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October 2014
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Nonlinear optical properties are crucial in determining the behavior of the optical
material under the intense laser beam. Z-scan method is a simple technique to
measure nonlinear refraction and absorption with high degree of sensitivity and non-
complex arrangement setup. Ultrafast laser technology benefits the Z-scan method
by providing high nonlinearity condition within the material. Nevertheless, most of
today’s ultrafast lasers are designed with high repetition rate (HRR) pulse trains
which is known able to trigger thermal lensing effect.

The lensing formation in Z-scan measurement corrupts the pure nonlinear response
thus exhibits invalid results. Thermal lensing effect by the HRR laser is originated
by the accumulated heat across the pulse trains due to the significantly long thermal
diffusion time of the material in comparison to the very short HRR pulse separation.
Optical chopper deployment in Z-scan measurement limits the material time
exposure to the HRR beam and eliminates the lensing effect with the optimized
chopper frequency. However, the optimization comes with a fixed chopper duty
cycle, typically equal opening and blanking period. Therefore, applying duty cycle
variation on top of the chopper frequency would reveal a new working range for the
Z-scan to obtain accurate measurements without the thermal lensing influence. This
research reports the Z-scan measurement with 780 nm HRR femtosecond beam on
the nonlinear material AC-39.

The experiment is performed with the adoption of the chopper frequency and duty
cycle variation to minimize the thermal lensing effect by the precisely control the
exposure time on AC-39. The modulated HRR beam Z-scan is carried out over the
modulation frequency and duty cycle variation by evaluating the change of the peak
and valley transmittance. For a 50% fixed duty cycle, 500 Hz of optimized minimum
chopper frequency is achieved. The minimum chopper frequency is reduced further
by adopting 10 and 25% duty cycle. It is deduced that this optimization is obtained
by keeping the HRR beam time exposure on AC-39 material well below its thermal
diffusivity time, thus seizes the thermal lensing build up formation before the next
duty cycle. The minimum chopper frequency is correctly predicted by associating
the chopper duty cycle factor, F with the material thermal diffusivity time, t.
Additional frequency optimization is achieved by considering the stable peak-valley



transmittance difference over the frequency variations. The technique of finding the
optimized minimum chopper frequency leads to the thermal diffusivity
determination of the sample material for the unknown thermal diffusivity time. The
optimization opens up for a potential of low operational frequency and offers a
simple and straightforward solution and implementation in Z-scan technique of

nonlinear optical properties measurement with high repetition rate femtosecond
laser.
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TEKNIK Z-SCAN DENGAN LASER FEMTOSAAT BERKADAR
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Sifat tidak linear optik adalah penting dalam menentukan kelakuan bahan optik di
bawah ketumpuan sinaran laser. Kaedah Z-scan adalah teknik yang mudah untuk
mengukur penyerakan dan penyerapan tidak linear dengan tahap kesensitifan yang
tinggi dan susun atur eksperimen yang tidak kompleks. Teknologi laser ultra pantas
memberikan faedah kepada kaedah Z-scan dengan menyediakan keadaan tidak linear
yang tinggi di dalam sesuatu bahan. Walaubagaimanapun, kebanyakan laser ultra
pantas pada masa kini direka dengan rentetan denyutan berkadar pengulangan tinggi
(high repetition rate — HRR) yang diketahui mampu mencetuskan kesan kanta terma.

Pembentukan kanta terma di dalam pengukuran Z-scan memusnahkan tindak balas
tidak linear yang tulen oleh yang demikian mempamerkan keputusan yang tidak sah.
Kesan kanta terma oleh laser HRR bermula daripada pengumpulan haba di
sepanjang rentetan denyutan disebabkan oleh masa penyerakan haba yang ketara
panjang berbanding dengan masa pemisah antara denyutan HRR yang amat pendek.
Penggunaan pencincang optik di dalam pengukuran Z-scan menghadkan masa
pendedahan bahan kepada sinaran laser HRR dan menghilangkan kesan kanta
dengan frekuensi pencincang yang optimum. Namun, pengoptimuman ini hadir
dengan Kitaran tugas pencincang yang tetap, kebiasaannya dengan tempoh bukaan
dan halangan yang sama. Oleh itu, dengan meletakkan kitaran tugas yang pelbagai
disamping frekuensi pencincang boleh mendedahkan lingkup kerja baru untuk Z-
scan dalam mendapatkan pengukuran yang tepat tanpa pengaruh kanta terma. Kajian
ini melaporkan pengukuran Z-scan dengan sinaran laser femtosaat 780 nm HRR ke
atas bahan tidak linear AC-39.

Eksperimen ini dilakukan dengan penggunaan frekuensi dan kitar tugas pencincang
yang pelbagai untuk mengurangkan kesan kanta terma dengan mengawal dengan jitu
masa pendedahan ke atas AC-39. Z-scan dengan sinaran laser termodulat HRR
dijalankan pada kepelbagaian modulasi frekuensi dan kitar tugas dengan menilai
perubahan puncak dan lembah kehantaran. Bagi kitar tugas tetap 50%, frekuensi
pencincang teroptimum paling rendah 500 Hz dicapai. Frekuensi tersebut
direndahkan lagi dengan penggunaan kitar tugas 10 dan 25%. Disimpulkan bahawa
pengoptimuman ini diperolehi dengan memastikan masa pendedahan sinaran laser



HRR ke atas bahan AC-39 berada dibawah masa penyerakan haba, oleh yang
demikian kenaikan dalam pembentukan kanta haba dihentikan sebelum kitar tugas
seterusnya. Frekuensi pencincang yang minimum di ramalkan dengan betul dengan
mengaitkan faktor kitar tugas, F dan masa penyerakan haba bahan, t.. Frekuensi
optimum tambahan dicapai dengan mengambil kira beza kehantaran puncak dan
lembah disepanjang kepelbagaian frekuensi. Teknik pencarian frekuensi minimum
pencincang teroptimum membuka jalan kepada penentuan penyerakan haba bahan
sample bagi masa penyerakan yang tidak diketahui. Pengoptimuman frekuensi ini
membuka ruang kepada potensi frekuensi operasi yang rendah dan menawarkan
penyelesaian dan pelaksanaan teknik Z-scan yang mudah dalam pengukuran sifat
tidak linear optic dengan laser femtosaat berkadar pengulangan tinggi.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Since the laser discovery by G. Gould in 1959 [1] and later a functional laser by T.
Maiman [2], laser related applications have enormously multifold covering
technology fields such as spectroscopy [3], sensors [4], computing storage [5] and
telecommunication [6]. In its early stage, the laser produced fairly low output
intensity [2, 7] with a limited operational wavelength. As the laser technology
advances, multi-kilowatt output power has been reached [8] with vast wavelength
selections, thanks to the maturity of laser gain material [9-11] and enhanced free
space and optical fiber coupling techniques [12]. These improvement allows better
coupling efficiency for laser amplification and wide spectrum tuning ability [13]. To
date, remarkably high power output comes with high repetition rate (HRR)
femtosecond laser pulse in which delivers applications improvement such as real
time spectroscopy observation [14] and 3D optical storage [15]. The HRR laser is
advantageous due to its pulse stability for constant power response over time and
good signal-noise ratio (SNR) for excellent differentiation between pulse and noise
level.

The laser invention and development concurrently opens up for nonlinear optics as a
new research field. Nonlinearity in a material becomes significant due to intense
laser beam incidence on the sample within the small area of interaction thus creating
the material response such as wavelength shift, density and absorption properties
change. The properties changes are beneficial for applications such as micro-
machining, laser ablation [16] and nonlinear spectroscopy [17] as been shown by
recent works in high power fiber laser whereas a 0.1mJ of laser energy at 10 MHz
pulse train was produced with cavity-enhanced high harmonic generation [18].

In nonlinear optics research field, the nonlinear material properties characterization is
essential parameter to be determined. The characterization is performed to classify
the material suitability in the related applications. For example, a semiconductor
saturable absorber mirrors (SESAMS) is known for its properties with low linear and
nonlinear absorption acted as nonlinear mirror for the generation of ultrashort
semiconductor laser [19]. For frequency doubling conversion laser, the nonlinear
crystal material with known effective nonlinear coefficient is important for the
phase-matching configuration to convert the pump energy to the generated second
harmonic wave [20].

Numerous measurement techniques were adopted to determine the material nonlinear
properties. Interferometric [21], degenerated and nearly degenerated four wave



mixing method [22] are sensitive to the measurement phase changes but its complex
experimental setup is discouraging. Beam distortion measurement method is
insensitive yet require detailed wave propagation analysis [23]. Z-scan technique is a
preferred method over previously mentioned techniques to determine nonlinear
optical properties, thanks to its high sensitivity and simple experimental setup.
Discovered by Sheik-Bahae and co-workers [24], the Z-scan technique measures
nonlinear refractive index (NLRI), n, and two-photon absorption cross section
(TPACS), o, by translating the material along the intense focusing beam vicinity and
monitoring its self-focusing and defocusing behavior. The technique reveals both the
sign and magnitude of the nonlinear properties by evaluating the transmittance level
through an aperture at far field.

The advancement of ultrafast laser technology has benefited the Z-scan measurement
technique by providing high peak power to induce the desirable nonlinearity
condition in the material. Previously, low repetition rates Q-switch and Gain-switch
pulse lasers have been extensively adopted in the Z-scan measurement from a few Hz
up to tens of kHz [25-27]. However most of today’s high repetition rate (HRR)
lasers have been known to trigger thermal lensing effect within the Z-scan
measurement due to heat accumulation across the pulse trains via the skeletal
libration and vibrations process [28].

Thermal lensing effect is realized as the incident laser beam energy is converted into
the heat within the material contact area of the incidence beam. With the maximum
heat is at the beam center, it is radially distributed outward and consequently changes
the material density thus the refractive index of the material. The index change
effectively forms a thin lens that alters the divergence and convergence manner of
the next incidence beam pulses. The lensing effect corrupts the Z-scan measurement
by overwhelming the purely electronic nonlinear Kerr response therefore leading to
an erroneous result.

The thermal lensing effect is formed due to the very short HRR laser pulse separation
time in comparison to the considerably long thermal diffusivity decay time [28]. The
generated heat by each of the individual pulse is not properly diffused out from the
laser incident area before the next consecutive pulse. This simply builds up the heat
across the pulse trains until the thermal lensing dominates. For MHz repetition rate
laser, the condition can be easily met under the high beam intensity. On top of the
short pulse separation, the heat accumulation may also be contributed by thermo-
acoustic effect as the generated heat travels at a material sound speed within the
incidence beam area, typically for nanosecond pulse [29, 30]. If the time taken for
the heat to travel out of the incidence beam area is longer that the pulse separation
time, the accumulated heat allows the thermal lensing to set in. On the other hand,
HRR pulse duration may give rise to the thermal effect via the excited non-radiative
skeletal motion [31], profoundly for nanosecond pulse [30-32], whilst pico- and
femtosecond pulse is less influencing.



The adoption of low repetition rate laser (LRR) is a direct solution to avoid thermal
lensing effect by the HRR laser within the Z-scan measurement. There were several
researchers incorporating a pulse picker device that selects some pulses to be omitted
thus obtaining the low repetition rate condition [33, 34]. However the pulse picker
implementation has added up for the experimental complexity as the modification of
the ultrafast laser must be done electrically. Falconieri et. al and several other
researchers have suggested a solution of time modulating the HRR laser pulse train
with an optical chopper [35-38]. This is the desired technique as the chopper can be
inserted independently from the ultrafast laser configuration. The chopper introduces
a periodic opening and blanking time of the HRR beam depending on the chopper
applied frequency. The chopper opening width determines the material exposure to
the HRR beam, giving a minimized thermal lensing effect frequency range thus
allowing for the nonlinear properties measurement recovery [35, 39]. A modified Z-
scan technique known as time-resolved Z-scan measures the transmittance at various
temporal points during the opening time allowing for separation of the slow thermal
component from the fast nonlinearity response [40, 41].

1.2 Problem Statement

Despite these extensive works to optimize the chopper frequency for precise Z-scan
measurement with HRR femtosecond laser, they rely on a fixed chopper wheel duty
cycle only [36, 38, 39]. As a matter of fact, the opening time duration varies with the
chopper wheel frequency and duty cycle. Therefore the optimized frequency with the
duty cycle variation would opens up for the improved frequency range without
thermal lensing influence. In this thesis, we investigate a closed and open aperture Z-
scan with the modulated HRR femtosecond laser to minimize the thermal cumulative
effect in the sample material. In order to avoid the influence of the thermal effect
within the Z-scan measurement, the chopper opening and blanking time optimization
is determined to reveal the chopper optimized operational frequency range. The
analysis of the Z-scan peak and valley transmittance level throughout the frequency
and duty cycle variations is used to analytically predict the minimum operational
chopper frequency.

1.3  Research objectives

The objectives of this research work are as the following:

a. To investigate the nonlinear optical properties of a material with the influence
of thermal lensing effect by the HRR femtosecond laser.

b. To optimize the chopper frequency and duty cycle in minimizing the thermal
lensing effect in Z-scan measurement with HRR femtosecond laser

c. To determine the minimum obtainable chopper operational frequency with
the minimized thermal lensing effect.



1.4 Research scope

Figure 1.1 shows the scope of the conducted research. The nonlinear optical
properties measurement is specifically directed into the 3 order nonlinearity
measurement and characterization. The incorporation of Z-scan technique
particularly with ultrafast femtosecond laser is desirable over other nonlinear
characterization technique for the laser ability to provide high beam intensity at
lower average power output. Single beam Z-scan technique with HRR femtosecond
laser source is preferable over other Z-scan technique variants for the simplicity
purpose of the research work and the fact on its ability to generate thermal lensing
effect in the material. The research emphasization is given to the thermal
accumulation within the sample material by the HRR laser, the laser pulse duration
and the material thermal diffusivity relationship with the optical chopper frequency
and duty cycle variation.
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Figure 1.1. Research scope chart

1.5  Methodology flow chart

Figure 1.2 summarizes the brief methodology to achieve the objective of the the
thesis. In this research work, the thermal lensing effect in the Z-scan nonlinear
optical properties measurement is formed in the sample material without modulating
the HRR femtosecond laser beam. Next, an optical chopper is deployed to time-
modulate the beam in two optical chopper conditions. Firstly by a variable chopper

5



frequency and fixed duty cycle, and secondly by a variable chopper frequency and
duty cycle. Subsequently, the thermal lensing minimization achieved by both
conditions is analyzed based on the optimization of the chopper frequency range,
minimum obtainable chopper frequency and the prediction of thermal diffusivity
time of the sample material.

Z-scan measurement with thermal

lensing effect in AC-39 by HRR

femtosecond laser without optical
chopper

HRR femtosecond laser modulation
optical chopper

Variable frequency and Variable chopper
fixed chopper duty cycle frequency and duty cycle

Minimization of thermal lensing
effect in Z-scan measurement

Optimization of
chopper frequency
range

Minimum chopper Thermal diffusivity
frequency prediction

Figure 1.2. Methodology flow chart

1.6 Thesis organization

Generally, the thesis is divided into seven main chapters. Chapter 1 gives an
overview of the research topics under study, problem statement, research objectives
and scope. Chapter 2 critically discusses the nonlinear optics fundamentals towards
the understanding of the main topics as well as the current available techniques of

6



nonlinear optical properties measurement. Chapter 3 gives a concentration on
synthesization and characterization of the nonlinear material and Z-scan
experimental arrangement. The component and device characterization is also
elaborated to obtain precise Z-scan measurement. Chapter 4 specifically emphasizes
on the thermal lensing formation within the Z-scan measurement. Chapter 5 reveals
the applied thermal management by an optical chopper that leads to the measurement
optimization. Chapter 6 looks into further optimization provided by the duty cycle
variations. Finally, Chapter 7 summarizes and concludes all findings of the research
and suggests related future extension works.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

G. Gordon, “The LASER, Light Amplification by Stimulated Emission of
Radiation,” in The Ann Arbor Conference on Optical Pumping, 1959, p. 128.

T. H. Maiman, “Stimulated Optical Radiation in Ruby,” Nature, vol. 187, no.
4736, pp. 493-494, Aug. 1960.

A. De Giacomo, M. Dell’Aglio, O. De Pascale, S. Longo, and M. Capitelli,
“Laser induced breakdown spectroscopy on meteorites,” Spectrochim. Acta
Part B At. Spectrosc., vol. 62, no. 12, pp. 1606-1611, Dec. 2007.

P. Werle, F. Slemr, K. Maurer, R. Kormann, R. Micke, and B. Janker, “Near-
and mid-infrared laser-optical sensors for gas analysis,” Opt. Lasers Eng., vol.
37, no. 2-3, pp. 101-114, Feb. 2002.

M. lIkeda and S. Uchida, “Blue-Violet Laser Diodes Suitable for Blu-ray
Disk,” Phys. Status Solidi, vol. 194, no. 2, pp. 407-413, Dec. 2002.

C. R. Giles and E. Desurvire, “Modeling erbium-doped fiber amplifiers,” J.
Light. Technol., vol. 9, no. 2, pp. 271-283, 1991.

R. Hall, G. Fenner, J. Kingsley, T. Soltys, and R. Carlson, “Coherent Light
Emission From GaAs Junctions,” Phys. Rev. Lett., vol. 9, no. 9, pp. 366-368,
Nov. 1962.

S. J. McNaught, H. Komine, S. B. Weiss, R. Simpson, A. M. Johnson, J.
Machan, C. P. Asman, M. Weber, G. C. Jones, M. M. Valley, A. Jankevics, D.
Burchman, M. McClellan, J. Sollee, J. Marmo, and H. Injeyan, “100 kW
Coherently Combined Slab MOPAs,” in Conference on Lasers and Electro-
Optics/International Quantum Electronics Conference, 2009, p. CThAL.

J. V. Moloney, J. Hader, and S. W. Koch, “Quantum design of semiconductor
active materials: laser and amplifier applications,” Laser Photonics Rev., vol.
1, no. 1, pp. 24-43, Feb. 2007.

S. Chénais, F. Druon, F. Balembois, G. Lucas-Leclin, P. Georges, A. Brun, M.
Zavelani-Rossi, F. Augé, J. P. Chambaret, G. Aka, and D. Vivien, “Multiwatt,
tunable, diode-pumped CW Yh:GdCOB laser,” Appl. Phys. B, vol. 72, no. 4,
pp. 389-393, Mar. 2001.

A. L. S. Smith, “Operating efficiencies in pulsed carbon dioxide lasers,” Appl.
Phys. Lett., vol. 41, no. 11, p. 1037, Dec. 1982.

E. Snitzer, H. Po, F. Hakimi, R. Tumminelli, and B. C. McCollum, “Double

Clad, Offset Core Nd Fiber Laser,” in Optical Fiber Sensors, 1988, vol. 2, p.
PDS5.

65



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

H. Masuda and S. Kawai, “Wide-band and gain-flattened hybrid fiber
amplifier consisting of an EDFA and a multiwavelength pumped Raman
amplifier,” IEEE Photonics Technol. Lett., vol. 11, no. 6, pp. 647-649, Jun.
1999.

M. Drescher, M. Hentschel, R. Kienberger, M. Uiberacker, V. Yakovlev, A.
Scrinzi, T. Westerwalbesloh, U. Kleineberg, U. Heinzmann, and F. Krausz,
“Time-resolved atomic inner-shell spectroscopy.,” Nature, vol. 419, no. 6909,
pp. 803-7, Oct. 2002.

M. A. Ullah, X. Li, X. Cheng, J. Ma, and M. Gu, “Two-photon Induced Three-
dimensional Optical Data Storage Based on a Compact DVD Optical Head,”
in Proceedings of the International Quantum Electronics Conference and
Conference on Lasers and Electro-Optics Pacific Rim 2011, 2011, p. C689.

X. Liu, D. Du, and G. Mourou, “Laser ablation and micromachining with
ultrashort laser pulses,” IEEE J. Quantum Electron., vol. 33, no. 10, pp. 1706—
1716, 1997.

Ja. Hebling, K.-L. Yeh, M. C. Hoffmann, and K. A. Nelson, “High-Power
THz Generation, THz Nonlinear Optics, and THz Nonlinear Spectroscopy,”
IEEE J. Sel. Top. Quantum Electron., vol. 14, no. 2, pp. 345-353, 2008.

A. Ozawa, M. Kuwata-Gonokami, and Y. Kobayashi, “Cavity-enhanced high
harmonic generation with high power Yb-fiber laser at 10MHz repetition
rate,” in CLEO: 2013, 2013, p. CM3N.2.

U. Keller, K. J. Weingarten, F. X. Kartner, D. Kopf, B. Braun, 1. D. Jung, R.
Fluck, C. Honninger, N. Matuschek, and J. Aus der Au, “Semiconductor
saturable absorber mirrors (SESAM’s) for femtosecond to nanosecond pulse
generation in solid-state lasers,” IEEE J. Sel. Top. Quantum Electron., vol. 2,
no. 3, pp. 435-453, 1996.

R. C. Eckardt, H. Masuda, Y. X. Fan, and R. L. Byer, “Absolute and Relative
Nonlinear Optical Coefficients of KDP, KD*P, BaB204, LilO3,
MgO:LiNbO3, and KTP Measured by Phase-Matched Second-Harmonic
Generation,” IEEE J. Quantum Electron., vol. 26, no. 5, pp. 922-933, May
1990.

G. R. Olbright and N. Peyghambarian, “Interferometric measurement of the
nonlinear index of refraction, n2, of CdSxSel—x-doped glasses,” Appl. Phys.
Lett., vol. 48, no. 18, p. 1184, May 1986.

E. J. Canto-Said, D. J. Hagan, J. Young, and E. W. van Stryland, “Degenerate
four-wave mixing measurements of high order nonlinearities in
semiconductors,” IEEE J. Quantum Electron., vol. 27, no. 10, pp. 2274-2280,
1991.

T. Shimada and N. A. Kurnit, “Application of image relaying to nonlinear
beam distortion measurements and profile shaping.” pp. 273-274, 1996.

66



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan, and E. W. Van Stryland,
“Sensitive measurement of optical nonlinearities using a single beam,” IEEE
J. Quantum Electron., vol. 26, no. 4, pp. 760-769, Apr. 1990.

F. Smektala, C. Quemard, V. Couderc, and A. Barthélémy, “Non-linear
optical properties of chalcogenide glasses measured by Z-scan,” J. Non. Cryst.
Solids, vol. 274, no. 1-3, pp. 232-237, Sep. 2000.

R. Zong, J. Zhou, Q. Li, L. Li, W. Wang, and Z. Chen, “Linear and nonlinear
optical properties of Ag nanorods/AAM composite films,” Chem. Phys. Lett.,
vol. 398, no. 1-3, pp. 224-227, Nov. 2004.

P. J. Gongalves, L. De Boni, N. M. B. Neto, J. J. Rodrigues, S. C. Zilio, and I.
E. Borissevitch, “Effect of protonation on the photophysical properties of
meso-tetra(sulfonatophenyl) porphyrin,” Chem. Phys. Lett., vol. 407, no. 1, pp.
236-241, 2005.

C.-W. Chen, J.-L. Tang, K.-H. Chung, T.-H. Wei, and T.-H. Huang, “Negative
nonlinear refraction obtained with ultrashort laser pulses,” Opt. Express, vol.
15, no. 11, p. 7006, 2007.

R. A. Ganeev, A. |. Ryasnyansky, M. Baba, M. Suzuki, N. Ishizawa, M. Turu,
S. Sakakibara, and H. Kuroda, “Nonlinear refraction in CS 2,” Appl. Phys. B
Lasers Opt., vol. 78, no. 3-4, pp. 433-438, Feb. 2004.

D. Kovsh, D. Hagan, and E. Van Stryland, “Numerical modeling of thermal
refraction inliquids in the transient regime,” Opt. Express, vol. 4, no. 8, p. 315,
Apr. 1999.

T. H. Wei, D. J. Hagan, M. J. Sence, E. W. Stryland, J. W. Perry, and D. R.
Coulter, “Direct measurements of nonlinear absorption and refraction in
solutions of phthalocyanines,” Appl. Phys. B Photophysics Laser Chem., vol.
54, no. 1, pp. 46-51, Jan. 1992.

M. O. Baumgartner, D. P. Scherrer, and F. K. Kneubihl, “Time-dependent
thermal lensing and Kerr nonlinearity in CS2 with CO2-laser radiation,” Appl.
Phys. B Laser Opt., vol. 62, no. 5, pp. 473-477, May 1996.

A. S. L. Gomes, E. L. Falcdo Filho, C. B. de Aragjo, D. Rativa, R. E. de
Araujo, K. Sakaguchi, F. P. Mezzapesa, I. C. S. Carvalho, and P. G.
Kazansky, “Third-order nonlinear optical properties of bismuth-borate glasses
measured by conventional and thermally managed eclipse Z scan,” J. Appl.
Phys., vol. 101, no. 3, p. 033115, Feb. 2007.

E. N. Lalanne and A. M. Johnson, “Femtosecond Z-scan and pump-probe
measurements of silicon nanoclusters made by laser ablation and ion
implantation,” in LEOS 2001. 14th Annual Meeting of the IEEE Lasers and
Electro-Optics Society (Cat. No.01CH37242), 2001, vol. 2, pp. 788—789.

67



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

M. Falconieri, “Thermo-optical effects in Z-scan measurements using high
repetition rate lasers,” J. Opt. A Pure Appl. Opt., vol. 1, no. 6, pp. 662-667,
Nov. 1999.

M. Falconieri and G. Salvetti, “Simultaneous measurement of pure-optical and
thermo-optical nonlinearities induced by high-repetition-rate, femtosecond
laser pulses: application to CS 2,” Appl. Phys. B Lasers Opt., vol. 69, no. 2,
pp. 133-136, Aug. 1999.

A. Nag, A. K. De, and D. Goswami, “Two-photon cross-section measurements
using an optical chopper: z -scan and two-photon fluorescence schemes,” J.
Phys. B At. Mol. Opt. Phys., vol. 42, no. 6, p. 065103, Mar. 20009.

A. Gnoli, L. Razzari, and M. Righini, “Z-scan measurements using high
repetition rate lasers: how to manage thermal effects,” Opt. Express, vol. 13,
no. 20, p. 7976, Oct. 2005.

I. Bhattacharyya, S. Priyadarshi, and D. Goswami, “Molecular structure-
property correlations from optical nonlinearity and thermal-relaxation
dynamics.,” Chem. Phys. Lett., vol. 469, no. 1-3, pp. 104-109, Feb. 2009.

T. Kawazoe, H. Kawaguchi, J. Inoue, O. Haba, and M. Ueda, “Measurement
of nonlinear refractive index by time-resolved z-scan technique,” Opt.
Commun., vol. 160, no. 1-3, pp. 125-129, Feb. 1999.

D. O. Caplan, G. S. Kanter, and P. Kumar, “Characterization of dynamic
optical nonlinearities by continuous time-resolved Z-scan,” Opt. Lett., vol. 21,
no. 17, p. 1342, Sep. 1996.

W. J. Kozlovsky, C. D. Nabors, and R. L. Byer, “Second-harmonic generation
of a continuous-wave diode-pumped Nd:YAG laser using an externally
resonant cavity,” Opt. Lett., vol. 12, no. 12, p. 1014, Dec. 1987.

M. Cazzanelli, F. Bianco, E. Borga, G. Pucker, M. Ghulinyan, E. Degoli, E.
Luppi, V. Véniard, S. Ossicini, D. Modotto, S. Wabnitz, R. Pierobon, and L.
Pavesi, “Second-harmonic generation in silicon waveguides strained by silicon
nitride.,” Nat. Mater., vol. 11, no. 2, pp. 148-54, Mar. 2012.

B. Dick, A. Gierulski, G. Marowsky, and G. A. Reider, “Determination of the
nonlinear optical susceptibility x(2) of surface layers by sum and difference
frequency generation in reflection and transmission,” Appl. Phys. B
Photophysics Laser Chem., vol. 38, no. 2, pp. 107-116, Oct. 1985.

W. R. Bosenberg, A. Drobshoff, J. I. Alexander, L. E. Myers, and R. L. Byer,
“93% pump depletion, 35-W continuous-wave, singly resonant optical
parametric oscillator,” Opt. Lett., vol. 21, no. 17, p. 1336, Sep. 1996.

J. L. Blows and S. E. French, “Low-noise-figure optical parametric amplifier

with a continuous-wave frequency-modulated pump,” Opt. Lett., vol. 27, no.
7, p. 491, Apr. 2002.

68



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

R. Miles and S. Harris, “Optical third-harmonic generation in alkali metal
vapors,” IEEE J. Quantum Electron., vol. 9, no. 4, pp. 470-484, Apr. 1973.

H. Zhang, S. Virally, Q. Bao, L. K. Ping, S. Massar, N. Godbout, and P.
Kockaert, “Z-scan measurement of the nonlinear refractive index of
graphene.,” Opt. Lett., vol. 37, no. 11, pp. 1856-8, Jun. 2012.

G. S. He, G. C. Xu, P. N. Prasad, B. A. Reinhardt, J. C. Bhatt, and A. G.
Dillard, “Two-photon absorption and optical-limiting properties of novel
organic compounds,” Opt. Lett., vol. 20, no. 5, p. 435, Mar. 1995.

P. S. Halasyamani and K. R. Poeppelmeier, “Noncentrosymmetric Oxides,”
Chem. Mater., vol. 10, no. 10, pp. 2753-2769, Oct. 1998.

R. J. D. Tilley, Crystals and Crystal Structures. John Wiley & Sons, 2006, p.
270.

R. W. Boyd, Nonlinear Optics. Acad. Press, 2003, p. 578.

R. Paschotta, P. Kiirz, R. Henking, S. Schiller, and J. Mlynek, “82% Efficient
continuous-wave frequency doubling of 106 pm with a monolithic
MgO:LiNbO3 resonator,” Opt. Lett., vol. 19, no. 17, p. 1325, Sep. 1994.

E. L. Hommel and H. C. Allen, “Broadband Sum Frequency Generation with
Two Regenerative Amplifiers: Temporal Overlap of Femtosecond and
Picosecond Light Pulses.,” Anal. Sci., vol. 17, no. 1, pp. 137-139, Jan. 2001.

P. Franken, A. Hill, C. Peters, and G. Weinreich, “Generation of Optical
Harmonics,” Phys. Rev. Lett., vol. 7, no. 4, pp. 118-119, Aug. 1961.

D. Eimerl, “Electro-optic, linear, and nonlinear optical properties of KDP and
its isomorphs,” Ferroelectrics, vol. 72, no. 1, pp. 95-139, Mar. 1987.

G. J. Dixon, Z. M. Zhang, R. S. F. Chang, and N. Djeu, “Efficient blue
emission from intracavity-doubled 946-nm Nd:YAG laser,” Opt. Lett., vol. 13,
no. 2, p. 137, Feb. 1988.

J. D. Bierlein and H. Vanherzeele, “Potassium titanyl phosphate: properties
and new applications,” J. Opt. Soc. Am. B, vol. 6, no. 4, p. 622, Apr. 1989.

E. J. Lim, M. M. Fejer, R. L. Byer, and W. J. Kozlovsky, “Blue light
generation by frequency doubling in periodically poled lithium niobate
channel waveguide,” Electron. Lett., vol. 25, no. 11, p. 731, May 1989.

J. W. Perry, J. M. Hales, S.-H. Chi, M. Cozzuol, T. E. Screen, H. L. Anderson,
J. Matichak, S. Barlow, and S. R. Marder, “Organic Materials for All-Optical
Signal Processing and Optical Limiting,” in Frontiers in Optics 2010/Laser
Science XXVI, 2010, p. LMA4.

69



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

C. Bosshard, J. Hulliger, M. Florsheimer, and P. Gunter, Organic Nonlinear
Optical Materials. CRC Press, 2001, p. 256.

C. Malouin, A. Villeneuve, G. Vitrant, P. Cottin, and R. A. Lessard,
“Degenerate four-wave mixing for characterization of thin-film waveguides,”
J. Opt. Soc. Am. B, vol. 15, no. 2, p. 826, Feb. 1998.

I. Biaggio, “Nonlocal Contributions to Degenerate Four-Wave Mixing in
Noncentrosymmetric Materials,” Phys. Rev. Lett., vol. 82, no. 1, pp. 193-196,
Jan. 1999.

D. Harter and R. Boyd, “Nearly degenerate four-wave mixing enhanced by the
ac Stark effect,” IEEE J. Quantum Electron., vol. 16, no. 10, pp. 1126-1131,
Oct. 1980.

T. Mukai and T. Saitoh, “Detuning characteristics and conversion efficiency
of nearly degenerate four-wave mixing in a 1.5- mu m traveling-wave
semiconductor laser amplifier,” IEEE J. Quantum Electron., vol. 26, no. 5, pp.
865-875, May 1990.

A. Jullien, O. Albert, G. Chériaux, J. Etchepare, S. Kourtev, N. Minkovski,
and S. M. Saltiel, “Nonlinear polarization rotation of elliptical light in cubic
crystals, with application to cross-polarized wave generation,” J. Opt. Soc.
Am. B, vol. 22, no. 12, p. 2635, 2005.

A. Owyoung, R. Hellwarth, and N. George, “Intensity-Induced Changes in
Optical Polarizations in Glasses,” Phys. Rev. B, vol. 5, no. 2, pp. 628-633,
Jan. 1972.

D. Weaire, B. S. Wherrett, D. A. B. Miller, and S. D. Smith, “Effect of low-
power nonlinear refraction on laser-beam propagation in InSh,” Opt. Lett., vol.
4, no. 10, p. 331, Oct. 1979.

W. E. Williams, M. J. Soileau, and E. W. Van Stryland, “Optical switching
and n2 measurements in CS2,” Opt. Commun., vol. 50, no. 4, pp. 256-260,
Jun. 1984.

J. A. Hermann, “Beam propagation and optical power limiting with nonlinear
media,” J. Opt. Soc. Am. B, vol. 1, no. 5, p. 729, Oct. 1984.

G. Tsigaridas, M. Fakis, I. Polyzos, P. Persephonis, and V. Giannetas, “Z -
scan technique through beam radius measurements,” Appl. Phys. B Lasers
Opt., vol. 76, no. 1, pp. 83-86, Jan. 2003.

G. Tsigaridas, M. Fakis, I. Polyzos, P. Persephonis, and V. Giannetas, “Z-scan

analysis for high order nonlinearities through Gaussian decomposition,” Opt.
Commun., vol. 225, no. 4-6, pp. 253-268, Oct. 2003.

70



[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

A. S. L. Gomes, E. L. Filho, C. B. de Araujo, D. Rativa, and R. E. de Araujo,
“Thermally managed eclipse Z-scan,” Opt. Express, vol. 15, no. 4, p. 1712,
Feb. 2007.

D. V. Petrov, A. S. L. Gomes, and C. B. de Araujo, “Reflection Z-scan
technique for measurements of optical properties of surfaces,” Appl. Phys.
Lett., vol. 65, no. 9, p. 1067, Aug. 1994.

D. V. Petrov, “Reflection Z-scan technique for the study of nonlinear
refraction and absorption of a single interface and thin film,” J. Opt. Soc. Am.
B, vol. 13, no. 7, p. 1491, Jul. 1996.

I. Karamancheva, “Calculated and experimental spectra of some 1,8-
naphthalimide derivatives,” Dye. Pigment., vol. 36, no. 3, pp. 273-285, Mar.
1998.

H. Yu, M. Fu, and Y. Xiao, “Switching off FRET by analyte-induced
decomposition of squaraine energy acceptor: A concept to transform “turn off’
chemodosimeter into ratiometric sensors.,” Phys. Chem. Chem. Phys., vol. 12,
no. 27, pp. 7386-91, Jul. 2010.

A. E. Siegman, Lasers. University Science Books, 1986, p. 1283.

B. Yao, L. Ren, and X. Hou, “Z-scan theory based on a diffraction model,” J.
Opt. Soc. Am. B, vol. 20, no. 6, p. 1290, 2003.

E. Van Stryland and M. Sheik-Bahae, “Z-scan measurements of optical
nonlinearities,” in Characterization Techniques and Tabulations for Organic
Nonlinear Materials, M. G. Kuzyk and C. W. Dirk, Eds. New York: Marcel
Dekker, Inc, 1998, pp. 655-692.

A. Ajami, W. Husinsky, R. Liska, and N. Pucher, “Two-photon absorption
cross section measurements of various two-photon initiators for ultrashort
laser radiation applying the Z-scan technique,” J. Opt. Soc. Am. B, vol. 27, no.
11, p. 2290, Oct. 2010.

“ISO/TR 11146-3:2004 - Lasers and laser-related equipment -- Test methods
for laser beam widths, divergence angles and beam propagation ratios -- Part
3: Intrinsic and geometrical laser beam classification, propagation and details
of test methods.” [Online]. Available:
http://www.iso.org/iso/home/store/catalogue_tc/catalogue detail.htm?csnumb
er=33627. [Accessed: 29-Apr-2014].

T. F. Johnston, “Beam Propagation (M”2) Measurement Made as Easy as It
Gets: The Four-Cuts Method,” Appl. Opt., vol. 37, no. 21, p. 4840, Jul. 1998.

J. Georges, “Advantages and limitations of thermal lens spectrometry over

conventional spectrophotometry for absorbance measurements,” Talanta, vol.
48, no. 3, pp. 501-509, Mar. 1999.

71



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

M. Sikovec, M. Franko, F. G. Cruz, and S. A. Katz, “Thermal lens
spectrometric determination of hexavalent chromium,” Anal. Chim. Acta, vol.
330, no. 2-3, pp. 245-250, Sep. 1996.

A. Madzgalj, M. L. Baesso, and M. Franko, “Flow injection thermal lens
spectrometric detection of hexavalent chromium,” Eur. Phys. J. Spec. Top.,
vol. 153, no. 1, pp. 503-506, Jan. 2008.

H. M. Sorouraddin, A. Hibara, and T. Kitamori, “Use of a thermal lens
microscope in integrated catecholamine determination on a microchip,”
Fresenius. J. Anal. Chem., vol. 371, no. 2, pp. 91-96, Feb. 2014.

C. D. Tran and T. A. Van Fleet, “Micellar induced simultaneous enhancement
of fluorescence and thermal lensing,” Anal. Chem., vol. 60, no. 22, pp. 2478—
2482, Nov. 1988.

M. Franko and C. D. Tran, “Temperature effect on photothermal lens
phenomena in water: Photothermal defocusing and focusing,” Chem. Phys.
Lett., vol. 158, no. 1-2, pp. 31-36, Jun. 1989.

M. Franko and C. D. Tran, “Thermal lens effect in electrolyte and surfactant
media,” J. Phys. Chem., vol. 95, no. 17, pp. 6688-6696, Aug. 1991.

J. P. Gordon, R. C. C. Leite, R. S. Moore, S. P. S. Porto, and J. R. Whinnery,
“Long-Transient Effects in Lasers with Inserted Liquid Samples,” J. Appl.
Phys., vol. 36, no. 1, p. 3, Jul. 1965.

K. L. Kompa and S. D. Smith, Eds., Laser-Induced Processes in Molecules,
vol. 6. Berlin, Heidelberg: Springer Berlin Heidelberg, 1979.

H. L. Fang and R. L. Swofford, Ultrasensitive Laser Spectroscopy. London:
Academic Press, 1983, p. 175.

W. H. Beyer, C.R.C. Standard Mathematical Tables, 28th ed. Boca Raton,
Florida: CRC Press, 1984, p. 615.

P. R. Longaker, “Perturbation of the Refractive Index of Absorbing Media by
a Pulsed Laser Beam,” J. Appl. Phys., vol. 40, no. 10, p. 4033, Nov. 1969.

G. Liu, “Theory of the photoacoustic effect in condensed matter.,” Appl. Opt.,
vol. 21, no. 5, pp. 955-60, Mar. 1982.

L. D. Landau and E. M. Lifshitz, Fluid Mechanics. Course of Theoretical
Physics Volume 6. Pergamon Press, 1959.

J.-M. Heritier, “Electrostrictive limit and focusing effects in pulsed

photoacoustic detection,” Opt. Commun., vol. 44, no. 4, pp. 267-272, Jan.
1983.

72



[99] S. R. J. Brueck, H. Kildal, and L. J. Belanger, “Photo-acoustic and photo-
refractive detection of small absorptions in liquids,” Opt. Commun., vol. 34,
no. 2, pp. 199-204, Aug. 1980.

[100] P. Brochard, V. Grolier-Mazza, and R. Cabanel, “Thermal nonlinear refraction
in dye solutions: a study of the transient regime,” J. Opt. Soc. Am. B, vol. 14,
no. 2, p. 405, Feb. 1997.

[101] C. Kittel, Introduction to solid state physics. Wiley, 1986, p. 646.

[102] J. Yang and Y. Song, “Direct observation of the transient thermal-lensing
effect using the phase-object Z-scan technique,” Opt. Lett., vol. 34, no. 2, p.
157, Jan. 20009.

[103] J. Yang, Y. Wang, X. Zhang, C. Li, X. Jin, M. Shui, and Y. Song,
“Characterization of the transient thermal-lens effect using top-hat beam Z-
scan,” J. Phys. B At. Mol. Opt. Phys., vol. 42, no. 22, p. 225404, Nov. 2009.

[104] V. P. Kozich, F. E. Hernandez, and A. Marcano O., “Pulse-Induced Thermal
Lensing in Kerr Media,” Appl. Spectrosc., vol. 49, no. 12, pp. 1804-1808,
1995.

[105] D. Lide, CRC handbook of physics and chemistry, 90th ed. Florida: CRC
Press, 2001.

[106] “Thermal, optical, and physical properties of common solvents.” [Online].
Available: http://ion.chem.usu.edu/~sbialkow/Research/Tablevalues.html.
[Accessed: 14-May-2014].

[107] “Soundspeed data for pipe materials and liquids, chemicals and water.”
[Online]. Available: http://www.rshydro.co.uk/sound-speeds.shtml.
[Accessed: 23-Apr-2014].

[108] M. Sheik-Bahae, A. A. Said, T.-H. Wei, D. J. Hagan, and E. W. Van Stryland,
“Sensitive measurement of optical nonlinearities using a single beam,” IEEE
J. Quantum Electron., vol. 26, no. 4, pp. 760-769, Apr. 1990.

[109] R. L. Swofford and J. A. Morrell, “Analysis of the repetitively pulsed dual-
beam thermo-optical absorption spectrometer,” J. Appl. Phys., vol. 49, no. 7,
p. 3667, Aug. 1978.

[110] K.Y. Tseng, K. S. Wong, and G. K. L. Wong, “Femtosecond time-resolved Z-
scan investigations of optical nonlinearities in ZnSe,” Opt. Lett., vol. 21, no. 3,
p. 180, Feb. 1996.

[111] “Dichloromethane Physical Properties chart by Sigma-Aldrich. | Sigma-
Aldrich.” [Online]. Available:
http://www.sigmaaldrich.com/chemistry/solvents/dichloromethane-
center/physical-properties.html. [Accessed: 14-May-2014].

73



[112] “Methylene chloride [SubsTech].” [Online]. Available:
http://www.substech.com/dokuwiki/doku.php?id=methylene_chloride.
[Accessed: 14-May-2014].

74



	Z-SCAN TECHNIQUE WITH HIGH REPETITION RATE FEMTOSECOND LASER FOR NONLINEAR OPTICAL PROPERTIES MEASUREMENT
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



