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ABSTRACT

BARBANO, E. C. Third-harmonic generation at interfaces with femtosecond pulses: self-
focusing contribution and nonlinear microscopy. 2016. 101 p. Thesis (Doctor in Science) -
Instituto de Fisica de S&o Carlos, Universidade de Sdo Paulo, Séo Carlos, 2016.

Third-harmonic generation (THG) is a fundamental nonlinear optical process that has been
used in different applications such as third-order nonlinear materials characterization and
nonlinear microscopy. It is widely employed since the third-order nonlinearity is the most
important in isotropic materials and THG occurs in all media regardless of symmetry. In the
tightly focused laser beam condition THG is observed only at the material’s interfaces, where
the focal symmetry is broken due to the presence of two media with different refractive index
and/or third-order susceptibilities. Measuring slabs of different types of optical glasses, using
femtosecond laser pulses, we could explain the asymmetric THG intensity profile observed at
the interfaces. The harmonic generated at the exit interface is systematically stronger than the
one generated at the entrance and this phenomenon can be understood by taking into account
the presence of self-focusing effects. Basically, the self-focusing reduces the beam waist
radius at the exit interface, resulting in greater laser irradiance and, consequently, higher THG.
This study was then extended to the interfaces of a cuvette filled with organic solvents. Such
systems present four interfaces and a mixture of nonlinear processes contributions since the
cuvette walls present only electronic nonlinearity and the solvents present both electronic and
orientational ones. In this way, the solvents may present an additional self-focusing
contribution and, due to the noninstantaneous nature of the orientational process, the self-
focusing from the solvent may be influenced by the pulse duration. In this case, the THG,
which is an instantaneous electronic phenomenon, can be indirectly affected by pulse duration
by means of the self-focusing effect. Usually, the slow orientational contribution is not
considered for materials characterization by THG which may lead to incorrect nonlinear
coefficient values, that means our study is important from the fundamental physics point of
view and also for applications such as materials characterization. Based on the application of
THG in nonlinear microscopy, we also present a microscopy technique which makes use of
spatial frequency-modulated imaging (SPIFI) with single element detection. The microscope
was developed at Colorado School of Mines (CSM) during an internship. The system uses a
spatial light modulator (SLM) to provide the spatial frequency modulation and permits

enhanced resolution images. THG SPIFI images are shown for the first time and we also



report images obtained by other nonlinear optical process. In summary, the studies presented
in this PhD work are of great importance for THG fundamental understanding, materials

characterization and nonlinear optical microscopy.

Keywords: Nonlinear optics. Third-harmonic generation. Self-focusing. Femtosecond laser.

SPIFI microscopy.



RESUMO

BARBANO, E. C. Geragdo de terceiro harmoénico em interfaces com pulsos de
femtossegundos: contribuicdo da autofocalizacdo e microscopia nédo linear. 2016. 101 p.
Tese (Doutorado em Ciéncias) - Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo,
Sédo Carlos, 2016.

Geracao de terceiro harménico (GTH) € um processo Optico ndo linear fundamental que tem
sido usado em diferentes aplicacGes, como em caracterizacdo Optica ndo linear de materiais e
microscopia ndo linear. Ele é amplamente empregado uma vez que a nao linearidade de
terceira ordem é a mais importante em materiais isotrépicos e GTH ocorre em todos 0s meios
independente da simetria. Na condicdo de feixe fortemente focalizado a GTH é observada
apenas nas interfaces do material, onde a simetria focal é quebrada devido a presenca de dois
meios com diferentes indices de refracdo e/ou susceptibilidades de terceira ordem. Medindo
laminas de diferentes tipos de vidros dpticos, com pulsos de laser de femtossegundos, nos
explicamos o perfil assimétrico de intensidade de GTH observado nas interfaces. O harménico
gerado na interface de saida é sistematicamente mais intenso do que o gerado na entrada e este
fendmeno pode ser entendido levando-se em conta a presenca do efeito de autofocalizacéo.
Basicamente, a autofocalizacdo reduz a cintura do feixe na interface de saida do material,
resultando em uma maior irradiancia e, consequentemente, maior GTH. Este estudo foi
estendido para o caso de interfaces de uma cubeta preenchida com diferentes solventes
organicos. Tais sistemas apresentam quatro interfaces e uma mistura na contribuicdo dos
processos ndo lineares, dado que as paredes da cubeta apresentam apenas nao linearidade
eletronica e os solventes podem apresentar ndo linearidades tanto eletrbnicas quanto
orientacionais. Neste sentido, os solventes podem apresentar uma contribuicdo adicional de
autofocalizagdo e, devido a natureza ndo instantdnea do processo orientacional, a
autofocalizacdo proveniente do solvente pode ser influenciada pela duragdo do pulso. Neste
caso, a GTH, que é um fendmeno eletronico (instantaneo), pode ser indiretamente afetada pela
duracdo do pulso por meio do efeito de autofocalizagdo. Usualmente, a contribuigéo
orientacional ndo é considerada na caracterizacdo de materiais por GTH, o que pode levar a
valores incorretos para os coeficientes ndo lineares, o que significa que nosso estudo é
importante do ponto de vista de fisica fundamental como também em aplicacbes como
caracterizacdo de materiais. Por conta da aplicagcdo da GTH em microscopia nédo linear,

apresentamos também nesta tese uma técnica de microscopia, que baseia-se em uma



modulacdo em frequéncia espacial para imageamento (SPIFI) com uso de um detector de
elemento Gnico. O microscépio foi desenvolvido na Colorado School of Mines (CSM) durante
um periodo de estagio. O sistema utiliza um modulador espacial de luz (SLM) para produzir a
modulacdo em frequéncia espacial e permite obtencdo de imagens em alta resolucdo. Imagens
por GTH SPIFI sdo mostradas pela primeira vez e também apresentamos imagens obtidas por
outros processos opticos ndo lineares. Em resumo, os estudos apresentados neste trabalho de
doutorado sdo de grande importancia para o entendimento fundamental do processo de GTH,

caracterizacdo de materiais e microscopia optica néo linear.

Palavras-chave: Optica n&o linear. Geragdo de terceiro harménico. Autofocalizagdo. Laser de

femtossegundo. Microscopia SPIFI.
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Introduction

1 INTRODUCTION

Third-harmonic generation (THG) at interfaces’ has long been of interest for third-
order nonlinear material’s characterization,”* ultrashort pulse measurements,”® and nonlinear
microscopy.”® Any of these applications requires the precise knowledge of the fundamental
processes involved for a correct interpretation of the results. It is well known that for a thick
sample (thickness much larger than the Rayleigh range), the THG vanishes in bulk media
because the Gouy phase shift® leads to the destructive interference between third harmonics
(TH) generated before and after the focus.>**** The THG occurs only at interfaces because
the focal symmetry is broken by the presence of two materials with different refractive indices
and/or third-order susceptibilities. As a result, TH at interfaces can be used to measure the
discontinuity in the fast electronic part of the cubic susceptibility, Ax® (—3w; w, w, ).
However, there are cases where such a nonlinear process is not acting alone during the light-
matter interaction, leading to difficulties in the reliable interpretation of the expected signal
behavior.

We have studied the THG of femtosecond (fs) pulses in different glass slabs*? (where
the sample was scanned along the beam propagation direction) and we observed the TH
generated at the entrance and exit interfaces are unequal. There are previous works where the
asymmetry of THG peaks was observed and a few explanations were proposed. For example,
we may quote the constructive interference due to the Fresnel reflections,** the
overcompensation of group velocity dispersion*® at output interfaces, and even some
theoretical studies where the non-negligible third-order susceptibility of air can cause
asymmetry between front and back interface peaks.!* Therefore, it seems worthwhile to
investigate more carefully the contributions of linear and nonlinear refractive indices at the
interfaces of different materials and the main goal of the present research project is to study
this asymmetry of THG peaks.

The present dissertation reports on THG measurements carried out with a setup similar
to the Z-scan technique™ at the tightly focused laser beam condition. We performed THG
measurements at air-glass interfaces of several optical glasses, as well as at glass-liquid
interfaces, where we have used a cuvette filled with selected organic solvents. In the first
case, by carefully controlling the sample position and laser power, we could follow the
evolution of the THG intensity at both interfaces (entrance and exit) of different glasses. We
found that the TH generated at the entrance interface follows the expected cubic power
dependence, which is characteristic of a third-order process, but the THG at the exit presents a
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slope higher than three, indicating that another nonlinear effect is also present. We propose
that self-focusing strongly contributes to the THG asymmetry because the positive nonlinear
refraction decreases the effective beam waist as the pulse propagates, resulting in higher laser
irradiance at the exit interface. This unbalances the TH generated at the entrance and exit
interfaces. In the case of a cuvette filled with different solvents, we extended our study to a
different configuration. Such a system presents four interfaces separating three materials of
different refractive indices and third-order nonlinear susceptibilities. Using different cuvettes
and solvents we have a variety of interfaces with different linear and nonlinear optical
properties. Although the THG is due to the electronic part of the nonlinear susceptibility, it
can suffer from the influence of the self-focusing effect, that can have both instantaneous
electronic and slow nuclear contributions. This mixture of two distinct third-order nonlinear
processes was never considered for such interfaces. Here, using the cuvette walls as a
reference and taking into account the self-focusing effect, we could determine by the THG
signals the nonlinear refractive indices, n,, and third-order nonlinear susceptibilities of the
solvents, x(®. We also proposed a study of the self-focusing effect on the THG by changing
the pulse duration of the pump beam. Due to the noninstantaneous nature of the orientational
process, the self-focusing from the solvent may be influenced by the pulse duration. In this
case, the THG, which is an instantaneous electronic phenomenon, can be indirectly affected
by pulse duration by means of the self-focusing effect from noninstantaneous nonlinearity.
One additional research was added at the end of this dissertation. As mentioned
earlier, THG is a nonlinear optical process that can be used for nonlinear microscopy and, in
this way, we report a microscopy technique based on spatial frequency-modulated imaging
(SPIFI),***° with a programmable 2D spatial light modulator (SLM). With this technique we
were able of getting TH images, as well as images by other nonlinear optical processes such

as Two-photon excitation fluorescence (TPEF)?%

and Second-harmonic generation
(SHG).2?® This microscope was developed at the Squier’s Group during a six-month
internship at Colorado School of Mines, Golden, CO, USA.

We can summarize the organization of this dissertation as follows: in Chapter 2 we
present a review of the fundamental concepts on nonlinear optics and third-harmonic
generation. In Chapter 3 an analytical expression for the nonlinear refractive index is derived
and the self-focusing effect is presented. Chapters 4 and 5 are based on a compilation of
journal articles already published®®?” where we present the main results of this dissertation
(study of THG at different interfaces). Basically, in Chapter 4 we describe the experimental

setup, the approach we are going to use and show the results for THG at the interfaces of
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different types of optical glasses, and, in Chapter 5, the study was extended to the interfaces
of a cuvette filled with different solvents. In Chapter 6 we have preliminary results about the
influence of orientational nonlinearity on THG at organic solvents by changing the pulse
duration. In Chapter 7 we focus on the SPIFI microscope and, finally, in Chapter 8 we present

the general conclusions and perspectives.
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2 THEORETICAL FOUNDATIONS - HARMONIC GENERATION

To understand the nonlinear interaction between light and matter we can consider the

electromagnetic wave equation, which in the SI system of units is:*°

9%E 92p

20 _ i - (21)
VZE — lo€o 9tz Ho 9t2

where E is the electric field, Uo and g, are, respectively, the permeability (or magnetic

constant) and the permittivity of free space, and P is the induced polarization. Equation (2.1)

describes the propagation of electromagnetic waves through a medium. In the case of linear

optics, the induced polarization P depends linearly on the electric field,
ﬁ = 80)?: E (22)

In Eq. (2.2), X is the electric susceptibility and its tensor nature indicates the polarization and
electric field are not necessarily parallel as, for example, in anisotropic media. For isotropic
media, the electric susceptibility is a scalar quantity, y.

Using ordinary light sources, the radiation field is much smaller than the fields that
bind the electrons to the atoms, and the relation between the polarization and the radiation
field is linear, Eq. (2.2). However, using a radiation field comparable with the atomic fields,
this relation is no longer a linear one, and is often described by expressing the polarization as

a power series in terms of the electric field:'**®

ﬁ = 80)?(1):5 + Soy(Z):EE + SO(X)(:;):EEE‘F *ee (23)
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is the same linear susceptibility used in Eqg. (2.2), and y 7@

¢!
W and y

where y are known
as second- and third-order nonlinear susceptibilities, respectively. If we separate the linear

and nonlinear contributions in Eq. (2.3), we can write the induced polarization as

B = P 4 PN (24)
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where PM and PN represent the linear and nonlinear response of the medium, respectively.
Using Eq. (2.4) in Eq. (2.1) we have

92E ik
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For an isotropic medium, the linear electric susceptibility is a scalar quantity, y. Therefore,

using that ¢ = 1/pgg, and e = 1 + ¥y one can obtain

1) A21 2

-~ €eWO°E 1 0° =

vZE_ — _PNL 2.6
c? 0t? gyc? ot? 26)

where c is the speed of light in vacuum and €™ is the dielectric constant.

We can see from Eq. (2.6) that the nonlinear response acts as a source term and, in the
absence of this term, the Eq. (2.6) presents solutions of the form of free waves with velocity
v = ¢/n, where n is the refractive index of the medium, n = V.

In nonlinear optical process we can have waves at the same frequency (degenerated)
or at different frequencies (nondegenerated) propagating in the medium. Then, for a
dispersive media, e = ¢ (w), we must take into account each frequency separately. In
this case, we can write the electric field and nonlinear polarization using the superposition

principle:

EG 1) = Z E,(#t) = Z E,(f)e iont 4 ¢ ¢, (2.7a)
n n

NG = Y BYLE D = ) BIM@e et 4 e 2.7b)
n n

When Egs. (2.7a) and (2.7b) are introduced into Eq. (2.6), we obtain a wave equation

for each frequency:

eD(w,) 02 1 02

3 2E (r,t) = TS — PNL(7, 1) (2.8)

V2E (7,t) —
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In practice, the excitation radiation usually comes from laser beams with Gaussian
transverse intensity profile and, in this way, it is interesting to express the Laplace operator in

cylindrical coordinates:

9]
sz ﬁ + V% (29)
where
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is the transverse Laplacian in cylindrical coordinates, and we are assuming the propagation in

the z direction. Also, in this case, the amplitudes of E and P should vary spatially,

E,(7,t) = A, (F)eitnz—ont) 4 ¢ . (2.11a)

]3,{\”“(?, t) = ﬁn(;:)ei(k,'lz—wnt) +c.c. (2.11b)

where k = wn/c is the wave vector and 4,,(7) and 5,,(7) are the complex amplitudes of the
electric field and polarization, respectively. We can next substitute Egs. (2.11a) and (2.11b)
into (2.8), and use the Laplace operator given by Egs. (2.9) and (2.10), to obtain:

0% . 0 . eD(w,)w? . = 1.
372 A Z() + 2ik, ng —A 2+ <% — k%) A,(P) + V%An(r)l e ilknz=wnt)
—0)721 n l(k Z—w t)
= ooz Pa(P)etinmon (2.12)
0

Since the term in parenthesis on left side of Eq. (2.12) is equal to zero we can rewrite

the equation as follows:

2 2

a?ﬁn(F) + 2ik, — ~ An(P) + V3A,(F) = — pp(P)eitk? (2.13)
0

with Ak = k,, — k,,.
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In most practical cases of interest, the spectrum amplitude is centered at a frequency w
and we have appreciable values of the electric field in a frequency interval Aw, which is small
compared to w, Aw K w. Also, the change in amplitude of the wave in a distance of the order

of an optical wavelength is much smaller than unity. In this case, we can consider the

approximation known as SVEA (slowly varying envelope approximation)lo*zg'30

62

— A, « (2.14)

-
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and the theoretical description of pulse propagation is simplified because we can neglect the
first term on left side of Eq. (2.13) and obtain

2

O B (Feitke, (2.15)

o0 - T
Zlkn&An(r) + V2A,(7) = e
Equation (2.15) is easier to be solved than (2.13) and we are interested in determining

its solution for the case of Gaussian beams, that is, /Tn(F) and p, (7) should vary spatially

according to a Gaussian distribution. Then, we shall firstly introduce the Gaussian waves.
2.1 Gaussian beams
The most used optical beam is that one where the intensity distribution at planes

normal to the propagation direction is Gaussian.® In this case, the amplitude of the electric

field can be represented as

[ kr?
A(r,z) = A W“EZ) oW ol 2R 1) (2.16)

where we are assuming the propagation in the z direction. One can notice from Eq. (2.16) that
the field amplitude decreases exponentially as the radial coordinate magnitude increases, Fig.
2.1. w(z) is the beam waist radius and it is one of the most important parameters of a

Gaussian beam,* it can be expressed by
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WE(2) = 1+ (/2] = Wil + (2/ )] 217)

where w, represents its value at z = 0, and z, is the Rayleigh range (or Rayleigh length). z,
corresponds to the distance in the z direction from the focal point where the width of the beam
is V2 larger than it is at z = 0, that is, w(z,) = v2w,. Usually, it is within the confocal
parameter, 2z, that the nonlinear effects significantly take place because it corresponds to the

range where the beam intensity is high enough.

— - 2w(z)

Field Amplitude

1

0
r

Figure 2.1 — Field amplitude distribution for a Gaussian laser beam.
Source: By the author.

We can see from Eq. (2.17) that w, and z, are related by

kw?
Z, = TO = mnwé /A (2.18)

where n is the linear refractive index and A is the wavelength.
In Eqg. (2.16) we also have other parameters such as the wavefront radius of curvature

R(z) and the Gouy phase n(z),

R(z) = z[1 + (z,/2)?] (2.19)
n(z) = arctan(z/z,) (2.20)
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The radius of curvature has an infinity value at z =0 and z — oo, and it is minimum at
z = tz,.. It changes as a function of z as illustrated in Fig. 2.2. The Gouy phase n(z)
represents the spatial variation of the phase of the wave. One can see from Eq. (2.17) that, for

z much larger than z, , w(z) tends to wyz/z,. Using Eq. (2.18) we have

w(z) _
z 7w,

=tan(f) = 0 (2.21)

where 6 is the far-field divergence angle.

Riz)

Figure 2.2 — Representation of the beam waist and wavefront radius of curvature behavior during the
propagation of a Gaussian beam.
Source: Adapted from ZIL10.*

2.2 Harmonic generation using focused Gaussian beams

Nonlinear optical processes usually require high radiation intensity and, in order to
achieve this regime, the laser beams are normally focused inside the medium. This is the case
of harmonic generation for instance. We are going to develop in this section the theoretical
foundations of harmonic generation using focused Gaussian laser beams. We shall follow the
same approach used by Boyd™ and for the theoretical work we are going to represent the

Gaussian beam in a more compact form which is more convenient:

A(r,z) = e~ T2 /WE(1+i8) (2.22)

1+

where
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§=2z/z, =2z/b. (2.23)

Equation (2.22) is equivalent to Eq. (2.16) but it is easier to work due to the more
compact form (although less intuitive). In Eq. (2.23), b = 2z, is the confocal parameter.

According to Eqg. (2.15), the amplitude A, of the field component at frequency

wg = qw must follow

d —w .
: 2 _ a Ak
Zlkq EAq + VTAq = SOCZ pqe‘ z (224)

where Ak = gk, — k,. Now, using that p, = g x ‘P A] we have

2

d —w, .
Zlkq a_ZAq + V%Aq = Czq X(Q)Azemkl (225)

where y(@ is the nonlinear optical susceptibility which describes the harmonic generation of

order q, and A; is the complex amplitude of the fundamental wave, that is,

A(r,z) = 1djli€e_r2/wg(1+if). (2.26)
It is important to point out that we are assuming the interaction occurs sufficiently far from
resonance bands of the material and, in this way, we can consider the susceptibility y
independs of w.

Kleinman et al.** studied Eq. (2.25) and presented solution for second-harmonic
generation (SHG) and, later, Ward and New® obtained solution for a general case for

harmonic generation of order g. We can solve Eq. (2.25) adopting the trial solution

Ay (z) 2 2L
— —qr?/wg(1+i§) 2.27
Ay (r,2) WNT: e ) ( )

which presents the same radial dependence of the source term in Eq. (2.25), and corresponds

to a harmonic beam with the same confocal parameter as the fundamental beam. Now, we can
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substitute Egs. (2.26) and (2.27) into Eqg. (2.25) and verify the trial solution satisfies the

equation since A, (z) obeys the differential equation:'**

dA, iquw etbkz
_ @15~ 2.28
dz ancX A (1+i&)a1 (2.28)

which integrating directly leads to

lqw

)((q)u‘lq

. 14
z elAkZ dZ’
1

Aq(2) = ,, L+ 2iz'/b)a1

2.29
2nqc ( )

where z, is the value of z at the entrance of the medium.

The integral in Eq. (2.29) is the phase-matching integral:*’

z eiAkz’dZ/
(1 +2iz'/b)a-1

Jq(Bk, 2., z) = f (2.30)

In the case of b > |z,.|, |z| which is the plane-wave limit,

VA
Jq(Ak, z,, 2) =J gitkz’ g 1 —
Ze

iAkz __ ,iAkz,

e e

Ak (2.31)
Comparing Egs. (2.30) and (2.31) one can conclude that the denominator in the
integrand, Eq. (2.30), is the term that takes into account the focusing.
The harmonic irradiance is given by the time-averaged magnitude of the Poynting

vector, which according to our definition to the electric field is:

Iy = aneoc|Aq|2. (2.32)

Therefore,

AkL) (2.33)

I, < (IH|J,(Ak, Ze,z)|2 = (I{)L2sinc? (T
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where L = z — z, is the length of the interaction and I; is the fundamental beam irradiance
(beam at frequency w). Figure 2.3 illustrates I, as a function of AkL/2. The first minimum

occurs for AkL/2 = m and one usually defines

L, = 2n/Ak (2.34)

where L. is called coherent length. The most efficient condition for the conversion of the

input fields into the harmonic is when Ak = 0 and occurs perfect phase matching.

-2n - 0 T 2n  AkL/2

Figure 2.3 — Harmonic generation efficiency as a function of AkL/2.
Source: Adapted from BOYD.*

The behavior predicted by Eq. (2.33) was experimentally observed for the first time by
Maker et al.*® In their experiment, they focused a pulsed ruby laser into a crystal of quartz and
measured the SHG as a function of the incident angle of the beam. By rotating the crystal, the
effective path length varies and, consequently, AkL/2, resulting in an interference pattern.
Today, this pattern is known as Maker fringes.***! Figure 2.4 illustrates this effect.

The other case for Eq. (2.30) is that where b «< |z,.|, |z| which corresponds to beam
focused tightly within the medium. This condition implies that z, = —|z,.| and z = |z|. Since
the beam is focused tightly inside the medium, we can use the approximation where the limits

of integration are minus and plus infinity,

. !
0o elAkZ dZ’

Jo(Bk,b,q) = f AT (2.35)




36
THG at interfaces with femtosecond pulses: self-focusing contribution and nonlinear microscopy

160 |

120 |

(o]
o

Intensity (arb. units)
N
o

(O AN 1 1 1 1
-40 -20 0 20 40

Angle (degrees)

Figure 2.4 — Maker fringes pattern for the harmonic generated in plane-wave limit.
Source: By the author.

The integral in Eqg. (2.35) can be evaluated using the contour integration method, and

the result is

0, Ak <0

(2.36)

In this dissertation we are especially interested in the solution when g = 3, that is, the
third-harmonic generation case. THG phenomenon can be understood in the quantum
description as a process in which three photons of frequency w are destroyed creating a

simple photon at three times the frequency, 3w. For g = 3 the Eq. (2.36) becomes

0, Ak <0
J5(Ak, b) = { mh2Ak
— e
2

—bAk/Z’ Ak >0 (237)

Figure (2.5) illustrates the dependence of the phase-matching factor for the THG case.

One can see there is a clear difference between the two regimes we discussed the Eq.
(2.30). For Ak =0, in the plane-wave condition, the harmonic generation reaches its
maximum, while in the tightly focused laser beam condition there is no harmonic generation.
This behavior is related to the Gouy phase shift of r radians the Gaussian beam experiences

when passing through the focus position and, this effect is three times higher for the third-
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Figure 2.5 — Phase matching integral dependence with bAk for THG.
Source: By the author.

order polarization compared to the fundamental beam,** Fig. 2.6. There is an intrinsic
opposite phase difference between the TH generated before and after the focal plane.
Consequently, a wave vector mismatch Ak is necessary to compensate this phase shift and
generate TH.** A theoretical analysis of third-order nonlinear interactions, for focused laser
beams, which gives more information about this can be found in Bjorklund’s paper.11 Also,
one can find alternative explanation* or new research® related to the Gouy phase shift. The
understanding of why a positive value of Ak is desirable for harmonic generation is also

possible by considering the argument presented in Fig. 2.7.

3n/2

Phase (radians)
o

-1t/2

—T
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2/z,

Figure 2.6 — Gouy phase shift.
Source: Adapted from REINTJES.*
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Figure 2.7 — Wavevector diagram for third-harmonic generation. For Ak positive, (a), due to angular spread of
the fundamental beam wavevectors, (b), it is possible to obtain the phase-matched condition while
for Ak negative, (c), THG cannot occur efficiently.

Source: Adapted from BOYD."
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Equation (2.37) shows that TH vanishes for laser beam focused tightly within media

with normal dispersion, J;(bAk < 0, —oo, +00) = 0. Now, consider the laser beam is focused

at the interface between two media at z = 0 so that the pre-focus medium, )(z(,:’;)e, occupies the
region from z = —oo to 0 and the post-focus medium, )(é?st, occupies the region from z = 0

to +o0. In this case,

2
I(3w) X |]3 (bAkpre' —, O)X;(j")e + ]3(bAkpostr O' +Oo)Xz(J?st [I(w)]3 (238)

Since, for bAk < 0, J5(bAk, —0, +) = J53(bAk, —0,0) + J3(bAk,0,+c0) = 0, one
finds that

J3(bAk, —,0) = —J5(bAk, 0, +) (2.39)

Therefore, it is possible to say by Eq. (2.38), for bAk < 0, that

2
[B®) |U3 'X(3))post — (s 'X(3))pre| [1(®)]3 (2.40)

with

(o) eiAkz

Jz= . mdz, (2.41)



39
Theoretical Foundations — Harmonic Generation

As aresult of Eq. (2.40), THG is possible for bAk < 0 (media with normal dispersion)
when the laser beam is focused at the interface between two media with different cubic
nonlinearity or phase mismatch. This condition of THG at interfaces, when working in the
tightly focused beam regime, is one of the most important TH properties we are going to use
in this dissertation.

It is also important to mention that although, in this chapter, the polarization state of
the field was not taken into account in the theoretical development for harmonic generation,
such consideration would lead to a more general result which presents a significant
consequence: there is no THG from a circularly polarized fundamental beam in an isotropic
medium. This is related to the symmetry properties of the third-order susceptibility tensor
elements and the electric field components** and, it is normally useful in order to suppress

unwanted nonlinear processes when two or more effects can occur simultaneously.
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3 NONLINEAR REFRACTIVE INDEX AND SELF-FOCUSING EFFECT

We discussed in Chapter 2 how the induced polarization can be expressed in the
situation in which a medium interacts with an intense electric field, Eq. (2.3), and, how this
polarization may lead to harmonic generation. Now, we are going to present the optical Kerr
lens, another effect that arises from this nonlinear light-matter interaction. The optical Kerr
lens is a change in the refractive index of the material in response to an intense electric field.
This refractive index variation may lead to other phenomena such as self-focusing and self-
phase modulation, for instance.’® The self-focusing is especially important for the subject of
this dissertation and, in this way, we are going to derive the irradiance-dependent refractive

index (Kerr lens relationship) and briefly discuss the self-focusing effect in this section.
3.1 Nonlinear refractive index

Let us consider the simple case where the electric field is monochromatic and can be
represented as

E(t) = Eycos(wt). (3.2)
Using Eg. (3.1) in Eq. (2.3) we obtain:
P = goxWE, cos(wt) + ggx P EZ cos?(wt) + e x P ES cos® (wt) (3.2)
where it is possible to show by trigonometric identities that:

1
P = goxyWE, cos(wt) + Eeo)((z)Eg[l + cosQwt)]

3 1
+eox®ES Zcos(wt) +Zcos(3wt) . (3.3)

One can see from Eq. (3.3) the rise of a host of optical phenomena. The first term is
the already known linear response of the material by the presence of light (the material’s
response to the applied optical field is linear with the strength of the applied optical field).

The second term presents the second-order polarization P where we have two
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contributions, a constant one and another one at the frequency 2w. The first contribution (at
zero frequency) is a process known as optical rectification, which is a static electric field
created across the nonlinear medium, and the second one (at 2w) is related to the second-
harmonic generation (SHG) process. It is important to point out that we are considering a
simple case in which the applied electric field is monochromatic. For the general case in
which the field is made up of several frequency components, the second-order polarization is
related to even more process such as sum-frequency generation (SFG) and difference-
frequency generation (DFG).’® Here, the monochromatic approach is interesting since the
expression for the third-order contribution to the nonlinear polarization [last term in Eq. (3.3)]
is very complicated for the general case. The third-order contribution in Eq. (3.3) describes a
nonlinear response to the polarization at the frequency of the input electric field and another
one at frequency 3w that leads to the process of third-harmonic generation.

Equation (3.3) shows the second-order effects depend on y® while the third-order
effects depend on x®). For centrosymmetric materials, the response of the induced
polarization to an external electric field must respect the relation P(—E) = —P(E), that is,
when the electric field is reversed, the polarization remains its magnitude but is opposite to
the field.*® Consequently, for centrosymmetric materials, all nonlinear susceptibilities of even
powers of E, y®, y®, etc., have to be equal to zero and the nonlinear effects related to y

are the most important. Therefore, in this case, the induced polarization can be written as:
(1) 3p3 |3 1
P = goxWE, cos(wt) + g x G ES [Z cos(wt) + Zcos(3wt) . (3.4)

From Eq. (3.4) we see the part of the polarization which influences the propagation of

the beam at frequency w is

3
P(w) = ggxWVE, cos(wt) + Zso)(@Eg cos(wt) (3.5a)

P(w) = & [)((1) + Z)((g')Eg] E(t). (3.5b)

Taking into account the wave equation for a beam that propagates at z direction,
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In this way, we can say from Eqg. (3.7) that:

1 3
—5 = Hoo [1 +x® + 7 VES

where v is the speed of light in the medium. Using ¢ = 1/u,&,, We obtain

c\? 3
) =52 — 4 -,B8)r2
(v) =n“=1+y +4)( ES.

Therefore,
1/2
3y®E?
n= |1+ YD1+ —"———
N [ 4(1 + x D)
Here, considering the linear refractive index, n, = /1 + x4, we have

1/2

3)((3)E§l

3X(3)E§l
4(ng) '

=no |1+
n nol 8(113)

znol‘].‘l'

(3.6)

(3.7)

(3.8)

3.9)

(3.10)

(3.11)

where the approximation comes from the Taylor series expansion considering that the second

term is much smaller than 1.

From the electric field definition given by Eq. (3.1), the irradiance is:
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1
I ES EcnogoEg. (3.12)

Therefore, we can use the Eq. (3.12) to express the effective refractive index as a function of
I

3 y3
n=ng + - XZ
4 cngeg

I. (3.13)

An alternative way (and more commonly used) of defining the irradiance-dependent

refractive index is
n=ng+n,l (3.14)
where n, is the material nonlinear refractive index. Then, in the SI system of units:

3 X(3)
n, =-—
27 4cnle,

(3.15)

One can see from Eq. (3.14) that the refractive index depends on the irradiance of the
light. Usually, n, values are relatively small, typical values are of the order of 102° m?/W for

common optical glasses.

3.2 Self-focusing of light

Self-focusing effect is a consequence of the nonlinear refractive index. Briefly, it can
be thought as an induced lens due to the nonlinear interaction between light and matter. The
self-focusing process is illustrated schematically in Fig. 3.1. Considering a medium whose
refractive index is given by Eq. (3.14), with positive n,, and a laser beam with Gaussian

transverse intensity profile, I = I(r), propagating into this medium, we have

n(r) = ng + nyI(r). (3.16)

In this case, the laser beam induces a refractive index variation in such a manner that

the beam is caused to come to a focus.'®*’ The effective refractive index is larger at the center
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of the beam than at its borders, the beam is slowed at the center in comparison to the edge
and, the material acts as a positive lens. For negative n,, the material presents a reduced

refractive index on the beam axis and it acts as if it were a negative lens, self-defocusing.

I
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n=n, +n,l optical thickness
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Figure 3.1 — Self-focusing of light. As a result of the nonlinear interaction the material behaves as if it had larger
optical thickness at the center of the beam (a). For a material short enough, the focal plane will be
outside of the medium (b), however, for a material sufficiently long or beam intensity sufficiently
large, the focal plane will occur within the medium (c).

Source: Adapted from BOYD.*®

There are different physical mechanisms that can produce an irradiance-dependent
refractive index such as electronic polarization, electrostriction and thermal effects.* In the
case we are going to study here, a short-pulse laser beam focused in solids and liquids, the
responsible mechanism is the electronic polarization, also known as optical Kerr lens effect,
and occurs due to electronic cloud distortion. But self-focusing has been observed for
different types of materials and with many types of laser sources.*® For instance, self-focusing
of mode-locked laser pulses in liquid argon®! and molecular gases,>? pulsed dye lasers in gases
due to resonant interactions> and, also, self-focusing of CW (continuous-wave) dye laser in

sodium vapor has been reported.**
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The self-focusing effect is a self-action phenomenon because the beam modifies its
own propagation by means of the nonlinear response of the medium. As the beam propagates
in the medium, the wavefront of the beam gets distorted and this distortion is similar to that
imposed by a positive lens. Self-focusing is often responsible for optical damage of
transparent materials. Since the propagation is perpendicular to the wavefront, the laser beam
appears to focus by itself and the beam waist radius is decreased compared with that of a
weak laser pulse.®

More information about self-focusing effect can be found, for example, in the books of

Boyd™ and Koechner.*
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4 THIRD-HARMONIC GENERATION AT OPTICAL GLASSES INTERFACES'

In experiments where the sample is scanned along the beam propagation direction, the
TH generated at the entrance and exit interfaces are different.>*® The TH generated at the exit
interface is systematically stronger than one generated at the entrance. It seems worthwhile to
study more carefully this phenomenon since THG is an important third-order process used in
a variety of applications. In the present section we report on THG measurements, using
femtosecond laser pulses, at the interfaces of several optical glasses carried out with the Z-

scan technique®®’

at the tightly focused laser beam condition. By controlling the sample
position and laser power, we could follow the evolution of the THG intensity at both
interfaces for different materials. We found the TH generated at the entrance interface follows
the expected cubic power law dependence while the TH generated at the exit presents a slope
higher than three. We next show how this behavior can be explained considering the self-

focusing effect.
4.1 Methodology

To fully understanding the results that will be presented, we consider the usual THG

cubic dependence on the fundamental beam irradiance:™

I(3w) o |AX(3)|2(1(w))3 (4.1)

sample

1(3‘1’)

sample

where and 1(“) are the irradiances of the TH and fundamental beam, respectively.

Ax® is the difference between the third-order nonlinear susceptibility of the two materials at

the interface. For the case of a single glass slab, Eq. (4.1) can be rewritten as:

JIED) oc( 3) )2(1(“’))3, (4.2)

sample Xsample

since the nonlinear susceptibility of air is negligible. As mentioned earlier, the THG at the
entrance and exit interfaces are different and we propose the self-focusing effect explains this
asymmetry. In this case, the self-focusing changes the beam waist, w, and the irradiance

becomes a function of w,

 Main results already published in Optics Letters.?
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e Oc( 3) )Z[I(w)(w)]3. (4.3)

sample Xsample

Considering the beam waist radius changes with the laser power explains why the slope of the
THG signal does not follow the cubic power law. In this simple model, we consider that the
beam waist for a given laser power, P, depends on the sample’s nonlinearity because of the
self-focusing process. In the case of a positive nonlinearity, we assume that the beam radius at
the exit surface is reduced to

Woutput = w(P) = wo(1 - BP) (4.4)
where wy is the radius without self-focusing, B is an empirical constant proportional to the
sample’s nonlinearity, n,, and the product BP represents the amount of beam decrease. Since
the laser irradiance is inversely proportional to the square of the beam radius

[ xP/w?=P/[w(P)]? (4.5)

we propose the following empirical equation:

P 3
Bw)  _ g
Lsampte = 4 ([wo(l — BP)]Z) ’ (49)

where A’ is a constant that depends on the particular sample. For our purpose here we are

going to define A = A’/w¢ and, in this way,

(30) P 7
w
Isample =4 [(1 _ BP)Z] ’ (4-7)

The quantity BP changes the slope of the logarithmic THG intensity versus the input power
curve, while A adjusts its offset.
The self-focusing of light occurs when a laser beam with a Gaussian transverse

intensity profile propagates through a medium whose refractive index is given by

n=mny + nZI' (48)
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3)

58 H
sample  [OF @ positive

where n, is the nonlinear refractive index proportional to y

nonlinearity, as is usual for the instantaneous electronic polarization of optical glasses, the
refractive index is larger at the center of the laser beam than at its periphery, resulting in a
positive lens whose focal length depends on the laser irradiance and sample nonlinearity.*® In
the Z-scan method, the interfaces translate through the laser focal plane. If the beam is tightly
focused at the exit interface [Fig. 4.1 (a)], the sample is in the pre-focus region, and the
nonlinear interaction occurs just in this region. On the other hand, when the beam is focused
at the entrance interface [Fig. 4.1 (b)], only the post-focus region is important. It is worth
mentioning that, in both cases, THG and self-focusing effects occur in a typical Rayleigh
range, zz, where the laser irradiance is strong enough to induce such nonlinear effects.

As seen in Fig. 4.1 (a), stronger THG is expected due to the reduction of the beam
waist at the exit interface. Furthermore, the THG at the entrance interface is not enhanced
because the self-focusing changes the beam waist just after the focus where the irradiance is

smaller due to natural beam expansion.

Figure 4.1 — Schematic self-focusing action represented by the dashed line for beam focused at the exit (a) and
entrance (b) interfaces.
Source: BARBANO; ZILIO; MISOGUTI.?®

In order to verify the validity of the model proposed, we carried out THG Z-scan
measurements using a commercial optical parametric amplifier (OPA) (TOPAS, from Light
Conversion), synchronously pumped by a chirped-pulse-amplified system (CPA 2001-Clark
MXR) with a 775 nm central wavelength and 150 fs pulse duration at 1 kHz repetition rate.
The OPA was set to generate pulses at the near IR range (4 = 1300 nm) with about 120 fs of
pulse duration. In this way, the TH is centered on 433 nm. In these wavelengths, the samples
used here (silica, BK7, SK11, and F2) present no significant absorption. As the Z-scan
method requires, the sample translates through the focus of the laser beam located at z = 0.

Negative values of z correspond to sample positions between the focusing lens and its focal
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plane such that the exit (entrance) interface appears at the negative (positive) z direction. The
average laser power was carefully adjusted with a calcite polarizer in the range from 0.3 to 0.8
mW (I ~ 2.4 to 6.4 x 10" W/m?) and was then focused with a 50 mm focal length lens (wq ~
8 um) such that the Rayleigh range (z, = 151 um) was shorter than the sample thickness,
allowing us to resolve the two THG signal peaks (two interfaces). To avoid damage to the
detector, we used three dichroic mirrors to separate the strong fundamental beam from the TH
beam. A lens placed after the sample was used to direct most of the TH light into a large-area

silicon PIN detector coupled to a lock-in amplifier, Fig. 4.2.

Clark MXR
775 nm DM DM
150 fs, 1kHz Lens Lens
f=5cm Sample f=6 cm ‘ _V
+ <‘ —f —p ' 4= Aperture
TOPAS -
120fs Sample translation Detector
460 nm-2600 nm ——

Figure 4.2 — Experimental setup for measuring the TH signal. DM, dichroic mirrors.
Source: Adapted from BARBANO et al.”

4.2 Results

We have measured three optical glasses, BK7, SK11 and F2. In Table 4.1 we present
their thickness and linear refractive index at 433 nm (TH wavelength) and 1300 nm
(fundamental wavelength). We have used silica as a reference because it has a well-known

nonlinearity, n, = 2.71 x 102 m*w.%°

Table 4.1 — Optical glasses used with corresponding refractive index and thickness.

Sample ngy (433 nm)  ny (1300 nm) thickness (mm)

Silica 1.46693 1.44692 1.225
BK7 1.52697 1.50370 0.925
SK11 1.57564 1.54965 1.155
F2 1.64271 1.59813 1.165

Source: By the author.

Figure 4.3 shows the THG curves. As it can be seen, the THG peaks generated at the
exit are systematically more intense than those generated at the entrance interface for all
samples measured. It is worth mentioning that although the Fig. 4.3 shows THG curves for a
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fixed power (0.44 mW), this behavior was also observed for other power values, i.e., all
curves exhibit a stronger peak at the exit interface (negative z) and a smaller one at the
entrance interface (positive z) regardless of the power used. We also carried out
measurements for different silica samples (with different thicknesses) and the signal was the
same of that obtained here, since we worked within the thick sample condition.

Since the samples measured present different linear and nonlinear refractive indices,
they can provide good insight on the working principles of the THG at interfaces. Silica and
F2 have the lowest and the highest linear and nonlinear indexes of refraction, respectively,

while BK7 and SK11 have intermediate values.

N
o

0.8

0.6
04

0.2

THG Intensity (arb. units)

0.0

10 05 00 05 1.0

Z (mm)

Figure 4.3 — THG Z-scan signal for silica, BK7, SK11, and F2 obtained at an average laser power of ~0.44 mW.
An offset of 0.1 between consecutive curves was introduced for better visualization.
Source: BARBANO; ZILIO; MISOGUTL.*®

In Fig. 4.4 we present the normalized TH peaks generated at the entrance and exit
interfaces. The normalized curves are related to the harmonics presented in Fig. 4.3. One can
see clearly in Fig. 4.4 that the harmonics generated at entrance and exit interfaces exhibit
different widths. The TH generated at the exit interfaces are systematically narrower than
those generated at the entrance interfaces. For silica (which presents the lowest nonlinearity)
the width alteration is more difficult to notice, but using a measurement took with a higher

average power, 0.8 mW (I, = 6.4 x 10" W/m?), this difference becomes evident, Fig. 4.5.
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Figure 4.4 — Normalized TH peaks generated at the entrance (red) and exit (black) interfaces obtained with 0.44
mW pump power. The points are the experimental results, and the lines are fittings with Gaussian

functions.
Source: By the author.
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Figure 4.5 — Normalized TH peaks generated at the entrance (red) and exit (black) interfaces for silica obtained
with 0.8 mW pump power. The points are the experimental results, and the lines are fittings with
Gaussian functions.
Source: BARBANO; ZILIO; MISOGUTI.*

This reduction in the width indicates a change in the Rayleigh range (or Rayleigh

parameter) of the Gaussian beam because it corresponds to the region where the laser beam is
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strong enough to generate TH. As predicted by the Gaussian beam theory, the reduction in the
Rayleigh range may be related to a beam waist radius reduction.*®

We performed measurements as a function of the laser power and observed similar TH
curve shapes, and so we considered only the peak values at the interfaces to establish the
power law dependence through the log-log plots of Fig. 4.6. The slopes of the THG for
entrance interfaces (red circles) are exactly 3 while the slopes for exit interfaces (black
squares) are slightly higher than 3. The slopes were obtained by considering a linear fit in the
log-log scale. As expected, F2 presents the uppermost slope because it has the highest
nonlinear refractive index. The solid lines, corresponding to Eq. (4.7) of our model that takes
into account the beam waist decrease, fit very well the experimental data. The fitting of the
experimental data with Eq. (4.7) allows finding the sample nonlinearity using the value of
silica as a reference. By comparing the relative B values of each fitting, one can estimate n,,

once the ratio Byqss/Bsiiica Should be equal to ”zgzass/”zsmca- Table 4.2 shows the results

achieved by this procedure (THG slope).
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Figure 4.6 — THG peak values at the entrance (red) and exit (black) interfaces as a function of the incident laser
power for silica, BK7, SK11, and F2. The symbols are the experimental data, while the solid lines
are results obtained with the model proposed. The numbers in parenthesis indicate the slopes (THG
dependence with laser power).

Source: BARBANO; ZILIO; MISOGUTI.?®

Using the same results it is also possible to follow the confocal parameter behavior,

2z,, as a function of the input laser power. Basically, this parameter corresponds to the
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Gaussian width where the intensity is 1/e? of the peak value. As the noise is significant in
this part of the Gaussian curve, we have measured the full width at half maximum, FWHM,
where the signal-to-noise relationship is better, and have obtained the confocal parameter by
multiplying by 1.699. The results are shown in Fig. 4.7. Despite the noise in the measured
widths, Fig. 4.7 shows a trend of broadening (entrance) and shortening (exit) of the THG
peaks. The effect is more evident in F2 because of its high nonlinearity.

Broadening and shortening of the THG peaks are explained by the self-focusing effect
as the TH is generated near the focal plane. When the nonlinear sample is placed after the
focus position (entrance interface), the self-focusing effect tends to recollimate the beam, and
z,- increases. On the other hand, for a sample positioned before the focal plane (exit interface),
z, decreases. The broadening of z, at the entrance interface does not affect the fundamental
laser irradiance, as most of the TH is generated near the interface, where the self-focusing did
not take place yet because of the lack of beam propagation. This explains why the THG at the
entrance interfaces follows the cubic power law. In the case of the exit interfaces, most of the
THG occurs in the vicinity of the output face where the beam waist compression already took
place due to self-focusing and propagation along the Rayleigh distance. Due to this reduction
of the beam waist radius, the laser irradiance increases and leads to a THG law with an
exponent greater than cubic. Such confocal parameter behavior can be understood considering

the z,. dependence with w,

22,(P) = 2 [w(P)] *9)
or, using Eq. (4.4), we have
2z,(P) = 2z,,(1 + BP)? (4.10)

where z,., corresponds to the Rayleigh range in the absence of self-focusing. The positive

(negative) signal is relative to the entrance (exit) interface. In Fig. 4.7, the symbols are the
experimental data, while the solid lines are obtained from Eq. (4.10). With the B values

obtained by these fittings we also calculated the N2 g1ass /M50 Yti0. Table 4.2 shows the

results achieved by this procedure (2z, approach).
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Figure 4.7 — 2z, from the TH collected as a function of the pump laser power for silica, BK7, SK11, and F2
glasses. The solid lines were obtained from Eq. (4.10).
Source: By the author.

In order to compare the measured nonlinearity, we can use the empirical expression

where n, can be theoretically derived from the linear index of refraction, n, (at A = 546.1 nm)

and the Abbe number, v,,:%%2

n, (10-1% esu) = 68(n, — 1)(nZ + 2)? (4.11)
2 - 2 1/2
v [1517 + (ne + (n + 1) v]
e

which can be converted to Sl units according to

4,19 x 1077
n,(m? /W) = n—nz(esu). (4.12)

e

Such theoretical values of n,, although obtained for the visible range, indicate the
right trends of the nonlinearities in these four samples. Considering that there is a typical wide

dispersion on the value of the nonlinearity,*®

it is possible to say that this new method used
here leads to good values of the nonlinearities, and it allows making further comparison with
other values obtained by other methods. Table 4.2 summarizes the results obtained by our

proposed method to understand the THG at interfaces.
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Table 4.2 — Theoretical and experimental n,. The experimental values were obtained from the ratio Bgjas / Bsiiica.

Sample n, n, (theory) n, (experimental) n, (experimental)
(546,1 nm) Egs. (4.11) e (4.12) -THG slope- -2z, approach-
x(2.53x10° m*W)  x(2.71x10° m*W)  x(2.71x10?° m*/W)
Silica 1.46008 1.0 1.0 1.0
BK7 1.51872 1.3 1.7 1.3
SK11 1.56605 15 1.8 1.3
F2 1.62408 3.8 3.8 3.1

Source: By the author.
4.3 Discussion

We have studied the THG at interfaces of different optical glasses using femtosecond
laser pulses. The TH intensities asymmetry could be explained by the self-focusing effect,
which increases the laser irradiance at the exit interface due to the reduction of the beam
waist. The beam waist radius should change as a function of sample nonlinearity and input
laser power. It is important to mention that we realized the self-focusing influence by the
results of Figs. 4.3, 4.4 and 4.5 and, in order to investigate more carefully this contribution,
we proposed the study shown in Figs. 4.6 and 4.7. At first, we resorted to self-focusing
models already available in the literature’®* but none of those correctly predict the results
reported here. This is probably due to the simplifying assumptions they make such as flat-top
beams or unchangeable beam waist radius at the focal plane. We proposed a simple empirical
equation, Eq. (4.4), considering there is a change in the beam waist due to self-focusing where
the beam waist decreases as the laser power and/or material’s nonlinearity increases. Using
our model we could follow the TH signal behavior as a function of the laser power and
estimate the material’s nonlinear refractive index.

We believe this study is important for fundamental understanding of the THG process
in transparent materials at the tightly focused condition. Also, for the application’s point of
view, it is important for the material’s third-order nonlinearity characterization and in the

THG scanning laser microscopy.
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5 THIRD-HARMONIC GENERATION AT THE INTERFACES OF A CUVETTE
FILLED WITH ORGANIC SOLVENTS'

The development of new experimental procedures for a better understanding of the TH
generated at surfaces is of great interest. In Chapter 4 we observed that the THG can be
influenced by different nonlinear processes that drastically change the expected signal. We
studied the effect of self-focusing occurring in Kerr media with nonlinear refractive index n,
(where n, < y® (—w; w, —w, w)) on the THG intensity profile at interfaces. We showed that
it clearly affects the THG at entrance and exit interfaces of a single slab, and that the power
dependence, of the signal at the exit interface, can be higher than 3 due to the reduction of the
beam waist radius occurring as a consequence of the self-focusing effect. In Chapter 4 we
investigated the THG at the only two possible interfaces: entrance and exit, and also, as a
consequence of only electronic nonlinearities in optical glasses. Now, using a cuvette
containing liquid, we extend the study to a more complex configuration with four different
interfaces separating different materials and with the presence of both electronic and
noninstantaneous nonlinearities in the liquids. In opposition to a single slab sample, where the
entrance and exit interfaces are very simple due to the presence of air with negligible
nonlinearity, there is now the presence of a medium inside the cuvette with a nonzero
nonlinearity. In fact, the linear and nonlinear optical properties of the surrounding medium
significantly affect the THG signal depending on the propagation direction. Using silica and
Schott B270 Superwhite crown glass cuvettes, filled with three organic solvents (acetone,
chloroform, and dimethyl sulfoxide (DMSQ)), we have a large variety of interfaces with
materials of different linear and nonlinear properties. Kerr nonlinearity of organic solvents
can present significant contributions from both pure fast electronic nonlinearities and slow
nuclear contributions, such as orientational effects.

The TH peaks for each interface in a particular cuvette-solvent pair have their own
magnitude and power dependence. Similar to the single slab interfaces, the cuvette interfaces
are also very asymmetric in terms of beam propagation direction. In other words, the THG
signal observed when the laser beam propagates from the cuvette to the solvent may be
completely different from that generated in the opposite direction. Such dependence was
never carefully studied before and it is very relevant for material’s characterization and the
understanding of fundamental properties. There are several works studying the THG z

response at interfaces between liquid and solid media where the unknown third-order

" Results already published in Applied Optics.”’
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nonlinear optical susceptibilities of liquids are determined.®*%%®> All these works require the
precise value of phase matching integrals (J integrals) for the case of tightly focused beams.
This is not a simple task for interfaces between two media (1 and 2) with unequal dispersion

)

(Ak, # Ak,) and nonlinear susceptibilities (x> # x<).% It is possible to do a fast x® ratio

determination if the J integrals are previously determined with a numerical calculation.*®® In
this Chapter we are going to present THG measurements at liquid-glass interfaces and
interpret the results. We shall determine the nonlinear optical coefficients of the liquids using
a method that makes use of the phase matching integral* and, also, show how we can obtain
these coefficients using our approach that considers the self-focusing contribution. In our
method the nonlinear refractive indices, n,, and third-order nonlinear susceptibilities of the
solvents, ), are determined simultaneously by the THG signals using the cuvette walls as a

reference. The results are compared and discussed.
5.1 Theoretical approach

In Chapters 2 and 4 we showed that the THG, in the tightly focused laser beam
condition (thick sample), is observed when the interface between two different materials is

within the laser confocal parameter region. The THG intensity can be written as
[Bw) IA)((3)|2(1(”))3. (5.1)

where 1G®) js the irradiance of the TH and I(*) is the irradiance of the fundamental beam.
Ax® is the difference between the third-order nonlinear susceptibility of the two materials,
labeled 1 and 2, at the interface. In a more general approach where we consider the J integrals,
we can say that, if medium 2 is air, which has a very weak nonlinearity, we just need the

susceptibility of medium 1 (cuvette wall) to obtain’

2
16 o< |1(b, Ak )| (1@)?, (5.2)

cuvette/air

On the other hand, for two media with non-negligible nonlinearities:

2
1S o |1(b, k)X P = J(b, kx| (1), (53)

cuvette/solvent
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where J (b, Ak) is the phase-matching integral defined as

() eiAkZ
b,Ak) = ——d 54
J(b,Ak) C Ar2m ™ (5.4)
b is the confocal parameter, and Ak is the wave vector mismatch
é6r
Ak = 3ky — ks = — (n; —ny), (5.5)

A

where n, and ns are the refractive indices at the fundamental and the third harmonic
wavelengths, respectively.
It is possible to determine the y® ratio between two media (1 = cuvette wall and 2 =

solvent) using Egs. (5.2) and (5.3), according to

3) I(3w) 1/2
X2 _ ](b' Akl) cuvette/solvent (5 6)
3 - (Bw) '
Xl ](b' AkZ) Icuvette/air

In this case, one needs to know the values of J and use the correct signal, which is usually
positive when the nonlinearity of the solvent is higher than that of the cuvette.® J can be
numerically calculated with Eq. (5.4). For a fast evaluation of the nonlinear susceptibility
ratio, it is possible to graphically obtain an empirical equation that fits / as a function of

|bAKk|.%® In this case we propose the following dispersion equation:

B Cy(x + C3)?
J(x)/b = <C1 + G+G)l-G

1/2
+ Cs(x + 63)2> ) (5.7)
where x = |bAk|, and C;, C,, C5, C, and Cs are the constants to be determined by the fitting
procedure. This expression can be justified by its similarity to Sellmeier’s equation, in the
sense that the dependence of / /b on x is analogous to the refractive index dispersion.
It was observed that the THG is strongly affected by the self-focusing that reduces the
beam waist at the output of a sample. In this case, the beam waist radius changes at the exit

interface as a function of the laser power P according to
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Woutput = w(P) = wo(1 — BP), (5.8)

where wy, is the radius without self-focusing and B is an empirical constant proportional to the

nonlinear refractive index. The irradiance I is proportional to P/w? and we have

A P 3
109 =4 ([w0(1 — BP)]2> ' (59)

where A’ is the constant related to the term that multiplies (1¢*))3 in Eq. (5.3), i.e., the sample
nonlinearity. It can be seen in Eq. (5.9) that, due to the self-focusing effect, 1G*) is not
proportional to P3 at the exit interface because the term BP changes the slope of the 1G®)
versus P curve. A" is used to adjust the offset. Besides, the self-focusing does not affect the
THG P32 power dependence at the entrance interface because most of the third harmonic is
generated before the reduction of the beam waist takes place. Therefore, this model predicts
that only the power dependence of the TH generated at the exit interface is affected.

In the previous Chapter, THG at optical glass interfaces, we did not consider the A’
values for any further calculations. Indirectly, the A’ coefficients carry information about y
values. To be more complete here, we have used both the A" and B coefficients to study the

nonlinear refractive indices of the studied organic solvents.
5.2 Experiments

The experimental setup is the same one shown in Fig. 4.2. The OPA was set to
generate pulses at 1300 nm, leading the TH to be centered at 433 nm. This fundamental
wavelength was carefully chosen because it has negligible linear absorption, as does its third
harmonic, in all solvents studied. Note that organic solvents usually present several
absorptions peaks in the IR range which severely restricts the useful spectral range of THG.

As done in the previous experiment, the sample was scanned through the focus of the
laser beam at z = 0. The negative value of z means that the sample is placed between the
focusing lens and its focal plane. This assumption implies that the exit (entrance) interface
appears in the negative (positive) z position. The laser is focused into the sample with a 50
mm focal length lens (b =~ 0.3 mm, w, = 8 um) and a 60 mm focal length lens is placed after

the sample to collect the TH light into the detector. Since we are using a relatively high laser
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irradiance (1.4 to 2.0 x 10 W/m?), the TH generated at the interfaces was strong enough to
be detected by a large area silicon PIN detector coupled into a lock-in amplifier. Using the
same setup with a germanium PIN detector, we carried out open-aperture Z-scan
measurements™ to verify the presence of any absorptive nonlinearity. With the irradiances
used here, no significant two-photon absorption was observed in any of the solvents.

As shown in Fig. 5.1(1), there are four different interfaces for laser focus positioning
when a silica cuvette is filled with solvent: (a) air-SiO, (entrance interface), (b) SiO,-solvent,
(c) solvent-SiO,, and (d) SiO»-air (exit interface). A similar configuration occurs for the B270
cuvette. Owing to these interfaces, there are four positions giving rise to THG, as depicted in

Fig. 5.1(11).
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Figure 5.1 — (1) Definition of the cuvette interfaces and, (1) typical TH intensity curve for silica/DMSO system.
Source: BARBANO et al.”’

5.3 Results and Discussion

As already mentioned, we used two cuvettes (silica and B270) and three different
organic solvents: acetone (CH3COCHS3;), chloroform (CHCI3), and dimethyl sulfoxide
[(CH3),SO]. Table 5.1 shows their linear refractive indices, n,, for the fundamental and TH
wavelengths. These solvents were selected because they have low infrared absorption. Both
commercial cuvettes have a 2 mm internal optical path with two windows with 1.2 mm
thickness each. The total cuvette thickness is 4.4 mm.

In order to achieve a fast y® (n,) ratio calculation, we first found several values of J
by numerically solving Eq. (5.4) (squares in Fig. 5.2), and then we found the best parameters
that fit Eq. (5.7) to these points. We obtained the values C; = -0.2396, C, = 0.23924, C; =
4.959, C, = 19.40569, and Cs = 2.93 x 107,
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Figure 5.2 — Open squares show values of /b as a function of |bAk| calculated with Eq. (5.4). The solid curve
is the best fit obtained by using Eq. (5.7) and the inset is just an expanded view.
Source: BARBANO et al.”

Figure 5.3 shows typical TH profiles for the cuvettes containing the three solvents
measured, where four TH peaks with different amplitudes can be seen. By making
measurements with different laser powers, each curve presents its own THG peak values at
each interface. We first used the procedure described in Barille’s paper”, based on the ratio
between the THG peak values from two distinct interfaces: air/glass and glass/solvent,
without considering self-focusing, to find the nonlinear susceptibilities ratios of our solvents
with respect to silica and B270. As it can be seen in Fig. 5.3, peaks (b) and (c) [or (a) and (d)]
have different magnitudes due to the presence of self-focusing. In this way, there are four
possible values for the nonlinear susceptibility ratio for each laser power. These are obtained
by using the proper 1G®) ratio in Eq. (5.6), i.e., I3®) generated in surface (b) divided by those
of (a) and (d), and from surface (c) with (a) and (d). Using these four values we determined an
average value and the deviation of each of them from it. Figure 5.4 shows that the nonlinear
susceptibilities ratios are nearly constant with the laser power, but the deviations increase as a
function of the laser power and nonlinearity strength. These deviations reflect the asymmetry
existing in the TH profiles whose origin is the self-focusing effect. DMSO has the highest
discrepancy among all solvents because it has the highest nonlinearity. Table 5.2 shows the
averaged (AVG) nonlinear susceptibilities ratios obtained with all different laser powers (Fig.
5.4) where the respective uncertainties came from the difference between the maximum

(highest laser power) and the minimum values (lowest laser power). From the experimental
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data, we can also find that the ratio )(Sz)m / )(Sl)im is about 1.5 £ 0.2. It is important to observe

that in this method, the error rapidly increases with laser power and nonlinearity due to the
influence of self-focusing. Note that in the model given by Barille et al.*, no self-focusing is

taken into account.

Table 5.1 — Dispersion properties of the materials used*”

ng i |AK| |bAk|
(0.43um) (1.3pm) (um?)
Silica 1.467 1.447 0.290 87
B270 1.534 1.510 0.348 104
Acetone 1.368 1.352 0.232 70
Chloroform 1.458 1.434 0.348 104
DMSO 1.492 1.464 0.406 122

Source: BARBANO et al.”’
*The refractive indices were obtained using the Sellmeier coefficients of Silica®, B270% acetone®,
chloroform™, and DMSO™.
*The confocal parameter is b = 0.3 mm.

Next, we determined the nonlinearity ratio using the procedure where self-focusing is
considered. The power-dependent TH signals for each interface of the two cuvettes are plotted
in Figs. 5.5 and 5.6. As seen, the slopes of the TH peaks can be significantly different from 3,
the value expected for a third-order nonlinear process. This can be explained by taking into
account the self-focusing effect. We propose a self-consistent procedure to explain the results
by using Eqg. (5.9) and one parameter, the nonlinear refraction of the cuvette, as a reference. In
order to simplify our study, we start by separately analyzing the interfaces that present the
same Ay, that is, interfaces (a) and (d) and interfaces (b) and (c). According to Eq. (5.1),
they should generate the same TH if no self-focusing was present. As seen in Fig. 5.3, the
harmonic generated at interface (d) is more intense than one generated at interface (a), and
also, it presents a slope higher than 3 (Figs. 5.5 and 5.6) which agrees with previous results
obtained with single glass slabs.

In interface (c), the laser beam already propagated from the solvent to silica (or B270)
and, as the nonlinearity of all solvents used here are larger than that of the cuvettes walls, the
high value of the slope (>3) can be explained with the self-focusing effect in the output
interface of the solvent. In our model, the self-focusing in the output interfaces, which reduces
the beam waist, explains why the slope is larger than 3 which is also responsible for the high

magnitude of these peaks in comparison to peaks (b).
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Figure 5.3 — THG signals for three different solvents as a function of the sample position for the four interfaces.
We used two different cuvettes: silica (S) and B270 glass (G). The curves were obtained using
pump powers of 0.430 mW and 0.415 mW for silica and B270 cuvettes, respectively. Other pump
powers present very similar curves.
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Table 5.2 — Nonlinear susceptibility ratios of the solvents obtained by averaging the experimental data of Fig.

5.4
Sample Xég)/xs(?l)ica ]/b X§3)/Xs(?l)ica XS)/XSZ)N
AVG AVG

Silica 1 0.0209 - -
B270 0.0195 - -
Acetone 1.5 0.0252 1.7+0.1 1.1+0.1
Chloroform 2.3 0.0195 24+0.3 1.6+0.1
DMSO 247 0.0200 27+0.6 1.8+0.2

Source: BARBANO et al.”’
Here we can consider the silica nonlinearity: n, = 2.7 x 10%° m*W, y®=2.0 x 10 m*V2.%°

Figure 5.3 shows that the TH generated at the interface (c) is always greater than that
generated at (b), except for acetone in the B270 cuvette. In this case, the THG signals are
small because their nonlinearities are of the same order of magnitude. This implies that
interfaces (b) and (c) experience roughly the same beam waist reduction and, even though the
acetone nonlinearity is slightly larger than B270, it is not enough for the peak (c) to overcome
the peak (b). Furthermore, acetone presents the largest linear absorption at the pump
frequency which reduces the irradiance at the interface (c). This absorption can be noticed in
peak (d), which is the output of the B270 cuvette, where the THG signal is somewhat smaller
with acetone in comparison with other solvents.

It is evident from Fig. 5.3 that Fresnel reflection is not the main factor responsible for
the TH intensity profile change, as could be expected.? When the laser beam passes through
an interface from an isotropic material to another, at near-normal incidence, there is
interference between the incident and reflected light within a distance of 1/4 of the entrance
interface.*®”® If the beam propagates from one material with higher refractive index to another
with lower refractive index, constructive interference happens and increases the laser
intensity, and destructive interference occurs for the opposite propagation case. In fact, this
effect is used to explain why the exit interfaces, not the entrance interfaces, are first damaged.
But here, for the silica cuvette filled with acetone or chloroform, we have constructive
interference at the interface (b) and destructive interference at the interface (c). For DMSO,
we have the opposite case, destructive interference at (b) and constructive at (c). However, in
all cases the TH generated at the interface (c) is more intense than that generated at the
interface (b), independent of the Fresnel reflection. Even for the B270 cuvette, the self-
focusing effect is more appropriate to explain the THG behavior. Nonlinear susceptibilities
and refractions can be found by fitting the slope of the power dependence of each peak, as
shown in Figs. 5.5 and 5.6. In order to do it, we fit the experimental data by means of Eq.
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(5.9) and obtain the coefficients A (4 = A’/wg) and B for each solvent. The constant A4 is
related to the symmetry breaking of the nonlinear susceptibility at the interface, Ay, B is
proportional to the nonlinear refraction, n,, responsible for changing the beam waist radius
owing to the self-focusing action. We assume that B must be the same at the interfaces (b) and
(d), B, = By, since the self-focusing occurs in the same material of the cuvette (silica or
B270), and must be zero at the interface (a), B, = 0, since the THG slope is unaffected by
self-focusing, i.e., the slope is constant and equal to 3. Also, we use the condition that the two
internal interfaces must present the same value of A, A, = A., as well as the two external
interfaces, A, = A4. Using these considerations it is possible to carry out the adjustment at
each interface by placing only one parameter as a variable, which provides more reliable
values for each coefficient. We start with the interface (a) where we already know the

coefficient B, (B, = 0), and then we obtain the parameter 4, = A, by the fitting.
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Figure 5.5 — Peak values of THG curves at the silica cuvette interfaces as a function of input laser power for all
solvents and all interfaces. The symbols are the experimental data and the solid lines are the fits
using the empirical model. The numbers in parentheses are the approximate slopes.

Source: BARBANO et al.?’
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Table 5.3 — Coefficients A and B obtained for the silica cuvette for interfaces (b) and (c)?

Sample (b) (©)
Acetone A=495+0.06 A=4.95+0.06
B=0.15+0.01 B=0.25+0.01
Chloroform A=56+0.1 A=56+0.1
B=0.15+0.01 B =0.41+0.02
DMSO A=85+0.1 A=85+0.1
B=0.15+0.01 B =0.55+0.02

Source; BARBANO et al.”’

®For interfaces (a) and (d) for all solvents, A=5.6+0.1, B=0and A =5.6 +0.1, B = 0.15 + 0.01, respectively.

A,z must be used at the interface (d) to obtain B; = Bj,. The procedure follows by

using By, to find A, = A, at the interface (b). Finally, knowing A, we obtain B, at interface

(c). Tables 5.3 and 5.4 summarize all values found for silica and B270 cuvettes. Both A and B

are related to n, (or ) and it is possible to estimate the nonlinearity

using directly the ratio B./B;, =n,(solvent)/n,(silica or B270), or by

of each solvent by

using Eq.(5.6) just
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replacing I’s by respective A’s, since A carries information about the TH intensity. As can be
seen, it is not possible to get the values of nonlinearity ratios by simply using the A’s ratios. It
is necessary to use an indirect method based on Eqg. (5.6). In this case, it is also necessary to
use the J values for each solvent and cuvette material. Using a linear fit in a log-log scale we
can note the slope is equal to 3 only at the first interface, where there is no self-focusing
contribution in the TH peak value. For the other interfaces, the power law dependence of the
THG is higher than 3 due to the influence of the Kerr lens effect.

Table 5.4 — Coefficients A and B obtained for the B270 cuvette for interfaces (b) and (c)?

Sample (b) (©)
Acetone A=162+0.02 A=1.62+0.02
B =0.28+0.02 B=0.24+0.01
Chloroform A=238+0.04 A=238 +0.04
B =0.28 £0.02 B =0.39+£0.02
DMSO A =355+0.05 A=355+0.05
B =0.28 £0.02 B =0.55+0.02

Source: BARBANO et al.”’
®For interfaces (a) and (d) for all solvents, A=9.2+ 0.1, B=0and A =9.2 0.1, B = 0.28 + 0.02, respectively.

Table 5.5 —Ratios n, ;... /M2 yvere. OPTAINEd With the coefficients B and A2
Sample Literature B A AVG B A AVG
(silica) (silica) (silica) (silica) (B270) (B270)  (B270)
Acetone 1.7 17401 16+01 1.7+01 09+01 11+01 10+0.
Chloroform  23* 27+02 21402 24+03 14+01 15+01 15+0.1
DMSO 24  37+03 23+02 30+07 20+02 16+01 18+0.8

Source: BARBANO et al.”’
4AVG corresponds to averaged values obtained with the 4 and B coefficients.

As expected, interfaces (a) and (d) for both silica and B270 cuvette have about the
same results independent of the solvent. Fortunately, for this pulse width and wavelength,
dispersion is not expected to significantly broaden the pulse or cause chromatic aberration. In
this way, we have not considered any change caused by dispersion.

Table 5.5 summarizes the results obtained for nonlinear refractive index ratios using
coefficients B and A4, in silica and B270 cuvettes. Here, we observe that the coefficients A and
B lead to roughly similar n, ratios. The discrepancies between the two values increase
systematically with the sample’s nonlinearity as in the Barille’s method.* However, in our
model, Eq. (5.9), the coefficients A and B have reverse contribution to the THG intensity. An
overestimation of A’s corresponds to underestimation of B’s and, in this way, the most correct

values can be obtained by averaging the two values. In fact, if we take the average ratio values
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of the n,’s in Table 5.5, for each solvent, we can get about the same values shown in Table
5.2. Since all measurements were carried out using the same laser configuration, we can also
find the ratio of the n,(B270) /n,(silica) using the respective coefficients A and B. Using
A’s (using Eq. 5.2) and B’s we got about 1.37 and 1.87, respectively. The average value is
about 1.6 + 0.2 which is very similar to one obtained from intensity ratio measurements, 1.5 +
0.2, and they are in the range of that expected for such borosilicate type of glass.”* We believe
that the main reason for the difference between the ratio’s values obtained by these two
coefficients is the simplicity of our model. Despite this drawback, our model explains very
well the contribution of the self-focusing on the change of the slope for the THG versus P
curves in organic solvents.

It is also possible to notice the contribution of the self-focusing in narrowing the peaks
(c)’s width. In each measurement, the peak (c) is the narrowest peak in the curve. Although
this effect is expected at the exit interface in the presence of the self-focusing, here, it is not
clear about entrance or exit interfaces since both media no longer have negligible
nonlinearities. In fact, according to our model, there is competition between narrowing (exit
interface of the solvent) and broadening (entrance interface of the cuvette wall) in these
interfaces (c), for instance. In this way, we have not considered this study here because no
clear behavior was observed in terms of narrowing or broadening of the two, (b) and (c),
internal interfaces. Such competition is not easy to model and there is no simple confocal
length equation as a function of the laser power that can be evaluated as in the previous work
with optical glasses. In general, we notice that both peaks, (b) and (c), were narrowed (beam

waist reductions) and, consequently, an increase in the peaks’ slopes were observed.
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6 THG AT ORGANIC SOLVENTS INTERFACES AS A FUNCTION OF PULSE
DURATION

Although the TH is a pure electronic process, the self-focusing can have electronic and
other nonlinear mechanism (such as orientational, for instance) contribution. Several organic
solvents have both electronic and orientational nonlinearities.”® Here, working in the tightly
focused laser beam condition and with a silica cuvette filled with solvent, we can obtain
conditions where the self-focusing occurs inside the silica, where only the electronic
nonlinearity is present, and a situation where self-focusing occurs inside the solvent, where
both contributions, electronic and orientational, may be present. In addition, the instantaneous
electronic nonlinearity is a constant as a function of the pulse width, which is not the case for
the orientational one. Orientational n, is only constant for pulses much longer than the
orientation response time.” Hence, it is possible to change the effective nonlinearity of a
solvent controlling the pulse duration (chirp) if the orientational response time is in the order
of the pulse duration. Here, we propose a study of the self-focusing effect on the THG just
changing the pulse duration of the excitation beam.

In this experiment we have used the same laser system Ti:sapphire (CPA 2001 — Clark
MXR) which delivers pulses with 150 fs duration at 1 kHz repetition rate. This time, we did
not use the OPA since we wanted to control the pulse duration. The laser emission is centered
at A = 775 nm with THG at the ultraviolet, 258 nm. The laser beam is focused into the sample
using a 50 mm focal length lens (zz =~ 0.17 mm, wy ~ 7 pm, I = 1 x 10'° W/m?). After the
sample we use a 60 mm focal length lens to collect the TH light into the detector (UV-VIS
USB 2000+, Ocean Optics). This collection lens must be transparent to 258 nm and, in this
way, we have used a silica lens, instead of the BK7 lens typically used. The temporal pulse
duration (~ 150 fs to ~ 2 ps) can be controlled directly by the laser compressor already inside
the laser system. The pulse duration was measured by Z-scan technique, in the thin sample
condition, using silica as a reference. The Z-scan AT, for a refractive signature is
proportional to the nonlinearity of the sample, the sample’s thickness and the laser irradiance.
Using a well-known sample, silica, with known thickness and n,, it is possible to calibrate the
irradiance necessary to obtain the AT,, measured. Finally, with the laser power and beam
waist radius, w,, one can find the pulse duration. As sample we have used a silica cuvette

filled with the same organic solvents: acetone, chloroform and DMSO.
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6.1 Results

In the cuvette we have four interfaces: air-silica (entrance interface), silica-solvent,

solvent-silica and silica-air (exit interface), that were labeled as (a), (b), (c) and (d),

respectively, see Fig. 5.1. The cuvette was scanned along the z axis, as done in the two

previous experiments, and the TH signal was collected into the spectrometer. Due to the

shorter TH wavelength, peaks (a) and (b) are strongly attenuated by the solvent absorbance

and, in this way, we can only use the peaks (c) and (d) for analysis.
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Figure 6.1 (I) shows THG measurements for different pulse durations. In order to
preserve the same TH signal at the interface (d), that we can use as a reference due to the
electronic origin of its nonlinear response, the irradiance was set to be approximately
constant, for each solvent, for the different pulse durations.

As it can be seen in Fig. 6.1 (1), the TH signal for acetone and chloroform at the
interface (c) is enhanced for longer pulses and there is no significant variation for DMSO.
These results indicate that, for long pulses, the orientational nonlinear refractive index
increases its contribution on the self-focusing effect in acetone and chloroform. By our
results, chloroform has somewhat stronger orientational nonlinearity in comparison with
acetone, which is in agreement with Rau et al.”® In the case of DMSO, it seems that this
solvent has no significant orientational nonlinearity for the pulse widths we have used here.
That means the DMSO may have a low orientational contribution and most of its nonlinearity
has electronic origin (the pure electronic nonlinearity of the solvent should have the same
pulse width dependence of the silica and, consequently, no enhancement should be observed).
More measurements and references to check the DMSO behavior are needed. Also, the TH
generated at the entrance interface, peak (a), disappears for acetone due to the strong linear
absorption at 258 nm. For chloroform and DMSO, it is possible to see the peak (a) because
they have lower linear absorption at the TH wavelength, Fig. 6.1 (I1). Peaks (b)s are not seen
in the Fig. 6.1 (1), for none of the solvents, probably due to the presence of both linear and
nonlinear absorption. Our results, although preliminary, are in accordance with the expected
by the self-focusing model. In the future, we intend to extend this study to other solvents in
order to discriminate the contribution of the electronic and orientational processes on THG at

interfaces.
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7 SPIFI IMAGING WITH A PROGRAMMABLE 2D SPATIAL LIGHT
MODULATOR

7.1 Abstract

This chapter presents the activities developed in the Squier’s group at Colorado
School of Mines (CSM), Golden, CO, USA. The activities involved the construction of a new
SPIFI (SPatlal Frequency-modulated Imaging) microscope’s design using a 2D SLM (Spatial
Light Modulator) and the record and analyses of images obtained by different nonlinear
optical processes, such as, TPEF (Two-Photon Excitation Fluorescence), SHG (Second-
Harmonic Generation) and THG (Third-Harmonic Generation). Especially, we recorded THG
SPIFI images for the first time. Also, the THG images were obtained by different
configurations of the SLM, amplitude modulation and phase modulation. This new design
gives more flexibility and can open new possibilities for SPIFI as well as permits to explore

superresolution images (sub-diffraction-limit).

7.2 Introduction

Third-harmonic generation (THG) is a nonlinear optical process which has been used
for material’s characterization and in applications such as in optical microscopy. In this last
case, THG microscopy is a background-free imaging technique that does not require
additional staining and occurs in all media regardless of symmetry.”® It was first proposed in
1997 by Barad et al.” and was extended to the realization of three-dimensional volume
imaging in 1998." In the pioneer work, Barad et al.” demonstrated that the THG of a tightly
focused ultrashort pulse can be used to form a nonlinear laser scanning microscope.
Generally, tight focusing conditions prevent the production of the third harmonic (TH). This
can be understood in terms of the Gouy phase shift the beam experiences when going through
the focus position as discussed in Chapter 2. However, at the interface between two different
materials the TH is nonvanishing. It occurs because at the interface the symmetry is broken
within the confocal parameter by either a change in the refractive index or third-order
nonlinear susceptibility.”® Thus, despite the TH be radiated from the bulk of the media, on the
tightly focused condition, it is observed only at the interface. Therefore, the idea of THG
microscopy is that TH will be produced at existing interfaces and inhomogeneities in the

specimen. The long excitation wavelength generally used in this technique and the
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nonresonant nature of the third-order process make the method potentially nonbleaching and,
also, reduce the possibility of biological damage.”” Since it is a nonlinear optical effect,
basically only at the focal plane the light efficiently drives the nonlinearity. This condition
eliminates out-of-focus contributions and results in the optical sectioning inherent to
nonlinear imaging techniques. Because we study the THG process and know it is an important
contrast mechanism in nonlinear optical microscopy, we are interested in learning more about
this applied research strand.

Most nonlinear imaging methods rely on point-by-point scanning of an image, but
with this approach extended time may be required to form a full image. A line cursor
geometry can be used allowing high-speed image acquisition.”” In such a system the line
sweeps out a two-dimensional field in the focal plane with a single axis scan, and the
multiphoton signal can be recorded at the same time by a two-dimensional detector, such as a
charge-coupled-device (CCD) camera.”® However, non-ballistic photons may scatter at the
sample and be registered at an incorrect position on the 2D detector, decreasing the image
quality.®2® An advancement in imaging technology for eliminating the scattering ambiguity is
the line cursor excitation system that only requires single element detection.™® In this case, the
excitation beam is spatially modulated with frequencies that linearly increase across its spatial
extent. This provides a unique modulation frequency to each spatial point of the beam
mitigating the scattering ambiguity problem. This spatially-chirped intensity modulation on
the excitation beam is performed using an amplitude mask pattern printed onto a spinning disc
which is placed at the focal plane of the cylindrical lens. This approach of a SPatlal
Frequency modulation for Imaging is abbreviated as SPIFI. The SPIFI technique has been
used to obtain two-dimensional images of absorptive and fluorescent objects®® and also two-
photon excitation fluorescence (TPEF) imaging.” SPIFI has been extended to two-
dimensional imaging through parallel acquisition of line images®’ and to the combination of
features of spatially chirped modulation with spectral encoding.®! Recently, SPIFI has been
shown to have the added benefit of superresolved multimodal imaging.'® Multiphoton SPIFI
provides spatial resolution up to 24 below the diffraction limit, where f is the highest power
of the nonlinear irradiance response, for instance, g = 4 for SHG and g = 6 for THG. Michael
D. Young developed in his PhD® a SPIFI system replacing the printed mask by a
programmable 2D spatial light modulator (SLM). This has the advantage that we can do
adaptive aberration correction by using different masks and opens the possibility of taking
images with amplitude modulation as well as phase modulation. Working directly with

Michael in the Squier’s group, we developed a new version of the Young’s microscope where
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we improved the microscope’s design and took third-harmonic images for the first time using
a SPIFI setup. Due to patent’s issue we won’t describe the microscope design in detail in this
dissertation but we are going to show the basic setup and the first images. In order to illustrate
the versatility of this new configuration we shall show TPEF, SHG and finally THG images.
It is worth mentioning that the THG images by either amplitude or phase modulation are

unprecedented.

7.3 SPatlal Frequency-modulated Imaging - SPIFI

In optical microscopy, a strategy for improving imaging speeds is to use an extended
geometry such as a line cursor instead of a point focus. The first demonstration of a real-time

multiphoton microscope was performed by Brakenhoff et al.®®

where the multiphoton signal
was mapped using a two-dimensional detector, such as a CCD camera. Later, it was
demonstrated that it is possible, through spatial modulation of the beam, that is, SPIFI
approach, to use the line cursor excitation combined with single element detection.’®™ In
SPIFI, the output of the laser is usually expanded in a telescope, and then focused with a
cylindrical lens that creates the line cursor at an intermediate plane. A modulator placed at the
focal plane of the cylindrical lens produces an intensity modulation with a frequency that

linearly increases along the extent of the line focus, Fig. 7.1.

Input Beam

Cyl. Lens §

o ':'I'..-.E:' ) |magl ng Opt”:s
- ,'-A-\I

Object
_ Collection Optics

Detector

Figure 7.1 — Schematic of first SPIFI setup.
Source: FUTIA et al.*

In SPIFI, the sequential points in the line focus are modulated at slightly higher

frequencies as a function of spatial position. In this way, the spatial location is encoded by the
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modulation frequency. This modulated line is then imaged onto an object and the transmitted
light collected with a single-element detector, such as a photodiode or photomultiplier tube
(PMT). The spatial information of the image is encoded in the temporal modulation
frequencies, which are present in the signal recorded by the detector. For nonlinear
microscopy, as presented here, the spatially-chirped intensity modulation of the excitation
beam might be transferred to the photons emitted by either fluorescence or harmonic
generation and the Fourier transform of the signal should retrieve the line image of the object.

Recently, it was demonstrated that using the SPIFI microscope it is possible to obtain
images in superresolution (sub-diffraction-limit)."® When the laser beam passes through the
time-dependent spatial modulation pattern, produced by the spinning disk rotation (or, as in
our case, by the SLM modulation), the line focus is diffracted into several beams with varying
propagation angles, 6;, where j corresponds to the diffracted order, Fig. 7.2. The microscope is
configured such that the diffracted orders are collected in the pupil of the objective lens and,
in the object plane, they interfere and form a spatial intensity pattern that vary with scan time.
Considering j € {-1,0,1} where j = 0 corresponds to the undiffracted beam and j = %1
corresponds to the first-order diffracted beams, we can say that, at the focus, the interference
of these three beams results in a irradiance of the form I(x,t) = Ho(t) + Hi(t)cos[2mky(t)x] +
Ha(t)cos[2m(2k«(t))x], where the time-varying amplitudes are from vignetting caused by the
circular pupil. ky(t) is the spatial frequency of the interference fringes and Hq(t) is determined
by the amplitude of the diffracted beams in the object plane as a function of scan time and the
image order g. Here we are assuming the light is focused in the y dimension and we have the
line focus in the x dimension. The first term Ho(t) consists of a background irradiance which
presents no interference fringes. The first spatially modulated component, li(x,t) =
Hi(t)cos[2nk«(t)x], is generated from the interference of the undiffracted beam with each
diffracted beam and the second one, Iy(x,t) = Ha(t)cos[2n(2kk(t))x], from the interference of
the two diffracted beams with one another. The spatial frequency of I,(x,t) is twice that of
11(x,t). But, by means of multiphoton nonlinear optical processes, it is possible to reach spatial
frequencies greater than 2k, since the irradiance dependence is of the form I# where § is the
power of the nonlinear irradiance response, for instance, for TPEF and SHG g = 2 and for
THG £ = 3. In this way, multiphoton SPIFI microscopy can provide spatial resolution up to
2P below the diffraction limit.'®
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Figure 7.2 — SPIFI system configuration with circular reticle (mask) for superresolved multiphoton microscopy.
Schematic representations in the (x,z) (a) and (y,z) (b) planes.
Source: Adapted from FIELD et al.'®

1.8 is the Lovell reticle® which is a series of

The modulation disk used by Futia et a
spatial frequencies plotted in 8 and are all in phase at 6,. The equation for the modulation

pattern is given by

1 1
m(R,0) = R cos(AkRO) (7.1)

where R and 6 are, respectively, the radial and angular coordinates relative to the center of the
disk and Ak is the modulation frequency range over the radius of 0 to R,,,,. Spinning the
mask at a constant angular velocity d6/dt = w we can make the substitution 8 = wt, where

we are taking 6, = 0. In this case, the modulation equation in terms of R and t is given by
1 1
m(r,t) = > + > cos(AkRwt) (7.2)

Since the spinning reticle is in circular form and the SLMs are constructed in
rectangular form, the mask should be transformed and plotted in Cartesian coordinates.® In

this way, the modulation equation in Cartesian coordinates is:*

1 1
m(x,y) = > + 5 cos(2mKxy) (7.3)
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The spatial frequency in x and y is given by

ky(y) = 2mKy (7.4)
ky(x) = 2mrx (7.5)

With the spinning disk the spatial frequencies come into phase at 6y and constructively
interfere over a certain coherence time, Fig. 7.3. With the SLM the equivalent is in the middle

of the x dimension, Fig. 7.4.
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Figure 7.3 — (a) circular reticle. (b) modulation in 9 at different values of r. (c) modulation in r at different
values of 6.

Source: Adapted from YOUNG.®
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Figure 7.4 — (a) equivalent Cartesian mask to be used with the 2D SLM. (b) modulation in the x dimension at
different values of y. (c) modulation in the y dimension at different values of x.
Source: Adapted from YOUNG.®*

It is important to point out that in this SPIFI method each frequency carries
information about one position of the sample corresponding to one particular position of the
line focus. To recover the image from the single detector it is necessary to make a Fourier
Transform operation, where we may have access to the different orders (harmonics) of the
fundamental frequency. The strongest image (or fundamental image) is recovered from the

first-order, but we may have other orders (second, third, fourth...) that appear as weaker
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images (the higher the order, the weaker the image) that promote improvement on image

resolution.

7.4 Experimental setup

As light source we have used a solid state KGW laser pumped by a 25 W fiber
coupled diode module with a 200 pm core diameter emitting at 980 nm (F25-980-2, Apollo
Instruments, Inc). The KGW laser generates a 56 MHz pulse train with a maximum average
power of 2.5 W, thus yielding energies as high as 45 nJ/pulse. The pulses are centered at 1039
nm and have a duration of 247 fs (bandwidth of about 4.9 nm).**

The laser beam was focused by a cylindrical lens and the line cursor produced was
projected onto the face of the SLM, which was, in turn, image relayed to the focal plane of the
excitation objective. In order to produce the SPIFI signal the line cursor was scanned on the
SLM from left to right and back continually by means of a galvanometric mirror controlled by
software made in LabVIEW platform.

We have used a 512x512-pixel nematic liquid-crystal spatial light modulator (LC-
SLM; Meadowlark Optics). The SLM may be thought as an array of tiny programmable
waveplates. Like all waveplates, there is a fast axis and a slow axis. However, with the SLM
we can control the refractive index along the slow axis electronically allowing accurate
control of the polarization state. For amplitude modulation of the excitation beam the laser
should pass through a Polarizing Beamsplitter (PBS), this will select a polarization state of the
light. Next, the beam passes through a half waveplate at 22.5°, which rotates the polarization
by 45°. This means the light illuminates the SLM polarized in 45° and is reflected off of the
reflective pixels, passing again through the PBS which rejects one polarization state
producing the amplitude modulation. A scan lens between the galvanometric mirror (scan
mirror) and the SLM is used as described in Fig. 7.5. Choosing the correct focal length of the
scan lens it is possible to adjust the system magnification. As mentioned earlier, due to
patent’s issue we don’t describe the microscope design in detail in this report but Fig. 7.5
shows the basic microscope’s schematic diagram for amplitude modulation configuration. But
from this design one can easily change to the phase modulation configuration. In this case the
cylindrical lens should be slightly tilted in order to change the height of the beam that, in its
turn, passes over the PBS after the reflection on the SLM, that is, the beam does not pass
through the PBS twice. In both cases, amplitude and phase modulation, the modulated light

reaches the back aperture of the objective lens and is focused on the sample. A translation
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stage is used to scan the sample and the signal is collected by a PMT. Depending on the
nonlinear process we are measuring, TPEF, SHG or THG, different filters in the PMT must be
used according to the wavelength of the produced light.

It is important to say that the nematic SLM, as used here, works by applying an
electric field that changes the index of refraction of the pixel. This results in a change in the
optical path length and, consequently, a phase delay for the photons incident on that pixel.
Since a linear response for phase delay vs voltage applied is interesting because a better
approximation of sinusoidal modulation (from minimum to maximum intensity) can be
produced, and the standard SLM’s LUT (Look-up-table) does not provide this linear response,
an SLM calibration is necessary. For this, the SLM’s response over its voltage range was

recorded and calibrated.

PMT
Sample
Obj
BS
Laser

A2
SN2/
SM SL SLM

Figure 7.5 — Schematic diagram for amplitude modulation using cylindrical lens and galvanometric mirror, CL
= cylindrical lens, PBS = polarizing beamsplitter, /2 = half waveplate, SM = scan mirror
(galvanometric mirror), SL = scan lens, Obj = objective lens. The half waveplate should rotate the
input polarization by 45°.

Source: By the author.

7.5 Results

By matching the beam size to the back aperture of the objective lens, the resolution
should be the diffraction limit of the objective. By using the Rayleigh criterion the diffraction
limit is given by
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0.611
_ 7.6
d 7 (7.6)

where A1 is the wavelength of the pump beam and NA is the numerical aperture of the
objective lens. In our system, all images were collected using A = 1039 nm and a 0.65 NA
objective lens. The lateral resolution is 975 nm for first order images.

In the first test we collected the beam signal without sample and observed the SPIFI
trace, that is a pulse created when the frequencies come into phase. The Fourier transform
converts the signal to its power spectrum where we can see the beam profile, Fig. 7.6.
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Figure 7.6 — (a) SPIFI trace of the laser beam. (b) beam profile retrieved.
Source: By the author.

In the second test we have blocked part of the line cursor using a stick, as shown in
Fig. 7.7. By doing so, we removed the central part of the line cursor and, consequently, the
central frequencies of modulation. This could be checked by analyzing the Fourier transform
of the SPIFI signal, Fig. 7.8, confirming that our system is imaging correctly.

For the signals shown in Figs. 7.6 and 7.8 we have not observed the second harmonic
of the fundamental signal in the Fourier transform (although it is a linear process it is possible
to obtain, theoretically, up to the second-order signal). In another measurement, this time
using a sample placed at the focal plane of the objective lens, we collected the TH of
polystyrene beads, Fig. 7.9. Now we can see the second-order signal which is twice broader
than the fundamental one, Fig. 7.10. The third-order is difficult to be observed due to the
signal-to-noise ratio. There is an overlap between the range covered by the second- and the
third-order signals. In Fig. 7.9 we just collected one SPIFI trace, but to form an image the

sample should be translated and sequential SPIFI traces collected.
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beam

stick

Figure 7.7 — Central part of the line cursor blocked with a stick.
Source: By the author.
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Figure 7.8 — Measurement with a stick blocking the central part of the beam as shown in Fig. 7.7. (a) SPIFI
trace of the laser beam. (b) beam profile retrieved.
Source: By the author.
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Figure 7.9 — THG SPIFI signal of polystyrene beads (a). Fourier transform of the signal with respect to the scan
time where it is possible to observe the higher-order signals (b).
Source: By the author.
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Figure 7.10 — First-, second- and third-order signals obtained in the Fourier transform. The higher orders make
possible superresolution images.
Source: By the author.

In order to illustrate the versatility of the microscopy we show images recorded by
different nonlinear optical process as TPEF, SHG and THG. Data were processed using
Mathematica (Wolfram, Champaign, IL, USA). We colored the images differently depending
on the process, TPEF = “SunsetColors”, SHG = “BlueGreenYellow” and THG =
“AvocadoColors”. The samples were held between the cover slip and a cover slide which rests

on the microscope’s stage.

TPEF SPIFI Imaging

The first images were taken by TPEF using onion skin cells and lens tissue as samples.
The samples were stained with a pink fluorescent highlighter which is an easy and
inexpensive way to create test samples. The highlighter dye creates TPEF at focus that can be
measured by the PMT. Figure 7.11 is an image of an onion cell skin. For this first
measurement we do not have white light or real scale image but it is an interesting image
which illustrates the procedure we used and shows how the second-order signal improves the
resolution. In order to visualize and compare the first- and second-order images we
normalized both to the same intensity (the higher is the order, the smaller is the signal). In this
image we can see what looks like an improvement in resolution of the second order
comparing it to the first one (it would be necessary a white-light image to ensure this). Also,
as expected, the second-order image is twice the size in the horizontal dimension of the image
which means an improvement of two in resolution.

Figure 7.12 shows how they look like when we rescale them to the same dimension.
Due to the broader frequency range of the higher orders of diffraction, it is common that the
higher order overlaps with the lower one and, as the lower order is more intense, the higher

one is obfuscated. It is not the case of the Fig. 7.12 (b), but since it happens for the next
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images, from now on, for all images which present higher orders we are going to use a black
screen placed on the left side of the image where the lower order saturates the brightness, as
shown in Fig. 7.12 (c). This helps us to visualize better the images related to the harmonics of

the fundamental signal at the power spectrum.

Figure 7.11 — Portion of an onion skin sample. On the left we see the first order and on the right the second
order of diffraction, both correspond to the same portion of the sample. The bars were used to
verify the second order is twice the thickness of the first, 31 and 15 pixels respectively.

Source: By the author.

()

Figure 7.12 — TPEF images collected from a portion of onion skin sample with SPIFI. (a) first- and (b) second-
order SPIFI images. (c) A black screen is placed on the left side of the image to avoid the
saturation caused by the lower order.

Source: By the author.
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Figure 7.13 shows the images obtained for the lens tissue sample. This time, due to the
higher sample brightness we could reach the third-order signal (Fig. 7.13 (c)). Fig. 7.13 (d)
shows the same portion of the sample under white light illumination. The vertical lines in the
Fig. 7.13 (d) indicate approximately the portion of the sample (region between the lines)

scanned by the line cursor.

@) (b)

Figure 7.13 — TPEF images collected from lens tissue sample. (a) — (c) first through third order images. Scale
bar: 20pum. (d) sample under white light illumination, the vertical lines indicate approximately
the portion of the sample scanned by the line cursor.

Source: By the author.
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SHG SPIFI Imaging

SHG image of cornstarch in water was taken, Fig. 7.14, the same configuration was

used. For this sample any higher order was observed.

Figure 7.14 — SHG images collected from cornstarch in water. (a) SPIFI image, (b) sample under white light
illumination, the vertical lines indicate approximately the portion of the sample scanned by the
line cursor.

Source: By the author.

THG SPIFI Imaging

Finally, THG SPIFI images of polystyrene beads were taken. Figure 7.15 shows the
first THG SPIFI image. The beads have a diameter of 6 um and their TH images do not

require staining.

(b)

Figure 7.15— First THG SPIFI image. (a) and (b) are the first and second order images of polystyrene beads
(diameter = 6 pum). (c) sample under white light image. Scale bar: 20pum.
Source: By the author.
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By repeating the measurement for the same sample we were able to get the third-order

image as shown in Fig. 7.16.

Figure 7.16 — THG SPIFI images of polystyrene beads (diameter = 6 um). (a) — (c) first through third order
images. Scale bar: 20um. (d) portion of the sample under white light illumination.
Source: By the author.

THG SPIFI Imaging — Linear vs Circular

An interesting property of the THG is that circularly polarized light does not generate
TH in an isotropic medium. For a circularly polarized electric wave, the electric field vector is
constant in amplitude throughout the optical cycle. The polarization vector amplitude is also a

constant even though it is not linearly related to the fundamental field amplitude. Thus, the
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polarization has no third-harmonic content.**** Until now, we have used amplitude
modulation with an approximately sinusoidal amplitude modulation where the beam
irradiance oscillates between two limits, the maximum irradiance and almost zero. Now, the
modulation is done controlling the polarization state of the beam (by phase modulation) using
the SLM. Basically, we have maximum THG for linearly polarized fundamental wave and
minimum for circular. By creating a mask to control the fundamental beam polarization state
from linear to circular, we generate a TH oscillation which goes from maximum to zero as it
happens in amplitude modulation. In this case, the modulated beam should not pass through
the PBS in its way to the objective lens because the PBS would reject one polarization
component and eliminate the circular/elliptical polarization. The beam should pass over the
PBS as described earlier in the experimental setup section. We have used the same sample as

before, polystyrene beads. The image is shown in Fig. 7.17, any higher order was observed.

(a) (b)

Figure 7.17 - (@) THG SPIFI image of polystyrene beads (diameter = 6 pm) using linear vs circular
configuration. (b) portion of the sample under white light illumination. Scale bar: 20um.
Source: By the author.

7.6 Discussion

We have presented SPIFI images using a new microscope’s design where the
traditional spinning disc is replaced by an SLM. Two-photon excitation fluorescence (TPEF),
second- and third-harmonic generation (SHG and THG) images were taken. The THG SPIFI

images by either amplitude or phase modulation (linear vs circular) are unprecedented. The
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linear vs circular SPIFI image is possible because THG cannot be observed for circular
polarization and because we have used the SLM instead of the spinning disc, the SLM makes
possible circular polarization in selected parts of the beam. In the linear vs circular
configuration, as the laser beam passes through the PBS just once, more intensity (double) is
available for pumping the sample.

We have observed until the third-order signal when applying the Fourier transform
(third harmonic of the fundamental beam at the frequency domain) which should be 325 nm
in resolution (one-third the first order, 975 nm) for a diffraction-limited setup. Theoretically,
sixth order is possible with THG. These are early results and more analysis and improvements
should be done, for instance, resolution tests and signal-to-noise optimization to better
visualize the higher order signals. Also, using the SLM we can quickly implement and test
different masks. The time required to form a full image was about 20 to 30 minutes, therefore,
scanning parameters optimization for improving the image acquisition rate is interesting as

well.
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8 GENERAL CONCLUSIONS AND PERSPECTIVES

In this dissertation, we have investigated the THG at the interfaces on different
materials and understood the influence of the self-focusing on its intensity profile. In a first
experiment, we have studied slabs of different optical glasses using femtosecond laser pulses.
The results have shown that the self-focusing is the main reason for the TH intensity
asymmetric profile and dependence of pump power at the interfaces. Although the THG is a
pure third-order nonlinear process, the TH power dependence at the interfaces can be higher
than 3 due to the influence of another nonlinear process, the self-focusing, which changes the
beam waist at the interfaces. No significant influence of the Fresnel reflection was observed.
Taking into account the self-focusing contribution, it was possible to explain the TH behavior
and obtain the glasses nonlinearity.

In a second experiment, we have measured the THG of solvents inside cuvettes. To be
clearer, THG at interfaces of solvent and cuvette walls using femtosecond laser pulses. The
solvents may have, in addition to the electronic nonlinearity, also an orientational
contribution, which is not present in optical glasses. Furthermore, the transitions between the
media, at the internal interfaces of the cuvette, are not as abrupt as in the previous experiment
(glass-air or air-glass). Even with these differences, our model works and, again, the self-
focusing effect, which now has contribution of pure electronic and orientational nonlinearity,
is important to explain the THG signal.

Preliminary results related to the THG intensity profile as a function of pulse duration
were reported and a clear variation on the TH peak values at the solvent-silica interface was
observed. This indicates an enhancement of the self-focusing due to the orientational
nonlinearity contribution which increases with pulse duration. This result is in accordance
with our expectation since self-focusing from orientational nonlinearity is not instantaneous
and does depend on the pulse width. A detailed analysis with other solvents and other pulse
durations would be interesting in order to discriminate the electronic and orientational
contributions in the THG process.

The THG process is an important contrast mechanism in nonlinear optical microscopy.
We have also presented here a modern microscopy technique, based on spatial frequency-
modulated imaging (SPIFI) with a single element detection, which is capable of providing
enhanced resolution images. The microscope design presented uses a SLM to provide the
frequency modulation and permits to obtain images by alternative ways such as modulation

by means of polarization control. We have obtained THG SPIFI images for the first time.
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These are preliminary results and further resolution tests and signal-to-noise optimization are
needed. Also, a detailed study with different masks would be interesting.

In general, the studies presented in this dissertation correspond to advancements in
both basic and applied strands of research in third-harmonic generation and/or nonlinear
optics. We were able to understand the contribution of the self-focusing on the THG at
interfaces, which is very important for fundamental and applied point of view such as for
materials characterization. We could also use the THG in a practical application, the
microscopy. In this case, although the self-focusing was not considered at this point, it may be

important in the future for correct interpretation of THG images.
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