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Abstract

The nanoscale manipulation of soft-matter, such as biological tissues, in its native envi-
ronment has promising applications in medicine to correct for defects (eg. eye cataracts)
or to destroy malignant regions (eg. cancerous tumours). To achieve this we need the
ability to first image and then do precise ablation with sub-micron resolution with the
same setup. For this purpose, we designed and built a multiphoton microscope and
tested it on goldfish gills and bovine cells. We then studied light-matter interaction on a
hard polymer (PMMA) because the nature of ablation of soft-matter in its native envi-
ronment is complex and not well understood. Ablation and modification thresholds for
successive laser shots were obtained. The ablation craters revealed 3D nanostructures
and polarization dependent orientation. The interaction also induced localized porosity
in PMMA that can be controlled.
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Chapter 1

Introduction to Multiphoton

Processes

1.1 Motivation

Cancer and other degenerative diseases are causing high mortality rates around the world
and statistics show an augmentation every year in newly affected individuals. Therefore,
finding new ways of curing cancer and treating these diseases is of crucial importance.
The key to understanding and treating these ailments could lie in an imaging tool capable
of studying live cells within their native environment (In vivo) and permitting the ma-
nipulation of biological systems on nanometer dimensions by light-matter interactions.
One such tool is the multiphoton microscope which employs ultrashort laser pulses to
give it the ability to do both imaging and nano-ablation with minimal collateral damage

to the surrounding regions.

For this reason, I have designed, built and tested a multiphoton microscope capable
of imaging biological tissues with sub-cellular resolution and with the ability to perform
precise ablation with micron precision. However, howing to the complex nature of light-
matter interaction and the optical breakdown of soft-matter in its native environment.
The study of light-matter interaction (i.e. ablation and refractive index change) was
first conducted on harder polymers (PMMA) with the vision of gradually making the

transition towards softer polymers (intraocular lenses) in their native environment.
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1.2 Background

Today’s understanding of light-matter interactions was pioneered by Albert Einstein in
1905, whose explanation of the photoelectric effect [I] merited him the Nobel Prize in
1921. The photoelectric effect was first discovered by studying the interaction of light
with metals. It was observed that when light was incident upon a metal, there was a
transfer of energy to the metal’s electrons, thus inducing a current. This current was
observed to only be present for certain colors of light, indicating the presence of an energy
threshold (or angular frequency) needed for the release of electrons. This led to the
conclusion that the electrons would not be released unless the energy transferred (hw) to
them from the incoming photons exceeded that of a work function, ¢,, (bandgap width),
which bided the electrons to the metal (hw>e@,,). In the same paper, Einstein explained
that the energy transferred to the electrons would remain the same (keeping the same
frequency) even with increasing light intensity. This concept introduced the particle-
wave properties of light and the release of photoelectrons by the interaction of light with
matter. Einstein’s proposal held true for the next 60 years until the introduction of lasers
capable of producing ultrashort pulses, giving birth to the field of nonlinear optics. In
nonlinear optics, the response of the material to light depends in a nonlinear manner on
the strength of the light’s electric field. Laser pulses whose photons had considerably
less energy than the bandgap were observed to promote electrons into the conduction
band, inducing a current. The interaction of a single photon would be inadequate to
exceed the material’s work function but it was the simultanous interaction of multiple
photons with the material that challenged Einstein’s theory. This led to the theory of
multiphoton ionization.

Multiphoton ionization (or excitation), is a consequence of a quasi-simultaneous ab-
sorption of multiple photons in a single event. The concept that more than one photon
could be absorbed in a single quantum event was first introduced in the doctoral disser-
tation of Nobel recipient, Maria Goppert-Mayer [2], in 1931. It was hypothesized that
an atom or a molecule could simultaneously absorb two photons in the same quantum
event if both photons arrived within a certain time window. This statement could not
be verified until the invention of the first pulsed laser by Maiman in 1960 [3]. Kaiser
and Garrett confirmed Goppert-Mayer’s hypothesis experimentally in 1961 when they
reported a 2-photon excitation and fluorescence from CaFy : Eu®T [4]. The concept was
later generalized into an n-photon excitation (or ionization) of atoms or molecules. The

time window in which two photons must interact with a molecule in order to achieve
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simultaneous absorption was found to be 107! s [5], which is the timescale of molecular

energy fluctuations determined by Heisenberg’s uncertainty principle.

1.3 Multiphoton Excitation

Multiphoton excitation of an atom or a molecule is achieved by exciting the system from
the ground state to the excited state by the absorption of more than 1 photon [6]. In
the case of atoms, the multiphoton excitation process (i.e. using sub-bandgap photons)
is done via a series of intermediate states (see figure 1.1). As in most atoms, the energy
gap between the ground and excited state is generally greater than the typical photon
energy emitted by ultrafast lasers. Hence, the intermediate states, through which the
multiphoton interaction occurs, are not eigenstates of the system and are therefore called
virtual states. For molecules, the multiphoton excitation process is a lot more complex.
The multiphoton transitions can proceed via intermediate states that are virtual (unal-
lowed 1-photon transitions) or through a superposition of molecular states that are in
resonance (allowed 1-photon transitions), as shown in Figure 1.1. At higher intensities,
light dressed states of the molecule results in potential surfaces shifted up and down by
1 photon energy. This Floquet picture of light-molecule interaction gives rise to curve

crossings as shown in Figure 1.1.



Introduction to Multiphoton Processes 4

T Excitated state 100000
L0000
80000
[
£ . A 70000
8 1 ! -
a I £ 60000
2 1 i 5
© =, soooo
S 1 I 2 o
= 40000
E 1 | =3
jl_.! 30000
Elk 20000
g 10000
£l
> o
i Ground state
15.00
1000
—
o 500}
S
>
i
y {2poy .0
0.00 1
Lj |1sa, 0}
8
..E |2po, .—1)
® _so00p
o]
o,
lise, ,-2)
-10.00 |
IRpo, .—3)
—1500,5 20 4.0 6.0 8.0 10.0
R{a.u.)

Figure 1.1: Schematic of multiphoton excitation processes. In atoms, (top, left) via
intermediate states (unallowed 1-photon transitions) exciting the system from i (the
ground state) to f (the excited state). In molecules, (top, right) via real-resonance
(allowed 1-photon transitions) through different electronic states and vibrational levels
of the molecule. (bottom) Dressed states of a molecule showing different potential energy
curves shifted up and down in energy by 1 photon leading to curve crossing. The dashed
lines represent the diabatic potential curve and the solid lines the adiabatic potential

curves.

The Floquet picture is based on Floquet theorem in differential equations with peri-

odic coefficients. The Hamiltonian of a system interacting with the light can be written
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as

H=y L i — 2 AG 0+ V() (1.1)

2mi

Where A is the vector potential of the electro-magnetic field, r; is the position of the ith
particle, m; is the mass, p; is the momentum of the ith particle and, z; is the charge.
With A periodic in time as A(t + T) = A(t).

Because the laser field is periodic in time
H(t+T)=H(t) (1.2)

Floquet theorem guarantees that any solution W(r, t) of the Shrodinger equation with

above periodic Hamiltonian

ih%\lli(ri,t) = H(t)V(ry,t) (1.3)
can be written as _
U(rit) =e n o(ri,t) (1.4)

Where ¢ has the same time periodicity as H (i.e. ¢(r;,t + 1) = ¢(r;,t)). Therefore

equation 1.4 can be expressed in a Fourier series

o0

U(rt)=e i Y e, () (1.5)

n=—oo

Where w is the laser frequency and integer n can be regarded as the number of photons

absorbed from (or emitted in) the laser field.

For the excitation of atoms (or molecules) via virtual states, the number of virtual states
accessed during the excitation depends on numerous factors such as: the bandgap energy,

the intensity of the laser delivered to the interaction region, the material’s cross-section,

and the incident photon energy [6]. It is to be mentioned that the multiphoton process of
exciting atoms and molecules through such states is not trivial and can not be obtained
with all light sources.

In traditional quantum mechanics the treatment of such a multiphoton process dictates
that the photons must be simultaneously absorbed since the virtual states are not proper
eigenstates of the states, hence can not exist, and therefore have no lifetime associated

to them. However, the time-energy uncertainty relation allows such states, that are not
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properly energy conserving, to exist for a short period of time [7]. Hence, from the
Heisenberg uncertainty principle and with a photon energy of 1.55 eV, the lifetime of the
virtual states are approximated to be of &~ 2.67x1071° s. Obtained from the time-energy

uncertainty relation

AEAt =~ h (1.6)

Where AFE is the energy fluctuation associated to the virtual state, At is the lifetime of

the virtual state and A Planck’s constant.

It is during the lifetime of the virtual state that another photon must arrive and be
absorbed in order to push the electron into the excited state or to photoionize or to
simply access another virtual state (where other photons will have to be absorbed in
order to complete the process). Otherwise, the system falls back to the ground state
and releases the excess energy through heat or other mechanisms. For this reason, mul-
tiphoton processes requires high intensities, within the interaction region, that are only
achievable using pulsed lasers. The intensity required for multiphoton excitation of an
hydrogon atom can be easily estimated. The lifetime associated to a virtual intermediate
state, using a sub-bandgap photon energy of 1.55 eV, of ~ 2.67x1071° s. For successive
absorption of photons within this time, there should be more than 10* photons per sec-
ond incident on the atom with dimensions of an angstrom (1078 cm). Therefore, the flux

2. For a

necessary for a multiphoton excitation is approximated to be of 103! eV /s/cm
photon energy of 1.55 eV this corresponds to an intensity of 10'® W/cm?. More rigorous

calculation and experiments suggest an intensity of 6x10' W /cm? to ionize hydrogen [§].

The process of multiphoton excitation can therefore be visualized as the absorption of n
photons with frequency w, resulting in either the release of a &~ nfiw photon (fluorescence)
(see Figure 1.2), or an electron into the continuum (photoionization) (see Figure 1.7) or

to an excited state.

In my research, both multiphoton excitation and multiphoton ionization processes
are used. The former is linked to the excitation of dye molecules and their subsequent
emission of light as the system returns to the ground state (see Figure 1.2). The latter
occurs when the total energy from the multiphoton interaction is greater than that of

the bandgap energy, leading to photoionization (see Figure 1.7 and Section 1.9).
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In the first case (i.e. multiphoton excitation, Figure 1.2), n photons of frequency
w are absorbed to meet the energy bandgap between the ground state and the excited
state. The intensity is low enough to prevent the photoionization of the electron. This

is shown by

(Ey — Eo) > he(L/ A + 1/ A0+ ..+ 1/),) (1.7)

where F is the excited state, Ey is the ground state, ¢ is the speed of light, A is Planck’s
constant, and A;...\, are the wavelengths of light taking part in the multiphoton exci-
tation process. Since pulsed lasers produce, by definition, pulses of light with a certain
bandwidth of frequencies, the photons, in principle, do not necessarily have to be identi-
cal. For practical reasons, the wavelengths taking part in the excitation process will be
taken as equal.

Hence equation 1.7 becomes
nhc

(Bi— Eo) > == (1.8)

where A is the central wavelength of the laser.

It is important to mention here that the excited state in which the electron is located
(refer to Figure 1.2) prior to releasing a photon is an eigenstate of the molecule (or atom).
The emitted photons may not have exactly an energy equal to nw due to the thermal
relaxation of the system when in the excited state, as shown in Figure 1.2 [0, [, [10].

Thermal relaxation, in molecules, occurs when the excess vibrational energy is trans-
ferred to the surrounding molecules by the means of collisions. In other words, following
the excitation of the molecule there is a process of vibrational relaxation, within the
electronic state of the molecule, from an higher vibrational level towards the lowest vi-
brational level (see Figure 1.2). Resulting in the release of a Stokes shifted photon (i.e.

a photon of lower energy).



Introduction to Multiphoton Processes 8

3 Excited state P
= — hermal Relaxation
s
- Y
8|
@ A Fluorescence, nhw'
=
S
°
£
o
=z
Ground state

Figure 1.2: Schematic of multiphoton excitation via (left) intermediate states and (right)
real-resonance resulting in the release of a photon of lower energy that may not be equal

to nw due to the thermal relaxation.

In the second case (i.e. multiphoton ionization), n photons of frequency w are sim-
ulaneously absorbed but with a total energy higher then the ionization potential (IP),

resulting in the ejection of the electron into the continuum (see Figure 1.7).

(Er — Eo) < ”Thc (1.9)

The difference between these two scenarios is the intensity. With higher intensities,
there is a much higher photon flux delivered to the region and more photons can be
absorbed quasi-simultaneously so that the total combined energy can exceed that of the
IP. The absorption of multiple photons in a single quantum event is not only inten-
sity dependant but also strongly depends on the cross-sections of the molecule or atom
interacting with the field [6].

1.4 Cross-Sections

The cross-section for a 2-photon excitation was estimated by Chris Xu [6] 1T, 12] using
a time-dependent semiclassical interaction approach. He estimated this excitation cross-
section using only the lowest-order dipole transition.

The 2-photon cross-section, o5, can be estimated by:

()] :aijajij (110)
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Where o;; and o, are the 1-photon absorption cross-sections and 7; is the lifetime of
the virtual intermediate state. Xu estimated 7; to be of about 107 — 107% s using the
transition frequency to the intermediate state and the frequency of the absorbed photon.
0;; and 05, were estimated to be in the order of 1071% cm? to 107! cm? using the typical
dipole transition length for a molecule. Thus, the estimated 2-photon cross-section was

found to be of about 10~*cm? s/photon.

This approach can be further generalized for an n-photon absorption

Op = 0ij0 kOOl Tj TK T (1.11)
and further simplified to
0 = o7 (1.12)

where o, is the n-photon absorption cross-section. This relation is correct if we assume
that all 1-photon absoption cross-sections and the lifetimes of all intermediate states are

the same.

From the relation above, the probability of observing an n-photon excitation, o, should
be equal to the molecule’s capability of absorbing n-photons in a single event (molecular
n-photon absorption cross-section), o,, and the incident photon flux (or intensity), 1.
The n-photon excitation process has an n-th order dependence on the intensity, I™ [5].

The probability of having a multiphoton excitation is given by
og=o0,1" (1.13)

The probability of observing an n-photon transition increases with intensity but the

absorption cross-sections of the molecule decrease with each intermediate level added.

1.5 Localized Energy Deposition and Pulse Duration
Effects

Multiphoton processes require very high intensities because of very low cross-sections.
Thus, when a laser is tightly focused the multiphoton process only occurs at the focal
volume. Therefore, in an n-photon (n>1) interaction process, the energy deposition is

localized in the immediate region of the laser focus since it is where the photon density
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is the highest (refer to figure 1.3). It is at the focus that the probability of having an
n-photon absorption is more likely to occur due to the I™ dependance of the excitation
process. With the nth-order dependance on the intensity, the interaction region is ever
more confined with each successive photon added. This gives a nearly zero probability
of an n-photon absorption outside the focal volume, as shown in Figure 1.3. This is a
unique property of multiphoton interaction which gives the 3-D capability to a multi-
photon microscope. Combined with ultrashort pulse durations that minimize thermal
diffusion (discussed below), focused ultrashort pulses lead to localized energy deposition

on a micron-scale.

The intensity requirement of a multiphoton process gives rise to localized interaction.
However, high intensities are necessary in order to obtain multiphoton interactions. Such
intensities can be easily generated by using ultrashort pulses with moderately low average

powers. The intensity given by
E

= -
AT

(1.14)

and the average power given by
Paverage = Ef (115)

where F is the pulse energy, A is the area of interaction, 7 is the pulse duration, and
f the repetition rate of the laser. The use of low average powers minimizes damages to

biological systems by avoiding photodamage [13] (discussed later in this Chapter).

In addition, the use of ultrashort pulses with durations (7 = 107!5-1071? s) shorter
than the thermal expansion time (a few ps [I4]) also ensures that no energy is trans-
ferred outside the interaction region which eliminates thermal damage and confines the

interaction to the focal volume.

These are the unique features of ultrashort pulse lasers that are often exploited in mul-

tiphoton microscopy, micromachining and 3D photonic device fabrication.
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Figure 1.3: This Figure compares the excitation volume of a fluorescent dye (located in
a vial) by a multiphoton process (pointed by an arrow, using a multiphoton microscope)
to that of a 1-photon excitation process (top, using a confocal microscope). The differ-
ence between the interaction volumes associated with the 2 process is clearly significant.
For a multiphoton interaction, the excitation of the dye molecules only occurs where the
intensity is at the highest and that is at the laser focus, as seen in the picture. This con-
fined interaction is called energy localization, which is a unique property of multiphoton

microscopy and gives it its 3D capability. (courtesy of Brad Amos MRC, Cambridge).
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1.6 N-photon Fluorescence

The imaging of biological tissues is often accomplished by doping them with dye molecules
which adhere to specific sites. In multiphoton microscopy, the dye is excited by the si-
multaneous absorption of photons. The fluorescence from the dye is within a frequency
range of approximately n(w' + Aw'), where w’ is the central frequency of the emitted
photons (maxima in the emission spectra of the molecule) and shifted by frequency Aw’
by the radiationless decay from the excited state to sub-bandgap levels (see Figure 1.2)
[9]. For this reason, all fluorescence emissions from a dye will have a certain bandwidth
that is determined by the energy levels associated to the dye molecule. Fluorescence is,
by definition, a sub-bandgap process but still requires the system to be brought to the
excited state by providing the right amount of energy. In that state, the system goes
through radiationless relaxation either by energy loss through vibrational or electronic
states and shifts the system into a sub-bandgap energy level. This results in the re-
lease of lower energy photons. Undershooting the bandgap by failing to provide enough
energy to excite the molecules from the ground state to the excited state produces no
fluorescence. The excess energy is distributed to the lattice in the form of heat and other
processes. On the other hand, exceeding the bandgap energy will release the electron
into the conduction band by the process of photoionization which, again, produces no

fluorescence.

In the previous section, the probability of observing an n-photon excitation was given by
o=0,1"(t) (1.16)

Since fluorescence for low energy photons occurs via multiphotons processes, the
observed fluorescence intensity for a n-photon excitation should be approximately equal

to the probability of observing an n-photon transition [5] [6, 15].

Ifluorescence (t) ~ Un[n (t) (117)

where I(t) is the intensity at the focal volume and o, is the molecular cross-section.

From the relationship obtained in equation 1.17 and with the use of a microscope objec-
tive for light delivery, further approximation of the fluorescence intensity can be made

as a function of power [6].
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T(NA)? n
heA
Where NA is the numerical aperture of the objective, A is the wavelength of light, h

Ifluorescence(t) ~ UnPtn[ (118)

is Planck’s constant, and P(t) is the laser power.
A more generalized relation can be made for the time-averaged fluorescence intensity for

n-photon absorption per molecule.

<]fluorescence(t)> = %UH[%]n/P@)dt (119)

CW lasers versus Pulsed lasers

In the case of a continuous wave (CW) laser, P(t) is equal to the average power and

equation 1.19 becomes [6]

T(NA)?

npr 1.2
o) (1.20)

ave

<Ifluorescence,CW(t)> = O-n[

In the case of a pulsed laser, "= 1/f, and P(t) = P2 ./ f,7p, and equation 1.20 becomes
[6]

n(NA)?, Pr K
'[ uorescence,pulse t = n " ave dt 1.2].
Usoresencepana®) = oo™ P . | (1.21)

where f, is the repetition rate of the laser and 7, is the pulse duration.

In order to compare the efficiency of both lasers in producing fluorescence, the fluo-

rescence intensities are made equal.

<Ifluorescence,C'W (t)> = <Ifluorescence,pulsed(t)> (122)
We then have .
o = M (1.23)
ave, 7_;,1 f£,1

As an example, consider a 3-photon excitation where Pyye puises = 0.1 mW with a repe-
tition rate of 5 kHz and pulse duration of 100 fs. P,,..cw would have to be 1.3x10" W
to obtain the same fluorescence intensity as that of a pulsed laser. The use of such high

power with a CW laser would destroy any sample situated at the focus.

This demonstrates the advantage of pulsed lasers over CW lasers. That is unless the
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wavelength of light is made to be in resonance with the different energy levels of the
molecules, CW lasers can not be used for the multiphoton excitation of dyes (or multi-
photon ionization) due to the high power required and the damage that would occur to
the sample. Conversely, pulsed laser would not be the choice for single photon excita-
tion as it restricts the detection of the signal to that of the repetition rate of the laser.
Furthermore, the use of short pulses lessens the collateral damage caused by thermal dif-
fusion. For pulses shorter than the heat diffusion time (a few ps), the deposited energy
is confined to the focus (or interaction region) without affecting the surrounding regions.
In the case of a CW laser, the material is continuously exposed to the laser beam causing

severe heat related damages to the surrounding regions over an extensive length.

1.7 Dependence of N-photon Fluorescence on Dye

Concentration

In the previous section, the probability of an n-photon absorption was given by equation
1.16. However, an important factor that wasn’t introduced but plays a critical role on
the amount of fluorescence being produced at the focal volume is the dye concentration,
C(r,t). To calculate the true amount of fluorescence emitted from the focus (or the
amount of n photons absorbed), the concentration of the dye tagged to the sample must

be added into equation 1.16 in order to calculate the rate of emission.

The total amount of absorbed photons per unit time, N, is thus given by the rela-
tion [16, [17]

Nabsz/dranC(r,t)I"(r,t) (1.24)
v

where n is the number of photons, o, is the n-photon absorption cross-section, [ is the

incident intensity, and V is the illuminated volume.

Another factor that is ignored is the dependence of the n-photon absorption process
on the laser’s temporal coherence (how well the waves can interfere). The nth-order
temporal coherence of the excitation source is important since each photon participat-
ing in the n-photon excitation imparts its angular momentum and phase transfer to the
electron. This can lead to constructive interference bringing the electron into the ex-
cited state, producing fluorescence, or destructive interference leaving the system in the

ground state (no fluorescence). For this reason, temporal coherence for an nth-order
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interaction is an important factor when determining the cross-section for a multiphoton
excitation. Maclain and Harris [17] included this factor to give an approximation of the
amount of photons emitted per unit time, F, from the focal volume. They assumed the
absence of photobleaching and ground state depletion from their calculation which gives

the following relation.

F(t) = %eﬁnNabs (1.25)

where 7 is the quantum efficiency of the fluorescent dye and ¢ is the collection efficiency

of the detection system.

The value of the parameter ¢ is an evaluation of the performance of the system in
detecting fluorescence emissions and is determined by the collection efficiency of the de-
tection system, the transmission of the optical elements within the beam path, and the
quantum efficiency of the detector. The quantum efficiency of the dye, 7, is determined
by the ratio of the number of photons emitted to the number of photon absorbed. Con-

sequently, 7 can have a value ranging from 0 to a maximum of 1 (100% efficiency).

The average photon flux in the focal volume is given by [1§]
1
F(t) = _g(n)¢nNabsC(r7 t)0n<lo(t)>n/ dTSn(T) (126)
n 1%

where C is the concentration of the dye within the focal volume, g™ is the measure-
ment of the nth-order temporal coherence of the laser, and S(r) describes the spatial

distribution of the incident light. The parameter ¢ is given by

~ L))"

where Iy describes the temporal distribution of the excitation source and I} is propor-

m _ () (1.27)

tional to the total emitted fluorescence.

Assuming a Gaussian-Lorentzian beam profile for the excitation beam and a sample
thickness larger then the Rayleigh length, (for n > 2) we have [I§].

(2n — 5)!n,m3wl
S"(r)dr = £ 1.28
/V%o (r)dr = = Bn — i (1.28)

with the convention that 2n!! = 2:4-6- - -2n, (2n-1)!! = 1.3-5-- -2n-1, (-1)!! = 1 and

(0)!! = 1 [18]. n is the number of photons absorbed during the excitation process, n, is
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the refractive index of the medium, w, is the beam radius, and X is the wavelength of light.

Therefore, the time-average photon flux coming from the focal volume is given by

1

2 — 5)Inymdwt
F(t) = ﬁg(”)qﬁnNabsC(r, )on < L) >" (2n — 5)ltnomw

2n(2n — 4)1I\

(1.29)

1.7.1 Special Case of N-photon Fluorescence: Two-Photon Mi-

Croscopy

In the case of a 2-photon excitation, equation 1.26 becomes

F(t) = %g@)sbnNabsC('f’, t)0n<fo(t)>2/vd’f’52(7”) (1.30)

Assuming a Gaussian-Lorentzian beam profile and a thick sample (refer to previous

section),
1 o 3, .4
F(t) = 59®onC(r, o —— (P(0) == (1:31)
F(t) = 59P6nC(r o P(1)) "2 (132

From equation 1.32, it can be observed that the fluorescence intensity is insensitive to
the spot size. Thus, the total amount of fluorescence remains unchanged over the entire
focal volume, ignoring the possibility of aberration [16, 19]. This property of the 2-
photon process is exploited in 3-dimensional imaging of biological systems (like tissues).
In two-photon microscopy (TPM), the excitation volume is limited to the focal spot due
to the spatial and temporal intensity requirements that are only met at the focus (refer to
Figure 1.3). This confinement of the excitation volume eliminates the need for pinholes
in front of the detector and the excitation source to discriminate against out-of-focus

information (often used in confocal microscopy, see following section) [20] 211, 22].

1.8 Confocal Microscopy

In conventional light microscopy, the object is instantaneously recreated in the image
plane by the simultaneous imaging of each individual point of the original object. In
Confocal microscopy (CM), the object is reconstructed point-by-point by raster scanning
the focal plane of the objective with the laser beam using a pair a galvanometric mirrors

and by collecting and measuring the fluorescence emissions produced from each individual



Introduction to Multiphoton Processes 17

point by the interaction of the laser beam with the dye molecules. What differentiates
both microscopes is that in CM, the object’s information is collected using a pinhole
aperture through a process known as the confocal principle. It is achieved by placing a
pinhole in front of the detector that is in a conjugated plane with that of the focal plane of
the objective. The pinhole’s purpose is to eliminate out-of-focus information by blocking
information from above and below the plane of interest (see Figure 1.4), enabling optical

sectioning (see Figure 1.5) and thereby permitting 3-dimensional imaging [23], 24 25].

Pinhole aperture for

excitation source Pinhole

aperture for
detector

Cold mirror | detector

Figure 1.4: Principle of Confocal Imaging: the efficiency of cutting out-of-focus informa-

tion is limited by the physical size of the pinhole aperture.

The buildup of a 3D replica of the original object is achieved by displacing the ob-
jective’s focus along the z-direction. The thickness of the optical slices is determined by
the physical size of the pinhole aperture; the smaller the pinhole aperture, the smaller
the optical slices are and the better the resolution [26]. Information collected from each
individual point from all the optical slices are stored on the computer’s memory. The
optical slices are then stacked on top of each other to recreate a 3D replica of the object
without having to physically cut the sample one layer at a time (see Figure 1.5).

On an important note, it is to be said that the confocal property is not violated by the
introduction of the mirrors along the beam path since the mirrors move slowly compared

to the speed of light (i.e. the information collected can be precisely associated to a po-
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sition in the focal plane). Hence, the emissions follow the path along the optical axis

which is identical to the original path used by the excitation beam [26].

Figure 1.5: Optical sectioning and creating a 3D replica of a sphere by projecting each

optical slice on top of one another.

The main weakness of conventional CM comes from its use of a CW laser to illuminate
the sample in order to excite dye molecules. This use of a CW source to image is a large
disadvantage as the CW laser is more likely to cause significant damage to the sample,
affecting the physical integrity of the tissues and the viability of the cells. The damage is
not localized and affects regions in all directions over a significant distance. Furthermore,
the use of a CW laser blazing through the sample excites a large volume due to the
cross-section of a 1-photon excitation being relatively high, resulting in the excitation of
regions located outside the focus of the microscope objective (large background noise).
This necessitates the use of a pinhole to block out-of-focus information. On this note, the
goal of this thesis is to build a system that will have both the ability to image biological
tissues as well as do precise ablation, which is simply not achievable when using a CW

laser.

1.8.1 Confocal Microscopy versus Two-Photon Microscopy

The two-photon microscope has the same capability as the confocal microscope to image
in 3-D. However, TPM is much more promising when it comes to the care and imaging
of soft tissues since it is not as detrimental to the viability of the cells. These advantages

come from the excitation source used for imaging.

In conventional CM, which is a 1-photon excitation process, the wavelength of the laser
must match the excitation wavelength of the dye in order to have an efficient means of

producing fluorescence, restricting the light source to a CW laser. (Pulsed lasers can
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be used but like previously mentioned when it comes to signal detection it is not very

logical to use one)

The use of a CW laser, in CM, comes at the cost of inducing damage and affecting the
physical integrity of the sample being imaged [27, 28]. Damage to tissues such as photo-
bleaching, photochemical damage, and photoxicity are pre-dominant when using shorter
wavelengths to excite dye molecules. Since most dyes fluoresce in the near-ultraviolet
(UV) and visible light regimes, such damages are unavoidable when using an excitation
source with the same wavelength and results in severe degradation of the samples. These

damage types are described below.

e Photobleaching
Photobleaching (see Figure 1.6) is the photochemical destruction of the dye molecules
when exposed to light for the process of exciting and stimulating them to fluoresce.
The dye molecules are attenuated and destroyed by the exposure of the light. This
process is pre-dominant when using CW lasers in the near-UV and visible spectra
[29, 30, 311, 32].

Before bleaching After bleaching

@

Figure 1.6: Demonstrates the ability of a dye to fluoresce before (left) and after (right)
photobleaching. A clear reduction in the fluorescent intensity, coming from the same
regions, can be observed and is attributed to the photochemical destruction of the dye

by its exposure to the light source. [33]
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e Phototoxicity
Phototoxicity happens when the dye excited (by a photon or numerous photons)
returns to the ground state, after thermal relaxation, emitting a photon of lower
energy due to a Stokes shift. The excess photon energy is transferred to the oxygen
in the cell nonradioatively, thereby killing it. This can be easily avoided by decreas-
ing the excitation energy by using low energy photons and decreasing the exposure
time of the cells to the excitation source [34] [35]. Using low energy photons re-
duces the transfer of excess photons energy to the biological systems minimizing

the generation of oxygen radicals.

e Photochemical
Photochemical damage occurs when light triggers a reaction by exciting endogenous
and exogenous absorbers located within the biological sample. This is followed by
a phototoxic reaction such as the formation of free radicals, resulting in oxidative
stress, or the excitation of amino acids inducing severe irreversible DNA damage
[13]. Peak absorption of these absorbers are mostly located in the UV and visible
range. Photochemical damage can be avoided by using longer wavelengths, reduc-
ing power, and by decreasing the exposure time of the biological sample to the

excitation source.

The strength of TPM comes from the use of an ultrafast laser as the excitation source.
For maximal performance, lasers used in TPM are centered in the near-IR spectral region
and emit intense pulses of only a few femtoseconds in duration. The use of low energy
photons for excitation significantly reduces the probability of photodamage, which is
typically wavelength dependent and generally more severe with shorter wavelengths.
Since the probability of photodamage to biological tissues depends also on the exposure
time of the sample to the excitation source, pulsed lasers (depending in the repetition
rate and pulse duration) greatly reduce the exposure time of the sample to the excitation
source. Moreover, the use of longer wavelengths to image biological tissues enables
access to information located deeper within the sample due to the reduction in scattering
[36], 37].



Introduction to Multiphoton Processes 21

1.9 Photoionization

In atoms or molecules, photoionization occurs when the incident photon energy (or sum
of the total energy of the photons simultaneously absorbed) transferred to the electron
is greater than the binding energy of the electron, releasing the electron into the con-
tinuum. In solids, the energy should be greater than the bandgap in order to excite the
electron from the valence band into the conduction band. For sub-bandgap photons,
ionization can still occur by multiphoton processes where n-photons are simultaneously
absorbed. The multiphoton process depends on the intensity delivered to the interaction
region. There are two regimes in which ionization can occur: either by n-photon ab-
sorption or tunnel ionization. The regimes are distinguished by the Keldysh parameter
[38, 39, 140, [41].

The Keldysh parameter, v, is calculated using

N = %\/2&) (1.33)

where w is the laser frequency, F' is the electric field strenth, and FEj is the ionization
potential of the atom or molecule. Keldysh concluded that for the value of v > 1, tunnel
ionization would prevail over multiphoton ionization and that for the value of 7 < 1 the
inverse would be true. In the case where v & 1, both regimes play a role in the ionization

process.



Introduction to Multiphoton Processes 22

1.9.1 Multiphoton Ionization (MPI)

Multiphoton ionization can be visualized as the simultaneous absorption of n-photons
whose total combined energy exceeds that of the bandgap in a solid or the ionization
potential (IP) in an atom. The energy transfered to the electron promotes it from
the valence band into the conduction band, or continuum, thus creating a free electron
[42], [43]. This process can occur in 2 different ways. First, via virtual intermediate states
(unallowed 1-photon transitions) and, second, through allowed 1-photon transitions via

real-resonance, as shown in Figure 1.7.
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Figure 1.7: Schematic of multiphoton ionization by the absorption of n-photon of fre-
quency v (left) via intermediate states and (right) through allowed 1-photon transitions

via real-resonance (for a Li* molecule).

1.9.2 Tunnel Ionization

Tunnel ionization starts to become dominant when intensities delivered to the interac-
tion region exceed 10 W /cm?. First observed in Xenon atoms in 1985 by Chin et al.
[44], tunnel ionization was explained as the distortion of the Coulomb potential in the
presence of an intense electric field. During the short time that the Coulomb potential is
bent, there is a finite probability that the electron may tunnel through the barrier into

the conduction band or continuum creating a free electron (figure 1.8).
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Figure 1.8: (left) Result obtained by Chin et al. experimentally confirming the process
of tunnel ionization by unexpectedly detecting doubly ionized Xenon in the presence of a
strong electric field [44]. Reprinted with permission from the Institute of Physics(IOP).
(right) Schematic of tunnel ionization, demonstrating the bending of the Coulomb Po-
tential in the presence of a strong electric field and the tunneling of the electron into the

continuum.

In solids, additional ionization mechanisms exist and are described below.

1.9.3 Impact Ionization

Impact ionization starts to play an important role for pulses longer then 50 fs [39] [45].
From a long pulse, a high density of free electrons is reached by the process of multiphoton
and /or tunnel ionization. This high density of electrons in the conduction band enhances
collisions between electrons in the presence of an electic field. The impact of the high
energy electrons in the conduction band and the surrounding bound electrons knocks out
the bound electrons from the valence band, producing more free electons. The longer the

pulse is, the higher is the density of free electrons as well as the probability of collisions
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which grows into an avalanche process with longer pulse durations [41), 46|, [47].

1.9.4 Shot-to-Shot Memory

In linear optics, the bandgap is fixed so the energy deposited into the region must be
greater then the bandgap in order to photoionize. The introduction of ultrafast lasers to
photoionize a material introduces a nonlinear component to the photoionization process;
a phenomenon known as shot-to-shot memory [39, 48, 49]. Shot-to-shot memory is a
nonlinear interaction with the material where each laser shot induces a change within
the region which lowers the bandgap energy required for photoionization. This process
continues for each laser shot delivered to the region until the change in the bandgap

reaches a saturation where the bandgap can no longer be lowered.

The existence of such a nonlinearity was first demonstrated experimentally by P.P. Ra-
jeev et al. [49] while conducting experiments inside fused silica glass. They showed, by
monitoring the transmission and by keeping the light focused unto a fixed position, that
the transmission as a function of pulse energy did not retrace itself when ramping up
and down the energy delivered to the interaction region (see Figure 1.9). The number
of shots delivered to the interaction region, increased throughout the experiment. The
hysteresis like effect is an indication of a memory in the nonlinear ionization of fused
silica. This memory effect is explained as the accumulation of laser-induced chemical

changes in the modified regions constituting a feedback mechanism.
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Figure 1.9: Demonstration of nonlinear absorption inside fused silica. The graph is
plotted for transmission as a function of pulse energy. The laser focus is fixed and the
pulse energy is gradually increased from shot-to-shot and then reduced. The transmis-
sion curve didn’t retrace itself. The hysteresis like curve indicates memory in nonlinear
ionization. The full cycle consisted of 17 000 shots. The arrow follows the path of in-
creasing number of shots. Reprinted with permission from [49]. (©2006 by The American
Physical Society.

Further insight into the memory effect is obtained by measuring the transmission
as a function of number of laser shots at a fixed pulse energy. Figure 1.10 shows the
transmission of an ionizing pulse as a function of number of shots in fused silica [49],
using a pulse energy of 160 nJ which is 3 times the ionization threshold of a fresh sample.
The transmission of a fresh sample (solid circles) is compared to a previously exposed
one (open circles) as a function of laser shots. From Figure 1.11, following the first laser
shot, it is observed that as the number of laser shots increases, the transmission decreases
until it reaches a saturation (after a few thousand shots). This observation confirms the
existence of a memory in the nonlinear ionization process. In addition, it indicates a
saturation to the mechanism where the ionization threshold can no longer be lowered by

a cummulative effect.
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Figure 1.10: Demonstates the nonlinear absorption as a function of exposure at the fixed
pulse energy of 160 nJ. The transmission is plotted as a function of the number of laser
shots. Comparing the transmission of a fresh sample (solid circles) to a previously ex-
posed one (open circles) as a function of the number of laser shots. The open circles show
the transmission through the same spot having left the laser off for 1 hour. Demonstrat-
ing that the memory operates only in a nonlinear regime. Reprinted with permission
from [49]. (©2006 by The American Physical Society.

The changes induced by the nonlinear memory were quantified by modeling the trans-
mission. Figure 1.11, compared the transmission of a fresh sample of fused silica glass
(moved between laser shots) and a sample previously exposed to 10 000 shots at a pulse
energy of 160 nJ. The solid lines in the figure were obtained by solving the self-limiting

model numerically that included avalanche ionization. Using the following relation

d
d—;’ = aln+W(I) (1.34)

Where dn/dt is the carrier generation rate, I is the laser intensity, « is the avalanche
coefficient, and W(I) is the nonlinear ionization rate. In [49] the absorption rate is
approximate as W(I) = o041, where n is the number of photon participating in the

interaction (6 for the ionization of fused silica) and oy, is the nth-order cross-section.
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Figure 1.11: Transmission is plotted as a function of laser pulse energy. Used by [49] to
model the nonlinear absorption in order to characterize the memory. The blue curve is
obtained by moving the sample so that fresh material is irradiated on each shot. This
curve is used as a baseline for assessing the memory effect. The red line is obtained
at single spot after exposure to 10 000 shots at 160 nJ. The solid lines are fits from
the numerical modeling that includes the nonlinear absorption using equation 1.34. The
dashed lines show fits of simple sudden onset analytical model, that neglects avalanche,

to the early portions of the transmission curves. It is from this fit that the threshold
intensities are obtained. [49]. (©2006 by The American Physical Society.

From the fits (solid lines) in Figure 1.11, the value of the avalanche coefficient, «, was
set at 4 J-lcm?. They calculated, from equation 1.45 and Figure 1.11, a cross-section
of o6 = 4x10"3(TW cm™2)7¢ cm™ ps™! for the fresh sample and a cross-section of o
= 1.6x10"(TW cm2)76 ecm ™3 ps~! for the memory satured glass, revealing an increase
by a factor of 4. This increase in the cross-section indicates a permanent change in the
material that effectively reduces the bandgap. From the dashed lines, in the early part
of the transmission curves, the ionization threshold for the fresh sample was determined
to be of 1.2x10¥W cm™2 whereas the ionization threshold for the material previously
exposed was determined to be of 9.5x10*W cm~2, where the memory effect had been
saturated, indicating lower ionization threshold for previously exposed samples. Inter-
estingly, it was also showed that for different pulse energies, the memory effect in fused
silica always saturated at a drop in threshold of ~ 20%. The only difference was the rate

at which the memory was established.

This phenomenon is general and should also occur in PMMA. However, the chemical
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changes are different. In fused silica, Raman experiments have indicated that there is a
chemical change in which the five and six membered rings shrink to form three to four
membered rings [49]. Where as in PMMA, the chemical change is due to the combination
of depolymerization (i.e. dissociation of the PMMA polymer chains) and cross-linking
(i.e. re-connection of the dissociated polymer chains) [50]. This chemical change, in
PMMA, can be observed visually by the emission of green fluorescence from the laser-
modified regions when exposed to a specific wavelength of light due to bond scissions,

see Figure 1.12.

Figure 1.12: Picture taken of an ablation crater at the surface of a PMMA sample.
The green fluorescence indicates a chemical reorganization (bond scissions). Causing
fluorescent emissions (= 540 nm) when exposed to a wavelength of ~ 480 nm. The
absence of emissions from the central part of the crater is due to the removal of the
material by the ablation process. Reprinted from [50]. (©2010 with permission from the
Institute of Physics(IOP).

1.10 Ablation

A consequence of the interaction of intense light pulses on a solid surface is ablation.
Ablation is the systematic removal of material when exposed to intense short pulses of
light. The energy deposited onto the material’s surface produces a plasma due to multi-
photon ionization. The expansion of the plasma results in material ejection. The plasma
that is formed is radially confined in the lateral and downward direction due to the high
atomic density of the medium but on the surface, it is unconfined in the upward direction
and is free to expand. This results in the ejection of debris and particles in the form
of a plume [14], 39, 46, 511, 52], [63]. The use of sub-picosecond pulses for laser ablation

has two dominant ionization processes responsible for the formation of the plasma. The
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leading edge of the pulse utilizes strong field ionization as the dominant process and the
trailing edge will use mostly impact ionization [39] 46] 47]. For few-cycle pulses, impact
ionization may not play a critical factor in the ionization process as free electron densities

may not be large enough to initiate an avalanche process.

Pulsed lasers are widely used for ablation in the medical field and for the microma-
chining of materials. Ablation processes result in the vaporization of material without
any substantial heating of the bulk and for sub-picosecond pulses, there is minimal ther-
mal damage outside the interaction region since the pulse duration is shorter than the
thermal diffusion time (Figure 1.13) [I4].

steel, A = 780 mm, ©= 200 5, F = 0,5 Jicm® steel. =780 nm, 1= 33 s, F = 4.2 Vem®

Figure 1.13: Ablation of steel using (left) femtosecond pulses and (right) nanosecond
pulses. This demonstrates the absence of thermal damage (left) using sub-picosecond

pulses which are shorter than the thermal expansion time [54].

1.10.1 Laser Ablation of Soft-Matter in a Water Environment

As mentioned at the beginning of this thesis, a primary goal is to study the physical
interaction of intense light pulses with soft-matter in its native environment. Experi-
mentally the ablation of soft-matter in its native environment is extremely complex and
not well understood. Hence, since most biological systems contain significant amounts of

water, it is crucial to understand the theory of optical breakdown in a water environment.

The energy deposited during the ablation of any material in water can be either ab-
sorbed, transmitted, reflected, or scattered [55]. The absorbed energy is branched out

into multiple optical breakdown mechanisms. These mechanisms are: evaporation energy,
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plasma radiation, shock waves, and cavitation bubble formation [55]. For optimal results
in laser ablation, the absorbed energy should be efficiently converted into evaporation
energy since that is the process responsible for the removal of material. The conversion
of absorbed energy into any other mechanism (mechanical energy) will result in a dis-
ruptive character of the ablated region [55] 56l 57]. In soft-matter, shockwave emissions
are not damped by the density of the material (unlike in hard materials) resulting in
the generation of cavitation bubbles which ultimately lead to a disruptive character of
the breakdown process. For this reason, finding a set of parameters that maximises the
conversion of the absorbed energy into evaporation energy is of the utmost importance
when ablating materials in water. Such studies were carried out by A. Vogel et al. using

pulsed lasers [55].

Vogel’s studies experimentally determined the percentages of energy absorbed in the
optical breakdown of water for different pulse durations as well as the percentage of
conversion of absorbed energy into evaporation energy and other processes. Their values
were obtained by resolving the amount of energy absorbed and how much of that energy
was diverted into the formation of cavitation bubbles. Below is a brief overview of how
they differentiated and calculated the amount of energy branching out into these different

mechanisms (refer to [55] for more details).

e Energy of plasma radiation (ER)

The energy of plasma radiation, Fr, is determined using the observations made
by Barnes and Rieckhoff [58] and Stolarski et al. [59]. They found that the spec-
tral density of the plasma radiation was very similar to the spectral distribution
of a blackbody radiator when in the wavelength range of 300-900 nm. From this

observation they calculated Er using the following relation:
Er = cArgT* (1.35)

Where T is the plasma temperature, A is the plasma surface area, 7r is the du-
w
m2K4)'

ration of the plasma and o is the Stefan-Boltzmann constant (0=5.670x10~®

From this relation and by determining experimentally the surface area of the plasma
taken by plasma photographs, the duration of the plasma radiation using a fast

photodiode and taking the temperature of the plasma from litterature. They were
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able to determine with good accuracy the amount of energy converted into plasma

radiation.

e Evaporation energy (Ey)

In order to determine the evaporation energy, Fy, Vogel et al. made the assump-
tion that all the water located within the plasma volume had been evaporated. In
addition, they neglected any enlargement of the evaporated liquid volume by heat
conduction since the pulse duration was extremely short compared to the thermal
expansion time. From these assumptions, they calculated the amount of energy

necessary to evaporate a certain volume of water. Using the following relation:
EV = po%(C(Tg - Tl) + ’l“) (136)

Where py is the density of water (py = 998%), Ty is the room temperature (77 =
20°C"), Ty is the temperature required to transform water into vapor (75 = 100°C),
V, is the plasma volume, c the specific heat (¢ = 4.18,{’;—‘;{) and r is the isobaric

evaporation enthalpy (r = 2256%).

From this relation and the by determining the plasma volume, V},, from photographs
of the plasma luminescence, they were able to calculate the amount of energy that

was converted into evaporation energy.

e Cavitation bubble energy (Ej)

The amount of energy converted into the formation of cavitation bubbles is calcu-
lated using the following relation:
47
Ep = ?(p(ﬁl - pV)R:?nam (137>
where pg is the hydrostatic pressure, py is the vapor pressure inside the bubble
and R,,.. the radius at time of maximum bubble expansion. The value of py and
pyv were already known from litterature (pg = 2330 Pa at 20°C' and py =0.1 MPa)

whereas R,,.. had to be determined experimentally.

The value for R,,,. is given by the following relation:

T,
Rinaz = b (1.38)
2 x 0.925, /| —L—

po—Ppv
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Where T} is the oscillation period related to the bubble size and pg is the density

of water.

Hence, from these relations and by determining the oscillation period of the cav-
itation bubble through an hydrophone measurement, Vogel et al. were able to

calculate the amount of energy that was converted into cavitation bubble energy.

e Accoustic energy Eg

Lastly, Vogel et al. estimated the shock wave energy using the following relation:

2
Ay,

Eg=—2"2" /det (1.39)

PoCo

Where r,, is the distance from the emission at which the pressure p is measured,

po is the density of water and ¢ is the velocity of sound in water.

However, due to the complexity of measuring directly the shock wave profile, p(t),
close to the plasma, Vogel et al, instead, theoritically calculated the profile of the
shock wave by basing themselves on the Gilmore model of cavitation bubble evo-
lution. This was done by entering some measured parameters into the calculations
(refer to [50] for more details). Parameters such as: the plasma volume from pho-
tographs of the plasma luminescence, the pulse duration and the maximum radius
of the cavitation bubble. From this approach Vogel et al. were able to estimate

the amount of energy converted into shock wave energy.

From these systematic and rigorous studies, it was observed (see Figure 1.14) that the
amount of absorbed energy was lower for pulses of 30 ps than for pulses of 6 ns in duration.
It was also demonstrated that the amount of absorbed energy was greatly increased when
using pulse durations shorter than 3 ps. This was explained by the increasing role of
multiphoton ionization within the interaction region, resulting in high electron densities

early in the pulse and as a consequence, increased absorption within the region.
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Figure 1.14: Result obtained by A. Vogel et al. [55]; (a) The energy distribution for a 6
ns pulse with 1 mJ of energy, (d) 30 ps pulse with 1 mJ of energy. The parameters R, S,
T, and A are respectively denoted as reflection, scattering, transmission and absorption.
The figure shows the percentage of energy divided into each of the parameters. The
energy absorbed is then divided into multiple mechanical pathways during the breakdown
process. F is the shockwave energy, Ep is the cavitation bubble energy, FEy is the
evaporation energy, Er is the plasma radiation and ? is the energy converted into
unknown mechanisms. Reprinted with kind permission from Springer Science+Business

media.

There are subtle differences between the ablation process on hard surfaces and soft
matter. When ablating on hard surfaces, reflection plays a more significant role due to
the electron density exceeding the plasma frequency [55, [60]. In water, such an electron
density is not usually met and as a result, the plasma frequency remains smaller than the
light frequency, allowing light to be transmitted [55] [61]. The reflected and transmitted
light by the plasma is detrimental to the laser ablation process. The desirable outcome
would be to have maximum absorption with minimum reflection and transmission. Figure

1.15 demonstrates the dependence of transmission on pulse duration.
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Figure 1.15: Demonstrates the dependence of plasma transmission on pulse duration.
6 and 60 are values of the dimensionless parameter g whose values are given by the
ratio E/Ey,. Where E is the pulse energy and Ej, is the threshold energy required
for the optical breakdown of water [55]. Reprinted with kind permission from Springer

Science+Business media.

In this same study by A. Vogel et al., the group experimentally showed that the
conversion of absorbed energy into mechanical energy was less then 15% for fs pulses and
~ 90% for ns pulses (pulse duration where the absorption was maximum). Results showed
that the conversion into mechanical energy increased rapidly with pulse duration (see
Figure 1.16). This was explained in terms of deposition of energy during the breakdown
process within the focal volume which is highly dependent on the pulse duration [55,
62]. When ionizing within the focal volume, electrons are brought into the conduction
band where they collide with surrounding bound electrons, transferring their energy and
eventually recombining with atoms. The time scale at which this energy transfer takes
place is on the order of a few ps [I4]. Hence, for pulses longer than this time scale, a large
amount of energy is transfered to the surrounding regions giving a disruptive character
to the breakdown process. For pulses shorter than the energy transfer time (few ps), no
energy is transferred outside the focal volume resulting in a breakdown process that is

spatially contained and eliminating thermal damage outside the focal volume.
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Figure 1.16: The conversion of energy into cavitation energy for different pulse durations.
B is the dimensionless pulse energy ratio E/Ey, [55]. Reprinted with kind permission

from Springer Science+Business media.

The study concluded that the ratio between mechanical energy (FEecn), and evapo-
ration energy, (Fy ), was of 12:1 for ns, 2:1 for 30 ps and 1:2 for fs pulses [55]. The ratio
of 1:2 for fs pulses demonstrated that the use of femtosecond pulses for ablating material
in water significantly reduced the unwanted side effects of the breakdown process by de-
creasing the amount of energy converted into mechanisms responsible for the disruptive
character of the ablation process. In other words, the use of fs pulses to ablate in a water

environment as much better outcomes and is by far less damaging.

1.10.2 Internal Modification

Intense laser pulses focused inside a transparent material result in the creation of a
plasma that, unlike surface ablation, is not free to expand and is confined to the inter-
action region. There is no ablation and removal of material; instead, permanent changes
to the refractive index of the material are observed and are limited to the interaction
region [39, 48, [51]. These changes induced in the refractive index of the material are the
result of the chemical and structural reorganization that occurs within the interaction
region after the cooling of the plasma. This chemical reorganization leads to the perma-
nent refractive index change within the focal volume (see Figure 1.17). The extent of
modification to the refractive index within the focal volume will depend on the change

in the density made within that region which in turn, depends on the energy delivered to
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the interaction region [39]. Furthermore, since the interaction is nonlinear, there exists

a threshold for the changes in the refractive index that is specific to each material.

Experiments conducted by various groups on polymethyl methacrylate (PMMA) at-
tributed the permanent refractive index change in PMMA, within the bulk, to the com-
bination of depolymerization and cross-linking [63]. Depolymerization occurs when the
light is focused inside the PMMA sample resulting in the photionization and the break of
the PMMA chains. The chemical reorganization (following the plasma) is done through
the cross-linking of the dissociated PMMA chains. The cross-linking increases the density
within the interaction region. This increase in the density in turn relates to an increase
in the refractive index. The presence of a chemical reorganization process in PMMA as
been confirmed by the obervations of Deepak L.N. Kallipelli et al. [50]. They observed
fluorescence emissions from the laser modified regions when exposing them to laser radi-
ation (see Figure 1.17). The emissions were explained as bond scissions due to a chemical
restructuration within the laser-modified regions which causes fluorescent emissions (=
540 nm) when exposed to a specific wavelength of radiation (a 480 nm). The fluorescent
emissions, from the laser-modified regions, were still visible months after the deposition
of energy within the bulk, suggesting that the changes within the interaction regions are

permanent.

Figure 1.17: Fluorescence emissions (=~ 540 nm) coming from the modified region, within
the bulk of the PMMA sample, when exposed to laser radiation (~ 480 nm) The emissions
are due to bond scissions (chemical reorganisation) within the laser-modified regions.
These emissions were observed for months after the modication indicating a permanent
change within the PMMA simple. Reprinted from [50]. (©2010 with permission from the
Institute of Physics(IOP).
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Waveguides

Waveguides, the basic building block of any photonic device, can be created by the
displacement of the laser’s focus inside transparent materials along the entire length of
the sample, resulting in laser modified regions having a higher refractive index compared
to the surrounding regions (see Figure 1.18). This makes them ideal to guide optical

waves by total internal reflection.

Figure 1.18: Results obtained from experiments done on PMMA. The light was focused
inside the PMMA sample creating a plasma in a confined region causing a chemical
restructuration within the interaction region. Each line (each done with a different pulse
energy) are permanent refractive index changes within the PMMA bulk. This picture

was taken by a CCD camera mounted to an optical microscope using a 20x objective.

Nano-planes

Under certain conditions, it was observed that the modifications within the focal vol-
ume would transform into multiple periodic regions with the modification confined to
nanometer dimensions (see Figure 1.19) [48]. The creation of these nano-planes is the re-
sult of localized ionization and laser-plasma interaction. Ionization can become localized
by the works of 2 contributing factors. First, the presence of defects within the material
(such as color centres) having a lower bandgap than the surrounding region and, second,
shot-to-shot memory that lowers the bandgap within the focal volume. The combination

of the 2 forms an non-uniform plasma. As a result, nanoplasmas are ramdomly formed
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that grow into planes due to local field enhancements. Figure 1.19 shows periodic nanos-

tructures. The separation between the structures is ~ 250 nm using a central wavelength

of 800 nm and 50 fs pulses.

The creation of nanostructures inside a material has a wide field of applications from the

building of gratings to 3D optical data storage devices.
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Figure 1.19: Formation of periodic nano-planes inside fused silica glass. S represents the
direction the objective’s focus was moved inside the fused silica glass, E is the polarization
direction (linearly polarized light) and K is the wave-vector. Reprinted from [48]. (©2007

with permission from the Institute of Physics(IOP).



Chapter 2

Two-Photon Microscopy:Basic
Principles, Performance and

Advantages

2.1 Introduction

Two-photon microscopy (TPM) was developed by Denk et al. in 1990 [64] and proved to
be a promising tool in imaging biological tissues. The use of short pulses and longer wave-
lengths, to excite and image in 3-D, gave microscopists the ability to image deeper into
tissues than ever before. Furthermore, photodamage could now be kept to a minimum,
within the focal volume, if not entirely eliminated. The invention of the two-photon
microscope would forever open new opportunities in live imaging (in vivo) due to its

negligible side effects on live cells.

2.2 Two-Photon Excitation Process: imaging bio-

logical specimens

To image a biological specimen in 3-dimensions, the samples are first tagged with flu-
orescent dyes. Each dye is chosen depending on the region of the cell to be imaged
as different dyes inherently attach themselves to different regions. In conventional flu-
orescence microscopy, these dyes are typically excited by a 1-photon process with the

excitation wavelength normally situated in the visible spectrum. For this research, the

39
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process of excitation of the dye is dictated by the parameters of the microscope that was
built. The excitation is pre-dominantly the result of a two-photon excitation process due
to the characteristics of the laser used.

The process of exciting a single dye molecule with 2 photons is achieved by bringing
the system from the ground state to the excited state via a virtual state [16]. As the
first photon is absorbed, the system finds itself in an intermediate state which is not an
allowed energy state of the molecule. At the same time, a second photon is absorbed
bringing the system to the excited state. Once the dye molecule is in the excited state,
it has a finite lifetime and eventually returns to the ground state releasing a photon of
frequency ~ 2w (figure 2.1) [0, @, [10].

k (excited state) Excited state
T % e :ITharmaI Relaxation
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Figure 2.1: (left)2-photon excitation via an intermediate state, (right) the aborption of
2 photons of frequency w and the release of a Stokes-shifted photon of frequency w' < 2
w due to thermal relaxation

The probability of observing such a process, o, is determined by the molecule’s cross-
section for a 2-photon excitation, oy(\), which is in turn dependant on the wavelength

and the intensity within the focal volume [5] [6].
o = oy(\)I? (2.1)

From equation 2.1, we see that the probability of observing a 2-photon excitation has a
quadratic dependance on intensity. It is safe to assume that the fluorescence intensity,
I tinorescence, caused by the 2-photon excitation process coming from the interaction region,
is proportional to the probability of observing a 2-photon excitation.

]fluorescence ~ 0'2(>\)]2 (22)



Basic Principles, Performance and Advantages 41

This relation can be expressed in terms of laser power, P.

P

Ifluorescence ~ 0-2()\)(2)2 (23)

where A is the area of the focus.

Equation 2.3 dictates that the emission from the 2-photon process falls off as A=2 (see
Figure 2.2) when moving away from the focal point of the objective. This confines the
interaction region to the focal volume [10], 20, 21], 65, 66] which is an analogue to the

pinhole used in confocal microscopy (CM).

)
> (.’area2

Figure 2.2: The confinement of the interaction region, in TPM, due to the quadratic

dependance on intensity.

The mechanism of the two-photon microscope is identical to the confocal microscope.
A pair of galvometric mirrors scans the focal plane in the xy direction by raster scanning
the surface and repeats this process at different z position by moving the objective’s focus
to another focal plane. However, a confocal microscope uses pinholes to discriminate
against out-of-focus information while the two-photon microscope takes advantage of the
fact that information being collected is limited to the focal spot and hence there is no
out-of-focus information from above and below the plane of interest [29, [67), [68]. Thus,
the signal collected is limited to the focal spot enabling the collection of optical slices to

build a 3-dimensional image.

2.3 Resolution

In microscopy, the definition of resolution is given as the minimum separation distance
between two points where both can be separately distinguished. In optics, resolution is

quantified in terms of contrast [69] [70].

The limit at which two points can still be distinguished is referred as the Rayleigh
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criterion [7I]. The Rayleigh criterion states that two points can be resolved if the first
minimum of the first Airy disc (refer to the top of Figure 2.4) falls within the first cen-
tral maximum of the second Airy disc (see Figure 2.3). The quantification of resolution
corresponds, for the Rayleigh criterion, to a contrast of 26.4%. Two points are said to
be distinguishable if their contrast is greater than 26.4% [69, [70].

J\ Rayleigh Sparrow Houston
v

Figure 2.3: (left) Rayleigh criterion where two points are still distinguishable; (cen-

ter,right) cases where points are no longer distinguishable.

Confocal and two-photon microscopes build point-by-point 3-dimensional images of
the object under investigation. The selective process of rebuilding an image, point-by-
point, can be achieved by different means. In the case of CM, it is achieved by the use
of a pinhole to obtain information from a single point by discriminating the others. In
TPM it is achieved by the confinement of the interaction region whose functionality is
the same as using a pinhole. In both cases, the image quality depends on the observation
and detection associated to each individual point. The detection of each individual point
will not have a point at the detector bu