increase of TPA peaks.

So, one could resume that one and two-photon excitations may reach the same excited state
due to relaxation of symmetry rules via vibronic coupling. In polar solvents DMSO, mixture
and MeOH, the vibronic coupling is stronger than for nonpolar solvent. Thus the solvents
change the TPA properties of these chromophores through a change in the dielectric constant
of the medium, which in turn can change the chromophore electronic structure; or by inducing
geometrical distortions like a change in the torsional angle between the aromatic rings of the
chromophores. However, it is not possible to specifically identify how the solvent is affecting

the vibronic coupling.

With nonpolar solvents the TPA peaks do not coincide with SPA S, peak. The peaks are
clearly red-shifted. But with the DMSO, the mixture solvents and MeOH the TPA peak
actually coincide with the S, peak indicating that polar solvents actually assist the two-photon

absorption process to reach the pure two-photon allowed state in this particular case.
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Table 5.2 shows the TPA cross-sections measurements for chlorin in three solvents (DMSO,
methanol and mixture of ethanol and acetonitrile) in the excitation range of 1.01-1.3um. It can

be seen that the higher o, is for high polar solvent DMSO.

Table 5.2 TPA cross-sections for m-THPC (Foscan) in different solvents.

DMSO Ethanol /Acetonitrile Methanol
WENE TSI, Polarity = 7.2 Polarity ~ 5.5 Polarity = 5.1

505 6 + 2 4+£2 1.0+ 0.3
520 14 +4 5+2 20x0.6
545 23+7 8+3 4+2
565 9+3 311 20+0.6
595 13+4 442 412
650 I5+5 502 3+1

At the end we should note that there are several factors which influence the quality of our

measurements. One of them is the cuvette type.

Generally the solvents which are used to prepare the samples are volatile, so it is important to
have cuvette which can shut tightly to ensure that the sample concentration remains constant
and well known during the measurements. The material of the cuvette is also important. The
cuvette must have negligible effect on the transmitted light and do not contribute to the

fluorescence.

One of the important experimental considerations is the sample thickness. This thickness must
be less than Rayleigh length of the focused laser beam. Then by processing the measured data,
we can use approximation that the pump intensity is the same along the sample (so called thin

sample).
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One should pay attention to the stability of the pump pulses. Unstable light source reduces the
accuracy, especially when we should be able to measure about 10% change in the transmission
of the sample. Our reference detector and normalization of the informative signal decreases
fluctuations, but it does not help against pulse-length and spatial beam fluctuations. In such
case, we accumulate and average pulse signal from the photodiodes to reach required

accuracy.

71| Page



Experimental Measurements of the TPA Cross-Sections

5.7 Conclusions

In conclusion, TPA spectra of the transitions of tetrapyrrolic molecules in the visible part of
spectrum are obtained. Measured two-photon cross-sections are relatively small. This is

explained by the lack of strong two-photon allowed g «— ¢ transitions in this spectral region.

The measured fluorescence intensity is normalized to the square of the excitation photon flux
to be able to compare signals at different pump beam intensities and at different wavelengths.
Absolute TPA cross-sections were measured within a broad range of laser wavelengths,
1040—-1450 nm (520-725 nm transition wavelengths). We measured the TPA cross-sections of
promising photosensitizers for photodynamic therapy m-THPC, m-THPP, m-THPP-PD,
m-TCP-PD, Al (tpfc) pyi, and Al (tpfc) py2. The TPA in the Q-band is comparable with the
TPA at 775nm. The question under study now is how effectively the triplet state is populated

by the excitation of the Q-band and its vibronic components.

We measured the TPA cross-section for the mentioned above photosensitizers for linear and
circular polarized exciting pulses. For all peaks in the measured TPA spectra the ratio of the
cross section for circularly polarized light to that for linearly polarized light does not exceed 1.

It means that the ground and excited Q-band states are of the same symmetry.

The influence of solvents on TPA process in chlorin was studied. The TPA cross section
increases with increasing the polarity of solvents. However, a quantitative description of the
solvent effect on TPA and TPEF is perhaps one of a challenging task in spectroscopy because

of the unavailability of a good model.
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5.7  Zusammenfassung

Zweiphotonenabsorptionsspektren von Ubergiingen von tetrapyrrolischen Molekiilen wurden
aufgenommen. Gemessene Zwei-Photonen-Querschnitte sind relativ klein. Dieser Sachverhalt
wird durch das Fehlen von starken fiir Zweiphotonenanregung erlaubten g < g Ubergéngen in

diesem Spektralbereich erklart.

Die gemessene Fluoreszenzintensitdt wird auf das Quadrat des Erregungsphotonenflusses
normiert, um sie bei unterschiedlichen Pumpstrahl-Intensitdten und bei unterschiedlichen
Wellenldngen vergleichen zu konnen. Absolute TPA-Querschnitte wurden in einem breiten
Laserwellenlidngenbereich 1040 nm - 1450 nm (520 nm - 775 nm Ubergangswellenlinge)

bestimmt.

Wir haben die TPA-Querschnitte einiger hoffnungsvollen Photosensibilisatoren fiir die
photodynamische Therapie gemessen: m-THPC, m-THPP, m-THPP-PD, m-TCP-PD,
Al(tpfc)(py)i, und Al(tpfc)(py).. Die Zweiphotonenabsorption in der Q-Bande ist vergleichbar
mit der bei 775 nm. Die zu untersuchende Fragestellung war, wie effektiv der Triplett-Zustand

bevolkert wird, wenn die Q-Bande und ihre vibronischen Anteile angeregt werden.

Wir haben die Zweiphotonenquerschnitte der oben genannten Photosensibilisatoren fiir linear
und zirkular polarisierte Anregung bestimmt. Fiir alle Linien der gemessenen
Zweiphotonenabsorptionsspektren {iberschreitet das Verhéltnis des Querschnittes flir den
zitkular polarisierten zu den linear polarisierten Strahl nicht die Eins. Das heiflt, der

Grundzustand und die angeregten Q-Banden-Zusténde besitzen die gleiche Symmetrie.

Der Einflul von Lésungsmitteln auf den Zweiphotonenprozef3 wurde fiir Chlorin untersucht.
Der Zweiphotonenquerschnitt wichst mit zunehmende Polaritdt des Losungsmittels. Jedoch
gehort die guantitative Beschreibung des Losungsmitteleffektes auf TPA und TPEF zu den
grofften Herausforderungen der Spektroskopie, da es kein gutes Modell gibt.
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Summary

In photodynamic therapy (PDT) m-Tetra (hydroxyphenyl) chlorin (m-THPC, Foscan,
Temoporfin) has proven to possess high photodynamic efficacy. This molecule is one of the
rare photosensitizers approved for medical application on humans. In comparison I
investigated similar molecules and compared them to Foscan. The benefit of two-photon
absorption (TPA) is to be able to achieve deeper penetration into tissues. Four promising
photosensitizers for photodynamic therapy (in cooperation with biolitec AG) of the porphyrin
type: 5,10,15,20-tetrakis (m-hydroxyphenyl) porphyrin (m-THPP), chlorin 5,10,15,20-tetrakis
(m-hydroxyphenyl) chlorin (m-THPC, temo-porfin) (Foscan), palladium 5,10,15,20-tetrakis
(3-hydroxyphenyl)-porphyrinato-palladium-(II) ~ (m-THPP-PD),  and 5,15-Bis-(4-
carboxphenyl)-10,20-dihexyl-porphyrin (m-TCP-PD) were studied. Furthermore the TPA
cross-sections and spectra of Al(tpfc)(py): and Al(tpfc)(py). type 5,10,15 tris
(pentafluorophenyl) corrole were studied, testing the usage for PDT.

The PDT can be done with one-photon or two-photon excitation. The main disadvantage of
single photon PDT is the limited penetration depth of the visible light into the tissue. It is
possible to overcome this problem by using two-photon excitation with near-infrared (IR)

light.

In order to work with widely tunable light and tune the excitation wavelength, we built an
optical parametric amplifier (OPA). The mode-locked Ti:sapphire laser (CPA-2001, Clark-
MXP, Inc.) having full-width at half-maximum (FWHM) pulse-length of 150 fs at the
fundamental wavelength of 775 nm was used to pump the OPA, generated white light, as well
as to carry out some of the TPA measurements. The tuning range of the OPA with a pulse-
width of 100-125 fs is from 1040 to 1450 nm. Two-photon processes are proportional to the

square of the pump intensity.

Two different techniques were used for measuring TPA spectra and TPA cross sections. One

of them is based on the measurement of the change in the transmittance of a sample when it is
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scanned along the focused intense pump beam. It is so called open aperture z-scan method.
The other one is the two-photon excited fluorescence (TPEF) technique. In this case the
integral fluorescence induced due to the TPA is measured. The setup allows to measure the

two-photon absorption and the two-photon excited fluorescence, simultaneously.

Absolute TPA cross-sections were measured in the range of 1040 —1450 nm (520-725 nm
transition wavelengths) and at 775 nm. Our measurements of TPA cross-sections at 775 nm
for m-THPC, m-THPP, m-THPP-PD and m-TCP-PD dissolved in DMSO give the values of
28 + 8 GM, 60 + 20 GM, 120 + 40 GM and 50 + 20 GM, respectively.

We found that TPA in the Q-band of studied compounds are smaller compared to the TPA at
775 nm, where the transition is close to the Soret band. Our measurements of TPA cross-
sections at 775 nm for Al(tpfc)(py); and Al(tpfc)(py), give the magnitudes of 130 + 40 GM
and 300 4+ 90 GM, respectively. In general TPA cross-sections in the range of 60 - 130 GM

were reported for corroles.

We measured the TPA cross-section for the mentioned organic molecules for linear and
circular polarized exciting pulses. For all peaks in the measured TPA spectra the ratio of the
cross section for circularly polarized light to that for linearly polarized light does not exceed 1.

This indicates that the ground and excited Q-band states are of the same or similar symmetry.

We studied the influence of solvents of different polarity on the TPA process in m-THPC
(chlorin). The measurements show that the TPA cross-section increases by a factor of about 4
with increasing the polarity of solvents start from 5 to 7. We explained this by the change in
the dielectric constant of the solution, influencing the TPA properties of the investigated

molecule.

Comparison of TPA with single-photon absorption can indicate differences in the symmetry of
electronic transitions. In Fig.5.9b the TPA and TPEF at 550 nm is higher than for 590 nm, in
contrast to the single-photon absorption. This could be explained by the pyramidalic structure

of the corrole ring changing the symmetry for the two transitions.
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Moreover, differences in TPEF and TPA could point to different relaxation pathways. In
Fig.5.7a the TPEF at 600 nm is much higher than at 550 nm or at 650 nm. This could be
explained by a higher quantum yield of the fluorescence at 1200 nm excitation. In turn we

expected a higher triplet quantum yield at 550 nm and 650 nm.

My work shows that Foscan and related molecules are potiential photosensitizers, but an

increase in TPA cross-section would greatly enhance their applications.
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Appendix A

TPA Image Processing

1. Contrast and Lightness Enhancement Algorithms

Significant discrepancy is existing between the image captured from any digital devices and
the observation of real scenes. This is owing to the fact that the captured image consists of the
information given by the physical values of light whereas the human perception has nature of
dynamic range compression and color rendition on the scenes.

Many algorithms are suggested to enhance color images from any type of distortion (such as
noise, lightness change, inverse transform for any operation and color shift) ,in this section we
introduce two enhancement methods such as Multi scale retinex algorithm and Histogram
equalization, these algorithm are used to enhance both contrast and lightness in the color

image.

The idea behind considering the retinex as model of lightness and color perception of the
human vision first was proposed by Land [211] and many researchers [211, 212, 213]. MSR is
a method for image enhancement that proved color constantly and dynamic range
compression. Nevertheless , there are many problems with the original MSR method, one of
them is that the main practical consequence of this is not appropriate for application which is
sensitive to color [213] and extreme luminance ( very dark or very bright regions) in digital
image . We use adaptive algorithm which does not change the color in the image because the
processing which done on the light component and colors components are conserved and so

effective in night images enhancement.
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1.1 Multi Scale Retinex Algorithm
The multiscale retinex (MSR) is explained from single-scale retinex (SSR) we have

[214, 215]:

R(x, y,c) = log[l(x, y)] — log[F(x, y,¢) ® I(X, y)] (A.1)

Where R(X, y,C) the Gaussian shaped surrounding space constant at position x, y, ¢, | (X, Y) is
the image value and symbol & denoted the convolution . F(X, y,c) Gaussian surrounds

function that is calculated by [214]:

—(v2_ A2
F(x,y,c) = (k) exp(%) (A.2)
k is determined by [216]:
ff F(x,y,c)dx,dy =1 (A.3)

The output of multi scale is then simply a weighted sum of the outputs of several different

SSR output where [214,215]

N
Rusn(6,7,w,6) = Y waR (1,7,6,) (a®
n=1
Where Ry sr(x,y,w,c) the i'th spectral component of the MSR output, N is the number of the
scales, Ri(X, y,cn) the i'th component of the n’th scale, and n w,, is the weight associated with
the n’th scale. And we insist that (Xw,, =1). The result of the above processing will have both
positive and negative RGB values, and the histogram will typically have large tails. Thus a
final gain-offset is applied as mentioned in [215] and discussed in more detail below. This
processing can cause image colors to go towards gray, and thus an additional processing step

is proposed in [214]:

R =Rysr - 1'i(x,y,a) , Where I' given by
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Ii(x'y)

I'y(x,y,a) = log|l+a o————
l P (%, Y)

(A.5)

where we have taken the liberty to use log (1+X) instead of log(x) to ensure the positive result.
In [215] a value of 125 is suggested for (a) second. And the final step is gain-offset by 0.35
and 0.56 respectively [216]. In this work we wused (w;=w,=w=1/3) and
(c,=250, c¢,=120, c3=80). This algorithm done by using the following steps:

1. Input gray image I(Xx, y).
2 a2
2. Calculate Gaussian surrounds function F(x,y,c,) = (k) exp (%), where k is the

normalization constant,c,, n=3, {¢;=250, c,=120, c3=80}.
3. Compute SSR from R(x,y,c) = log[I(x,y)] —log[ F(x,y,¢,) ® I(x,y)]

4. Compute MSR from Ry sz (x, y,w,¢) = Y, waR(x,V, cy), N=3, {w;=w,=w3=1/3}.

1.2 Adaptive retinex algorithm
We can increase efficiency of the retinex (AR) algorithm by transform the normalized

intensity of the gray image by sigmoid function that is given by:

1
Sy = ———— (A.6)

Figure (A.1) is illustrated the relationship between the sigmoid function S, and the
normalized intensity [,,. This function increases the low lightness levels. And then apply
retinex algorithm.

We do this by the following steps:

1. Input gray image C(x.,y).

2. Normalized Y component by [, = %
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3. Transform lightness component by using S, = 1/(1 + /11_1“) getting processed lightness

component Yp.

4. Apply R algorithm on S, to get the output image.

Figure A.1: sigmoid function as a function of normalized intensity.

1.3 Histogram Equalization

Histogram equalization (HE) and its variations have conventionally been used to correct for
the uniform lighting and exposure problems. This technique is based on the idea of remapping
the histogram of the scene to a histogram which has a near uniform probability density
function. This produces in reassigning dark regions to brighter values and bright regions to
darker values. The histogram equalization works well for the scene that has unimodal
histogram, and the same thing for the scene that has weakly bi-modal histogram (i.e. very

bright, or very dark), but it does not work so well for those images with strongly bimodal
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histograms (i.e. scenes that contain very bright and very dark regions) [211]. Histogram
equalization is a global technique that works well for a wide variety of images. If lightness
levels are continuous quantities normalized to the range (0, 1), p(r) which denote the
probability density function (PDF) of the lightness levels in a given image, where the subscript
is use for differentiating between the PDFs of the input and output images. Suppose that we
perform the following transformation on the input levels to obtain output (processed) intensity

levels [212],

r

s=T(r) = j pr(w)dw (A.7)

0

Where W is a dummy variable of integration, that the probability density function of the output

levels is uniform, that is [212]:

1 for 0<s<1
} (A.8)

pr(s) = { 0 else

When dealing with discrete quantities we work with histograms and call the Preceding

technique histogram equalization, where [213]:

k k
¢ = Zopr(rj) S ZO% (A.9)
j= j=

L =255 for lightness band with 8 bit/pixel), s, corresponding normalized intensity level of the
output image and n;being the number of pixel with intensity level j and n is the total number.
The Eq. (A.9) is represent the cumulative probability density function (CPDF). r; is
normalized intensity level of the input image corresponding to the (un—normalized) intensity

level this algorithm summarized by using the following steps:
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1.Input color image C(n,m,1), i=1,2,3 ( red ,green, blue) components.

2. Normalize each component 7;(i) = C(x,y,i)/ 255 and calculated frequency of Occurrence
each gradual level n;(i) , where j=0,1,..255.
3. Compute histogram from P (7j(i)) = n;(i) /N, where N being the size of image.

4. Calculate cumulative histogram by:
K
()= ZE (A.10)
Skl = - N .
J:

where k=0,1,2, ... ... 255

5. Replace each normalized component 7;(i) by value of si (i) we get the output image.

1.4 Adaptive histogram equalization (AHE) algorithm

As in AR algorithm the first step is transform the normalized lightness value by using sigmoid

function that is given by:

S =1/ + | =) (A.11)

Where S, is the output lightness, and I, is the input lightness. By applying HE on modify
lightness component. This can be achieved by the following steps:

1. Input gray image C(X.,y).

2. Normalized Y component by I, = %

3. Transform lightness by using S, = 1/(1 + ﬂ).

In
4. Applied HE on transformed lightness component S, getting processed lightness component

get out put image.
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2. Results

In this work, four algorithms MSR, AR, HE, and AHE have been used to enhance images with
different lightness and contrast level, these images are skin samples measured at 1030 nm with
resolution about 2.1 um. The images have been enhanced as follows:

There is a similarity between HE and AHE algorithms except in the high intensity level of
images enhanced by AHE Figures (A.2, A.3, A.4, A.5), this distribution will be increase and
will become more fluctuated.

The distribution for the images enhanced by AR algorithm in Figures (A.2, A.3, A4, A.5),
will be increased in the moderate and high lightness level, this mean that the enhancement of

lightness became the best. All algorithms have been succeeded to enhance the images.
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Figure A.2: Image enhancement. a) Original images, b) images enhanced using AHE,
¢) Images enhanced using MR, d) Images enhanced using HE, and e) Images enhanced using
MSR.
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Figure A.3: Image enhancement. a) Original images, b) images enhanced using AHE,
¢) Images enhanced using MR, d) Images enhanced using HE, and e) Images enhanced using
MSR.
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Figure A.4: Image enhancement. a) Original images, b) images enhanced using AHE,
¢) Images enhanced using MR, d) Images enhanced using HE, and e) Images enhanced using
MSR.
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Figure A.5: Image enhancement. a) Original images, b) images enhanced using AHE,
c¢) Images enhanced using MR, d) Images enhanced using HE, and e) Images enhanced using
MSR.
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The mean of locally model (u, 6) has been illustrated in Figures continue (A.2, A.3, A.4, A.5)
continue for images with low and moderate lightness, which are enhanced by different
algorithms. We can see, the most points in the optimal regions (increase in contrast and
lighting) belong to AH algorithm then it follows by MR algorithm. This indicated that the AH
algorithm is enhanced the lightness well, whereas the MR is enhanced the contrast. In the
images which captured at good lightness levels the best enhancement appears in the R

algorithm due to higher value of 6 and mean of the image.
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