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Abstract

High-density photoexcitation using laser pulses can induce drastic changes in
the electronic states and atomic arrangements of materials, leading to cooperative
phenomena such as photoinduced phase change, surface modification, and laser
ablation. These phenomena are irreversible reactions triggered by fast sub-
picosecond-scale relaxation dynamics associated with electronic excitation,
resulting in the formation of nuclei and domains and structural changes occurring
from nanosecond to microsecond timescales. Thus, observation of pulse-to-pulse
ultrafast dynamics is key to understanding multi-timescale phenomena.

In recent years, several schemes for single-shot spectroscopy that enables us to
capture an entire ultrafast signal waveform in a single probe shot have been
proposed, and these techniques made it possible to measure photoinduced
irreversible phenomena. However, these single-shot techniques rely on two-
dimensional (2D) detectors, such as charge-coupled devices (CCDs) or
complementary metal-oxide-semiconductor (CMOS) cameras, which limit the
readout speed of the pump-probe traces at a high repetition rate and hinder real-
time visualization and manipulation of signal waveforms. Therefore, conventional
single-shot spectroscopy cannot capture pulse-to-pulse transitions in multi-
timescale dynamics.

In this thesis, we propose a novel scheme for high-repetition-rate single-shot
spectroscopy, which combines time encoding with a photonic time-stretching
technique. Since this scheme uses only a single photodiode and an oscilloscope for
data readout, it enables us to readily detect a complete dataset composed of multiple
pump-probe traces with microsecond time intervals. This thesis is organized as

follows:

B First, we demonstrated the high-repetition single-shot method using a long
optical fiber, a photodiode, and an oscilloscope. By measuring the intensity
dependence of the optical Kerr signals within one second, we showed the

potential of our single-shot method.



B Second, we improved the sensitivity and variable time window of the high-
repetition single-shot method using a chirped fiber Bragg grating (CFBG)
and grating pair.

B Finally, using our method, we investigated the pulse-to-pulse ultrafast
dynamics at each step in a series of photoinduced irreversible events, the
photoinduced phase change from the crystalline phase to the amorphous
phase, and the subsequent pulse-to-pulse laser-induced periodic surface
structure (LIPSS) formation in GexSboTes (GST) films. We found that
pump-probe relaxation time and amplitude during LIPSS formation

decreases with an increase in pump laser shots.

These results could contribute to the observation of pulse-to-pulse dynamics. In
addition, the observation of ultrafast dynamics at each pulse is important in many
fields, such as laser chaos, optical solitons, and biotechnology. In addition, our
multi-shot ultrafast dynamics measurement method could be wuseful for
understanding fundamental processes in various other irreversible phenomena in

the future.
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Chapter 1

Introduction and Background

1.1 Multi-Timescale Phenomena

High-density photoexcitation using laser pulses can induce drastic changes in
the electronic states and atomic arrangements of materials, which leads to
cooperative phenomena such as photoinduced phase changes [1-4], surface
modification, and laser ablation [5-10]. These phenomena are irreversible reactions
that are triggered by fast sub-picosecond-scale relaxation dynamics associated with
electronic excitation, resulting in the formation of nuclei and domains and in
structural changes on a wide range of timescales (from nanosecond to microsecond).

The energy input during photoexcitation is extremely large, extending to a timescale
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Figure 1.1 | Examples of the timescales of photoinduced phenomena using intense laser
pulses. Adapted from Ref. [11].
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Figure 1.2 | Incubation effect in laser processing. Laser damage (ablation) threshold fluence

as a function of number of pulses for stainless steel at two laser repetition rates. Adapted
from Ref. [14].

of several orders of magnitude [11]. Figure 1.1 shows examples of the timescales
of photoinduced phenomena using intense laser pulses. Such a multi-timescale
nature of these phenomena often lead to distinct results obtained from single and
multiple excitations, such as the incubation effect in laser processing [12-15] and
the formation of laser-induced periodic surface structures (LIPSS) [5,16-19]. Thus,
observing pulse-to-pulse ultrafast dynamics is key for understanding multi-
timescale phenomena occurring under high-density excitation. Additionally, initial
relaxation processes determine how the input energy is distributed in materials after
photoexcitation. Understanding this mechanism is important not only for physics
but also for applications such as material control and laser manufacturing. Therefore,
experimental tools to investigate changes in their ultrafast pulse-to-pulse dynamics
are strongly desired.

Pump-probe spectroscopy, or sampling spectroscopy, is a well-known method
to obtain picosecond or femtosecond dynamics information [20,21]. Figure 1.3
shows a typical experiment setup for pump-probe spectroscopy using laser pulses.
By controlling the delay time between the pump and probe pulses using a delay
stage, the ultrafast response of pump pulse-induced changes, such as optical
constants and permittivity, is detected by the intensity modulation of the probe pulse.
However, conventional pump-probe spectroscopy normally assumes the repetition
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Figure 1.3 | Typical experimental setup for conventional pump-probe spectroscopy.

of the same phenomena during the measurements of pump-probe signals at different
delay times, limiting its applicability to reversible phenomena. Therefore, it is
difficult to investigate dynamics of irreversible phenomena and pulse-to-pulse

dynamics using conventional methods.

1.2 Single-Shot Spectroscopy

To overcome the difficulty of conventional pump-probe spectroscopy, several

schemes for single-shot spectroscopy that enable capture of an entire ultrafast signal
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Figure 1.4 | Experimental setup for real-time pump-probe imaging spectroscopy [27].
Adapted from Ref. [27].
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Figure 1.5 | Experimental setup for single-shot time-frequency imaging spectroscopy using
a reflection echelon mirror [33]. Adapted from Ref. [33].

waveform in a single probe shot have been proposed in recent years. Examples of
such schemes include the chirped-pulse time-encoding method [22-24], the real-
time imaging method [25-27], and echelon-based methods [28-33]. The ultrafast
response induced by the pump pulse can be measured in a single shot by modifying
the probe pulse via chirping, inclining, or dividing into daughter pulses. These
single-shot techniques have enabled measurement of various interesting
phenomena, from photoinduced irreversible [29,34] and asynchronous, or chaotic,
[35,36] to picosecond shot-to-shot jitter-related phenomena [37,38].

However, these single-shot techniques rely on 2D detectors, such as charge-
coupled devices (CCDs) or complementary metal-oxide-semiconductor (CMOS)
cameras, to detect the waveform. This limits the readout speed of pump-probe traces
at a high-repetition-rate and hinders real-time visualization and manipulation of
signal waveforms. Additionally, a high-frame-rate 2D detector offers limited
temporal (or spatial) resolution due to the trade-off between frame rate and
resolution. Therefore, conventional single-shot spectroscopy has revealed only the
initial processes of photoinduced phenomena and has failed to capture real-time

pulse-to-pulse transitions. For a single-shot measurement of pulse-to-pulse ultrafast

11



dynamics at timescales ranging from nanosecond to microsecond, it is necessary to

increase the acquisition rate without using 2D detectors.

1.3 Photonic Time-Stretch Method

The photonic time-stretch method is a high-repetition-rate spectrum
measurement method comprised of an optical fiber and an oscilloscope. This
method was reported by the Jalali group in 1998 [39,40]. Using a sampling
oscilloscope, high-frequency electrical signals could be stretched in time and down-
converted using chirped optical pulses and dispersion in optical fibers [41].
Improvements and wide-banding in measurement instruments, especially
photodetectors and real-time oscilloscopes, made it possible to read out the time-
stretched signal faster. This was shown by the Goda and Jalali groups in 2009, who
reported a serial time-encoded imaging system using the photonic time-stretch
method [42]. Despite its simplicity, the imaging system achieved frame rates more
than 1,000 times faster than those of conventional 2D imaging methods using CCDs.
Consequently, the photonic time-stretch method has been investigated for many
applications [43], such as label-free noncontact bioimaging [44], ultrafast structural
imaging [45], electron bunch evaluation in accelerators [46], mode-locking in

pulsed lasers [47], and optical soliton production processes [48].
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Figure 1.5 | Schematic of serial time-encoded amplified imaging. Adapted from Ref. [39].

12



Chapter 1

Such a high-frame-rate spectral measurement technique is currently being
studied for various applications; however, few examples have combined the
photonic time-stretch method with single-shot pump-probe spectroscopy to

demonstrate its potential.

1.4 Thesis Purpose

In this thesis, we demonstrate a new method to measure ultrafast dynamics with
a high-repetition-rate [49,50]. A chirped laser pulse was used to map femtosecond
time information onto the spectrum of the probe pulse [22-24] and, instead of using
a spectrometer and a CCD or CMOS camera, an optical time-stretching method
with an optical fiber was used to obtain modulated probe spectrum as a nanosecond
temporal modulation of the intensity profile [39-42]. Because the nanosecond
temporal modulation can be measured using a single photodiode and an
oscilloscope, we were able to realize high-repetition-rate single-shot measurements
of ultrafast dynamics. This measurement is only limited by the repetition rate of the
laser system and the acquisition rate of the recording oscilloscope. Therefore, the
following observations can be performed using this method: the dynamics of long
relaxation times with high time resolution and the accumulation effect of multi-
pulse excitation, pulse-by-pulse. In this thesis, we will focus on the latter
observation.

The purpose of this study was to develop and demonstrate a high-repetition-rate
single-shot spectroscopy method and, by continuously measuring irreversible
photoinduced phase change and surface modification phenomena over a wide range
of timescales, we aimed to shed light on the link between femtosecond-to-
picosecond ultrafast dynamics processes and microsecond to millisecond structural

changes.

1.5 Thesis Organization

In Chapter 2, the nature of the chirped pulse and group delay dispersion is
described. Then, the chirped pulse single-shot method and the theory of the

13



photonic time-stretch method are explained. Finally, the concept of the
experimental setup is introduced.

In Chapter 3, the results of our high-repetition single-shot method, using a long
optical fiber, a photodiode, and an oscilloscope, are described. The intensity
dependence of optical Kerr signals within one second is demonstrated and the
superiority of our single-shot method over conventional approaches is discussed.

In Chapter 4, improvements in the sensitivity and variable time window of our
high-repetition single-shot method are demonstrated using a chirped fiber Bragg
grating (CFBG) and grating pair.

In Chapter 5, using high-repetition-rate single-shot spectroscopy with a CFBG,
pulse-to-pulse ultrafast dynamics in a series of photoinduced irreversible events,
such as the photoinduced phase change from crystalline-to-amorphous phase and
subsequent LIPSS formation in Ge2Sb2Tes (GST) films, are shown.

Finally, in Chapter 6, a summary of our results is provided and further research

opportunities and developments are discussed.
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Chapter 2

Experimental Methods & Concepts

In this chapter, the experimental methods and concepts relevant to this thesis
are introduced. The concept of a chirped pulse is important because many of the
techniques described in this study are based on chirped pulses. Therefore, the nature
of chirping of ultrafast laser pulses is first discussed and then chirped-pulse single-
shot measurement methods and the photonic time-stretch method are explained.
Furthermore, pulse propagation in an optical fiber is explained and our

experimental setup for high-repetition-rate single-shot spectroscopy is introduced.

2.1 Chirped Pulse and Group Delay
Dispersion

The nature of the chirpa chirped pulse is explained based on the description in
Femtosecond Laser Pulse: Principles and Experiments by C. Rulliere (Springer,
2005) [1]. First, to simplify the calculation, we assume a Gaussian function as the
electric field of the pulse waveform from the pulse laser, E,, as follows:

E,(t) = Re[Eoe Tt +iwot], (2.1.1)
where I' is the shape factor of the Gaussian envelope, and w, is the central
angular frequency of the Gaussian pulse. If the phase of the pulse obeys a quadratic

law in time:
E,(t) = Re[Ege Tt *ilwot-at®)] (2.1.2)
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N7

Figure 2.1 | (a) Time evolution of the electric field in a Gaussian pulse. (b) Time evolution
of the electric field after chirping.

If the instantaneous angular frequency varies linearly with time:
0P
w(t) = 3¢ = o +at, a>0. (2.1.3)

These relationships indicate that the instantaneous frequency is redder in the
leading part of the pulse and bluer in the trailing part, as shown in Figure 2.1. Such
a changing optical frequency is called a “chirp.”

In addition to the chirp described above, the optical pulse shot propagating
through a transparent medium simultaneously causes waveform distortion due to
group velocity dispersion (GVD). We continue to consider the case of Gaussian
pulse propagation in a transparent medium. The Fourier transform frequency of a

Gaussian pulse in Eq. (2.1.1) is described below:

—(w=wy)?
Ey(w)= e ar | (2.1.4)

After the pulse propagates a distance x, and when we assume that Aw < w,, the

pulse spectrum becomes:

E(w,x) = e{—ik(wo)x—ik’x(w—wo)—(%+%k”)(w—w0)2} (2.1.5)

)

where k(w) is a frequency-dependent propagation factor. Using the inverse

Fourier transform, we can get the time evolution of the electric field:

e(t,x) = r;x) e%““(“ﬁ)} X e{_r(x)<t_ﬁ)z}, (2.1.6)

where
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v (wo) = (%)w0 Uy (@) = (i—‘l‘:)w % - % + 2ik"x. 2.1.7)

In the first and second terms of Eq. (2.1.6), vy and v, represent the phase
velocity and the group velocity of the Gaussian pulse, respectively. When we
introduce the propagation factor, k = 2m /A, and the wavelength in the medium,
A = 2nc/wn(w), into Eq. (2.1.7), we get
w dn(w)
Vg = Ug (1 —m 1o ) (2.1.8)

The second term in Eq. (2.1.6) also shows that the pulse envelope is distorted

during its propagation because its form factor, I'(x), depends on the angular
frequency w through k":

o (ERY 4 (1
=@ “wly) (2.1.9)
w [OF)

0

This term is called GVD. In summary, the propagation of short optical pulses
through a transparent medium result in pulse delays, duration spreads, and

frequency chirp.

2.2 Chirped-Pulse Single-Shot
Method

In this section, we introduce the concept of the chirped-pulse singe-shot method.
Figure 2.3 shows the experimental setup for a single-shot method using a chirped
pulse [2-4]. In this technique, the probe pulse from a laser source is chirped by
transmitting it through a dispersive medium or using a diffraction grating pair to
impart a chirp; each frequency of the probe pulse gives a different time delay. Then,
the chirped pulse is irradiated on to the sample and the response of the sample is
recorded in the spectral region of the probe pulse. Particularly, the time response at
the sample is translated into the wavelength of the probe pulse. Finally, the
modulated chirp pulse is entered into the spectrometer, and the response waveform

is detected by measuring the spectral shape of the probe pulse.
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Figure 2.3 | Typical experimental setup for the single-shot method using chirped pulse.

The theoretical understanding of this method is described below. When we
assume that the electric field of the probe pulse is expressed as E,.(t) and the
probe pulse is modulated by the electric field of the pump pulse, Epp,(t), the
modulated pulse electric field, E,,(t), is expressed as follows [2,3]:

En(t) = [1 + aEpm ()] Epr () 22.1)
= Epr() + aEpm (O Ey (0, -
where a is the coefficient representing conversion processes. Therefore, the

intensity of the modulated spectrum at the spectrometer, I,,,(w), is represented as

I (@) = |Ep(o)|”

= |Epr(w)|2 + |Esig(w)|2

_ _ _ _ 222
B3 () Bty (@) + By (@) By (@), (2:22)

where
E,r(w) = f Ep-(t)e'“t dt, (2.2.3)
Egy(w) = f Epm(DE,, (et dt (2.2.4)

are the Fourier transforms of Ej,.(t) and Eg;,(t) = Epp(t)Ep,(t), respectively.

In this spectral encoding method, we reconstruct the pump signal as

_ Al[w(t)] _ Isig [w(t)] - Ipr[w(t)]
Fom(®) = Lelo@®] lprlo(®)] , 222
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where Igig[w(®)] = |Esig(@)]”, Iplw(®)] = |Epr(@)]’, and w(t) = wq + bt is the
probe instantaneous frequency. Here, w, is the central angular frequency, and b
is the chirp coefficient.

According to Refs. [2] and [4], the time resolution in this method is limited by
the spectral width of the probe light and can be approximated by the square root of
the product of the pre-chirp and post-chirp pulse widths. In their reports, the time

resolution, T,., is expressed as follows:

Tres~O0t~\[ToTe, (2.2.6)
where 6t is the applied pulse window, and 7, and 7. are the transform-limited
(un-chirped) and chirped pulse widths, respectively.

One of the features of the chirped pulse single-shot method is that the time
window of the probe pulse is determined by the pulse width and the amount of chirp,
as described above. Therefore, compared to other single-shot methods such as real-
time pump-probe imaging spectroscopy [5] and echelon methods [6,7], we can
easily change the time window according to the measurement object. Additionally,
since the probe pulse can be focused to the diffraction limit on the sample, we can
measure ultrafast phenomena on the sample by examining its microstructure, as

discussed in Chapter 5.

2.3 Theory of the Photonic Time-
Stretch Method

In this section, we introduce the theory of the photonic time-stretch method
based on the description provided in Photonic Time Stretch and Its Application to
Analog-to-Digital Conversion by F. Coppinger, A. S. Bhushan, and B. Jalali (IEEE

Transactions on microwave theory and techniques 47, 7 (1999)) [8].

Input Signal

| L L,
Laser l @ ‘k Modulator il @A"L®

Photodetector

Figure 2.4 | Schematic description of the photonic time-stretch system [8].
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Using the experimental setup shown in Figure 2.4, we consider the time stretch
system when an ultrashort Gaussian pulse is modulated by an electrical input signal.
After propagation through the first optical fiber of length L, the electric field can
be represented by

t2 it?

Ep(Ly,t) =e P xe 2liBz (2.3.1)

and the electric field in the frequency domain is:

( _T[Zfz )
21
Ecp(Ly, f) = Ve e\" 2L, (2.3.2)

-2 + ;
NIy

where f3, is the second derivative of the propagation constant and 27 is the 1/e

width of the Gaussian pulse after dispersion [9]. When we consider that the chirp
pulse is modulated with a sinusoid (the frequency and modulation depth are f,,
and a, respectively) [8], the modulated field is given by

Ein(Li,t) = E;p(Lq,t) X [1 4+ acos(2rf,t)], (2.3.3)
where we neglect the harmonics of f,,,. When the modulated electric field passes
through the second optical fiber with a length of L,, the output electric field is
represented as

Eoue(Ly + La, f) = Ecp(Ly, ) X ei2mlafaf? (2.3.4)

and the electric field in time domain is given by

—t?2 —it2

Eout(Ll + Ly, t) =vM-1x e(TM)? x e2(L1+L2)B>

-T’-'LzﬁzfmF]
9

Ft Ft
X [1 + e e} x e (23.5)

where M = (L, + L,)/L; is the stretch factor, and F = 2mnf,,. Therefore, the light
intensity detected by the photodetector is calculated by the square absolute of Eq.
(2.3.5), as follows:

Ioue(Ly + L, t) < Egye(Ly + Lg, £) X Egye(Ly + Ly, t)
1 =2t Ft Ly By f F
— oMY [ . <_) . (&)] (2.3.6)
Me 1+ 2a-cos o cos o
Equation (2.3.6) represents the transformation undertaken by an electrical signal
during the photonic time-stretch process with an optical fiber. From Ref. [§], the
first cosine function cos(Ft/M) in Eq. (2.3.6) shows that the frequency is reduced
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by the stretch factor M, which depends on the ratio of the total dispersion of the
experimental setup. This indicates that the high-frequency signal can be down-

converted and detected with a photodetector using the photonic time-stretch method.

2.4 Experimental Setup Concepts

In this section, we introduce the conceptual background of the experiment setup.
Figure 2.5 shows a schematic of our high-repetition-rate single-shot detection
method. We have developed this new single-shot method by combining a chirped-
pulse single-shot method [2-4] with a photonic time-stretch method [8,10-12]. An
explanation of the underlying principles as follows.

First, the time response of the sample induced by the pump pulse is encoded to
the spectrum of the chirped probe pulse. In Figure 2.5, since we assume a pump-
probe measurement using a high-repetition-rate single-shot method, the transient
transmittance change induced by the pump pulse is encoded as a time response of
the sample. Second, the modulated probe pulse enters an optical fiber and is further
chirped to extend the waveform timescale from several picoseconds to a
nanosecond. Finally, the extended waveform is converted into an electrical signal,
using a high-speed photodiode, and the waveform is observed on a digital real-time

oscilloscope. The waveform is normalized by the reference probe pulse, and a

| (I) Pulse stretchlng by chirping using optical fiber. |

Chirped . .
Pulse Realtlme Oscilloscope
(Probe)
O
Sample |
O
- (O]
Optical Fiber
Photodiode
Pump 1) Encoding the time response (1) Converts into electrical signals and
of the sample to the wavelength. observes the single-shot waveforms.

Figure 2.5 | Schematic illustrating the basic concepts of our high repetition-rate single-shot
detection scheme.

26



Chapter 2

single-shot response waveform is obtained. Because the frame rate, with the
combination of a photodiode and oscilloscope, is much higher than that of a CCD
or CMOS camera used in a conventional single-shot measurement method [2-7],
we can obtain tens of thousands of single-shot measurements per second, depending
on the repetition of the laser source.

Our single-shot method enables the simultaneous measurement of two different
timescales. This is because femtosecond-to-picosecond time information is
continuously acquired per pulse, depending on the repetition rate of the laser, as
shown in Figure 2.6. This allows us to track and visualize the changes in the
ultrafast response of a sample over a wide time range. For example, long-lifetime
relaxation with strong single-pulse excitation, with high temporal resolution, and
the accumulation effect with multi-pulse irradiation can be observed. Therefore,
this method reveals the relationship between the ultrafast response due to
photoexcitation and long-term responses associated with structural changes. It also

provides new insights into photoinduced phase change and optical processing.

10151012 sec. .
|< >| each frame = each single shot waveform

T T T T T T T T
00 05 I ! S0 05 ] 05 j 5 S0 <05 00 05
Time (ps) Time (ps) Time (ps)

Continuous measurements of single-shot waveforms
at microsecond to millisecond intervals.

Figure 2.6 | Our single-shot method continuously acquires femtosecond to several
picosecond time information per pulse depending on the repetition rate of the laser.
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Chapter 3

Demonstration of High-Repetition

Rate Single-Shot Method

3.1 Introduction

In this chapter, we demonstrate our high-repetition single-shot method using a
long optical fiber, a photodiode, and an oscilloscope [1]. The GVD of the fiber
elongates the picosecond pulse to the nanosecond range [2,3], enabling us to
observe picosecond dynamics as an analog of high-frequency signals, which can be
detected using an oscilloscope. Using this method, we report an example of this
new technique by recording the power dependence of an ultrafast optical Kerr

measurement in lithium niobate (LiNbQO3) in one second.

3.2 Experimental Methods

3.2.1Optical Kerr Effect

By combining an optical Kerr medium with a polarizer, as shown in Figure 3.1,
we can make a device where the probe light is transmitted only when the excitation

light is incident [4,5]. We call such a device optical Kerr shutter or optical Kerr gate.
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Probe

Polarizer Polarizer

Optical Kerr medium

Figure 3.1 | Layout of optical Kerr shutters [5].

By using ultrashort laser pulses for excitation, we can create an ultrafast optical
shutter that opens less than a few picoseconds, and it is used for the observation of
ultrafast phenomena. In addition, since the polarized light is generally very sensitive,
optical Kerr shutters are also used to evaluate the magnitude of the optical Kerr
effect of nonlinear optical media and their time response [5].

We consider the case of the optical Kerr effect when a probe beam is entered
into an optical Kerr medium sandwiched between two polarizers, one transmitting
only y-axis polarization and the other x-axis polarization. The electric field of the

incident probe light is defined as follows:

1 .
EP'(r,t) = EEgre‘(k'r“"t) +c.c, (3.2.1)
(w)
E 0
pr _ [ ®x | _
E; = (E(w)> = <E(p))r). (3.2.2)
y

If we assume the excitation light EP(r,t) is linearly polarized in the direction of
/4 with respect to the x-axis and we define the nonlinear polarization P®(r,t)
with angular frequency w and wavenumber vector k, the generated electric field

is

1 .
EJEB) (r) t) = EEsigel(k.r_wt) +c.c (323)
iZo®w 1 (w) 3wl ¢ (3) G3) )\ ppr|pp|2
Esig = 2n(w) EL= 8cn(w) (X"xxx B Xxxyy)EO |Es | (3-2.4)

31



where L is the length of the optical Kerr medium, n(w) is the linear refractive

index, Z, is the impedance of the vacuum, )(,(Ci)xx and )(,(Ci)yy

nonlinear susceptibility, while the absorption and reflection at the end surface are

are the third-order

ignored. Since the light intensity, I, detected as a signal is proportional to |Esig|2,
using Eq. (3.2.4), Igjg is expressed as follows:

2
XD — )(fci)yy (IP)?Pr (3.2.5)

n

This indicates that I, is proportional to the square of the absolute value of the
nonlinear susceptibility, Ejg, the square of the excitation intensity, /P, and the
probe light intensity, IP". When an imaginary part of the nonlinear susceptibility is
present, the absorption coefficients caused by the nonlinear optical effects have

anisotropy, which also contributes to the signal strength.

3.2.2 Characteristics of LiNbQO; Crystal

In this chapter, we investigate the pump power dependence of the optical Kerr
effect in the LiNbOs3 crystal using high-repetition-rate single-shot spectroscopy.
Here, we introduce the characteristic features of the LiNbOs3 crystal.

LiNDbOs is a ferroelectric crystal used in numerous photonic devices [6,7]. The
loss of inversion symmetry allows and enhances the optical nonlinearities, such as
sum and difference frequency generation, the optical Kerr effect, and excitation of
polaritons with ultrafast near-infrared (NIR) laser pulses [8-11]. These
nonlinearities are important to design future optoelectronic devices.

The LiNbOs crystal is a ferroelectric ternary crystal of a 3m point group and
shows ferroelectricity at room temperature [12]. Its melting pointis T,, = 1247 °C,
and it transforms from the ferroelectric phase to the dielectric phase at (Curie
temperature) T,~1210 °C [12]. The crystal structure of the LiNbOs3 crystal in the
ferroelectric phase involves three O-atom planes, one Li ion, and one Nb ion (Figure
3.2). The Nb ion is slightly shifted from the center of the two O-atom arrangement
planes. Therefore, LiNbO3 has lost its inversion symmetry and has spontaneous
polarization in the c-axis direction of the crystal. Its refractive index is a negative
uniaxial crystal (n, >n,) and is expressed using the Sellmeier dispersion

formula as follows [13]:
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Figure 3.2 | Positions of the lithium atoms and niobium atoms with respect to the oxygen
octahedra in ferroelectric lithium niobate [12]. Adapted from Ref. [12].

4o 2.980412 . 0.598112 s 8.954312 (3.2.6)
e 12 —0.020472 ' 22 — 0.06662 12 — 416.082 -
2.673472 1.229012 12.61412
2 _ 1= 3.2.7
Mo 120017642 T 22-0.059142 T 12— 474.62 (3:2.7)

where A is the wavelength in um scale.

3.2.3 Experimental Setup

Figure 3.3 shows the experimental setup used in this chapter. We used a
Ti:Sapphire regenerative amplifier with 40-fs pulse duration, 1-kHz repetition rate,
1.4-mJ output power, and 800-nm center wavelength. The laser was divided into
pump and probe beams by using a beam splitter. The intensity of the pump pulse

was rapidly scanned by computer-controlled rotation of a half-wave plate placed

33



Ti:sapphire
Reg. Amp. Laser

»
BS A
Stage ¢ WP
sr-111 Chirped pulse
Pol. Rod | single-shot
method
Chop.
4 Photonic time-stretch method
ebaletsiete cled saiclles crclid erelio o ol toaanticisy S\
Lens i l“| - I
Lens I ‘ . 2 N = A :
w U AN e )
|
Pol. | \\f >, :
o, | 3km SMF Oscilloscope '
e ! 1
ens I PD |
| [ ] "
! L 1
\ ....................... I S ——— o '
X |
% PD )

Figure 3.3 | Experiment setup for measuring the power dependence of the ultrafast optical
Kerr effect in LiNbO3. BS: beam splitter, HWP: half-wave plate, Pol.: polarizer, Chop.:
optical chopper, LN: LiNbOs crystal, SMF: single-mode fiber, PD: photodiode.

before a polarizer. In addition, the pump pulse was chopped at 500 Hz by an optical
chopper. The intensity of the pump pulse was detected by a fast photodiode
(ThorLabs DET02AFC, Si, wavelength: 400-1100 nm, 3-dB bandwidth: 1.2 GHz)
and monitored by a real-time oscilloscope (Tektronix DPO71244C, bandwidth:
12.5 GHz, sample rate: 50-100 GS/s).

On the other hand, the probe pulse was passed through a 150-mm SF-11 glass
rod twice to induce positive chirp with ~4-ps pulse duration. The pump and probe
pulses were then focused on a 1-mm-thick X-cut LiNbO; single crystal with
polarizations oriented 45 degrees with respect to each other. To make the optical
Kerr shutter system, a polarizer was placed behind the LiNbOs3 crystal. When the
LiNbO3 crystal was lamped by the pump pulse, the polarization of the probe pulse
was rotated to modulate the intensity. Therefore, the time response of the optical
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Kerr effect induced by the pump pulse was encoded into the wavelength of the

chirped probe pulse, as shown in Figure 3.3, based on the chirped pulse single-shot
technique [14,15].

Then, the modulated probe pulses were input into a 3-km-long single-mode
fiber (Nufern, 780-OCT) to further extend into nanosecond timescale. Then, the
intensity profile of the probe pulse was recorded using a photodiode and a real-time
oscilloscope based on the photonic time-stretch method [2,3].

The main features of this optical system include the combination of the chirped-
pulse single-shot method and the photonic time-stretch method using long fibers.
Further, we can simultaneously monitor the waveform change of the probe pulse
and the intensity change of the pump pulse. Thus, by simultaneously acquiring the
pump and probe pulse, we can continuously acquire the dynamics for each

excitation density.

3.3 Results and Discussion

Figure 3.4 shows the typical intensity profile of the probe pulses. The red line
shows the reference probe pulse without a pump pulse, and the blue line shows the
modulated probe pulse with the optical Kerr effect. The difference between these
waveforms indicates the observation of an optical Kerr signal. The probe pulse
duration was further expanded from ~4 ps to ~20 ns due to the GVD in the 3-km-

long single-mode fiber.

— 300

> —— Pump off

£ —— Pump on

o 200+

<

2

= 100+

g .
0-—= —T r T T T r T T T T Tt T T
-10 -5 0 5 10

Time (ns)
Figure 3.4 | The typical intensity profile of the probe pulses with (red) and without (blue)
a pump pulse observed directly at the photodiode. The difference between these waveforms
indicates the observation of an optical Kerr signal.
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Figure 3.5 | 2D image of 1000 single-shot waveforms per second. The horizontal axis, the
vertical axis, and the color shading corresponds to the time axis of probe pulse profiles, the
number of each frame, and the amplitude of the waveforms, respectively.

To minimize the pulse-to-pulse fluctuation of the laser intensity, we chopped
the pump pulses at 500 Hz. Therefore, we obtained 500 waveforms as the reference
(without pump) and the other 500 waveforms as the signal (with pump) within 1
second. Figure 3.5 shows a 2D map obtained by aligning a total of 1000 waveforms.
The horizontal axis of the map corresponds to the time axis of probe pulse profiles,
and the vertical axis shows the number of each frame repeated at 1 kHz. The color
scale corresponds to the amplitude of the waveforms.

Then, to examine the optical Kerr signal, AI(t)/I(t), we normalized each

signal probe waveform (coincident with the pump) using the reference probe

profiles as follows:

Al(t) _ Isig(t) - Iref(t)
10 Lg® (33.1)

Ir_before + Ir_after
2

where I;4(t) is the signal probe waveform coincident with the pump pulse, and

Iref ) =

(3.3.2)

L.¢f(t) is the average of two probe profiles without the pump, where I, perore 18

the reference probe immediately before the pump pulse and I 454, is the one after

36



Chapter 3

AI(t)/1(t)
- -0.2 -0.1 L
(@) et (b)
500 g = .
. ] —— Frame 100
- 400 48 § 0.6 ] —— Frame 200
_8 3 ] Frame 250
g 300 38 4 0.4 —— Frame 280
= i —— Frame 300
% - 0.2 \ —— Frame 345
g
s
(&

100

Kerr signal (-AI(t)/1(t))

'0.2 LELEL NI LI NN N LN BN

-1.0 -0.5 0.0 05 1.0 1.5
Time (ps)

-1.0-0.5 0.0 0.5 1.0 0 25

Delay (ps) PumpF lugnce
(mJ/em)

Figure 3.6 | (2) 500 normalized optical Kerr signal traces (Al/I) of LiNbOs3 (left) captured
while changing the pump intensity (right). The time axis of the traces is calibrated by
measuring two waveforms while changing the pump delay time. (b) Slices of the optical Kerr
waveforms from the dashed lines in (a).

the pump pulse. Figure 3.6(a) shows the 2D map obtained by aligning 500
normalized optical Kerr signal traces (left side). The time axis of the traces was
calibrated to picosecond timescale by changing the pump delay time and measuring
two waveforms. The right side of Figure 3.6(a) shows the pump intensity as a
function of the frame number, which is monitored with PD taken by the same
oscilloscope. The pump intensity was ramped up during the measurement from 2.3
mJ/cm? to 31 mJ/cm?. As shown in Figure 3.6(a) and 3.6(b), we see a clear change
in the optical Kerr signal intensity as the number of frames or the pump intensity
increases. Additionally, some fringes were observed around the Kerr signal in these
waveforms such as -0.85 or 0.7 picoseconds in Figure 3.6. These may be due to the
waveform distortions in the time-encoding technique [16].

To examine the correlation between the intensity of the optical Kerr effect and
the pump intensity, we plotted the peak intensity of the optical Kerr signal at the
time origin as a function of pump intensity, as shown in Figure 3.7. The optical Kerr

signal grows quadratically, in line with the ¥ nonlinearity of the material. Based
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Figure 3.7 | Power dependence of the peak intensity of the optical Kerr signal at the time
origin extracted from the data shown in Figure 3.6. The black solid line indicates the
quadratic fitting expected for the optical Kerr nonlinearity.

on Eq. (3.2.5), when the probe pulse intensity was almost constant, the relationship

between the intensity of the optical Kerr signal and pump intensity is rewritten as

2
Igerr < X®P2, X® =& S . (3.3.3)

The black solid line in Figure 3.7 indicates the quadratic fitting expected for the
optical Kerr nonlinearity, and we estimate the magnitude of the nonlinear refractive
index to be 4.2 X 10713 esu, which agrees well with the previous reports on
LiNbOs [17].

Finally, we note the pulse duration of the optical Kerr signal. As shown in Figure
3.6(b), the pulse duration of the optical Kerr signal was longer than that of the pump
pulse. One possible reason is the signal distortions in the chirped pulse detection
method [18], which is caused by the interference between the sum or differential
frequency signal of the pump pulse and the probe pulse. Additionally, the other
possible cause of the problem is the limited time resolution of the probe pulse and

the bandwidth of the photodiode. In this experiment, the temporal resolution of the
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chirped probe pulse was estimated as ~400 fs from Eq. (2.2.6), and the bandwidth
was limited to 1 GHz due to the photodiode.

3.5 Conclusion in Chapter 3

We demonstrated the high-repetition-rate single-shot measurements of ultrafast
optical Kerr signals in LiINbOs crystal using a long optical fiber, a single photodiode,
and an oscilloscope. Since the signal modulation was mapped onto the wavelength
of the chirped pulses, it can be expanded to timescales easily measured with a fast
oscilloscope. Additionally, we obtained the full information on the intensity
dependence of the optical Kerr signals within one second using the oscilloscope.
Using conventional time-domain or single-shot spectroscopy would have required
repeating the measurements and taking at least a few minutes to obtain a large
number of waveforms to get the same results on the intensity dependence of the
optical Kerr signals. Therefore, these results may provide evidence for the

superiority of our single-shot method over conventional approaches.
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Chapter 4

Improvement of Signal-to-Noise

Ratio & Variable Time Window

4.1 Introduction

In the previous chapter, we demonstrated the high-repetition-rate single-shot
measurement method using a long optical fiber, a fast photodiode, and a real-time
oscilloscope. However, we also found some problems. First, we used a long optical
fiber with a length of 3 km to temporally stretch the time-encoded spectrum of the
probe pulse by the GVD, but the long fiber also degrades the signal-to-noise ratio
because of the propagation losses of the probe pulses through it. This degradation
has limited the performance of the applicable light source and observable
phenomena. In addition, we used an SF-11 glass rod to pre-chirp the probe pulse,
but this method normally fixes the amount of the chirp and makes it difficult to
change the time window of the probe pulse.

To overcome these problems, we used a chirped fiber Bragg grating (CFBG) to
temporally stretch the spectrum of the encoded probe pulses and a grating pair to
facilitate changing the time window of the pump-probe traces [1]. By employing
these changes, we examined the improvement in the noise level, the variability of

the time window, and the temporal resolution of our single-shot method.
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4.2 Experimental Methods

4.2.1 Chirped Fiber Bragg Grating (CFBG)

Fiber Bragg gratings (FBGs) are fibers that have longitudinal diffraction
gratings in the core, which works as an optical filter due to Bragg reflection [2-4].
In CFBGs, differently from FBGs, the pitches of the diffraction grating are non-
periodic as shown in Figure 4.1, and each diffraction grating reflects a specific
wavelength and returns a broadband spectrum, depending on the grating length, to
act like a chirped mirror [5]. CFBGs have been widely used as low-loss dispersive
elements [6], optical communication systems [7], and sensor applications for
mechanical engineering [8,9].

Generally, we can simulate and understand the propagation of the electric field
in the CFBG using the transfer matrix method (TMM) [3]. This method is based on
the coupled-mode theory (CMT), which is derived from Maxwell’s equations. We
explain the numerical treatment in CFBGs using the TMM based on Refs. [5] and
[8]. We assume that the CFBG is divided into M sections, as shown in Figure 4.1.

The amplitude of the output waveform is shown as follows:
A A
M] = F[ 0]; F=Fy Fy_, ..F;-..F; 4.2.1)
By By
where
Ai] [Ai—l] [Fn F12] [Ai—l]
=F = . 422
ol et o R et (+22)
A; and B; are the amplitudes of the electric field after propagating through section

i and the elements in each transfer matrix F; have the following expression:

Grating  Core Cladding

Figure 4.1 | Schematic of a CFBG structure [5].
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where A, is the length of the ith section. The coefficient y is defined as
Y =K% — 52 (4.2.4)
where k and & are the local values in the ith section [8]. When a CFBG has a
linear chirp profile, the chirp term can be explained as follows:
%i—f = ——4ﬂzgf L Z% (4.2.5)
where dAp/dz is the changing rate of the wavelength with the position in the
grating, usually given in units of nm/cm.

While the numerical analysis is carried out according to the above processes, in
the actual production of CFBGs, non-periodic refractive index changes are formed
by illuminating UV light through a phase mask to the optical fibers [10]. By
designing the structure of the phase mask, we can determine the wavelength
bandwidth of the CFBG. Depending on the direction of the incident light into the
CFBaQ, it acts as a pulse compressor or a pulse stretcher and is used in the optical
communications field as a compressor to compensate for pulsed light that has been
stretched by dispersion. In this study, we used the CFBG as a pulse stretcher to
reduce the propagation distance of the probe pulse in the fiber and investigate
whether the CFBG is useful for improving the signal-to-noise ratio by suppressing

the loss of signal intensity during the propagation.

4.2.2. Grating Pair

Grating pairs are usually used as a pulse compressor for chirped-pulse
amplification (CPA) lasers [11-14]. We will explain how the grating pair works in
this section based on Refs. [11] and [15]. To simplify the explanation, we use
transmission gratings, G; and G,, to compress or stretch a pulse waveform, as
shown in Figure 4.2. The gratings G, and G, are set up parallel to each other, and
we consider that the light with wavelength A enters the grating G; at point A with
an incidence angle y, and the light is diffracted with an angle 6. Then, the
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Figure 4.2 | Optical path through a pair of transmission gratings [11].

diffracted light is diffracted again by the grating G, at point B. In such a case, the
diffraction due to a grating can be written as

d(siny +sinf) = A. (4.2.6)
To further simplify the wave propagation condition, we assume that the light only
propagates in air. In this specific case, the group delay is equal to the travel time of
light along ABC, therefore we can get the GVD and the dispersion parameter by

applying a small-angle approximation as follows:
-1

A A 2
D iz 1 (d smy) l , ( )
23 A 27
"_ _ (2 _ 428
k 2mc2d? [1 (d St y) l ' ( )

These parameters indicate that we can select a set them to design a pair of
gratings producing a positive or a negative GVD. If we consider the second-order
dispersion with material dispersion and the number of diffraction order m, the

dispersion parameters are expressed as follows [15]:

L mEAl, mi 2
kgtr = Wzdszr ll - (7 — Sin ystr) l , (4.2.9)
., A3l d?n
mat = 53 773 (4.2.10)
A
—m2 2 L mi 217
Kemp = Amrc2d? [1 B <7 — s chp) l ’ (21D

n n

where kg, ke, and kg, are the second-order dispersion at a pulse stretcher,

a material, and a pulse compressor, respectively, and lgy, Lyge, and Iy, are the
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Figure 4.3 | The image of the grating pair as an optical pulse stretcher.

length of each of them. yg, and ¥y, are the incident angles at a pulse stretcher
and compressor.

As mentioned above, we can use the grating pair as the compressor and pulse
stretcher. In this study, as shown in Fig. 4.3 we use the grating pair as a pulse

stretcher to pre-chirp a probe pulse and change the time window of the measurement

4.2.3 Experimental Setup

Figure 4.4 shows a schematic of the optical setup for single-shot pump-probe
spectroscopy using photonic time-stretch detection with the CFBG [1]. As a light
source, we used a Ti:Sapphire regenerative amplifier system with a pulse duration
of 35 fs, center wavelength of 800 nm, and repetition rate of 1 kHz, respectively.
The output from the amplifier system entered an optical parametric amplifier (OPA),
which generated the signal with a center wavelength of 1300 nm and was utilized
as the probe pulse. On the other hand, the residual of the pump pulse in the OPA
was used to excite the sample as a pump pulse. The pump pulses are chopped at 500
Hz using an optical chopper, and each probe waveform with a pump pulse is
normalized by the average of two probe profiles without the pump just before and
after the signal to minimize the influence of the fluctuation of the laser intensity, as
shown in Chapter 3. The probe pulse was then pre-chirped by a grating pair
(ThorLabs GR50-0613, 600 grooves/mm) and focused on a 1-mm thick zinc
telluride (ZnTe) crystal. By simultaneously shining the pump pulse on the sample,

pump-probe traces were time-encoded to the spectrum of the chirped probe pulse.
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Figure 4.4 | Experimental setup of single-shot pump-probe spectroscopy using photonic
time-stretch detection with the CFBG.
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Figure 4.5 | Design of the CFBG reflection wavelength and dispersion parameter D2 and
D3 in this study.

The probe pulses were then entered into the CFBG (TeraXion, a center
wavelength of reflection and bandwidth were 1300 and 60 nm, respectively, and the
designed dispersion parameters were -141.7 ps/nm for D2 and 0 ps/nm? for D3, as
shown in Figure 4.5) to further extend the encoded probe pulse duration to a
nanosecond timescale. The dispersion parameters of the CFBG were designed to
apply a large linear chirp without distortion. The reflection from the CFBG was
picked up by a polarization-maintaining circulator (ThorLabs CIR1310PM); then
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the temporal profile after the time stretching was detected by the fast photodiode
(PD, ThorLabs DETO08C, InGaAs, 5 GHz bandwidth at 800—1700 nm) and recorded
using a high-bandwidth real-time oscilloscope (Tektronix DPO712.44C, 12.5 GHz
bandwidth, and 100 GS/s sampling rate).

4.3 Results and Discussion

First, we confirmed the pulse extension by the CFBG. Figure 4.6(a) shows the
wavelength of the laser pulse from the OPA, which we used in this study. In this
condition, the pulse duration broadened from 35 fs to 0.2 ps due to the passage
through the OPA. The pulse was transferred through the CFBG to a photodiode, and
the observed waveform using an oscilloscope is shown in Figure 4.6(b), which
indicates the correspondence between the wavelength of the pulse and pulse
duration. The wavelength axis in Figure 4.6(b) is calculated by the dispersion
parameters of the CFBG. The edges of the signal appeared at -4 and 4.3 ns,
corresponding to the reflection bandwidth of the CFBG, as shown in the gray
highlighted area in Fig 4.6(a). The part of the waveform from 4.3 to 8 ns is a signal

due to the response of the photodiode, and it can be removed by Fourier filtering

Wavelength (nm)
(a) (b) 1320 1300 1280 1260

1'0 _-.:l...l...l...l..n

ey ] ] —— Probe Pulse
= 0.8- AZOO:
& ] > 1
5 0.6 £ 1509
] - ]
iy 0.4 2D 1004
5 ] S
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0.0+——7m—F——— 0= ANBN— e e [

1250 1300 1350 -4 0 4 8

Wavelength (nm) Time (ns)

Figure 4.6 | (a) Wavelength of the laser pulse from the OPA. The gray highlighted area is
the reflection bandwidth of the CFBG. (b) The observed waveform of the pulse after passing
through the CFBG. The corresponding wavelength of the pulse was indicated in the upper

axis.
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although the filtering was not performed in this study because the effect of the
response function of the photodiode was found to be rather small.

By using the high-repetition-rate single-shot measurement method with this
CFBG, we measured the pump-probe traces of ZnTe crystal. Figure 4.7(a) shows
the typical oscilloscope traces of the probe pulses transmitted through ZnTe with
the pump pulse (red dashed line) and without the pump pulse (blue line), which
were obtained within a single shot each other. Because the probe pulse was initially
negatively chirped at the sample due to the grating pair and was converted to be
strongly positive by the CFBG, the time axis of the pump-probe traces was flipped
from that in Figure 4.7(b). The horizontal time axis was rescaled to show the pump-

probe delay time by moving the delay stage at a certain interval and correcting the

Time (ns)

4 2 0 -2 -4
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S 200
g
Q
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8
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Figure 4.7 | (a) Single-shot oscilloscope traces of the probe pulse with pump pulse (red
dashed line) and without the pump pulse (blue line) for ZnTe using the CFBG. (b)
Normalized transient transmission changes (AT/T) of ZnTe excited at 800 nm calculated
from (a) (green line). For comparison, the normalized transient transmission changes of
ZnTe probed using the same setup as in Section 3.3 by an 800-nm single-shot pulse and 3-
km-long 800-nm single-mode fiber (orange line) are indicated.
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timescale from the comparison between the picosecond time delay given by moving
the delay stage and the shift of the peak on nanosecond timescale on the
oscilloscope. In addition, by scanning the pump-probe delay stage, we confirmed
the linear relationship between the time on the oscilloscope (nanoseconds) and the
delay time between the pump and probe pulses (picoseconds), and the time window
of the obtained pump-probe trace was 30 ps in this case.

The normalized transient transmission change (AT/T) calculated from the
waveforms in Figure 4.7(a) is shown in Figure 4.7(b). The pump-probe trace of
ZnTe via two-photon excitation at 800-nm pump pulse (green line) was observed
with a good signal-to-noise ratio, and the decay time agrees well with those
obtained in previous reports [16,17]. The noise level of the normalized waveform
was AT/T ~ 0.04, which was largely improved by our use of the combination of an
800-nm single-shot probe pulse and 3-km-long 800-nm single-mode fiber (SMF,
orange line); the noise level of the waveform was AT/T ~ 0.1 in the measurement.
Even considering the difference in the detecting elements of the photodetectors
(InGaAs or Si), this is because the loss of the long optical fiber can be suppressed
using the CFBG, and the intensity of the signal detected by the photodiode can be
increased.

Next, to demonstrate the variable time window using a grating pair, we changed
the distance of the grating pair and then measured the waveforms of the transient

transmittance change of ZnTe. Figure 4.8(a) shows the pulse duration of the probe

— 14ps] (b)o.84

— 1.4 ps
~ — 4.8 ps g — 4.8 ps
> 0.6 =
= 0.2 041

0'0_:"l'r—"’:""'Jl""l""l" T T T
-20 0 20 -5 0 5
Time (ps) Time (ps)

Figure 4.8 | Pump-probe measurements of ZnTe by changing the time window. (a) Second-
harmonic autocorrelation of the probe pulses for different positions of the grating pair. (b)
Transient transmission changes of ZnTe observed with the same condition for probe pulses
as in (a).
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Figure 4.9 | Differences in the waveform distortion when the same signal was detected by
different amounts of dispersion in the probe pulses [18].

pulses measured by autocorrelation using a BaB,O4 (BBO) crystal for different
distances of the grating pair. The durations of the probe pulses were 1.4 (red line),
4.8 (blue line), and 17 ps (green line) at FWHM, respectively. In the case of single-
shot spectroscopy using these chirped pulses, the time resolution of the probe pulse
depends on the pulse duration, as shown in Eq. (2.2.6) in Section 2.2, where T,
and 7. represent the pulse duration of transform-limited (80 fs) and chirped pulses,
respectively. The time resolutions of the single-shot measurements using these
pulses were then calculated to be 0.33 (red line), 0.62 (blue line), and 1.2 ps (green
line), respectively. The measured transient transmission changes of ZnTe are shown
in Figure 4.8(b). The peak-to-peak rise time near 0 ps agrees with the calculated
time resolution, which indicates the validity of our setup. Importantly, some fringes
were observed around the time origin in these waveforms in Figure 4.8(b). These
may be due to the inevitable distortion of the waveforms in the time-encoding
technique, and we obtained the same trend observed in Ref. [18].

Finally, to demonstrate the simultaneous observation of ultrafast dynamics and
slow changes, we measured the transient transmittance changes of ZnTe within 1
second while rapidly changing the pump-probe delay time by moving the computer-
controlled delay stage. Figure 4.10(a) shows the resultant 2D array of 500 traces.
Since the pump pulses were chopped at 500 Hz, we obtained the pump-probe traces
at every 2 ms. From the 80" frame to the 400" frame, which corresponds to 0.64 s,

the peak of the transient transmittance change shifted as the number of frames
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Figure 4.10 | (a) Fast-frame acquisition of transient transmission changes in ZnTe. The
delay stage of the pump pulse was moved by 4 mm (i.e., 27 ps in delay time) in 1 second to
rapidly change the pump-probe delay time. The vertical axis corresponds to the frame
number of each shot that repeats at 500 Hz. The pulse duration of the probe pulse at the
sample was 17 ps. (b) Waveforms of the transient transmittance change at five locations,
150, 200, 250, 300, and 350 frames, indicated by the broken dashed lines in (a).

increased. The slices of the contour plot in Figure 4.11(a) at 150%, 200, 250, 300,
and 350" frames are shown in Figure 4.10(b). Since these waveforms are quite
similar, the results indicate the precise measurement of transient transmittance
throughout the time window and the lack of waveform distortion in the time

direction because of the linear chirp of the CFBG.

4.5 Conclusion in Chapter 4

In conclusion, we have demonstrated a high-repetition-rate single-shot method
using a CFBG and grating pair. By using a CFBG to temporally stretch the spectrum,
the signal-to-noise ratio of the probe pulses was dramatically improved compared
with the case of using a long optical fiber. The variable time window of the
measurement was demonstrated using a grating pair, and it allowed us to extend the

scale of observable phenomena and materials.
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Chapter 5

Multiscale Dynamics under

High-Density Photoexcitation

5.1 Introduction

In the previous chapters, we have demonstrated a high-repetition single-shot
measurement method and increased its sensitivity. These results have enabled us to
apply our method to investigate multi-timescale and pulse-to-pulse dynamics of
irreversible and complex phenomena, such as photoinduced phase change [1-4],
surface modification, and laser ablation [5-10], which were introduced by the
cooperative changes in the atomic arrangement of materials due to high-density
excited states. These phenomena are fundamentally important in that optical
excitations lead to energy relaxations on a multi-timescale, as a result, the dynamics
of pulse-to-pulse changes may occur, such as the incubation effect in laser
processing [12-15] and formation of LIPSS [5,16-19]. Understanding the
mechanisms of these phenomena is important for not only enhancing our
fundamental understanding but also exploiting and controlling them for novel
applications.

One of the most interesting materials to study pulse-to-pulse dynamics under
high-density photoexcitation is GeaSbyTes (GST) thin films [20-23]. Using our
high-repetition-rate single-shot spectroscopy with CFBG, we investigated the
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ultrafast dynamics at each step in a series of photoinduced irreversible events,
including the photoinduced phase change from the crystalline phase to the
amorphous phase and the subsequent pulse-to-pulse LIPSS formation in GST films.

5.2 Experimental Methods

5.2.1 Laser-Induced Periodic Surface

Structures (LIPSS)

Recently, laser processing technologies using ultrashort pulsed lasers have been
extensively investigated in many fields [5-10]. Among them, LIPSS involves
periodic nanoscale structures induced by laser pulse irradiation near the ablation
threshold [5,16-19]. LIPSS is attracting attention as one of the next-generation

nanofabrication technologies and can be used for friction reduction [24], spatially

(b)

W nanostructured+MoS,
[ non-kradiated+MoS,
[0 non-irradiated

I l

0 0.05 0.1 0.15 02

Friction coefficient,

myoblasts 5§

Figure 5.1 | Examples of applications of LIPSS formation. (a) SEM image of LIPSS on a
Si wafer surface [29]. (b) Difference in friction reduction with and without LIPSS formation
on a diamond-like carbon film [24]. (c) Spatially distributed wave plate [10]. (d) Cell
extension control of human myoblasts on LIPSSs on polystyrene [25]. Adapted from: (a)—
Ref. [29], (b)-Ref. [24], (c)-Ref. [10], and (d)-Ref. [25].
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distributed wave plates [10], and cell extension control [25,26]. LIPSS was first
observed by Birnbaum [5] on various semiconductor surfaces in 1965; then, many
examples were reported in a variety of materials [16-18,27]. Studying LIPSS
formation, however, is very difficult because many parameters such as irradiation
laser wavelength, pulse width, fluence, polarization state, pulse repetition, sample
surface state, and material type can critically affect the formation of the periodic
structures.

It is known that LIPSSs were typically formed by the excitation of surface
plasmon polaritons and the interaction between incident laser pulses and
electromagnetic waves scattered on the sample surface [28-31]. However, it is
necessary to understand feedback processes between laser irradiations because
topographical, structural, or chemical changes induced by a pump laser pulse can
accelerate or decelerate LIPPS formation in subsequent laser pulses [28,32]. In
addition, pronounced LIPSS can be formed by multiple laser pulse irradiations,
suggesting the importance of inter-pulse interactions. Therefore, temporal dynamics
associated with surface structural changes due to LIPSS formation, especially
during multiple laser pulse irradiations, need to be clarified.

However, the conventional pump-probe measurement used for investigating
ultrafast dynamics is difficult to study LIPPS formation since it requires collecting
multiple measurements under the same conditions, whereas LIPPS formation

involves irreversible structural changes on the sample surface with each laser shot.

| (a)2 pulses

(d)2 pulses @ E g | ) _‘ - (f)4 pulses "

ﬂ"m
L}.l

Figure 5.2 | Laser pulse number-dependent development of surface wave structures [32].
Adapted from Ref. [32].
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Therefore, using our high-repetition-rate single-shot method, we investigated the

pulse-to-pulse dynamics during LIPSS formation on a GST film.

5.2.2 Characteristics of Ge>Sbh;Tes (GST)

GST is one of the Te-based chalcogenide alloys that exhibit phase change
between crystalline and amorphous phases [20-23] and is used as a medium for
optical media disks, such as CDs and DVDs, and non-volatile electronic memory
(PCRAM) due to the large difference in optical constants and repeatable switching
between two phases [33-35].

GST is metastable and has a face-centered cubic (fcc) structure at low
temperatures, while it is stable and has a hexagonal (hex) structure at high
temperatures [36]. Figure 5.3 shows the crystal structure of GST. The atoms are

mainly bound to each other by p-electrons (Ge: 4s°4p?, Sb: 5s*4p?, Te: 5s>*p*) and

OTe
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Figure 5.3 | Crystal structure of GST [36].
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Figure 5.4 | Thermally induced phase change between the crystalline and amorphous phases
using nanosecond laser pulses.
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Figure 5.5 | Non-thermal phase change from the crystalline to the amorphous phase using
ultrashort laser pulses.

are equidistant with 6 neighboring atoms, and the coordinating atoms form an
octahedron.

In optical media disks, a nanosecond-pulse laser is used to thermally induce a
phase change between the two phases, as shown in Fig. 5.4. When recording some
information to the optical disk, nanosecond laser pulses are irradiated at high power
to induce a phase change from the crystalline to the amorphous phase. The
irradiated area is instantly heated above the melting point (600-700 °C) and then
rapidly cooled to form a recording mark of the amorphous phase. On the contrary,
to erase the recorded information, amorphous marks are crystallized by raising the
temperature to ~400-500 °C using a relatively weak laser power [37]. This process
induces a thermal phase change and is completed in tens of nanoseconds.

Recently, the ultrafast non-thermal phase change from the crystalline to the
amorphous phase has been demonstrated using femtosecond-to-picosecond
ultrashort laser pulses [4,38-40]. In this non-thermal process, the phase change is
completed without the liquid phase. Figure 5.5 shows a conceptual model of the
structural change with non-thermal amorphization of GST [41,42]. By femtosecond
laser irradiation, the Ge-Te resonant bond is broken by the excitation of electrons
relatively weakly bound between the Ge and Te atoms into anti-bonding orbitals. In
this case, amorphization occurs due to the displacement of the Ge atom from 6 to 4
coordination. First-principles simulations also show the importance of excited
electrons in the amorphization of GST, and according to the simulations, the
amorphous phase of GST with electronic excitations can be taken as a disordered

state with a mixture of various local structures [43].
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Furthermore, surface processing of GST thin films using ultrashort laser pulses
has been studied to reveal the dynamics of LIPSS formation. Several groups
reported LIPSS formation on GST [44,45], but its dynamics have not been fully
understood using the conventional pump-probe spectroscopy. Thus, we utilized our
high-repetition-rate single-shot method with a CFBG to reveal the ultrafast multi-
timescale dynamics of each step in a series of photoinduced irreversible events in
the time domain from photoinduced phase change (crystalline to amorphous phase)

to subsequent pulse-to-pulse LIPSS formation in highly excited GST thin films.

5.2.3 Experimental Setup

Figure 5.6 shows the schematic of the experimental setup for high-repetition-
rate single-shot pump-probe spectroscopy with a CFBG. We used Yb:KGW
regenerative amplifier system (pulse duration: 290 fs, center wavelength: 1028 nm,
repetition rate: 75 kHz). The part of the output from the amplifier system pumped
the OPA to generate 1300-nm probe pulses, and the rest of the amplifier output was
used as pump pulses; both wavelengths were expected to induce a large change in
optical constants with the crystalline-to-amorphous phase transition of GST. The

repetition of the pump was reduced to 15 kHz using an acousto-optic modulator

Grating

1300nm Grating
Probe
YbKGW S A ]’l
Regen. Laser )" 7 | y) fy
1028nm HWP Pol. f=150 GST‘ i
Delay Stage Pump ‘ a % }
" HWP Pol. f=150 f=-60 AOM =70

Delay Generator Oscilloscope

Figure 5.6 | Experimental setup of the single-shot pump-probe spectroscopy using photonic
time-stretch detection with a CFBG. HWP: half-wave plate, Pol.: polarizer, AOM: acousto-
optic modulator, Obj.: objective lens, PD: photodiode, RFG: radio frequency generator,
Trig.: trigger signal channel.
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Figure 5.7 | (a) GST used in this work. (b) Cross-sectional image of the GST film. GST
film with a thickness of 20 nm was deposited on a sapphire substrate and covered with a
10-nm-thick SiO; protection layer. (c) Transient transmittance changes in the crystalline and
amorphous phases of GST using conventional pump-probe spectroscopy.

(AOM). The probe pulse was chirped by a grating pair to encode the ~30 picosecond
photoinduced time profile and shined on GST. The transient transmittance passing
through the GST film was measured on a single-shot basis with the time-encoding
technique, and then, the time profile of the probe was obtained with the time-stretch
method using a CFBG, as shown in Chapter 4. To tune the number of pump pulses
as well as synchronize the timing of waveform acquisition, an AOM and a delay
generator (Stanford Research Systems DG645) were introduced into the system.
The repetition rate of the pump pulse was then reduced to 15 kHz, and the transient
transmittance was calculated from the ratio of the transmittance profiles with and
without the pump pulse. Eventually, 15000 pump-probe traces were obtained per
second with a good signal-to-noise ratio. After implementing each set of
spectroscopic measurements, we confirmed the laser-induced modification of the
surface structure using a laser microscope (Keyence VK-X1100) with a wavelength
of 404 nm and a numerical aperture of 0.95.

Figure 5.7(a) shows the photo of the GST film used in this work. The 20-nm
thick GST film was deposited on a sapphire substrate using high-frequency
magnetron sputtering and covered with a 10-nm-thick SiO» protection layer (Figure
5.7(b)). This sample was annealed for 15 min at 250 °C to produce an fcc crystalline
phase. Figure 5.7(c) shows the measured transient transmittance change of the
crystalline phase and the amorphous phase of the GST film below the phase change

threshold with conventional pump-probe spectroscopy. The result clearly shows the
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difference in the relaxation times of the photoexcited states in the crystalline and
amorphous phases (3.2 ps and ~200 ps at 1300 nm, respectively). The relaxation
times of the transient transmittance change were different from those reported in
previous works [4,46], possibly because of the difference in the excitation and

probed wavelengths.

5.3 Results and Discussion

First, we measured the surface structure and ultrafast transient response of
GST with different excitation densities. Figures 5.8(a)-(d) show the microscopic
surface images of GST films after the irradiation of 400 pulses at different pump
fluences. The red broken circles indicate the irradiation spot of the probe pulses
with 30-pm diameter. The pump fluences were classified into three groups: below
the threshold excitation fluences for the crystalline-to-amorphous phase change (9.8
mJ/cm?), the excitation fluences capable of the amorphization but incapable of
LIPPS formation (22 mJ/cm?), and the excitation fluences capable of LIPPS
formation but incapable of ablation (25 and 29 mJ/cm?). The corresponding pump-
probe traces as a function of the pump laser shot were plotted in a 2D image, as
shown in Figs. 5.8(e)-(h). The transmittance change is represented by a color scale.
Several waveforms extracted from the images are also shown.

When the pump fluence (9.8 mJ/cm?) is lower than the amorphization density,
the microscopic image shows almost uniform change or no change in the surface
(Figure 5.8(a)). According to this result, the pump-probe traces are almost the same
in each pump laser shot (Figs. 5.8(e)), whose transient behavior represents the
dynamics in the crystalline phase. The transient transmittance relaxes to almost zero
within 5 ps, which is consistent with that obtained by conventional pump-probe
measurements, as shown in Figure 5.7(c); however, the waveforms were distorted
near the time origin by the artifact of the single-shot detection method with chirped
pulses, as mentioned in Chapter 4 [47].

In the case of a pump fluence of 22 mJ/cm?, the pump pulse optically induces
the crystalline-to-amorphous phase change. As shown in the microscopic image in

Figure 5.7(b), the pump-irradiated part of the crystalline phase (light gray) changes
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Figure 5.8 | (a)-(d) Microscopic images of GST after the irradiation of 400 pulses at
different pump fluences. Arrows indicate the polarizations of the pump pulses. (e)-(h) The
pump-probe ultrafast traces for each pump laser shot plotted in a 2D color image (upper
column). Vertical axis is the number of pump-probe number, and the horizontal axis is the
pump-probe delay time. Several pump-probe waveforms extracted from the 2D color

images (bottom column).

to the amorphous phase (dark gray) after 400 pump laser shots. Corresponding to
this change, the 2D image (Figure 5.7(f)) also shows an apparent contrast in color
near the time origin. The transient transmittance of the first pulse agrees with that
in the crystalline phase (Figure 5.7(e)), while that observed in the later pump pulses
(> 2 shot) shows a slower relaxation that takes more than 20 ps, which is the time
window of the probe pulses. This difference in the pump-probe traces between the
first shot and later shots manifests the difference in relaxation dynamics between
the crystalline and amorphous phases in GST.

In the cases of pump fluences of 25 mJ/cm? and 29 mJ/cm?, the microscopic
image shows a periodic surface structure formed in the amorphous phase, which is
the fingerprint of LIPSSs (Figs. 5.7(c) and 5.7(d)). The LIPSSs with approximately
1-um periodicity were arranged parallel to the polarization direction of the pump
pulses (solid arrows), whose characteristics are consistent with that in the previous

research [44,45]. In this case, the LIPSS is classified as the low-spatial-frequency

64



Chapter 5

(c) 100 Shot

>
/4 \ ““
]
‘ 1
Ve [’

e

(b) 50 Shot

20 pm

”

(a) 10 Shot * .

— ”
o -~\ 5
R
£ R
’ - .\
1 \
\ !
\ - /
\\ V2
\N-_—’, .
-«— 20 pm

Figure 5.9 | (a)-(c) Microscopic images of the laser-induced spot of GST after pump
irradiations of 10, 50, and 100 pulses at pump fluence of 29 mJ/cm?. Each image was
obtained at a different location of the same GST sample, and the red broken lines indicate
the spot of the probe pulses. The inserted arrows in microscopic images indicate the
polarization directions of the pump pulses. (d) Corresponding transient transmittance
change for 100 pump laser shot plotted in a 2D color image (upper panel). The transient
transmittance waveforms and exponential fittings at 10, 50, and 100 shots indicated by the
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broken lines in 2D color image (bottom panel).

LIPSS type-II (LSFL-II) reported in Ref. [28] because the grooves are formed with
a periodicity comparable to the wavelength of the pump pulse and arranged parallel
to the pump polarization. LSFL-II is generally observed on the dielectrics when the
single photon energy of the pump pulse is smaller than the bandgap energy of the
materials. The origin of the LFFL-II is related to radiation remnants [28]. The
reasons for the formation of LSFL-II on GST could be due to the modulation of
bandgap by thin film of the GST. Notably, the 2D images of the transient
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transmittance change shown in Figs. 5.7(g) and 5.7(h) significantly depend on the
number of the pump pulse, in contrast to the images where no LIPSS is formed
(Figs. 5.7(e) and 5.7(f)). As shown in Figs. 5.7 (g) and 5.7 (h), the pump-probe
trances in the first and second shots are similar to those in the case of 22 mJ/cm?,
indicating that they correspond to the dynamics in the crystalline and amorphous
phases, respectively. However, as the number of pump-pulse irradiations increases,
the amplitude and relaxation time of the transient transmittance changes tended to
decrease. Furthermore, as displayed in Figs. 5.7(h), the decreasing trend occurs
more quickly at an excitation density of 29 mJ/cm?.

To further clarify the step-by-step surface modification dynamics during LIPSS
formation, we measured the microscopic images of the GST thin film after
irradiations of 10, 50, and 100 pump pulses with a pump fluence of 29 mJ/cm? (Figs.
5.9(a)-(c)) and compared them with the corresponding pump-probe dataset (Figs.
5.9 (d)). The images taken at different locations on the same GST film show that
LIPSSs gradually grow on the amorphous phase as the number of the pump
irradiation increases. Correspondingly, the relaxation time of the pump-probe traces
gradually becomes faster, which is visible after ~40 pump laser shots. To analyze
the observed step-by-step relaxation dynamics, we estimated the relaxation time of
each transient transmittance change using a simple exponential function:

f(t) = —Cexp(—t/ty,). (5.3.1)
Here, C and 7, indicate the amplitude and relaxation time of the transient
transmittance change, respectively. Using this fitting procedure, the relaxation
times for 10, 50, and 100 shots were estimated as 89 ps, 41 ps, and 19 ps,
respectively, as shown by the solid curves in Figure 5.9(d). These results show that
changes in the pulse-to-pulse ultrafast dynamics are associated with the step-by-
step surface modification or LIPSS formation.

To examine the transition of the pump-probe response, Figure 5.10 summarizes
the results of the pulse-to-pulse changes in the relaxation time and amplitude of the
transient transmittance change, as well as the transmitted probe intensity in the case
of 22, 25, and 29 mJ/cm? pump fluences. The overall dynamics can be classified
into three regions: (I) the region where GST is crystalline (light gray), (II) the region
where GST is amorphous (light blue), and (IIT) the region that involves LIPSS (light
yellow).
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Figure 5.10 | Transmittance of reference pulses (top), the relaxation time of the transient
transmittance change (middle), and the amplitude changes of the transient transmittance
change (bottom). These data were obtained at pump fluences of (a) 22, (b) 25, and (c) 29
mJ/cm?.

When the pump fluence is 22 mJ/cm? (Figure 5.10(a)), the first pump pulse
induces the amorphization, and the increase in the relaxation time and the amplitude
of the transmittance change follow along with the phase change. Then, after the
second pump pulse, in region (II), the transmitted probe intensity, relaxation time,
and amplitude are almost constant. On the other hand, in the case of 29 mJ/cm?
pump fluence shown in Figure 5.10(c), the amorphization is induced by the first
pump pulse in region (I), as for 22 mJ/cm? pump fluence. Then, in region (II), the
relaxation time is almost constant until the 25% shot, implying that the GST film
holds the amorphous phase without an apparent LIPSS formation, and thus, similar
dynamics can be observed (Figs. 5.9(a) and 5.9(d)). In region (III) where the step-
by-step LIPSS formation takes place, the relaxation time and amplitude gradually
decrease as the number of pump pulse irradiations increases. After the irradiation
of ~200 pump laser shots, the LIPSS formation is eventually completed, and the
values are close to constant. In the case of 25 mJ/cm? pump fluence (Figure 5.10
(b)), the transition from region (II) to (III) starts slower than that of 29 mJ/cm?.

Next, we focus on the mechanism of why the relaxation time decreases during

LIPSS formation. It is reported that LIPSS is easily formed by the presence of
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defects, impurities, or rough spots on the sample surface [28]. Figure 5.9(a) and
5.9(b) also show this trend. In addition, cascading of carrier generations (avalanche
effect) originated from the nonlinear process such as the impact ionization might
contribute to macroscopic groove formation deeply inside the sample [48]. Based
on the observed experimental results, as shown in Figure 5.11, we propose a
possible scenario for the overall dynamics of LIPSS formation. The first pump pulse
induces the phase change from the crystalline to the amorphous phase. Accordingly,
the scattering of invisible defects, impurities, or rough spots, which acts as a trigger
for the initial LIPSS formation, is formed inside the pump excitation area (region
(I) in Figure 5.10).

Subsequently, the following 2-15 pump laser shots at 29 mJ/cm? excitation raise
the number of defects, impurities, or rough spots, and some of them become visible
due to their accumulation, as shown in Figure 5.9(a). During this stage, similar
dynamics can be observed in the amorphous phase (region (II) in Figure 5.10(b)
and 5.10(c)), while the triggers of LIPPS formation gradually increase. Then,
further irradiation with pump laser shots causes excess photoexcited carriers and

their cascading, which can yield the deformation of the surface structure around
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Figure 5.11 | Schematic of LIPPS formation dynamics in GST.
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defects, impurities, or rough spots, leading to the local formation of small groove
structures parallel to the polarization of pump laser pulses. Once the local groove
structures are formed, the number of defects, impurities, and rough spots
exponentially increases, decreasing both the relaxation time and the amplitude of
transient transmittance. Scattering of the pump pulses and the accelerated relaxation
convert the excess energy from photoexcited carriers to structural deformation. This
stage corresponds to region (III). Comparing the application of 25 mJ/cm? versus
29 mJ/cm? pump fluence (Figure 5.10), we deduce that this effect seems to be
accelerated, depending on the pump fluence.

The scattering around the groove structures can also induce a ripple pattern due
to the interference between scattered laser fields, whose periodicity is almost the
same as the pump wavelength. Finally, the energy input into the local groove
structures provided from multiple pump laser shots facilitates the macroscopic
LIPSS formation (Figure 5.9(c)). Although a sophisticated model that can
quantitatively explain LIPSS formation dynamics is still required, our high-
repetition-rate single-shot pump-probe spectroscopy enables us to reveal the pulse-
to-pulse ultrafast dynamics from the initial excited state to LIPPS formation or laser

ablation via the crystalline-to-amorphous phase change in GST films.

5.4 Conclusion in Chapter 5

In conclusion, we have demonstrated the observation of pulse-to-pulse
dynamics from the initial photoexcitation to LIPSS formation and laser ablation via
the crystalline-to-amorphous phase change in GST thin films. We found that the
relaxation time and the amplitude of the transient transmittance change during
LIPSS formation decrease with increasing pump laser shots. The results indicate
that LIPPS formation is triggered by nucleation around defects, impurities, or rough
spots, and the resultant efficient and ultrafast relaxation of excited states around
them gradually forms periodic structures possibly due to carrier multiplications and

subsequent energy relaxations that cause structural deformation.
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Chapter 6

Conclusion and Outlook

In this thesis, we have demonstrated a high-repetition-rate single-shot
measurement system [1,2] that combines the chirped-pulse single-shot method [3-
5] with the photonic time-stretch method [6-9].

In Chapter 3, we demonstrated the concept of a high-repetition-rate single-shot
measurement system using a long optical fiber and oscilloscope [1]. To verify the
feasibility of high-repetition measurements, we demonstrated Kerr gate
measurements in LINbO3 crystals using a Ti:Sapphire CPA laser at 1-kHz repetition.
As a result, we obtained the pump intensity dependence of optical Kerr signals
within one second.

In Chapter 4, to acquire single-shot pump-probe waveforms for each laser pulse
at a high-repetition-rate with good signal-to-noise ratio and to improve the
variability of the time window, we introduced a CFBG and a grating pair pulse
stretcher to our high-repetition-rate single-shot measurement system [2]. Using a
CFBG, the signal-to-noise ratio of probe pulses was dramatically improved
compared with the case using a long optical fiber. The variable time window of the
measurement was demonstrated using a grating pair, which allowed us to extend
observable phenomena and materials.

Finally, in Chapter 5, using high-repetition-rate single-shot spectroscopy and
microscopic images taken by a laser microscope, we demonstrated the observation
of pulse-to-pulse dynamics from initial photoexcitation to LIPSS formation via the
crystalline-to-amorphous phase change in GST thin films. Above the threshold
excitation density for LIPSS formation, the first excitation pulse induces

photoinduced amorphization in the picosecond timescale and subsequent pulses
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gradually form LIPSS on the amorphous phase. During the latter process, the
amplitude and relaxation time of the transient transmittance gradually decrease,
indicating accelerated relaxation of the excitation energy, which causes structural
deformation.

Our method is a novel modification of a serial time-encoded amplified
microscopy (STEAM) camera for imaging, or the previously reported time-stretch
dispersive Fourier transformation method [9,10]. In this work, we used a similar
dispersive optic to stretch the temporal information from femtosecond or
picosecond to nanosecond timescales, rather than using Fourier transformation.
Although the basic principle has been previously proposed for picosecond to
nanosecond time-stretch [11], our experimental demonstrations pave the way for
remarkable capabilities in ultrafast measurements of irreversible phenomena, such
as photoinduced phase changes and LIPSS formation. These results could
contribute to understanding the fundamental mechanisms of laser processing in
terms of the observation of pulse-to-pulse dynamics.

Additionally, the observation of ultrafast dynamics at each pulse is important in
many fields, such as laser chaos [12-14], optical solitons [15-17], biotechnology,
and laser processing. Using our method, pulse-by-pulse accumulation effects, such
as incubation effects [18-21], can be observed at the same time as processing,
without removing the sample from the fabrication table. Combined with high-speed
imaging techniques, this will make a significant contribution to understanding the
irreversible dynamics and to industrial applications, especially in laser processing.
Furthermore, most of the studies using the photonic time-stretch method, including
this study, have been conducted in the visible or NIR wavelength range. If this
method can be applied to the infrared wavelength range, it will also be possible to
study protein folding dynamics [22-25], phase change dynamics, laser processing
of organic materials using high-intensity lasers [26,27], and photodegradation of
organic solar cell materials [28-30]. Such dynamics are nearly unexplored and our
demonstrated improvements can open a new frontier for ultrafast dynamics research

and applications.
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Appendix A

Radio Frequency Controller of the

Acousto-Optic Modulator

In Chapter 5, an acousto-optic modulator (AOM) was introduced into our
experimental setup to reduce the repetition of the pump pulse. Before using the
system, a radio frequency (RF) controller was made to control the AOM. In this
appendix, the principle of the AOM system and the design of the RF controller is
briefly explained.

First, the interaction of sound and light, so-called acousto-optics, was predicted
by Brillouin in 1922 [1] and experimentally confirmed in 1932 [2,3]. Acousto-optic
devices are now widely used in many fields to control of polarization and
modulation of laser light. The development history and theory of acousto-optics are
reviewed in detail in Ref. [4] and [5]. Figure A1 shows a schematic of the Bragg
diffraction cell used as an AOM. A periodic refractive index change is produced
when a RF signal is applied to an acousto-optic element. AOM uses this effect as a
diffraction grating and outputs first-order diffracted light. By controlling the
duration of the applied RF signal, we can adjust the time width of the diffracted
light and, especially in the case of a pulsed laser light source, it becomes possible
to control the repetition rate of the pulses.

In our experiment in Chapter 5, we used an AOM with TeO; as the acousto-
optic medium (Gooch & Housego, 3080-197), in which the operational RF and light
wavelength range are 80 MHz and 1047-1060 nm, respectively. To control the AOM,

we made a RF controller, as shown in Figure A2. The voltage-controlled oscillator
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Figure A.1 | Schematic of a Bragg diffraction sound cell used as a modulator.
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Figure A.2 | Schematic of an RF controller. VCO: voltage-controlled oscillator, LPF: Low
pass filter, SW: High isolation switch, AMP: amplifier, AOM: acousto-optic modulator, FG:
function generator.

(VCO, Mini-Circuits POS-100+) could oscillate a RF signal with a frequency
between 50 - 100 MHz and, by adjusting the applied tuning voltage, the oscillated
radio frequency was set to 80 MHz. Then, the high-frequency component in the
oscillated signal was removed by a low pass filter (LPF, Mini-Circuits RLP-105+).
The signal from the LPF could be switched by a high isolation switch (Mini-Circuits
ZASWA-2-50DR+). The timing of the RF signal output was controlled by a
function generator (FG, TEXIO FGX-2220). Finally, the RF signal was amplified
to 1 W and induced to the AOM.
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Appendix B

Data Acquisition System

using FastFrame® Mode

In this thesis, thousands of single-shot waveforms were acquired within a few
seconds in one measurement using a high-repetition-rate single-shot system.
Particularly, we used the FastFrame® (FF) mode of the real-time oscilloscope
(Tektronix DPO71244C) to acquire single-shot waveforms, such as those shown in
Figure 4.10 in Chapter 4 and Figure 5.8 in Chapter 5. The FF mode acquires short
burst signals and stores them as frames for detailed observation and analysis.
Depending on the memory capacity of the oscilloscope and time resolution of the
waveform, we can acquire thousands of frames. In this appendix, we explain the
flow of the acquisition of single-shot waveforms using FF mode and the analysis
program.

Figure B.1 shows the flowchart of the FF mode for acquiring 2,000 single-shot
waveforms. When the FF mode is activated and the oscilloscope is set to acquire
2,000 waveforms in the mode, the oscilloscope waits to acquire the waveforms until
the trigger signal is input. Once a trigger signal is input, the oscilloscope acquires a
signal waveform and increases the waveform counter by one. The oscilloscope
repeatedly acquires and stores single-shot waveforms in temporary memory, each
time the trigger signal is input, until the waveform counter reaches 2,000. Finally,
the oscilloscope saves the 2,000 single-shot waveforms as a dataset WFM file into
an internal hard-disk drive. Considering these operational features of the FF mode,

a delay generator was used to control the timing of the trigger signal input into the
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Figure B.1 | Flowchart of the FF mode in the real-time oscilloscope.

oscilloscope to synchronize the timing of the pump pulse irradiation on the GST
sample with the timing of the single-shot waveform acquisition in Chapter 5.
After acquisition of the WFM files with pump and probe waveforms, we
normalized the waveforms and obtained pump-probe traces using data analysis
software, Igor Pro 8 version 8.04 (WaveMetrics). Table B.1 shows the sample
macro code used to normalize pump-probe traces from WFM files in Igor Pro 8. In
the macro, the WFM files containing pump waveforms are first loaded and the peak
intensity for each frame is assigned to the 1D waveform data, named “Pumpinfo.”

Second, the WFM files contained probe waveforms are loaded and converted from
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Table B.1 | Sample macro code to normalize pump-probe traces from WFM files in Igor Pro 8

ver. 8.04.

Macro Normalization (PN,FN,del_time,RS,RE,timescale,str)
variable PN = 1032, FN = 2000, del_time = 0.01, RS = 300, RE = 700
String timescale,str

prompt timescale,"Timescale wave",popup,WaveList("*",";","")
variable iii = PN /INumber of points per waveform.
variable jjj = FN /[Total number of frames.
variable www = 0 /INumber of graphs displayed.

Silent 1

PauseUpdate

//Loading Waveforms.
GBLoadWave/T={8,4}/S=108784/W=1/N=PumpFrame /ILoad pump pulse waveforms.
Redimension/N=(iii,jjj) PumpFrameQ /IConversion from 1D data to 2D matrix.
WaveStats/Q PumpFrame0 /IMinimum value detection.
PumpFrame0 = PumpFrame0+abs(V_min) //Offsetting.
Make/O/N=(DimSize(PumpFrame0,1))/D Pumpinfo
Pumpinfo = PumpFrameO[V_maxRowLoc][p] /IDetect the peak intensity for each frame.
Duplicate/O Pumpinfo $(str+"_Pumplnfo") /IChange the data name.
GBLoadWave/T={8,4}/S=108784/W=1/N=FF //Load probe pulse waveforms.
Redimension/N=(iii,jjj) FFO /IConversion from 1D data to 2D matrix.
WaveStats/Q FFO /[Minimum value detection.
FFO = FFO+abs(V_min) //Offsetting.
SetScale/l x 0,iii*del_time, FFO /IConvert the horizontal axis to nanoseconds.

Duplicate/O/R=[RS,RE] FFO $(str+"_MImage")
/IChange the waveform name and delete extra data points.

/INormalize the signal waveforms

Duplicate/O FFO Normimage /I Make a 2D matrix to assign normalized waveforms.
Duplicate/O FFO Reflmage /I Make a 2D matrix to assign reference waveforms.
Wavestats/Q Pumpinfo /IDetect the maximum value of pump power.

variable PumpMax = V_max /IAssign the maximum power of the pump.

variable nn =0 /I[Frame count.

variable NromN = 0 /ICount the number of normalized waveforms generated.
do

if(Pumplnfo[nn] > (PumpMax*0.5))
Normlmage[][NromN]=(FFO[p][nn]-((FFO[p][nn+1]+FFO[p][nn-1])/2))/((FFO[p][nn+1]+FFO[p][nn-1])/2)
NromN+=1
endif
nn+=1
while(nn < DimSize(FFO0,1))

/I Convert the horizontal axis of the normalized waveform to picosecond scale.
Duplicate/O $timescale timescale2
SetScale/l x timescale2[0],timescale2[(DimSize(timescale2,0))-1], Normimage

Duplicate/O/R=[RS,RE] Normlmage $(str+"_Norm_pico")
//Change the waveform name and delete extra data points.
Display/W=(0+250*www,0,250+250*www,200);Appendlmage $(str+"_Norm_pico") /IDisplay graph.

/IModify the appearance of the graph.
Modifylmage $(str+"_Norm_pico") ctab= {-1,1,Rainbow, 1}
ModifyGraph font="Times New Roman", fsize=16, manTick=0, tick=2
ModifyGraph tick(bottom)=2, axThick(bottom)=1, axThick=1, standoff=1
ModifyGraph highTrip(left)=10000, mirror(bottom)=2, mirror=2
ModifyGraph margin=0, tick=0, minor=1, btLen=5
Label left "¥Z16Pump Shot Number"
Label bottom "¥Z16Time (ps)"

end
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1D data to a 2D matrix named “FF0.” Third, by referring to “Pumpinfo,” the probe
waveforms in the frame, which were irradiated by the pump pulse, are read out from
the 2D Matrix “FF0.” Then, the probe waveforms are normalized, by the averages
of the frames before and after, as reference waveforms. Finally, converting the
horizontal axis of the normalized waveforms to the picosecond timescale, we obtain

normalized pump-probe traces.
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Ablation of Ge,Sb>Tes

In this appendix, supplementary information of the ablation of GST, which was
not included in Chapter 5, is provided. Figure C.1(a) and (b) show microscopic
surface images of GST films after irradiation with 400 pulses at 33 and 42 mJ/cm2
pump fluences, respectively. Red dashed circles indicate the irradiation location
with 30-um-diameter probe pulses. Corresponding pump-probe traces as a function
of the pump laser shot were plotted in a 2D image, as shown in Figs. C.1(c) and (d).
As can be clearly seen in Figure C.1(a) and (b), the black area in the center of the

microscopic images is the ablation region of GST, wherein the sapphire substrate is
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Figure C.1 | (a), (b) Microscopic images of GST after irradiation with 400 pulses at 33 and
42 mJ/cm? pump fluences. Arrows indicate the polarizations of the pump pulses. (c), (d) The
pump-probe ultrafast traces for each pump laser shot plotted in a 2D color image. The
vertical axis is the number of pump laser shots and the horizontal axis is the pump-probe
delay time.
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exposed. At the periphery of the ablation, LIPSS was formed parallel to the
polarization of the pump pulse, which is the same as that described in Chapter 5.
In this ablation region, only a few pulses of the pump-probe waveform were
obtained at 33 mJ/cm2, as shown in Fig. C.1(c), since the sapphire substrate was
revealed in the majority of the probe pulse irradiation area. However, in the case of
a 42 mJ/cm2 pump fluence, shown in Fig. C.1(d), we could not get the waveform

because the entire probe pulse irradiation area was ablated.
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