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Abstract

This thesis reports a novel optical technology that enables us to arbitrarily
manipulate amplitudes and phases of highly discrete broadband spectra. The
novel optical technology is concise: we simply place a few fundamental optical
elements—a waveplate, a polarizer, and a transparent dispersive plate—on an
optical axis and precisely control their thicknesses. However, such optical tech-
nology is practically useful: 1, excellent maintenance of beam quality and spa-
tial coherence, as it can arbitrarily manipulate amplitudes and phases of any
highly discrete (several tens of terahertz) spectrum without separating indi-
vidual components in space; 2, resistance to high power lasers, as transparent
materials with high damage thresholds are used for transmitting ultrabroad

spectra (mid-infrared, visible, and ultraviolet).

We experimentally demonstrate the novel optical technology by manipulat-
ing amplitudes and phases of a series of vibrational Raman coherence, which
has a frequency spacing of about 125 terahertz and a bandwidth of over 700
terahertz. Specifically, we have succeeded consecutively in manipulating the
amplitudes and phases of five (spanning 2,403 to 481 nm), six (spanning 2,403
to 401 nm), and seven (spanning 2,403 to 343 nm) Raman components. Lim-
ited by the range of measuring phases of broader spectrum via spectral phase
inteferometry, the current system can not handle eight or more Raman com-

ponents.

As a typical application of such optical technology, we also demonstrate gen-
eration of ultrashort pulses in the time domain, through reconstructing elec-
tric field intensity waveforms of the Raman coherence after manipulating its
amplitudes and phases. With the aforementioned five Raman components ma-
nipulated, we have achieved a train of 1.6 femtosecond (at full width at half
maximum) pulses with a repetition rate of about 125 terahertz, close to Fourier
transform limited condition. With six Raman components, we have achieved
a train of 1.4 femtosecond ultrafast pulses. And finally with seven Raman

components, we have achieved a train of 1.2 femtosecond ultrafast pulses.
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Chapter 1

Introduction

1.1 Literature overview and motivation

1.1.1 Literature overview

Development of new optical technology always paves the way for the essential
evolution of optical science. A handful of typical examples can be enumerated

as below (also refer to figure 1.1).

In the time domain, the advent of dielectric multilayer chirped mirrors [1-
3] offered solutions for spectral broadband dispersion control [4, 5], and thus
enabled practical solid state femtosecond lasers [6-8]. Benefiting from ultra-
high temporal resolution, mode-locked [9-11] femtosecond lasers [12—14] have
ever allowed researchers to probe fast-evolving phenomena, such as chemical
reactions at the molecular level [15, 16], and further spawned femtochemistry
[17] (for which Ahmed Zewail was awarded the Nobel Prize for Chemistry in
1999) and attosecond science [18—-20].

In the frequency domain, the use of photonic crystal fiber (PCF) [21-23]
for spectral bandwidth broadening permitted self-referencing method to mea-
sure carrier envelope offset (CEO) frequency, thus advanced optical frequency
comb (OFC) [24, 25]. With the capability of measuring absolute optical fre-
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quencies, OFC technology (for which John L. Hall and Theodor W. Hansch
were awarded the Nobel Prize for Physics in 2005) has revolutionized optical

frequency metrology [26] and precision spectroscopy [27].

Femtochemistry

Attosecond
science

1

fs lasers

Multilayer
chirped
mirrors

Photonic Liquid

Frequency crystal crystal
metrology fiber modulator Lightwave

«— OFC «—— Lasers | OAWG —» communications
Precision
spectroscopy LIDAR

[ ]
Laser [
plasma

accelerator

Laser-driven
particle
beam

!

High energy
particle physics

Plasma science

Figure 1.1: Key optical technologies open the doors for new optical sciences.

In addition, dominated by liquid crystal modulators (LCM) [28, 29], optical
arbitrary waveform generation (OAWG) [30, 31] techniques (see figure 1.2) pro-
vided a means of controlling spectral intensities and phases of optical waves,
and synthesizing arbitrary optical waveforms. Combining optical frequency
comb with pulse shaping, OAWG technology has the advantages to be widely
applied to lightwave communications [32], light detection and ranging (LI-
DAR) [31, 33], etc.
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Figure 1.2: Experimental setup of OAWG techniques and the results of line-
by-line shaping of 108 lines. (a), Schematic diagram. (b), Spectrum and inten-
sity cross-correlation for the selected 108 lines at the exit. DDF: dispersion-
decreasing fiber; RF: radio frequency; EDFA: erbium-doped fiber amplifier.
[Courtesy of Nature Photonics 1, 463 (2007).] [34]

Although in an interdisciplinary way, by using high intensity lasers to inter-
act with matters to produce a plasma ambience, such as protons and ions, the
adoption of laser plasma accelerators enabled the acceleration of lighter parti-
cles such as electrons and positrons, thus making laser-driven particle beams
[35]. With the unique characteristics of high energy and high quality, laser
driven particle beams are expected to be useful in a wide range of contexts, in-

cluding high energy particle physics, plasma science, medical treatment, etc.

1.1.2 The motivation of our work

Launched in the beginning of the 21st century, attosecond pulses [36—38] have
been one of the most prominent frontiers in optical science [39—44], and have

led the trend of exploring ever fast-evolving events [45—-47] at an atomic scale.
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Figure 1.3: Schematic diagram of the field synthesis experiments conducted
by Han S. Chan, et al. (a), Schematic diagram of the experimental setup to
synthesize waveforms using harmonics generated by coherent modulation of
the H; molecules. AM and PM are liquid crystal spatial light modulators (LC-
SLMs) that, respectively, attenuate the powers (and thus amplitudes) of the
harmonics, and adjust and compensate their phases; and these two abbrevi-
ations are only used here. These LCSLMs are also used as pulse shapers for
the cross-correlation measurements. (b), Pictorial demonstration of ultrafast
waveforms obtained by the coherent superposition of the first five harmonics
of a fundamental wavelength. The panel on the lower right depicts the spec-
tral field amplitudes required for the synthesis of the respective waveforms on
the left. The 8.02-fs pulse spacing originates from a fundamental wavelength
of 2,406 nm. [Courtesy of Science 331, 1165 (2011).] [48]

On the other hand, Stephen E. Harris and collaborators [49-52] provided a
way of generating sub-femtosecond pulses via molecular modulation [53, 54] in
the 1990s. A. H. Kung and others [48] experimentally verified to manipulate
amplitudes and phases of five discrete Raman components and were able to

synthesize arbitrary optical waveforms (see figure 1.3).
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Motivated by the above backdrops, we expected to experimentally combine
the techniques of synthesizing optical waveforms (pulse shaping in a broad
sense), with a highly discrete Raman coherence (an optical frequency comb in
a broad sense) to approach attosecond pulses in the time domain. Note that
this discrete spectrum of Raman coherence is produced by molecular modu-
lation process, not through high harmonic generation [55-57] that can yield
ultrashort pulses with a pulse duration of several tens of attoseconds (scatter-
ing extreme ultra violet or soft X rays [58—60]),

In this thesis, I report a novel optical technology, which allows us to arbitrar-
ily manipulate amplitudes and phases of highly discrete broadband spectra.
The optical technology is simple, that is, we just place a few fundamental opti-
cal elements—a waveplate, a polarizer, and a transparent dispersive plate—on
an optical axis and precisely control their thicknesses.

In spite of its simplicity, the novel optical technology is very powerful. Un-
like line-by-line shapers [61, 62] used in OAWG techniques, we do not spatially
separate the optical waves to control spectral components individually (such
case can also be found in figure 1.3). Therefore, one of the attractive advan-
tages is that the manipulation devices maintain excellent spatial coherence
of the optical waves. Moreover, the manipulation devices are very robust to
resist high energy laser radiations, as we exploit transparent materials that
all have high damage thresholds.

We have, so far, applied our manipulation devices to harness the amplitudes
and phases of five, six, and seven adiabatically driven vibrational Raman com-
ponents (with a frequency spacing of about 125 THz) in sequence. With the
broadest Raman spectrum—seven modes (covering 2,403 to 343 nm, with a
bandwidth of over 700 terahertz)-handled, we have achieved a train of 1.2
femtosecond (at full width at half maximum) single-cycle pulses in the time

domain, with a repetition period of about 8 femtoseconds.

In recent years, researchers have experimentally demonstrated optical field-
induced changes in dielectric materials, namely, that the physical properties of
dielectrics can be changed by controlling optical fields [63—65] on sub-femtosecond

to few-femtosecond timescales. As a potential application regarding high speed
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information processing, in terms of light-to-light, the trains of ultrafast pulses
we achieved may become a key tool in this field. Considering that researches
on ultrafast optics have been continuously flourishing, more applications are
about to be discovered.

1.2 Thesis overview

As narrated partly in the abstract, this thesis accounts for the proposal, theo-
retical analysis, and experimental demonstration of a novel optical technology—
arbitrary manipulation of amplitudes and phases of highly discrete spectra.
Through Fourier transform of the manipulated spectra, we are also able to
reconstruct electric field intensity waveforms, which are trains of ultrashort

pulses in the time domain. Below shows detailed contents of each chapter.

Chapter 2 conceptually illustrates the idea of amplitude manipulation, and
phase manipulation, respectively. In particular, this chapter shows why the
novel optical technology is eligible for manipulating amplitudes and phases of

multi-frequencies, and the advantages of such optical technology.

Chapter 3 introduces the entire experimental system, which mainly en-
compasses three parts: generation of Raman coherence, amplitude and phase

manipulations, and phase measurement.

The first part of the system yields the laser source for use, i.e., a highly dis-
crete broadband spectrum. Afterwards, the second part is the core content
of the novel optical technology—amplitude and phase manipulations. Finally,
the third part introduces phase measurement through spectral phase inter-
ferometry, which is the difficult point of the whole system since its precision
and limitation substantially affect the viability and development of such novel

optical technology.

Chapter 4 shows the main results experimentally obtained. In section 4.1,
I will show the actual photos of Raman components generated. In section 4.2,
I will show the results of amplitude manipulation in detail. And in section

4.3, I will show the results of phase manipulation. As we have manipulated

6
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amplitudes and phases of different number of Raman components, I will ex-
hibit the results sequentially, namely, begin with the results of five, then to
six, and eventually to seven Raman modes. As a typical application of our
manipulation devices, in section 4.4, I will also show reconstruction of electric
field intensity waveforms of different number of Raman components, which

are trains of ultrashort pulses in the time domain.

Chapter 5 concentrates on the main issues discussed during the process
of manipulating amplitudes and phases of different number of Raman modes.
Especially, I will explain the difficulties of increasing the number of Raman
modes for both amplitude and phase manipulations, the precision estimated,
the differences of pulses following the escalation of the number of Raman

modes, the limitations of the current system, etc.

Chapter 6 summarizes the whole work in the thesis. Afterwards, this chap-
ter gives prospects for future research, and examplifies potential applications

of our novel optical technology, including its achievement of ultrashort pulses.
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Chapter 2

Conceptual idea of the novel

optical technology

In this chapter, I will illustrate conceptual idea of the novel optical technology—

amplitude and phase manipulations.

The idea of the novel optical technology is very realistic: we have already
been able to control an optical wave with a single frequency flexibly, whether
in terms of its amplitude, or phase. In detail, we can exploit an anisotropic ma-
terial (waveplate in a broad sense) and a polarizer to control the polarization
direction and intensity (thus amplitude) of output laser (i.e., manipulation of
amplitude, MA); and utilize a transparent dispersive plate to control the phase
of transmitted laser (i.e., manipulation of phase, MP). These are basic optical
principles. However, what if the incident optical wave has a broad spectrum
with several discrete frequencies, especially, some peculiar spectrum resem-
bling vibrational Raman coherence (with a large frequency spacing)? Can we
still arbitrarily manipulate amplitudes and phases of such broad spectrum?
The answer to this question is affirmative. That is, we can imitate the case of
controlling amplitude and phase of a monochromatic laser, to control ampli-

tudes and phases of a broad discrete spectrum with a large frequency spacing.
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Figure 2.1: Conceptual idea of manipulating amplitudes and phases of mul-
tiple components. Without loss of generality, we put the number of spectral
components to six. Note that the diagram shows a top view of such idea. P,
P, and P; correspond to different positions on the optical axis, which are be-
fore manipulating amplitudes (MA), after MA, and after manipulating phases
(MP), respectively. Bidirectional-black arrows and the ellipse behind the wave-
plate represent polarization states at respective positions; d + Ad, x + Az, and
y + Ay are adjustable thicknesses of different plates; n, and n, are refractive
indices of the two dispersive plates; 2_,—2; are frequencies of different com-

ponents.

Figure 2.1 shows the conceptual idea of arbitrary manipulation on ampli-
tudes and phases. The middle part (light yellow background) depicts compact
setup for MA, and the rightmost part (pink background) depicts setup for MP.
See the next two sections for details.

Afterwards, I will show the principle of SPIDER system, which was used for
measuring phases of highly discrete spectra.

These three sections make up core contents of theory of the novel optical
technology.
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2.1. CONCEPTUAL IDEA OF AMPLITUDE MANIPULATION

2.1 Conceptual idea of amplitude manipulation

The physical mechanism of our amplitude manipulation is by using birefrin-
gent property in anisotropic materials. According to the principle of optical
birefringence in an anisotropic material [66], the phase retardation between

ordinary and extraordinary rays is given by

278,
o

I, (Mme — Nim.o)Ad (2.1)
where subscript m=-2, -1, ..., indicates mode number of the spectrum; ©,,,, n,,
and n,,, are frequency, refractive indices of the extraordinary, and ordinary
rays in the waveplate, respectively; c is the speed of light in vacuum; and Ad

is thickness change of the waveplate.

To put simply, in experiment, we set the optical axis of the waveplate 45 de-
grees to the direction of linear polarization of the incident laser. Taking into
account decreasing reflection loss at surfaces of MA and MP elements, we set
both the direction of linear polarization of the incident laser and the trans-
mission direction of the polarizer to be p-polarized (refer to figure 2.1). With
the above settings, laser intensity after transmitting through the polarizer is

given as

I, = 0052(77”) (2.2)

or

I, = COSQ(%(nm’e — Ny o) Ad) (2.3)

which is a sinusoidal function of the thickness change of the waveplate, Ad,
and hence periodical. By varying thickness of the waveplate, we can observe

periodical oscillations of intensities at the exit.

What is noteworthy is that the spectrum to be handled should be highly

discrete—frequency spacing (A2 = Q,,.1 — €2,,,) is of several tens of terahertz—
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2.1. CONCEPTUAL IDEA OF AMPLITUDE MANIPULATION

so that 0, (and thus I',,) differs drastically depending on its mode number,
m. In other words, output intensities of various modes oscillate distinctively,
in terms of their periods as a function of the thickness of the waveplate. As
a result, this makes it feasible to arbitrarily manipulate intensities (or ampli-

tudes) of multiple frequencies simultaneously.

Given that the above concept concerns changing the thickness of the wave-
plate to realize intensity oscillations, adjustment of the thickness of the wave-
plate (actually, both the anisotropic crystal and the transparent dispersive
plate) should reach a fine resolution (5 ym) over a wide range (at least 10 mm
estimated). Therefore, how we can precisely and handily harness thickness
change of the waveplate becomes one of the key points in practical experiment.
This issue will be mentioned again and get tackled in the part of experimental

system in chapter 3.

Another key point in experiment is that since we expect to manipulate sev-
eral amplitudes at the same time, oscillations of different components, con-
sidered altogether, are very complicated and even random to some extent. It
is hardly possible for us to directly predict or determine an optimal solution,
which may be extremely large and unrealistic. Nevertheless, as key physics
discovered [67]: when the discreteness (i.e., frequency spacing) of optical spec-
trum is high enough (to the order of a few tens of terahertz), we abandon the
insistence of exactly finding an analytic solution, but try to find approximate
solutions, which frequently appear with sufficient accuracy (more practical in
such sense), through numerical exploration. In other words, we will numeri-
cally explore an optimal thickness close to the ideal solution (analytic) for ma-
nipulating amplitudes (same as the case of manipulating phases), and then

validate it in real experiment.

Generally, the more complicated the amplitude distribution we want to achieve
is, the more difficult it is to find an optimal thickness through numerical explo-
ration. If we want to arbitrarily manipulate amplitudes to any complicated dis-
tribution, we should have very wide range of thickness change of crystal quartz
for numerical exploration, which is unrealistic. However, since we would like
to achieve ultrashort pulses in the time domain, we need to tailor amplitudes

of the spectrum to a ‘flat’ distribution, which makes sense that it is a proof of
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

our novel optical technology in reality.

Based on the idea of numerical exploration, we desire to manipulate multi-
ple intensities at exit of the waveplate. As shown in figure 2.1, before manip-
ulating (inset-P,), intensities of various components may be greatly different.
However, using the novel optical technology, ideally we are able to flatten all
the intensities/ amplitudes to the same value (inset-P,), which contributes to

generating a train of ultrafast pulses.

2.2 Conceptual idea of phase manipulation

The physical mechanism of our phase manipulation is by using chromatic dis-
persion in transparent materials. Based on the principle of chromatic dis-
persion, we have to take into account high order dispersions of a broadband

spectrum [68] in dispersive materials.

—_

A() = S (BLAL(MAQ)Y) (2.4)

0

3

i

where m represents different spectral components; ¢(2,,) is spectral phase to
be determined; P, is coefficient of the k-th order dispersion with respect to

&(2,); AL is thickness change of the transparent material.

Given a spectrum with m components, the phase, ¢(€2,,) should be expanded
up to the k=(m-1)-st order dispersion. In other words, to determine a spectrum
with m components, we need to consider its dispersions from the zeroth order

up to the (m-1)-st order.

It is noteworthy that the physical mechanism of phase manipulation is sim-
ilar to that of amplitude manipulation: depending on component of the highly
discrete spectrum, different order dispersion, ®, AL(mAQ)* has largely differ-
ent coefficient, ®,(mAQ)*. For example, taking into account fused silica, coeffi-
cients are: ®y(AN)? =-1.786 x 10? rad/mm, ®3(AQ)* =6.664 x 10° rad/mm, and
, 4(AQ)* =-4.602 x 107! rad/mm. Such conditions can also be found for the
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

case of calcium fluoride. By varying thickness of the transparent dispersive
material, AL, we are able to alter each spectral phase ¢({2,,) independently
and arbitrarily.

Generally, to determine spectral phases exactly in a dispersive material, we
have to solve the set of equations as below.

3

() = S (BLAL(MAQ)E) = ppo + 2 (2.5)

B
Il
o

where 0 < p,, < 27; ¢, is an integer.

As a typical example, if we assume that there are five components, i.e., m =
5, equation 2.5 can be given as:

4
Z (P AL(MAQ)®) = pry + 2¢m (2.6)
k=0

Refer to [68]. To simplify notations, we let &,AL = V,. Thus, the above

equation can be transformed as:
() = Vo + U1 (AQ) + Ua(AQ)? + U3(AQ)? + Uy (AQ)* = py + 27
B(Qa) = o + U1 (2A0Q) + Uy(2A0Q)% + U3(2A0)° + U, (2A0)* = py + 2¢o7
() = Vg + U, (3AQ) + Ty (3A0Q)2 + U3 (3AQ)3 + U, (3A0)* = p3 + 2¢37
B(Q) = g + U, (4AQ) + Uy (4AQ)% + U3(4A0)° + U, (4A0)* = py + 2qu7
D) = Vo + U1 (5AQ) + Wy (5AQ)? + W3(5A0) + Uy (5AQ)! = ps + 257
2.7

Using the techniques of matrix, we can obtain solutions as below:
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

Uy =5(p1 + 2¢1m) — 10(p2 + 2¢om) + 10(ps + 2¢37) — 5(ps + 2qum) + (p5 + 2¢57)

vy = _1229(_77(]91 + 1) + 214(p2 + gom) — 234(ps + 2q3m) + 122(py + 2q47) —
25(ps + 2¢57))

Uy = sage (711 + i) — 236(p2 + qom) + 294(ps + 2gsm) — 164(ps + 2qum) +
35(}95 —+ 2Q57T))

U3 = ﬁ (=7(p1+qm)+26(p2+gom) —36(p3+2q3m) +22(pa+2qum) —5(ps+2¢57))

Uy = sagr((p1 + @) — 4(ps + qom) + 6(ps + 2g37m) — 4(pa + 2qu7) + (p5 + 2g57))
(2.8)

However, since this thesis mainly concerns with generating ultrashort pulses,
the zeroth order dispersion, ¥, and the first order dispersion, ¥, make no con-
tribution to the shape of electric field intensity waveforms (to put it simply, the
appearance of pulses), but only change the position (zeroth order) and the lin-
ear slope (first order) of intensity waveforms. As a consequence, we can neglect

dispersions of the zeroth and first orders.

To further simplify the notation, we make ¢, = U, (AQ)*. Therefore, equa-

tion 2.8 can be given as:

1
Og = Y (T1(p1+q17) —236(p2+qom)+294(p3+2q3m) — 164(pa+2qa7)+35(p5+2¢57))

1
= ﬂ(27r(71q1 — 22%59¢y + 2x3xT2qs — 22 x41qy + 5x7q5)

+ (T1py — 22 x59ps + 2x3X T?p3 — 22 x41py + 5X7Tps))
1
= —(2rA+ B
24( mA+ B)
(2.9
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

where
A="Tlq — 2°%x59¢s + 2x3xT7?q3 — 22x41qs + 5XT7qs (2.10)

B = Tlpy, — 22 x59py + 2x3xT?p3 — 22x41p, + 5xTps (2.11)

Similarly, we can obtain:

1
¢3 = — (2m(=Tq1 + 26q5 — 363 + 22q4 — 5¢5) + (—7p1 + 26p2 — 36ps + 22ps — 5ps))

12
1
— _—(27C+D
24( 7C + D)
(2.12)
where
C= —7(]1 + 26(]2 - 36(]3 + 22(]4 - 5(]5 (213)
D = —Tpy 4 26py — 36p3 + 22p4 — dps (2.14)
And
1
Oy = ﬂ(QW(QI — 4o + 6q3 — 4qs + g5) + (p1 — 4p2 + 6ps — 4ps + ps))
1
= —2rE+ F
24( TE+ F)
(2.15)
where
E=q —4¢2+ 693 — 494 + g5 (2.16)
F =p; —4ps + 6p3 — 4ps + ps (2.17)

Since ¢,, is an integer, the term A (or C, E) is also an integer. Therefore,

equation 2.9, 2.12, and 2.15 can be changed to:
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

Q P

2
_op2 12 21
G2 =2mo 0+ o] (2.18)
Q?) P3
_opd 138 2.1
03 = 2"+ 1 (2.19)
Qi Py
L 2.20
Oy =21 o1 + o ( )

where ), =0,1,...,23;93=0,1, ..., 11, Q, =0, 1, ..., 23; P, P;, and P, are
real numbers determined by spectral phases p,,. Here, we obtain 24 values of
¢2, 12 values of ¢3, and 24 values of ¢,.

However, as the relations below exist:

A+C=2(2q —3x5x7qy+3 x43q3 — Tlqy + 3 X 5g5) (2.21)
A+ E =12(2%q — 2* X 5qy + 5%q3 — 2 X Tqq + 3¢5) (2.22)

In detail, the sum of A and C is an even integer—(), and ()3 are both even
or odd integers—making (24 x12)/2 = 144 solutions in the solution space of (¢,,
¢3). Similarly, the sum of A and E is an multiple of 12, making (24 x24)/12 =
48 solutions in the solution space of (¢,, ¢4). The sum of C and E is an even
integer, also making (24 x 12)/2 = 144 solutions in the solution space of (¢, ¢,).
Thereby, there are (24x12x24)/(2x12) = 288 solutions in total in the three
dimensional solution space, (¢, ¢3, ¢4). These many exact solutions make it
easy for us to find near-optimal solutions when manipulating spectral phases
of multiple components. The numerous solutions to equation 2.5 features pe-

riodical behavior of spectral phase (with a period of 27).

One might think of the method of integer temporal Talbot (ITT) (analytic,

refer to [69—71], which requires a few dispersive materials (the number equals
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2.2. CONCEPTUAL IDEA OF PHASE MANIPULATION

to the order number of dispersions) with exact thicknesses to solve equation
2.5. Nevertheless, in reality, it is difficult to realize ITT method by using a
number of dispersive materials with exact thicknesses, which may be very
large, or even incredible scales. Hence, ITT method is conceptually different

from our novel idea of phase manipulation.

Similar to the case of MA, in stead of finding exact solutions of equation
2.5 (analytic), we turn to numerically exploring approximate solutions close to
Fourier transform limited (TL) condition. Generally, for an analytic solution, a
few different kinds of dispersive materials with huge thicknesses are needed to
exactly compensate high order dispersions, which is practically difficult. How-
ever, in numerical exploration, as long as all phases V¥,, can approach zero
radians closely after random inserting some thickness of transparent disper-
sive material, we are able to reconstruct ultrafast pulses near TL condition. As
found unexpectedly (refer to [67, 68]), through sweeping thickness of a disper-
sive plate, we are able to frequently make all phases close to zero rad. Thisidea
is practically useful and attractive in experiment. The approximate solutions
appearing “repeatedly” are due to phase cycling of 27, and this later makes
quasi-periodical behaviors of peak intensities as functions of thicknesses of
dispersive materials and contributes to the mechanism of improved precision

in phase manipulation.

In numerical exploration, we assume that initial phases of the spectrum are
®,,. After transmitting through the transparent plate, the phases are given

as

Q,

Benefiting from the large frequency spacing, AS2 of the spectrum, the frequency-
dependent phases, v (f,,) vary differently with respect to the thickness of dis-
persive material, AL. In other words, by changing the thickness of dispersive
plate, AL, we are able to acquire phase oscillations of different spectral com-

ponents.

Now that the issue of phase manipulation turns to sweeping the thickness of
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2.3. PRINCIPLE OF SPIDER SYSTEM

dispersive plate to numerically explore an optimum near TL condition. There-
fore, the precision and resolution of adjustment of plate thickness are very

crucial. Relevant designs will be introduced in chapter 3.

For the purpose of increasing flexibility of manipulating phases, we exploit
two different kinds of dispersive materials that can independently control spec-
tral phases. As a result, ALn,, = (Azn,,, + Ayn,,,), where Az, Ay and n,, ,,
nm,y are thickness and refractive indices of two dispersive materials. Thus the

equation of phase manipulation via numerical exploration becomes

Qm
V() = () + 27r7(A:z:nm,x + Aynp, ) (2.25)
As shown in figure 2.1, we assume that the phases before manipulation
(inset- ) may distribute messily with different values. However, after manip-
ulating phases (MP), all phases (see inset-Ps) are ideally suppressed to zero
rad (close to zero rad in practical experiment). This later will be set as our

target in MP, in order to achieve ultrafast pulses.

2.3 Principle of SPIDER system

After manipulating phases, we still need to find a practical way to measure
spectral phases. There are technically a handful of methods for measuring
duration of ultrashort pulses, such as auto-correlation, frequency resolved op-
tical grating (FROG) [72, 73], spectral phase interferometry for direct electric-
field reconstruction (SPIDER) [74, 75], etc. However, as for measuring pulse
duration together with spectral phases, the most predominant way usually
comes to either FROG or SPIDER system. Despite that FROG system is also
available for our purpose and has its own advantages in practice, it actually
requires sophisticated iterative algorithm for phase retrieval, and thus takes
much more time in experiment. Therefore, we use SPIDER system for phase

measurement, which is slightly modified to be applicable for discrete spectra.

After propagating into the SPIDER system, Raman components (RCs) are
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2.3. PRINCIPLE OF SPIDER SYSTEM

split into two arms by a window (uncoated ultraviolet fused silica): major por-
tions (about 90%) of total energy are reflected as Raman components, and the
rest are transmitted as reference components. Refer to figure 2.3 in chapter
2. After passing through long-pass filters (and SB-10 mirrors — for cutting off
2,403 nm), the arm of reference preserves only 2_; and €, i.e., 1,202 nm and
801 nm.

PaM

A 4
,Window

mmam [lter

!

Delay t

d" —= St

o

Figure 2.2: Schematic diagram of SPIDER system. Bidirectional-arrow de-

notes translation directions of delay stage; PaM, parabolic mirror; x?, nonlin-

ear optical crystal; SM, spectrometer.

Figure 2.3 shows details of interfering process. As a typical example, we
hereby show the case where the spectrum has six components (refer to chap-
ter 4). At the nonlinear optical crystal, the two arms mix with each other
and produce two replicas of the original spectrum. As shown in figure 2.3(a),
frequencies of two replicas are actually shifted by 2AQ2 (by taking a sum with
_1) and 3AQ (by taking a sum with (). Then two replicas interfere with each
other, making overlapped frequencies serve as five SFG components (refer to
2.3(b)). Here, the five SFG components are phase correlated with the original

spectrum.
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Figure 2.3: Mechanism of retrieving phases of a spectrum with six compo-
nents in SPIDER system. (a), The process of interfering. (b), Typical examples
of intensity oscillations of interfered signals obtained by spectrometer. RCs,

Raman components.

With delay time 7 existing in the reference arm, electric-field intensities of

SFG components are given as

[S’LFG — |Em+1EI_%1€iQ_1T + EmE(I)%eiQOT‘Z
= |Em-&-1El—%1|2 + |EmE(j)R|2 (2.26)
+ 2| Bt BN B B cos(Ymr1 — ¥m) + (@7, — ¢fY) — AQr)

where variables with superscript R represent the reference arm. Apparently,
intensity oscillations of interfered SFG components are sinusoidal functions
of delay time 7, and the period of each oscillation is fixed at 1/AQ2 = 8.02 fs.

Diagrams of figure 2.3(b) indicate typical examples of intensity oscillations
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2.3. PRINCIPLE OF SPIDER SYSTEM

of SFG components, with three different frequencies, 2,, 25, and ), respec-
tively. By fitting intensity oscillations with sine functions, we can retrieve
spectral phases of SFG components. Certainly, here we need to take into ac-
count precision of fitting, which affects reliability of phase measurement via
SPIDER system. Refer to relevant discussions in chapter 5. Hereafter, accord-
ing to interfering process in equation 2.26, we are able to extract fundamental

phases (i.e., phases of the original spectrum). Refer to [76] for more details.

Equiped with numerical exploration for phase manipulation and SPIDER
system for phase measurement, we are able to thoroughly harness phases of
a broad spectrum, and achieve ultrafast pulses near TL condition. After ma-
nipulating amplitudes and phases of a spectrum, we can use the following
equation to reconstruct normalized electric field intensity waveforms in the

time domain.

Lutse = | Y B expli(20Qut +43)][7/ (> Ex)? (2.27)

k=-2 k=-2

27



Bibliography of Chapter 2

[66] A. Yariv and P. Yeh. Photonics: optical electronics in modern communi-
cations. the sixth edition. Oxford Univ. Press, Oxford, 2006.

[67] K. Yoshii, J. K. Anthony, and M. Katsuragawa. “The simplest route to
generating a train of attosecond pulses”. In: Light: Sci. & Appl. 2 (2013),
eb8.

[68] M. Katsuragawa and K. Yoshii. “Arbitrary manipulation of amplitude
and phase of a set of highly discrete coherent spectra”. In: Phys. Rev. A
95 (2017), p. 033846.

[69] T.Jannson andJ.Jannson. “Temporal self-imaging effect in single-mode
fibers”. In: JJ. Opt. Soc. Am. 71 (1981), p. 1373.

[70] J. Azana and M. A. Muriel. “Temporal self-imaging effects: theory and
application for multiplying pulse repetition rates”. In: IEEE J. on Se-
lected Topics in Quan. Elec. 7 (2001), pp. 728-744.

[71] J. Fatome, S. Pitois, and G. Millot. “Influence of third-order dispersion
on the temporal Talbot effect”. In: Opt. Comm. 234 (2004), pp. 29-34.

[72] D. dJ. Kane and R. Trebino. “Characterization of arbitrary femtosecond
pulses using frequency-resolved optical gating”. In: IEEE J. Quantum
Electron 29 (1993), p. 571.

[73] M. Schultze et al. “Delay in photoemission”. In: Science 328 (2010), pp. 1658—
1662.

[74] 1. A. Walmsley and V. Wong. “Characterization of the electric field of
ultrashort optical pulses”. In: J. Opt. Soc. Am. B 13 (1996), pp. 2453—
2463.

28



BIBLIOGRAPHY OF CHAPTER 2

[75]

[76]

C. Iaconis and I. A. Walmsley. “Spectral phase interferometry for direct
electric-field reconstruction of ultrashort optical pulses”. In: Opt. Lett.
23 (1998), pp. 792—-794.

T. Suzuki, N. Sawayama, and M. Katsuragawa. “Spectral phase mea-
surements for broad Raman sidebands by using spectral interferome-
try”. In: Opt. Lett. 33 (2008), pp. 2809-2811.

29



Chapter 3
Experimental system

Figure 3.1 shows the main experimental system, which consists of three parts:
generation of a discrete broadband spectrum, amplitude and phase manipu-
lations, and measurement of spectral phases. The three sections below corre-

spond to details of each part.

Generation of a discrete broadband spectrum  Amplitude and phase manipulations  Spectral phase measurement

Q.0 Q0 Q

A
'

2= 3
LN cryostat A
| cQ GLP FS

: P

2

A

1 :
O O O
Stage aontroller

Figure 3.1: The main experimental system, consisting of three parts: gen-
eration of a discrete broadband spectrum, amplitude and phase manipula-
tions, and measurement of spectral phases. This diagram shows a top view
of the system. P,—P; represent different positions on optical axis. LN, lig-
uid nitrogen; para-H,, para-hydrogen; CQ, crystal quartz; GLP, calcite Glan
laser polarizer; F'S, fused silica; CF, calcium fluoride; PaM, parabolic mirror;
LPF, long-wavelength pass filter; BBO, S-barium-borate crystal (Type-1, 10
pm thick); SM, spectrometer.
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3.1. RAMAN GENERATION

3.1 Raman generation

The interaction medium — gaseous para hydrogen—is filled into an enclosed 15
cm long copper chamber, with an adiabatic temperature of 77 K, supported by

a liquid nitrogen cryostat. The purity of para hydrogen is up to 99.9%.

Driving-1202 nm Driving-801 nm

Figure 3.2: Beam profiles of two driving lasers.
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3.1. RAMAN GENERATION
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Figure 3.3: Pulse envelopes of two driving lasers. These pulse envelopes were
obtained through a fast photon diode (Thorlabs DET025A), having a width of

about 7 ns.

As figure 3.2 shows, two coaxial driving lasers—_;, 1,201.6350 nm, 6.0 mdJ
and )y, 801.0820 nm, 6.0 mJ—have an envelope duration of about 7 ns (at full
width at half maximum) and good Gaussian beam profiles. Overlapping at
the chamber center of para hydrogen, the beam radii and peak intensities of
Q_; and Qg are 150 ;ym, 120 MW/cm? and 120 ;m, 180 MW/cm?, respectively.
Two-photon detuning of vibrational Raman scattering is about § = - 300 MHz.

Refer to figure 3.3 for pulse envelopes of two driving lasers.

What to note here is that both the density of para hydrogen gas [77-79]
and the lens pair of two driving lasers in front of cryostat have been carefully
calibrated, for the sake of optimal Raman scattering [80]. Here, we merely use
the optimal parameters: 8 x 10* cm~3 for the density of para-hydrogen gas,
and focal lengths of 400 mm (with respect to €23) and 250 mm (with respect to
2_,) for the lens pair.

Based on the above setup, we are able to yield a series of discrete broadband
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3.2. MANIPULATION DEVICES

components (see the insert at position P;), which has a constant frequency
spacing of about AQ = y-Q_; = 124.75 THz.

3.2 Manipulation devices

The middle part of figure 3.1 shows the devices of amplitude and phase ma-
nipulations. See also figure 3.4 for an enlarged view. We use a pair of wedge-
shaped crystal quartz (CQ, positive uniaxial) as waveplate. The optical axis of
CQ is orientated 45 degrees to the direction of linear polarization of incident
laser. The transmission direction of calcite Glan laser polarizer (GLP) is set
parallel to the polarization direction of incident laser. Two pairs of triangular-
pole-shaped fused silica [81], and also two pairs of trapezoidal-pole-shaped

calcium fluoride [82] are used for controlling phases.

CQ pair FS pairs CF pairs

> <

Figure 3.4: The devices of amplitude and phase manipulations. Gray dashed

arrows depict translation directions of stages.

As shown in figure 3.4, all prism pairs are mounted on uniaxially movable
stages (Sigma Tech FS-1020X, driven by a Sigma Tech FC-101 controller).
This set of devices can translate over a range of about 20 mm, with high pre-
cision and fine resolution (about 0.1 ym), and excellent reproducibility. For
convenience, the whole set of devices are controlled by LabVIEW programs.
In fact, according to our analyses and experiments, the resolutions needed for
precise control are about 5 ym for MA, and 1 ym for MP, respectively; and the

range needed for flexible control are about 10 mm for MA, and 2 mm for MP,

33



3.3. SPIDER SYSTEM

respectively.

Besides, as shown in figure 3.4, all prism pairs are slightly separated by
a parallel distance of 10 ym using a tungsten wire. The parallel gap is per-
pendicular to light propagation so that the stage can move along it to change

thickness linearly.
Details of the scales of manipulation devices are shown in Appendix A.

Basically, we would like to perform experiments only by changing the thick-
nesses of waveplate and dispersive plates, hence the prisms in pairs should
not shift beam path considerably after transmitting. Besides, all prisms are
placed carefully to make use of their Brewster angles, through which we ex-
pect to reduce reflection loss at surfaces. Depending on spectral mode, optical
path slightly shifts in parallel in some section of prism pairs, but such a shift

is really a small amount and does not affect the entire propagation.

3.3 SPIDER system

The rightmost part of figure 3.1 shows SPIDER system, which is slightly mod-
ified for discrete spectra. See also figure 2.2 in chapter 2. Figure 2.2 shows a

schematic diagram of SPIDER system.

Relying on frequency spacing of AQ2=124.75 THz, translation of the delay
stage on reference arm needs to reach a resolution of about 10 nm over a
range of several micrometers. The actual delay stage employed here (nPoint
Inc., nPoint LC. 400) is capable of reaching a resolution of less than 1 nm
over a range of more than 100 ym. Two arms of Raman components are sent
through parallel paths to the parabolic mirror and con-focused onto the sur-
face of a 10 ym thick BBO (5-barium-borate, Type-1, transmitting range of
3,500-190 nm) crystal. BBO crystal has a large nonlinear coefficient, and can
be phase matched over a wide range of wavelengths. Hence it is eligible for sum

frequency generation (SFG)-wavelengths from 601 to 267 nm—in our work.

The BBO crystal is mounted on to a stage with flexible adjustment, that is,
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3.3. SPIDER SYSTEM

we can translate the position and twist the angle of BBO crystal for optimal

phase matching.

We use a spectrometer (Ocean Optics USB 4000 or Andor SOLIS MS-257,
viable wavelength range: 1,100-200 nm) to monitor intensity oscillations of
SF'G components (refer to figure 2.3). The translation of delay stage and the
record of intensity oscillations of SFG components via spectrometer in real

time are controlled by LabVIEW programs.

Nevertheless, as we expect to perform experiments to verify numerical ex-
ploration, we have to experimentally scan each point (i.e. a combination of
two thicknesses) explored. This process actually yields a large quantity of
raw data. Therefore, how we can translate the delay stage to scan intensity
oscillations of SFG components quickly and efficiently becomes the key point
whether or not this SPIDER system can be a substantial technique for retriev-

ing phases.
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Chapter 4

Results

In this chapter, I will show main experimental results, which in fact encompass
three sections: results of amplitude manipulation, results of phase manipula-
tion, and ultrafast pulses achieved. Each section consists of different number

of Raman components (five, six, and seven).

Naturally, we made experiments and acquired results in sequence. That
is, we started to carry out experiments from manipulating amplitudes and
phases, and producing ultrashort pulses of five Raman components (spanning
2,403 to 481 nm); then did the same on six RCs (spanning 2,403 to 400 nm); and
ultimately on seven RCs (covering 2,403 to 343 nm). Therefore, I will introduce

the results in turn, while declaring key points and operating procedures within
five RCs.

However, in fact, all the techniques of manipulation and even reconstruction
of ultrafast pulses are processed in the same way for different number of Ra-
man components. The main difference among them is that with the number of
Raman components increasing, the difficulty of arbitrarily manipulating both
amplitudes and phases is elevated, in terms of numerical exploring range (for
MA), and experimental resolution (for MP). Detailed discussions are provided

in chapter 5.

To be specific, in section 4.1, I will show the photos of Raman scattering,

which is our light source to be manipulated.
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4.1. PHOTOS OF RAMAN COMPONENTS

In section 4.2, I will first show key points and practical procedures of manip-
ulating amplitudes. Then I will show experimental results obtained, including
actual intensity (in terms of power) and amplitude distributions achieved. As

for detailed precision and error estimations, please refer to chapter 5.

In section 4.3, similarly, I will first show key points and difficulties of phase
manipulation in experiment, which, comparing to MA, are more sophisticated;
then list out practical procedures of MP for locking the target (i.e., near Fourier
transform limited conditions); briefly show precision of phase retrieval process;
and finally show the phase distribution after MP. Please also refer to chapter

5 for detailed discussions of precision in MP.

4.1 Photos of Raman components

Raman components

Frequency (THz)

Q Q Q Q Q Q Q Q, Q, Q

2 il 0 1 2 3 4

124.-75 249.;19 374.24 498.98 623.73 748.48 873.22 997.97 1122.72 1247 .47

‘ 2403.35 1201.64 801.08 600.81 480.65 400.54 343.32 30040 267.02 240.32
Wavelength (nm)

Coaxial

Figure 4.1: Photos of Raman components (from 1,202 to 240 nm). The red dot
of 2,403 nm was not observed, and was just exhibited as a mark to represent
such Raman component. PBP, pellin broca prism, which spatially separates
coaxial Raman components for photo shooting; dashed line indicates the Ra-

man components to be manipulated in experiment.

Figure 4.1 shows photos of a series of high-order Raman components [83—-87],
by adiabatically driven vibrational transition of para hydrogen molecules (tem-
perature: 77 K, and density: 8x10' ¢cm~3). These Raman components were

generated coaxially, covering a wavelength range of 2,403 to 240 nm, i.e., 2_,
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4.1. PHOTOS OF RAMAN COMPONENTS

(125 THz) to ©2; (1250 THz), with a frequency spacing of about 125 THz. Refer

to figure 4.2 for their pulse envelopes.

1.0 | -
[ o RC1202 // \

0.8 RC801

= [

& I RC601

L 06}

£ - RC481

=

ﬁ 0.4 [ e RC400

© i

£ RC343

o]

Zz 0.2 e Trigger

Figure 4.2: Pulse envelopes of generated Raman components. These pulse
envelopes were obtained through a fast photon diode (Thorlabs DET025A).
The black line shows the trigger pulse, which was scattered light of 801 nm

far before para hydrogen cell

As shown in figure 4.1, the coaxial Raman components (RCs) were spatially
separated by a pellin broca prism (PBP) and made incident on screens for
shooting photos. All Raman components were shot one by one using a digital
camera, and then trimmed by photo editor at same conditions and exhibited

as in figure 4.1.

Note that in order to make beam profiles more viewable, we used different
kinds of color filters when taking shots, thus recording different brightness
regardless of their original intensities. We also used different kinds of screens
to project each component: a normal white paper to project Raman components
from 601 to 240 nm, and an infrared card to project components of 801 nm

and 1,202 nm, which are in the infrared wavelength range. The component,
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4.2. RESULTS OF AMPLITUDE MANIPULATION

2,403 nm, in mid-infrared wavelength range, was not directly observed, and we
simply presented it as a round spot. Because we could not capture it through

proper approaches in experiment.

What is notable here is that these beams were generated efficiently and coax-
ially without any constraints of phase matching conditions (owing to the fea-
ture of adiabatic driving vibrational Raman coherence); had excellent Gaus-
sian beam profiles (refer to figure 4.1); and were discrete in the frequency
domain with a frequency spacing of AQ) = 125 THz, which is essential and

adequate for latter amplitude and phase manipulations.

Given the above brilliant light source—a highly discrete broadband spectrum
with good Gaussian beam profiles, we could move on to manipulating its am-

plitudes and phases.

4.2 Results of amplitude manipulation

This section shows results of amplitude manipulation on five, six, and seven
Raman components, respectively. I will begin with five RCs. Meanwhile, I will
show key points of implementing experiments, concrete procedures of manipu-
lating amplitudes, and finally exhibit achieved amplitudes. Afterwards, I will

show similar results of six and seven Raman components.

4.2.1 Results of amplitude manipulation of five Raman

components

Using the device of amplitude manipulation shown in figure 3.4, we carried

out experiments to tailor all intensities (in terms of power).
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4.2. RESULTS OF AMPLITUDE MANIPULATION
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Figure 4.3: Results of amplitude manipulation of five Raman components. (a),
Original powers of five Raman components. 2_,, 8.0; Q_;, 704.3; 0, 305.7; €14,
42.9; Q,, 25.0 (kW), respectively. (b), MA process. Cyan numbers with arrows
in Q2_, indicate manipulating process: 1, initial scanning for determining basic
parameters of power oscillations; 2, fitting with sinusoidal functions accord-
ing to initial scanning; 3, experimental exploration of the optimum around the
numerically expected optimal thickness. (c), Target (green) and achieved (red)
power distributions. (Raman component: target (kW), achieved (kW)): (2_,:
3.3, 3.3), (0_1: 16.4, 14.7), (Qy: 15.7, 12.9), (Q;: 13.6, 13.7), (25: 7.9, 7.4), re-
spectively; gray columns indicate achieved amplitude distribution normalized
by the maximal intensity of (2_;. Typical power fluctuations are in a range of
about +3%— + 7%, marked as error bars (standard deviations) above the red

columns.

As shown in logg-scale in figure 4.3(a), the original powers of five Raman
components before manipulating were ()_,, 8.0; Q_;, 704.3; Q, 305.7; 2, 42.9;
2, 25.0 (kW), respectively. These powers were measured directly by an energy
meter (Ophir NOVA 2), with an envelope duration of about 7 ns. Also refer to
figure 4.1. The powers before MA are vastly different from each other, even

41



4.2. RESULTS OF AMPLITUDE MANIPULATION

with different levels—from the lowest 8 kW to the highest 704 kW. Given such
preconditions, through MA process, we expect to achieve near flat intensities
and thus near flat amplitudes, which contribute to reconstructing ultrafast
pulses. As a result, we set near flat distribution of intensity (or amplitude) as

our target.

To realize our target, basically, the adjustment would be the direction of
decreasing powers, namely, maintaining the powers of (2_, and Q,—which were
very low—to their maximal values, and meanwhile suppressing powers of the

rest components.

What is worth noting is that although here we set near flat distribution of
powers for producing ultrafast pulses, we are actually able to arbitrarily ma-
nipulate these intensities, i.e., to produce some complex distributions. Nev-
ertheless, when the complexity of target distribution increases, we have to
extend the range of numerical exploration to approach such target. That is,

the difficulty of MA escalates following the complexity of target distribution.

As an optical technology in practical use, the difficult point is that we can
not directly and analytically calculate intensity oscillations and further pre-
dict where to find the exact solution. Instead, we numerically explore an ap-
proximate solution that approaches the target well with high precision. Below

shows how we were able to realize such idea.

To numerically explore optimal solution for the intensity distribution of tar-
get, we have to grasp concrete behaviors of power oscillations of all five (later
six and seven) Raman components over a wide range. As discussed in chapter
2, the power of each Raman component oscillates periodically with respect to

the thickness of waveplate (i.e., CQ pair).

In general, first we can sweep through a range of a few millimeters of wave-
plate thickness (initial scanning). Next we can fit initial scanning with sinu-
soidal functions, and obtain basic parameters of each oscillation—period and
initial intensity. Then we can predict intensity oscillations of all RCs over a
fairly wide range (far beyond the range of initial scanning). That is to say, we

can numerically explore an optimal thickness to approach the target over a
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4.2. RESULTS OF AMPLITUDE MANIPULATION

very wide range. At the determined optimal thickness, the power distribution
is supposed to approach the target very well. Normally, the range of numeri-
cal exploration extends very far; however, by chance it can happen to be found

nearby the starting position.

Besides, to verify accuracy of the fit and explored optimal thickness, we
should particularly sweep a mini range incorporating the explored optimal
thickness. If the mini range of scanning does not match the former fit, we
have to abandon such optimal thickness. Because it may out-range the limit
of manipulating (within about +10 mm) and gives rise to incorrectness at such
position. We have to repeat the process of numerical exploration again and de-

termine a new optimal thickness.

Hereby, we take the case of manipulating amplitudes of five Raman compo-

nents as a typical example, and list comprehensive procedures of operation.

Before manipulating, we set powers of the target as: Q_,, 3.3; Q_;, 16.4;
Qo, 15.7; 1, 13.6; and 25, 7.9 (kW), respectively. See green columns in figure
4.3(c).

To achieve the above target, first, we swept a range of CQ thickness (3.6
mm with a moving speed of 12 ym/s for 2_,, and 1.2 mm with a moving speed
of 4 um/s for the rest Raman components) to obtain power oscillations. These
oscillations are shown as blue dots in figure 4.3(b). We controlled translation of
the stage of CQ via LabVIEW programs, and monitored intensity oscillations
of different Raman components one by one via energy meter (Ophir NOVA 2),
which was also connected to a PC and operated by LabVIEW programs. The
LabVIEW programs were designed delicately to control speed and range of

translation, and record intensities in real time.

Second, we fit above scanning with sinusoidal functions (fitting standard er-
rors <1%), which are shown as brown lines. Periods of the fit are (2_,—,)
1.178, 0.532, 0.345, 0.253, and 0.198 (mm), which differed <3% from theoret-
ical results. Theoretical periods regarding crystal quartz are (2_,—),) 1.277,
0.549, 0.354, 0.260, and 0.202 (mm), respectively. The deviation of 2,403 nm

(Q2_») is larger, due to wavelength limit of Sellmeier equation. Refer to chapter
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4.2. RESULTS OF AMPLITUDE MANIPULATION

5 for precision discussions.

Third, based on fitting functions, we explored an optimal thickness to ap-
proach the target. We found that at thickness of -0.7996 mm (comparing to
the thickness of origin, 0 mm), the power distribution (red thick line in figure
4.3(b) approaches the target the best. The differences from the exploration to
the target are in a range of 1% to 4%. Obviously, these explored powers are

very close to the target.

Fourth, we swept a mini range of 0.2 mm (with a moving speed of 4 ym/s),
centering at the explored optimal thickness, to validate the fit. The mini range
of scanning is shown as black dots in figure 4.3(b). Apparently, the black dots
agree well with fitting lines (brown), which means that it is secure to lock such

position as the optimum.

Finally, we translated crystal quartz to the optimal thickness (-0.7996 mm),
and measured practical powers. As shown in figure 4.3(c), red columns indi-
cate actually achieved powers: Q2 5, 3.3; Q_4, 14.7; Qq, 12.9; Q,, 13.7; and €25,
7.4 (kW), respectively. Error bars above red columns are due to intensity fluc-
tuations of Raman generation, which are estimated in a range of +3%—+7%.
Deviations from achieved results to the target are Q)_,, 0; Q_;, 6%; Qy, 19%; €14,

0; and €25, 13%, respectively. Also refer to chapter 5 for discussions of precision.

The amplitude distribution of five Raman components based on achieved
intensities is shown as grey columns in figure 4.3(c). Such amplitude distri-
bution is normalized with respect to the strongest component €)_;. It is a near

flat amplitude distribution.

The evaluations of results of MA on five Raman components are detailed
in chapter 5, mainly through precision estimating of fitting lines; precision of

achieved powers; and the influence of MA to generating ultrafast pulses.
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4.2. RESULTS OF AMPLITUDE MANIPULATION

4.2.2 Results of amplitude manipulation of six Raman com-

ponents

With one more component, 400 nm (£23) added to the above Raman components,
we used the same device to manipulate amplitudes of six RCs. Below shows

detailed results.
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Figure 4.4: Results of amplitude manipulation of six Raman components. (a),
Original powers of six Raman components before MA. Q2_,, 7.1; Q_4, 775.7; €,
240.9; 4, 45.9; Q,, 24.3; Q3, 10.9 (kW), respectively. (b), Exploration of the
optimal thickness of CQ. Cyan numbers with arrows in Q2_5: 1, initial scan-
ning for determining basic parameters of power oscillations of six RCs; 2, fit-
ting according to initial scanning; 3, route of locking the optimal thickness.
(c), Target (green) and achieved (red) power distribution. (Raman component:
target (kW), achieved (kW)): (2_,: 4.1, 3.7), (Q_;: 17.4, 18.9), (©y: 16.1, 17.3),
(€29: 12.0,11.3), (2,: 8.3, 9.4), (Q3: 7.4, 7.3), respectively; gray columns indicate
amplitude distribution according to achieved power distribution, which is nor-
malized based on Raman component, 2_;. Typical power fluctuations are in a
range of about +3%— + 7%, marked as error bars (standard deviations) above

red columns.

Figure 4.4(a) shows original power distribution of six high-order Raman
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4.2. RESULTS OF AMPLITUDE MANIPULATION

components in log;p-scale. From 2_, to 3, the powers are 7.1, 775.7, 240.9,
45.9, 24.3, and 10.9 (kW), respectively. As discussed before, we expected to
‘flatten’ power distribution to some extent for generating ultrafast pulses. There-
fore, we would like to mainly suppress high powers of RCs, €2_; to )y, and retain

low powers of Q2_; and Q3.

We set power distribution of the target to Q_,, 4.1; Q_;, 17.4; Qq, 16.1; Q,
12.0; €25, 8.3; and 3, 7.4 (kW), shown as green columns in figure 4.4(c).

Refer to figure 4.4(b). Following the same procedures of MA as in the case
of five Raman components, we found that at the thickness of -0.8256 mm, the
power distribution approached the target the most. The differences from the

explored to the target are about 1% and considered negligible.

Next, we swept a mini range of +0.2 mm (with a moving speed of 4 ;m/s),
centered at the explored thickness, to validate the fitting lines. See black dots
in figure 4.4(b). These black dots are consistent with fitting lines (brown),

which means that it is permissible to lock such position as the optimum.

Finally, we moved the thickness of CQ pair to - 0.8256 mm and measured
actual powers (red columns in figure 4.4(c)), which are very close to the target.
The powers measured at the optimal thickness are Q2_,, 3.7; 2_;, 18.9; O, 17.3;
Qq, 11.3; Q,, 9.4; and 3, 7.3 (kW), respectively.

Deviations of powers from the “achieved” to the “target” are Q_,, 10%; Q_;,
8%; 2, T%; 1, 6%; s, 14%; and €13, 2%, respectively. Refer to chapter 5 for

discussions of precision.

Error bars are also shown above the achieved powers (red columns), which
indicate intensity fluctuations of generated high-order Raman series in a range
of about +3%—+7%.

Based on achieved power distribution, we were able to calculate amplitude
distribution normalized by the maximal intensity of 2_;. Gray columns in

figure 4.4(c) show the normalized amplitude distribution, which is nearly ‘flat’.
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4.2. RESULTS OF AMPLITUDE MANIPULATION

4.2.3 Results of amplitude manipulation of seven Raman

components

Comparing to six Raman components, which span 2,403 nm over to 400 nm,
we increased one more component, 343 nm (€2;) to the broadband spectrum

and improved the level of amplitude manipulation.
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Figure 4.5: Results of amplitude manipulation of seven Raman components.
(a), Original powers of seven Raman components before MA: ©2_,, 12.0; Q_,,
692.9; O, 215.0; 2y, 69.6; Qs, 47.1; Q3, 24.6; 4, 11.1 (kW), respectively. (b),
Exploration of the optimal thickness of CQ. Cyan numbers with arrows in _,:
1, initial scanning for determining basic parameters of power oscillations; 2,
fitting lines according to initial scanning; 3, route of locking the optimal con-
dition. (c), Target (green columns) and achieved (red columns) power distri-
bution. (Raman component: target (kW), achieved (kW)): (2_,: 8.6, 8.7), (2_;:
5.0, 4.1), (Qy: 18.6, 16.3), (Q2;: 25.7, 27.3), (25: 11.4, 9.0), (Q3: 14.3, 13.6), (Uy:
5.7, 5.4), respectively; gray columns indicate achieved amplitude distribution
normalized by the maximal intensity of €2;. Typical power fluctuations are in
a range of about +3%- + 7%, marked as error bars (standard deviations) above

red columns.

As shown in figure 4.5(a), original powers of seven Raman components are
0y, 12.0; Q_;, 692.9; O, 215.0; 24, 69.6; 2y, 47.1; Q3, 24.6; and Q,, 11.1 (kW),
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4.2. RESULTS OF AMPLITUDE MANIPULATION

respectively. Similar to the case of five and six Raman components, this power
distribution before manipulation of amplitudes also covers a wide scope, with

different levels of powers involved.

For manipulating amplitudes of seven Raman components, we set powers of
the target as Q2_,, 8.6; Q2_q, 5.0; Qq, 18.6; Qq, 25.7; Oy, 11.4; Q3, 14.3; and (4,
5.7 (kW), respectively. See green columns in figure 4.5(c).

Following the same procedures of manipulating amplitudes as in former sub-
sections, we explored and locked the optimal thickness of CQ pair at 4.7947
mm. The differences of powers from the explored to the target are in a range
of only 1% to 5%.

We also swept a mini range of +£0.2 mm (with a moving speed of 4 ym/s), cen-
tering at the explored thickness, to validate fittings. See black dots in figure
4.5(b). These black dots are consistent with the fitting lines (brown), therefore,

it was eligible to lock such position as the optimum.

Adjusting the thickness of CQ pair to the explored optimal value, we mea-
sured the actual powers: Q_,, 8.7; Q_1, 4.1; g, 16.3; 2, 27.3; Q, 9.0; Q3, 13.6;
and 4, 5.4 (kW), respectively. See red columns in figure 4.5(c).

Deviations of powers from the “achieved” to the “target” are Q_,, 2%; Q_1,
17%; Q, 12%; 1, 6%; Qo, 21%; Q3, 5%; and €14, 5%, respectively.

Error bars are also shown above achieved power distribution in figure 4.5(c),
which were due to intensity fluctuations of generated high-order Raman com-

ponents.

Normalized amplitude distribution based on achieved powers is shown as

grey columns in figure 4.5(c).

Refer to chapter 5 for detailed discussions on precision, and detailed com-

parison of amplitude manipulation on five, six, and seven Raman components.
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4.3 Results of phase manipulation

After manipulating amplitudes to a nearly ‘flat’ distribution, we could move

on to manipulating phases.

What is noteworthy here is that the experiments of MA and MP were some-
how independent, thus allowing us to conduct experiments of MA and MP on
different days. Generally, when manipulating phases, the normalized ampli-
tudes of Raman components were in accordance with the results of MA, in
spite of different days with slightly different conditions of Raman generation.
In other words, for the same number of Raman components, the exact powers
of them might be slightly different from the day of MA to the day of MP, while
the normalized amplitudes for both MA and MP remained almost the same.
Refer to chapter 5 for detailed discussions. This principle is critical, because
the ideas of MA and MP need to be combined to construct ultrafast pulses
near Fourier transform limited condition, and we cannot single out either MA

or MP for that purpose.

Through manipulating spectral phases, we expected to achieve a distribu-
tion of phases close to zero radians for different number of Raman components.
Resembling the case of amplitude manipulation, I will show results of phase
manipulation on different number of Raman components, from five to six, and
eventually to seven. Key points and specific procedures of MP will be recounted

in the case of five Raman components.

51



4.3. RESULTS OF PHASE MANIPULATION

4.3.1 Results of phase manipulation of five Raman com-

ponents
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Figure 4.6: Results of phase manipulation of five Raman components. (a), Cal-
culated 2D plot of peak values of electric field intensity waveforms as functions
of thicknesses of fused silica (Axrg) and calcium fluoride (Aycr) within a range
of 1x1 mm?. White rectangle indicates the maximal range to be verified in ex-

periment. Point M indicates initial condition determined experimentally.
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Figure 4.6: (Previous page.) (b), Enlarged 2D plot of the range (0.4 x0.3 mm?)
indicated by the white rectangle in (a). (c), 2D plot of observed peak values of
electric field intensity waveforms, in which we explored the range correspond-
ing to that in (b) with a resolution of 0.01 mm and 41x31 points. Point M,
indicates a reference point which has a low peak intensity and is far from the
optimum. Point )5 indicates optimal point determined experimentally. (d),
Spectral phases observed at positions A, (initial position, black), M, (weak
position, blue), and M3 (optimal position, red), respectively. Pink line (least
square fit) shows linear fitting of the spectral phases at Mj3. (e), Plot of peak
intensities along z,—x; (blue dots) axis including point M;. (f), Plot of peak

intensities along y,—y, (orange dots) including point Ms;.

Figure 4.6 shows main results of phase manipulation on five Raman compo-

nents.

As introduced in equation 2.26 in chapter 3, by moving delay stage on the
arm of reference in the SPIDER setup to sweep delay time 7, we acquired
the first raw data of intensity oscillations of interfered SFG components. Fig-
ure 2.3(b) shows typical examples of raw data of intensity oscillations of in-
terfered SFG components. In experiment, during every sweep where we ob-
served intensity oscillations of SFG components, we moved delay stage in 100
steps—each step with 36 nm—to accumulate a delay distance of 7.2 ym (dou-
bled moving distance because of round trip). Taking into account frequency
spacing of AQ=125 THz, in this ‘travel’, we actually obtained three periods
(7=24.06 fs) of sinusoidal intensity oscillations of interfered SFG components.
In this process, we also designed LabVIEW programs to control translation of
delay stage, stages of F'S and CF, in terms of speed (i.e., resolution) and range.
In the mean time, the spectrometer (Ocean Optics USB 4000 or Andor SOLIS
MS-257) was also connected to PC and used to monitor intensity oscillations
of interfered SFG components via LabVIEW programs. Refer to figure 4.7 for

the raw data.
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Figure 4.7: Intensities of interfered SFG components obtained from spectrom-

eter.

Then we fit the first raw data (initial point, M;) with sinusoidal functions for
all four interfered SFG components. In this process, we were able to extract
spectral phases of these SFG components, which are (confined within -7—+)
Qq, -1.663; €2y, 2.457; Q3, -2.389; and €14, 2.149 (rad), respectively.

Precision of the fitting is very crucial, because the foundation of entire SPI-
DER system relies on phase retrieval of interfered SFG components. Thus
here we have to evaluate precision of the fitting lines (See chapter 5 for de-
tailed discussions). Standard errors of the fitting lines are in a range of about
3%—-13%, due to intensity fluctuations of Raman generation. Basically, non-
linear processes, such as sum frequency generation, are sensitively affected by
fundamental intensity fluctuations. Especially, the two SFG components on
the edge, which were generated from too low or too high-order Raman modes,
had larger fluctuations compared to the rest modes. However, as experimen-
tally proved, such degree of intensity fluctuations, fortunately, was allowable

for phase retrieval and thus MP.

Next, according to the interfering process in equation 2.26, we were able to
retrieve initial phases of fundamental Raman components. Comparing against

interfered “SFG components”, here we used the term “fundamental” for the
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spectrum before sum frequency generation. Note that we used a trick to re-
vert phases of fundamental Raman components by defaulting two of them as
zero rad. This trick made sense because when it relates to high-order dis-
persions of a spectrum in a dispersive material, we can ignore the zeroth and
first orders of dispersions while keeping the pulse shape unaltered. Hence, we
were able to make any two fundamental phases as zero rad. We here chose
the phases of 2_; and () to be zero rad. In this sense, the five fundamental
phases retrieved (confined to -m7—+m) were Q0_,, 2.163; Q2_4, 0; Qo, 0; 24, -1.436;
and (2, -1.128 (rad), where both thicknesses (of F'S and CF) originated from 0
mm. Apparently, the distribution of initial fundamental phases was far from
the line of zero rad. Therefore, we expected to ‘flatten’ them to zero rad through

the process of phase manipulation.

With retrieved fundamental phases of the initial point, according to equation
2.25, we were able to alter these phases by adjusting thicknesses of F'S and
CF. In other words, through shifting two thicknesses, we could calculate how
phases change at the output of MP device, and thus expect to find an optimal

combination of thicknesses where all fundamental phases approach zero rad.

However, here we have to clarify the difficulties of manipulating phases,
which are somehow similar to those of manipulating amplitudes. Although
it is clear that approximate solutions to the target appear with a certain fre-
quency (due to cycle of 27 of phase), it is difficult to analytically predict where
the optimal solution actually appears. Mimicking the case of MA, first and
foremost, we have to numerically explore approximate solutions over a wide
range with high precision. Then through experimental scanning, we should
verify the accuracy of numerical exploration. Finally we can lock the optimal
position close to the target in experimental scanning. This is the basic ap-

proach of phase manipulation.

In the meantime, it is natural to plot all fundamental phases during the
process of phase retrieving. However, that will be a vast amount of work and
not easy to exhibit. Instead, according to Fourier transformation, the peak
values of electric field intensity waveforms—configured by spectral phases and
known electric-field amplitudes—can be plotted as functions of thicknesses

of fused silica and calcium fluoride for convenience. Therefore, the target of

55



4.3. RESULTS OF PHASE MANIPULATION

achieving ‘flat’ distribution of phases is substituted by determining a point,
at which the peak value of electric field intensity waveforms is the maximal,

close to unity when normalized as in equation 2.27.

Besides, during experiment of acquiring peak intensities, we have to scan
each point to obtain intensity oscillations of interfered SFG components. This
is technically a very high hurdle, in terms of precision of exploring and time
consumption. For the same area of peak intensities (refer to4.6(a)), the finer
the resolution is when adjusting two thicknesses, the more precisely we can
approach the target; however, the more time it will consume to complete such
scanning in experiment. For instance, in a range of 0.2x0.2 mm?, the time it
takes to scan with a resolution of 0.001 mm is one hundred times than that
with a resolution of 0.01 mm, and just the latter case takes around two hours
for completing the scanning. Therefore, we have to choose a suitable resolution

according to the range of scanning.

So far, the key point of implementing phase manipulation turns to numeri-
cally determining a range with appropriate size and scanning it in experiment
with suitable resolution. Through this process, we expected to experimentally

determine an optimal point with the maximal peak intensity.

According to the first raw data and retrieved fundamental phases, we cal-
culated the normalized peak intensity of the starting point, 0.748 (See point
M in figure 4.6(a)). As described earlier, we swept thicknesses of F'S and CF
to calculate and predict how the intensities would change over a rather wide
range. Figure 4.6(a) shows a wide area numerically explored, which is 1x1

mm?.

As shown in figure 4.6(a), quasi-periodical behavior of peak intensities of
fundamental components as functions of thicknesses of F'S and CF was con-
firmed. Note that the intensities calculated in this ‘map’ were not exactly pe-
riodical but very complex to be somehow quasi-periodical, which certified the
fact that we could not analytically settle the optimal position. Moreover, this
map was too large to be scanned in experiment with a suitable resolution. We
had to focus on a smaller size within this map and experimentally scan it with

a proper resolution.
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The white frame in figure 4.6(a) indicates a reduced size of distribution of
peak intensities as functions of thicknesses of FS and CF that we chose to
verify in experiment. Although the choice of determining an area to scan in
experiment could be slightly different, at least if we searched the whole area
in the white frame, we could expect that an approximate solution to the target
(i.e., peak intensity close to unity) would appear at a point inside the white

frame.

Figure 4.6(b) is an enlarged view of the white frame in figure 4.6(a), which
is 0.4x0.3 mm?, much smaller than the size of figure 4.6(a). Figure 4.6(b) was
recalculated with an increased resolution. In this map of peak intensities,
we can see a few red and narrow “stripes”, among which we aimed to find

approximate solutions.

Referring to the map of peak intensities predicted in figure 4.6(b), we con-
ducted experiment to confirm its accuracy: the peak values of electric field
intensity waveforms were picked up and then plotted as functions of thick-
nesses of F'S and CF in figure 4.6(c). We scanned the map of peak intensities
in figure 4.6(c) with a resolution of 0.01 mm, including 41x31 points.

Comparing figure 4.6(c) with 4.6(b), we could actually confirm that the be-
haviors of observed peak intensities as functions of thicknesses of F'S and CF
were in good agreement with numerical calculation. This implies feasibility
of our method of phase manipulation: first, numerically exploring; second,
experimentally confirming; third, locking an approximate solution based on

experimental results.

According to the results obtained in figure 4.6(c), we determined the optimal
combination of two thicknesses at point M3, with a resolution of 0.01 mm. The
peak intensity at M3 (0.998) approached the target the most. Certainly, as
assumed before, the optimal position, M/; was located inside one of the red and

narrow stripes.

We could roughly ascertain our hypothesis that the peak intensity at point
M3 is the maximum by plotting peak intensities along two axes including point

M;. Figure 4.6(e) and 4.6(f) show distributions of peak intensities along x,—x;
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(blue dots) and y,—y, (orange dots) axes at M3, respectively. Apparently, the
highest peak intensity alongside either axis of /5 emerged at the intersection,
Ms.

Figure 4.6(d) shows phase distributions at three representative positions.
M, (black) was the initial point before the process of MP, where we started
numerical exploration. M, (blue) was a point with low peak intensity and far
from the optimum, which we regarded as a reference. And M5 (red) was the
optimal point we determined experimentally. By contrast, the phases at both
M, and M, distributed messily and were far away from zero rad; while the
phases at M3 was the closest to zero rad of the three points. Pink line is a
linear fitting of spectral phases at M;. In fact, at the optimal point, M5, near
linear phase distribution (close to zero rad) was achieved, which prompted to
reconstruct ultrafast pulses near Fourier transform limited condition. Spec-
tral phases after subtracting linear relation at point M5 were: Q_,, 0.034; Q_;,
- 0.050; Qq, 0.029; 24, - 0.045; Q,, 0.032 (rad).

Till now, for phase manipulation, through numerically exploring and exper-
imentally verifying distribution of peak intensities as functions of thicknesses
of FS and CF only once, we were able to lock the optimal point, M3, which
approached the target the best in the achieved intensity ‘map’.

Refer to chapter 5 for discussions of precision during the process of MP.

4.3.2 Results of phase manipulation of six Raman compo-

nents

This subsection shows the results of phase manipulation of six Raman compo-
nents (2,403—400 nm).
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Figure 4.8: Results of phase manipulation of six Raman components. (a), Cal-
culated 2D plot of peak values of electric field intensity waveforms as functions
of fused silica (Axrg) and calcium fluoride (Aycr) thicknesses within a large
range of 1x1 mm?. The white rectangle indicates the maximal range to be
verified in experiment. Point M/, indicates the initial condition determined ex-
perimentally. (b), Enlarged 2D plot of the area (0.2 x0.2 mm?) indicated by the
white rectangle in (a). The white rectangle indicates the focused area again to
be verified in experiment. (c), 2D plot of observed peak values of electric field
intensity waveforms, in which we explored the area corresponding to that in

(b) with a resolution of 0.01 mm and 21x21 points.
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Figure 4.8: (Previous page.) Point M, indicates a reference point which has
a very low peak intensity and is far from the optimum. (d), Enlarged contour
plot of the area (0.05x0.05 mm?) indicated by the white rectangle in (b). (e),
Contour plot of the observed peak values of electric field intensity waveforms,
in which we explored the area corresponding to that in (d) with a resolution
of 0.0025 mm and 21x21 points. Point M; indicates the optimal point de-
termined experimentally. The plot next to (e) indicates distributions of peak
intensities alongside two axes of point M;: z,—z; (blue dots) and y,—y;, (orange
dots), respectively. (f), Spectral phases observed at positions A/; (initial posi-
tion, black), M, (weak position, blue), and M5 (optimal position, red), respec-
tively. Pink line (least square fit) shows linear fitting of the spectral phases at
M.

With six Raman components, by moving delay stage on the arm of reference
to sweep delay time, 7, we acquired the first raw data of intensity oscillations
of five interfered SFG components. In this scanning, we moved delay stage in
100 steps, with each step moving 0.036 um to obtain three periods of sinusoidal

oscillations for all interfered SFG components.

Then we fit the first raw data with sinusoidal functions for all five SFG com-
ponents. In this process, we extracted SFG phases of the first raw data, which
are (confined within -7—+7) Q,, 2.383; Q,, 2.877; O3, -2.485; Q4, 2.377; and 25,
-0.741 (rad), respectively. Fitting standard errors of the raw data, which were
due to intensity fluctuations of Raman generation, are the same as the case of

five Raman components.

Then we retrieved the phases of six fundamental RCs according to equation
2.26 (confined to -m—+7): Q_,, -0.494; Q_,, 0; Qo, 0; Q;, -0.921; Q,, -0.421; and
23, -3.086 (rad), respectively.

With these retrieved phases of fundamental RCs, we calculated the normal-
ized intensity of such initial point, which is 0.634 (shown as M; in figure 4.8(a)).
As described earlier, we adjusted thicknesses of F'S and CF to calculate and
predict how the intensities would change over a rather wide area—1x1 mm? in
figure 4.8(a). White frame in figure 4.8(a) indicates a reduced size of distribu-

tion of peak intensities that we determined to verify in experiment.
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Figure 4.8(b) is an enlarged view of the white frame portion in figure 4.8(a),
which is 0.2x0.2 mm?, only 1/25 of the size of figure 4.8(a). In this ‘map’,
we could see a red and narrow ‘stripe’, inside which we expected to find an

approximate solution to the target.

Following the ‘map’ of peak intensities predicted in figure 4.8(b), we con-
ducted experiment to confirm its accuracy. The peak values of electric field
intensity waveforms were picked up and plotted as functions of thicknesses of
FS and CF, shown as figure 4.8(c). The resolution chosen for adjusting two
thicknesses was 0.01 mm, making 21x21 points in figure 4.8(c). As expected,
figure 4.8(c) and 4.8(b) were in good agreement, which certified correctness of

numerical exploration with six Raman components.

However, the resolution in the area of figure 4.8(c) was not adequate enough
for obtaining an approximate solution. We had to narrow down the area of
searching (white frame in figure 4.8(b)) again, and correspondingly improve
the resolution of adjustment of two thicknesses for finding an approximate

solution. The maximal peak intensity in figure 4.8(b) is 0.968.

Figure 4.8(d) (0.05x0.05 mm?) shows an enlarged view of the white frame
in figure 4.8(b). The former was only 1/16 the size of the latter. By far, we
refined the area of exploring twice and made it 1/400 the size of initial map
(figure 4.8(a)). In figure 4.8(d), a very broad red ‘stripe’ lies in the middle,

inside which we expected to lock an approximate solution.

Referring to figure 4.8(d), we conducted experiments, and obtained results
as shown in figure 4.8(e). We scanned this ‘map’ with a resolution of 0.0025
mm (including 21x21 points), which was 1/4 of that in figure 4.8(c). The ex-
perimental results of figure 4.8(e) agreed well with figure 4.8(d).

Based on measured results of figure 4.8(e), we fixed the optimal combination
of two thicknesses at point M3, with a high resolution of 0.0025 mm. At M,
the peak intensity reached up to 0.996, approaching the target the most in
figure 4.8(e). Again, the optimal position M; was located inside the red broad

‘stripe’.
We also roughly verified our estimation that the peak intensity at M3 was
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the maximum by plotting peak intensities along two axes (x,—x;, blue dots;
Ya—1p, orange dots) of point M3, shown as the plot next to figure 4.8(e). We
could confirm that the highest peak intensity along either axis emerged at the

intersection, M.

Figure 4.8(f) shows the distributions of spectral phases at three different
conditions. The same as in the case of five Raman components, M; (black) was
the initial point before the process of MP, where we started numerical explo-
ration. M, (blue) was a point with low peak intensity and far from the opti-
mum, which we regarded as a reference. And M; (red) was the optimal point
we determined experimentally. By contrast, spectral phases at both M; and
M, varied widely and were far from the optimum; while spectral phases at M3
were very close to zero rad. Pink line is a linear fitting of spectral phases at M.
Again, at the optimal point, M3, nearly linear distribution of spectral phases
(close to zero rad) were achieved, with which we were able to reconstruct ul-
trafast pulses near Fourier transform limited condition. Spectral phases after
subtracting linear relation at point M; were: Q_,, - 0.048; Q_;, 0.083; €, -
0.032; 24, - 0.048; 25, 0.101; Q3, -0.056 (rad).

Here, for phase manipulation of six Raman components, through numeri-
cally exploring and experimentally verifying the distributions of peak inten-
sities as functions of two thicknesses two times, we were finally able to lock
the optimal point, M3, which approached the target of phase distribution the

most.

Also refer to chapter 5 for the discussions of precision during the process of

phase manipulation.

4.3.3 Results of phase manipulation of seven Raman com-

ponents

Succeeding in manipulating spectral phases of five and six Raman compo-
nents, we expected to expand the spectrum of MP to seven Raman components
(2,403-343 nm). 0, (343 nm) is in the ultraviolet region, therefore, by far we
have expanded the spectrum, for both MA and MP, to mid-infrared, visible,
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and ultraviolet region (2,403—-343 nm).

Figure 4.9 shows main results of phase manipulation of seven Raman com-

ponents.
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Figure 4.9: Results of phase manipulation of seven Raman components. (a),
Calculated 2D plot of peak values of electric field intensity waveforms as func-
tions of fused silica (Axrg) and calcium fluoride (Aycr) thicknesses within a
range of 1x1 mm?. White rectangle indicates the maximal size of an area to be
verified in experiment. Point M/, indicates the initial condition determined ex-
perimentally. (b), Enlarged 2D plot of the range (0.05x0.05 mm?) indicated by
the white rectangle in (a). (c), 2D plot of observed peak values of electric field
intensity waveforms, in which we explored the area corresponding to that in
(b) with a resolution of 0.002 mm and 26 x 26 points. Point M, indicates a refer-
ence point which has a low peak intensity and is far from the optimum. Point
M3 indicates an optimal point determined experimentally. (d), Plot of distri-
butions of peak intensities along z,—x; (blue dots) and y,—y, (orange dots) axes
of Mj, respectively.
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Figure 4.9: (Previous page.) e, Spectral phases observed at positions M; (ini-
tial position, black), M, (weak position, blue), and M; (optimal position, red),
respectively. Pink line (least square fit) shows linear fitting of spectral phases
at Mg.

In a similar manner to phase manipulation on five and six Raman compo-
nents, by moving delay stage on the arm of reference to sweep delay time 7,
we acquired the first raw data of intensity oscillations of six interfered SFG
components. In this scanning, we again moved delay stage in 100 steps, with
each step moving 0.036 um to obtain three periods of sinusoidal intensity os-

cillations of all interfered SFG components.

Then we fit the first raw data with sinusoidal functions for all six intensity
oscillations of SFG components. In this process, we extracted six SFG phases
of the first raw data, which are (confined within -7—+m) €, 2.518; Q,, 1.860;
Q3, -2.810; €4, -0.403; Q5, -1.991; and 4, 1.150 (rad), respectively. Standard
errors of fitting of raw data are the same as the cases of five and six Raman

components, which were due to intensity fluctuations in Raman process.

Then we retrieved spectral phases of seven fundamental RCs (confined to
-m—+7): Q_5, 0.658; Q_1, 0; Q, 0; 2y, -1.613; 2y, 0.649; Q3, 0.387; and y, -2.045

(rad), respectively.

According to retrieved fundamental phases, we calculated the normalized
intensity of the initial point as 0.463 (shown as M, in figure 4.9(a)). Then
we adjusted two thicknesses to calculate and predict how the peak intensities

would change over a wide area, 1x1 mm? in figure 4.9(a).

However, as the spectrum to be handled broadened, the difficulty of phase
manipulation increased, in terms of requirement of finer resolution. Com-
pared to six Raman components, for the same size of intensity ‘map’, we had
to raise the resolution of adjustment of two thicknesses in the case of seven for
fixing the optimum. This meant that more time was consumed and more care-
ful determination of experimental implementation was required when coping

with seven RCs. Refer to chapter 5 for relevant discussions.

Understanding the difficulty of manipulating spectral phases of seven RCs,
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we paid more attention to selecting the appropriate small area to experimen-

tally execute, and scanning such area with very suitable resolution.

White frame in figure 4.9(a) indicates a vastly reduced area of distribution of
peak intensities, which we determined to scan in experiment. Figure 4.9(b) is
an enlarged view of the white frame in figure 4.9(a), which is 0.05x0.05 mm?,
only 1/400 of the size of figure 4.9(a). In this ‘map’ of peak intensities, we could
also see a red wide ‘stripe’, inside which we expected to find an approximate

solution.

Referring to figure 4.9(b), we conducted experiments with a resolution of
0.002 mm and 26x26 points. The experimental results are shown in figure
4.9(c). Obviously, again we acquired experimental results that were consistent
with numerical calculation. Based on experimental results in figure 4.9(c), we
determined an optimal combination of two thicknesses at point M3, with a very
high resolution of 0.002 mm. Also the optimal position, M5 was located inside

the red broad ‘stripe’.

We could also roughly verify our estimation that the peak intensity at point
M3 was the maximum by plotting peak intensities along two axes of M3. Figure
4.9(d) shows distributions of peak intensities along x,—x; (blue dots) and vy,—,
(orange dots) axes of point M3. We confirmed that the highest peak intensity

along either axis emerged at the intersection, Ms.

Figure 4.9(e) shows distributions of spectral phases at three representative
conditions. Similar to the case of five or six Raman components, M; (black)
was the initial point before the process of MP, where we started numerical ex-
ploration. M, (blue) was a point with low peak intensity and far from the op-
timum, which we regarded as a reference. And )5 (red) was the optimal point
we determined experimentally. By contrast, spectral phases at both points of
M, and M, were distributed over a wide range and far from zero rad; while
spectral phases at M; were the ‘flattest’ at zero rad of the three points. Pink
line is a linear fitting of spectral phases at /5. Again, at the optimal point M3,
nearly linear distribution of spectral phases (close to zero rad) was achieved,
with which we were able to construct ultrafast pulses near Fourier transform

limited condition. Spectral phases after subtracting linear relation at point
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Ms were: €)_o, - 0.141; Q_4, 0.073; €y, 0.139; 21, 0.112; Q, - 0.154; Q3, -0.109;
Q4, 0.079 (rad).

Here, for phase manipulation on seven Raman components, through nu-
merically exploring and experimentally verifying the ‘map’ of intensity dis-
tribution once, we locked the optimal point M3, which approached the target
of phase distribution the most in figure 4.9(c). The reason why we needed
fewer times of scanning intensity map than for the case of six RCs was that,
although the resolution needed and the difficulty of phase retrieval for seven
RCs were far higher than for the cases of five and six RCs, we prudently se-
lected an appropriate area with high intensities included and experimentally
implemented it with very fine resolution, in which process we made use of the
feasibility and reliability of our method of MP obtained from experiments with
both five and six RCs.

So far, we succeeded in manipulating spectral phases of five, six, and seven
Raman components (covering mid-infrared, visible, and ultraviolet wavelength
range) by using the same device and procedures. In fact, our device of phase
manipulation has the capability of manipulating a rather broad bandwidth
(about 1 PHz, over 12 high-order Raman components), expanding from mid

infrared to deep ultraviolet with an accuracy comparable to the above cases.

4.4 Electric field intensity waveforms

To further make use of the results of both amplitude and phase manipulations,
we could characterize electric field intensity waveforms of the spectrum of Ra-
man components in the time domain according to Fourier transformation. In
that sense, we could achieve ultrafast pulses of different durations by probing

different number of Raman components.

Following the way of introducing results of MA and MP, I will first present
ultrafast pulses achieved by controlling five Raman components (RCs), then
move to the case of six RCs, and finally to the case of seven RCs. As a prediction

or prospect, I will also incorporate the pulses calculated with eight Raman
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components at Fourier transform limited (TL) condition.

4.4.1 Electricfield intensity waveforms achieved with five

Raman components

Figure 4.10 shows electric field intensity waveforms reconstructed with achieved
amplitudes and spectral phases of five high-order Raman components (span-

ning )_, to €),) at different conditions.
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Figure 4.10: Retrieved electric field intensity waveforms of five high-order Ra-
man components (spanning €2, to ),) at different conditions. Thick pink,
thin black, and dashed blue lines indicate electric field intensity waveforms
achieved at optimal point (M3), Fourier transform limited condition, and ref-
erence point (M), respectively. The pulse duration (pink) of achieved electric
field intensity waveforms at full width at half maximum (FWHM) is 1.6 fs,
with a repetition period of 8.02 fs (relating to frequency space of 125 THz) and
a peak intensity of 0.998, very close to TL condition.
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As shown in figure 4.10, based on retrieved spectral phases with manip-
ulated amplitudes, we were able to reconstruct electric field intensity wave-
forms of such spectrum of Raman components in the time domain according

to Fourier transformation (see equation 2.27).

Pink thick line shows electric field intensity waveforms achieved at the opti-
mal point, M3. It was a train of ultrafast pulses, with a repetition period of 8.02
fs (or 125 THz). Pulse duration at full width at half maximum (FWHM) was
1.6 fs. The pulse duration achieved at point M3 was equal to that calculated
at Fourier transform limited condition (black solid line)—all spectral phases of
fundamental RCs were exactly zero rad. The peak intensity achieved at the
optimal point was 0.998, comparing against normalized peak intensity at the
TL condition (i.e., unity) [88].

Dotted blue line is electric field intensity waveforms reconstructed at the
reference point, M;, which had a low peak intensity of 0.359 (also refer to
figure 4.6(c)). Through the process of phase manipulation, we could see that
the electric field intensity waveforms have been improved substantially, from a
shape like a noise burst, to a train of ultrafast pulses close to Fourier transform

limited condition.

We also evaluated the precision of achieved pulse train, because they were
reconstructed with achieved spectral phases and thus constrained by their pre-
cision of fitting in equation 2.26. Such difference (due to retrieval of spectral
phases) was estimated to be about 0.001 fs (i.e., 1.6354 fs — 1.6461 fs if in
detail) at the optimal point M5;. Such evaluation meant that the difference
caused by the precision of fitting of phases of interfered SFG components was

negligible.

4.4.2 Electric field intensity waveforms achieved with six

Raman components

Figure 4.11 shows electric field intensity waveforms reconstructed according to
achieved amplitudes and phases of six high-order Raman components (span-

ning €)_, to €23) at different conditions.
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Figure 4.11: Retrieved electric field intensity waveforms of six high-order Ra-
man components (spanning €)_, to €23) at different conditions. Thick pink,
thin black, and dashed blue lines indicate electric field intensity waveforms
achieved at optimal point (M3), TL condition, and reference point (1/,), respec-
tively. The pulse duration (pink) achieved at point M3 at FWHM is 1.4 fs,
with a repetition period of 8.02 fs and a peak intensity of 0.996, close to TL

condition.

In figure 4.11, pink thick line shows electric field intensity waveforms re-
constructed with achieved amplitudes and phases at the optimal point M3. It
had a repetition period of 8.02 fs (or 125 THz). The pulse duration at FWHM
was 1.4 fs, which was equal to that at TL condition (black solid line). The
peak intensity at M3 was 0.996, comparing against normalized intensity at
TL condition.

Dotted blue line is electric field intensity waveforms reconstructed at ref-
erence point, M, which had a peak intensity of 0.353 (refer to figure 4.8(c)).

Through the process of phase manipulation, we also improved the pulses of six
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Raman components drastically from a shape like a noise burst to an ultrafast

pulse train near TL condition.

We also evaluated the achieved pulse train of six Raman components by
considering the precision of fitting of phases of interfered SFG components.
Such difference was estimated to be about 0.003 fs (i.e., 1.3836 fs — 1.3869 fs
if in detail) at the optimal point, M3, which was also negligible.

4.4.3 Electric field intensity waveforms achieved with seven

Raman components

Figure 4.12 shows electric field intensity waveforms reconstructed with achieved
amplitudes and phases of seven high-order Raman components (spanning 2_,

to €),) at different conditions.

In figure 4.12, pink thick line shows electric field intensity waveforms recon-
structed at optimal point ()/3). This train of pulses had a repetition period of
8.02 fs (or 125 THz). The pulse duration achieved at M; at FWHM was 1.2 fs,
which was equal to that at TL condition (black solid line). The peak value of
achieved e-field intensity waveforms at M5 was 0.988, comparing against unity
at TL condition.

Dotted blue line is electric field intensity waveforms reconstructed at ref-
erence point, M,, which had a low peak intensity of 0.312 (refer to figure
4.9(c)). From the point M;—through the process of phase manipulation—to M3,
we again improved the shape of electric field intensity waveforms drastically

and achieved a train of ultrafast pulses near TL condition.

In the case of seven Raman components, the difference of pulse duration
of electric field intensity waveforms due to the precision of fitting of spectral
phases was estimated to be 0.004 fs (i.e., 1.220 fs — 1.224 fs if in detail) at the
optimal point, Mj3, still negligible.
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Figure 4.12: Retrieved electric field intensity waveforms of seven high-order
Raman components (spanning 2_, to €24) at different conditions. Thick pink,
thin black, and dashed blue lines indicate electric field intensity waveforms
achieved at optimal point (1/3), TL condition, and reference point (1/,), respec-
tively. The pulse duration (pink) achieved at M; at FWHM is 1.2 fs, with a
repetition period of 8.02 fs and a peak intensity of 0.988, near TL condition.

We can see that as the spectrum of Raman components expanded, the width
(FWHM) of electric field intensity waveforms decreased. That is, when target-
ing synthesizing ultrafast optical pulses, the pulse duration is determined by
the bandwidth of the spectrum, i.e., the number of high-order Raman compo-

nents.

The current situation is that we have been able to manipulate amplitudes
and phases of up to seven high-order Raman components—a spectrum span-
ning €)_, to 4 (2,403-343 nm), and reconstructed a train of 1.2 fs ultrafast

pulses in the time domain.
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Note that millions of 1 femtosecond pulses were formed under the pulse

envelope of the driving lasers, which had an envelope duration of about 7 ns.

4.4.4 Electric field intensity waveforms predicted with

eight Raman components

Figure 4.13 shows electric field intensity waveforms predicted with eight high-
order Raman components (spanning €)_, to (25), which were calculated at Fourier

transform limited condition.
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Figure 4.13: Calculated electric field intensity waveforms of eight high-order
Raman components (spanning €2_, to €25) at TL condition. The pulse duration
(thin black line) calculated at FWHM is 990 as, with a repetition period of 8.02

fs and a peak intensity of unity.

As shown in figure 4.13, we calculated electric field intensity waveforms

of eight Raman components, by assuming that all eight components had the
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same phase—zero rad, and adding an appropriate amplitude of 300 nm to the
achieved amplitude distribution of seven components. Apparently, if we were
able to handle eight Raman components in experiment, in a similar manner
to what we did with five, six, and seven, we could expect to achieve a train of

attosecond pulses ( 990 as) near TL condition.

74



Bibliography of Chapter 4

[83]

[84]

[85]

[86]

[87]

[88]

A. V. Sokolov et al. “Raman generation by phased and antiphased molec-
ular states”. In: Phys. Rev. Lett. 85 (2000), pp. 562-565.

J. Q. Liang et al. “Sideband generation using strongly driven Raman
coherence in solid hydrogen”. In: Phys. Rev. Lett. 85 (2000), pp. 2474—
24717.

A. V. Sokolov et al. “Generation and control of femtosecond pulses by
molecular modulation”. In: J. of Mod. Opt. 52 (2005), pp. 285-304.

T. Suzuki, M. Hirai, and M. Katsuragawa. “Octave-spanning Raman
comb with carrier envelope offset control”. In: Phys. Rev. Lett. 101 (2008),
p. 243602.

S. Baker et al. “Femtosecond to attosecond light pulses from a molecular
modulator”. In: Nat. Photon. 5 (2011), pp. 664—671.

P. Lazaridis, G. Debarge, and P. Gallion. “Time-bandwidth product of
chirped sech? pulses: application to phase-amplitude-coupling factor mea-
surement”. In: Opt. Lett. 20 (1995), pp. 1160-1162.

75



Chapter 5

Discussions

In this chapter, I will discuss prominent issues we faced during experiments.
I classified them into three sections, following cases introduced in the former

chapter.

5.1 Discussions in amplitude manipulation

What are differences of manipulating amplitudes of five, six, and
seven Raman components?

In brief, escalation of the number of Raman components increases difficulty

of manipulating amplitudes.

On one hand, with increment of Raman components, we had to set the target
more prudently. Because within limited exploring range (i.e., limited trans-
lation range of thickness of CQ pair-about 20 mm in total), we could not ap-
proach whatever target we set; otherwise, we had to enormously extend ad-
justment range of thickness. This is why we did not obtain exactly ‘flat’ dis-
tribution of amplitudes in results of amplitude manipulation but near ‘flat’,

which still made sense when reconstructing ultrafast pulses.

On the other hand, with more Raman components, the difficulty of numer-
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ically exploring the optimal thickness also rose. That is, when manipulating
five Raman components, we could easily approach the target by finding opti-
mum within a very short range. However, when raising the number of Raman
components to six, and even seven, we had to search a much wider range to
find an approximate solution to the target. We could judge from optimal thick-
nesses explored with different number of Raman components: -0.7996 mm
with five Raman components; -0.8256 mm with six Raman components; and

4.7947 mm with seven Raman components.

In addition, we manipulated amplitudes of five, six, and seven Raman com-
ponents on different days, and thus they each had somewhat different precon-
ditions of Raman scattering. Refer to original powers of different number of
Raman components before MA in chapter 4.

How did we set target powers?

In principle, we are able to arbitrarily manipulate amplitudes (and thus
powers) of highly discrete spectra. However, due to two reasons, we set our
target powers as shown in chapter 4. First, our aim through manipulating am-
plitudes is to generate ultrashort pulses in the time domain; therefore, ideally,
we want to make all the amplitudes distribute at the same value—flat ampli-
tude distribution. Second, the original powers of our Raman components are
widely distributed, from several kW to several hundreds of kW; therefore, we
would like to set the target with such features: keep the weak power of 2.4 ym
at maximum while maintain other powers as high as possible. Considering
these two reasons, we set the near flat target powers as exhibited in chapter
4,

Precision of fitting lines according to initial scanning

As evaluation of precision of fitting lines for different number of Raman com-
ponents remained the same, I here only show the estimation of seven Raman

components (RCs), which also covered the cases of five, and six RCs.

According to equation 2.2, I used a function model of fitting given as y =
A0+ BOxsin(2rz/C0+ DO0). The precision of fitting functions was estimated in
table 5.1.
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2,403 1,202
Item 801 nm | 601 nm | 481 nm | 400 nm | 343 nm

nm nm
A0 4.70 256.14 | 70.91 21.73 16.05 8.05 3.49
A0
SE 0.0075 | 0.18 0.026 0.029 0.0092 | 0.0072 | 0.0044
BO 4.59 -251.40 | -67.74 | 20.46 -15.40 | -7.56 3.21
BO
SE 0.011 0.23 0.036 0.040 0.013 0.010 0.0062
Co 1.18 0.53 0.35 0.25 0.20 0.16 0.13
Co 4.88E- 2.92E- | 6.23E-

1.21E-4 1.55E-5 | 1.60E-5 | 1.59E-5

SE |4 5 5
DO 0.51 1.58 1.66 0.77 1.72 0.29 3.06
DO
- 0.0048 | 0.0019 | 0.0011 | 0.0042 | 0.0017 | 0.0027 | 0.0039

Table 5.1: Precision of fitting lines of initial scanning in MA. SE: standard
errors of fitting parameters; “E” corresponds to “power of 107, i.e., “E-4” stands

for “10~*”, etc. Note that CO in the model of fitting represents period.

As shown in table 5.1, standard errors of different parameters in the fitting
functions were very small. Especially, parameter CO, which corresponds to pe-
riods of power oscillations of different Raman components, maintains standard

errors of 10~* at the most. Therefore, the fitting lines were reliable.

In addition, I also made a comparison of periods of power oscillations be-
tween experimental results and theoretical calculation. Theoretical values
were calculated according to Sellmeier equation of crystal quartz [89] on dif-
ferent wavelengths. See table 5.2 for the comparison. Experimental results

were actually in good agreement with theoretical calculation.
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Ttem 2,403 | 1,202 | 801 601 481 400 343
nm nm nm nm nm nm nm

Theoretical

periods 1.28 |055 |0.35 0.26 0.20 0.16 0.13

(mm)

Experimental

periods 118 |0.53 |0.35 0.25 0.20 0.16 0.13

(mm)

Difference | 0.10 | 0.016 | 0.0084 | 0.0061 | 0.0039 | 0.0016 | _

0.0016

Difference

' 786 |2.86 [237 233 [195 |097 |-120

ratio (%)

Table 5.2: Comparison of periods of power oscillations between experimental
results and theoretical calculation. Difference = theoretical - experimental,;
difference ratio = difference / theoretical.

Precision of achieved power distribution

Since we manipulated amplitudes of different number of Raman components
on different days (thus with different preconditions of Raman generation), the
differences between achieved results and the target were somewhat different
for the cases of five, six, and seven Raman components. But the levels of such
differences stayed the same. Here I list out the precision of achieved power

distribution of seven Raman components.

Table 5.3 shows differences among target, numerical exploration, and achieved
results. The energy meter (Ophir Nova 2) we used for measuring energies had

an uncertainty of about +2.5%, for an averaged measuring time of 30 seconds.
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2,403 | 1,202 | 801 601 481 400 343

nm nm nm nm nm nm nm

Item

Target (kW) 8.57 | 5.00 | 18.57 | 25.71 | 11.43 | 14.29 | 5.71

Exploration (kW) 8.63 | 4.77 | 18.75 | 26.17 | 11.71 | 13.91 | 5.64

Difference TE (kW) | 0.046 | 0.23 | -0.18 | -0.46 | -0.28 | 0.38 | 0.07

Difference TE ratio
(%)

0.53 |4.63 |-0.96 |-1.79 |-246 |2.64 |1.25

Achieved (kW) 8.71 | 414 |16.29 | 27.29 | 9.00 | 13.57 | 5.43

Difference TA (kW) |-0.14 | 0.86 | 229 |-1.57 |243 |0.71 | 0.29

Difference TA ratio
(%)

-1.67 | 1714 | 12.31 | -6.11 | 21.25 | 5.00 | 5.00

Table 5.3: Precision of achieved power distribution of MA, for the case of seven
RCs. Difference TE=target-exploration; difference TE ratio = difference TE /
target; difference TA = target - achieved; difference TA ratio = difference TA /
target.

In table 5.3, we can see that the power distribution of numerical exploration
at the optimal thickness (4.7947 mm) is very close to that of the target, and
the maximal difference ratio is 4.63%. However, as for the achieved power
distribution, the maximal difference ratio is 21.25%. Hereby, we have to recall
that both Raman scattering and the energy meter have their ‘fluctuations’-
up to 10% at most. At such precision of achieved powers, the results of MA
are still suitable for subsequent experiments (i.e., manipulating phases and

constructing pulses).

How much does the precision of achieved power distribution af-
fect ultrashort pulses?

Since there existed differences between achieved power distribution and the

target, we had to evaluate its influence to reconstructing ultrafast pulses.

To make it easy, I assume that all spectral phases are zero rad. The pulse
duration (at FWHM) of the target, and achieved power distribution are 1.135

80



5.1. DISCUSSIONS IN AMPLITUDE MANIPULATION

fs, and 1.131 fs, respectively. That is, the pulse width only has a small amount
of change—0.004 fs—due to differences between the target and achieved power
distribution. Note that the above pulse durations are different from relevant
results in chapter 4, because the power distributions were slightly different on
two different days (of MA and MP).

In a few words, the differences between achieved results and the target make
little contribution to the pulse duration of reconstructed electric field intensity

waveforms.
Discussions on power distribution before and after MA

Here we may be concerned about how much power of every component re-
mains during the process of sweeping thickness of crystal quartz, and what
are the ratios between before and after MA. The table below shows such dis-

cussions for the case of seven RCs.

e 2,403 | 1,202 | 801 | 601 |481 |400 | 343
nm nm nm nm nm nm nm
Maximum (kW) 9.3 | 5075 | 138.7 | 42.2 | 315 |156 |6.7
Minimum (kW) 0.1 4.7 |32 1.3 07 |05 |03
Ratio IA (%) 12 |09 |23 |30 |21 3.2 |41
Before MA (kW) 12.0 | 6929 | 2150 | 69.6 |471 |246 |11.1
After MA (kW) 8.7 |41 16.3 | 273 |9.0 13.6 | 5.4
Ratio AB (%) 72.6 | 0.6 7.6 39.2 |19.1 |55.2 |48.7

Table 5.4: Comparison of different powers, for the case of seven RCs. Max-
imum, maximal value of power oscillation as a function of thickness of crys-
tal quartz (CQ); Minimum, minimal value of power oscillation as a function
of thickness of CQ; Ratio IA = Minimum / Maximum; Before MA, original
power distribution before MA; After MA, achieved power distribution at op-
timal thickness of crystal quartz; Ratio AB = After MA / Before MA.

From the above table, we find that the remaining powers (minimum) of

power oscillation as a function of CQ thickness are very small portion. Through
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the process of MA, we have largely suppressed powers of Raman components

in the middle while reserving those on the two sides.

5.2 Discussions in phase manipulation

What are the differences between manipulating phases of five, six,
and seven Raman components?

Escalation of the number of Raman components during the process of ma-
nipulating phases raises experimental resolution of distribution of peak inten-

sities when exploring the optimum.

For manipulating the phases of five RCs, we numerically explored and ex-
perimentally verified a ‘map’ of peak intensities, having an area of 0.4x0.3
mm? with a resolution of 0.01 mm, including 41x31 points. With such a rough
resolution, we scanned the ‘map’ only once and were able to lock an optimal
position. Moreover, the optimum had a peak intensity of 0.998, very close to

Fourier transform limited condition.

However, with six Raman components, we had to scan the map two times
with step-wise increased resolution for locking the optimum. In detail, we
first selected and scanned an intensity ‘map’ of 0.2x0.2 mm? with a rough
resolution of 0.01 mm, making 21x21 points. This map confirmed reliability
of numerical exploration. However, inside this still-large area, we could not
lock an optimal position with high accuracy. In the next step, we focused on a
‘map’ of 0.05x0.05 mm? with a high resolution of 0.0025 mm, making 21x21
points. The resolution in the second ‘map’ enabled us to settle an optimal
position, M3, which was an approximate solution to the phase distribution of
target. The peak intensity at such optimal point reached 0.996, close to TL
condition, although it declined a bit comparing to that of five RCs.

As the number of Raman components rose to seven, despite that we exper-
imentally scanned the ‘map’ of peak intensities only once, it had an area of
merely 0.05x0.05 mm? with a superb resolution of 0.002 mm, making 26 x 26

points. The reason why we scanned the ‘map’ only once is the following. In
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experiment of manipulating phases, confined by the angles of phase match-
ing of 10 ym thick BBO crystal (on such a broadband spectrum), we had to
measure phases of six interfered SFG components separately and spend far
more time building up the ‘map’ of peak intensities (i.e., figure 4.9(c)). Fortu-
nately, based on the confirmation of correctness of numerical exploration on
five and six RCs, we could carefully select a ‘map’ with an area of high peak
intensities included, and experimentally execute it with a very high resolution
of 0.002 mm. Eventually, electric field intensity waveforms reconstructed at
the optimal point had a peak intensity of 0.988, still near TL condition, but it

downgraded somehow comparing to the cases of five and six RCs.

Comparing intensity ‘maps’ (experimentally obtained) of different number
of Raman components, for locking the optimum, the resolution was upgraded
from 0.01 mm (five RCs) to 0.0025 mm (six RCs), and finally to 0.002 mm
(seven RCs). With experimental resolution increased following the increment
of Raman components, we actually reduced the size of intensity ‘maps’ to scan

in experiment, in order to quickly approach the optimum,.
How did we select dispersive materials?

In our case, it is allowable to use a single dispersive material to manipulate
phases. However, it is difficult to frequently find near optimal solutions when
we use one material. That is, we have to adjust thickness of the single material
over a wide range to explore a position that corresponds to high peak intensity.
However, with two different dispersive materials, we have more freedom to

control phases, and can find near optimum more frequently.

In general, we could use transparent dispersive materials that are normally
used, such as glass (BK7), fused silica, calcium fluoride, etc. Taking into ac-
count transmitting range of wavelengths, we simply selected two common ma-
terials, i.e., fused silica and calcium fluoride. Fused silica and calcium fluoride
have different refractive indices for the same wavelength, thus corresponding

to different dispersions.
Fitting precision of SFG intensity oscillations

According to equation 2.26, in the process of retrieving interfered SFG phases,
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we used a fitting model of y = A0+ BOxsin(27t/T,+ D0). Table 5.5 is a series of
typical data (a random point in the ‘map’ of peak intensities of seven RCs), for

estimating the precision of fitting lines of intensity oscillations of interfered

SFG components.
Item |601nm | 481 nm | 400 nm | 343 nm | 300 nm | 267 nm
A0 36.53 36.03 120.04 | 71.32 17.39 8.88
A0 SE | 0.38 0.59 1.29 0.68 0.25 0.19
BO 2.81 22.13 -33.43 | 22.61 -5.28 -4.03
BO SE | 0.54 0.83 1.82 0.96 0.35 0.26
DO 1.73 14.30 -17.28 | 21.83 5.45 0.75
DO SE | 0.19 0.038 0.055 0.042 0.066 0.065
DO SE
ratio |11.23 | 0.26 0.32 0.19 1.22 8.69
(%)

Table 5.5: Precision of fitting lines of intensity oscillations of interfered SFG
components. SE, standard errors. Note that DO depicts phases of interfered
SF'G components retrieved from fitting functions. DO SE ratio= D0 SE/DO.

As shown in table 5.5, standard errors of different parameters, generally
speaking, were very small, including the phases of SFG components. The
largest standard error of SFG phase was on 601 nm, which reached about
11% of the estimated phase. This standard error was large because the SFG
component, 601 nm was mixed partly from 2,403 nm, which was located in the
mid-infrared wavelength range, had a weak intensity, and maintained rela-

tively large fluctuation and dispersion.

Why can we make the assumption that the phases of two funda-
mental Raman components as 0 rad?

In equation 2.26, we can see that to retrieve spectral phase of any funda-
mental Raman component through linear relationship, there are always two

constants included, ¥, and 9§, and they can be any constants. In practice,
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we put phases of ¥%, and ¢ as 0 rad. Besides, ¥'*, and ¢ have no differences
with phases of original Raman components (fundamental), ¢)_; and 1, after
transmitting through dispersive materials, because relative delay has been

included in equation 2.26.

How much does the precision of phase retrieval affect pulse du-
ration?

After estimating the precision of phase retrieval, we want to know its impact

to the width of reconstructed electric field intensity waveforms.

In the case of five Raman components, the precision of phase retrieval caused
a variation of 0.001 fs to the pulse duration, i.e., 1.6354 fs — 1.6461 fs. And
for six RCs, the precision of phase retrieval brought about a variation of 0.003
fs to the pulse duration, i.e., 1.3836 fs — 1.3869 fs. For seven RCs, such a
variation was 0.004 fs, i.e., 1.220 fs — 1.224 fs.

Overall, the precision of phase retrieval had little impact on the pulse dura-

tion of reconstructed electric field intensity waveforms.
Damage threshold of all devices of MA and MP

As mentioned in both Abstract and Introduction, our devices of manip-
ulating amplitudes and phases were capable of resisting high powers. I here
clarify damage threshold of each optical element of those manipulation de-

vices.

Crystal quartz has a damage threshold of over 10 GW/cm? (data from Pho-
toTechnica). Glan laser calcite polarizer has a damage threshold of about 20
GW/cm? (data from Thorlabs). Fused silica and calcium fluoride have a dam-
age threshold of about 120 GW/cm?, and 60 GW/cm? [90], respectively. These
data are based on characteristics of our pulsed lasers—wavelength of about
1,000 nm, repetition rate of 10 Hz, and envelope duration about 10 ns—which

may be slightly different from various data sources.

To put it simply, if we postulate that incident laser is about 1,000 nm (with
an envelope duraiton of 10 ns and a repetition rate of 10 Hz), our devices of
MA and MP can resist an intensity of at least 10 GW/cm?.
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5.2. DISCUSSIONS IN PHASE MANIPULATION

Limitation of the SPIDER-DS system

We need to declare that there exists a limitation of the SPIDER-DS system:
we cannot retrieve spectral phases of eight or more Raman components with
current SPIDER-DS system. This restraint is owing to finite acceptance an-
gles of BBO crystal.

Figure 5.1 shows acceptance angles of 10 ym thick BBO crystal on differ-
ent SFG components. In this diagram, we assume that conversion efficiency
is confined in the range of 0.5-1. That is, at the joints (solid squares and
circles) of distinct SFG components, phases are exactly matched and conver-
sion efficiency is 1; with line segments stretching to their ends, phases are not

matched, and conversion efficiency decreases and moves to 0.5 at the ends.

86



5.2. DISCUSSIONS IN PHASE MANIPULATION

70 : : : : : : : : :
65t é_.........i...!....6?9:59:1.29?.5 ......... SRR

e S e e e o o
e
I e s o s e s S S
P N -y

40 IR

MK [ B

e e fl e

25 ofle iy e

20 ] st

TR R | . S .

Phase matching theta (degree) of 10 um BBO

T T T T T T
650 600 550 500 450 400 350 300 250 200

SFG wavelength (nm)

Figure 5.1: Acceptance angles of 10 um thick BBO crystal. Black line segments
represent SFG components derived from 1,202 nm; red line segments repre-
sent SFG components derived from 801 nm. Solid squares and circles denote
angles where SFG components are phase matched; line segments in between
their center and ends denote acceptance angles, where conversion efficiency

decreases from 1 to 0.5.

In fact, during experiment of manipulating and measuring spectral phases,
we have to choose an appropriate angle of BBO crystal, at which all interfered
SFG components (for instance, from 601 nm to 267 nm) should have a con-
version efficiency over 0.5, for both branches originating from 1,202 nm and
801 nm. However, as shown in figure 5.1, this requirement can not be satisfied
well with 10 um thick BBO. As acceptance angles drift and depart for different
SFG components, we are not able to implement phase retrieval “once and for
all” for seven or even more Raman components. Instead, for retrieving phases

of seven Raman components, we have to retrieve phases of six interfered SFG
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components separately: using two different acceptance angles to retrieve two
batches of SFG phases and then combining them together. This is why we
spent much more time scanning the ‘map’ of peak intensities of seven Raman

components than for the other two cases.

Furthermore, if expanding the spectrum to eight Raman components, we
even have very little chance to find an appropriate acceptance angle for only
the highest-order SFG component—240 nm. Because at this wavelength, accep-
tance angles from either branch are barely overlapping. Hence, we can hardly

measure the phases of eight Raman components using the 10 ym thick BBO.

In a word, as a result of limited acceptance angles owing to the thickness
of nonlinear optical crystal, there remains a restraint of measuring phases of

eight or more Raman components using our SPIDER-DS system.
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Figure 5.2: Acceptance angles of 5 ym thick BBO crystal. Black line segments
represent SFG components derived from 1,202 nm; red line segments repre-
sent SFG components derived from 801 nm. Solid squares and circles denote
angles where SFG components are phase matched; line segments in between
their center and ends denote acceptance angles, where conversion efficiency
decreases from 1 to 0.5.

To break the restraint of current SPIDER-DS system, basically, there are
possibly three solutions. The first, reduce the thickness of BBO crystal, for
example, from 10 ym to 5 ym, which will be discussed later. The second, sub-
stitute BBO crystal for other high-efficient nonlinear optical crystals. This
work needs more investigation. The third, replace whole SPIDER system for
other systems of phase measurement, but generally the problem of limited ac-
ceptance angles due to the thickness of nonlinear optical crystals cannot be

circumvented.
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Figure 5.2 shows acceptance angles of a 5 ym thick BBO crystal. In this
case, it is easy to find a suitable angle (around 42 degrees) for simultaneously
measuring spectral phases of interfered SFG components from 601 nm to 240
nm. Moreover, it is even available to measure the phase of SFG component
up to 218 nm, although again we have to measure the phases of all eight SFG

components separately, with two batches.
Limitations of our novel optical technology

So far, we have experimentally manipulated amplitudes and phases of five,
six, and seven Raman components in sequence. According to theoretical cal-
culation, our manipulation devices can handle a spectrum with a bandwidth
of about 1.4 PHz, including 12 Raman components. And even though we in-
crease the number of waveplate in MA or that of dispersive material in MP,
the bandwidth of Raman components we can handle cannot be increased more.
However, due to two limitations, we currently could not move forward to han-

dling eight or more Raman components, using our manipulation devices.

1, Low power of high-order Raman components, due to Raman process. The
original powers of 300 nm and higher orders were very weak; therefore, we
were not able to utilize them to broaden the spectrum that our manipulation

devices can harness in experiment.

2, The ability of measuring spectral phases with our SPIDER system is also
restrained to seven Raman components. That is, even though we have a chance
to improve the original powers of Raman generation, we have to seek new ways
to measure spectral phases of eight or more Raman components. Refer to the

former discussion.

Brief discussions of stability in amplitude and phase manipu-
lations

The stability in both MA and MP is fine, due to a few reasons. First, the
stages themselves are stable, precise, and reproductive; and materials in MA
and MP are installed on such stages with a tiny slit separating each pair. Such
a set itself is stable. Second, although there is no special facility for making

the temperature in materials of MA and MP a constant, optical elements in

90



5.3. DISCUSSIONS IN RECONSTRUCTING ELECTRIC FIELD
INTENSITY WAVEFORMS

both MA and MP are transparent for such a broad spectrum, and hence heat
via transmitting materials is negligible. Third, although we are manipulating
amplitudes and phases with materials translating at a resolution of microm-
eters; however, whatever in MA or MP, translating such a scale by fluctuation

of temperature is impossible.

5.3 Discussions in reconstructing electric field

intensity waveforms

What are the differences between reconstructed electric field inten-
sity waveforms of five, six, and seven Raman components?

According to Fourier transformation, pulse duration (at FWHM) depends on
the distributions of amplitudes and phases, and also the bandwidth of spec-
trum. The former two factors have been discussed in the above two sections.
As for the last factor, the broader the bandwidth is in the frequency domain,

the narrower the pulse duration is in the time domain.

Comparing figures 4.10, 4.11, and 4.12, pulses remain in similar shapes with

flanks suppressed.

Following escalation of the number of Raman components, pulse width de-

creases from 1.6 fs (five) to 1.4 fs (six), and ultimately to 1.2 fs (seven).

How much difference of pulse width is due to slight change of
power distribution between MA and MP?

Since the experiments of MA and MP were basically on different dates, the
power distributions were slightly different in front of SPIDER-DS system,

causing nuanced change to the pulse width. Table 5.6 shows such difference.
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INTENSITY WAVEFORMS
Item Five RCs Six RCs Seven RCs
Power | Power | Power | Power | Power | Power
Type of MA | of MP | of MA | of MP | of MA | of MP
(kW) (kW) (kW) (kW) (kW) (kW)
2,403
7.43 6.14 3.74 2.86 8.71 2.71
nm
1,202
13.71 19.57 18.86 | 20.57 |4.14 17.14
nm
801l nm | 12.86 | 25.71 17.29 25.00 16.29 | 24.43
601l nm | 14.71 | 8.57 11.29 | 9.57 217.29 16.57
481 nm | 3.29 7.43 9.43 7.43 9.00 4.43
400 nm 7.29 5.43 13.57 |9.14
343 nm 5.43 2.00
Pulse
width 1.6111 | 1.6353 | 1.3198 | 1.3834 | 1.1320 | 1.2180
(fs)
5;?erence 0.0242 0.0636 0.086

Table 5.6: Difference of pulse width due to change of power distributions be-

tween MA and MP.

How much is the peak of adjacent cycle comparing to normalized

global-maximum?

In optical communications, people are concerned about the ratio of normal-

ized global maximum to the peak of adjacent cycle regarding ultrashort pulses.

The normalized global maximum of the pulses is 0.998 for five RCs. The
peak of two flanks (adjacent cycle) next to the global maximum is 0.029. The
ratio of global maximum to peak of adjacent cycle is 34.41 (or 15.33 dB). Sim-
ilarly, global maximum, peak of adjacent cycle, and ratio of global maximum
to peak of adjacent cycle are: 0.996, 0.052, and 19.15 (or 12.82 dB) for six RCs;

0.988, 0.072, and 13.68 (or 11.36 dB) for seven RCs.
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For ultrashort pulses achieved at optimal point, we can see that these “ra-
tios” for different number of Raman components maintain rather high values,

which is preferable in optical communications.
What is next for narrowing down pulse width?

By far, we have achieved a series of ultrafast pulse trains, with the narrowest
width (at FWHM) being 1.2 fs. However, we expect to further shorten pulse

width to sub-1 fs, namely, about attosecond level.

We have assessed that with seven Raman components handled, under cur-
rent situation (low power of generated Raman components—2,403 nm and 343
nm), it is almost impossible to achieve attosecond pulses by deeply manipulat-
ing amplitudes of them. Even though we find a way to enhance Raman gener-
ation and improve the powers of 2,403 nm and 343 nm, we may not tailor the
amplitudes of seven RCs well within limited translation range of CQ thickness
in MA. However, if we can find a suitable way to measure the phases of eight
Raman components (refer to above discussions of the restraint of SPIDER-DS

system), we can reconstruct a train of attosecond pulses. Refer to figure 4.13.
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Chapter 6

Conclusions and prospects

6.1 Conclusions

In conclusion, I have proposed and experimentally demonstrated a novel op-
tical technology, which allows us to arbitrarily manipulate amplitudes and

phases of highly discrete broadband spectra.

The optical technology itself is simple—we just place a pair of wedge-shaped
crystal quartz with a Glan laser polarizer, and two pairs of fused silica and cal-
cium fluoride respectively on an optical axis, and precisely control their thick-

nesses.

As solid evidence of the reliability of our optical technology, we have manip-
ulated the amplitudes and phases of five, six, and seven coherent vibrational
Raman components in sequence, which have a frequency spacing of about 125

THz, and covers wavelength regions of mid-infrared, visible, and ultraviolet.

For both amplitude and phase manipulations, as the number of Raman com-
ponents rises, the difficulty of arbitrary manipulations also increases. To be
specific, for amplitude manipulation with more Raman components, we have
to extend the range of numerical exploration for the optimum. For phase ma-
nipulation with more Raman components, we have to increase experimental

resolution of intensity ‘mapping’ for the optimum.
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As a typical application of the novel optical technology, we have also re-
constructed electric field intensity waveforms in the time domain, based on
achieved results of MA and MP. With five Raman components (2,403—481 nm)
handled, we have achieved a train of 1.6 fs ultrafast pulses with a repetition
period of 8.02 fs, near TL condition. With six Raman components (2,403—400
nm), we have achieved a train of 1.4 fs ultrafast pulses near TL condition. And
with seven Raman components (2,403—-343 nm), we have achieved a train of 1.2
fs ultrafast pulses near TL condition. This is the current situation of ultrafast

pulses we have produced using the devices of MA and MP.

Additionally, a prominent feature of this optical technology is that the ma-
nipulations are performed on a coaxial optical path without separating broad
spectra in space. As imagined from recent intensive studies regarding coher-
ent combining technology, such arbitrary amplitude/ phase manipulation on
a coaxial optical path should be very advantageous for practically maintain-
ing high beam quality and mutual coherence in time and space among broad
spectra. Also this technology is scalable to a high power laser, or a micro-scale

system.

6.2 Prospects

Using our manipulation devices for controlling amplitudes and phases, we ex-
pect to broaden the bandwidth to handle eight or more high-order Raman com-

ponents.

However, the most difficult issue of handling eight or more Raman compo-
nents comes to measuring their spectral phases, which is beyond the capability
of current SPIDER-DS system. Consequently, we have to seek an appropriate
way to tackle such problem. If technically allowed to fabricate 5 ym thick BBO
crystals, the above problem can be solved by substituting the 10 ym thick BBO
in the current SPIDER-DS system.

Other labmates [91] have reported the possibility of using our novel optical

technology, especially phase manipulation, to produce lasers in the vacuum
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ultraviolet (VUV) region. Hence, we expect that our novel optical technology

can be applied to generate VUV lasers in experiment.

Recent years, F. Krausz and his collaborators reported that the optical-field-
induced electric currents in dielectrics can be driven, directed and switched by
the instantaneous light field (bandwidth in petahertz domain); D. Brida and
his collaborators reported to control electronic transport in a nanoantenna by
varying the carrier-envelope phases of 6-fs-long pulses and demonstrated a ro-
bust class of nanoelectronic switches. Our optical technology and its achieve-
ment, generation of ultrashort pulses with ultrahigh-repetition-period (about
eight femtoseconds), may become one of key tools for light-to-light ultrafast

information processing [63-65].
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Appendix A

Comprehensive scales of

manipulation devices

3D scales of AM and PM elements (mm)
Crystal quartz Fused silica Calcium fluoride
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Figure Al: Comprehensive scales of manipulation devices.

Figure Al shows 3D scales of optical elements in MA and MP devices. See
also figure 3.4 for their shapes and placing methods.

To be specific, optical elements of MA are wedge-shaped crystal quartz,
whose top view is triangular. The right-angled surface has an apex angle of
15 degrees with respect to the minimal side length of 10.8 mm. The wedges
have a top height of 15 mm.
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The optical elements of MP are made of two kinds of materials: fused silica
and calcite fluoride. In detail, fused silica, whose top view is an equilateral
triangle (side length: 25 mm), have a vertical height of 25 mm. The top view
of calcite fluoride is trapezoidal, with a vertical height of 10 mm and an apex

of 56 degrees.
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