Study on Single-shot Ultrafast Burst Imaging
Utilizing Frequency-to-time Encoding
of an Ultrashort Laser Pulse

February 2020

SUZUKI, Takakazu



A Thesis for the Degree of Ph.D. in Engineering

Study on Single-shot Ultrafast Burst Imaging
Utilizing Frequency-to-time Encoding

of an Ultrashort Laser Pulse

February 2020

Graduate School of Science and Technology
Keio University

SUZUKI, Takakazu



Keio University

Keio University

Graduate School of Science and Technology
% & School of Integrated Design Engineering

1858 &
o o)
"5 GLamo

Study on Single-shot Ultrafast Burst Imaging Utilizing
Frequency-to-time Encoding of an Ultrashort Laser Pulse

by

Suzuki, Takakazu

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE
Doctor of Philosophy

APPROVED, THESIS COMMITTEE:

B e

Kannari, Fumihiko
B
- o
/(2?) T #l n
Saiki, Toshiharu

Tanabe, Takasumi

A §—

Watanabe, Shinichi

il de..

Nelson, Keith A.




Abstract

Thesis Abstract

Single-shot ultrafast imaging is expected to pave a way to measure transient phenomena in femtoseconds to
nanoseconds domain in real-time. Among them, a frequency-to-time encoding of Sequentially Timed
All-optical Mapping Photography (STAMP) is the only method capable of direct 2D-burst imaging with
both high temporal and spatial resolution on a single-shot basis. However, to realize diverse applications of
STAMP, there are requirements to solve the problem of freedom in the number of snapshots and expansion
of the time window to the nanoseconds regime.

This study aims to reveal various ultrafast nonrepetitive phenomena in real-time by developing and
applying the modified version of STAMP utilizing Spectral Filtering (SF-STAMP). The first half of this
thesis focuses on the establishment of a comprehensive SF-STAMP methodology with a simple but widely
applicable to single-shot imaging. The second half addresses the single-shot measurements of photo- and
THz-induced irreversible ultrafast phase transition that can be observed for the first time by virtue of
SF-STAMP’s notable features of a single shot and ps-temporal and pm-spatial resolution. Moreover, a
real-time in-situ measurement application has been demonstrated by combining a conventional high-speed
camera and SF-STAMP. These results highlight that the STAMP method has advantages over other
single-shot ultrafast imaging methods.

Chapter 1 outlines the background and purpose of this study.

Chapter 2 describes the fundamentals of the ultrafast laser used in this study, the principle of SF-STAMP,
scaling to 25 burst frames, and an extension approach to the nanoseconds time window with spectrally
sweeping burst delayed pulses.

Chapter 3 addresses a single-shot measurement of THz-driven irreversible phase transition in multilayer
MoTe, by observing transient reflectivity change of a chirped probe by SF-STAMP, together with
1D-optical streak imaging (1D-OSI) spectroscopy. Insights of THz-induced phase transition dynamics are
summarized.

In Chapter 4, the real-time application of SF-STAMP combining with a kHz high-speed camera is
demonstrated. Real-time in-situ measurement of laser processing evaluates the precursor process of each
pulse and its effect on femtosecond laser processing of glass under multiple pulses accumulated conditions
with sub-nanosecond time resolution using a chirp pulse probe or spectrally sweeping burst probes.

Chapter 5 discusses the outlook for the future applications of SF-STAMP, especially laser processing and
THz wave region.

In Chapter 6, the experimental results and knowledge obtained in each chapter are summarized.
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can be reliably compared. The FFT of time window from 20-31.5 ps clearly shows two peaks at
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Chapter 1
Introduction

Since Maiman succeeded in the first LASER (Light Amplification by Stimulated Emission of Radiation)
oscillation in 1960 [1], laser technologies have contributed to various developments of science and
technology. Sixty years after the emergence of laser, laser has become an indispensable fundamental
technology in our technological era. In particular, since the advent of femtosecond lasers [2,3], and even the
chirped pulse amplification (CPA) [4] (the 2018 Nobel Prize in Physics), the progress of optical science
conducted by femtosecond technology has been remarkable. Based on the specific features of ultrafast,
broad bandwidth, and high-intensity, ultrashort lasers have addressed a variety of research fields, such as
ultrafast spectroscopy, high-speed communication, precision measurement using optical frequency combs,
nonlinear optics, high-intensity physics, THz wave generation, and laser processing. Thus, femtosecond
lasers have become essential tools in research fields such as physics, chemistry, biology, medicine, and
optical communications.

For the visualization of ultrafast phenomena in two-dimensional (2D) image—i.e., the (x, y) spatial
information—the femtosecond (1073 s, fs) and picosecond (1072 s, ps) time duration of ultrashort lasers is
a compelling strobe light that stops or “freezes” the motion of the moment. Time-resolving techniques by
repeatedly scanning the ultrashort strobe (probe) pulse [5—17] can capture ultrafast phenomena faster than
nanoseconds (10 s, ns), which could not be realized with conventional 2D-imaging sensors of
charge-coupled devices (CCDs) and complementary metal-oxide-semiconductor (CMOS) due to
fundamental limitations in their electrical or mechanical operation [18]. These time-resolved images
reconstruct temporal snapshots of transient events. However, it is impossible to capture a phenomenon with
difficult-to-reproduce; or a phenomenon that occurs only once, such as ultrafast photochemical
reaction [19], optical rogue waves [20-22], plasma physics [23], phase transition [24-30], shock-wave
propagation and materials damage in laser processing [17,31-33], or biomedical applications [34].

For elucidation of the ultrafast irreversible phenomena with a single-shot basis, many efforts have been
carried out, including measurements without spatial imaging or spectral resolution and measurements with
either one-dimensional (1D) spatial imaging or spectral resolution [19,26,35-54]. Single-shot ultrafast
2D-imaging, which obtains the (x, y, f) data cube in one event, has been of much interest, and various
methods have been proposed over the last 10 years [55-98]. In the category of single-shot optical imaging,
a frequency-to-time encoding technique known as “Sequentially Timed All-optical Mapping Photography
(STAMP),” invented by Nakagawa et al. in 2014 [58,59], is a highly promising technology. The salient
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features of STAMP are the feasibility of both high-temporal (~femtosecond order) and -spatial
(~micrometer order) resolution and direct burst imaging ability without post-processing or image
reconstruction.

In STAMP, transient phenomena are stamped on each wavelength component of a linear
frequency-chirped laser pulse probe. Thus, the spatially separated 2D-multispectral images correspond to
the ultrafast temporal snapshot at each of the short observation time windows. In this way, temporal
resolution variable burst imaging according to the chirped pulse width can be realized. The number of
spectral images is equivalent to the possible number of time sequences in a single laser pulse. However, to
fulfill the separation of different spectral images simultaneously, it demands a unique periscope-array
structure that limits the total number of frames in the original STAMP to six. Additionally, the time window
thus far ranges from the femtoseconds to the picoseconds regime with a chirped laser probe.

For the diverse applications of STAMP to single-shot ultrafast 2D-imaging, there are requirements to
solve the problem of freedom in the number of snapshots and expansion of the time window to
nanoseconds regime that has been unachieved by both conventional high-speed and cutting-edge ultrafast
imaging technique.

In this study, first, to overcome the original STAMP restriction, we simplified the setup and increased the
number of burst frames up to 25 by developing a STAMP-utilizing Spectral Filtering (SF-STAMP) [60-62].
Also, an extension approach to the nanoseconds time window with spectrally sweeping burst pulses has
been demonstrated. Detailed descriptions are in Chapter 2.

Second, employing the SF-STAMP revealed photo- and THz-induced irreversible ultrafast phase
transition processes of Ge,SbyTes and MoTe,, respectively. These 2D-snapshot results can be measured for
the first time by SF-STAMP’s powerful features of a single shot and ps-temporal and um-spatial resolution,
suggesting that the frequency-to-time encoding of STAMP has advantages over other single-shot ultrafast
imaging methods. Detailed descriptions are in Chapters 2 and 3.

Third, as a real-time in-situ measurement application in laser processing, a conventional high-speed
camera and SF-STAMP are combined. Since the temporal resolution of the STAMP method is irrelevant to
the imaging sensor, by introducing a high-speed camera as a detector in STAMP, we can obtain real-time
consecutive ultrafast 2D-burst images in accordance with the frame rate of the high-speed camera and
STAMP’s ultrafast temporal resolutions. Single-shot burst images of pulse-by-pulse femtosecond laser
ablation of glass driven by a 1-kHz femtosecond laser are captured by a chirped probe pulse and used for
the femtosecond to picosecond regime; and by spectrally sweeping burst pulses, are used for the

sub-nanosecond regime. Detailed descriptions are in Chapter 4.
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First, however, | review the ultrafast imaging techniques including the history of high-speed imaging,
time-resolved pump/probe method, and 1D-streak camera in Chapter 1. I then introduce previous research
on the single-shot ultrafast imaging that is the main subject of this research. Finally, the objective and

structure of this thesis are described.

1.1 Ultrafast imaging

In this section, previous research related to ultrafast imaging is reviewed. Here, I define the difference
between “ultrafast” and “high-speed” imaging. In this thesis, ultrafast imaging means that the frame rate of
image sequences is above 5 Mfps (frame per second, or Hz), which corresponds to an adjacent frame
interval that is faster than 200 ns. In general, high-speed imaging means 100 fps or higher. An exposure
time (shutter speed) is also an indicator of high-speed or ultrafast imaging. Figure 1.1 shows the time

scales in different ultrafast and high-speed imaging techniques.
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Figure 1.1 The time scales in various ultrafast and high-speed imaging techniques
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1.1.1 History and basic concept of high-speed imaging

To obtain a blur-free image of transient phenomena in various areas, including physics, chemistry, biology,
medicine, and industry, freezing a moment by high-speed optical imaging is an essential technique. The
history of high-speed imaging has progressed in the direction of increasing the frame rate and shortening
the exposure time. From the 19th century, when film cameras appeared, obtaining high-speed phenomena
has been the subject of public interest. A representative example of the success in capturing high-speed
phenomena are “The Horse in Motion” (photographed by Muybridge in 1878), and a shockwave was
generated by a bullet that exceeded the speed of sound photographed by Mach in 1887. In 1931, Edgerton
of the Massachusetts Institute of Technology (MIT) invented the strobe camera that used a flash lamp,
which made it possible to record momentary events that could not be directly captured by the human eye,
such as the milk drop coronet [99]. Since then, the frame rate has been improved by mechanically
increasing the rotation speed of the film.

Until the 1970s, however, significant improvements had not been achieved for the utilization of
charge-coupled devices (CCDs) and a complementary metal-oxide-semiconductor (CMOS). This
semiconductor technology made for high-speed imaging faster than 100 kfps (below 10 microseconds)
possible. However, CCD or CMOS cameras are not fast enough to reach the sub-nanosecond regime due to
the electrical limitations of the memory speed and reading speed to the chip. Even in high-speed cameras,
there is also a trade-off between light sensitivity and readout speed [18]. Eventually, in the 1980s, ultrafast
imaging at a frame rate of 1 Tfps (sub-picosecond region) was realized with a streak camera using an
optoelectronic streak tube, albeit limited in 1D spatial or spectral information.

On the other hand, from the viewpoint of exposure time, an ultrashort laser pulse is fascinating for strobe
light in both high brightness and short exposure time. Therefore, a time-resolved measurement that utilizes
ultrashort laser pulses, such as a pump/probe method, has been widely used. The pump/probe technique
falls short for capturing non-repetitive or random events owing to its requirement for repetitive
measurements, albeit providing time-resolved images of ultrafast events.

In 2009, an exotic optical time-stretch imaging method [100] that circumvented traditional limitations in
high-speed imaging was invented by Goda, Tsia, and Jalali at the University of California, Los Angeles
(UCLA). Serial Time-Encoded Amplified Microscopy (STEAM) [57] has overcome the imaging speed of
such conventional 2D-imaging sensors as CCD and CMOS cameras and opened a window onto ultrafast
2D-consecutive imaging in the nanosecond regime. STEAM is a method of all-optical 2D-consecutive
imaging using a mode-locked femtosecond laser and a single-pixel photodiode, whose real-time imaging
were at a frame interval of 163 ns (a frame rate of 6.1 Mfps) and an exposure time of 440 ps. Image

acquisition takes place at a 2D-optical-frequency Fourier plane of each laser pulse, and the imaging frame
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rate is defined by the femtosecond laser repetition rate. Now this time-stretch technique has been widely
used in spectroscopy and bioimaging [101-103]. Details of the time-stretch method are described in the
latter part of Chapter 1.

Moreover, in 2014, Nakagawa ef al. realized a single-shot 2D-burst motion-picture camera of
Sequentially Timed All-optical Mapping Photography (STAMP) [58] with a frequency-chirped laser pulse.
To the best of our knowledge, STAMP is thus far the best burst camera for capturing ultrafast events with a
sub-picosecond temporal resolution. STAMP demonstrated burst image acquisition with equally short
frame intervals of 229 fs (4.4 Tfps) and high pixel resolution (450x450 pixels).

Obviously, the advent of all-optical ultrafast imaging methods of STEAM and STAMP has boosted the
research fields on ultrafast imaging both single-shot and time-resolved schemes in the last decade. Of
course, imaging sensors and detection schemes have greatly improved with recent technologies [104—108],
and the temporal resolution has reached the sub-nanosecond region [109], but optical approaches still have

a lot of usages for ultrafast imaging applications in practical ways.

1.1.2 Time-resolved pump/probe method

There are various types of time-resolved spectroscopy; among them, the pump/probe method is widely used.
In ultrafast spectroscopy, sub-picosecond temporal resolution is required, and ultrashort laser pulse probes
are utilized. For example, observation of coherent phonons in solid materials [110,111]. Furthermore, using
attosecond (107'® s, as) lasers, extremely fast phenomena in the attosecond range have also been
reported [112,113]. In addition, by employing the wavelength band of X-ray, near-infrared (NIR),
mid-infrared (MIR) [114], far-infrared (FIR) [115], and Terahertz (THz), ultrafast spectroscopy outside of
the visible range is also conducted. Same as 1D-spectroscopy, the time-resolved pump/probe 2D-imaging
technique [5-7] provides ultrafast snapshots at different delay times. However, it falls short for imaging of
difficult-to-reproduce events. Figure 1.2 illustrates the schematic of a pump/probe method. The laser pulse
is divided into two pulses: a pump (excitation) and a probe (strobe) pulse. The pump pulse-induced
transient changes are measured with the probe pulse. By moving the delay stage, repetitive measurements

of the different timing make time-resolved information.
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Figure 1.2 Schematic of a pump/probe method

1.1.3 Streak camera

Before 1960, when the laser was invented, the boundary of the temporal resolution in optical science was
the nanosecond. The advent of the picosecond-pulse Nd-glass lasers in 1966 [116] achieved into the
picosecond time resolution. However, the fastest time resolution of the photodiode at that time was 100
ps [117], so direct measurement of ps pulse duration by an oscilloscope was impossible. Therefore, as an
indirect measurement method, the autocorrelation method [118,119], or the optical Kerr gate method [120-
122], was used. Finally, the streak camera [123] made a direct measurement of the picosecond regime
possible.

Figure 1.3(a) shows the operating principle of the streak camera. The measuring light passes through a
slit (typically 10-50 um wide) and the imaging optics (lenses) form a line image on the photocathode of the
streak tube. At this position, 4-optical pulses, which vary slightly in terms of both time and space, and
which have different optical intensities, are input through the slit and arrive at the photocathode. The
incident light to the photocathode is converted into a number of electrons proportional to the intensity of
the light; thus, these four optical pulses are converted sequentially into electrons. They then go through a
pair of accelerating electrodes, where they are accelerated and blasted against a phosphor screen.

As the generated electrons pass between a pair of sweep electrodes, high voltage is applied to the sweep
electrodes at a timing synchronized to the incident light (Figure 1.3(b)). This operation initiates a
high-speed sweep (the electrons are swept from top to bottom). During the high-speed sweep, the electrons,
which arrive at slightly different times, are deflected in slightly different angles in the perpendicular

direction and enter the micro-channel plate (MCP). The electrons are multiplied several thousands of times
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at the MCP, after which they impact against the phosphor screen, where the electrons are converted again
into the light. On the phosphor screen, the phosphor image corresponding to the optical pulse which was
the earliest to arrive is placed in the uppermost position, with the other images being arranged in sequential
order from top to bottom, that is, the vertical direction on the phosphor screen works as the time axis. Also,
the brightness of the various phosphor images is proportional to the intensity of the individual incident
optical pulses. The position in the horizontal direction of the phosphor image corresponds to the horizontal
location of the incident light. In this way, the streak camera can convert changes in the temporal and spatial
light intensity of measuring light into an image of the brightness distribution on the phosphor screen. Thus,
in the finally obtained 2D-image, an ultrafast event’s spatial information is contained in the horizontal axis
while the temporal information is contained in the vertical axis. i.e., the 1D-space-time data set of the (x, 7)
is measured.
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Figure 1.3 (a) Operating principle of the Streak tube, (b) Operation timing at time of sweep
(quoted from [123])

As described aforementioned, a streak camera serves a 1D-ultrafast imaging device. Currently, a
commercialized streak camera reaches the time resolution of up to 100 fs[124] although its narrow

entrance slit limits the imaging field of view (FOV) to the line shape.
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However, acquiring a 2D-time sequence image of (x, y, f) with a streak camera needs scans in the
y-direction of that is perpendicular to its entrance slit (x-direction). This requirement imposes the severe
constraints on the applicable objects; the event itself must be repetitive at each scanning position. Thus,
streak cameras with multiple scanning cannot address irreversible phenomena. The single-shot 2D-streak

camera methods are described in the latter part of this chapter (see 1.2.2.2).

1.2 Single-shot ultrafast 2D-imaging techniques

As reviewed the ultrafast imaging with time-resolved methods, though the reconstructed temporal
snapshots have a fine temporal resolution, the object for ultrafast measurements are restricted to only
reversible phenomena. To address the real-time imaging of non-repeatable event in an ultrafast time scale, a
variety of single-shot ultrafast optical imaging techniques have been developed in the last 10 years [55-98].
The progress of ultrafast laser technologies [125,126], the performance improvement of ultrafast
detectors [104—108], and the advent of new computational schemes in imaging, such as compressed
sensing [108,127,128] and single-pixel imaging [129,130], have also encouraged the development of
single-shot ultrafast imaging fields [56].

1.2.1 Category of image acquisition in single shot

According to the illumination requirement, single-shot ultrafast optical imaging can be categorized into
active detection and passive detection. “Active detection” means that ultrafast phenomena are captured
with illumination probe. Thus, the specially designed probe pulses are key elements in the active detection.
However, the nature of active detection excludes the detection ability of luminescence. On the other hand,
“passive detection” means ultrafast 2D-image detection with receive-only detectors, such as a Streak
camera, and ultrafast imaging sensors. As for the number of frames in single-shot imaging, we can also
differentiate the consecutive mode and the burst mode. In the rest of this section, the representative

single-shot methods of both consecutive and burst mode are described.

1.2.2 Consecutive 2D-imaging

With single-shot 2D-consecutive imaging, video graphical images, that is, ultrafast movies are obtained. In
general, passive detection methods are categorized into the consecutive mode, though commercialized
high-speed framing cameras, such as Ultranac Tau (Nac Image Technology, Inc.) with 1 Gfps (frame

interval of 1 ns) work in burst mode, detecting 12-image sequences in total [131]. As with passive detection,
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the time-stretch technique with active detection provides a consecutive image flow. Here, two
representative  single-shot consecutive techniques—Serial Time-Encoded Amplified Microscopy

(STEAM) [57] and Compressed Ultrafast Photography (CUP) [63]—are explained.

1.2.2.1 Time-stretch imaging

The optical time-stretch method [100—103,132—-140] achieves 2D-consecutive image acquisition at a frame
rate of 10 Mifps to 1 Gfps by overcoming technical and fundamental limitations in conventional imaging
sensors. Goda, Tsia, and Jalali originally demonstrated a STEAM camera in 2009 [57]. Image acquisition
takes place at a 2D-optical-frequency Fourier plane of each laser pulse with a 2D-spectral shower.

The 2D-spectral pattern is generated by a 2D-spatial disperser that consists of a pair of orthogonally
oriented spatial dispersers (a virtually imaged phased array (VIPA) and diffraction grating). The spatial
information of the target is encoded to the frequency component. Then, the spectrum information is
converted to a time signal by the dispersive Fourier transform (DFT) properties of light in both spatial and
temporal domains. Finally, utilizing a single photodiode and a fast oscilloscope, instead of a CCD camera
enables high-speed detecting in real-time. Therefore, STEAM utilizes space-to-frequency and
frequency-to-time encoding. In the consecutive time-stretching imaging, a frame rate and an exposure time
are determined by a repetition rate of the probe laser pulse and a pulse duration, respectively. By virtue of
its affinity with optical signal processing, time-stretch imaging can be combined with various optical
techniques such as amplification, nonlinear processing, and compressive sensing [135]. In this sense,
optical time-stretch imaging is a powerful ultrafast real-time imaging scheme in the nanoseconds to
microsecond regime, albeit lack of detection ability of fluorescence imaging.

For high-speed fluorescence imaging, radiofrequency versions of optical time-stretch imaging, such as
fluorescence imaging by radiofrequency-tagged emission (FIRE) [141] have been demonstrated [142,143].
In this case, spatial profile of the fluorescence signal is encoded into its radiofrequency spectrum.

A time-stretch approach outside of optical fiber was recently reported [144—147]. This free-space
angular-chirp-enhanced delay (FACED) [144,148,149] realized the visible wavelength time-stretch laser

scanning imaging for the first time.
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Figure 1.4 Schematic of Serial Time-Encoded Amplified Microscopy (STEAM)
(Figure reproduced with permission from [57]: doi:10.1038/nature07980 © 2009 NPG)

Figure 1.4 shows the schematic setup of the optical time-stretch imaging by STEAM. The STEAM
camera maps a 2D-image into a serial time-domain waveform in every repetitive pulse train. A broadband
pulse from the mode-locked femtosecond pulse laser first enters the 2D-spatial disperser that maps the
spectrum component into 2D-spectral probes. The 2D-probes are incident onto the object. The object is
illuminated by different frequency components of the 2D-probes and the spatial information of the object is
encoded to the spectrum showers. The reflected 2D-probes then return to the spatial disperser and
recombine into one pulse; in this process, space-to-time encoding is achieved. Next, the pulse enters the
amplified DFT to map the spectrum of the image-encoded pulse into a temporal waveform and to optically
amplify it before detecting it with a single-pixel photodiode and an oscilloscope. By virtue of DFT, the
optically amplified spatial profile, which is encoded into the frequency components, appears as a
modulated waveform in the time domain. Finally, a 2D-profile is constructed by sorting back the 1D-time
information. In the first demonstration of STEAM, real-time consecutive ultrafast imaging with a frame

interval of 163 ns (a frame rate of 6.1 Mfps), and an exposure time of 440 ps was realized.
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1.2.2.2 Two-dimensional Streak camera
As mentioned in the Streak camera section (1.1.3), an obtained ultrafast sequence by a Streak camera [123],
which transforms the temporal profile of an incident light into a spatial profile on an image sensor, is
limited in 1D-spatial information, albeit with a sub-picosecond temporal resolution. 2D-image acquisition
methods by a Streak camera with down-sampling 2D-spatial profile to 1D-spatial information have been
demonstrated. The 2D-image is reconstructed from the space-encoded 1D-streak images. For spatial
information down-sampling schemes, image sampling with pinhole array [150-152], tilted lenslet
array [75], time-unwarping [153], and time-folding [86] have been proposed. However, these 2D-Streak
cameras suffer from the number of frames or single-shot detection.

To overcome this problem and to realize a single-shot consecutive 2D-Streak camera without employing
any mechanical or optical scanning mechanism, Gao, Liang!, et al. invented the method of Compressed

Ultrafast Photography (CUP) [63] in 2014.

Object

Streak cimera

Camera lens

Wide-open
entrance slit
Beam splitter

Tube lens

y
DMD L doi:10.1038/nature14005

Figure 1.5 Schematic setup of Compressed Ultrafast Photography (CUP)
(Figure reproduced with permission from [63]: doi:10.1038/nature14005 © 2014 NPG)

! These authors contributed equally to the work.
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Figure 1.5 depicts a schematic of the 2D-Streak camera by CUP. In CUP, an input image is encoded with
a pseudo-random binary pattern by a digital micromirror device (DMD) as the spatial encoding module,
and then temporally dispersed along a spatial axis using a Streak camera. With compressed sensing
algorithms, the 2D-temporal snapshots are reconstructed. The frame rate of the reconstructed video in CUP
is determined by v/d, where v is the temporal shearing velocity of the streak camera, and d is the pixel size
of the internal CCD along the temporal shearing direction. The prominent advantage of CUP deriving from
the receive-only passive detection is the imaging ability of a variety of ultrafast luminescent phenomena
with a single-shot basis. So far, the CUP-based single-shot ultrafast imaging [63—69] has demonstrated
imaging speed up to 10 Tfps (frame interval of 100 fs) with an exposure time of 580 fs and 350 frames.
Each frame was occupied with 450x150 pixels [67]. However, the problem of low spatial resolution (The
original CUP resolution was ~0.36 line pairs per mm [63].) compared to other single-shot ultrafast imaging

methods still remains, and there is space for improvement of image reconstruction.

1.2.3 Burst 2D-imaging

Single-shot 2D-burst imaging method is categorized to active detection and divided into three different
operation schemes in probe variations: space-to-time (S2T) and spatial frequency-to-time (SF2T),
angle-to-time (A2T), and frequency-to-time (F2T) encoding. In general, the possible number of frames in

burst operation is the same as number of active probes.

1.2.3.1 Space- (spatial frequency-) to-time encoding
In this subsection, single-shot 2D-burst imaging methods with space-to-time (S2T) encoding and spatial
frequency-to-time (SF2T) encoding are described.

The S2T encoding method constructs temporal 2D-snapshots with spatially and temporally different
probe pulses. Thus, a different spatial position has different time information. To generate spatio-temporal
discrete pulses, the echelon is typically used with a method such as femtosecond time-resolved optical
polarimetry (FTOP) [71,77,85]. However, the number of frames and the imaging FOV are a tradeoff in the
S2T. The time-resolved technique of light-in-flight (LIF) [154—157] is also a kind of S2T method. Recently,
single-shot LIF-holography [74] was reported, but the constraint of the number of frames and FOV is the
same as the S2T. Due to the space requirement in the S2T, imaging configurations of FTOP and LIF
methods only permit non-colinear trajectory. To overcome this limitation in image acquisition, spatial

mapping methods after a sample position with copropagating probe pulses have been demonstrated [80,81].
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A framing camera with burst probes is another S2T. In this case, burst probes propagate in line and work
as an ultrafast illumination strobe source with conventional MHz high-speed flaming cameras [84,90]. Also,
single-shot detections with in-line burst probes by multiple image sensors have been reported [85,92,96].
However, these approaches suffer from the freedom of scaling in the number of frames, the number of burst
frames in a framing camera (typically up to 16 frames), or the number of image sensors (typically ~5
sensors).

On the other hand, the SF2T encoding utilizes collinear illumination probes with different spatial carrier
frequencies. This approach can support both intensity and phase information of an imaging target with one
imaging sensor; the image-encoded probes are spatially superimposed on a detector. In the reconstruction
process, temporal information tagged with each probe pulse is separated at the spatial frequency domain,
then 2D temporal snapshots are retrieved. In 2017, an SF2T encoding technique using intensity modulation
in probe pulses referred to as “Frequency Recognition Algorithm for Multiple Exposures (FRAME)” was
developed by Ehn et al. [70].

In FRAME, various carrier frequencies are attached to probes using sinusoidal intensity modulation by a
Ronchi grating with a different orientation. The different angle sinusoidal patterns preserve the temporal
information of a transient scene and are separated in the spatial frequency domain. In image reconstruction,
first, the acquired superposed image is Fourier transformed. Temporal 2D-image information carried by
each carrier frequency probe is separated in the spatial frequency domain. Then, the amplitude images of
each carrier frequency are recovered by filtering, shifting, and inverse Fourier transforming of the isolated
data in the spatial frequency domain. This procedure is the same as image retrieve of digital holography. In
this case, minimum exposure time is dictated by only the laser pulse duration, so an attosecond-laser pulse
may further increase video rates. A passive detection technique using this type of multiplexed structured
image capture (MUSIC) has also been proposed [88]. However, to increase the probe pulses, different
optical path branches are needed; thus, suffering from scaling in the number of frames, albeit the capability
of high temporal resolution.

Another type of SF2T encoding methodology is the spatial frequency division multiplexing holography,
such as the time-resolved holographic polarization microscopy (THPM) [78], single-shot sequential
holographic imaging (SSSHI) [94], and time and spatial-frequency multiplexing (TSFM) microscopy [97].
In this sequential scheme, transient image captured probes are recoded to the interference fringes via
off-axis reference pulses. The time information encoded hologram is then reconstructed with the same
procedure as the aforementioned Fourier transform procedure. The SF2T hologram leverages both phase
and amplitude images. However, the complexity of the experimental setup precludes scaling feasibility in

increasing the number of burst frames.
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1.2.3.2 Angle-to-time encoding

The angle-to-time (A2T) encoding method utilizes the different angle information. Each probe pulse with a
different angle records an image of the transient events simultaneously. As the A2T methods, the direct
imaging result [73] and several reconstructed methods such as spectrally multiplexed tomography
(SMT) [72], Fourier domain tomography (FDT) [76], phase retrieval photography with coherent diffraction
imaging (CDI) [93], and time-resolved imaging by multiplexed ptychography (TIMP) [82,83,89] have been
reported. These tomographic or ptychographic approaches can reconstruct more than 30 frames in a single

shot. However, the A2T method suffers from the spatial and temporal resolutions.

1.2.3.3 Frequency-to-time encoding

Frequency-to-time (F2T) encoding method is the technique used in Sequentially Timed All-optical
Mapping Photography (STAMP) [58]. The F2T method utilizes frequency (wavelength) components of a
chirped laser pulse as time-encoding probes. Note that the adaptation of frequency and time is not only
limited to a chirped pulse; for example, a discrete pulse train with different wavelengths also works, such as
FACED pulses [144,158] or multi-wavelength pulses generated by chromatic aberration of time lens [159].
After probing the transient scene, a 2D-image at a different time is stamped on each spectral information.
To detect the multispectral 2D-information separately, dispersive optical elements or snapshot multispectral
imaging systems are used. Finally, 2D-temporal snapshots of (x, y, f) are directly obtained without image
reconstruction. Recently, some STAMP like F2T methods have also been reported [79,91,95,98].
Meanwhile, employing an imaging spectrometer as a detection side of the F2T enables single-shot ultrafast
consecutive 1D-optical streak imaging (OSI) spectroscopy [35]. A detailed description of 1D-OSI is in
Chapter 3.

Here, the single-shot F2T encoding 2D-burst imaging of STAMP [58] is introduced. STAMP was
invented by Nakagawa et al. in 2014 to realize ultrafast single-shot all-optical imaging with a femtosecond
mode-lock laser that is faster than STEAM. STAMP employs a linear frequency-chirped laser pulse as a
strobe probe and adapts wavelength dispersion to the group delay time (i.e., converting the wavelength to
the time axis by the F2T). Then different wavelength daughter pulses in which 2D-image information is
encoded are spatially mapped on a CCD camera such that the captured images are snapshots of the target.

In this way, STAMP works as a single-shot 2D-burst camera with sub-picosecond temporal resolution.
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Figure 1.6 Schematic of Sequentially Timed All-optical Mapping Photography (STAMP)

(Figure reproduced with permission from [58]: doi:10.1038/nphoton.2014.163 © 2014 NPG)

Figure 1.6 shows a schematic of the STAMP. The basic concept of STAMP is to capture the ultrafast

transient phenomena with a frequency-chirped pulse. This is achieved by two processes: temporal mapping

device (TMD) and spatial mapping device (SMD). First, a femtosecond pulse passes through a TMD

composed from a pulse stretcher and a 4f~pulse shaper. Depending on specific experimental requirements,

the pulse stretcher uses different dispersing elements to stretch the chirped pulse duration. The pulse shaper

then filters different frequency components of the chirped probe, generating spectrally sweeping burst

probe pulses. In the case of the original STAMP, 6-burst pulses probe the transient event. After the target,

these transmitted probes pass through an SMD, which uses a diffraction grating and imaging optics to

separate multispectral images in space. Finally, the time-encoded spectral images are directly recorded in

different areas on an imaging sensor simultaneously. To the best of our knowledge, STAMP is thus far the

world’s fastest burst camera for capturing ultrafast events with a sub-picosecond temporal resolution.

STAMP demonstrates burst image acquisition with equally short frame intervals of 229 fs (4.4 Tfps) and

high pixel resolution (450%450 pixels). Therefore, STAMP is a compelling 2D-direct imaging method with

both high temporal and spatial resolution on a single-shot scheme.
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In STAMP, the snapshot of spectral images measured by a linearly frequency-chirped laser pulse
corresponds to the temporal snapshot. Therefore, the combination of a snapshot multispectral imaging
system and the F2T encoding performs a STAMP. Spectral shapers with a periscope array [160] or with
slice mirrors [161] have been reported for the STAMP application.

However, the number of unique periscopes used in the original STAMP scheme limited the total number
of frames to six. Also, the time window ranges from femtoseconds to picoseconds regime so far. For the
diverse applications of STAMP to single-shot ultrafast imaging, there are requirements to solve the problem
of freedom in the number of snapshots and expansion of the time window to nanoseconds regime

unachieved by both conventional high-speed and cutting-edge ultrafast imaging technique.
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1.3 Objective of this Thesis

As reviewed in the ultrafast imaging techniques so far, single-shot ultrafast imaging circumvents the
limitation in conventional high-speed cameras temporal resolutions and is expected to pave a way to
measure transient phenomena in the femtoseconds to nanoseconds domain in real time. Obtained basic
knowledge by single-shot 2D-snapshot will bring many insights into physics, chemistry, and the medical
sciences. Excellent reproducible events can be measured by a widely used time-resolved pump/probe
method; but difficult-to-reproduce phenomena such as irreversible phase transition in crystal chemistry,
in-vivo scattering effects, laser-induced shock waves, and laser chaos are not suitable for repetitive
measurement due to poor precision reproducibility. If the fluctuation of the excitation pump laser output is
sensitive to measurements, the time-resolved method will cause an error, albeit with the highly reproducible
phenomenon. Among the single-shot methods, a frequency-to-time encoding of STAMP is the only method
capable of direct 2D-burst imaging with both high temporal and spatial resolution on a single-shot basis.
This single-shot approach leverages an observation window ranging from sub-picoseconds to nanoseconds,
which is impossible to access by the conventional ways. Thus, STAMP is a highly attractive imaging
technique that addresses observations of ultrafast irreversible phenomena. However, for the diverse
applications of a STAMP method to single-shot ultrafast imaging, there are requirements to solve the
problem of freedom in the number of snapshots and expansion of the time window to nanoseconds regime.

This study aims to reveal various ultrafast nonrepetitive phenomena in real-time by developing and
applying the modified version of STAMP utilizing Spectral Filtering (SF-STAMP) for single-shot
measurement. The first half of this thesis focuses on the establishment of a comprehensive SF-STAMP
methodology with a simple but widely applicable to single-shot ultrafast 2D-burst imaging. First, to realize
the freedom of scaling simplicity, the development and improvements of the 25-frame snapshot SF-STAMP
multispectral imaging system have been achieved. Then, to expand a time window for nanoseconds regime,
spectrally sweeping burst probes with a ~100-ps interval generated by a 4/~FACED system have been
applied to the SF-STAMP scheme.

The second half of this thesis addresses the single-shot measurements of photo- and THz-induced
irreversible ultrafast phase transition processes in Ge,SboTes and MoTe,, respectively, that can be observed
for the first time by virtue of SF-STAMP’s notable features of a single shot and ps-temporal and pm-spatial
resolution. Moreover, a real-time in-situ measurement application in multiple femtosecond laser pulses
processing has been demonstrated by combining a conventional high-speed camera and SF-STAMP. These
results highlight that the frequency-to-time encoding of STAMP has advantages over other single-shot

ultrafast imaging methods.
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1.4 Structure of this Thesis

This thesis consists of six chapters. The schematic structure is shown in Figure 1.7. Chapter 2 describes the
fundamentals of the ultrafast laser used in this study, the principle of the ultrafast 2D-burst imaging scheme
of sequentially timed all-optical mapping photography utilizing spectral filtering (SF-STAMP),
SF-STAMP’s scaling to 25 frames, and an extension approach to the nanoseconds time window with
spectrally sweeping burst pulses. Chapter 3 addresses a single-shot measurement of THz-driven irreversible
phase transition in multilayer MoTe, by observing transient reflectivity change of a chirped probe by
SF-STAMP, together with 1D-optical streak imaging (1D-OSI) spectroscopy; we observed the
disappearance of the initial phase and discovered a metastable phase during the irreversible phase transition
around 30-40 ps after a THz pulse excitation, and insights of THz-induced phase transition dynamics are
summarized. In Chapter 4, the real-time application of SF-STAMP combining with a kHz high-speed
camera is demonstrated; real-time in-situ measurement of laser processing evaluates the precursor process
of each pulse and its effect on femtosecond laser processing of glass under multiple pulses accumulated
conditions with sub-nanosecond time resolution using a chirp pulse probe or spectrally sweeping burst
probes. Chapter 5 discusses the outlook for the future applications of SF-STAMP, especially laser
processing and THz wave region. In Chapter 6, the experimental results and knowledge obtained in each

chapter are summarized, and I conclude this thesis.

Chapter 1: Introduction

Chapter 2: Fundamentals of ultrafast laser, and
development and improvements of SF-STAMP

Chapter 3: Single-shot measurement of Chapter 4: Real-time in-situ
a THz-driven irreversible phase transition measurement of laser processing

Chapter 5: Outlook for future application of SF-STAMP }

A

Chapter 6: Conclusion

b

Figure 1.7 Schematic structure of this thesis
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Chapter 2
Fundamentals of ultrafast laser, and
development and improvements of SF-STAMP

Chapter 2 describes the fundamentals of the ultrafast laser used in this study, the principle of the ultrafast
2D-burst imaging scheme of sequentially timed all-optical mapping photography utilizing spectral filtering
(SF-STAMP), SF-STAMP’s scaling to 25 frames, and an extension approach to the nanoseconds time

window with spectrally sweeping burst pulses.

2.1 Fundamentals of ultrafast lasers
In this section, the theory necessary for performing single-shot ultrafast 2D-burst imaging using a linear
frequency-chirped pulse is described. The development and improvements of STAMP utilizing spectral
filtering (SF-STAMP) are described in the latter parts of this chapter.

First, the generation and phase characteristics of the ultrashort laser pulse, and the influence of dispersion
on the ultrashort laser pulse are explained. Next, the light source used in this study, the femtosecond laser

amplification system by chirped pulse amplifier (CPA), is described.

2.1.1 History of ultrafast lasers

When “LASER” (Light Amplification by Stimulated Emission of Radiation) was born, it was not
amplification of light but that of microwaves; hence, it was called “MASER” (Microwave Amplification by
Stimulated Emission of Radiation). Here, the history from MASER to the birth of LASER is briefly
reviewed. The maser begins when Einstein published the theory on stimulated emission in 1917. Later,
Weber published the theory of masers in 1952, and Gordon, Zeiger, and Townes (at Columbia University)
succeeded in the world’s first maser oscillation in 1954 [162,163]. Based on this, the development of the
maser in the near-infrared and visible range (wavelength ranging from 380 to 780 nm) was performed, and
in 1958, Schawlow and Townes (at Bell Telephone Laboratories) published the theory of optical
maser [164]. In 1960, Maiman (at Hughes Research Laboratories) realized the world’s first LASER
oscillation (wavelength of 694.3 nm) using a ruby medium [1,165]. The oscillation of the ruby laser
animated the laser research and the competition for laser oscillation began in various wavelength bands.

The He-Ne laser (wavelength of 632.8 nm) was developed in 1961 by Javan et al. at Bell Telephone
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Laboratories [166], and the semiconductor laser was developed in 1962 by Hall et al. at General Electric
Research Laboratory [167]. In the same year, GE’s Holonyak et al. succeeded in semiconductor laser
oscillation in the visible region [168]. In 1964, Patel of Bell Laboratories demonstrated the CO, laser
(wavelengths of 9.4 um and 10.6 um) [169], and Geusic et al. (at Bell Laboratories) did the Nd: YAG laser
(wavelength of 1064 nm) [170]. In 1966, IBM’s Sorokin and Lankard developed organic dye lasers [171],
and excimer lasers in the ultraviolet region [172] were invented by Basov et al. at Lebedev Physical
Institute in 1970. These contributions brought the 1964 Nobel Prize in Physics to Townes and Basov, and
the 1981 Nobel Prize in Physics to Schawlow.

On the other hand, research on pursuing a short laser pulse was also conducted eagerly. The Maiman’s
flashlamp-pumped ruby laser also had a pulse oscillation of about 100 ns. In 1964, using Q-switch
technology, a pulse duration of 30 ns was obtained [173]. Passive mode-locking, which plays a vital role in
today’s short-pulse lasers, was already realized with a ruby laser in 1965 [174]. A pulse width of 0.37 ps
was achieved with an Nd3**-doped glass laser in 1966 [116], reached to the sub-picosecond regime. In order
to realize the femtosecond region, in addition to passive mode-locking [117,175,176], a gain medium with
a broadband spectrum indicated by the uncertainty principle between pulse-width (A¢) and spectral width

(Aw) given by Equation (2.1) is also required.

At Aw = K (Constant) (2.1)

In 1974, the CW passive mode-locking of the dye laser produced a pulse width of 0.7 ps, a repetition rate
of 100 kHz, and a peak intensity of ~kW [177]. An ultrashort laser pulse of 90 fs was obtained by Fork et al.
at Bell Telephone Laboratories in 1981 [178]. This made the femtosecond laser a reality. However, the dye
laser was unstable due to liquid jet fluctuations and other factors, even though it has a wide gain of 10 to 50
nm which was suitable for obtaining a short pulse.

Therefore, a solid-state laser represented by the Ti:sapphire laser [2], which is almost synonymous with
the femtosecond laser, has appeared. In 1991, Spence et al. (at University of St. Andrews) proposed the
Kerr lens mode-locking (KLM) of Ti:sapphire laser, and realized a pulse width of 60 fs [3,179].

2.1.2 Mode-locking Ti:sapphire femtosecond laser

As seen in the previous section, the Ti:sapphire mode-locking laser [180] popularized the femtosecond laser.
The reason why Ti:sapphire crystals are widely used instead of dye lasers is a wide gain medium with high
thermal conductivity, saturation intensity, and optical damage threshold. Besides, it is possible to obtain an

ultrashort laser pulse of several tens of fs stably by using CW mode-locking. Moreover, the Ti:sapphire
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crystal has an absorption maximum near the wavelength of 510 nm, so the second harmonic of commercial
lasers of Nd: YLF (center wavelength of 1047 nm) and Nd: YAG (center wavelength of 1064 nm) can be
employed as a pump light source. In recent years, Ti:sapphire lasers pumped by high power laser diodes
(LDs) have also appeared [181-184].

In general, Kerr lens mode-locking (KLM) is widely used in Ti:sapphire lasers. KLM is realized by the
function of a saturable absorber by changing the focusing state of the laser beam derived from the optical

Kerr effect inside a laser cavity. Figure 2.1 shows a schematic of KLM.
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Figure 2.1 Schematic of Kerr lens mode-locking (KLM)

When the instantaneous intensity of the laser light oscillating inside the crystal becomes sufficiently large,
the nonlinear refractive index change of the laser medium occurs due to the optical Kerr effect, and a
refractive index distribution of a convex lens is generated so that the laser pulse is self-focused. At the same
time, an optical nonlinear effect of self-phase modulation (SPM) occurs, and the spectrum becomes
broadened. As a result, the distribution of spatial mode inside the oscillator changes; the shorter the pulse
and the higher the peak intensity, the smaller the loss at the aperture (circular aperture); and the optical
pulse itself performs as an ultrafast shutter. Therefore, the laser crystal equivalently functions as a saturable
absorber, and the shorter the pulse, the larger the gain obtained by reciprocating the cavity. A
broad-spectrum by SPM is also achieved. By repeating this process, the shortening of the pulse progresses,

and the passive mode-locking is realized.
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Figure 2.2 Schematic of a typical Ti:sapphire laser using Kerr lens mode-locking

A typical configuration of a Ti:sapphire laser cavity with KLM is shown in Figure 2.2. Inside the cavity,
a concave mirror pair is placed across a Ti:sapphire crystal. When the laser pulse propagates through the
crystal, the pulse width is stretched due to material dispersion. For this reason, dispersion compensation
mirrors (chirp mirror) consisting of the dielectric multilayer, or a prism pair compressor, are used as
dispersion compensation elements. Consequently, the short pulse duration is maintained, and KLM is
realized by the optical Kerr effect.

From the viewpoint of wavelength components, as shown in Figure 2.3, an ultrashort laser pulse is
strengthened at the position where peaks of each wavelength are aligned by superimposing several waves
of different wavelengths so that all wavelength (spectral) components are in phase at a certain timing. It is
generated by canceling at other positions. Therefore, ultrashort laser pulses such as femtosecond lasers have
a broad spectrum, unlike typical CW laser light with a narrow spectrum. Each frequency component over a
wide spectrum is called a longitudinal mode, and regulating the relative phase between longitudinal modes

is called mode-locking.
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Mode-locking

Figure 2.3 Schematic of mode-locking in wavelength components

Next, the synthesis of the ultrashort laser pulses is interpreted mathematically. The complex amplitude of

the optical electric field over multiple modes of E(¢) is given by Equation (2.2):
(N-1)/2
EW= Y Egelesawnag 22)
q=-(N-1)/2

Here, N is the number of all oscillation modes, Aw is the longitudinal mode interval, wo is the angular
frequency of center (Oth) longitudinal mode, £, is the field amplitude of the g-th mode, and ¢, is the initial
phase.

When the relative phases between longitudinal modes are regulated by mode-locking, the initial phase
becomes ¢, = 0 and the electric field of laser oscillation can be described as follows (for simplicity, the

amplitude of the electric field in all modes is £, = Eo):
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NAw NAw
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At a period of T = 2n/Aw, a point where the denominator in Equation (2.3) becomes zero appears, and a

pulse train is generated. The peak amplitude at that time is N times the amplitude of one mode.

The time width of each pulse (Af) is 1/N of the period T, so it is given by Equation (2.4):

At_T_Zn_ 21 _1_1 o4
" N NAw NQ@mév) Név Av 2.4)

Here, Av is the frequency interval between longitudinal modes. Thus, the standard uncertainty

relationship by Fourier transform is valid between the pulse width A¢ and the whole spectral width Av.
At Av = K (Constant determined by the shape of a pulse) 2.5)

Therefore, ultrashort pulses can be obtained by mode-locking in a broadband spectrum where many

longitudinal modes exist (see Figure 2.4).

The frequency interval between longitudinal modes in a laser cavity (6v) can be described as follows,

c
2.
oV = 51 (2.6)

where, L is the length of the cavity and c is the speed of light in a vacuum.
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Figure 2.4 Relationship in laser pulses between time and frequency domain

2.1.3 Phase characterization of ultrashort laser pulse
The following fundamentals and description are based on some textbooks and references of ultrafast
optics [185-187].

The complex amplitude of the electric field of a laser pulse in free-space E(?) is given by Equation (2.7):
E(t) = A(t)el®® (2.7)

Here, A(f) is the time-depending amplitude and 6(¢) is the time-depending phase. {4(f)}? represents the
time-dependent light intensity and corresponds to the envelope of the time waveform of the observed pulse.
The time-depending phase 6(7) can be described as Equation (2.8) with the center angular frequency of

wo, the time-depending phase of ¢(f), and the absolute phase of 6y:
0t) = @) — wot+ 6, (2.8)

By changing these parameters, ultrashort laser pulses have various phase characteristics and various
aspects.
For broadband pulses such as femtosecond laser pulses, in addition to the description in the time domain,

the description in the frequency domain is also important in terms of understanding the dispersion
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characteristics and controlling the laser pulse. The complex amplitude of the electric field of a laser pulse

E(f) can be expressed as a combination of Fourier frequency components:

E(t) = F(w)e /“tdw (2.9)

.

Here, F(w) is the Fourier frequency components and can be described as Equation (2.10) with the spectral

amplitude of B(w) and the spectral phase of ¢(w):

F(w) = B(w)e /®@ (2.10)
1 «© .
= —_— jot
mf_wE(t)e dt (2.11)

As can be seen from Equations (2.9) to (2.11), once the pair of the amplitude A(¢¥) and phase 6(¢) is
determined, the set of the spectral amplitude B(w) and spectral phase ¢(w) is uniquely determined, and vice
versa. When ¢(w) is constant—that is, when the spectral phase of the laser pulse is aligned over all
frequency components (mode-locking)—the pulse width becomes the shortest; this is called the Fourier
transform limited (FTL) pulse. At this time, the equality of the uncertainty relation between the pulse width
At and the frequency width Av (= Aw/2m) holds.

At Av = K (Constant) (2.12)

Also, by modulating the spectral phase ¢(w), the temporal waveform of the pulse can be shaped.

Next, the dispersion effect, in which the spectral phase ¢(w) of the laser pulse changes depending on the
frequency, is explained. The main causes of dispersion are the material dispersion in which the refractive
index of the substance changes with the frequency of light, and the structural dispersion derived from the
structure of a waveguide or other element. In the following, we consider the dispersion effect in a linear
optical system (without optical loss and nonlinear optical effects).

When the phase arises due to passage through a bulk dispersion medium of length L, we can write

¢ = —BwlL (2.13)

where f(w) is the propagation constant in the medium.
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The Taylor series expansion of the spectral phase ¢(w) and f(w) around the central angular frequency wo

are commonly as follows:

d 1d? 1d3
p(w) = ¢, + %(w —wy) + Em(w —wo)? + gd—qu(w —wo)d+ -
1 1
= ¢o+ ¢1(w—wo) + E‘Ibz(w —we)? + €¢3((U —wp)® + - (2.14)
d 1d? 1d3
flw)= g, + ﬁ(w—wo) + Ed—w'i(w—a)o)z + gd—w[i(a)—wof + -
1 1
= Pot+ Bi(w—wo) + E.Bz(w_wo)z + gﬁs(w_wo)?’ + (2.15)

The coefficient of f1 (= df/dw) in the second term on the right side of Equation (2.15) is an amount that
gives the delay time to the laser pulse and is called group delay (GD) or first-order dispersion. The part of
B(w) that is not linear in angular frequency (w = 2mc/A) is called dispersion. The B, (= d?B/dw?) term
contributes a quadratic spectral phase variation, which leads to a linear variation in delay with frequency.
This second-order dispersion or group delay dispersion (GDD) imparts a linear chirp to the output pulse.
The B3 (= d*B/dw?) term contributes a cubic spectral phase leading to a quadratic variation in delay with
frequency. This third-order dispersion (TOD) results in an asymmetric pulse distortion in temporal
waveform with an oscillatory structure. These GDD and TOD terms are sufficient to describe femtosecond
pulse propagation in most dispersive media in most circumstances. However, in some very critical
applications, such as sub-10-fs laser design and chirped-pulse amplifiers (CPAs) for very short pulses,
additional higher-order terms must also be retained.

Here, the effect of second-order dispersion (linear chirp) on the time waveform of the laser pulse is
considered. Assuming a Gaussian FTL pulse as the incident light, the electric field of the laser pulse in the

time domain Ein(¢) can be expressed by Equation (2.16):
Ein(t) = Age~ e~J®ot (2.16)

The pulse width (full width at half maximum) Az and the spectral width Aw of a Gaussian pulse are as

follows:

A= |2In2 2.17)

41n2
At

[N
S
|

(2.18)
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When this laser pulse propagates through the dispersive medium and a linear chirp (¢ 2 = —f») is attached,

the electric field of the output pulse Eou(f) becomes as follows:

A «© — 2 .
Eoue(t) = 2\/—2{_11.[_00 exp {— %} exp {—j%(w - wo)z}e'”’tdw (2.19)
. (b, )}
(% exp{ Tt 4a2 g, t }exp { j <1 T aa? g2 t° — wot (2.20)

This shows that the linear chirp (GDD) alters the spectral phase, and consequently, the amplitude shape

changes and the pulse width stretches in the time domain. From Equation (2.20), regardless of whether the

GDD is positive or negative, the pulse width is expanded to ’1 + 4a? ¢,* times of the incident pulse,

since the complex amplitude of the output pulse changes a — Tl
2

Here, the instantaneous angular frequency of w(¢) can be described as Equation (2.21):

do(t)

o) = — 2 2.21
® - (2.21)
d 20 ¢, 4a? ¢,
= ——|(——5t-wit)|=wy - ———
dt\1 + 4a2 ¢, 1+ 4a2 ¢,
4a?
= wy+ —ﬁzzt (2.22)
1+ 4a?p,

Thus, in normal dispersion (f, >0), the instantaneous angular frequency becomes a positive chirp that
increases linearly with time, and in the case of anomalous dispersion (f, <0), it becomes a negative chirp in
which the frequency decreases linearly with time. Figure 2.5 depicts the affection of linearly
frequency-chirped pulses. In a positive chirp pulse, the long-wavelength component propagates faster than
the short-wavelength, whereas in the negative chirp, the short-wavelength delivers faster than the
long-wavelength component.

In general, to evaluate the property of ultrashort laser pulses, pulse measurement techniques [188] of
autocorrelation [189—191],  spectral  interferometry  (SI) [192], spatial-spectral  interferometry
(SSI) [193,194], Frequency-Resolved Optical Gating (FROG)[195-197], and Spectral Phase
Interferometry for Direct Electric-field Reconstruction (SPIDER) [198,199] are widely used.
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Figure 2.5 Affection of linearly frequency-chirped pulses

2.1.4 Amplified femtosecond laser system by chirped pulse amplification (CPA)

The femtosecond laser after the oscillator has pulse energy of several nJ, and its intensity is not enough for
diverse applications other than mere optical measurement. Hence, in order to utilize the femtosecond laser
as a light source for nonlinear phenomena such as supercontinuum generation, molecular control, and laser
processing, amplification technology is required. However, only amplifying the intensity of the pulse may
cause damage to the optical elements and gain medium inside the amplifier; and may degrade the spatial
quality of the beam, such as self-focusing due to nonlinear optical effects. Therefore, the chirped pulse
amplification (CPA) [4,200] was demonstrated for the first time by Strickland and Mourou at the University
of Rochester in 1985. Now, the CPA technique has been widely utilized, and their contributions deserved
the 2018 Nobel Prize in Physics. CPA is a method to obtain high pulse energy ultrashort laser pulses by
three steps: expanding the pulse duration of ultrashort light pulses, amplifying energy, and compressing the

pulse width again as shown in Figure 2.6.
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Figure 2.6 (a) Schematic of Chirped Pulse Amplification (CPA); (b) Schematic of the CPA system used in

the experiments other than Chapter 3.

Next, the essential three steps in the CPA —that is, pulse stretcher, amplifier, and pulse compressor—are

described.
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Pulse stretcher

As explained in the previous section, the pulse width of the ultrashort pulse stretches when a linear chirp is
added. First, let us consider a diffraction grating that is commonly used as a dispersive element. In the
diffraction grating, if the groove pitch of the diffraction grating is d, the incident angle is 6;, the diffraction

angle is 84, and the diffraction order is m, the diffracted light is expressed by the following equation:

d(sinf; + sin8;) = mAa (2.23)

Usually, first-order diffracted light with the highest diffraction efficiency is used. When a broadband
pulse is an incident on the diffraction grating, the diffraction angle varies with each wavelength. Therefore,

the optical path length is different for each wavelength, and dispersion is given to the optical pulse.

A
. Mirror Roof mirror >

*x Y
\ ) <
] (

Figure 2.7 Schematic of a Martinez-type stretcher

Using this mechanism, in 1987, Martinez proposed a pulse stretcher using a diffraction grating [201]
(hereafter the Martinez-type stretcher). The configuration of the Martinez-type stretcher is shown in Figure
2.7. The laser pulse dispersed by the first diffraction grating passes through the lens and enters the second
diffraction grating at an angle equal to the diffraction angle. As a result, the spatially dispersed beam
becomes parallel light. Then, the spatial dispersion is removed by folding the same optical path with a
plane mirror. At this time, the amount of dispersion can be adjusted by the distance z from the focal position

of the lens (focal length of f).
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The optical path length for the angular frequency component w in this process Lumartinez(®) is

+ cos{0; — 6,(w)} (2.24)

1
LMartinez((‘)) = 2zcos ed(wO) m

where the center frequency is wo, and can be obtained from the distance (z) and the incident angle (6;).

On the other hand, the Martinez-type stretcher uses a lens, which causes higher-order dispersion and
aberration. To remedy this problem, the Barty-type stretcher using a cylindrical mirror [202] and the
Offner-type using concave and convex mirrors [203,204] have been proposed.

The following describes the Offner-type stretcher that employed in the CPA system used in the

experiments all but Chapter 3. Figure 2.8 shows the configuration of the Offner-type stretcher.

\\
(\x \

oraraor}

Roof mirror

Concave mirror

Grating

Convex mirror

R

Figure 2.8 Schematic of an Offner-type stretcher
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In the Offner-type stretcher, a concave mirror and a convex mirror are placed at the center with a
curvature radius of 2:1, and the optical pulse can be stretched without aberration. Also, there is an
advantage of the easy usage of single diffraction grating. When the curvature radius of the convex mirror is
R, the distance from the concentric center to the diffraction grating is z, and the groove pitch of the

diffraction grating is d, the spectral phase of the Oftner-type stretcher gosmer(®) is given by Equation (2.25):

14 {1+ cos(8; —6,;(w))}
cos 6, (w) d

Borimer(@) = —|5R - an 64(w) (225)

Since there is a relationship between group delay 7(w) and path length L(w) [205],

0p@) _ L)

o = (w) = ; (2.26)
d d? 1d3

= G @0t i@+ 3 et 227

the path length L(w) and the dispersion of each order d"¢/dw” can be obtained.

Amplifier
The seed laser pulse whose time width is elongated by the pulse stretcher is subsequently amplified using
the gain medium, such as a Ti:sapphire crystal. As amplifiers, regenerative amplifier [206] and multipath

amplifier [207,208] are commonly used. Figure 2.9 shows the schematic setup of a regenerative amplifier.

Th|n film polarizer

Compressor I: /\

Half wave plate

Focus lens
\ Faraday rotator
Pump laser \

Pockels cell

l ‘ Ti:sapphire  Thin film polarizer

Figure 2.9 Schematic of a regenerative amplifier
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A regenerative amplifier has a configuration in which a gain medium is placed in a laser cavity, including
an optical switch using a Pockels cell that is an electro-optic element and a Faraday rotator that is a
magneto-optic element. Stretched seed pulses are amplified in the cavity, and the repetition rate is reduced
from MHz to kHz order. In this round trip inside the cavity, laser pulses with high beam quality are
obtained, but the gain of one path is small due to energy loss in the Pockels cell, and the number of round
trips must be increased. Therefore, the effect of dispersion and spectral narrowing due to dispersive
elements such as Pockels cells, thin-film polarizers, and gain media, affects the spectral shape and phase of

the amplified laser pulse. For further amplification, a multipath amplifier is also utilized.
Pulse compressor

A pulse compressor using a diffraction grating pair [209] was devised by Treacy in 1969. Figure 2.10

illustrates the schematics of a grating pair compressor.

Y =

A
{¥

Roof mirror

Grating

Figure 2.10 Schematic of a pulse compressor with a diffraction grating pair

The input beam is incident on the first grating at angle 6;. The diffracted angle 6, is a function of
frequency, and the pulse front after diffraction from the first grating is tilted. After diffracting from the
second grating, all the output rays are again parallel to the input beam and independent of frequency, and
there is no longer any angular dispersion or pulse tilt. The distance between diffraction gratings arranged in

parallel is denoted G. The pitch of the grating is d.

34



2. Fundamentals of ultrafast laser, and development and improvements of SF-STAMP

In this situation, first-order dispersion (GD), second-order dispersion (GDD), and third-order dispersion

(TOD) are expressed as follows:

dp G{1 + cos(6;—6,)}

L 2.2

dw ccosf, (2.28)
d?¢ A3 G (2.29)
dw?  2mc?2d?cos3 6, ’
d3¢ 31 ( A sinfy ) d?¢ (2.30)
dw3 27C d cos? 6,/ dw? ’

Equation (2.29) shows that a parallel diffraction pair can provide a tunable amount of anomalous
dispersion. This device can be used to compensate for material dispersion by adjusting the grating
separation. For positively chirped input pulses, the grating pair can be used to compress these pulses to the
FTL. For FTL-input pulses, passage through the grating pair leads to a negative chirp on the output pulse.
Equation (2.30) shows that a grating pairs compressor cannot simultaneously compensate for both second-
and third-order material dispersion; although the second-order dispersions can be made to cancel, the

third-order dispersions will add.

2.2 Development of STAMP utilizing spectral filtering (SF-STAMP)

As aforementioned in Chapter 1, Sequentially Timed All-optical Mapping Photography (STAMP) [58] is a
powerful single-shot ultrafast imaging method, thanks to these salient features: the feasibility of both high
temporal (~femtosecond order) and spatial (~micrometer order) resolution, and the ability of direct
2D-burst imaging without post-processing of image reconstruction. In the STAMP scheme, the snapshot of
spectral images measured by a linearly frequency-chirped laser pulse corresponds to the temporal snapshot.
Therefore, the combination of a snapshot multispectral imaging system and the frequency-to-time encoding
performs a single-shot burst image acquisition.

In the original STAMP, a unique periscope-array structure in the spatial mapping device (SMD) [58]
achieved the spatial separation of different multispectral images [160]. In principle, STAMP’s total number
of frames can be increased, but six multispectral images are the current limitation. In fact, it is not easy to
manufacture a periscope-array that can manage larger spectral components. The utilization of slice mirrors
as a spectral shaper in SMD [161] has been reported for the STAMP application, but this approach still
suffers from the complex mechanical design and realization. To realize various applications of STAMP to
single-shot ultrafast imaging, there are demands to solve the problem of freedom in the number of
snapshots and expansion of the time window to nanoseconds regime unachieved by both conventional

high-speed and cutting-edge ultrafast imaging technique.
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In this section, after introducing fundamentals of optical imaging system, the principle and details of

STAMP utilizing spectral filtering (SF-STAMP) [60,61] are described.

2.2.1 Fundamentals of optical imaging system

Here, theories of optical imaging required for 2D-imaging are explained.

Optical Fourier transform
A lens is the most important optical element for optical experiments, and the greatest advantage of using a
lens is that it forms a Fraunhofer diffraction, which is originally formed sufficiently far from the aperture at
the focal plane of the lens.

In the Fraunhofer diffraction region, the amplitude distribution on the aperture plane ui(&, #) and the
amplitude distribution on the screen ux(x, y) are connected with the Fourier transform, as shown in
Equation (2.31), where z is the distance between the aperture and the screen.

X

@ o xE+
Uy (%,y) = ﬂ_ uy(&,n) e E L dgdn 2.31)

Therefore, optically Fourier transforming the beam is possible by using a lens.

Next, let us mathematically interpret that the object placed on the front focal plane of the lens with focal
length f'is Fourier transformed to the rear focal plane. As shown in Figure 2.11, the coordinates of the front
focal plane (Object plane) where the object is placed are (& #), the coordinates of the lens position are (xi,

1), and the coordinates of the rear focal plane (Fourier plane) are (x, y).

Object plane Lens Fourier plane

t(&,m)

ul(E,n) u,(x;,y)  uy(x,y,) u,(x,y)

Figure 2.11 Schematic of optical Fourier transform with lens
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Here, assuming that a plane wave of amplitude A4 is incident on the object, the amplitude distribution
immediately after the object is ui(&, #7), the amplitude distribution just before the lens is ux(x1, y1), just after
the lens is us(x1, y1), and the amplitude distribution on the Fourier plane is u4(x, y). The amplitude

distribution immediately after the object is u1(&, %), and is expressed by

u; () = At m) (2.32)

with the amplitude transmittance distribution of an object #£, #). Since this propagates by the distance f'to
the lens, the amplitude distribution immediately before the lens ux(x1, y1) using the Fresnel diffraction

formula becomes

® Ko ey2 _m2

Then, multiplying this by the transmittance of the lens #ens(x1, 1), the amplitude distribution immediately

after the lens u3(x1, y1) is expressed as

Uz(X1, 1) = tlens(X1, Y1) “ U2 (X1, 1) (2.34)

Since this propagates by the distance f to the Fourier plane, the amplitude distribution on the Fourier

plane u4(x, y) using the Fresnel diffraction formula again becomes

© ke 32 Y
uy(x,y) = ff us(x1,v1) ejzf{(x ¥+ =) }dxldyl (2.35)

Pluging Equations (2.32) to (2.34) into Equation (2.35),

co © Kk .k
U (x,y) = Aff t(&,1) Uf eJﬁ{(xl-x—€)2+(y1—y—n)2}dx1dy1 e_}f(x&yn)dg‘dr] (2.36)

© .k
a | e e T agan

© , x y
a (| eemye T dgay

o f f (€, m) eI VE Y didn (237)

F{t )} (2.38)

the amplitude distribution on the Fourier plane u4(x, y) becomes Equation (2.38), where the constants that

are not related to the coordinates are collectively 4, and the spatial frequencies set as v. = x/Af, v, = y/Af. As
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can be seen from Equation (2.37), ua(x, y) is the Fourier transform of the transmittance of the object #¢&, #)

(F{} is an operator representing the Fourier transform).

4f-optical imaging system
Here, the image formation in the 4f-optical imaging system using two lenses is explained. Figure 2.12

illustrates the schematic of optical Fourier transform in 4f -optical imaging system.

{ Lens X Lens ?i
X u X
—_— il

d

A\ 4

fi Ji f f

Object plane Fourier plane Image plane
S, ) F(u,v)=F {f(x,y)} g (x,y)

Figure 2.12 Schematic of optical Fourier transform in 4f -optical imaging system

The input beam is optically Fourier-transformed and inverse-Fourier-transformed by passing through the
lens twice. In other words, the first lens (focal length of fi) converts the 2D-spatial information on the

object plane f{x, y) into the 2D-spatial frequency information on the Fourier plane F(u, v).

F(u,v) f f f(x,y) e J2m@x+vy) dxdy (2.39)

F{ o)} (2.40)

If the spatial frequency filter on the Fourier plane is H(u, v), the frequency response function transferred

from the Fourier plane G(u, v) becomes

Guw,v)= F(uv) -Huv) (2.41)
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After that, the inverse Fourier transform of G(u, v) is performed by the second lens (focal length of f3),
and a 2D-image g(x, ) is formed on the Image plane at the distance 2f>. The g(x, y) is expressed as follows

by using the convolution theorem (* represents convolution integral):

gx,y)= FYF,v) Huv)} (2.42)
= Fuy) *h(ny) (2.43)
- f f FEm) h(x — &y —n)dédn (2.44)

Note that in the case of H(u, v) = 1 — that is, when filtering is not performed on the Fourier plane —
g(x, y) = flx, y) is valid. From the above, 2D-information on the object plane can be conveyed to the image

plane by using the 4f-optical imaging system. However, the transferred imaged is rotated 180°.

2.2.2 STAMP utilizing spectral filtering (SF-STAMP)

STAMP utilizing Spectral Filtering (SF-STAMP) [60,61] is a modified simpler single-shot ultrafast
2D-burst imaging method realized by combination of STAMP and a scheme of the spatially spectrum
resolving idea of the Spatially and Temporally Resolved Intensity and Phase Evaluation Device: Full
Information from a Single Hologram (STRIPED FISH) [196,210-214], which is superb for single-shot
measurements of ultrashort laser pulses in both space and time using wavelength-multiplexed digital

holography.

Object plane

Figure 2.13 Schematic setup of SF-STAMP snapshot multispectral imaging system:
diffractive optical element (DOE) and band-pass filter (BPF)
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In the SF-STAMP snapshot multispectral imaging system shown in Figure 2.13, a diffractive optical
element (DOE) duplicates spatially resolved replicas of the probe pulse. These replicas are incident to a
tilted bandpass filter (BPF), which selects different narrow-band wavelengths depending on the angle of
incidents. Thus, the image at the object plane is spectrally and spatially resolved, and then relayed to the
image plane by the 4f~optical imaging system. The possible number of frames in SF-STAMP is equivalent
to the number of replicas from a DOE. The detailed descriptions of the principle and improvements of

SF-STAMP are provided in the rest of this chapter.

2.2.3 Principle of SF-STAMP
To realize a flexible increase in the STAMP camera’s total number of frames, another approach for
realizing spectral separation in free space is needed. One method that inspired us for this purpose is the
Spatially and Temporally Resolved Intensity and Phase Evaluation Device: Full Information from a Single
Hologram (STRIPED FISH) [210-215], which is excellent for single-shot measurements of ultrashort laser
pulses in both space and time using wavelength-multiplexed digital holography. STRIPED FISH, which
employs a simple and compact setup that consists of a diffractive optical element (DOE) and a band-pass
filter (BPF), measures spatially and temporally resolved wavelength-multiplexed interferograms of signal
and reference laser beams (40 multispectral interferograms can be obtained with a single pulse [212].
Reconstructing them creates a complete 3D spatio-temporal map of the intensity and the phase of an
ultrashort laser pulse E(x, y, t) in a single shot. Instead of conventional spatio-temporal measurement
methods [194,216,217], where only 2D-information is simultaneously measured, STRIPED FISH can
simultaneously obtain complete 3D-information and is applicable to measurements of spatio-temporally
complex pulses, such as high-intensity pulses after amplifiers and low repetition rate pulses.

In this sub-section, we propose and experimentally demonstrate a simpler single-shot ultrafast 2D-burst
imaging method by applying the STRIPED FISH method to STAMP. This method, which we call STAMP
utilizing Spectral Filtering (SF-STAMP), consists of a 4f-optical imaging system with a DOE and a BPF for

spatially resolving the optical spectrum and generating snapshot multispectral images.
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4

)L(6+a)

Figure 2.14 Schematic of spatially and spectrally resolving by a DOE and a BPF

Figure 2.14 shows the concept of spatially and temporally resolving of wavelengths by a DOE and a BPF.
First, an incident beam to the DOE is transformed into an array beam and propagates with a diffraction
angle (a). In other words, a DOE’s incident beam is duplicated to plural array beams and spatially resolved.
Therefore, the number of DOE’s generating array beams determines SF-STAMP’s possible number of
frames. Next, the array beams replicated by the DOE are selected by the BPF, and each array beam
becomes a different narrowband beam. The transmitted wavelength of A(6) depends on the angle of incident

into the BPF (0) [211,218] and is given by

92
A0) = 2, (1 - 2) (2 45)

2N
where Ao is the center wavelength of the BPF and #.fr is the effective refractive index. By tilting the BPF,
since the incident angle of the array beams is changed, the transmission wavelength is varied.

As shown in Figure 2.14, since the angles of both edges of the array beams incident to the BPF, which is
tilted by angle 6, shift to 8—a and 6+a, we can filter out long-wavelength A(6—a) and short-wavelength
A(6G+a) from the broadband light. The FWHM of a BPF (typically ~2 nm) determines the transmitted
bandwidth, and according to the tilted angle, the bandwidth becomes wider. In experimental practice,
however, an incident beam has a slightly different angle component, the spectrum in a narrow-wavelength
resolved image is not exactly monolithic but swept along with the horizontal axis.

Rotating the DOE around the beam propagating axis rotates the array beam as shown in Figure 2.15.
Thus, a combination of a DOE and a BPF can choose and adjust a different wavelength between the
long-wavelength edge and the short-wavelength edge from the array beam. Note that after adjusting the

rotation position of the DOE, no further angle tuning is needed.
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AO+a)

Figure 2.15 Side view image of spatially and spectrally resolving by a DOE and a BPF

If we use a linearly frequency-chirped laser pulse as a probe strobe light, this spectral filtering procedure
is equivalent to STAMP’s temporal mapping device (daughter pulses are generated by a 4f-pulse shaper). In

this process, we can not only temporally but also spatially resolve the different wavelength components of a

chirped pulse.
F !
Object Lens DOE Leps |
' Cooled
: . CCD
I
Object plane Fourier plane Image plane

Figure 2.16 Schematic setup of SF-STAMP multispectral imaging system
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Figure 2.16 shows a schematic setup of an SF-STAMP multispectral imaging system, which is a 4f
configuration with a DOE and a BPF. Similar to STRIPED FISH, holographic interference measurements
produce an advantage; not only amplitude images but also phase images are obtained. Due to the low
resolution of a hologram measured with image sensors, using the analog optical Fourier transform has
superior resolution to measure the amplitude images. If we only capture the intensity images, no reference
beam for the holography is necessary for the SF-STAMP system, and thus its optical layout is simpler than
that of STRIPED FISH. In principle, when applying an optical system commonly used in phase contrast
microscopy, we can capture fast dynamics in the refractive index change of materials with SF-STAMP.

The probe beam is optically Fourier transformed by the first lens (f1), and then the beam is duplicated to
plural array beams by the DOE. The tilted BPF spectrally resolves the diffracted array beams depending on
their incident beam angles. The spectrally filtered beams are optically inverse Fourier transformed by the
second lens (f2), and 2D-multispectral images are simultaneously generated on the image plane of a
2D-imaging sensor (in our case, a cooled CCD camera). When using a linearly frequency-chirped pulse, the

spectral image corresponds to a snapshot at an ultrashort observation time slot in the chirped probe pulse.

STAMP

0
A Sl e

Pulse shaper Periscope array
CCD Plane

SF-STAMP e
My 5
Object ]—[ DOE | BPF u‘ ’i;
J re——
e o 4

Figure 2.17 Comparison of the mechanism of 2D-burst imaging in the original STAMP and SF-STAMP

(TMD: Time Mapping Device, SMD: Spatially Mapping Device)

Here, we summarize the differences between the temporal and spatial mapping processes in STAMP and
SF-STAMP as shown in Figure 2.17. In STAMP, chirp pulse is shaped into ultrashort optical pulse trains
arranged sequentially by wavelength with a temporal mapping device (TMD), exposed to Object, and then

spatially mapped with a spatial mapping device (SMD) to form 2D-multispectral images on a CCD. On the
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other hand, SF-STAMP abandoned the pulse shaper in TMD. Consequently, instead of using several
temporally discrete probe pulses, SF-STAMP uses a single frequency-chirped pulse to probe the transient
event. A DOE generates spatially resolved replicas of the transmitted probe pulse. These duplicates were
incident to a tilted BPF, which selected different narrowband wavelengths according to the angle of
incident. Since the number of frames in SF-STAMP is determined by a beam-generating DOE, increasing
them is easy. Therefore, the SF-STAMP system is simpler and more flexible than the original STAMP. Also,
the wavelength band can be easily made variable by adjusting the spectral range of a BPF [219].

However, since the beam replication and spectral filtering is performed, the light utilization efficiency of
a probe pulse is reduced compared to the original STAMP method using the periscope-array. Since both
STAMP and SF-STAMP are active detection schemes and require a chirped-pulse probe, unlike passive
methods such as Compressed Ultrafast Photography (CUP)[63], ultrafast single-shot imaging of

self-luminous phenomena such as fluorescence is not possible.

2.2.3.1 Temporal resolution of SF-STAMP
Similar to STAMP’s temporal resolution [220], the temporal resolution of SF-STAMP can be designed to
match a user’s required condition. The relationship of the spectral and time widths of SF-STAMP is shown

in Figure 2.18.
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Figure 2.18 Relationship of spectral and time widths of SF-STAMP
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The time window for observations (A7) is given by Equation (2.46):
AT = Dz Alyindow (2 46)

Here, D (ps/km-'nm) is the dispersion parameter, z (km) is the length of the dispersive elements, and
Alwindow 18 the entire observation bandwidth selected by the BPF. For a tilted single BPF, the Alwindow can be

described as follows:
Ayindow = A0 —a) —A(0 + @) (2.47)

From Equation (2.46), we can set the observation time window by either tuning the amount of dispersion
added to the probe pulse (D-z) (ps/ nm), or by changing the bandwidth of the BPF’s selected spectrum
(AAwindow). The exposure time of each wavelength image (7) is given by Equation (2.48) and the frame

interval (Af) is given by Equation (2.49):

2
224%In2
T= -0 - oy 2 (2.48)
\j(ﬂCAABPF> + (D VA AABPF)

Here, Agpr is the spectral bandwidth (FWHM) of a BPF, Alpok is the neighboring spectral differences
(note that it is not necessarily constant over all of the entire frames and is varied by a DOE-BPF
arrangement.), Ao is the center wavelength of the laser pulse from the optical source, and c is the speed of
light in a vacuum.

Equation (2.48) indicates that the temporal resolution of each frame shot increases as the spectral width
of the BPF narrows with the second term; however, if the spectral width is too narrow, the exposure time
increases due to the relation of the Fourier transform with the first term. Figure 2.19 shows this
relationship [220]. Therefore, the optimum BPF spectral width to minimize the temporal resolution exists.

In experiments, however, the optimum exposure time is not always feasible due to available BPF
specifications. In some cases, the duration of exposure time comes to be longer than a frame interval. In the
below experiments, the details of actual temporal resolutions and optimum situation cases will be

described.
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Figure 2.19 Simulation of STAMP’s performance; exposure time and frame interval

as a function of the spectral width (quoted from [220])

2.2.3.2 Spatial resolution of SF-STAMP

The spatial resolution of an SF-STAMP is determined by the resolution of the image sensor and the optical
system. Since the SF-STAMP optical system is based on the 4f-imaging optical system, it can be combined
with other imaging methods, such as a microscopic optical system, by relaying the image. In the
experiments below, a microscopic optical system was used for the observation of ultrafast phenomena.
Thus, the spatial resolution of SF-STAMP is limited by the numerical aperture of the objective lens just
like conventional microscopy. The details of actual spatial resolutions are described in each experimental
part below. A combination of a transmission microscopic system, the absorption of probe light can be
measured as an amplitude image of shadowgraph, so that a phenomenon with an absorption change can be
observed (Chapters 2 and 4). With a reflection type microscopy, transient refractivity change also can be
measured (Chapter 3). In addition, by using a phase-contrast microscopic system, the phase difference, such
as the refractive index, can be converted into an amplitude image, so it is possible to measure a phase

object that cannot be observed with a simple shadowgraph.
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2.2.3.3 Proof-of-principle demonstration of the 5-frame SF-STAMP
Here, the proof-of-principle experiments of the 5-frame SF-STAMP are described.

Single-shot pump/probe experiment

In general, the pump/probe method is a time-resolved measurement technique in which the optical path
lengths of pump and probe light are repeatedly scanned and measured. Notably, since the STAMP method
employs a frequency chirp pulse as a probe light, no scanning of the delay path is needed. Thus, a
single-shot pump/probe measurement is possible.

Figure 2.20 shows a schematic setup of the single-shot pump/probe experiment with SF-STAMP. The
light source was a mode-locked Ti:sapphire laser (Coherent, Mira) with chirped pulse amplification (CPA).
The average energy was 1 ml] at a repetition rate of 1 kHz with a pulse width of 50 fs (FWHM). The
amplified femtosecond laser pulse was split into a pump pulse and a probe pulse. In the probe pulse arm, to
broaden the bandwidth, the probe pulse was focused into the Ar-gas filled hollow-core fiber (HCF)
(126-um core diameter). In the HCF, a broadband pulse (650-900 nm) was generated by self-phase
modulation (SPM) and four-wave mixing. To stretch the pulse duration, the broadband pulse was passed
through optical glass rods (such as N-SF11 and BK7). Then the frequency-chirped pulse utilized a
frequency-to-time encoding probe of an SF-STAMP scheme. For a single-shot measurement, we employed
an optical chopper (the repetition rate was reduced to 35.7 Hz) and a mechanical shutter to select one pulse.
The repetition reduction process is shown in Figure 2.21. The single-shot experiments described later are

based on this methodology.
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Figure 2.20 Schematic setup of the single-shot pump/probe measurement with SF-STAMP
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Figure 2.21 Diagram of the synchronization system with the optical chopper

Experimental setup of the 5-frame SF-STAMP

The entire setup of the proof-of-principle experiments is shown in Figure 2.22. In this experiment, the light
source was a mode-locked Ti:sapphire laser (Coherent, Mira) after chirped-pulse amplification (CPA) with
an 800-nm center wavelength and a 20-nm bandwidth (FWHM). The pulse width was 50 fs (FWHM), the
repetition rate was 1 kHz, and the average pulse energy was 340 pJ. The amplified laser beam was focused
into an Ar-gas filled hollow-core fiber (HCF) (400-mm long, 126-pum diameter) by an /= 400 mm lens. In
the HCF, a broadband pulse (>200 nm) was generated by self-phase modulation (SPM). To add the linear
frequency chirp and stretch the pulse width to ~40 ps, the broadband pulse was passed through optical glass
rods (N-SF10 and BK7) and used as a probe pulse. The dispersion parameters of these glass rods at 800 nm
were measured separately using spectral interferometry as Dn.srio = —468.9 ps/km'nm and Dgk7 = —149
ps/km-nm, which agreed well with those provided by the material suppliers. The chirp induced during
nonlinear spectral broadening in the HCF was also measured by SPIDER as 400 fs?, which is much smaller
than that of these glass rods. As a pump pulse for inducing laser ablation, a Fourier transformed limited
(FTL) pulse after the CPA was split before the HCF. For a single-shot measurement, we employed an

optical chopper (the repetition rate was reduced to 35.7 Hz) and a shutter and chose one pulse.
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Figure 2.22 Proof-of-principle experimental setup of SF-STAMP (BS: beam splitter, HCF: hollow-core
fiber filled with Ar-gas, DOE: diffractive optical element, BPF: band-pass filter)

In the SF-STAMP system, a linearly frequency-chirped pulse (probe pulse), including the sample’s
information, passed the first Fourier lens (fi = 75 mm) and a DOE (HOLOEYE, DE 225), which generates
2x2 beams and has a diffraction angle («) of ~ 5.1°. Since a non-diffracted beam (0™ order) is also available,
the number of frames in SF-STAMP is five in total with this DOE. The transmittance of each 1% diffracted
array beam and the 0" diffraction is ~10% and 14%, respectively. Then the diffracted array beams passed a
BPF (IRIDIAN, ZX000167), which has a center wavelength of 830 nm, a spectral bandwidth of 2.2 nm
(FWHM), and a transmittance of >90 %, and which were spectrally resolved. Finally, by a second Fourier
lens (2 = 75 mm), each of five different wavelength images was imaged on different positions of a cooled
CCD sensor. In this experiment, all the lenses we used were achromatic. The electrically cooled CCD
camera (BITRAN, BS-42N) had 2048x2048 pixels (each pixel size was 7.4x7.4 um), and the size of the
CCD plane was 15.16x15.16 mm. Quantum efficiency was >10% at 800 nm.

We obtained a snapshot multispectral image that contains five different wavelength images when a USAF
test target was on the object plane of the SF-STAMP system. The wavelength-multiplexed image and its
spectral properties (from 792 to 807 nm) are shown in Figure 2.23(a) and Figure 2.23(b). In this setup,
each wavelength image was well separated within the entire spectral bandwidth selected by a tilted BPF
Alwindow 0f 20 nm and occupied 450x450 pixels. Within this bandwidth, each image’s resolution was almost
the same. No image aberration is visible in Figure 2.23(a). By rotating and tilting the BPF, the incident
angle of the array beams was changed, and the transmission wavelength was varied. This SF-STAMP
system arrangement can produce five shots of wavelength-multiplexed images within 730 to 830 nm
(limited by the BPF’s spectral selection range). Each shot has five different wavelength images (Aipok = 5

nm) with single-shot bandwidths Algpr of 2.2 nm. The spectral properties selected by S5-shot images at
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various BPF rotating angles are shown in Figure 2.24. For larger rotating angles (~30°), the transmitted
wavelength’s bandwidth begins to increase, and we can select the wavelength by rotating the BPF up to

~50°.
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Figure 2.23 (a) Wavelength-multiplexed image (from 792 to 807 nm)

and (b) wavelength-multiplexed image’s spectral properties.
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Figure 2.24 Spectral properties of five image frames at different BPF rotation angles
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Observation of ultrafast phenomena using SF-STAMP

As an experimental demonstration of SF-STAMP, we monitored the ultrafast dynamics of a laser ablation.
We used a thin glass (50-pum thick, Nippon Electric Glass, Green Glass [OA-10G]) and ablated the surface
by a focusing an FTL pump laser pulse (30 wJ, 50 fs [FWHM]). By propagating through glass rods
(N-SF10 and BK7 whose propagating lengths are 700 and 900 mm, respectively), we added a total
dispersion of Dz = 0.46 ps/nm to a broadband probe pulse. The time window of single-shot measurements
corresponded t0 9.2 ps (Adwindow = 20 nm, Adpog = 5 nm, Algpr = 2.2 nm). For imaging the dynamics of a
laser ablation, we made a microscopic imaging system (Figure 2.25) with an f = 30-mm condenser lens and
an objective lens (%20, N4 = 0.40, Olympus, LMPLFLN20X). Thus, the minimum spatial resolution of the
experiment determined by the diffraction limit was 800 nm/2NA = 1 um (Abbe’s diffraction limit). Then,
the enlarged image was relayed to the object plane of the SF-STAMP system. The polarization analyzer was
used for selecting only a polarization of the probe pulse, because the pump and probe pulse were

orthogonally polarized to each other.
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Figure 2.25 Experimental setup of microscopic SF-STAMP system for observation of ultrafast laser

ablation dynamics. To select only a probe pulse, we used a polarization analyzer after the object lens.

Figure 2.26 shows 5-frame images of the moment when a femtosecond laser induced-air breakdown was
generated in a single shot. In this setup, the time window was 9.2 ps, each image’s exposure time was 1.1
ps, and the frame interval was 2.3 ps (corresponding to frame rates of 0.43 Tfps). Each wavelength image
occupied 740x480 pixels. All the images were trimmed and subtracted from the image obtained before

ablation, and their brightness was adjusted to compensate for the intensity variation among the probe
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spectra. In a single-shot observation time window, an air breakdown was generated by an FTL laser pulse
that was focused at 50 pm above the glass surface with a spherical lens (f= 8 mm, N4 = 0.6).

When the intense femtosecond laser pulse is propagating through the air, a plasma channel is formed due
to the laser-induced air breakdown; this can instantaneously change the local refractive index [221-224].
The electrons and atoms in the ionized plasma reach the target surface and are reflected backward.
Simultaneously, the free electrons on the target surface absorbed the laser energy and are emitted from the
target surface by photoelectric and thermionic effects on a femtosecond to tens-of-picoseconds time scale.
We adjusted the delay time between the pump and probe pulses by searching for the instance when an air
breakdown occurred within a single probe-shot (spectral range of 770~750 nm); and we determined the
delay time ¢ = 0, since an air breakdown is generated by the electric field of the femtosecond laser
pulse [223]. From ¢ = 0, the probe pulse was partially absorbed by electrons produced in the air breakdown
and thus attenuated [221].

In the present setup, we monitored the change in the probe amplitude (i.e., the shadow-graphic image);
when converting the setup to be sensitive to refractive index changes such as a phase-contrast microscope,
we will be able to find a clearer initiation of the air breakdown. We also confirmed that no air breakdown
takes place in the spectral range longer than 770 nm. An air breakdown clearly appeared, and a
filamentation close to the glass surface was also captured after 4.6 ps. The Rayleigh length of focusing was
18 um. Two black spots, observed after 4.6-ps frames, are probably intense plasma spots generated at
plasma channeling near the beam waist. The plasma formation will reflect the spatial beam quality of the
incident pump laser pulse and also the spatiotemporal dynamics of the laser beam propagation in the

channel.

-2.3 ps 0 ps 2.3 ps 4.6 ps 6.9 ps
air e L

Figure 2.26 Measured single-shot SF-STAMP images of air breakdown generation within a time window
of 9.2 ps. Exposure time of each frame was 1.1 ps. The dotted line shows the air-glass surface. Air
breakdown was generated by an FTL laser pulse. Probe pulse was partially absorbed by air breakdown and
thus attenuated (from 0 ps). A dark filament of laser-excited electrons close to the glass surface was also
captured from 4.6 ps. Each image has 740x480 pixels. To avoid capturing the scattering light of a pump
pulse whose spectral range was 830~770 nm, we used a probe pulse’s spectral range of 770~750 nm. Scale

bar represents 50 um.
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Figure 2.27 Measured single-shot SF-STAMP images of generation of a plasma filament in time window
of 9.2 ps. Exposure time of each frame was 1.1 ps. In this case, pump pulse was focused into glass from left

side. Dotted line shows air-glass surface. Scale bar represents 50 um.

Figure 2.27 shows the moment results when an FTL laser pulse was focused into the glass. The laser
pulse was focused at 50 um into the glass from the surface. A dielectric breakdown and laser-induced
plasma are visible. The dark area near the glass surface corresponds to the high density of the electrons in

the plasma state. This observation is consistent with previous reports [221].

1400 fs 2100 fs 2800 fs

Ofs 700 fs

Figure 2.28 Measured single-shot SF-STAMP images of plasma filament generation in time window of 2.8
ps. In this case, Exposure time and frame interval of snapshots were 527 and 700 fs. Pump pulse was
focused into the glass from the left side. Focused position was 100 pm from the air-glass surface. Scale bar

represents 50 pm.

The results of a different time window of SF-STAMP are shown in Figure 2.28. In this case, we changed
the total dispersion to Dz = 0.14 ps/nm. The time window was reduced to 2.8 ps, each image’s exposure
time was 527 fs, and the frame interval was 700 fs (corresponding to frame rates of 1.43 Tfps). Therefore,
SF-STAMP can capture different time scales. An FTL laser pulse was also focused into the glass, but to a
little deeper position than that of Figure 2.27.

In this setup (using the same DOE and BPF), from Equations (2.48) and (2.49), the minimum frame
interval of 477 fs can be achieved at Dz = 0.0953 ps/nm. In this limit, the exposure time is equal to the
frame interval. On the other hand, in a case with longer frame intervals, since the exposure time will not be
longer than the frame interval, the frame interval can simply be selected by the second-order dispersion
added to stretch the probe laser pulse. When the available probe laser pulse bandwidth is limited, the

longest observation time window is determined by the highest linear chirp rate. We might be able to use a
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multi-pass grating pulse stretcher or a single-mode fiber to realize higher chirp rates. However, when
intense femtosecond laser pulses are launched into a single-mode fiber (a multi-mode fiber is not applicable
due to mode dispersion), the laser propagation always causes Stimulated Raman Scattering, which degrades
the frequency-time relation in the probe pulse. We can use moderate second-order dispersion obtainable by
material dispersion of the long glass rods to stretch the probe laser pulse up to ~100 ps, when we use probe
pulses with a much broader spectrum, such as the supercontinuum pulse used in our experiment.

In principle, STAMP schemes suffer from a disadvantage of measuring the scattering light or emission,
which does not obey the relationship between the delay time and the instantaneous frequency in a linearly
chirped-probe pulse. This defect can be removed when we use a pump pulse with a different wavelength
from a probe pulse. When light emission is generated, such as fluorescence in the same wavelength band of
a probe laser pulse, that light will also overlap to motion pictures. Therefore, the probe pulse’s wavelength
must be properly selected. In this experiment, we used a pump pulse that had a spectral range of 830~770
nm. To avoid capturing the scattering light of a pump pulse, we used a probe pulse’s spectral range of

770~750 nm.

Summary of this section

We proposed and experimentally demonstrated a more straightforward all-optical ultrafast 2D-burst
imaging method of STAMP utilizing spectral filtering (SF-STAMP), the temporal resolution of which is
defined by the duration of a frequency-chirped probe pulse. This kind of phenomenon in the
femtosecond-to-picosecond timescale has previously only been observed by the pump/probe imaging in
which a sample is replaced in every measurement. This demonstration highlights the single-shot utility of
STAMP’s movie-shooting capability. In principle, by controlling the amount of dispersion that is added to
the flash pulse, we can choose an observation time scale from sub-picoseconds (~1071 s) to
sub-nanoseconds (~107!° s). The number of possible frames is determined by the number of array beams
duplicated from a DOE, and the number of multispectral images and the spectral bandwidth that a BPF can
select in a single shot can be increased using a larger CCD image sensor and another DOE with a larger

diffraction angle and many array beams.
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2.3 Improvements of SF-STAMP
The 5-frame SF-STAMP system has successfully shown a proof-of-principle demonstration of 2D-burst
imaging so far. The total number of frames was limited to five because of the 2x2 beams that were
generated by the DOE. In principle, in the same condition of this experiment (chirped-broadband light
source, band-pass filter, and Fourier lenses), by using a CCD camera with a larger image plane and another
DOE with a larger diffraction angle and many array beams, the spectral bandwidth in a single-shot can be
broadened to ~50 nm and the possible number of frames will be ~30.

In this section, SF-STAMP’s scaling to 25 frames, and an extension approach to the nanoseconds time

window with spectrally sweeping burst pulses are described.

2.3.1 Scaling of the number of burst-frames to 25 frames in SF-STAMP

To increase the number of frames in an SF-STAMP system, we used a specially designed
25-beam-generating DOE (HOLOEYE) that generates 5x5 dot beams with a full diffraction angle (2a) of
25.6° at a wavelength of 800 nm (Figure 2.29(a)). The first and second Fourier lenses in the SF-STAMP
system have a focal length of fi = 2 = 50 mm. The combination of DOE and BPF (IRIDIAN, ZX000167, a
center wavelength of 830 nm and bandwidth [FWHM] of 2.2 nm) determines the entire observation
bandwidth of ~40 nm that ranges from 825 to 785 nm. Figure 2.29(b) shows the DOE and BPF layout for
spatially and spectrally resolving the image. The spectrum location of the 25-BPF selectable bands in the
probe laser is indicated in Figure 2.29(c). In the 5-frames SF-STAMP case, we used a DOE (HOLOEYE,
DE 225) with a full diffraction angle of ~10°, the same BPF, and a 20-nm bandwidth. Since an imaging
sensor with a large detecting area is required for capturing 25 images, we used an electrically cooled CCD
camera (BITRAN, BU-55LN) that has 4872%3248 pixels (each pixel size is 7.4x7.4 um) and a CCD plane

size of 36.1x24.0 mm. Quantum efficiency was >10% at 800 nm.
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Figure 2.29 (a) Design of 25-beam-generating DOE (800-nm wavelength), (b) arrangement of a
25-beam-generating DOE and a BPF to spatially and spectrally resolve the image, and (c) spectral property

of a broadband probe pulse and location of 25-BPF selectable bands in the spectrum.
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Figure 2.30 25-multispectral images captured by the SF-STAMP system.

We examined the imaging performance for 25-multispectral images by placing a USAF-1951 test target
on the object plane of the SF-STAMP system, and the captured image is shown in Figure 2.30. Each
spectral image occupied 450x450 pixels. Figure 2.31 also shows a microscopic image of the test target
obtained with a combination of a 20 times microscopic system ((N4 = 0.40, OLYMPUS, LMPLFLN20x)
and the 25-frame SF-STAMP. The spatial resolution was the same as the 5-frame SF-STAMP experiment

case in 2.2.3.

Figure 2.31 Microscopic images (a) at object plane, (b) at image plane of the 25-frame SF-STAMP system
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2.3.1.1 Single-shot experiments by SF-STAMP with the 25-beam generating DOE

In this section, the details of single-shot experiments conducted with the 25-frame SF-STAMP system are
described. The improved SF-STAMP has observed ultrafast transient phenomena; a femtosecond
laser-induced plasma phenomenon in glass and the crystalline-to-amorphous phase transition of Ge>SboTes

that excited by a femtosecond laser pulse [61].

Single-shot observation of a femtosecond laser-induced plasma phenomenon in glass

Combining a microscopic imaging system and the 25-frame SF-STAMP system, we successfully captured
the ultrafast dynamics of a femtosecond laser-induced plasma inside glass. The experimental setup was the
same as the 5-frame SF-STAMP case (Figure 2.25). The changes in the refractive index inside the glass
induced by a femtosecond laser are shown in Figure 2.32. A dielectric breakdown and a laser-induced
plasma are visible in single-shot 25 frames. In this case, the total dispersion of 0.14 ps/nm was added on the
broadband probe pulse. The spectral bandwidth was 40 nm (from 825 nm to 785 nm) such that the
observation time window was 5.6 ps. In frame #5, a dielectric breakdown appeared at the center of the
image. In frames #7-9, the change of intensity gradually increased. From frame #11, this dark region grew
to shape of a plasma filament. In frame #25, the dark spot was clearly observed. The averaged frame

interval was 0.23 ps (corresponding to frame rates of 4.35 Tfps) and the exposure time was 0.52 ps.

#4  Glass 50 um [#2
I

Figure 2.32 Measured single-shot images of a plasma filament generation inside glass

in a time window of 5.6 ps: with the exposure time and frame interval of 0.52 ps and 0.23 ps
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Single-shot observation of ultrafast photo-induced phase transition in Ge,Sb,Tes (GST)

Next, a femtosecond laser-induced crystalline-to-amorphous phase transition of Ge,SbyTes (GST) was
captured with a single-shot 2D-imaging basis for the first time. The optical properties in the crystalline and
amorphous phases of GST (refractive index n, extinction coefficient k, absorption coefficient a = 4mk/4) are
shown in Figure 2.33. The complex refractive index (N = n + ik) differs significantly between the
two-phase states. Therefore, GST has higher reflectivity, lower transmittance, and higher absorption in the
crystalline state than in the amorphous phase. On the other hand, in the amorphous phase, the reflectance is
low, the transmittance is high, and the absorption is small. Thus, GSTs can repeat phase changes between
the crystalline and amorphous phases. These difference in optical properties are utilized as a material for
rewritable optical memories such as digital versatile discs (DVDs) [24]. In optical recording systems,
reversible phase changes between crystalline and amorphous phases are induced by irradiating the focused
nanosecond laser pulses or continuous-wave (CW) laser output by transient temperature ramping.

On the other hand, in recent years, ultrafast crystalline-to-amorphous phase transition induced by
femtosecond laser pulses by a non-thermal process, which occurs in the sub-picosecond time regime, has
often been reported [25,26,28,53,225-229]. In their measurements, time-resolved methods with X-ray and
electron diffraction, and single-shot spectroscopy were employed. However, no results have been reported

with 2D-image measurements for this ultrafast phase transition in a single-shot measurement scheme.
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Figure 2.33 Optical property (a) n, (b) &, and (¢) o of the amorphous, rocksalt, and hexagonal phases of
GexSb,Tes (quoted from [2301])
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Figure 2.34 Microscopic image of GST sample and its structure

Figure 2.34 shows the GST sample, which was composed of a 0.3-mm-thick glass substrate, a
10-nm-thick GST film layer, and a 10-nm-thick SiO» protective coat. The pump laser fluence that is
required to cause a permanent amorphous phase change is ~10 mJ/cm?, and thus the pump pulse was
focused on the GST sample from the opposite direction of the probe pulse by using a 20 objective lens

(NA = 0.40, OLYMPUS, LMPLFLN20x).
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Figure 2.35 Experimental setup of ultrafast crystalline-to-amorphous phase transition in GST.

The entire experimental setup is shown in Figure 2.35. The light source was a mode-locked Ti:sapphire
laser (Coherent, Mira) with chirped pulse amplification (CPA). The average energy was 1 mJ at a repetition
rate of 1 kHz with a pulse width of 50 fs (FWHM). The amplified laser pulse (800 nm) was split into a

pump pulse, which initiates the phase transform of the GST film, and a probe pulse. To avoid crosstalk
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between the spectra of the scattered pump and probe pulses, we converted the pump pulse to the second
harmonic (400 nm) with a BBO nonlinear crystal. Moreover, the polarizations of the pulses were also
adjusted to be orthogonal to each other. In the probe pulse branch, to broaden the bandwidth over 40 nm,
the probe pulse was focused into the Ar-gas filled hollow-core fiber (HCF) (126-um core diameter). In the
HCF, a broadband pulse (650-900 nm) was generated by self-phase modulation (SPM) and four-wave
mixing. To stretch the pulse width, the broadband pulse was passed thorough optical glass rods (N-SF11
and BK7, each of which has dispersion parameters at 800 nm of —551.8 ps/nm-km and —131.4 ps/nm-km).
The entire material dispersion of Dz is 0.082 ps/nm. In the 25-frame SF-STAMP system, where Adppr =
2.2 nm, Alpoe = 1.7 nm (on average), and 1o = 805 nm; thus the averaged values of exposure time (7) and
the frame interval (Af) were 465 fs and 133 fs, respectively.

To observe the GST phase transition, we only detected the intensity change of the transmitted probe laser.
We constructed a transmission microscopic optical system and relayed an enlarged image to the SF-STAMP
system. The intensity of a probe pulse was set lower than the threshold at which no phase change occurs by
the probe itself. The glass plate with a GST sample was placed slightly inclined to avoid being affected by
the influence of stray light due to reflection from the GST sample layers. For a single-shot measurement,
we employed an optical chopper and a shutter to select one pulse.

We achieved the temporal overlap between the pump and chirped probe pulses in two steps. First, at the
sample position, we placed a BBO crystal and generated sum-frequency with the Fourier transform limited
pump pulse (800 nm in this case) and the chirped probe pulse. The wavelength of the sum-frequency pulse
was measured by varying the relative delay between the two pulses and calibrating the position of the delay
stage. We confirmed that the measured chirp rate agreed well with that estimated from the material
dispersion of the glass rods. Next, we set the GST sample and converted the pump pulse to a
frequency-doubled (400 nm) pump pulse. The optical path length of the BBO nonlinear crystal was

compensated by the delay stage.

Ofs |g15nm 246 fs 656 fs 902 fs 1148 fs

Figure 2.36 Measured images of crystalline-to-amorphous phase transition in GST by the S5-frame
SF-STAMP (single-shot time window of 1.1 ps). Exposure time and frame interval of snapshots were 465

fs and 287 fs. Scale bar represents 50 um.
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Figure 2.36 shows the result of an ultrafast crystalline-to-amorphous phase transition of GST induced by
a 400-nm femtosecond laser excitation with a 5-frame SF-STAMP setup. In this setup, we added the total
dispersion of 0.082 ps/nm on the probe pulse. In the 5-frame measurement, the spectral bandwidth in a
single-shot was 20 nm (from 818 to 804 nm), and the observation time window was 1.1 ps. The specific
time for each frame is determined by the center wavelength of the BPF and the linear chirp rate of the

probe laser pulse. The average frame intervals were 287 fs corresponding to frame rates of 1.23 Tfps.

825 n0m . 0fs
#6

7
1064 fs 1197 fs
#14 #15

- 7y
1463 fs 805 nm 1596 fs
#17 #18

E

2128 fs 2527 fs

#22 3 #25

2660 fs 2793 fs 2926 fs 785 nm 3192 fs

Figure 2.37 Measured images of crystalline-to-amorphous phase transition in GST by the 25-frame
SF-STAMP (single-shot time window of 3.2 ps). Exposure time and frame interval of snapshots were 465

fs and 133 fs. Scale bar represents 50 pm.

The result of the 25-frame SF-STAMP measurement is shown in Figure 2.37. The single-shot time
window was 3.2 ps, corresponding to 40-nm bandwidths, and the average frame intervals were 133 fs
(corresponding to frame rates of 7.52 Tfps). In both cases in Figure 2.36 and Figure 2.37, the average
exposure time at each frame was 465 fs. Each wavelength image occupied 400x300 pixels. All the images

were trimmed, and the intensity differences were taken from the image obtained before the pump

62



2. Fundamentals of ultrafast laser, and development and improvements of SF-STAMP

irradiation, and their brightness was adjusted to compensate for the intensity variation among the probe
spectra. Since we can ignore the dependence of GST’s optical transmittance on wavelength in the probe
bandwidth of 40 nm [231], no further correction was made for each frame image.

As shown in Figure 2.36 and Figure 2.37, on the irradiation area of the pump laser pulse, the GST film
showed higher transmittance of the probe laser beam and a bright amorphous mark appeared at ~250 fs
after the pump laser irradiation. The minimum transmittance change detectable with the electrically cooled
CCD camera was ~3% in our setup. The gradual change in the probe laser transmission up to ~660 fs was
well shown in Figure 2.37, which was not resolved in the 5-frame shot in Figure 2.36. These single-shot
measurement results agree with the phase transition time scale reported in previous research [25,26,228].
The interference fringes in the pictures were caused by the pump pulse’s diffraction at the edge of the
objective lens. The amorphized marks did not change after 798 fs and still exhibited the interference fringe.
In comparison with this amorphized area, the surrounding crystalline areas kept high reflectance. Therefore,
we confirmed that the spatial intensity distribution of the pump laser pulse is clearly coincident with the
phase change pattern; the phase-change domain does not spatially spread to the surrounding area. In the
theory, which has widely been accepted, the laser-induced nonthermal amorphization is initiated from
Ge-atom displacements from octahedral to tetrahedral sites [26]. Therefore, the amorphized domain is
defined by the pump pulse’s irradiation area, and even the interference pattern is transferred to
amorphization. Our 2D-burst result is the first observation of such a fast-phase transition induced by a

femtosecond laser pulse on a single event basis.

Optimum temporal resolution

In the experiment of the crystalline-to-amorphous phase transition in GST, the amount of dispersion was
0.082 ps/nm and AAgpr = 2.2 nm. Thus, the exposure time of each frame was 465 fs. Compared to the much
amount of dispersion cases such as the experiment in 2.2.3.3, exposure time is longer than the adjacent
frame interval. Even though the temporal resolution was not the ideal case, a burst time sequence of
SF-STAMP multispectral images reflected transient transmittance change.

Here, the optimum temporal resolution is discussed. Based on Equations (2.48) and (2.49), the simulation
results of exposure time (7) and frame interval (Af) are shown in Figure 2.38. In Figure 2.38(a), these
temporal performances were expressed as a function of bandwidths, where the amount of dispersion was
fixed at 0.082 ps/nm and center wavelength was 800 nm. From this relationship, the minimum exposure
time in this case (D-z =0.082 ps/nm) was 395 fs when A4gpr of 3.4 nm was adapted. On the other hand, the
function of amounts of dispersion (Adgpr of 2.2 nm and AApor of 1.66 nm) is shown in Figure 2.38(b). In

this situation (same as Figure 2.37), however, exposure time always longer than frame interval.
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Figure 2.38 Simulation of SF-STAMP’s temporal performance; exposure time and frame interval: (a) as a

function of bandwidth (dispersion amount of 0.082 ps/nm) and (b) as a function of the amount of

dispersion: (Adgpr of 2.2 nm and AApog of 1.66 nm).

Adgpr =2.2 nm
Alpog = 3.3 nm

(a) Algpr =2.2 nM
Aipog = 3.3 nm
2
= 3 i
T @800 nm probe
il Dz=0.174 ps/nm |
— T, = 975 fs

Time (ps)

v
-~

T

— Exposure tme
-~ Frame interval

@400 nm probe

Dz =0.043 ps/nm
— T, = 143 fs

L L I L L ! L L
o 02 04 06 08 1 12 14 16 18 2

Dispersion (ps/nm)

L
0 02

L ' 1 1
04 06 08 1 12

Dispersion (ps/nm)

L
14

16

L
18

Figure 2.39 Simulation of SF-STAMP’s temporal performance with Adgpr of 2.2 nm and Aipok of 3.3 nm;

exposure time and frame interval as a function of the amount of dispersion: (a) center wavelength of 800

nm and (b) center wavelength of 400 nm.
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Meanwhile, the simulation results of exposure time and frame interval as a function of amounts of
dispersion (Algpr of 2.2 nm and AApor of 3.3 nm) are shown in Figure 2.39. The situation of frame
intervals here is equivalent to Figure 2.36 and every other frame in Figure 2.37. Figure 2.39(a) suggests
that when the center wavelength is 800 nm, exposure time and frame interval overlap at the dispersion of
0.174 ps/nm. Thus, the minimum exposure time in this fixed BPF and DOE relation case was 575 fs. To
realize much faster temporal resolution in this constraint, a 400-nm probe is useful. As shown in Figure
2.39(b), when employing center wavelength of 400 nm, exposure time and frame interval overlap at the
dispersion of 0.043 ps/nm, and the minimum exposure time comes to 143 fs. Therefore, a shorter

wavelength probe will contribute to high temporal resolution in STAMP.

Summary of this section

The initial SF-STAMP system has been modified, the probe laser bandwidth expanded from 20 nm to ~40
nm, and the number of burst frames successfully increased from 5 to 25. As the 25-frame SF-STAMP
single-shot ultrafast imaging demonstrations, a femtosecond laser-induced plasma phenomenon in glass
and an ultrafast photo-induced phase transition in Ge;SbaoTes (GST) were captured. The optimum temporal

resolution of SF-STAMP was also discussed in the GST experiment case.
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2.3.2 Extension of the observation time window to nanoseconds in SF-STAMP

So far, the SF-STAMP has achieved 25 burst images over several tens of picoseconds with sub-picosecond
temporal resolution. However, the extension of the observation time window into the nanosecond region
has not been achieved. Around nanosecond time range that the conventional high-speed camera cannot
reach, many interesting fast phenomena exist, such as interaction with shockwaves. Thus, the time window
in SF-STAMP must be extended to the sub-nanosecond region.

In SF-STAMP, as expressed by Equation (2.46), the observation time window of a chirped-pulse probe is
determined by either tuning the amount of dispersion (D-z) (ps/nm) or changing the bandwidth of the BPF’s
selected spectrum (AAwindow). Thus, there are two possible extension scenarios by dispersion dose or
broadband spectrum usage. When extending it to nanoseconds with an optical fiber dispersion, in addition
to second-order dispersion, such nonlinear optical phenomena as stimulated Raman scattering (SRS),
self-phase modulation (SPM), and four-wave mixing (FWM) take place during the pulse propagation,
which degrades the relationship between the instantaneous frequency and the time; while a much
broadband pulse approach, such as an octave-spanning supercontinuum pulse generated by a rare-gas-filled
hollow-core fiber, can be stretched to a few hundred picoseconds with a reasonable length of dispersive
materials. However, in this case, chromatic distortion with such a broadband light in an imaging optics
degrades the image quality. Even worse, a broadband pulse cannot apply to a wavelength-dependent object.
Hence, extending the time window into nanoseconds with a chirped probe is not straightforward.

On the other hand, when applying a unique optical setup that can generate delayed pulses with different
wavelength [159], or such dispersive optics as the free-space angular-chirp-enhanced delay
(FACED) [144,148], wavelength sweeping discrete burst pulses can even be generated for pulses with a
narrower spectrum. The FACED was initially developed as a method to stretch pulse durations into
nanoseconds with a narrow spectrum for ultrafast time-stretching laser scanning microscopy. Since FACED
performs a time-stretch in free space, we can obtain stretched pulses without significant optical loss or
undesirable nonlinear effects. When using a 4f-system based on an angular disperser that returns all the
pulses with different center wavelengths into the same axis again, these delayed burst pulses with different
center wavelengths can implement to a probe laser pulse train for SF-STAMP. Since their number of burst
pulses and the pulse interval can alter, the entire train length can reach nanoseconds.

In this subsection, the principle of FACED is introduced, then the details and results of the spectrally
sweeping burst probes generation 4/~-FACED system that is combined with a FACED composed of a pair of
tilted mirrors and a 4f-system. Finally, experimental demonstrations of single-shot 6-burst imaging have
been achieved by SF-STAMP with spectrally sweeping probe pulses of a 300-ps interval in a 1.5-ns time

window.
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2.3.2.1 Spectrally sweeping burst delay probe pulse train

Free-space angular-chirp-enhanced delay (FACED)

FACED was developed by Wu, Xu?, ef al. in 2017 to realize the visible wavelength time-stretch laser
scanning [144,148]. A FACED is an optical system that stretches the time width of an input pulse in free
space using multiple reflections by misaligned mirror pairs. FACED is different from the conventional time
stretching approach using dispersive materials such as optical fiber. The time extension is performed in free
space, thus there is little loss, and it is possible to apply the visible range, which has a large loss with

optical fibers. Figure 2.40 shows the configuration of the FACED device.
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Figure 2.40 Schematic of Free-space Angular-Chirp-Enhanced Delay (FACED)
(Figure reproduced with permission from [144]: doi:10.1038/1sa.2016.196 © 2017 NPG)

2 These authors contributed equally to the work.
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FACED utilizes the minute misalignment angle (a) between a pair of highly reflective plane mirrors
(separated by a distance S), which results in a substantial enhancement in the light-path length and,
consequently, the pulse stretching in free space within a practically compact setup.

The input light is converged at the entrance to the FACED device (position O in Figure 2.40). This is
achieved using an optical module consisting of a relay-lens system and an angular disperser, which can be
either a diffraction grating (for time-stretch imaging with spectral encoding, called the SE scheme) or
simply a focusing cylindrical lens (for time-stretch imaging without spectral encoding, called the SE-free
scheme; Figure 2.40(b)). In our SF-STAMP application, the SE scheme is employed. The condition with
properly misalignment-angle geometry and suitable mirror dimensions produces spatially chirped zig-zag
paths possible. This misaligned mirror geometry creates the spatially chirped paths and substantially
enhances the temporal delay of each path within the FACED device in free space. In this way, the output
pulse is temporally stretched by this angle-dependent delay.

When the input light is a broadband pulse and is angularly dispersed by the diffraction grating in the SE
scheme, different frequency components propagate the zig-zag paths, hence, even in the free-space
operation, introducing significant wavelength-dependent time delays (that is, GDD) is achievable. In the
FACED device, a discrete set of beam paths return exactly along their initial incoming paths after they have
reached one of the mirrors at normal incidence. These rays, referred to as cardinal rays, have angles of

incidence () and given by Equation (2.50):
0= ka (k is an integer) (2.50)

where £ is an integer, at the entrance O. Note that the rays that are not cardinal are also back-reflected,
albeit not along their original paths. These non-cardinal rays can be regarded as having been emitted from a
set of virtual sources, each with a beam divergence angle of a.

Thus, the FACED device can generate an array of time-delayed virtual sources that are automatically
aligned in space by the misaligned mirror geometry. By engaging any relay-lens system to sequentially
project these virtual sources onto various locations on the sample plane, such that FACED can not only
provide pulse stretching in free space, but also an all-optical laser-scanning mechanism for time-stretch
imaging [144-147].

The number of FACED pulses (that is, cardinal rays) M is simply proportional to the input cone angle of

the converging beam A&:

M= 2% (2.51)
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The temporal delay between any adjacent pulses (z) can be directly obtained from the difference in their

optical paths:
T= — (2.52)
c

where c is the speed of light and S is mirrors separation length. Therefore, the input light is separated in
time into sub-pulses, each of which corresponds to a virtual source (Figure 2.40(c)).

The envelope of the burst pulse train is the output stretched pulse. The total time delay across all M
FACED pulses, that is, the overall stretched pulse width AT, can be determined by

2546
T coa

ATiota = ™ (2.53)

Note that Equations (2.52) and (2.53) are valid when A@ is small (<100 mrad, relative error <0.2%).

From the above, the number of FACED pulses and the time interval of an adjacent pulse can be
arbitrarily tuned by adjusting the angle of the mirror pair (o)) and the mirror’s separation interval (S). Note
that the total time window is physically limited by the horizontal length of the mirror pair.

In the latter part of this section, based on the fundamental concept of FACED, the application of

spectrally sweeping burst delayed probes for sub-nanosecond SF-STAMP is described.

Generation of spectrally sweeping delayed pulses with 4/~FACED system

Figure 2.41(a) depicts the schematic setup of the spectrally sweeping delayed pulses generation by a
4f/-FACED system. The 4/~-FACED system consists of a transmission diffraction grating (1600 lines/mm),
two cylindrical lenses with focal lengths of 100 mm (CL1) and 150 mm (CL2), and a pair of slightly tilted,
highly reflective dielectric mirrors (200 mm, >99.5%) (HR1, HR2). An input laser pulse is angularly
dispersed by the diffraction grating, and converged at the entrance of the mirror pair with different angles
of incident depending on the wavelength. Each wavelength component of the input pulse propagates
different optical paths between the mirror pair. The beam propagation can be treated as a set of spatially
chirped zig-zag paths. Such a beam trajectory substantially enhances the time delays between different
paths of the reflected beams, consequently generating multiple FACED pulses with different center

wavelengths at a fixed interval [144].
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Figure 2.41 (a) Schematic setup of the spectrally sweeping delayed pulses generation by a 4/-FACED
system, (b) spectrum of amplified Ti:Sapphire laser pulse and spectra of spectrally sweeping pulses

generated by the 4/~FACED.

In the 4/~FACED system, the number of burst pulses can be tunable by changing the angle of the mirror
pair (a), and the pulse interval can be adjusted by changing mirror separation length (S). We set angle a =
0.68° and mirror separation S = 45 mm to generate six pulses with a 300-ps interval. We confirmed the
relationship between wavelength and delay time of those discrete pulses generated from FACED system by
sum frequency generation (SFG) with a reference pulse. For the ultrafast 2D-image acquisition by the
STAMP scheme, the copropagating probe pulses need to be produced. Thus, we placed a beam splitter (BS)
after the 4/~FACED system to separate the output burst pulses from the input pulse. These output burst
pulses coincide beams emitted at divergence angle a from a set of virtual sources at turning points with
cardinal rays that reach one of the mirrors at normal incidence. In each pulse, only the cardinal rays return
exactly along their initial light-path, and thus a spatial shear and a temporal delay occur within a single
pulse reflected from the FACED. In a single-shot measurement by SF-STAMP, since this temporal delay in
a pulse leads to a slight increase in exposure time, we placed a 4-mm slit at 180 mm from the grating to
ease these effects at SF-STAMP. Figure 2.41(b) shows the spectrum of the input light source (black line)
and the output spectrally sweeping burst pulses (blue line).

The light source was a mode-locked Ti:sapphire laser (805 nm, FWHM of 20 nm) with a chirped pulse
amplification (CPA). The average pulse energy was 1 mJ with a pulse width of 50 fs (FWHM) at a
repetition rate of 1 kHz. Six pulses with 300-ps time intervals were generated with center wavelengths from

785 to 810 nm, and the overall stretched pulse width was expanded to 1.5 ns.

Multi-spectral imaging by combination of SF-STAMP and burst probes
We performed multi-spectral imaging by SF-STAMP using the spectrally sweeping pulses as probe sources.

Figure 2.42(a) shows its experimental setup. An amplified femtosecond laser pulse entered the 4/~-FACED
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system and formed a spectrally sweeping delayed pulse train. These pulses were enlarged by microscope
optics using a 20x objective lens (N4 = 0.40, Olympus LMPLFLN20x) and relayed to the SF-STAMP
imaging system composed of a 25-beam generating DOE (HOLOEYE, customized model, which generates
5x5 beams with a full diffraction angle of 25.6°) and a BPF (IRIDIAN, ZX000167, center wavelength of
830 nm and a bandwidth (FWHM) of 2.2 nm). Figure 2.42(b) shows the captured multispectral images on
the electrically cooled CCD image sensor (BITRAN, BU-55LN, with 4872x3248 pixels, each pixel size is
7.4 umx7.4 pm). The burst pulses were duplicated to 25 beams, each of which formed images with
different wavelengths defined by the BPF. Since the bandwidth of the probe was ~20 nm, not all the beams
had sufficient spectral intensity to form a clear spectral image in the 25-frame SF-STAMP system. In these
multispectral images, some images with a dark slit (for example, a center image indicated by a white dot
circle) are observed. These unusable images contain the spectrally adjacent probes with 300-ps temporal
separation. Therefore, we chose only six images (indicated by circles with the number) to capture the burst

images for the following experimental results.
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Figure 2.42 (a) Experimental setup of the combination of a SF-STAMP and spectrally sweeping burst

pulses, (b) Multispectral image captured by the 25-fram SF-STAMP using spectrally sweeping burst pulses.
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Single-shot observation by SF-STAMP with spectrally sweeping delayed pulse train

Next, single-shot observation by SF-STAMP with six spectrally sweeping delayed pulse train was
conducted. The entire experimental setup is shown in Figure 2.43. The amplified fs-laser pulse was split to
a 400-nm pump pulse, which ablated the surface of thin glass film, and an 800-nm probe pulse. The pump
pulse was converted to its second harmonic (400 nm) with a B-barium borate (BBO) nonlinear crystal so
that we avoid crosstalk between the spectra of the scattered pump and probe pulses. For a single-shot
measurement, before splitting pump and probe pulses, we used an optical chopper and a shutter, and pick
up one pulse. A 400-nm pump laser pulse with a pulse energy of ~30 pJ was focused at the surface of a thin
glass (50-um thick, Nippon Electric Glass, Green Glass (OA-10G)) using a spherical lens (NA = 0.6) with a
focal length of 8 mm. The focused spot diameter was 1.3 pum. The 800-nm fundamental wavelength pulse
transmitted through the BBO crystal was delivered to the 4/~-FACED system, and six spectrally sweeping
burst pulses were generated and used as sub-nanosecond probes. Ultrafast snapshots of the laser ablation
were enlarged and relayed to the SF-STAMP imaging system to capture the six burst snapshots in a single

laser shot basis.
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Figure 2.43 Experimental setup of single-shot ultrafast burst imaging with a sub-ns

Figure 2.44 shows the results of the ultrafast imaging of laser ablation on the glass surface. The
single-shot entire time window was 1.5 ns, and the average frame interval was 300 ps (corresponding to
frame rates of 3.3 Gfps). The average exposure time for each frame was 22 ps. Each wavelength image
occupied 220x150 pixels of the CCD sensor. All the images were trimmed, where the pixel intensity of the
image was divided by that of the image obtained before the ablation laser irradiation, and the relative
intensity among the six images was artificially adjusted to compensate for the intensity variation among the

probe spectra. A shock wave and ablation plume clearly grew from the glass surface after the pump pulse
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was irradiated and expanded with time, and the expansion of the ablation plume appeared in the third frame.
The shock wave started to slightly shrink at the fifth frame.

Figure 2.45 shows the different time-interval results of the ultrafast imaging of laser ablation on the glass
surface. In this case, the single-shot entire time window was 400 ps, and the average frame interval was 100

ps (S =15 mm).

1.5 ns

R

Figure 2.44 Measured single-shot image of shock wave evolution on glass by SF-STAMP with 300-ps

interval spectrally sweeping FACED pulses. Scale bar represents 50 pm.
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Figure 2.45 Measured single-shot image of growth process of laser induced ablation plume on glass by

SF-STAMP with 100-ps interval spectrally sweeping FACED pulses. Scale bar represents 100 um.

Summary of this section
We demonstrated and extended the time window of the single-shot ultrafast imaging method of SF-STAMP
to the nanosecond regime by applying spectrally sweeping burst laser pulses generated from a 4/~FACED
system. Using spectrally sweeping burst laser pulses with a 25-nm entire bandwidth as the probe laser
pulses, we successfully captured 6-burst images of the femtosecond laser ablation process on the glass
surface with a 300-ps frame interval in a 1.5-ns time window, and 5-burst images with a 100-ps frame
interval in a 400 ps time window.

We limited the maximum number of frames to six by the 25-frame SF-STAMP with FACED burst probes.
FACED can extend the time window beyond 5 ns by an incident laser pulse with a 25-nm bandwidth, and

the differences in the center wavelength of the adjacent pulses generated by the 4/~FACED system were
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constant. Meanwhile, the differences in the transmission wavelength of each frame obtained by the DOE
and BPF were not exactly linear. In practice, the transmission wavelength within a single image selected by
the BPF is distributed along with the horizontal (wavelength) axis. Therefore, it is not straightforward to
simultaneously increase both the number of frames (>10 frames) and the time window (> ns) by the
SF-STAMP combination approach. Thus, by combining a method of integral field spectroscopy (IFS) that
can effectively and efficiently use all the wavelength components, the number of frames and the

measurement time window can be increased further with the STAMP scheme.

2.4 Multispectral imaging

As mentioned above, combining a snapshot multispectral imaging system and the frequency-to-time
encoding realizes STAMP operation, the SF-STAMP realized this requirement by angle-depended spectral
filtering, and it is advantageous that the selected spectrum band can be easily varied by adjusting the
incident angles to the BPF. However, the light utilization efficiency of a probe pulse is lower in the
SF-STAMP method than that in the original STAMP due to beam duplication and spectral filtering. Thus, to
develop a snapshot multispectral imaging system with high-efficiency of the light utilization will pave a
way for more diverse STAMP application, such as the combination of polarization microscope with
STAMP and THz wave region STAMP. Previous reported snapshot multispectral imaging methods are

briefly reviewed in these references [232,233]
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Chapter 3
Single-shot measurement of a THz-driven irreversible phase
transition

Chapter 3 addresses a single-shot measurement of THz-driven irreversible phase transition in multilayer
MoTe; by observing transient reflectivity change of a chirped probe by SF-STAMP together with
1D-optical streak imaging (1D-OSI) spectroscopy. We observed the disappearance of the initial phase and
discovered a metastable phase during the irreversible phase transition around 30-40 ps after a THz pulse

excitation. Insights of THz-induced phase transition dynamics are summarized.

Abstract:

Recent discoveries of a Terahertz (THz)-driven irreversible topological phase transition in
two-dimensional (2D)-MoTe, demonstrate possibilities of stabilizing a novel transient or metastable
quantum phase in equilibrium [234]. However, the irreversible nature of the phase transition precludes
conventional repetitive ultrafast spectroscopy in which both excitation and probe pulses perturb and
interrogate the sample many times. Here, by stamping the irreversible transient reflectivity change to a
frequency-chirped probe laser pulse, we performed both single-shot in-situ 2D-burst imaging of
sequentially timed all-optical mapping photography utilizing spectral filtering (SF-STAMP) and
one-dimensional (1D)-optical streak imaging (OSI) spectroscopy to obtain a few to hundreds of
picoseconds dynamics of the irreversible phase transition in MoTe,. We observed that interlayer phonon
oscillations cease at a reflection plateau around 30-40 ps after a single THz pulse excitation, which
demonstrates the existence of a metastable phase during the irreversible phase transition and may relate to
the theoretically-predicted [235] distorted trigonal prismatic phase (2H"). Further electronic readout of
optical reflectivity reveals a non-ultrafast discharging process and explains the long-term THz-induced
sample damage in multilayer MoTe,. This result highlights the complex multi-phase landscapes of quantum
materials that can be accessed with THz excitation and provides mechanistic insights for better THz-based

polymorph engineering in layered materials.
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3.1 Background

The discovery of two-dimensional transition metal dichalcogenides (2D-TMDs) [236,237]—which are
semiconductors of the type MX,, where M is a transition metal atom (such as Mo or W) and X is a
chalcogen atom (such as S, Se or Te) with complex multi-phase landscapes—has expanded our
understanding of the stable and metastable states that can exist, opening myriad new possibilities for
applications that exploit and switch properties of the novel states [238]. The semiconducting hexagonal
(2H) and distorted octahedral metallic phase (1T") in MoTe; have attracted considerable attention since
their energy difference is rather moderate and the 1T’ MoTe, is theoretically predicted to be a topological
insulator [239]. An irreversible phase transition induced by visible laser irradiation [240] was reported in
multilayer 2H MoTe;, but follow-up measurements and calculations indicate that the new phase was a
compositionally altered Te-metalloid-like phase rather than the 1T’ phase [241-243]. A 2H-1T' phase
transition in monolayer MoTe; has been induced by ionic liquid gating [244], but the 1T’ phase is reversed
back once the gate is off.

Recent progress in high-field intensity terahertz (THz) pulse generation on the tabletop basis [245-248]
has demonstrated the ability to drive quantum materials into novel states that do not exist as equilibrium
phases [29,30,249-254]. Furthermore, Shi, Bie3, et al. reported a surprising phenomenon [234] that an
irreversible 2H-1T phase transition in monolayer and bilayer MoTe; can be driven by high-field intensity
THz pulses of ~MV/cm, which relies on an optical rectification process [247] from an optical pulse and
field enhancement structures (FES) of the THz metamaterial [249,255,256]. Although the irreversible
nature of the phase transition precludes conventional repetitive pump-probe spectroscopy, they performed a
single-shot time-resolved second harmonic generation (SHG) measurement following THz excitation to
obtain mechanistic insights into the phase transition and its dynamics. However, their single-shot
measurements were conducted by replenishing samples in each shot and have only a small number of data
points due to the limitation of the sample availability. Several questions have remained unclear; for
example, whether the observed anomalous transient SHG behavior corresponds to any unexplored
metastable phases such as distorted trigonal prismatic phase of 2H* [235,257]

Obtaining a more comprehensive time-resolved observation of the far-from-equilibrium dynamics with a
single-shot methodology could address unresolved questions. Since the phase transition only happens
within a 2-um FES-THz metamaterial gap at a micron-scale sample, a requirement of microscopic probe
rules out single-shot methodologies of space-to-time encoding [39] and angle-to-time encoding [258].

While those two single-shot methodologies with encoding the time information into the spatial domain

3 These authors contributed equally to the work.
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typically cannot probe dynamics with an observation window up to hundreds of picoseconds due to limited
sample sizes, the reported SHG dynamics and picosecond-nature of the THz pulse indicate a slower
dynamics than with most optical-excitation experiments [259,260]. Thus, we adopted single-shot methods
with frequency-to-time encoding of both one and two-dimensional (1D-, 2D-) imaging with a
frequency-chirped laser pulse, which leverages a microscopic resolution probe with a tunable
pico-to-sub-nanosecond observation time window to obtain the comprehensive one-shot data.
Non-reversible transient reflectivity change is stamped to wavelength components of the probe pulse as
time information.

Here, a 2D-burst imaging technique of sequentially timed all-optical mapping photography
(STAMP) [58] utilizing spectral filtering: SF-STAMP [60,61] revealed ultrafast structural change with both
ps-time resolution and pm-spatial resolution. These features are powerful and vital for dynamical
investigations because of a large inhomogeneity in FES of the sample. 1D-spectroscopy of optical streak
imaging (OSI) observed the distinct reflection plateau during the 2H-1T’s pathway after the THz pulse

irradiation. Furthermore, a fast oscilloscope readout method captured damage process at slower timescale.

3.2 Methods

SF-STAMP: single-shot two-dimensional burst imaging with a chirped laser pulse

In this experiment, to realize single-shot measurement with frequency-to-time encoding, we used
SF-STAMP [60,61], a modified version of STAMP [58] utilized with spectral filtering. In STAMP, transient
phenomena are stamped on each wavelength component of a linearly frequency-chirped laser pulse and
then spatially mapped onto an image sensor simultaneously. The spatially separated 2D-multispectral
photographs are equivalent to the temporal snapshot at each of the short observation time window. The
SF-STAMP 4f-imaging system composed of a 25-beam generating diffractive optical element: DOE
(HOLOEYE, customized model, which generates 5x5 beams with a full diffraction angle of 25.6° at 800
nm) and a band-pass filter: BPF (Semrock, LL01-808, a center wavelength of 808 nm and a bandwidth
(FWHM) of 3.1 nm). The chirped probe beam is divided into array beams by the DOE. The tilted BPF
spectrally resolves the diffracted array beams depending on their angle of incidence. Then, the spectrally
filtered beams are optically inverse Fourier transformed by the second lens, and the 2D-multispectral
images are focused on the image plane. As an image sensor, we employed the scientific sSCMOS camera
(Andor, Zyla 5.5) with 2560x2160 pixels (each pixel size is 6.5 pmx6.5 pm). The image plane size is 16.6
mmx14.0 mm. Quantum efficiency was >30% at 800 nm. To visualize the reflectivity change, we

normalized the spectral intensity of single-shot data with that of the only probe information measured
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before the THz pump pulse excitation. This visualization procedure was also done in 1D-OSI. Figure 3.1

shows the experimental setup of 2D-burst imaging by SF-STAMP.
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Figure 3.1 Experimental setup of 2D-burst imaging by SF-STAMP.

The outputs from two synchronized chirped pulse amplifiers (CPAs) were down-counted from 1 kHz
repetition rate to 125 Hz by using three consecutive choppers. Adjacent pulse intervals of 8 ms allowed
enough temporal separation for the shutter to isolate single pulses. The pulse front of one CPA output (100
fs, 4 mJ) was tilted by a grating to achieve phase matching between fundamental 800 nm pulses and
generated THz pulses in a Mg: LiNbOs3 crystal [247]. The single-shot probe pulse was from another CPA
(35 fs, 12 mJ). Fine control of the pump-probe arrival time was realized by adjusting the probe beam via a
translational stage. The 12-mJ pulse from CPA was attenuated to below the damage threshold and used to
illuminate the sample with an objective lens (x100, N4 = 0.70, Nikon, LU Plan EPI SLWD, MUE30901).
Thus, the minimum spatial resolution of the experiment determined by the diffraction limit was 800
nm/2NA = 571 nm (Abbe’s diffraction limit). The reflected probe beam was relayed to the SF-STAMP
imaging system and divided into plural array beams by the DOE. The tilted BPF spectrally resolved the
diffracted array beams depending on their angle of incidence. Then, the spectrally filtered beams were
optically inverse Fourier transformed by a lens, and the 2D-multispectral images were focused on a camera.

A/2: Half-wave plate, BS: beam splitter, DOE: diffractive optical element, BPF: band-pass filter.
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1D-OSI: one-dimensional consecutive optical streak imaging spectroscopy with a chirped laser pulse

Based on the chirped pulse electro-optic (EO) sampling method [261,262], we applied frequency-to-time
encoding to 1D-spectroscopy of OSI. Figure 3.2 illustrates a schematic of 1D-OSI. 1D-OSI has
consecutive and much higher sampling rates compared with the SF-STAMP method. A cylindrical lens was
used to expand the focus point of the chirped probe pulse on the MoTe, sample to the line shape, which can
suppress detector readout noise and improve the signal-to-noise ratio by averaging the spatial axis
information. The reflected probe pulse was spectrally dispersed, and Fourier transformed by a grating
(Spectrogon, 1800 line/mm) and a lens. A 1D-streak image with consecutive frequency components is
formed on the sSCMOS camera (Andor, Zyla 5.5). The vertical axis represents spatial information of the
sample, and the wavelength information is encoded to the horizontal axis. Figure 3.3 shows the

experimental setup of 1D-consecutive optical streak imaging (OSI).

I 2560%2160 pixels
6.5 umx6.5 ym

»
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Figure 3.2 Schematic setup of 1D-consecutive optical streak imaging (OSI).
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Figure 3.3 Experimental setup of 1D-consecutive optical streak imaging (OSI).

The THz pump arm of the setup is the same as Figure 3.1. For the probe arm, a cylindrical lens was used
to expand the probe beam and illuminate a line-shape area of the multilayer MoTe, sample in the gap with
the probe beam, as shown in the inset optical image. The reflection of horizontal line-shape illumination
was converted to vertical by the periscope, then spectrally dispersed by a grating, and the 1D-consecutive
optical streak images were focused on a camera. In the streak image (x, 4 or ), thus, the vertical axis
represents spatial information of the sample, and the wavelength information is encoded to the horizontal

axis. A/2: Half-wave plate; BS: beam splitter; CL: cylindrical lens.

Oscilloscope readout spectroscopy

We encoded the transient reflectivity change into the intensity of a CW laser light at 532 nm (Coherent,
Verdi G-series). The reflected laser light is fiber-coupled to 3.5-GHz photoreceiver (New Focus, 1591NF).
The electronic signal is collected by a 33-GHz oscilloscope (Tektronix DPO73304D).

High-field THz pulse generation and microscopic single-shot probes
The outputs of two synchronized chirped pulse amplifiers (CPAs; Coherent, Legend Elite Duo) were used

for the THz pump arm and the chirped probe pulse arm. Free space high-field THz pulses were generated in
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Mg:LiNbOs3 crystal by tilting the pulse front to achieve phase matching [247]. By using a
two-parabolic-mirror 4f-THz imaging system, the image of the terahertz spot on the sample was focused to
around 600 pm in diameter. The incident THz pulse was measured in the time domain EO sampling with a
100-pum thick 110-oriented gallium phosphide (GaP) crystal.

When pumping with 4.5-mJ pulses from a Ti:sapphire CPA (repetition rate of 1 kHz, central wavelength
of 800 nm, pulse duration of 100 fs), the maximum electric field of the THz pulses reached 410 kV/cm at
the focus with a center frequency of 0.8 THz as shown in Figure 3.4. A chirped probe pulse was delivered
from another Ti:sapphire CPA (repetition rate of 1 kHz, central wavelength of 800 nm, pulse duration of 40
fs) and its amount of chirp was adjusted by a home-built grating pair stretcher to add negative chirp. The
probe pulse (or light) passed through a 100x objective lens (N4 = 0.7) before the sample and was used to
image (or relay) the reflected probe beam from the micron-scale MoTe; sample to the image sensor (or
photodetector). The arrival timing of the counter-propagating THz pump pulse during the chirped probe
pulse duration was determined by EO sampling with a 200-um thick 110-oriented zinc telluride (ZnTe)
crystal. All of the measurements were conducted at a single-shot basis at an ambient condition (300 K, 1

atm).

@  ®

500

400

300

THz field (kV/cm)
- [N
(=] (=]
o o
Intensity (a.u.)

=)

-100

-200

300 s L " L " 0 L . L "
-3 -2 -1 0 1 2 3 0 0.5 1 1.5 2 25

Time (ps) Frequency (THz)

Figure 3.4 THz field and spectrum characteristics. (a) The incident free-space single-cycle THz pulses have

a maximum 410 kV/cm electric field. (b) THz spectrum is centered at 0.8 THz.

Temporal and spectral characterization of chirped optical laser pulses

The precise determination of THz arrival time in the chirped probe window is crucial for single-shot
measurements with limited number of MoTe, samples. Electro-optic (EO) sampling of a co-propagating
THz field with a chirped optical pulse has been demonstrated to be a coherent THz detection method with a

decent signal level. Here, we used a chirped optical pulse to electro-optically sample a counter-propagating
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THz field [35]. Figure 3.5(a) shows the experimental setup of chirped EO sampling. In this method, the
polarization of different wavelength components of the chirped pulse is rotated by a different portion of the
THz electric field. The chirped probe spectrum is shown in Figure 3.5(b). As shown in Figure 3.5(c), the
modulation of polarization is converted to the amplitude modulation with an optical analyzer (polarizer).
For spectral detection, we employed a spectrometer with a spectral resolution of 0.25 nm (Ocean optics,
HR4000CG-UV-NIR). The precise determination of THz arrival time in our setup with a
counter-propagating geometry is challenging due to the complexity of EO sampling signal, which comes
from both front and back sides of the EO crystal. Especially for SF-STAMP measurements with 4-ps
window, we used a thin lithium niobate (LNO) slab with a thickness of 30 um as the EO crystal to
minimize possible misinterpretations of EO signal. As shown in Figure 3.5(c), chirped probe scattering
from LNO crystal without THz modulation provides moderate background with random polarizations. The
THz modulation of probe beam in a thin LNO slab is small compared with the background, so the EO
signal is close to linear in field strength. the differential spectrum distribution of the 4-ps chirped probe
pulse with and without THz shows a THz-shape EO signal. By calculating the difference of THz and
optical path length between MoTe, sample and EO crystal, THz arrival time relative to the probe window
was determined with an error of around 1 ps.

For measurements with the 200-ps time window, the probe pulse was negatively chirped to around 400 ps
from a transform-limited 40-fs pulse, which resulted in a temporal resolution around 4 ps for 1D-OSI. Thus,
the THz EO signal is convoluted with a slow instrumental response, which has a smaller signal level
compared with the conventional EO method with ultrashort pulse probes and mechanical delays. Here, we
sacrificed fine temporal accuracy to have a high THz EO signal by using a thick ZnTe crystal of 200 um as
the EO crystal. As shown in Figure 3.5(d), THz EO signal was obtained within the 400-ps chirped probe
window and overwhelmed the noise level of probe laser scattering. Since the temporal resolution of 4 ps is
longer than the THz pulse, we were not able to resolve the second lobe of THz pulse, which was resolved in
the case of 4-ps chirped probe. The observed second lobe with a smaller amplitude in the THz EO signal is
due to a double internal reflection of the THz pulse in the EO crystal. In Figure 3.5(d), three bottom curves
(yellow: EO 780 nm; orange: EO 790 nm; and red curves: EO 800 nm) show the THz EO signal measured
with a different THz arrival time in a 400-ps negative chirp probe window. By changing the optical path
length of the probe beam, the THz EO signal moves across the probe spectra between 780 to 800 nm. In
this case, the bandwidth of 20 nm corresponds to the time window of 200 ps for SF-STAMP and 1D-OSI

measurements. By adjusting the probe path length, we determined the THz arrival time.
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Figure 3.5 Temporal and spectral characterization of chirped probe pulses. (a) Experimental setup of
chirped EO sampling with a spectrometer. For chirped EO sampling with 4-ps and 400-ps probes, we used
a 30-um LNO slab and a 200-um ZnTe crystal, respectively. (b) Chirped probe spectrum and its Gaussian

fit. The probe spectrum has a bandwidth (full width at half maximum) around 24 nm and can be fitted by a

(1-790)2
Gaussian function: e 2x10% | (¢) 4-ps chirped probe spectra with THz off (black curve) and on (red curve).

The difference between probe spectra with THz on and off is given by the orange curve. The THz-shape
signal near 795 nm is THz-induced electro-optical (EO) signal in a thin lithium niobate slab (30 pm) and
was used to determine the THz arrival time within the probe window. (d) The black curve shows the 400-ps
chirped probe spectrum. Three bottom curves (yellow, orange and red curves) show the THz EO signal
measured with a 200-um ZnTe crystal with different THz arrival time in a 200-ps negative chirp probe
window. By changing the optical path length of the probe beam, the THz EO signal moves across the probe
spectra, which are shown in the yellow, orange and red curves and were used to determine the THz arrival

time.
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3.3 Observation of THz-induced irreversible phase transition in two-dimensional
MoTe:

3.3.1 Experiment

Figure 3.6 depicts schematics of a single THz pulse excitation on multilayer MoTe; and single-shot
microscopic probes. Multilayer MoTe, samples are exfoliated on the THz-FES, which consists of 100-um
wide parallel gold strips deposited onto fused silica substrates and separated by a 1.8-um capacitive gap. In
our experiment, ~0.4 MV/cm free-space THz excitation pulse was used in all of the following three
different single-shot measurements and was higher than the phase transition threshold reported in the
previous work [234]. The polarization of THz was perpendicular to the gold gap. For the probe branch in
SF-STAMP and 1D-OSI measurements, the time-dependent reflectivity change was encoded to a
frequency-chirped probe pulse, and the single-shot observation time window was adjusted from several to
hundreds of picoseconds by tuning the chirp of the probe pulse. A diffractive optical element (DOE) and a
band-pass filter (BPF) were used to spatially separate the frequency-time coupled wavelength components
for the SF-STAMP measurement [60,61]. For the 1D-OSI spectroscopy, a grating and a lens were used to
Fourier transform the time/frequency variations of the probe pulse intensity into a spatial profile on a CCD
sensor [261]. Slow dynamics ranging from nanoseconds to microseconds were captured by encoding
time-dependent reflectivity in a continuous-wave (CW) laser and decoding the signal electronically with a

fast photodiode detector and oscilloscope.

84



3. Single-shot measurement of a THz-driven irreversible phase transition

SF-STAMP

Frame interval: 100 fs -100 ps
Time window: 500 fs - 500 ps
DOE: diffractive optical element
BPF: band pass filter

1D-0SI
Time resolution: 100 fs -100 ps
Time window: 500 fs - 500 ps

Chirped pulse

Chirped pulse S

CW laser ~
g

Grating

 \ Oscilloscope readout
~ Ve Time resolution: >200 ps

Time window: ns - ms
1um
Oscilloscope
THz pulse

Figure 3.6 Measurements of irreversible THz-driven phase transition dynamics in multilayer MoTe; by
multiple single-shot spectroscopy. Schematics of multilayer MoTe, on THz metamaterial structure with a
single THz pulse excitation and single-shot microscopic probes, including 2D-burst imaging of sequentially
timed all-optical mapping photography utilizing spectral filtering (SF-STAMP), one-dimensional optical
streak imaging (1D-OSI) and oscilloscope readout. By probing the sample with a chirped laser pulse and
analyzing the reflected pulse with a spatial mapping device and a charge-coupled device (CCD),
SF-STAMP and 1D-OSI can capture the irreversible phase transition with a 500-fs to 500-ps time window
and 100-fs to 10-ps temporal resolution. The oscilloscope readout method with a fast photoreceiver can
resolve the dynamics up to a millisecond observation time window with a 200-ps temporal resolution by

using a CW laser light and detecting the reflected light intensity.

85



3. Single-shot measurement of a THz-driven irreversible phase transition

3.3.2 Results

~300-ps observation window

We first conducted single-shot SF-STAMP and 1D-OSI measurements with observation windows of around
300 ps and 200 ps, respectively. Figure 3.7 shows the single-shot SF-STAMP multispectral temporal
snapshots of before a THz pulse irradiation, with a THz pulse, after irradiation. The normalized transient
reflectivity change by dividing the before a THz pump irradiation image is shown in Figure 3.8. In this
SF-STAMP configuration, the circled multispectral temporal snapshots (ranging from 780 nm to 800 nm)
with a smaller number (#: 1~9) correspond to the shorter wavelength images, that is, the earlier time
snapshot in the SF-STAMP time sequence. The time window of this 20-nm bandwidth negative chirped
probe laser pulse was 228 ps (The total amount of dispersion of 11.4 ps/nm)). An exposure time and the
frame interval of the snapshots were 35.3 ps and 25 ps, respectively. Abbe’s diffraction limit was 0.57 um.
The scale bar represents 2 pum.

Figure 3.9 shows the single-shot 1D-OSI results of before a THz pulse irradiation, with a THz pulse,
after irradiation. The temporal resolution of 1D-OSI spectroscopy is determined by the following
relationship: \/To X Tepirp [52,262]; where 1o is the transform-limited duration of the probe pulse and zchin
is the chirped pulse duration. Both measurements were conducted with a 400-ps negatively chirped pulse

stretched from a transform-limited 40-fs pulse, which resulted in a temporal resolution around 4 ps.
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Figure 3.7 Single-shot multispectral temporal snapshots of before a THz pulse irradiation, with a THz

pulse, after irradiation measured by SF-STAMP. A THz pulse intensity was 410 kV/cm.
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Figure 3.8 Temporal snapshots of transient reflectivity change in MoTe, by a THz pulse irradiation. To
visualize the dynamics in these snapshots, we normalized the spectral intensity with that measured before
the THz-pump excitation. The time window of the negative chirped 20-nm bandwidth (770~730 nm) probe
pulse was 228 ps. An exposure time and the frame interval of the snapshots were 35.3 ps and 25 ps,

respectively. The scale bar represents 2 pm. The diameter of circles occupied 550 pixels.
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Figure 3.9 Single-shot 1D-optical streak images of before a THz pulse irradiation, with a THz pulse, after

irradiation measured by 1D-OSI. A THz pulse intensity was 410 kV/cm. The scale bar represents 2 um.
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3. Single-shot measurement of a THz-driven irreversible phase transition

As shown in the 12-frame snapshot SF-STAMP images (the frame interval of 25 ps) of Figure 3.10(a),
the reflectivity of the multilayer MoTe; in the gap drops uniformly right after a THz excitation and
stabilizes around 100 ps after the THz irradiation. The dynamics are consistent with the 1D-OSI
measurements, which has a much higher sampling rate. In Figure 3.10(b), we first observe a THz-shape
reflectivity response near the THz arrival time. This response is a coherent interaction with THz electric
field. It is convoluted with the 4-ps temporal resolution, which is further confirmed in another 50-ps
window 1D-OSI measurement with a higher temporal resolution of around 1 ps, as shown in Figure
3.11(a). Since our probe wavelength region is near 800 nm and close to the B exciton resonance [237,263]
of multilayer or few-layer MoTe,, we ascribe this effect to the THz coherent interactions of exciton states,
which has been reported in other types of 2D-TMDs [264].

The reflectivity starts to drop abruptly following the THz-exciton interactions and reaches a reflection
plateau around 30-40 ps after THz excitation. This reflection plateau lasts for around 25 ps before the
reflectivity drops again to an even lower level and stabilizes there within 200-ps observation window.
Compared with the reported single-shot SHG measurement, the reflection plateau emerges at a similar time
scale with the emergence of an anomalous SHG behavior, both of which indicate the existence of a
metastable phase [235,257] during the irreversible phase transition. After around 1 second, we checked the
post-mortem reflectivity with another probe pulse without THz excitation. We noticed that the sample
reflectivity recovers slightly, which means there are some non-ultrafast dynamics beyond our 200-ps

observation window.
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Figure 3.10 A few hundreds of picoseconds dynamics of THz-driven irreversible phase transition in
multilayer MoTe,. (a) Optical image of before THz pumping (left) and SF-STAMP burst images of
multilayer MoTe, after single THz pulse irradiation at 410 kV/cm (right). The temporal snapshot of
STAMP images cover from -25 ps to 250 ps with a frame interval of 25 ps. A distinct reflection drop occurs
uniformly at the MoTe, within the gap after the THz irradiation and stabilizes around 100 ps after THz
excitation. (b) 1D-OSI data of multilayer MoTe; after a single THz pulse. The inset shows the optical image
of the sample used for 1D-OSI measurement. We first observed a THz-pulse shaped reflectivity change
around time-zero, which is followed by a fast reflection drop. At around 30-40 ps after THz excitation, we
observed a reflection plateau, which lasts for around 20-25 ps before it drops again and stabilizes at a lower
reflectivity level within the 200-ps observation window. After 1 sec., a small reflectivity recovery is
observed. In both 2D and 1D case, probe pulses were stretched by negative chirp via grating pair
compressor. Thus, in this configuration, the left-hand side of the horizontal axis is the shorter wavelength
component. To visualize the reflectivity change, we normalized the spectral intensity of single-shot data

with that of the only probe information measured before the THz pump pulse excitation.
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50-ps observation window

To obtain further details of the reflection plateau region, we performed another 1D-OSI measurement with
a smaller time window (~50 ps) and higher temporal resolution (~1 ps) on a different multilayer MoTe>
sample, as shown in Figure 3.11(a). Upon the arrival of the THz pulse, we also observed the THz-shape
reflectivity change, consistent with the THz-exciton coherent interactions observed in the measurement
above. As expected, the THz-shape modulation is much sharper than the above measurement since the
temporal resolution in this measurement is higher. In addition to the reflection plateau, we observed two
coherent phonon oscillations after THz excitation in Figure 3.11(b). At a delay of around 20-31.5 ps, two
oscillations have frequencies at around 0.39+0.04 THz and 1.26+0.04 THz, respectively. These two
coherent phonon motions have similar frequencies interlayer breathing and shear modes (Figure 3.11(¢c)) in
multilayer MoTe; [265]. Most remarkably, both from time-domain (Figure 3.11(a)) and frequency-domain
data (Figure 3.11(b)), we noticed that two interlayer phonon oscillations suddenly cease at the reflection
plateau at around 32-ps delay.

Especially from Figure 3.11(b), Fourier transformations are conducted on three consecutive time
windows with precisely the same conditions and show an abrupt disappearance of interlayer phonon
oscillations at the reflection plateau, which strongly deviates from the exponential phonon decay process.
This phenomenon further confirms that MoTe; enters a transient metastable phase during the irreversible
phase transition. The metastable phase could be the distorted trigonal prismatic phase (2H*) based on the
theoretical calculation of MoTe> in a highly electronically excited state [235]. We think the disappearance
of phonon oscillations is mainly due to the incoherence nature of electronic-excitation-driven phase
transition, during which the phonon coherence is no longer maintained. Since our microscopic probe size is
around 1.5-um and close to the gap size, we are essentially probing the sample excited by a THz field with
different levels of FES-THz. This spatial inhomogeneity could also contribute to the destruction of phonon
coherence.

We also notice that interlayer phonons harden as the probe window moves closer to the THz arrival time.
For example, at an earlier delay of around 8.5-20 ps, those oscillation frequencies blue shift to 0.57-0.74
THz and 1.35-1.52 THz. Similar THz-driven interlayer shear oscillation has also been observed in
multilayer Td phase WTe; [253], during which the interlayer shear phonons also soften at a longer delay

but with a much smaller extent.
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Figure 3.11 Irreversible phase transition dynamics with a 50-ps observation window. (a) The inset shows
the optical image of the multilayer MoTe, sample for the 50-ps single-shot dynamics measurement. At
around zero delay position, a THz-shaped reflectivity change is observed. Due to a shorter duration of
chirped probe, the temporal resolution in this measurement is around 1 ps, which enabled us to observe
coherent oscillations after the THz excitation. At around 32-ps delay, the reflection plateau is also observed.
(b) Fast Fourier transform (FFT) of time-domain data with three consecutive time windows. Three
consecutive time windows (8.5-20 ps, 20-31.5 ps, and 31.5-43 ps) have the same size and identical FFT
conditions, thus the FFT intensity in three plots can be reliably compared. The FFT of time window from
20-31.5 ps clearly shows two peaks at 0.39 THz and 1.26 THz, which is close to reported interlayer
breathing and shear mode of multilayer MoTe;, respectively. Those two interlayer oscillations harden at
earlier delays (8.5-20 ps) and completely disappear at the reflection plateau region (31.5-43 ps). (c¢) The

oscillations correspond to the interlayer breathing mode and interlayer shear mode of multilayer MoTes..
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Possible driving mechanism for time-dependent interlayer phonon excitations

In materials with symmetric A; vibrational modes, ultrafast electronic excitations can suddenly shift the
minimum of the potential energy surface of the A; mode, giving rise to a coherent vibration of A; symmetry
about the displaced energy surface minimum. This process is called displacive excitation of coherent
phonons (DECP) [111]. We do not think DECP is the driving mechanism since the interlayer shear and
breathing modes [265] are not the symmetric A; of the multilayer 2H phase MoTe,. In addition, coherent
phonon oscillations excited via DECP are typically slower than the driving field, while the observed
interlayer shear oscillation have a frequency over 1 THz, almost beyond the bandwidth of our THz pulse.
The interlayer breathing and shear modes are Raman-active and silent modes in multilayer 2H MoTe;,
respectively [265]; thus this behavior cannot be explained by resonant field-dipole interactions of IR-active
modes. It is theoretically possible that the Raman-active interlayer breathing mode can be driven by
impulsive stimulated Raman scattering (ISRS) process.

Since the THz electric field realized so far is much weaker than the optical electric field, ISRS process
driven by a THz electric field is much less efficient than an optical excitation. Several optical-pump
repetitive experiments have been conducted in multilayer 2H MoTe; and no interlayer shear or breathing
oscillations were detected [259,266], which indicates that ISRS may not be the driving mechanism for this
unusual THz-driven phonon excitations. ISRS process also cannot explain the excitation of silent interlayer
shear mode with a frequency almost beyond our THz spectrum.

Recently, a transient charge-current driving mechanism was proposed to explain the observation of
interlayer shear oscillations in orthorhombic (Td) phase bulk WTe,; and MoTe, by THz, Mid-infrared (MIR)
or optical excitations [253,260]. In this theory, laser irradiation induces electronic transitions between
bonding and antibonding states, thus depleting the bond charges, destabilizes the interlayer coupling
strength and launches the shear motions. Although Td phase WTe, or MoTe, are semimetals while 2H
phase MoTe; is a semiconductor with a 1 eV bandgap, picosecond-nature of THz electric field, especially
with a further field enhancement, is much more suitable to induce carrier liberation, multiplication and
subsequent transient current in the sample compared with an optical excitation. Thus, we think the highly
electronic excitations and subsequent transient currents in multilayer 2H MoTe, could weaken the
interlayer bonding strength and give rise to interlayer phonon excitations.

As shown in Figure 3.11(b), THz-driven interlayer phonon oscillations were noticed to be
time-dependent and softened at a later time after the irradiation of THz pump pulse. A slight phonon
softening at a later pump-probe delay was also noticed in the MIR-driven shear oscillations [253] in bulk

Td WTe,. The observed anharmonicity is opposite to the phonon hardening at a later pump-probe delay
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observed in Bismuth [267], which may be related to a different lattice potential/electronic anharmonicity

and requires further investigations.

Slow (>ns) and ultrafast (<5 ps) dynamics

SF-STAMP and 1D-OSI measurements clearly discover that a transient metastable phase exists during the
THz-driven irreversible phase transition in multilayer MoTe,. In order to gain further mechanistic
understandings of the whole phase transition dynamics and reveal the origin of puzzling THz-induced
sample degradation observed in the multilayer MoTe,, we performed another single-shot measurement of
slow dynamics with a fast oscilloscope readout method and of ultrafast dynamics with SF-STAMP in a 4-ps
window. Employing a fast oscilloscope and photodetector, we were able to capture the reflectivity
dynamics up to milliseconds with a temporal resolution around 250 ps (Figure 3.12(a)). As expected, the
sample reflectivity shows a step-function-like response with a falling time around 300 ps, which is
consistent with the 100-ps dynamics observed in the above 1D-OSI measurements. It means that the
oscilloscope readout method could not resolve ultrafast phase transition dynamics. With a longer 90-us
observation window of oscilloscope, we resolved the slow dynamics of reflectivity recovery. As shown in
Figure 3.12(b), an exponential recovery is first observed with a time constant around 1 ps. This timescale
is much faster than the carrier recombination time [266] and at a similar level of an RC circuit’s time
constant, thus we think the recovery dynamics is due to the charge circulating process from MoTe>
(resistance) to THz metamaterial (capacitor). Although THz-driven Poole-Frenkel (PF) and impact
ionization (IMI) effect does not produce a net charge in MoTe», a portion of THz-excited carriers can
localize at the interface between MoTe; and fused silica substrate or gold surface. The reflectivity starts to
drop again with a time constant around 10 ps before the completion of the charge circulating process. We
think the slow reflectivity dynamics corresponds to a slow sample degradation due to the current flow and
contributes to the emergence of compositionally altered Te-metalloid-like phase, which inhibits the
emergence of desired distorted octahedral phase (1T') in multilayer MoTe..

The PF and IMI driving mechanism are further confirmed in the SF-STAMP measurement with an
ultrafast 4-ps window. We captured 12-frame images with a ~300-fs frame interval and ~500-fs temporal
resolution as shown in Figure 3.12(c). No noticeable reflectivity drop is observed within the 4-ps
observation window (~2 ps after the THz arrival) for the sample in the middle of the gap, while the
reflectivity drops appreciably at the edge of the MoTe; on the gap, including the sample near the gap and
the sample edge. This is because the THz local enhancement is much higher at the edge compared to the
middle of the gap [255], which could also apply to the edge of a small-band-gap conductive semiconductor.

The emergence of reflectivity drop at the sample edge excludes the THz-driven field emission from the
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gold as the dominant driving force for the phase transition and confirms the PF and IMI driving

mechanism.
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Figure 3.12 Slow (>ns) and ultrafast (<5 ps) dynamics of the THz-driven irreversible phase transition. (a)
The inset shows the optical image of the MoTe, sample. The black curve shows the reflectivity change
dynamics with a 4-ns observation window. The red curve shows the instrumental response measured with a
35-fs ultrashort pulse. The reflectivity drop is slightly slower than the instrumental response, which means
the actual reflection dynamics is in a similar level of the instrumental response at 200 ps. (b) The
reflectivity change shows a step-function-like response at time zero with a 90-us observation window,
followed by an exponential reflectivity recovery process with a time constant of 0.96 ps. The reflectivity
starts to drop exponentially with a time constant of 10.6 ps in the middle of the recovery process. The inset
shows the exponential fitting of the two slow dynamics. (¢) SF-STAMP burst images show ultrafast
dynamics with 4-ps window. The reflectivity drop only happens at the left and right edge of the sample, as
well as the edges between the gold substrate and the sample. Since the reflectivity change does not emerge
in the middle of the gap in the initial process after THz irradiation, the 4-ps ultrafast 2D-dynamics with a
fine spatial resolution cannot be obtained by 1D-OSI measurements and can only be captured by

SF-STAMP method.
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Time constant estimation of the resistor-capacitor (RC) circuit with multilayer MoTe; and the THz
enhancement structure

The time constant of the RC circuit with 2H multilayer MoTe, on a THz field enhancement structure (FES)
can be estimated by treating MoTe, as a resistor and FES as a capacitor. The resistance of micron-size
multilayer MoTe> can be estimated by R = ﬁ, where R is the resistance, o is the conductivity [268] at
the order of 1Q 'cm™, L is the length at 2 pm, and S is the area of the cross section at the order of
107 ¢cm~2 . So, the resistance is estimated to be at the order of 107 Q. The capacitance of THz
enhancement structure can be estimated by treating the structure as a parallel plate capacitor, which have a
separation distance d at 2 pm and a plate area at around 200 nm X 1 cm = 2 X 107> cm™2. Thus, the
capacitance C is at the order of 1072 pF and the time constant (t = RC) is estimated at the order of
10~7 s. After THz-driven irreversible phase transition, the resistance of new 1T’ phase is two to three
orders magnitude smaller [269] than that of 2H MoTe,. However, a much greater electric field near the
edge of the enhancement structure have been found to induce dramatic sample damages at the edge, which

could give rise to a large ohmic contact resistance and jeopardize the actual discharging speed.

3.4 Summary

In conclusion, we comprehensively obtained the irreversible THz-driven phase transition dynamics in
multilayer MoTe; by three different single-shot schemes of SF-STAMP, 1D-OSI, and oscilloscope readout
spectroscopy. Consistent with the time scale of the reported SHG abnormal behavior, we observed
interlayer shear, and breathing oscillations suddenly cease at a reflection plateau around 30-40 ps after THz
excitation, which demonstrates the existence of a metastable phase during the irreversible phase transition.
Oscilloscope readout method reveals slow sample discharging and degradation dynamics, and further
SF-STAMP ultrafast measurement confirms the PF and IMI effect as the driving force for the irreversible
phase transition. Our results points out the existence of a theoretically predicted metastable phase [235]
during the complicated THz-driven irreversible phase transition dynamics in multilayer MoTe; and could

potentially provide a better device geometry protecting 1T’ phase from slow current-induced damage.
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Chapter 4
Real-time in-situ measurement of laser processing

In Chapter 4, the real-time application of SF-STAMP combining with a kHz high-speed camera is
demonstrated. Real-time in-situ measurement of laser processing evaluates the precursor process of each
pulse and its effect on femtosecond laser processing of glass under multiple pulses accumulated conditions

with sub-nanosecond time resolution using a chirp pulse probe or spectrally sweeping burst probes.

Abstract:

Real-time, in-situ operation of a single-shot, frequency-time encoding burst imaging method of
sequentially timed all-optical mapping photography utilizing spectral filtering (SF-STAMP) is
demonstrated by employing a high-speed (HS-) camera with the frame rate of a 1000-fps as a detector. We
obtained single-shot burst images of a pulse-by-pulse femtosecond laser ablation of a glass by a chirped
probe laser pulse with a 1-2-ps frame interval or by a spectrally sweeping burst laser pulse train with a
300-ps interval. A chirped probe laser pulse observed burst images of plasma generation during the early
stage of laser ablation in a glass with a short frame interval. A spectrally sweeping probe laser pulse train
also captured burst images of plume and shock-wave generation in air with a 1.5-ns observation time

window.

4.1 Background
As described in Chapter 2, the SF-STAMP’s observation time window has been extended to sub-ns by
utilizing probes of spectrally sweeping burst pulses with a few hundred of picoseconds intervals. By using a
chirped probe laser pulse or spectrally sweeping burst probe laser pulses as the need arises in sub-ps or
sub-ns time scales, STAMP can circumvent the limitation in the temporal resolution of high-speed (HS-)
camera technologies. Since STAMP’s temporal resolution is not controlled by imaging sensors, we
introduce an HS-camera as a detector in STAMP and obtain real-time consecutive ultrafast 2D-burst images
in accordance with the frame rate of the HS-camera.

Applying real-time measurements with a high temporal resolution for femtosecond laser processing [270]
provides such rich physics insights as the generation and the propagation of shock waves and clacks [271—
273] as well as the formation of a laser-induced periodic surface structure (LIPSS) [274-276] in the time

scale of picoseconds to nanoseconds. Previous researches conducted pump-probe, time-resolving schemes
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for revealing the dynamics of laser processing; but in most cases, they focused on morphological
observations after a single pump pulse irradiation [224]. Recently, time-resolved investigations have been
conducted of multiple pulse laser-induced plasma or shockwave generation at silicon [277] or fused
silica [278], and the pump-probe measurements were combined with an HS-camera to investigate the
dependence of multiple pulse irradiation on the propagation of pressure waves in glass [279]. However, it
remains challenging to accurately obtain ultrafast non-reproducible behavior or a series of time sequences
at identical processing conditions without optical delay scanning.

In this chapter, we combined SF-STAMP and a 1000-fps HS-camera for laser ablation of glass operated
by a 1-kHz femtosecond laser [62]. We aim to use the SF-STAMP technique to collect transient image data
in laser ablation processes to increase our understanding of physics in laser processing and to optimize laser
parameters with those data analyses. In general laser ablation processes, no thermal accumulation takes
place if the repetitive laser pulse interval is longer than a thermal relaxation time of ~us. Therefore, the
observation done for 1-kHz laser ablation in this work does not change from that acquired with a series of
observations with a single laser shot using SF-STAMP and a conventional camera. However, since laser
ablation processes always require multi-laser pulse shots, we can acquire complete transient image data for
a certain number of laser pulses in a shorter time at 1 kHz. Therefore, a real-time, transient image
acquisition technique, which combines SF-STAMP and an HS-camera, will be applicable and very useful
for high repetitive laser ablation processing. Moreover, when combined with much faster cameras (up to
10° frames per second is commercially available [131]), we can simply apply our experimental scheme to
higher repetition rate laser pulse processes where thermal accumulation influences the processing
performance.

We captured the pulse-by-pulse multiple femtosecond laser ablation processing of glass operated by a
1-kHz femtosecond laser in real-time by a chirped probe laser pulse or by spectrally sweeping burst probe
laser pulses with a 300-ps interval. We obtained the burst images of plasma generation during the early
stage of laser ablation in a glass with a short frame interval by chirped probe laser pulses. On the other hand,
we captured burst images of plume and shock-wave generation in air with a 1.5-ns observation time

window by spectrally sweeping probe laser pulses.

4.2 Methods

Figure 4.1(a) depicts the schematic setup of an SF-STAMP snapshot multispectral imaging system with
two different probe laser pulses: a frequency-chirped laser pulse probe and spectrally sweeping burst laser
pulse probes for femto- to picosecond and pico- to nanosecond regimes. SF-STAMP’s spatial resolution is

determined by the numerical aperture of the objective lens as in conventional microscopy. We show the
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concept of real-time consecutive pulse-by-pulse ultrafast 2D-burst imaging by a combination of an
SF-STAMP system and a 1000-fps HS-camera (Figure 4.1(b)). In each frame of the HS-camera, we
capture single-shot frequency-time encoded burst SF-STAMP’s sub-frame images up to 25 (the numbered

images in each HS-camera frame).
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Figure 4.1 (a) SF-STAMP snapshot multispectral imaging system composed of a diffractive optical
element (DOE) and a bandpass filter (BPF); (b) Concept of real-time consecutive 1 kHz ultrafast

2D-burst imaging by the combination of SF-STAMP system and a 1000-fps high-speed camera.
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4.3 Real-time observation of multiple femtosecond laser processing with a

sub-nanosecond temporal resolution

4.3.1 Experiment

The entire experimental setup of the real-time consecutive ultrafast 2D-burst imaging scheme is shown in
Figure 4.2. The experimental measurements are based on a single-shot pump-probe layout, which is similar
to previous works in Chapter 2 [60,61]. Thus, after setting the timing of a pump and a probe pulse, we do
not need to scan the delay. In fact, in our previous experiments, we selected a single laser pulse from 1-kHz
laser pulses by a mechanical shutter. With the 1000-fps HS-camera, we used all the 1-kHz laser ablation
shots. The light source was a mode-locked Ti:sapphire laser (Coherent, Mira) with chirped pulse
amplification (CPA) by both regenerative and multi-pass amplifiers. The pulse energy was ~1.0 mJ at a
1-kHz repetition rate with a pulse width of 50 fs (FWHM). The amplified laser pulse (800 nm) was split
into probe and pump pulses for femtosecond laser ablation processing. For the probe branch, we used a
frequency-chirped probe pulse or spectrally sweeping burst pulse probes. When employing a chirped probe
pulse for the picosecond time window, the probe pulse was focused into an Ar-gas-filled hollow-core fiber
(HCF) (240-mm long, 126-pum diameter) by an /=400 mm lens, and the output beam was collimated using
an = 500 mm concave mirror. In the HCF, a 700-900 nm broadband pulse was generated by self-phase
modulation (SPM). To stretch the pulse duration to ~10 ps, the broadband pulse was passed through optical
glass rods of NSF-11 and BK?7. (The total amount of dispersion was 0.29 ps/nm). The time window of this

40-nm bandwidth positive chirp probe pulse was stretched to ~11.6 ps.
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Figure 4.2 Experimental setup of real-time observation of pulse-by-pulse femtosecond

laser processing with consecutive 1 kHz ultrafast 2D-burst imaging.
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Figure 4.3 Generation of spectrally sweeping burst pulses by the 4/~FACED system.

For achieving a nanosecond observation time window with sub-ns temporal resolutions, we adopted a
4f/-FACED system to generate spectrally sweeping burst pulses (Figure 4.3). We used 800-nm output pulses
from the CPA without spectral broadening by the HCF. An input laser pulse (a 25-nm bandwidth ranging
from 785 to 810 nm) was angularly dispersed by diffraction grating (1600 lines/mm) and focused at the
entrance of a pair of slightly tilted high reflective dielectric mirrors (200 mm, R>99.5%) with different
incident angles depending on the wavelength by the 4f-system with two cylindrical lenses with 100-mm
focal lengths. For fulfilling the requirements of STAMP’s probe pulse source, the probe pulses need to
propagate collinearly; thus, we placed a beam splitter after the 4/~-FACED system to separate the output
burst pulse train from the input pulse. Since different frequency components propagate different optical
paths and reflect at the mirror, multiple pulses with different center wavelengths are generated at a fixed
interval [144]. In the present 4/-FACED system, the number of pulses can be tunable by changing the angle
of mirror pair «, and the pulse interval can be adjusted by mirror separation length S. To generate six burst
pulses with a 300-ps interval, we determined a = 0.68° and S = 45 mm and extended the single-shot time
window to ~1.5 ns. In a pump pulse optical branch, we employed an electrically controlled mechanical
shutter (Thorlabs, SHO5 and SC10) and adjusted the trigger timing of the laser ablation. To avoid spectral
overlap between the scattered pump and the probe pulses, we converted the pump laser to the second

harmonic (400 nm) with a f-barium borate (BBO) nonlinear crystal. The polarizations of the pulses were
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also adjusted to be orthogonal. The pump femtosecond laser pulse (< 85 pJ) was focused to a thin, 50-um
thick, glass sample (Nippon Electric Glass, Green Glass (OA-10G)) by an /= 8-mm lens.

In an SF-STAMP multispectral imaging system, the probe pulse passed a first Fourier lens (f = 50 mm)
and a diffractive optical element (DOE) (HOLOEYE, customized model), which generates 5x5 beams with
a full diffraction angle of 25.6°. Then the diffracted 25 array beams passed a tilted bandpass filter (BPF)
(Semrock, LLO1-780, a center wavelength of 780 nm and a bandwidth (FWHM) of 3.1 nm for a chirped
probe; IRIDIAN, ZX000167, a center wavelength of 830 nm and a bandwidth (FWHM) of 2.2 nm for burst
probes) and a second Fourier lens where f = 50 mm. To observe a small laser processing area, we
constructed a microscope system with an f= 30-mm condenser lens and an objective lens (x20, NA = 0.40,
Olympus, LMPLFLN20X). Thus, the minimum spatial resolution of the experiment determined by the
diffraction limit was 800 nm/2N4 = 1 um (Abbe’s diffraction limit). All the lenses were achromatic. The
enlarged shadowgraph image of the thin glass sample was relayed to the SF-STAMP system and separated
into multispectral images. We employed a 1000-fps HS-camera (Nac Image Technology Inc.,
MEMRECAM HX-7s) as a high-speed imaging sensor that has 2048x1920 pixels; each pixel was 11
umx11 pm. Note that the HS-camera achieves fast acquisition capability by a larger pixel size than
conventional CCD cameras. However, the spatial resolution remains limited by the diffraction limit
determined by the microscope optics in our setup. With the HS-camera, we can store more than 5000
frames; this combination of a kHz frame-rate camera and ultrafast time scale single-shot burst technique
enables in-situ measurements of laser processing with high temporal resolution up to 5000 pulses. In our
STAMP experiment, we attenuated the probe laser pulse to ~100 nJ to avoid influencing the laser
processing. When using a chirped probe laser pulse, we used a laser pulse that was spectrally broadened by
a rare-gas filled HCF. Therefore, the laser intensity at the unit bandwidth became lower (~0.5 nJ/nm) than

that of a spectrally sweeping pulse train (~4 nJ/nm) generated by 4/~-FACED.
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4.3.2 Results

4.3.2.1 Picosecond region with a frequency-chirped pulse

Figure 4.4 shows one typical frame captured by the HS-camera with 25 frequency-time encoded
SF-STAMP multispectral images, which captured the burst images of femtosecond laser-induced air plasma
generation. The pump laser energy was ~80 pJ. In this configuration, the observation wavelength of the
chirped probe laser pulse ranged from 730 to 770 nm. The images with a smaller number (#: 1~25)
correspond to longer wavelength images, which are from an earlier time snapshot in the SF-STAMP time
sequence. To visualize the shadowgraph in these snapshots, we normalized the spectral intensity with that
measured before the pump laser excitation to compensate for the variation in the spectral power at each
wavelength component filtered by the BPF. When the probe laser pulse temporally overlaps with the pump
laser pulse, the laser-induced plasma channel in air is distinct in the shadowgraph image. In Figure 4.4, #7
snapshot captured the air plasma. We set this snapshot to a zero delay (¢ = 0). Since the air plasma
generation timing moves as the delay-path of pump laser pulse changes, we determined the probing time
window length by monitoring the plasma generation timing. Consequently, the time window of this 40-nm
bandwidth positive chirped probe laser pulse was 11.6 ps where the optical delay length of 3.48 mm. The

exposure time and the frame interval of the snapshots were 937 and 481 fs.
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Figure 4.4 Frame result of HS-camera with 25 frequency-time encoded SF-STAMP snapshots, which
captured dynamic images of femtosecond laser-induced air plasma generation. 7th snapshot position is
delay zero time. Time window of this 40-nm bandwidth (770~730 nm) probe pulse was 11.6 ps. Exposure
time and frame interval of snapshots were 937 and 481 fs. Circles represent burst frames trimmed in Figure

4.5(b).
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Next we measured the picosecond-scale dynamics of the multiple laser pulse ablation of a glass with a
chirped laser probe pulse at every 1-kHz ablation laser shot (Figure 4.5(a)). The pulse energy of the
400-nm femtosecond ablation laser pulse was ~30 pJ. The processing laser pulse was focused slightly
inside the bulk. A 12-ps chirped probe laser pulse tracked shot-by-shot burst snapshot images of the
temporal evolution of the laser ablation on the glass and laser-induced air plasma generation. Out of 25
multispectral snapshots in each ablation laser pulse irradiation, seven frames (center wavelengths of 761.6,
759.9, 758.3, 756.6, 753.3, 750, and 743.3 nm) were trimmed and arranged with the order of time in the
horizontal columns of Figure 4.5(b). Each spectral image occupied 175x130 pixels on the HS-camera. The
scale bar represents 50 um. Figure 4.5(b) shows the precursor process of laser ablation from pre-irradiation
(-0.5 ps: 1st column) into 5 ps (7th column) after the femtosecond laser irradiation. The images at = 0
were set in the 2nd column. The vertical columns correspond to the HS-camera frames of the 1st, 2nd, 10th,
50th, 100th, and 200th ablation laser pulse shots. At the 1st pulse laser ablation, laser-induced air plasma
was generated ~2 ps after the pump pulse arrived. After the 2nd shot, the glass surface was ablated, and the
shapes of the post-mortem area inside the glass were captured in the first column. At the 2nd pulse laser
ablation, similar to the previous reports on multiple laser pulse ablation [277,278] where the material
morphology generated by prior pulses interacted with subsequent laser pulses and reshaped the effective
spatial laser intensity distribution inside the material, we observed the enhancement of laser-induced air
plasma formation (Figure 4.5(b#2_1ps)). The distinct air plasma is visible in Figure 4.5(b#2_1ps), but it
did not appear in the 1st shot in Figure 4.5(b#1_1ps). Since the 1st pulse altered the glass surface to a
crater-like shape, the laser beam was partially reflected and induced laser refocusing during the 2nd pulse
irradiation. Effects induced by the multiple pulse irradiation were also confirmed in the sub-nanosecond
measurement (following the description in 4.3.2.2). When the glass surface laser ablation generated a deep
hole beyond the effective laser pulse penetration depth at around 100 pulses, no significant further ablation
plume was visible after 100 pulses. Thus, #200 pulse images were almost the same as those of the #100
pulse, and the processing depth became saturated. Only the air breakdown outside the glass was visible in

these shots.
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Figure 4.5 (a) Schematic of single-shot measurement of femtosecond laser processing of glass with
frequency-chirped laser pulse probe. With a 1000-fps HS-camera, we observed each pump laser shot; (b)
Measured pulse-by-pulse single-shot burst images of time evolution of laser ablation on glass and
laser-induced air plasma by SF-STAMP with a 12-ps chirped probe (175x130 pixels). Horizontal column
corresponds to ultrafast single-shot snapshot with seven frames (center wavelength of 761.6, 759.9, 758.3,
756.6, 753.3, 750, and 743.3 nm). Exposure time of each frame was 937 fs. Vertical column corresponds to

HS-camera frames. Number in vertical column is cumulative pump pulses. Scale bar represents 50 um.
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4.3.2.2 Sub-nanosecond region with spectrally sweeping burst pulses

We also obtained burst images with a nanosecond time window using six spectrally sweeping burst probe
pulses (center wavelengths of 810, 805, 800, 795, 790, and 785 nm) that were generated with 4/~-FACED
(Figure 4.6(a)). Since we used a fraction of the direct laser output from the amplifier without
supercontinuum generation, the probe laser intensity at the unit bandwidth was higher than that of the
chirped laser pulse used for the measurements in Figure 4.5. Therefore, burst images were captured with an
improved SNR. The processing laser pulse was focused at the surface. We measured the slower dynamics
around the nanosecond at a sub-ns time resolution, which conventional high-speed cameras cannot realize.
Figure 4.6(b) shows the shot-by-shot burst snapshot images of the laser ablation and the shock-wave
evolution on the glass probed by a laser pulse train that consisted of six pulses with a 300-ps interval
(1.5-ns time window). The average exposure time of each frame was 21.8 ps. In Figure 4.6(b), the
horizontal columns correspond to single shot ultrafast burst images captured by SF-STAMP. The vertical
columns correspond to the HS-camera images of the 1st, 2nd, 10th, 50th, 100th, and 500th laser ablation
shots. Each snapshot occupied 220x150 pixels of the HS-camera. The scale bar represents 50 um. The
pulse energy of the 400-nm femtosecond pump laser was ~30 pJ. In the sub-nanosecond scale dynamics,
the effects of multiple pulse ablation were measured between the 1st and 2nd pulses. Comparing Figure 4.6
(b#1_1.2ns) with Figure 4.6(b#2_1.2ns), the interaction between the shockwaves (SWs) generated from
the laser-induced plasma and laser ablation is different. Since the air plasma generation timing differs at the
Ist and 2nd laser ablation due to the above reflection and the refocusing effects of the ablation laser beam
by the modified glass surface, the SW generation timing from the laser-induced air plasma also shifts and
leads to different interactions with SW generated at the surface ablation. The SW interaction lasts until the
glass surface is volumetrically ablated. Since no ablation plume exploded to the air after the 10th pulse, the
SW interactions disappeared. After the 50th pulse, the laser-induced air plasma outside the glass
disappeared before 300 ps; only progressive etching took place. The ablated hole shape in the glass that
appeared at the first frame is different in Figure 4.5 and Figure 4.6 due to a slightly different focusing

position.
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Figure 4.6 (a) Schematic of single-shot measurement of femtosecond laser pulse ablation of glass with
spectrally sweeping burst probe laser pulses. With 1000-fps HS-camera, we observed each laser ablation
shot. Shockwaves (SWs) generated by laser-induced plasma (SWair) and by ablation plume (SWpiume) are
indicated on images; (b) Measured pulse-by-pulse single-shot burst images of laser ablation and
shock-wave evolution on glass by SF-STAMP with 300-ps interval spectrally sweeping pulses (220x150
pixels). Horizontal column corresponds to ultrafast single-shot snapshot with six frames (center
wavelengths of 810, 805, 800, 795, 790, and 785 nm). Vertical column corresponds to HS-camera shots.
Number in vertical direction is equivalent to number of cumulative pump pulses. Scale bar represents 50

pm.
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4.4 Summary

We combined the single-shot ultrafast 2D-burst imaging technique of SF-STAMP and a 1000-fps
HS-camera to achieve real-time monitoring of pulse-by-pulse femtosecond laser pulse ablation with
sub-nanosecond temporal resolution. Frequency-chirped probe pulses can achieve sub-picosecond to tens
of picosecond time window measurements. By adopting the spectrally sweeping burst pulses generated by
the 4/-FACED system, the time window in a single-shot measurement can be extended to the
sub-nanosecond regime. Such in-situ ultrafast imaging methods are attractive and suitable for collecting
transient data in irreversible ultrafast phenomena to increase our understanding of the ultrafast physics in
interactions between laser pulses and such procedures as ablation. For future applications, for example, we
will measure the direct observation of LSFL (low spatial frequency LIPSS) formations [280-282],
THz-induced LIPSS [283], and the real-time measurement of high-repetition-rate (MHz to GHz) burst laser
processing under heat accumulation [284-289]. For kHz to MHz-burst laser processing, the combination of

an Mfps-camera and STAMP can track real-time images with STAMP’s sub-frame resolution.
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Chapter 5
Outlook for future application of SF-STAMP

Chapter 5 discusses current limitations in SF-STAMP and the outlook for the future applications of
SF-STAMP, especially laser processing and THz wave region.

SF-STAMP has addressed several ultrafast irreversible phenomena in Chapters 2, 3, and 4. However, as
mentioned, the low efficiency of light utilization is an inherent limitation in an SF-STAMP system. Thus, a
combination of function microscopic optical systems, such as phase contrast or polarizing imaging, suffers
from implementation on the condition of a weak light intensity probe case. The combination of an
SF-STAMP and spectrally sweeping burst probes generated by a 4/-FACED has demonstrated a few
hundreds of picoseconds interval single-shot. Due to the nature of spectral filtering by an angle-dependent
BPF, however, full utilization of multispectral images with time-encoding is difficult to implement.
Therefore, another snapshot multispectral imaging approach with high-light efficiency without an
angle-dependent spectral filtering scheme will realize a more functional STAMP. In this light efficiency
improved scenario, combination with polarization spectroscopy or imaging will be applied, benefiting us

ultrafast polarization information.

5.1 STAMP application for laser processing

As demonstrated in Chapter 4, real-time in-situ pule-by-pulse ultrafast 2D-burst imaging with
sub-nanosecond temporal resolution can be performed with a STAMP and a high-speed camera. These
in-situ ultrafast imaging methods are attractive and suitable for imaging laser ablation processing. For
future applications, for example, direct observation of LSFL (low spatial frequency LIPSS)
formations [280-282] or THz-induced LIPSS [283], and real-time measurement of high-repetition-rate
(MHz to GHz) burst laser processing under heat accumulation [284-289] would be measured. For kHz to
MHz-burst laser processing, the combination of an Mfps-camera and STAMP can track real-time images
with a STAMP’s ultrafast temporal resolution.

On the other hand, in recent years, the result that processing efficiency even improves with pulse energy
below the ablation threshold of a single pulse when high-repetition processing is performed with laser
pulses shorter than the thermal relaxation time of the material [286] has been reported. This indicates that
high-efficiency (ablation cooling) processing without thermal damage is possible with GHz high-repetition

pulses. Therefore, the development of a fiber laser light source for processing that operates at GHz
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repetition has been actively promoted [290,291] In addition, laser processing parameters suitable for
various types of materials that have different thermal conductivity, melting points, and specific heats, and
whose values dynamically change during processing can be controlled by in-situ measurement. There is
also a direction to perform excellent pulse laser processing with little damage. Hence, if the high-repetition
laser can be dynamically controlled by real-time measurement, adaptive laser processing can be realized.
Furthermore, it is possible to monitor GHz processing images for each shot with SF-STAMP. These images
can be processed in real-time, and parameters such as laser intensity, pulse width, and repetition frequency
of the processing laser can be adaptively controlled. In the sub-nanosecond time region, there are
interesting phenomena, such as the interaction between cells and shock waves that have not yet been

elucidated, and laser-induced crystal nucleation.

5.2 STAMP in THz wave region

In Chapter 3, a THz pulse was only used for a pump source. In general, however, ultrafast imaging in THz
wave region is attractive because there are no high-speed imaging sensors. As chirped-EO sampling in
1D [35], 2D-EO chirped sampling will be possible by employing an SF-STAMP imaging system [292].
Figure 1.7 shows the example of THz 2D-EO chirped sampling measured by SF-STAMP in the experiment
of Chapter 3. In this case, only the THz modulation beam profile was measured for confirming THz
overlapping time, but when 2D-spatial information with enough SNR is imaged to STAMP multispectral
imaging system, ultrafast 2D-EO imaging of THz wave region with an optical chirped readout pulse can be

realized.
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Figure 5.1 Results of 2D-EO chirped sampling obtained by SF-STAMP
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Chapter 6
Conclusion

Chapter 6 summarize the experimental results and knowledge obtained in each chapter.

A frequency-to-time encoding single-shot imaging of STAMP leverages an observation window ranging
from sub-picoseconds to nanoseconds, which is impossible to access by the conventional ways. Therefore,
STAMP is a highly attractive imaging technique, addressing observations of ultrafast irreversible
phenomena. For performing the myriad applications of STAMP to single-shot ultrafast 2D-imaging,
however, there are demands to solve the problem of freedom in the number of burst snapshots and
expansion of the time window to the nanoseconds region that has been unachieved by both conventional
high-speed and state-of-the-art ultrafast imaging technique. In this study, thus, developing the spectral
filtering (SF-) STAMP method (SF-STAMP) and establishing a comprehensive SF-STAMP methodology
that is simple but widely applicable when single-shot ultrafast 2D-burst imaging is being conducted. Then,
applying the SF-STAMP with additional functionality to ultrafast single-shot measurements revealed
nonrepetitive phenomena in real-time. These results emphasize the STAMP method is a superb tool over
other single-shot ultrafast imaging methods. Moreover, STAMP is the tool for identifying the universality

and peculiarity of phenomena that can only be clarified by observing a single event repeatedly.

In Chapter 2, to overcome the original STAMP restriction, we simplified the setup and increased the
number of burst frames from 6 up to 25 by developing a modified SF-STAMP. In an SF-STAMP snapshot
multispectral imaging system, a diffractive optical element (DOE) duplicates spatially resolved replicas of
the probe pulse. These replicas are incident to a tilted bandpass filter (BPF), which selects different
narrow-band wavelengths depending on the angle of incidents. The 25-frame SF-STAMP system with a
frequency-chirped probe succeeded in capturing real-time 2D-images of a femtosecond laser-induced
crystalline-to-amorphous phase change in Ge,Sb,Tes with an exposure time of 465 fs and frame interval of
133 fs (corresponding to frame rates of 7.52 Tfps) inside an entire time window of 3.2 ps. The optimum
temporal resolution of SF-STAMP was also discussed. In addition, as an extension approach to the
nanoseconds time window, spectrally sweeping burst probes with a ~100-ps interval generated by a
4f/-FACED system were applied to the SF-STAMP scheme. Employing six multi-wavelength delayed pulses
demonstrated sub-nanosecond temporal snapshots of a femtosecond laser processing of glass. These images

in Chapter 2 were obtained with a transmission optical microscopy.
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In Chapter 3, the SF-STAMP addressed ultrafast dynamics in THz light-matter interactions. The
dynamics of recently discovered high-field intensity THz-induced irreversible phase transition in 2D-TMDs
is still unrevealed, since the nonreversible nature of this phenomenon precludes conventional time-resolved
techniques. Thus, we applied the SF-STAMP and 1D-optical streak imaging (1D-OSI) spectroscopy to a
single-shot measurement of THz-driven irreversible phase transition in multilayer MoTe, by observing
transient reflectivity change of a chirped probe within ~300 ps. We observed the disappearance of the initial
phase and discovered a metastable phase during the irreversible phase transition around 30—40 ps after a
THz pulse excitation. This result can be measured for the first time by SF-STAMP’s powerful features of a
single shot and ps-temporal and pm-spatial resolution. In this case, we employed a reflection optical
microscopic layout. Moreover, from the experiment, the combination of both frequency-to-time encoding
of 1D-OSI (consecutive) and 2D-STAMP (burst) complementary works and bring much temporal

information in single event.

In Chapter 4, a real-time in-situ measurement application in multiple femtosecond laser pulses processing
has been demonstrated by combining a conventional high-speed (HS) camera and SF-STAMP. Since
STAMP’s temporal resolution is not controlled by imaging sensors, introducing an HS-camera as a detector
in STAMP stored real-time ultrafast 2D-burst images of pulse-by-pulse femtosecond laser ablation of glass
driven by a 1-kHz femtosecond laser. Precursor process of each pulse and its effect on femtosecond laser
processing of glass under multiple pulses accumulated conditions were monitored with sub-nanosecond
time resolution using a chirped pulse probe or spectrally sweeping burst probes. Such in-situ ultrafast
imaging method is attractive and suitable for collecting transient data in irreversible ultrafast phenomena to
increase our understanding of the ultrafast physics in interactions between laser pulses and such procedures

as ablation.

In Chapter 5, current limitations in SF-STAMP are discussed, and the outlook for the future applications

of SF-STAMP, especially laser processing and THz wave region are explained.

Finally, I conclude this thesis. Rapid advances in the ultrafast laser technology have enabled various new
techniques, day by day. The STAMP method is one of the cutting-edge methods in ultrafast optics fields
and is expected to clarify unrevealed dynamics in ultrafast timescale both in material science and biological
applications. I hope the research on SF-STAMP will contribute to the advent and development of other
types of STAMP.
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