
Direct Observation of Ultrafast Lattice Dynamics

with

Femtosecond X-ray Diffraction

Masaki HADA

2010





Abstract

Over the two last decades, optical, THz, and soft X-ray spectroscopic pump–
probe measurements and time-resolved crystallography (X-ray and electron
diffraction) have attracted much interest to demonstrate the atomic dynam-
ics of chemical reactions, phase transition and coherent phonon vibrations.
Above all, the time-resolved X-ray diffraction experiments have made it pos-
sible to directly observe the atomic motion in materials with femtosecond to
picosecond time resolution. The purpose of this thesis is to develop the laser-
based tabletop time-resolved X-ray diffraction system and to demonstrate
the time-resolved X-ray diffraction measurements on a phase transition ma-
terial.

The fundamental studies of femtosecond laser are mentioned in the first
part of this thesis, because all of the spectroscopic pump–probe measure-
ments and the time-resolved crystallography have been based on the fem-
tosecond lasers. The optical reflective pump–probe measurements with fem-
tosecond laser are demonstrated on a bismuth thin film and single crystal
silicon. Ultrafast dynamical changes, such as the A1g coherent lattice vibra-
tion in bismuth film and non-thermal solid–liquid phase transition in silicon,
were observed from the modulation of reflectivity.

The time-resolved X-ray diffraction measurements have been assembled
with the synchrotrons facilities or the laboratory-based high-power above
100 mJ/pulse and low repetition rate about 10 Hz femtosecond laser and
huge vacuum chamber. However, the utilization of such an ultrafast pulsed
X-ray sources have been limited because of the complexity of the huge fa-
cility systems or the difficulty in managing large high-power lasers and vac-
uum systems. Therefore, a high-intensity X-ray source with a tabletop laser
would be a desirable for the time-resolved X-ray diffraction measurements.
The relationship between Kα X-ray conversion efficiency and the ambient
atmosphere near the target surface is explained with a simple electron col-
lision model. This model suggests that the electron mean free path is the
important parameter in laser-induced X-ray radiation and the X-ray inten-
sity in helium ambient is calculated to be 30–40% of that in vacuum. This
result also suggested the possibility of tabletop time-resolved X-ray diffrac-
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tion measurements in air or helium ambient. In this study, we developed the
high-intensity tabletop X-ray source which is distinguished by the capability
of operating in air or helium atmospheric condition.

The time-resolved X-ray diffraction measurements were demostrated on
a single crystalline cadmium telluride (CdTe) and an insulator–metal phase
transition material, vanadium dioxide (VO2), with the tabletop time-resolved
X-ray diffractometer. The results from the measurements on CdTe crystal
revealed that the longitudinal optical and acoustic phonons were selectively
excited with laser pulses and the anisotropic phonons expanded into the deep
area of the crystal with acoustic velocity of ∼3400 m/s in the CdTe crystal.
This report shows the first experiment of the time-resolved X-ray diffraction
measurements with a tabletop time-resolved X-ray diffractometer.

The results from the measurements on VO2 suggested that the unit cell of
low-temperature monoclinic VO2 transformed into high-temperature tetrag-
onal phase extremely fast (within less than 25 ps); however, the atoms in
the unit cell fluctuated with the center of the tetragonal coordinate within
∼100 ps. The intermediate state of the VO2 has been observed only in the
spectroscopic methods; however, it was observed using more direct X-ray
diffraction measurement with the changes in the intensity and FWHM of
the diffraction lines. The tabletop time-resolved X-ray diffraction system is
a promising tool for laboratory-based molecular dynamic studies on mate-
rials, chemical and biological systems.

The next generation ultrafast time-resolved crystallography, such as ul-
trafast time-resolved electron diffraction measurements and time-resolved
X-ray diffraction measurements with X-ray free electron laser, are intro-
duced in the last part of this thesis. It is difficult or almost impossible to
observe the unrepeatable or irreversible phenomena with the conventional
ultrafast time-resolved crystallographic methods because of the intensity or
the longitudinal coherence. However, a large majority of the chemical pro-
cesses in the real world is unrepeatable or irreversible phenomena, and to
reveal the phenomena is more and more attractive for scientists. The next
generation ultrafast time-resolved crystallography would be a solution for
this requirement. In the near future, a series of ultrafast time-resolved opti-
cal measurements and crystallographic measurements will break new ground
of the science and make a revolution on the scientific world.
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Chapter 1

Introduction

This study aimed to visualize the molecular dynamics in condensed matter
in real time. In the past two decades, ultrafast science has revealed the
intriguing nature of nonequilibrium phenomena and states of materials. In
this chapter, a brief summary of the phenomena in the femtosecond time-
scale is presented. The purpose of the study and the structure of this thesis
are shown at the end of this chapter.

1.1 Phenomena in the femtosecond timescale

Since the beginnings of modern science in eighteenth century, scientists
have discussed phenomena on an atomic basis. 1) Physicists have discussed
phonon movement, phase transition and so on in the perspective of atomic
coordinates, and similarly chemists have discussed chemical reactions with
molecule models. Recently, biologists have dealt with biological reactions,
such as protein foldings, DNA unwinds, and enzymes’ reactions with the
atomic conformational model. 2, 3) In this way, scientists have tried to ob-
serve phenomena in real space using the great scientific developments of
the X-ray and electron diffraction, electron microscope, and atomic probe.
However, who observed the reactions of molecules at the atomic basis and
in real time? In other words, who was watching their dancing on the stage?
It has been necessary to scrutinize the dynamics at the atomic basis and in
real time.

First, the question that arose was “When would the first molecular mo-
tion occur?” For thermally sampled coordinates, the fastest pair of atoms
could move at the speed of sound. To keep things simple, the typical length
of chemical bonds and the speed of sound were assumed to be ∼1 Åand
∼1000 m/s, i.e., it would take about 100 fs for the first atomic event to be
invoked. Therefore, it observations with a time-resolution of 100 fs or less
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Figure 1.1: The ultrafast disassociation of an acetone molecules in the
femtosecond time scale. (A. Zewail et al. 7))
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Figure 1.2: Coherent phonon observation on semiconductors with fem-
tosecond optical pump-probe measurement. (H.J. Zeiger et al. 12))

and with spatial-resolution of less than 1 Åis required.

From 1979, Ahmed Zewail started to demonstrate the first time-resolved
observation of intramolecular vibrational processes using a molecular beam
and a picosecond or femtosecond laser. They performed the observation of
disassociation processes in vacuum of isolated molecules such as ICN, NaI,
HgI2, acetone, etc.

4, 5, 6) He was awarded Nobel Prize in chemistry in 1999
for his contribution to femtochemistry. 7) In these experiments, an optical
pulse was separated into two pulses named a pump pulse and a probe pulse.
The pump pulse generated some kind of excitation or modification in the
molecules. After an adjustable time delay controlled with an optical de-
lay line, a probe pulse hit the molecules, and the transmission or ionized
fragment molecules were detected as a function of the time delay. Thus,
it is possible to obtain information on the decay of the generated excita-
tion, or on other processes initiated by the pump pulse. The multiple step
disassociation process of the acetone molecules is shown in Fig. 1.1. The
experiments revealed unique molecular behaviors such as coherent vibration,
rotation, step-wise disassociation or reactive intermediates in the femtosec-
ond timescale.

In early 1980’s, pump–probe spectroscopic experiments on condensed
matter such as metals, semiconductors and semimetals have been performed,
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and changes in the refractive index of infrared light or visible light of the
materials were demonstrated. 8, 9, 10) One of the most representative exam-
ples is the coherent phonon in semimetals or semiconductors, demonstrated
in the 1990’s. 11, 12) The coherent phonon vibrations in single crystalline bis-
muth and antimony are shown in Fig. 1.2. The experiments successfully
captured the intermediate states in condensed matter, which could not be
explained with the existing statistical mechanics. The mechanism of the
coherent phonon vibration (impulsive stimulated Raman scattering model
or displacive excitation of the coherent phonon model) has continued to be
studied and discussed for more than twenty years. 12, 13) In these experi-
ments, however, the infrared and visible light used to probe the dynamics
inherently cannot resolve atomic-scale features because the lights mainly in-
teract with valence and free electrons and not with the deeper lying core
electrons and nuclei that most directly indicate structure. Hard X-ray or
electrons, the wavelengths of the same order as the interatomic distance (∼1
Å) would be suitable for the measurement of molecular dynamics.

1.2 Ultrafast time-resolved crystallography

The electric changes associated with the chemical process can be measured
by the ultrafast time-resolved spectroscopy; however, the accompanying
structural rearrangements have been difficult or impossible to be observed.
Unlike the spectroscopic methods, time-resolved X-ray diffraction methods
make it possible to directly observe the structural dynamics. Since the end
of 1990’s, the time-resolved X-ray diffraction measurements have shown the
potential to probe the atomic motion in the nanosecond to femtosecond
timescale, and several X-ray studies of fast dynamics have been reported.
In the time-resolved X-ray diffraction measurements, the photo-excited sam-
ples by the optical pump pulses were characterized with diffraction methods
using adjustable time delay controlled X-ray pulses.

Several techniques have emerged for generating such an ultrafast X-ray
probe. Extremely high-intensity synchrotron X-rays at the pulse duration
of ∼50 ps have been used for time-resolved measurements of semiconduc-
tors, phase-transition materials and even photo-sensitive proteins. 14, 15) X-
ray pulses of 100–300 fs duration have been generated by the scattering of
femtosecond laser pulses on synchrotron relativistic electron bunches. 16, 17)

There is a completely different laboratory-based X-ray generating method.
When an ultrashort laser pulse is focused onto a solid surface, plasma is
produced on the surface. Kα X-rays are emitted where the electrons in the
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plasma react with the atoms in the solid. 18) The theory indicated that X-ray
pulses of less than 100 fs might be obtained with this laser-produced plasma
technique.

In 1997, C. Pischel et al. 19) reported the first femtosecond time-resolved
X-ray diffraction with laser-produced plasma technique on a laser-heated
cadmium-doped organic film. The well-known work of the ultrafast time-
resolved X-ray diffraction measurement by C. Rose-Petruck et al. in 1999
is shown in Fig. 1.3. 20) Changes in intensity and peak position of diffrac-
tion lines were observed for single crystalline gallium arsenide (GaAs), and
indicated that lattice expansion and atom disordering were simultaneously
induced in the superheated GaAs crystal in the femtosecond time scale.
Since then, several femtoseond X-ray diffraction measurements have been
performed and revealed the intriguing nature of structural dynamics, such
as nonthermal melting, acoustic and optical coherent phonon in semimet-
als, semiconductors and superlattice, and photo-excited phase transitions in
phase-change materials and superconductors. 21, 22, 23, 24, 25) However, the
utilization of such ultrafast time-resolved X-ray diffraction measurements
has been limited because of the complexity of huge facilities or the difficulty
of managing large high-power lasers and vacuum systems. The ultrafast
pulse X-ray sources needed to be more compact and easier to access.

In parallel, there is another different stream of ultrafast crystallography;
femtosecond time-resolved electron diffraction measurements have been re-
ported by R.J.D. Miller et al. in the 2000’s. 26, 27, 28) The time-resolved
electron diffraction, which can be assembled in a tabletop manner, is also
a powerful tool for direct atomic motion observation in condensed matter.
The most important features of the electron would be the high interaction
cross-section and the shorter wavelength. Compared with X-ray, electron has
∼104 higher scattering cross-section with the electrons surrounding atoms;
therefore fewer electrons are required to obtain an image of the diffraction
pattern. 29, 30) The De Broglie wavelength of an electron at ∼100 keV is ∼0.1
Å, which is much shorter than the copper characteristic X-rays (∼1 Å). This
feature makes it possible to obtain dozens of low-to-high ordered diffraction
spots at one time; however, it reduces the spatial resolution to about 1
Å(X-ray diffraction: <0.1 Å). 28) Several time-resolved electron diffraction
measurements in reflection and transmission manner on samples of semi-
conductors, semimetals and photosensitive phase transition materials have
been reported.
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Figure 1.3: Acoustic coherent phonon in a semiconductor observed
with the time-resolved X-ray diffraction method. (C. Rose-Petruck et

al. 20))
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1.3 Purpose of study and structure of the thesis

This thesis aims to develop a high-intensity and compact–designed X-ray
source with a tabletop femtosecond laser and to reveal the atomic dynamics
in solid materials irradiated with an optical pulse by using the ultrafast
time-resolved X-ray diffraction measurement. We reported the first direct
observation of photothermal atomic motion in a single crystal cadmium
telluride and insulator–metal phase transition in vanadium dioxide with a
tabletop time-resolved X-ray diffractometer.

In Chapter 2, fundamental studies for the femtosecond lasers and the
optical pump–probe measurements are described. The basic optical pump–
probe measurements on reversible and irreversible phenomena are intro-
duced.

To achieve ultrafast time-resolve X-ray diffraction measurements, ex-
tremely short (∼100 fs) pulsed X-ray is required. In Chapter3, femtosecond
pulsed X-ray radiation by laser-produced plasma is discussed. The interac-
tion between the electrons in laser-produced plasma and the ambient atoms
is also explained with a simple collision model.

In Chapter 4, ultra-fast time-resolved X-ray diffraction measurements on
a single crystal semiconductor (CdTe) and ultrathin film of metal–insulator
phase transition material (VO2) are described. In this experiment, the su-
perheated transition state of the VO2 was observed in the ∼10 picosecond
time scale.

Finally, Chapter 5 presents a summary of this study. Time-resolved
crystallography has revealed the intriguing nature of molecular dynamics;
however, there remained a serious problem. Only the reversible phenomena
or phenomena in well crystallized samples could be detected with the existing
time-resolved crystallography because of the X-ray or electron intensity or
transverse coherence. There are many more irreversible chemical processes
and phenomena in hard-to-crystallized materials. The next generation time-
resolved crystallography will overcome the problem. In Chapter 5, the next
generation time-resolved X-ray and electron diffraction is introduced.





Chapter 2

Femtosecond Laser Science

The mode-locked Ti:sapphire laser (a femtosecond laser) is one of the most
important tools for the observation of nonequilibrium phenomena in the
femtosecond time-scale. In this chapter we describe the fundamentals of the
femtosecond laser and optical pump-probe experiments with femtosecond
laser. 31)

2.1 Fundamental studies of femtosecond laser

The laser emission frequencies are determined by the natural bandwidth of
the gain medium (laser crystal) and the longitudinal modes of the optical
cavity, as shown in Fig. 2.1. In the simplest case, the two flat mirrors
face each other, surrounding the gain medium of the laser. The laser light
is generated or amplified in the gain medium, while the light rays bounce
between the mirrors leading to formation of standing waves in the cavity.
These standing waves are a discrete set of frequencies which are called “the
longitudinal modes of the cavity”. The frequency separation between any
two adjacent modes (∆ν) is given with the cavity length;

∆ν =
c

2L
, (2.1)

where c is the speed of light.
In a simple laser, each of the modes oscillates independently, i.e., the

individual phase of the light waves in each mode varies randomly, mainly
because of the thermal effects in the materials of the laser. 32) By installing
an acousto-optic modulator or a saturable absorber into the laser cavity, the
modes of the laser can periodically interfere with one another and the phase
of the light waves in each mode can be fixed. This phase-fixing process is
called “mode-locking”. Such the mode-locked lasers produce intense bursts
or pulses of light. 33, 34, 35, 36)

9
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Figure 2.1: The laser emission frequencies with the natural bandwidth
and the longitudinal modes of the optical cavity
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The fundamental relationship between the pulse duration and the band-
width of the Gaussian mode-locked laser pulse is given by the simple Fourier
transformation as:

∆ν ·∆t ∼ 0.441, (2.2)

where ∆t is the laser pulse width. This means that a very short pulse
exhibits a broad bandwidth, and vice versa. The value 0.441 is known as
the “time-bandwidth product” of the pulse, and varies depending on the
pulse shape. For ultrashort pulse lasers, a sech2(t) pulse shape is assumed,
giving a time-bandwidth product of 0.315. 37) For example, for a 110 fs pulse
at λ = 800 nm, the corresponding bandwidth is about 12 nm.

Ti:sapphire is a crystal produced by introducing Ti2O3 into a Al2O3,
where Ti3+ ions replace a small percentage of the Al3+ ions. The Ti3+

ions are responsible for the lasing action in Ti:sapphire. 38, 39, 40, 41) The
electronic ground state of the Ti3+ ion is split into a pair of vibrationally
broadened levels as shown in Fig. 2.2. Absorption transitions occur in
a broad range of wavelengths, in the range 400–600 nm, and fluorescence
transitions occur from the lower vibrational levels of the excited state to the
upper vibrational levels of the ground state (600–1000 nm). The bandwidth
in the lasing action is generally tuned around 720–850 nm because of the
interference of the absorption transitions, mirror coating, turning element
losses, atmospheric (oxygen or water vapor) absorption, and pump power
and pump mode quality.

Chirped pulse amplification (CPA) is used for the amplification of the
femtosecond laser pulse from the mode-locked Ti:sapphire laser, because an
intense beam traveling through a Ti:sapphire crystal can induce permanent
damage to the crystal. 42, 43) It is necessary to limit the peak power of a pulse
in this crystal to less than 10 GW/cm2; however, CPA enables a Ti:sapphire
crystal to be used for amplified pulses beyond this peak power. CPA is
accomplished in three steps. In the first step, the femtosecond seed pulse is
stretched and its peak power is reduced, which gently reduces the probability
of damage to the Ti:sapphire amplifier crystal. Devices such as a prism-
pair, diffraction-grating-pair, or multi-layer mirrors that can delay certain
a wavelength relative to others can stretch or compress a short pulse. The
phenomenon of delaying or advancing some wavelengths relative to others
is called Group velocity dispersion (GVD) or chirp. A pulse has positive
GVD (or chirp) when the shorter wavelength leads the longer wavelength.
Conversely, when the shorter wavelength is delayed more than the longer
wavelength, it has negative GVD. The second step amplifies the stretched
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Figure 2.2: Absorption and emission spectra of Ti:sapphire
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Figure 2.3: The principle of chirped pulse amplification

pulse: a pump laser provides a synchronous energy pulse to the Ti:sapphire
crystal to excite it just prior to the arrival of the stretched seed pulse.
The seed pulse causes stimulated emission, which amplifies the pulse at the
same wavelength and direction. The third step recompressed the stretched
and amplified pulse to its original pulse duration with a negative GVD
diffraction-grating pair. Figure 2.3 shows schematically this process.

2.2 Femtosecond laser system

The femtosecond laser system was assembled with a diode-pumped cw (con-
tinuous wave) visible laser (Millennia Pro 5sf/ Spectra-Physics), a mode-
locked Ti:sapphire laser (Tsunami/ Spectra-Physics), an intracavity-doubled
diode-pumped Nd:YLF laser (Empower/ Spectra-Physics), and a Ti:sapphire
regenerative amplifier (Spitfire Pro XP/ Spectra-Physics). 44) Figure 2.4 is
the photo of the femtosecond laser system, and the schematic setup of the
laser system is shown in Fig. 2.5. A brief explanation of the working prin-
ciples of these lasers is mentioned in this section.
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Figure 2.4: Photograph of the femtosecond laser system

Figure 2.5: Schematic drawing of the femtosecond laser system
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2.2.1 Mode-locked Ti:sapphire laser

Figure 2.6 shows a schematic drawing of the diode-pumped cw visible laser
and the mode-locked Ti:sapphire laser.

Figure 2.6: Schematic drawing of the mode-locked Ti:sapphire laser (Tsunami)
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The diode-pumped cw visible laser emitting continuous 532 nm optical
wave was used for excitation of a Ti:sapphire crystal in the mode-locked
Ti:sapphire laser.

The mode of operation is as follows. The diode pump laser excites the
Nd:YVO4 crystal and emits an infrared laser beam at 1064 nm in the diode-
pumped cw visible laser cavity. Frequency-doubling lithium triborate (LBO)
crystal converts the 1064 nm light from the laser crystal to the green light
with 532 nm wavelength. The intensity of the output of the laser is 5.00
W. The green 532 nm light excites the Ti:sapphire crystal in mode-locked
Ti:sapphire laser which generates a broadband optical wave at the medium
wavelength of 800 nm (794–806 nm). The broadband optical wave has to
be mode-locked with an acousto-optic modulator (AOM) in the laser cavity.
The AOM ensures normal mode-locked operation at about 80 MHz. The
output intensity of the mode-locked Ti:sapphire laser was 700 mW. The
pulse duration of the pulses from the mode-locked Ti:sapphire laser were
compressed into about 100 fs with two prism-pairs.

2.2.2 Ti:sapphire regenerative amplifier

Figure 2.7 shows the schematic drawing of the Ti:sapphire regenerative am-
plifier (Spitfire Pro XP). This device amplifies individual laser pulses selected
from a stream of pulses produced by the mode-locked Ti:sapphire laser
(Tsunami). The intracavity-doubled diode-pumped Nd:YLF laser (Em-
power) emits 20 mJ optical pulses at a wavelength of 527 nm in the Q-switch
method and latter pulses are used to excite the Ti:sapphire crystal of the
regenerative amplifier. The Ti:sapphire regenerative amplifier consists of a
positive GVD diffraction-grating pair for pulse extension, a Ti:sapphire crys-
tal for amplification and a negative GVD diffraction-grating-pair for pulse
compression.

A femtosecond optical pulse from the mode-locked Ti:sapphire laser is
stretched into 1 ns by the positice GVD diffraction-grating-pair and focused
onto the excited Ti:sapphire crystal in the cavity of the Ti:sapphire regener-
ative amplifier. An amplified broadband optical pulse is generated through
the stimulated radiation, and output from the cavity by changed the po-
larization with Pockels cells. The amplified broadband optical pulse was
compressed with the negative GVD diffraction-grating-pair into about 130
fs. The output intensity of the Ti:sapphire regenerative amplifier was about
3.5 mJ/pulse with the repetition rate of 1 kHz.
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Figure 2.7: The schematic drawing of the regenerative Ti:sapphire
laser amplifier (Spitfire Pro XP)
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2.3 Optical pump-probe measurements

The development of ultrafast optical technology enables us to measure phe-
nomena in the femtosecond time-scale. We constructed an ultrafast pump-
probe spectrum system using the femtosecond laser. In pump-probe mea-
surements, pump pulses are first focused onto the sample surface and induce
observable physical phenomena such as lattice vibration or phase transition.
In the second stage, the probe pulses having passed through an optical delay
line are focused onto the same spot ofn the sample surface. The phenom-
ena were observed by the changes in optical refractive index of the reflected
light of the probe pulse. In this section, we present optical pump-probe mea-
surements of the lattice vibration in a bismuth film (repeatable reversible
reaction) and the ultrafast liquid-to-solid phase transition in silicon (irre-
versible reaction).

2.3.1 Autocorrelation function method for the ultrafast laser
pulse

The pulse duration of the femtosecond laser is one of the most important
parameters for pump-probe measurements. However, the duration of the
femtosecond optical pulse cannot be measured with a set of a high-speed
photo-diode and an oscilloscope because the time-resolution of the electronic
device is at most 1 ns. The autocorrelation function method is generally used
to measure the femtosecond pulse duration. 45, 46, 47) The fundamentals for
the autocorrelation are described in this section and the autocorrelation
function method was demonstrated to measure the pulse duration of the
femtosecond laser pulse and also to determine the position of time-zero be-
tween the pump pulse and probe pulse in the optical time delay line.

A femtosecond laser pulse can be described as a function of sech2(t) as
shown in Fig. 2.8. The intensity of the optical pulse I is proportional to the
square of the electric-field E; therefore, the optical pulse I(t) as a function
of time can be expressed by the following equation:

I(t) =

∫ +∞

−∞
| E(t) exp i(ωt+Φt) |2 dt, (2.3)

where, ω and Φ are the angular frequency from the wavelength and pulse
duration of the femtosecond laser, respectively.

In order to obtain the autocorrelation function, two optical pulses with
the same intensity, wavelength and pulse duration are mixed in a nonlinear
crystal, and generate a second harmonic wave. The time separation of the
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Figure 2.8: A femtosecond laser pulse described as the function of sech2(t)

two pulses is defined as τ . The intensity of the second harmonic wave can
be expressed with the convolution of the two pulses; therefore,

G(τ) =

∫ +∞

−∞
| {E(t) exp i(ωt+Φt)

+E(t− τ) exp i[ω(t− τ) + Φ(t− τ)]}2 |2 dt, (2.4)

G(τ) =

∫ +∞

−∞
| 2E4(t) + 4E2(t)E2(t− τ)

+4E(t)E(t− τ)[E2(t) + E2(t− τ)] cos[ωτ +Φ(t)− Φ(t− τ)]

+2E2(t)E2(t− τ) cos{2[ωτ +Φ(t)− Φ(t− τ)]} | dt. (2.5)

When the time separation τ is much longer than the pulse duration, the two
pulses cannot be mixed in the nonlinear crystal and the second harmonic
generation occurs separately. The intensity of the autocorrelation function
I2(±∞) is expressed as,

G(±∞) = 2

∫
I2(t)dt. (2.6)
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Figure 2.9: The autocorrelation function of a femtosecond laser pulse
at the pulse duration of 100 fs.

When the separation time between the two pulses is zero (time-zero), the
intensity of the autocorrelation function G(0) can be calculated as;

G(0) = 24
∫

I2(t)dt = 8G(±∞). (2.7)

The function of the optical pulse intensity I(t) is sech2(t); therefore, the
autocorrelation function can be reduced to the following equation:

G(τ) =

∫ +∞

−∞
| 2sech4(t,Φ) + 4sech2(t,Φ)sech2(t− τ,Φ)

+4sech(t,Φ)sech(t− τ,Φ)[sech2(t,Φ)

+sech2(t− τ,Φ)] cosωτ

+2sech2(t,Φ)sech2(t− τ,Φ) cos 2ωτ | dt. (2.8)

The intensity of the autocorrelation function as a function of time is shown
in Fig. 2.9. The pulse duration of the autocorrelation function reflects
that of the convolution of the two pulses; therefore, the autocorrelation
function should be deconvoluted to obtain the pulse duration. When the
laser intensity (I) and the full width half maximum (FWHM: ∆t) are defined
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Figure 2.10: The experimental setup for the autocorrelation function method.

as I(t) = sech2(t) and ∆t = 1.763 respectively, the autocorrelation function
can be expressed as a simple equation as follows;

G(τ) =

∫
I(t)I(t− τ)

|
∫
I2dt |

=
3[τ cosh(τ)− sinh(τ)]

sinh3(τ)
. (2.9)

The FWHM of the autocorrelation function (∆τ) can be calculated to be
2.720; therefore the relation equation of ∆τ/∆t = 1.543 in the pulse duration
is obtained.

Figure 2.10 shows the experimental setup for the autocorrelation func-
tion method for measurements of pulse duration. A femtosecond laser pulse
at the wavelength of 800 nm is split into two pulses os same intensity with
1:1 cubic beam splitter. The reflected light at the beam splitter was focused
on the Beta-Barium Borate (BBO) nonlinear crystal with an achromatic
lens. The transmitted light was passes through an optical delay line and
is focused onto the same spot in the BBO crystal. According to the auto-
correlation function theory, the sum frequency (wavelength: 400 nm) pulse
is generated when the pulse separation time between the two pulses (τ) is
around zero. The sum frequency pulses were passed through the filter which
entirely absorbs 800 nm light and were detected with a photodiode. The
autocorrelation function of the femtosecond laser (Spitfire Pro XP) is shown
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Figure 2.11: The autocorrelation function of the femtosecond laser
(Spitfire Pro XP/ Spectra Physics).

in Fig. 2.11. The FWHM of the autocorrelation function was about 200 fs;
therefore the pulse duration of the femtosecond laser was determined to be
about 130 fs.

2.3.2 Observation of bismuth A1g coherent phonon

A coherent phonon in bismuth is one of the most representative phenomena
in femtosecond time-scale. 11, 12) In this section, we report on repeatable
optical pump-probe measurements for the observation of phonon vibration
in femtosecond time scale.

Figure 2.12 shows the experimental setup for pump-probe measurements
of optically induced reflectivity changes. A mode-locked Ti:sapphire laser
generated femtosecond laser pulses at a central wavelength of 780 nm. The
repetition rate of the laser pulse was 80 MHz and the pulse duration was
about 120 fs. The output laser pulse was split into a strong pump pulse
and a weaker probe pulse. The repetition of the pump pulse was modulated
into 1 kHz using an optical chopper, and the pump pulse was focused onto
a bismuth thin film sample to induce coherent phonon vibration. The laser
fluence to excite the sample was about 0.7 mJ/cm2. The probe pulse passed
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Figure 2.12: The experimental setup for pump-probe measurements
of optically induced reflectivity changes.

through an optical delay line and was focused onto the same spot on the
sample surface. The reflected light of the probe pulse was detected with a
photo-detector. The signal modulated as 1 kHz was selectively detected by
the lock-in-amplifier. The optical delay line caused a time delay of −1 ps
to +10 ps between the pump pulse and probe pulse with the position of the
motorized stage. The reflectivity change (∆R/R) in the probe pulse was
measured as a function of the delay time between the two pulses. The time-
zero was determined with the autocorrelation function method described in
the previous section. The bismuth film was deposited onto a single-crystal
silicon substrate. The thickness of the bismuth film was measured to be
about 300 nm using a stylus profilometer (ULVAC Dektak3).

The time evolution of the reflectivity after excitation by the pump pulse
is shown in Fig. 2.13. As shown in the magnified view in Fig. 2.13, the
reflectivity changes as a function of the times. Figure 2.14 is the Fourier
transform of the pump-probe data in Fig. 2.13. The frequency of the oscil-
lation in Fig. 2.14 was 2.9 ± 0.1 THz and agreed well with the A1g mode
phonon frequency (2.93 THz) obtained through spontaneous Raman scatter-
ing in bismuth. 48) The reflectivity changes during 1–10 ps can be considered
as a coherently excited phonon oscillation (coherent phonon).
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Figure 2.13: The reflectivity changes in bismuth thin film as a function
of the delay time

Figure 2.14: The Fourier transform of the pump-probe data
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Figure 2.15: The time derivation of the reflectivity changes

The reflectivity changes shown in Fig. 2.13 can be decomposed into two
parts: a dephasing oscillatory part due to excitation of the coherent phonon,
and a damping background as a result of the Debye–Waller thermal effect.
The damping background part is much slower than the dephasing coherent
phonon oscillation; therefore the de-phasing oscillation part can be obtained
by the derivation of the reflectivity changes with time, as shown in Fig.
2.15. In general, the coherency of the coherent phonon diminishes through
the random atomic movements, which occurs with the thermal coupling of
the coherent phonon. The decay constant of the coherent phonon shown in
Fig. 2.15 was about 3.1 ps, which was corresponded well with the results
obtained by M. Hase et al. 49, 50) We performed the wavelet analysis on the
derivative of the reflectivity changes to examine the frequency shift of the
coherent phonon oscillation in detail, as shown in Fig. 2.16. In Fig. 2.16,
the frequency of the coherent phonon stayed constant in the interval 0–5
ps, which suggested that the potential surface of the coherent phonon was
harmonic at this excitation level. M. Hase et al. showed that the potential
surface of the coherent phonon took the function of anharmonic at a more
higher excited level (7.6 mJ/cm2). 51)
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Figure 2.16: The wavelet transform of the reflectivity changes

2.3.3 Observation of ultrafast melting in silicon

Semiconductor silicon, is widely used in large scale integrated circuits, and
has been studied extensively. In optoelectronics and display technology, the
silicon annealing process with melting has attracted much attention. In this
section, we report on single-shot optical pump-probe measurements for the
ultrafast phase change of silicon in the femtosecond time scale.

Figure 2.17 shows the experimental setup for pump-probe measurements
of optically induced reflectivity changes. A mode-locked Ti:sapphire laser
generated femtosecond optical pulses of about 130 fs duration and these
pulses were amplified at about 2 mJ per pulse through a regenerative ampli-
fier with a repetition rate of 10 Hz. The output pulse from the regenerative
amplifier was split into a strong pump pulse and a weaker probe pulse. The
s-polarized pump pulse passed through an optical delay line and was focused
onto the n-doped Si (100) single crystal sample surface with a 25◦ incident
angle. The p-polarized probe pulse was focused onto the same spot on the
sample surface with a 70.7◦ incident angle. A different position on the sam-
ple was used for each shot of the laser pulse. The time delay between pulses
was varied from −2 ps to +1 ns to measure reflectivity change as a function
of the time between pulses. Figure 2.18 shows the pump and probe pulse
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Figure 2.17: The Experimental setup for the single shot pump-probe
measurement
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Figure 2.18: Pump and probe pulse spot sizes on the Silicon sample

spots on the Si sample obtained with an infrared CCD microscope. The
pump pulse spot size on the Si sample was 80 µm × 120 µm and the probe
pulse spot size was 27 µm × 70 µm. The laser fluence for the Si melting
threshold was about 170 mJ/cm2 (Fm), and the pump pulse fluence on the
Si sample ware 1.4 or 2.9 Fm. 52)

The changes in reflectivity with time after irradiation wiht the pumping
laser pulse at a fluence of 1.4 Fm are shown in Fig. 2.19. The observed
behavior appears to be consistent with the expected behavior of a solid–
liquid phase transformation, i.e., an increase in reflectivity. The complex
index of refraction for solid Si at 800 nm wavelength is n = 3.7, k = 6.0 ×
10−3, and that for liquid Si is n = 3.1, k = 5.2. 53) Thus, solid Si irradiated
by laser pulses changed into liquid Si in the femtosecond time scale, and
the liquid phase transformation continued for a few ns. In Fig. 2.19, two
distinct stages of transformation, denoted as I and II, can be distinguished.
Stage I corresponds to the first a few hundred fs, and a rapid increase in
the reflectivity was observed. Stage II is the time period after stage I, and
the reflectivity of the Si surface gradually increased for a few ns. In stage
I, because of strong nonthermal electron excitation with the ultrafast and
high-energy laser pulse, the ultrafast (sub-ps) solid–liquid transformation is
considered to have occurred. In stage II, the molten liquid area formed in
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Figure 2.19: Silicon reflectivity changes under 1.4 Fm laser fluence
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Figure 2.20: Silicon reflectivity changes under 2.9 Fm laser fluence



31 Chapter. 2 Femtosecond Laser Science

the stage I is considered to have expanded thermally in the lateral direction.
Figure 2.20 shows the reflectivity changes on the Si sample irradiated with
2.9 Fm laser fluence. Only the rapid increase in reflectivity could be obtained
here, and no thermal expansion of the liquid area could be observed. Thus,
high fluence laser induces the ultrafast solid-liquid transformation over the
whole area of the Si surface in a few hundred fs. 54)

2.4 Summary

In this chapter, the theoretical view of the generation of femtosecond laser
pulses was described with the experimental system. The optical pump-
probe measurements of the repeatable reversible reaction and the irreversible
reaction were also described. The following are summarizing remarks of this
chapter.

1. The duration of the optical pulses emitted by the mode-locked Ti:sapphire
laser or the regenerative Ti:sapphire amplifier was measured using the
autocorrelation function method with a BBO crystal and found to be
about 130 fs.

2. The repeatable optical pump-probe measurement was performed for
the observation of phonon vibration in bismuth thin film. The fre-
quency of the observed oscillation was 2.9 ± 0.1 THz which agreed
with the A1g mode phonon frequency (2.93 THz) obtained through
spontaneous Raman scattering in bismuth.

3. Laser–induced phase transition in silicon was studied by means of
single-shot femtosecond time-resolved measurements of the optical re-
flectivity changes. Nonthermal and thermal phase transformations of
Si single crystal solid to metal-like liquid were observed, and these
non-thermal and thermal transformations were observed to depend on
the intensity of the laser excitation.





Chapter 3

Ultrafast X-ray Radiation in
Helium Ambient

The use of hard X-ray from femtosecond laser-produced plasma has gained
much interest in the scientific community, because experiments with this
unique time-resolved X-ray diffraction method demonstrate and reveal the
atomic dynamics of chemical reactions, phase transitions and coherent phonon
vibrations. This chapter provides the mechanism of the ultrafast X-ray gen-
eration, and also the possibility of a vacuum-free high-intensity X-ray source
in helium at atmospheric pressure. The vacuum-free X-ray source may be a
promising tool for the laboratory-based X-ray diffraction experiments.

3.1 Introduction

A variety of femtosecond X-ray sources has been developed, such as laser-
produced plasma X-ray, ultrafast hard X-ray produced by synchrotron and
X-ray free electron laser (XFEL). The intensity or coherency of X-ray in
synchrotrons or XFEL is quite high; however, the instruments are very ex-
pensive and require huge and complex facilities. Moreover, the availability of
such huge facilities is limited. 55, 56, 57) In comparison, laser-produced plasma
X-ray sources need to be small, lab-scale facilities. Laser-produced plasma
X-ray sources consist of high-power (above 100 mJ) and low-repetition rate
(about 10 Hz) lasers and the Kα X-ray intensity using this large size laser was
reported to be 108–1011 cps/sr with conversion efficiency of 10−4–10−5. 58, 59, 60, 61)

Generally an X-ray intensity of more than several 108 cps/sr is required for
time-resolved X-ray diffraction experiments, and a laser-plasma X-ray of
109–1011 cps/sr is desirable. 62) This intensity is sufficiently high for X-ray
radiographic applications; however, the utilization of such ultrafast pulsed
X-ray has been limited because of the complexity of the huge vacuum system

33
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and difficulty in managing a high-power laser. To date, a huge laboratory-
top laser and a large size vacuum chamber are prerequisites for generation
of ultrafast pulsed X-ray radiation. In this laboratory-scale ultrafast X-ray
source, there are also some problems with target shapes and debris from the
target caused by laser ablation. Regarding the target shape, thin tape or
wire type targets have been used because the space in the vacuum chamber
is limited. The small tape or wire target can be put in a vacuum chamber;
however target lifetime is quite short at about several hours or at most a few
days. It is difficult to control the surface of the thin tape or wire within a few
micrometers. There is also the problem of debris from the target. When the
high-power laser is focused onto the target, target material is blown off and
deposited on the focusing lens, windows, and other optics. Thin polymer
tape covers have been employed to avoid the debris problem. Thus, such
ultrafast pulsed X-ray sources were required to be more compact, easier to
access, and have higher conversion efficiency into characteristic X-ray.

Recently, the compact-designed tabletop submillijoule-to-several-millijoule
femtosecond laser has been reported to be available for generating hard X-
ray with an intensity of about 108–1010 cps/sr with Kα X-ray conversion
efficiency of 10−5–10−6. 63, 64, 65) Although the experimental scale of a fem-
tosecond laser could be successfully reduced with a tabletop femtosecond
laser, difficulties with using a huge and complex vacuum chamber system;
such as target manipulation, target lifetime, and debris emissions remain.
Therefore, a high-intensity X-ray source that can operate in atmospheric
pressure (1.05 × 105 Pa) with a tabletop laser could be a more desirable
tool for ultrafast time-resolved measurements. Laser-induced plasma X-
ray sources operating in helium atmospheric conditions have been reported,
however the X-ray intensity from these sources was quite low. 66) Very re-
cently, J. A. Nees et. al. have developed a high intensity X-ray source
(∼ 5× 109 cps) operating in helium atmospheric conditions at high plasma
intensity of above 1.0 × 1018 W/cm2. Nevertheless, the high laser intensity
above 1.0 × 1018 W/cm2 could extend the X-ray pulse duration up to pi-
cosecond order. 67, 68) At the laser intensity of 1.0 × 1016 W/cm2 and 1.0 ×
1018 W/cm2, the extension of pulse duration was ∼100 fs and ∼1 ps respec-
tively. Therefore, laser-induced plasma source with lower (at most 5.0 ×
1016 W/cm2) laser intensity is required for femtosecond time-resolved X-ray
diffraction applications.

In this study, we demonstrated a compact and high-intensity ultrafast
pulsed X-ray source constructed to operate in a helium atmosphere with low
laser intensity (about 5.0 × 1016 W/cm2). It is possible to reduce the overall
size of the X-ray source system without the complexity of a vacuum system
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Figure 3.1: General comparison of the laser-induced plasma X-ray
with low-power femtosecond laser with X-ray from synchrotron and
high-power femtosecond laser.

and it is also feasible to set a long-lived and large-sized target regardless
of the vacuum chamber in air. The samples measured with time-resolved
X-ray diffraction are placed close to the X-ray generating spot without a
vacuum system, enabling more and more efficient use of the generated X-
ray. This vacuum-free X-ray system allows us to avoid the debris problem.
At atmospheric pressure, the debris cannot reach the focusing lens or other
optics, which are placed some ten millimeters away from the focusing spot.
With helium or other gas jet, the debris can be easily collected with a filter.
Moreover, the pulse duration of the X-ray can be suppressed at about a few
hundred femtosecond with low laser intensity. In Fig. 3.1, we summarized
a general comparison of various X-ray sources from synchrotron and laser-
induced plasma X-ray with high power to low power femtosecond laser.

3.2 General description for the ultrafast X-ray ra-
diation

When a high-intensity laser pulse is focused onto a metal target, ionization
of the target material turns the surface into near-solid-density plasma. The
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absorption of the laser pulse into the surface material varies with the in-
tensity of the laser-produced plasma. The plasma intensity generated on
the laser focusing spot, is the key parameter for the pulse duration of the
laser-induced plasma X-ray. The plasma intensity is calculated from the
laser power of a single pulse, its pulse duration and the diameter of focusing
spot. Plasma intensity is expressed as Iλ2, where I and λ are the laser in-
tensity and wavelength, respectively. In the range of lower plasma intensity,
Iλ2 < 1× 1015 Wµ m2/cm2, almost all of the absorbed laser energy trans-
fers through collisional processes, such as inverse-bremsstrahlung. 69, 70, 71)

In the plasma intensity range of 1×1015–4×1016 Wµm2/cm2, laser-produced
plasmas are reportedly absorbed into the target via a more complicated col-
lisionless process, such as resonant absorption. 71, 72, 73, 74, 75) In the higher
plasma intensity range, Iλ2 > 4×1016 Wµm2/cm2, the dominant absorption
processes of laser-produced plasma are turned into vacuum heating. 76) Some
other processes are important above plasma intensities of Iλ2 > 1 × 1017

Wµm2/cm2, such as Raman heating or the two-dimensional effect. 77, 78) Hot
electrons are created in the near surface region of the target with energy of
1–5 keV. 79) The hot electrons in the laser plasma interact with the incident
laser pulse and are accelerated into the solid target. As the high-energy elec-
trons penetrate into the target material, X-rays are generated via ionization
of the target material, or bremsstrahlung. The pulse duration of these laser-
produced X-rays is similar to the incident laser pulse, i.e., several hundred
fs, because they occur when the hot electron is on the target surface. 80)

3.2.1 Intensity estimation of the ultrafast X-ray

Kα X-ray generated from the metal target was used for the time-resolved
X-ray diffraction measurements. Kα X-ray is emitted when the electron
transits from the L-shell to K-shell, and is classified as Kα1 X-ray and Kα2
X-ray which correspond to the electron transition from the P3/2 state in
the L-shell to the S1/2 state in the K-shell and one from the P1/2 state in
the L-shell to the S1/2 state in the K-shell, respectively. In this section, the
X-ray intensity from laser plasma was briefly estimated with the electron
entry time into the solid and the photon generating time.

Analytically, the Kα X-ray yield from a hot electron distribution can
be expressed as an energy integral over the properties of monoenergetic
electrons: 81)

N =

∫
nhotfhot(E)Ngen(E)fem(E)dE (3.1)

where N is the number of emitted photons, nhot is the total number of hot
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electrons, and fhot(E) is their energy distribution; Ngen(E) is the number of
Kα photons generated by an electron with incidence energy E, and fem(E)
is the fraction of these photons that escapes from the solid. The number
of Kα photons generated by an electron of incidence energy (Ngen(E)) was
obtained by M. Green et.al. as: 82)

Ngen(E) = 4× 10−3Z−1.67E
3
2 , (3.2)

where Z is the atomic number and the energy is expressed in keV. The
incident electron energy is normalized to the K-shell ionization energy of
the target because the emission factor shows a universal behavior with the
normalized energy U .

U =
E

Ek
. (3.3)

At U = 20, the mean depth of Kα generation in the target is comparable
to the absorption length for self-emitted Kα radiation, so that for U < 20
most of the generated photons can escape from the target. For U > 20, both
electron penetration depth and reabsorption both increase, so that fem(E)
decreases. To facilitate the integration of Eq. (3.1), the emission factor was
approximated by the step function:

fem =

{
1 (U ≤ 20)
0 (U > 20)

(3.4)

The total number of hot electrons (nhot) and the energy distribution (fhot(E))
was simulated by Reich et.al. as a function of laser intensity. The energy
distribution (fhot(E)) was best fitted with the one-dimensional Maxwellian
energy distribution,

f(E)dE =
1√
EkT

exp(
−E

kT
)dE (3.5)

kT ≈ 130(keV)

√
I

1017(W/cm2)
, (3.6)

while the number of generated electrons was:

nhot ≈ 1.9× 1020I
1
2 . (3.7)
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Figure 3.2: Simulated Kα X-ray yield from bulk titanium, copper, and
silver targets for a laser with energy of 1 mJ and laser repetition rate
of 1 kHz.

Integrating
∫
nhotfemEdE and applying Eq. (3.6) for the hot electron tem-

perature gives the total energy of the hot electrons. This product is inde-
pendent of the laser intensity. Gathering these results together, the total
Kα X-ray yield of Eq. (3.1) in the interval 1 ≤ U ≤ 20 is:

N = 3.5× 1016
Z2.73

I
3
4

∫ 20

1
U exp

(
− U

UkT

)
dU, (3.8)

with the shape of the integrand being determined by the normalized electron
temperature

UkT =
kT

EkT
= 7.6× 10−5

√
I

Z2.2
. (3.9)

UkT is also the electron energy at which most of the Kα photons are pro-
duced. In Fig. 3.2, the number of Kα X-ray emission from copper target
with 1 mJ and 1 kHz femtosecond laser is shown as a function of laser
intensity.
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3.2.2 Pulse width estimation of ultrafast X-ray

The duration of the Kα X-ray pulse is the most critical parameter for the ap-
plications involving time-resolved X-ray diffraction or spectroscopy. 81) Ex-
perimental methods for the pulse duration measurement are the ultrafast
streak camera measurement and the pump-probe measurement of ultrafast
dynamics. The pulse duration of ultrafast X-ray is directly measured with
the streak camera. In the streak camera light is changed into electrons and
the electrons are accelerated and detected with the detector. In this process,
the generated electrons have wide-range energy and it makes the pulse du-
ration resolution of streak camera last more than a few picoseconds. Thus
until now, in order to measure the pulse duration of ultrafast X-ray precisely,
one had to observe the ultrafast change of X-ray diffraction patterns. In this
section, a simulation for the estimation of X-ray pulse duration produced
by laser plasma is introduced. The pulse duration of laser-produced plasma
X-ray was extended with increase in the laser plasma intensity.

Kα X-ray is generated shortly after the first hot electrons are generated
and enter the solid. After the laser pulse has gone, it continues until the
energy of the last hot electron in the solid has dropped below the K-shell
ionization energy. The total duration of the X-ray emission (τz) is thus the
sum of the durations of the laser pulse (τl) and of the“afterglow”emission
(τa).

τx ≈ τl + τa. (3.10)

Above the plasma intensity of 1.0 × 1016 W/cm2, a small fraction of super-
hot electrons can produce a long-lasting Kα afterglow with low intensity.

The pulse duration of Kα X-ray is strongly depend on the time duration
the hot electron spends in the target material. With increasing incidence
energy, this excursion time initially increases, since faster electrons need
more scattering events to lose their energy; therefore, the Kα pulse duration
increases with the higher laser intensity. Thus, the pulse duration of the Kα
X-ray at laser intensity of about 1016 W/cm2 was simulated by Reich et.al.
with the Monte Carlo code as:

τa ∼ 100Z−0.4l0.8, (3.11)

where the units are fs, mm, and keV. The 1/e penetrating depth in copper
material for 8.05 keV photons is about 5.6 µm, and for example, the pulse
duration of the Kα X-ray at plasma intensity of 4.0 × 1016 Wµm2/cm2 was
estimated to be about 200 fs.
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3.3 In-air X-ray source

3.3.1 System for the in-air X-ray source

Figure 3.3 and Fig. 3.4 show the schematic experimental setup and photo-
graph for ultrafast pulsed X-ray generation. The mode-rocked Ti: sapphire
laser generated femtosecond optical pulses of about 100 fs duration with
wavelength at 800 nm, and the optical pulses were amplified at about 3.5
mJ/pulse through the regenerative amplifier (Spectra Physics) described in
chapter 3. The laser pulse profile was TEM00. The optical pulse had a

Figure 3.3: The experimental setup for ultrafast pulsed X-ray genera-
tion at ambient pressure.

prepulse, which was generated in the regenerative amplifier of the laser sys-
tem itself as leakage through the Pockels cell before the final pulse of the
pulse train was switched off. The prepulse contrast to the main pulse was
measured to be 8 × 104, and the time separation between the prepulse and
main pulse was 20 ns. The effect of a 10 ns prepulse plasma on X-ray genera-
tion can be negligible even if the prepulse generates preplasma on the target
surface. The p-polarized optical pulse was focused into a rotating copper
target with an infrared achromatic lens (f = 40 mm). The focusing spot
size was 4.8 µm, which was measured by the crater size of the focusing spot.
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Figure 3.4: The photograph of ultrafast pulsed X-ray generation at
ambient pressure.

The pulse duration of the laser pulse on the surface of copper target was
110 fs. The power of the optical main pulse was 0.06–1.46 mJ. The copper
target was a circular cylinder of 100 mm diameter and 300 mm length. The
surface position of the rotating copper target was controlled within ±1 µm
with precision bearings and adequate tension of springs, and was measured
with a micrometer during rotation. The copper target rotated at a rate of
1 (> 0.96) rpm, which could be varied in the range 0.24–1 rpm and moved
in the axial direction at the rate of 10 (> 4.8) µm/min, which gave a fresh
copper surface with each laser shot. An X-ray generating operation of more
than 20 days can be available with this long-life copper target. The atmo-
sphere in the copper target system near the focus point could be changed
between air and helium. The helium gas was introduced with 1/4 inches gas
nozzle and the flow rate of helium gas was 500 ml/min.

The X-ray generated from focusing the laser pulse onto a copper target
was measured with a p-intrinsic-n (PIN) Si photo detector (Amptek, XR-
100CR), equipped with a 300 µm-thick, 7 mm2 square silicon detector with
detection efficiency of approximately 100% for 8 keV X-rays. The detector
was sealed with a 25 µm-thick Be window in which an 8 keV X-ray pen-
etrates without any loss. The signal from the detector was amplified with
a spectroscopy amplifier (CANBERRA, 2022 Spectroscopy Amplifier) and
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was processed with a multichannel analyzer (SEIKO EG&G, TRUMPMCA-
2k). The detector was placed 1500 mm away from the focusing spot at an
angle of 60◦. The attenuation value in ∼1500 mm atmospheric air is 85% for
Cu Kα X-ray. In He ambient, a 320 µm thin aluminum filter was placed be-
fore the detector, and this reduces the intensity of Cu Kα X-rays by 1.72%.
The long distance between the X-ray focusing spot, the detector and the Al
filter allowed us to measure the X-ray photons as a Poisson distribution for
single photon counting. A Si photo detector and a multichannel analyzer
cannot detect two photons at once in a period on the order of 1 ms. If more
than one photon is present at the same time, the total detected energy in
the Si photo detector is doubled. For all conditions, it took 40 s to obtain
each X-ray spectrum.

3.3.2 High intensity X-ray radiation

A typical X-ray spectrum obtained with the Si-PIN photo detector is shown
in Fig. 3.5. The dashed line with square symbols is the X-ray spectrum
measured with the Si-PIN photo detector. The X-ray generated on the
focusing spot went through 1500 mm of air and an Al filter of 320 µm (in He
atmosphere), thus the X-ray intensity was reduced depending on the energy
to obtain the single photon counting. The solid line with circle symbols is
the calculated X-ray spectrum. X-ray radiation from p-polarized laser is
regarded as isotropic radiation. 83) As shown by the solid line in Fig. 3.5, a
strong Cu Kα X-ray line (8.05 keV), Kβ X-ray line (8.91 keV) and a small
part of the bremsstrahlung X-ray were found in the energy range of several
keV.

The Kα intensity as a function of plasma intensity in various atmo-
spheric conditions is shown in Fig. 3.6 for the range 1.5 × 1015–4.0 × 1016

Wµm2/cm2. The plasma intensity was varied to change the incident laser
pulse energy in the range 0.06–1.46 mJ/pulse by rotating the first λ/2 wave-
plate of the main pulse line in Fig. 3.3. At this plasma energy, the laser
absorption process into the target is collisionless. The polarized mirror in
the main pulse line lets p-polarized light pass through and s-polarized light
be reflected. In this condition, the prepulse line was blocked and the effect
of the preplasma was negligible. We obtained high intensity Cu Kα X-rays
with 2.6–5.4 × 109 photons/sr/s above the plasma intensity of 2.0 × 1016

Wµm2/cm2 in He atmosphere. This intensity was more than 60 times that
in air. Generally, a value of at least several 108 cps/sr characteristic X-
ray is required for time-resolved X-ray diffraction or other applications. In
Fig. 3.6, the horizontal dashed line shows the X-ray intensity of 1.0 × 109
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Figure 3.5: Typical X-ray spectrum.

cps/sr. The intensity of X-ray radiation in helium atmosphere is sufficient
for time-resolved X-ray measurements.

3.4 Effect of ambient pressure on ultrafast X-ray
generation

In this section, we demonstrate the use of Kα X-ray radiation in air, he-
lium or vacuum (2.7–1.3 × 104 Pa) ambient in the study of the relationship
between Kα X-ray intensity (or conversion efficiency) and atmospheric con-
ditions. The relationship was explained with a simple electron collision
model, in which the hot electrons generated by the laser pulse interact with
the target atoms unless they interact with the ambient atoms. The model
suggested that the electron mean free path is an important parameter in
the generation of ultrafast pulsed X-rays in any ambient condition, and the
helium is the most suitable gas for the ambient condition.
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Figure 3.6: Kα X-ray intensity in ambient pressure of helium and air,
as indicated.

3.4.1 Systems for ultrafast X-ray radiation in various atmo-
spheres

A schematic drawing of the experimental setup for ultrafast pulsed X-ray
generation in various ambient atmospheres, i.e., air, helium or vacuum (
pressure range 2.7–1.3 × 104 Pa) is presented in Fig. 3.7. Optical pulses
by the regenerative amplifier were focused into a moving copper target with
infrared achromatic lens (f = 40 mm) with a spot size of 4.8 µm. The energy
of the optical pulse was varied in the range 0.18–1.46 mJ. The moving copper
target was placed in a vacuum chamber equipped with two leak valves used
for varying the vacuum level. The surface position of the copper target
was controlled within ±1 µm, which could be measured with a micrometer
during motion. The ambient near the focus point in the Cu target system
could be varied between air, helium or vacuum. For samples immersed in
helium ambient, the gas was introduced through a 1/4-inch gas nozzle and
was blown onto the Cu target surface at a flowrate of 500 ml/min. For
vacuum conditions, the chamber was evacuated with a dry pump with the
leak valves closed (2.7 Pa) and with the leak valves opened (1.3 × 103 Pa
or 1.3 × 104 Pa). The signal from the detector was amplified with the
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Figure 3.7: Schematic drawing of the experimental setup for ultrafast
pulsed X-ray generation in various ambient conditions.

spectroscopy amplifier and was processed with the multichannel analyzer.
The detector was placed 1500 mm away from the focusing spot at an angle
of 60◦. Under vacuum conditions, the X-ray traveled 3 mm in a vacuum
and 1497 mm in air. In He ambient or under vacuum conditions, a 320 µm
thin aluminum filter was placed before the detector.

3.4.2 Ultrafast X-ray radiation in ambient pressure

Figure 3.8 shows the typical X-ray spectra generated at the focusing spot
in vacuum and in air. The X-ray radiation from a p-polarized laser is re-
garded as an isotropic radiation hemisphere and therefore, the X-ray spectra
were computed into 2π. In the spectra presented in Fig. 3.8, a strong Cu
Kα X-ray line (8.05 keV), a Kα X-ray line (8.91 keV) and a small part of
bremsstrahlung X-ray were observed in the energy range of several keV. A
rapid decline in Kα X-ray intensity occurred as the pressure increased above
1.3 × 104 Pa. Figure 3.9 shows the spectra of high-energy bremsstrahlung
emission in the range of 10–14 keV in helium at atmospheric conditions at
a plasma intensity of 4.0 × 1016 Wµm2/cm2. The hot electron tempera-
ture can be derived from Fig. 3.9. The Kα X-ray emission is produced
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Figure 3.8: Cu Kα X-ray intensity at a plasma power of 3.0 × 1016

Wµm2/cm2 as a function of pressure. Two X-ray spectra are shown,
in vacuum and in air.

by a distribution function of hot electrons characterized by a temperature
of about 3.4 keV, which corresponds well to the previously reported hot
electron temperatures of 1–5 keV. 79)

The Kα X-ray conversion efficiency (ηKα) is defined as:

ηKα = nhνKα/Epulse, (3.12)

where n is the number of Kα X-ray photons generated per pulse, hνKα is Kα
X-ray energy, and Epulse is the single pulse energy of incident laser. At these
plasma energies, the laser-produced plasma is absorbed into the target via a
collisionless process such as resonant absorption. For all ambient conditions
vacuum (2.7–1.3 × 104 Pa), He and air at atmospheric pressure, the conver-
sion efficiency increased as a power function in the plasma intensity range of
1.0–2.0 × 1016 Wµm2/cm2, because more hot electrons were generated and
their energy increased with plasma intensity; a plateau was reached at 2.0
× 1016 Wµm2/cm2. These tendencies are similar to the experimental data
obtained by other groups with high-repetition laser in a vacuum. 63, 64, 65)

The conversion efficiency in helium at atmospheric pressure was 5.0 × 10−6,
which was 30% of that at 2.7 Pa; in a vacuum of 1.3 × 104 Pa, the conversion
efficiency was 50%–60% of that at 2.7 Pa. Overall, in vacuum conditions
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Figure 3.9: Spectra of high-energy bremsstrahlung emission in the
range 10–14 keV (in helium at atmospheric conditions; plasma in-
tensity: 4.0 × 1016 Wµm2/cm2). The X-ray intensity was fitted by a
Maxwellian electron distribution; the hot electron temperature (Thot)
was found to be about 3.4 keV

(2.7–1.3 × 104 Pa) and in a helium atmosphere, the conversion efficiency of
the Kα X-ray was two orders of magnitude higher than in air.

3.4.3 Electron collision model

The laser power loss in air or helium plasmas was quite low, below 10% and
1%, respectively. Moreover, the incident pulse duration of the laser was not
extended in air or helium plasmas. The changes in pulse profile, in helium
atmosphere, i.e., wavelength and pulse duration, were reported to be quite
small for plasma intensities on the order of 1.0 × 1016 Wµm2/cm2. 84, 85, 86)

This suggests that for air or helium at atomspheric pressure the effect of
reduction in plasma intensity or a breakdown in the ambient gases on the
X-ray conversion efficiency in air or helium at atmospheric pressure was neg-
ligible. Some authors have indicated that the decrease in X-ray conversion
efficiency in ambient atmosphere was caused by the defocusing effect of the
laser pulse in helium or in air. 87, 88, 89) Defocusing of the laser pulse on the
focusing spot has occurred, but it is difficult to explain quantitatively the
X-ray intensity reduction in ambient atmosphere only with the defocusing
effect. The interactions between the generated electrons and the ambient
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Figure 3.10: Kα X-ray conversion efficiency, plotted as a function of
plasma intensity under various conditions. Symbols are indicated in
the inset legend. The dashed line shows the boundary of the intensity
increasing region and the plateau

atoms/molecules should be also considered in describing a proper model for
the generation of laser-plasma-induced X-ray.

The Kα X-ray conversion efficiency in air or a vacuum of 1.3 × 103 Pa or
1.3 × 104 Pa was normalized with that in a vacuum of 2.7 Pa for the plasma
intensities of 2.0–4.0 × 1016 Wµm2/cm2 and was plotted as a function of
pressure and electron mean free path (Fig. 3.10). Regarding the electron
generation and acceleration process, the target surface on the focusing spot
changes into nearsolid- density plasma by the incident laser pulse. The
expansion region of the electrons in plasma is on the order of the incident
pulse wavelength from the surface, within the time scale of several fs. After
traveling through the expansion region, the electrons are accelerated by the
incident laser pulse into the target. When there are atoms/molecules of
ambient gas near the focusing spot, the electron can interact with these
atoms/molecules before and while being accelerated. The electron traveling
distance without interaction with the ambient gases is the electron mean free
path in this atmosphere. The interaction cross-section between the electron
and atoms/molecules is given by the simple electron collision model. The
electron mean free path is expressed as the equation

λ = kT/(πr2p), (3.13)
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where λ is the electron mean free path in the ambient, k is the Boltzmann
constant, r is the radius of the molecule and T and p are temperature (20◦C)
and pressure of the ambien gas. In air the pressure is 1.01 × 105 Pa and λ is
0.34 µm. At 1.3 × 104 Pa, 1.3 × 103 Pa and 2.7 Pa, the values of λ were 2.6
µm, 26 µm and 13 mm, respectively (Fig. 3.11, lower horizontal axis). In the
simple electron collision model, electrons collide with the atoms/molecules
in the ambient gas before or during their acceleration by the incident pulse.
The electrons that collided with the ambient gas cannot reach the surface
of the target material and therefore do not participate in the generation
of Kα X-ray of the target materials. The energy of hot electrons in the
plasma is in the range of 1–5 keV, and ions of the target materials in the
plasma also have almost the same energy. In the first several fs, the ions
in the plasma do not have enough velocity and remain near the target sur-
face. The number of electrons accelerated by the incident pulse decreases
exponentially as the electrons move into the ambient atmosphere as a result
of the interaction between electrons and atoms/molecules in the ambient
atmosphere. The number of X-ray photons is proportional to the number
of accelerated electrons that arrived near the target material surface. Thus,
the X-ray intensity can be expressed by the equation

I = I0 exp(−A/λ), (3.14)

where I0 is the intensity of the generated X-ray on the target, I is the
intensity of the measured X-ray in the ambient and A and λ are average
traveling length and electron mean free path in the atmosphere as described
in Fig. 3.12. In Fig. 3.11, the solid line represents the modified form of Eq.
3.14, i.e.,

I/I0 = exp(−A/λ), (3.15)

with A = 1.47 µm.
The normalized X-ray conversion efficiency was well fitted with the equa-

tion of the simple electron collision model. At plasma energies of 2.0 × 1016,
3.0 × 1016 and 4.0 × 1016 Wµm2/cm2, the values of A were fitted as 1.76
± 0.13, 1.67 ± 0.21 and 1.31 ± 0.13 µm, respectively. This means that the
electrons in the plasma traveled 1–2 µm in the atmosphere before incidence
with the target surface or with the near-solid-density plasma of the target
materials. Figure 3.11 also shows the relationship between the normalized
X-ray conversion efficiency and the electron mean free path reported by Ser-
banescu et. al. at a plasma intensity of 6.9 × 1016 W/cm2, which also fit
well with the equations of the simple electrons collision model. 90) The value
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Figure 3.11: Comparison between the normalized Kα X-ray conversion
efficiency in this work and in Serbanescu et. al.. Symbols are indicated
in the inset legend.

Figure 3.12: Schematic drawing of the electron collision model.
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of A in atmosphere was 0.83 ± 0.11 µm (Fig. 3.11, dotted line). Regarding
the helium ambient, λ was calculated to be 1.01 µm at 1.01 × 105 Pa in
air. The normalized X-ray conversion efficiency in helium ambient could
also be fitted successfully with the equations of the simple electron collision
model (Fig. 3.11), meaning that Eq. (3.15) described the X-ray conversion
efficiency regardless of the specific atoms/molecules in the atmosphere. The
electron mean free path at atmospheric pressure is also suggested as an im-
portant parameter in generating ultrafast pulsed X-ray in any ambient at
atmospheric pressure.

The electron traveling length in a specific atmosphere should vary with
the focusing conditions and the plasma intensity on the focusing spot. Gen-
erally, the gradient of the electrical field increases with plasma intensity,
and the focusing spot size and the Rayleigh length of the incident pulse on
the spot vary with focusing optics. Above a plasma intensity of 2.0 × 1016

Wµm2/cm2, the average electron traveling length in the atmosphere was 1–2
µm and the electron mean free path of helium at atmospheric pressure was
1.01 µm. The X-ray intensity in helium ambient at atmospheric pressure
was calculated to be 20%–40% of its value in vacuum conditions. We also
obtained an X-ray conversion efficiency of 5.0 × 106, which was 30% of that
at 2.7 Pa, suggesting that a high-intensity ultrafast pulsed Kα X-ray source
in helium operating at 1.01 × 105 Pa can be realized without vacuum. 91, 92)

3.5 Effect of prepulse for ultrafast X-ray radiation

The generated X-ray intensity is enhanced with prepulse, which produces
very weak plasma on the target surface prior to the main pulse. 65, 93, 94, 95, 96)

The mechanism of X-ray intensity enhancement with prepulse is explained
by the strong interaction between electrons in the preplasma and the main
laser pulse. The prepulse produces weak plasma on the surface of the target
and electrons in the plasma gradually expand from the surface within a dis-
tance of more than a few micrometers in the time scale of 10–100 ps. Then,
the main pulse enters the plasma and the dispersed electrons are accelerated
into the target surface. It has been reported that the X-ray intensity with
prepulse enhancement is three to ten times higher than with only a main
pulse, and the time separation between prepulse and main pulse is on the
order of 10–100 ps. 65, 96) Regarding prepulse, there is an advantage and a
disadvantage; the advantage is improved the X-ray yield and the disadvan-
tage is the extended the X-ray pulse duration. The electrons in plasma can
expand from the surface to a distance of more than 30 µm even in a low
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vacuum pressure of 10 torr. A traveling distance of more than 30 µm from
the surface at the speed of light indicates that the pulse duration extension
was more than 100 fs.

3.5.1 System for the X-ray radiation with prepulse

Figure 3.13 shows the experimental setup for ultrafast pulsed X-ray gener-
ation with various prepulse time separations. The optical pulse generated
through the regenerative amplifier was separated by the 1:9 beam splitter.
The stronger pulse was changed its polarization by the first λ/2 waveplate
and was reflected in the part of the s-polarized pulse by the polarized mir-
ror. The intensity of the main pulse can be varied with this polarized mirror.
The main pulse changed its polarization to p by the second λ/2 waveplate
and penetrated a polarized beam splitter that reflected the s-polarized beam
30% and let the p-polarized beam go through. The weaker pulse for induc-
ing preplasma changed its polarization into s, went through an optical delay
line, and was reflected by the polarized beam splitter. The main pulse and
prepulse were brought in the same line and focused into a rotating copper
target with an infrared achromatic lens (f = 40 mm). The focusing spot
size was 4.8 µm. The pulse duration of the laser pulse on the surface of
copper target was 110 fs. The power of the optical main pulse was 0.37–
1.46 mJ and the power of prepluse was fixed, 0.06 mJ. The intensity of the
X-ray radiation was measured with the same detection system as previously
described.

3.5.2 Effect of prepulse in helium ambient

X-ray intensity can be enhanced with prepulse plasma because of the strong
coupling between the laser pulse and preplasma generated with prepulse.
The enhancement of prepulse plasma is shown in Fig. 3.14 at a preplasma
power of 1.6 × 1015 Wµm2/cm2. The power of preplasma was 4%–8% of
the main plasma power between 2.0 × 1016 Wµm2/cm2 and 4.0 × 1016

Wµm2/cm2, and the separation time between the prepulse and the main
pulse was 5 ps. The Kα X-ray intensity was plotted as a function of the
plasma intensity in helium (Fig. 3.14 (a)) and in air (Fig. 3.14 (b)). Above
the plasma intensity of 2.0 × 1016 Wµm2/cm2, the obtained X-ray inten-
sities with prepulse were 1.3 times higher in helium and two times higher
in air. The Kα X-ray intensity obtained in helium with prepulse was 7.7
× 109 cps/sr, which was 40% of the yield in a vacuum without prepulse.
In a vacuum, the Kα X-ray intensity with prepulse enhancement has been
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Figure 3.13: Experimental setup for the X-ray radiaton with various
prepulse time separations.
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reported to be three to ten times higher than with the main pulse only. The
prepulse enhancement effect of Kα X-ray intensity in a helium atmosphere
was smaller than that in a vacuum.

Figure 3.15 shows the variation in X-ray intensity with prepulse sepa-
ration time from main pulse at plasma intensity of 3.0 × 1016 Wµm2/cm2

in helium at atmospheric pressure. The X-ray intensity with prepulse in
helium was almost constant for any separation time during 1–50 ps. How-
ever, the prepulse enhancement in vacuum was reported to be higher and
to have a peak in the function of the pulse separation time in the range of
30–50 ps. 65, 96) This result can be also explained with collision of diatomic
molecules. In vacuum conditions, electrons generated by preplasma can ex-
pand from a few to several micrometers from the target surface because of
the electron mean free path of below 1 mm to 100 mm. Then, the electrons
in preplasma can be accelerated by the main pulse and produce X-rays.
However, in helium at atmosphere pressure, the electrons in preplasma can
travel only 1–2 µm from the surface because the electron mean free path is
1.01 µm. Almost all electrons in the preplasma interact with helium atoms
and lose their energy. A small amount of electrons with very slow velocity
remain in the near-surface region of the target and can be accelerated with
the main pulse. These electrons produce the X-ray with a prepulse enhance-
ment value of about 1.3. Even though a prepulse enhancement of 1.3 times
was observed in helium at atmospheric pressure, it is better to construct
the X-ray generation systems without the prepulse line. As shown in Fig.
3.15, there are some optical loss for building the prepulse line because of
loss: 10% by the 1:9 beam splitter, 10% by the polarized beam splitter, and
a few percents loss by the additional mirrors required to let the main pulse
and prepulse pass through the same line. The total loss from constructing
such a complex main pulse and prepulse line amounts to more than 30%.
Thus, by removing the prepulse line and increasing the main laser power, an
X-ray intensity 1.3 times higher than without prepulse with plasma power
of 4.0 × 1016 Wµm2/cm2 can be obtained in helium at atmospheric pres-
sure. Moreover, the extension oin pulse duration by the prepulse effect was
expected under vacuum conditions; however, the pulse duration may not
be prolonged by the prepulse effect in helium atmosphere according to the
simple electron collision model. The schematic drawings of the model for
the prepulse effect are shown in Fig. 3.16
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Figure 3.14: Prepulse plasma enhancement of Kα X-ray intensity (a)
in helium atmosphere and (b) in air. The solid line with square sym-
bols is the Kα X-ray yield without prepulse and the solid line with
square symbol is the Kα X-ray intensity with prepulse enhancement
effect.

Figure 3.15: X-ray intensity as a function of the separation time be-
tween prepulse and main pulse at plasma intensity of 3.0 × 1016

Wµm2/cm2 in He at atmospheric pressure. The solid square point
is the Kα X-ray yield without prepulse and the solid line with circle
symbols is the Kα X-ray intensity with 5% prepulse enhancement ef-
fect. With 5% prepulse, the obtained intensity was 1.3 times higher
regardless of the prepulse separation time.
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Figure 3.16: The effect of the prepulse considered based on the simple
electron collision model.
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3.6 Summary

In this chapter, high intensity Kα X-ray generation at a high repetition was
demonstrated with table-top commercial ultrafast laser system in helium at
atmospheric pressure. The effects of the ambient conditions and the prepulse
for the X-ray radiation were also investigated.

1. The intensity of the generated Kα X-ray in helium at atmospheric
pressure was 5.4× 109 cps/sr with 1 kHz repetition rate and conversion
efficiency of 5.0 × 10−6. This X-ray intensity is close to that obtained
in vacuum condition and is high enough for the time-resolved X-ray
diffraction or other X-ray applications.

2. The normalized Kα X-ray conversion efficiency in various conditions
indicated that the simple electron collision model could explain the
relationship between the Kα X-ray conversion efficiency and the at-
mosphere near the target surface. In this model, it is suggested that
the electron mean free path in the specific atmosphere and pressure
is an important parameter in the generation of the ultrafast pulsed
X-ray. The electron traveling length in ambient atmosphere was well
fitted to 1–2 µm and the electron mean free path in helium atmospheric
pressure was 1.01 µm.

3. It is suggested that the 20%–40% intensity (compared with the vacuum
condition) ultrafast pulsed Kα X-ray is generated even in a helium
ambient at 1.01 × 105 Pa by the simple electron collision model. It
also suggested that helium gas is the most suitable gas for the in-air
X-ray source.

4. The Kα X-ray intensity was enhanced with 4%–8% prepulse plasma
into 7.7 × 109 cps/sr and 6.8 × 10−6 conversion efficiency. Regarding
the prepulse, it would be better to construct a simpler X-ray generation
system without the prepulse line because of the optical losses in the
system.

5. Such a high-intensity, vacuum-free simple femtosecond X-ray source
with a table-top laser could be a promising tool for time-resolved X-
ray diffraction or other radiographic applications.





Chapter 4

Observation of Ultrafast Lattice
Dynamics

There are two theories of X-ray diffraction: “the kinematic theory” 97, 98, 99)

and “the dynamic theory” 100). The kinematic theory, in the ideal case,
describes the interaction of the X-ray with a single atom and derives the
intensities of the resulting beams. The dynamic theory takes into account
the multiple scattering resulting from the presence of many atoms. This
theory requires a wave-mechanical treatment, since the scattering produces
a background that very considerably modifies the intensity distributions.
X-rays can usually be treated by means of the kinematic theory, unless the
sample is very thick and has perfect crystallinity like single crystalline silicon.
The first part of this chapter shows some fundamental principles of the
kinetic theory of X-ray diffraction. The basic system for the X-ray diffraction
measurements is also described. In the latter part of this chapter, the time-
resolved X-ray diffraction measurements for cadmium telluride (CdTe) single
crystal and vanadium dioxide (VO2) thin film are presented

4.1 X-ray diffraction

4.1.1 Bragg’s law

We cannot discuss X-ray diffraction in depth without mentioning Bragg’s
law. This gives the geometrical conditions under which a diffracted X-ray
can be observed. Figure 4.1 shows rays diffracted from the lattice planes
giving constructive interference. From Fig. 4.1, Bragg’s law is expressed as:

2d sin θ = nλ, (4.1)

where θ is glancing angle of the incident X-ray, which is known as the Bragg’s
angle, λ is the wavelength of the X-rays and d is the plane spacing. The

59
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Figure 4.1: Bragg’s law

value of n in Bragg’s law can always be taken as unity, since any multiples of
the wavelength can be accounted for in the diffraction indices h, k, l, which
are known as Miller indices, of any particular reflection. For example, n = 2
for the planes h, k, l is equivalent to n = 1 for the planes 2h, 2k, 2l.

4.1.2 Scattering of X-ray and structure factor

The scattering of X-rays from electrons is called Thomson scattering. It
occurs because the electron oscillates in the electric field of the incoming
X-ray beam and an oscillating electron charge emits electromagnetic waves.
This electromagnetic radiation is called dipole radiation. Thus, X-rays are
emitted from the electron at the same frequency as the primary X-rays;
however, most electrons radiated π radians (180◦) out of the phase with the
incoming direction.

The X-ray intensity scattered from a scattering body which has arbi-
trary electron density can be described as the superposition of the overall
scattering X-ray from the electrons in the scattering body. Figure 4.2 shows
the X-ray scattering from a given scattering body, where ~k0 and ~k are the
wave vectors of the incident X-rays and scattered X-ray. The frequencies of
the incident X-ray and scattered X-ray are the same; therefore, the absolute
values of ~k0 and ~k are expressed with the wavelength of the X-rays as

| ~k0 |=| ~k |= k = 1/λ. (4.2)

The scattering vector ~K is defined with the scattering angle 2Θ as

~K ≡ ~k − ~k0, (4.3)

K =| ~K |= 2k sinΘ =
2 sinΘ

λ
. (4.4)
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Figure 4.2: X-ray scattering from a given scattering body

As shown in Fig. 4.3, the path difference between the X-ray scattered
at the position of origin (O) and at the position ~r away from the origin (P)
is expressed as O’P−OP’. In Fig. 4.3,

O’P =
~k0 · ~r
| ~k0 |

=
~k0 · ~r
k

, (4.5)

OP’ =
~k · ~r
| ~k |

=
~k · ~r
k

; (4.6)

therefore,

O’P−OP’ =
( ~k0 − ~k) · ~r

k
=

~K · ~r
k

= −λ ~K · ~r. (4.7)

The phase difference φ between the X-rays scattered at the positions ~r away
from each other is,

φ =
2π

λ
(−λ ~K · ~r) = −2π ~K · ~r. (4.8)
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Figure 4.3: The path difference between the X-rays scattered from
different points

The oscillation of the scattered X-ray at the position of ~r is proportional
to the electron density ρ(~r); therefore, the superposition of the overall scat-
tering X-ray from the electrons in the scattering body can be described as

F ( ~K) =

∫
V
ρ(~r)e−2πi ~K·~rdv, (4.9)

where F ( ~K) is called structure factor. F ( ~K) is also reduced to scale with
the 3 dimensional axes x, y, z as;

F (Kx,Ky,Kz) =

∫ ∫ ∫
ρ(x, y, z)e−2πi(Kxx+Kyy+Kzz)dxdydz. (4.10)

The wave intensity is proportional to the square of the wave amplitude;
therefore, the scattered X-ray intensity is proportional to the square of ab-
solute value of the structure factor | F ( ~K) |2.

4.1.3 Scattering from atoms

There is a path difference between X-ray scattered from different parts of
the same atom, resulting in destructive interference that depends on the
scattering angle. This reduction in X-rays scattered from an atom with
increasing angle is described by the atomic scattering factor. The atomic
scattering factor is expressed as a function of K = 2(sinΘ)/λ or (sin θ)/λ.
The values of the atomic scattering factor of several atoms and ions are
shown in the “International Tables for Crystallography Vol. C”. 101) The
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scattering factor at zero scattering angle is equal to the number of electron in
atoms. Atoms are subject to thermal vibration, and this movement modifies
the scattering factor and must be taken into account. The atomic scattering
factor of the atoms ranged from hydrogen to neon is shown in Fig. 4.4 and
Fig. 4.5.

When the X-ray frequency is close to the resonance frequency of an
electron, anomalous scattering takes place and the atomic scattering factor
is altered In this case, only some of the electrons in the atom will be affected
and scatter the X-ray roughly π/2 out of the phase with the incident X-ray.
Electrons scattering exactly π/2 out of phase are represented mathematically
with an imaginary part of the scattering factor and they cease to contribute
to the real part.
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Figure 4.4: Atomic scattering factors for various elements



65 Chapter. 4 Ultrafast Lattice Dynamics

Figure 4.5: The atomic scattering factor as a function of the sin θ/λ ratio

4.1.4 Scattering from the crystal

A crystal consists of unit cells with periodical repetition. An X-ray diffrac-
tion pattern is therefore the product of the scattering from the unit cell
and the reciprocal lattice. The axes of the unit cell are expressed as ~a, ~b,
and ~c. Representing the average position of the jth atom in the unit cell
represents as 〈~rj〉, the average position of the j-th atom in the crystal can
be determined as

~ruvwj = u~a+ v~b+ w~c+ 〈~rj〉 (4.11)

where u, v, and w are integers. The electron density at position of ~ruvwj can
be also described based on the periodical unit cells as ρj(~r− ~ruvwj), and the
electron density in the crystal can be expressed as

ρtotal =
∑
uvw

M∑
j=1

ρj(~r − ~ruvwj)

=
∑
uvw

M∑
j=1

ρj(~r − u~a− v~b− w~c− 〈~rj〉), (4.12)

where the unit cell contains M atoms.
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The intensity of X-ray scattering is represented by the structure factor;
therefore,

Ftotal =

∫
R3

ρtotal(~r) exp(2πi ~K · ~r)dv,

=

∫
R3

exp(2πi ~K · ~r)
∑
uvw

M∑
j=1

ρj(~r − u~a− v~b− w~c− 〈~rj〉)dv,

=
∑
uvw

M∑
j=1

∫
R3

exp(2πi ~K · ~r)ρj(~r − u~a− v~b− w~c− 〈~rj〉)dv. (4.13)

Ftotal =
∑
uvw

M∑
j=1

∫
R3

exp
[
2πi ~K · (~r + u~a+ v~b+ w~c+ 〈~rj〉)

]
ρj(~r)dv

=
∑
uvw

exp
[
2π ~K · (u~a+ v~b+ w~c)

]

×
M∑
j=1

exp
[
2π ~K · 〈~rj〉

] ∫
R3

ρj(~r) exp(2πi ~K · ~r)dv, (4.14)

after performing the substitution of ~r into ~r + u~a + v~b + w~c + 〈~rj〉. In this

equation, the term
∫
R3 ρj(~r) exp(2πi ~K · ~r) is the atomic scattering factor,

defined as ∫
R3

ρj(~r) exp(2πi ~K · ~r) = fj( ~K). (4.15)

In Eq. (4.14), the term
∑

uvw exp[2π ~K · (u~a+ v~b+ w~c)] is known as Laue’s
law, which is equivalent to Bragg’s law:∑

uvw

exp
[
2π ~K · (u~a+ v~b+ w~c)

]
= G( ~K). (4.16)

Accordingly, the X-ray scattering factor from the crystal, Ftotal can be ex-
pressed by:

Ftotal = G( ~K)
M∑
j=1

fj( ~K) exp
[
2π ~K · 〈~rj〉

]
. (4.17)

The Bragg angle of the diffraction line depends on the Laue function G( ~K);
more specifically, it depends on the size and geometry of the unit cell. The in-
tensity of the diffraction line strongly depends on the term of

∑M
j=1 fj(

~K) exp[2π ~K·
〈~rj〉] in Eq. (4.17).
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4.1.5 Isotropic thermal effect

Atoms or molecules in a crystal vibrate thermally and randomly at a given
temperature. The effect of this thermal effect should be taken into account
for the Eq. (4.17). The isotropic random displacement of atoms by the ther-
mal effect ∆ ~ruvwj can contribute to Eq. (4.11), and ~ruvwj can be expressed
as

~ruvwj = u~a+ v~b+ w~c+ 〈~rj〉+∆ ~ruvwj . (4.18)

Therefore, Ftotal (Eq. (4.17)) is converted to the following equation,

Ftotal = G( ~K)
M∑
j=1

fj( ~K) exp
[
2π ~K · (〈~rj〉+∆ ~ruvwj)

]

= G( ~K)
M∑
j=1

fj( ~K) exp
[
2π ~K · 〈~rj〉

]
exp

[
2π ~K ·∆ ~ruvwj

]
. (4.19)

If the probability density distribution of the displacement of the j-th atom in
a unit cell (∆v) can be expressed to be gj(∆~r) as a function of the normalized
atomic displacement (∆r), Eq. (4.19) is reduced to:

Ftotal = G( ~K)
M∑
j=1

fj( ~K) exp
[
2π ~K · 〈~rj〉

]
×
∫
R3

gj(∆~r) exp
[
2π ~K · ~∆rj

]
d(∆v), (4.20)

where the thermal atomic displacements for each atom are independent of
each other. The term

∫
R3 gj(∆~r) exp[2π ~K · ~∆rj ]d(∆v) in Eq. (4.20) repre-

sents the thermal effect and is called the “temperature factor”, the “ Debye-
Waller factor ” or the “atomic displacement factor”. The temperature factor
is defined as Tj( ~K),

Tj( ~K) ≡
∫
R3

gj(∆~r) exp[2π ~K · ~∆rj ]d(∆v). (4.21)

The simplest model for thermal vibration is the harmonic oscillator,
which is simple harmonic motion with a certain frequency. The energy of the
harmonic oscillator is represented as 1

2kx
2
max, where xmax is the amplitude

of vibration and k is the force constant in an elastic body. The energy of
vibration (E) in a crystal at a given temperature T can be described with
the Maxwell–Boltzmann distribution as follows:

fMB(E) = e−E/kBT , (4.22)
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where kB is the Boltzmann constant (1.3806503 × 10−23 J/K). Therefore,
the distribution of the atomic vibration in the crystal can be described with
the following Gaussian distribution:

fMB(∆r) = exp

[
− k∆r2

2kBT

]
. (4.23)

The standard deviation of this distribution is
√
kBT/k.

When the atomic vibration is considered as an isotropic 3-dimensional
harmonic oscillation, the probability density distribution of the displacement
of the j-th atom in a unit cell (gj(∆~r)) is represented with the mean-square
displacement (Uj):

gj(∆~r) =
1

(2π)3/2U
3/2
j

exp

[
−∆r2

2Uj

]
(4.24)

Tj( ~K) ≡
∫
R3

gj(∆~r) exp
[
2πi ~K ·∆~r

]
d(∆v),

= exp
[
−2π2K2Uj

]
,

= exp

[
−8π2Ujsin

2Θ

λ2

]
. (4.25)

In the kinetic theory, the intensity of X-ray diffraction (I) is expressed as
the square of the structure factor and is reduced to:

I =
〈
Ftotal( ~K)

〉2
〈
Ftotal( ~K)

〉
= G( ~K)

M∑
j=1

fj( ~K)Tj( ~K) exp
(
2πi ~K · 〈~rj〉

)
. (4.26)

In contrast, the intensity of X-ray diffraction is proportional to the structure
factor in the dynamical theory 100).

4.1.6 Anisotropic thermal effect

When the atoms vibrate anisotropically in a crystal, the mean-square dis-
placement (Uj) is defined as a 3-dimentional matrix:

Uj =

 Ujxx Ujxy Ujxz

Ujyx Ujyy Ujyz

Ujzx Ujzy Ujzz

 , (4.27)



69 Chapter. 4 Ultrafast Lattice Dynamics

where

Ujxx ≡
∫
R3

x2gj(~r)d~v,

Ujyy ≡
∫
R3

y2gj(~r)d~v,

Ujzz ≡
∫
R3

z2gj(~r)d~v,

Ujxy = Ujyx ≡
∫
R3

(xy)gj(~r)d~v,

Ujxz = Ujzx ≡
∫
R3

(xz)gj(~r)d~v,

Ujyz = Ujzy ≡
∫
R3

(yz)gj(~r)d~v. (4.28)

The eigenvalue and the eigenvector of the matrix can be defined as U1,U2,U3

and ~p1, ~p2, ~p3, respectively, where the eigenvectors are normalized and cho-
sen as orthogonal to each other; therefore,

~p1 ≡

 p1x
p1y
p1z

 , ~p2 ≡

 p2x
p2y
p2z

 , ~p3 ≡

 p3x
p3y
p3z

 , (4.29)

~pt1Uj~p1 = U1,

~pt2Uj~p2 = U2,

~pt3Uj~p3 = U3, (4.30)

P tUjP =

 U1 0 0
0 U2 0
0 0 U3

 , (4.31)

where

P =

 p1x p2x p3x
p1y p2y p3y
p1z p2z p3z

 . (4.32)

The matrix P is an orthonormal matrix (P t =P−1); therefore,

Uj = P

 U1 0 0
0 U2 0
0 0 U3

P t. (4.33)
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The scattering vector ~K = (Kx,Ky,Kz) can be converted with the eigen-

vectors to ~K ′ = (KX ,KY ,KZ):

~K =

 Kx

Ky

Kz

 = KX ~p1 +KY ~p2 +KZ ~p3 = P

 KX

KY

KZ

 . (4.34)

When the atoms in a crystal vibrate in (X,Y, Z) directions at the mean-
square displacement of (U1, U2, U3) as harmonic oscillator, the probabil-
ity density distribution of the displacement of the jth atom in a unit cell
(gj(∆~r)) is represented as:

gj(∆~r) =
1

(2π)3/2U
1/2
1 U

1/2
2 U

1/2
3

exp

[
−∆X2

2U1
− ∆Y 2

2U2
− ∆Z2

2U3

]
. (4.35)

The isotropic temperature factor can be calculated analytically as:

Tj( ~K)=

∫∫∫
gj(∆~r) exp

(
2πi ~K ·∆~r

)
d∆Xd∆Y d∆Z

=
1

(2π)3/2U
1/2
1 U

1/2
2 U

1/2
3

∫∫∫
exp

[
−∆X2

2U1
− ∆Y 2

2U2
− ∆Z2

2U3

]
× exp [2πi (KX∆X +KY ∆Y +KZ∆Z)] d∆Xd∆Y d∆Z

= exp
[
−2π2

(
K2

XU1 +K2
Y U2 +K2

ZU3

)]
= exp

−2π2
(

KX KY KZ

) U1 0 0
0 U2 0
0 0 U3


 KX

KY

KZ




= exp

−2π2
(

Kx Ky Kz

)
P t

 U1 0 0
0 U2 0
0 0 U3

P

 Kx

Ky

Kz




= exp

−2π2
(

Kx Ky Kz

) Ujxx Ujxy Ujxz

Ujxy Ujyy Ujyz

Ujxz Ujyz Ujzz


 Kx

Ky

Kz




= exp[−2π2(UjxxK
2
x + UjyyK

2
y + UjzzK

2
z

+2UjxyKxKy + 2UjyzKyKz + 2UjzxKzKx)]. (4.36)

4.1.7 Laue condition

In Eq. (4.17), ~K can be reduced as

~K = h~a∗ + k~b∗ + l~c∗ (4.37)
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Figure 4.6: The relationship between the ~K vector and a given lattice
spacing of a unit cell

where

~a∗ =
~b× ~c

~a · (~b× ~c)

~b∗ =
~c× ~a

~b · (~c× ~a)

~c∗ =
~a×~b

~c · (~a×~b)
. (4.38)

The relationship of the ~K vector and a given lattice spacing of a unit cell is
shown in Fig. 4.6.

In Fig. 4.6, the lattice spacing is
−−→
OD, the perpendicular line from O

to the plane ABC. Thus,
−−→
OD is perpendicular to

−−→
AB,

−−→
BC and

−→
CA, and

therefore,

−−→
OD ‖ (

−−→
AB ×−−→

BC)

‖ (
−−→
OB −−→

OA)× (
−−→
OC −−−→

OB)

‖ (
~b

k
− ~a

h
)× (

~c

l
−

~b

k
)

‖
~b× ~c

kl
− ~a× ~c

hl
−
~b× ~a

hk

‖ ~a · (~b× ~c)

hkl
(h~a∗ + k~b∗ + l~c∗) ‖ ~K. (4.39)



Chapter. 4 Ultrafast Lattice Dynamics 72

Figure 4.7: The Laue function

−−→
OD is parallel to ~K vector. The length of

−−→
OD is

|−−→OD| = dhkl =
~a

h

~K

K
=

~a · ~K
h

1

K
=

1

K
=

λ

2 sinΘ
, (4.40)

2dhkl sinΘ = λ. (4.41)

Thus, Laue’s law is equivalent to Bragg’s law.

When the crystal has finite size, i. e., the unit cell size of Na, Nb, Nc to
~a, ~b, ~c directions, the Laue function is calculated as

G( ~K) =
Na−1∑
u=0

Nb−1∑
v=0

sumNc−1
w=0 exp

[
2πi ~K ·

(
u~a+ v~b+ w~c

)]
(4.42)

=
Na−1∑
u=0

exp
(
2πiu ~K · ~a

)Nb−1∑
v=0

exp
(
2πiv ~K ·~b

)Nc−1∑
u=0

exp
(
2πiw ~K · ~c

)

=
exp

(
2πiNa

~K · ~a
)
− 1

exp
(
2πi ~K · ~a

)
− 1

exp
(
2πiNb

~K ·~b
)
− 1

exp
(
2πi ~K ·~b

)
− 1

exp
(
2πiNc

~K · ~c
)
− 1(

exp 2πi ~K · ~c
)
− 1

.
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The intensity of the X-ray diffraction is proportional to |G( ~K)|2; therefore,

| exp
(
2πiNa

~K · ~a
)
− 1|2

| exp
(
2πi ~K · ~a

)
− 1|2

=

[
exp

(
−2πiNa

~K · ~a
)
− 1

] [
exp

(
2πiNa

~K · ~a
)
− 1

]
[
exp

(
−2πi ~K · ~a

)
− 1

] [
exp

(
2πi ~K · ~a

)
− 1

]
=

2− 2 cos
(
2πNa

~K · ~a
)

2− 2 cos
(
2π ~K · ~a

)
=

1− 1 cos
(
2πNa

~K · ~a
)

1− 1 cos
(
2π ~K · ~a

)
=

sin2
(
πNa

~K · ~a
)

sin2
(
π ~K · ~a

) , (4.43)

|G( ~K)|2 =
sin2

(
πNa

~K · ~a
)

sin2
(
π ~K · ~a

) sin2
(
πNb

~K ·~b
)

sin2
(
π ~K ·~b

) sin2
(
πNc

~K · ~c
)

sin2
(
π ~K · ~c

) . (4.44)

The term
sin2(πNa

~K·~a)
sin2(π ~K·~a)

is shown in Fig. 4.7 as a function of ~K · ~a. In Fig.

4.7, the peak intensity of the Laue function was calculated to be Na and the
full width half maximum (FWHM) is ∼ 1/Na. The integral intensity of the
Laue function is proportional to Na. In the case of Na ∼ 1000, the FWHM
of the Laue function is enough small and the FWHM of the diffraction line
is determined by the crystallinity of the crystal.

4.2 X-ray diffraction systems

4.2.1 Static X-ray diffractometer

Prior to performing time-resolved X-ray diffraction measurements we per-
formed static X-ray diffraction measurements. The schematic design of the
static X-ray diffractometer (ATX-G from Rigaku Co.) is shown in Fig. 4.8.
Electrons emitted from the tungsten filament (300 mA) are accelerated to
50 keV with static electric field and focused onto a rotating copper target,
where the Cu (Kα and Kβ) X-ray and bremsstrahlung X ray are emitted.
The X-rays are aligned with a boron carbide (B4C) and tungsten (W) mul-
tilayer X-ray mirror, collimated with slits and focused onto the sample. The
diffracted X-ray is detected by a solid scintillation counter. The divergence
angle of the X-ray is about 0.05◦.
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Figure 4.8: The experimental setup for static X-ray diffraction

4.2.2 Ultrafast X-ray diffraction system

Time-resolved X-ray diffraction measurements were performed in air using
a laser-plasma-induced X-ray source of Cu Kα1 and Kα2 radiation at 1 kHz,
generated by focusing a millijoule femtosecond laser onto a rotating copper
target in helium ambient, as described in chapter 3. The experimental setup
for the time-resolved X-ray diffraction is shown in Fig. 4.9. The femtosecond
optical pulses at wavelength of 800 nm generated from the mode-rocked Ti:
sapphire laser and regenerative amplifier were split into pump pulse and
probe pulse with a polarized beam splitter. The contrast of the pump and
probe pulse intensity was changed continuously from 3:7 to 1:9 by rotating
the polarization with a λ/2 waveplate. The probe pulse at a laser intensity
of ∼2 mJ/pulse was focused into the rotating copper target with an infrared
achromatic lens (f = 40 mm) as described in section 3.3. The probing X-ray
radiation emitted over a range of 2π steradians was collimated using slits
with 0.3 mm width and 1 mm height, and was focused on a sample. The
pulse width of the pulsed X-ray was estimated to be about 200 fs, and the
time-resolution was about 1–3 ps, determined by considering the geometry
of the X-ray divergence angle as shown in Fig. 4.9. The diffracted X-ray
was detected using a charge coupled device camera and its intensity was
monitored with a PIN-Si photodiode. The pump pulse passed through an
optical delay line and was focused with a telescope. The area excited by the
pump pulse had a 1.7 mm diameter and was larger than the X-ray-probed
area.
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Figure 4.9: The experimental setup for the time-resolved X-ray diffraction
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Figure 4.10: The photograph of the time-resolved X-ray diffraction system

4.3 Thermal effect in CdTe single crystal

In this section, we describe the characterization of the photo-excited thermal
process in a cadmium telluride (CdTe) single crystal using the tabletop in-
air time-resolved X-ray diffraction measurement. This study is the first
application of an in-air ultrafast pulsed X-ray source with a tabletop laser
for the time-resolved X-ray diffraction measurements. CdTe is a suitable
material for time-resolved X-ray diffraction because the penetrating depths
of probing X-ray and pumping infrared light are almost the same, about 1
µm. 80, 102) CdTe is also one of the promising materials for the solar cells,
and the photo-electrical and photo-thermal properties have been extensively
studied. 103, 104, 105)

The crystallinity of the sample can be estimated by the X-ray diffraction
line width. The line width of X-ray diffraction from the single crystalline
Si(111) plane was measured to be ∼0.002, which well corresponded to the
value from the dynamical theory of X-ray diffraction. 106, 107) In contrast,
the line width of X-ray diffraction from the single crystalline CdTe(111)
plane was measured to be ∼0.017. The CdTe(111) sample had non-perfect
but good crystallinity; therefore, both the kinetic theory and dynamical
theory of X-ray diffraction could be applied. In the following passage, the
kinetic theory of X-ray diffraction was applied for the analysis of the lattice
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dynamics of CdTe.

Diffraction lines were captured before and during excitation with a vary-
ing delay between pump and probe pulses ranging between -360 and +360
ps, with 30 ps steps. X-ray pulses of 60,000 shots were accumulated to take
each diffraction image. The Kα1 and Kα2 X-ray diffraction lines from CdTe
(111) plane are shown in Fig. 4.11; and a clear image with sufficient signal-
to-noise ratio was obtained. Figure 4.12 shows the changes in the integrated
intensity of Kα X-ray diffraction lines as a function of the delay time. The
CdTe (111) crystal was excited by about 200 fs pump pulse at the power
density of 3 mJ/cm2. As shown in Fig. 4.12, the intensity deceased by
4%–5% in the time scale of ∼200 ps, consistent with previously reported
lattice dynamics in CdTe single crystal with time-resolved X-ray diffraction.
The probing depth of the CdTe crystal was about 0.68 µm in kinetic theory,
which is mentioned in the following passage. Therefore, the photo-excitation
has propagated into the CdTe crystal at a velocity of about 3400 m/s, which
corresponds well to the longitudinal acoustic velocity in CdTe crystal (3440
m/s). 108) The exciting depth and probing for the CdTe crystal with laser and
X-ray were calculated with the extinction coefficient and mass attenuation
factor.

The laser intensity, Il, after passing a distance x in a medium is equal
to:

Il = Il0 exp (−αx) (4.45)

where Il0 is the intensity at x = 0 and α is called the absorption coefficient.
The 1/e penetrating depth can be defined as 1/α from Eq. (4.45). For many
applications, the extension coefficient, k, defined as

k = α
λ

4π
1

α
=

λ

4πk
(4.46)

(where λ is the wavelength of the laser), is more commonly used for
characterization of the electromagnetic loss in materials. The refractive
index (n− ik) of the CdTe is 2.877− 0.065i at a wavelength of 800 nm 109);
therefore, the 1/e penetrating depth of the infrared light is calculated to
be about 0.9 µm with the incident angle of 45◦. The mass attenuation
coefficient of CdTe is 2.4 × 102 cm2/g and the linear absorption coefficient
(µ0) is 1.42×103 cm−1 for 8 keV X-ray. Therefore, the 1/e penetrating depth
of CdTe is 0.68 µm with an X-ray incident angle of 11.88◦ in the kinetic
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Figure 4.11: Typical X-ray diffraction lines from (111) CdTe

theory of X-ray diffraction. 109) In the dynamical theory, the penetrating
depth of X-ray (µ) can be modified as the following equation: 100)

µ = µ0

√
1− Tj cos2Φ, (4.47)

where, Φ is the phase angle of the structure factor, and the phase angle of
structure factor of CdTe is expressed as,

Φ = tan−1 Σjfj( ~K) sin 2π(u~a+ v~b+ w~c)

Σjfj( ~K) cos 2π(u~a+ v~b+ w~c)
. (4.48)

The penetrating depth of CdTe in the dynamical theory is 0.94 µm with an
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Figure 4.12: The changes in integrated intensity of the diffraction lines
as a function of the time delay (The inserted fitting curve is guide for
the eye).

X-ray incident angle of 11.88◦, which is close to the value from the kinetic
theory.

In the thermal process, the change in diffraction line is attributed to the
Debye–Waller effect. As mentioned in section 4.1, the intensity of diffraction
lines (I) at temperature T is

I(T ) = I(0) exp
[
−2 · 2π2K2Uj(T )

]
= I(TR) exp

[
−2 · 2π2K2 (Uj(T )− Uj(TR))

]
(4.49)

where TR is room temperature. The displacement parameter at the tem-
perature T was estimated assuming the thermal vibration as the isotropic
harmonic oscillator. The energy of vibration (E) in a crystal at a given tem-
perature (T ) can be described with the Maxwell–Boltzmann distribution as:

fMB(E) = e−E/kBT . (4.50)

Therefore, the distribution (x) of atomic vibration in the crystal can be
described with the following Gaussian distribution

fMB(x) = exp

(
− kx2

2kBT

)
(4.51)
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where k is the force constant in an elastic body and is estimated with linear
compressibility (B) and atomic distance (a0) as

k =
a0
B
. (4.52)

The standard deviation of the distribution corresponds to the displacement
by the thermal vibration

U(T ) ∼ kBT

k
(4.53)

The linear compressibility (B) and atomic distance (a0) of CdTe is 7.41
× 10−12 Pa−1 and 2.81 Å, respectively. 110) Thus, thermal displacement at
T = 293 K (room temperature) was calculated to be ∼0.103 Å. The in-
tensity loss of 4%–5% corresponded to an isotropic thermal displacement
of ∼0.165 Åat a temperature of about 700 K. The CdTe crystal would be
oxidized and significantly damaged when heated repeatedly to about 700 K
in air. However, after the multiple excitations, the CdTe crystal presented
no degradation on the surface. 111, 112) Moreover, the optical pulse at an in-
tensity of ∼3 mJ/cm2 induced a temperature increase in the CdTe crystal
of 100 K at most. When the thermal vibration mode along to the [111] di-
rection was selectively excited with optical pulses, the thermal displacement
caused by the temperature increase of about 100 K was enhanced to be
about 0.147 Åin the [111] direction, which in the CdTe crystal corresponds
to the longitudinal direction of thermal propagation. On the picosecond
timescale, a longitudinal optical (LO) phonon will be excited selectively and
an LO phonon will be coupled with a longitudinal acoustic (LA) phonon
and expand the thermal effect into the depth area of the crystal. 113, 114)

The intensity loss with the anisotropic thermal displacement was calculated
to be ∼3% and agreed well with the relative magnitudes of the experimen-
tal results. Thus, an anisotropic thermal vibration would have occurred in
the CdTe crystal in the picosecond timescale and the thermal effect would
propagate into the depth area of the crystal with acoustic velocity.

4.4 Ultrafast phase transition of VO2 thin film

Vanadium dioxide (VO2) is a representative material for the metal-insulator
phase transition and exhibits the transition at a temperature of ∼340 K.
Several papers on optical 115, 116, 117), THz 118, 119) and soft X-ray 120) spec-
troscopic pump–probe measurements of the phase transition in VO2 have
been reported, and a few reports on time-resolved crystallography reveled
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the intriguing nature of the structural dynamics of the phase transition in
VO2.

121, 122) Phase transition was observed for a bulk sample by the inten-
sity changes of X-ray diffraction lines from around the (011) plane and for
thin film sample by intensity changes of several electron diffraction spots.
In this study, we performed time-resolved X-ray diffraction measurements
of the photo-induced phase transition in epitaxial VO2 thin film on c-Al2O3.
The analysis was based on complicated X-ray diffraction data separated into
the parts of motion in the VO2 film, lattice unit cells and atoms in the unit
cell enabled us to directly observe not only the phase transition of the unit
cell but also the displacement of atoms in the unit cell in the picosecond
time scale. A series of direct structural observations shows the intermediate
states of phase transition materials and in the future will be able to reveal
the nature of photo-induced nonequilibrium processes.

4.4.1 Lattice parameters and atomic coordinates of epitaxial
VO2 thin film

A highly (010) oriented VO2 film (280 nm thickness) was epitaxially grown
on a c-Al2O3 (0001) substrate at a temperature of 673 K. 123, 124) Static out-
of-plane and in-plane X-ray diffraction measurements were performed at a
temperature of 293 K (low-temperature phase) and 343 K (high-temperature
phase). The monoclinic and tetragonal VO2 structures reside in the space
group of P21/C (No. 14) 125) and P42/mnm (No. 136) 126), respectively.
Figure 4.13 shows the lattice parameters and atomic coordinates estimated
from the static X-ray diffraction lines of (020), (040), (200), (022) and (40-
2). The lattice parameters were calculated from the Bragg equation and
the Bragg angle of the static X-ray diffraction results. The atomic coor-
dinates in the unit cell were calculated based on reference 127), using the
relative integral intensity of each diffraction line and computer simulation
using CrystalMaker 8.2. 128) The details of the calculation are shown in the
following section. These lattice parameters were slightly different (0.1%–
0.6% with each axis) from those of the powder VO2, because of the effect of
tension from the substrate. 125, 126, 127)

The static X-ray diffraction measurements also indicated the VO2 struc-
tural changes before and after the transition. As shown in Eq. (4.26), the
intensity of the diffraction line (I) can be defined as:

I = G( ~K)2F ( ~K)2, (4.54)

G( ~K) =
∑
u,v,w

exp[2πi ~K · (u~a+ v~b+ w~c)], (4.55)
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Figure 4.13: The lattice parameters and positions of vanadium atoms
in the unit cell of the epixially grown VO2 thin film.

F ( ~K) =
∑
j=1

fj( ~K)Tj( ~K exp[2πi ~K · ~rj ], (4.56)

where ~K, G( ~K), F ( ~K), fj( ~K), and Tj( ~K) are wave vector, Laue function,
crystal structure factor, atomic scattering factor and temperature factor,
respectively.The atomic position in the unit cell is represented as ~rj . The
Bragg angle of the diffraction line depends on the Laue function (Eq. (4.55)),
more specifically the size of the unit cell. In contrast, the intensity of the
diffraction line depends strongly on the crystal structure factor (Eq. (4.56)).
The difference in the atomic scattering and temperature factors before and
after the transition is negligible; therefore, the intensity of the diffraction
line will mainly depend on the position of atoms in the unit cell. Figure
4.14 shows the Cu Kα X-ray diffraction lines from the VO2 (020) plane at
low temperatures and high temperatures (2θ : 39.86◦ and 39.77◦, respec-
tively). The changes in Bragg angle and intensity were relatively large in
the diffraction lines from the (020) plane among the observed diffraction
lines. In Fig. 4.14, the diffraction lines shifted 0.09◦ toward the lower angle
in the high-temperature phase as a result of the “swelling” of the unit cells,
which was estimated to be 1.0 pm on the y-axis. The integral intensity of the
diffraction lines increased ∼2.2 times in the high-temperature phase mostly
as a result of the improvement in the symmetry of the atomic position in the
unit cell. The change in atomic positions can be estimated from the atomic
coordinates, as shown in Fig. 4.13. There are four vanadium atoms in a
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Figure 4.14: The spectra of the static out-of-plane X-ray diffraction
lines from the (020) plane of the VO2 sample at 293 K (monoclinic
phase) and 343 K (tetragonal phase).

unit cell; V1 around the corner of the unit cell and V2 nearby the center of
(011) the plane moved ∼16.3 pm along the y-direction in an opposite way,
and V3 and V4 changed the positions by moving a distance of ∼42.4 pm,
which agreed well with the order of the results in the references 127); the
moving distance of V1 and V2 was ∼10 pm and that of V3 and V4 was ∼22
pm. The atomic pairs of V1–V3 and V2–V4 in the monoclinic phase had
the twist movements.

Calculation of atomic coordinates

The atomic coordinates in the unit cell of a sample in powder form can
be generally determined by comparing the relative intensity of the X-ray
diffraction lines from several different lattice planes. However, when the
sample is an epitaxial thin film, the X-ray diffraction lines can be obtained
only from a few lattice planes. Moreover, the diffraction condition of one
lattice plane in an epitaxial thin film is very different from that of another
lattice plane; therefore, it is impossible or hard to compare the relative in-
tensity of the X-ray diffraction lines from the different lattice planes. The
atomic coordinates in the unit cells of the VO2 thin film before and after the



Chapter. 4 Ultrafast Lattice Dynamics 84

Figure 4.15: The spectra of the static out-of-plane X-ray diffraction
lines from the (022) plane of the VO2 sample at 293 K (monoclinic
phase) and 343 K (tetragonal phase).

Figure 4.16: The spectra of the static out-of-plane X-ray diffraction
lines from the (200) plane of the VO2 sample at 293 K (monoclinic
phase) and 343 K (tetragonal phase).
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Figure 4.17: The spectra of the static out-of-plane X-ray diffraction
lines from the (40-2) plane of the VO2 sample at 293 K (monoclinic
phase) and 343 K (tetragonal phase).

transition also cannot be determined simultaneously only with the diffrac-
tion lines from (020), (040), (200), (022) and (40-2) planes before and after
the transition. However, it is possible to determine the coordinates of the
vanadium atom in the unit cell of either phase. Therefore, in order to sti-
mate the coordinates of the vanadium atom in the unit cell of VO2 thin film
in the low temperature phase VO2 thin film, we made some assumptions, as
follows.

1. The space group of the VO2 at low temperature would reside in P21/C,
and that at high temperature in P42/mnm.

2. The coordinates of vanadium atom and oxygen atoms in the unit cell
of the VO2 at high temperature would be the theoretical values: V
(0.000, 0.000 ,0.000) O1 (0.305, 0.305, 0.000) O2 (0.695, 0.695, 0.000).

3. The coordinates of oxygen atoms in the unit cell of the VO2 at low
temperature would be the theoretical values: O1 (0.106, 0.212, 0.209)
and O2 (0.401, 0.703, 0.299).

Assumption 1 would be valid because the space group of the material does
not change with the form of the sample (powder or epitaxially grown film).
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Figure 4.18: Comparison of the changes in diffraction intensity ob-
tained from experiment and the simulated.

Assumption 2 means that the atomic coordinates in the unit cell would
be more distorted in low temperature phase than in the high temperature
phase. This is because the symmetry of atomic coordinates of VO2 in the low
temperature phase is worse than in high temperature phase. In assumption
3, X-ray scattering from vanadium atoms is more than 8 times stronger than
that from oxygen atoms; therefore the effect of the oxygen in the intensity
of the X-ray diffraction lines can be negligible.

The coordinates of the vanadium atom in the unit cell of P21/C are
(0.239, 0.979, 0.027) and it should be modified with the experimental results.
Figures 4.14 – 4.17 show the X-ray diffraction lines from the (020), (200),
(022) and (40-2) planes before and after the transition. The “y” value of the
atomic coordinates was determined to compare the changes in the intensity
of the (020) X-ray diffraction lines before and after the transition obtained
from the experiment and from the simulation using CrystalMaker 8.2. In a
similar way, the “x” and “z” values were determined using the diffraction
lines from the (200) and (022) planes, respectively. Thus, the coordinates
of the vanadium atom were determined to be (0.216, 0.962, 0.000). The
diffraction lines from (40-2) was used to revalidate the assumptions. Fig.
4.18 shows the comparison of the changes in diffraction intensity obtained
from the experiment and the simulation. As shown in Fig. 4.18, the changes
were corresponded well; therefore the assumption and the estimation of the
atomic coordinates were considered valid.

4.4.2 Phase transition of VO2 thin film

Time-resolved X-ray diffraction measurements were performed in air using
a laser-plasma-induced X-ray source of Cu Kα1 and Kα2 radiation at 1 kHz,
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Figure 4.19: The typical spectra of the time-resolved X-ray diffraction
lines from tne (020) plane of the VO2 sample; the vertical line shows
the Bragg angle of VO2 for negative time delay. The solid lines are
fitting curves of the double Gaussian, where the Kα1 and Kα2 X-ray
diffraction lines are represented.

generated by focusing a millijoule femtosecond laser onto a rotating copper
target in helium ambient. The measurements were collected with a com-
pactly designed X-ray diffraction system with a tabletop femtosecond laser.
The probing X-ray radiation emitted over a range of 2π steradians was col-
limated using slits with 0.3 mm width and 1 mm height, and was focused
on the VO2 sample at an incident angle of 19.91◦ to detect diffraction lines
from the (020) plane. The pulse width of the pulsed X-ray was estimated
to be about 200 fs and the time-resolution was about 1 ps, determined by
considering the geometry of the X-ray divergence angle. The diffracted X-
ray was detected using a charge coupled device camera. The VO2 sample
was mounted on a thermal heater, the temperature of which was controlled
at 316 K. The sample was photo-excited using an 800-nm-wavelength fem-
tosecond optical pulse. The area excited by the optical pulse had a 1.7 mm
diameter and was larger than the X-ray-probed area. The intensity of the
pumping pulse was 8.7 mJ/cm2, higher than the phase transition threshold
(6–7 mJ/cm2) 121, 122) and much lower than the single-shot damage threshold
(63 mJ/cm2) 121).
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Figure 4.20: The changes in Bragg angle (a), integral intensity (b) and
FWHM (c) of the (020) X-ray diffraction lines. The dotted lines are
guides to the eye.
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The typical X-ray diffraction spectra at time delays of –50, 25, 100 and
250 ps are shown in Fig. 4.19. As shown in the figure, the Bragg angle of
the diffraction lines was higher for negative delay time, and shifted toward
a markedly lower angle at 250 ps. The integral intensity of the diffraction
lines has doubled through the transition. These changes corresponded well to
those observed in static X-ray diffraction measurements. The time-resolved
measurements enabled us to obtain information on the disequilibrium state
of VO2, i.e., the diffraction lines at 25 ps. Figure 4.20 (a, b, c), which was
derived from Fig. 4.19, shows the changes in Bragg angle, integral intensity
and FWHM of the diffraction lines as a function of delay time. The Bragg
angle of the diffraction lines shifted toward a lower angle within 25 ps and on
the other hand, the integrated intensity gradually increased up to ∼100 ps
(Figs. 4.20 (a, b)). The FWHM of the diffraction lines increased by a factor
of 2–3 in the first 25 ps then gradually decreased during the following ∼100
ps (Fig. 4.20 (c)). This change in the Bragg angle suggests that the VO2

monoclinic unit cell transformed into a tetragonal unit cell extremely rapidly
(within 25 ps). To analyze the changes in the intensity and the FWHM
of the diffraction lines, the fluctuation in film depth should be considered
because the penetration depth of the optical pulse at a wavelength of 800
nm was shallower than the film thickness. The complex refractive index of
VO2 in the insulator phase was 2.9− 0.385i (the wavelength: 800 nm) 128);
therefore, the 1/e penetration depth of the optical pulse was calculated to
be 163 nm at an incident angle of 30◦. Regarding the fluctuation in film
depth, we made the simple assumption that the upper half of the film was
excited and underwent a transition to the tetragonal phase, whereas the
lower half remained in the monoclinic phase in the transition state. The
photo-excited layer propagated to the deeper part of the film at the acoustic
velocity of ∼100 nm per ∼100 ps, which was consistent with previously
reported results 121, 122, 129). With this assumption, the diffraction line in
the transition state should be a combination of diffraction lines from the
monoclinic and tetragonal phases in the ultrafast time scale. The increase
in the FWHM value of the diffraction lines may have been induced with
the propagation of photo-excited layer. However, the peak intensity of the
diffraction lines from the tetragonal phase in the upper half of the film and
the monoclinic phase in the lower half should be higher than those from the
monoclinic phase and lower than those from the tetragonal phase. Therefore,
the reduction in peak intensity of the diffraction lines shown in Fig. 4.19
(at 25 ps) cannot be explained only by this photo-excited layer propagation.
Changes in the Bragg angle occurred on the ultrafast time scale (<10 ps)
also in the X-ray diffraction measurements performed by Cavalleri et al. 121),
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and the corresponding changes of Bragg angle corresponded well to our
results. However, it was difficult to discuss the atomic motion, which can be
estimated from the change in intensity, because the film in the reference 121)

was much thicker (∼2 µm) than the 1/e penetration depth.

The increase in the FWHM of the diffraction lines may have be attributed
to the fluctuation of the unit cells. The superposition of unit cells of different
sizes can also produce diffraction lines with an increased FWHM according
to Eq. (4.55). This fluctuation between unit cells was driven by the relatively
long (∼10 pm) atom displacements in the unit cell in a short time (less than
25 ps). If the fluctuation in the unit cell was driven by the displaced atoms,
which caused the increase in the FWHM of the diffraction lines, the intensity
of the diffraction lines should have be decreased simultaneously, because the
atomic fluctuation reduces the intensity of the diffraction lines according to
Eq. (4.56). The peak intensity of the diffraction lines at 25 ps was reduced
by about half, as shown in Fig. 4.19. The fluctuations of the unit cell and the
atoms in it are thought to gradually abate by thermal coupling within ∼100
ps, which should lead to a decrease in the FWHM of the diffraction lines and
an increase in their peak intensity. The fluctuation or vibration might be
of similar nature to that observed in spectroscopic methods. The transition
state would be a very complex state involving phase transition, photo-excited
layer propagation and fluctuation or vibration. Cavalleri et al, 121) and Baum
et al. 122) showed that the phase transition in VO2 mainly occurs within ∼12
ps and by less than 500 fs respectively, consistent with the phase transition
time scale of less than 25 ps. The thermal coupling time scale of ∼100 ps
also corresponds well to the previously reported time scale of shear motion.
Here, it is worth mentioning that in this study the Bragg angle, intensity and
FWHM of the diffraction lines from the (020) plane of the VO2 thin film were
measured by stimulatory time-resolved X-ray diffraction, which revealed the
fluctuation or vibration of the VO2 lattice and the atoms in the unit cell.
The time-resolved electron diffraction measurements revealed a change in
the intensity of several diffraction spots with a very high time resolution;
however, the displacement of the VO2 unit cell was ∼1.0 pm, therefore the
change in the diffraction angle could be calculated to be ∼0.03◦. The change
in Bragg angle of∼0.03◦ corresponded to∼180 µm on the multichannel plate
at the camera length of 300 mm, which is difficult to resolve with electron
diffraction measurements because the electron beam size was ∼200 µm. 130)
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4.5 Summary

In this chapter, we reported on time-resolved X-ray diffraction measurements
for CdTe single crystal and VO2 thin film performed in air using a tabletop
laser-plasma-induced X-ray source. The following are summarizing remarks
or this chapter.

1. The integrated intensity of Kα X-ray diffraction lines from the (111)
CdTe decreased by 4%–5% in the timescale of ∼200 ps. The intensity
decrease was consistent with anisotropically excited thermal vibrations
calculated with the Debye–Waller factor, and the propagation time
agreed well with the acoustic velocity in the CdTe crystal.

2. The transition state in the VO2 has so far been observed only in the
spectroscopic methods, but we could observe it using more direct X-
ray diffraction measurement and analyzing changes in intensity and
FWHM of the diffraction lines. The photo-excited monoclinic VO2

was transformed into a tetragonal structure rapidly, but the atoms
in the unit cell and the unit cell itself fluctuated or vibrated around
the center of the tetragonal coordinates. The atomic fluctuation was
coupled with an isotropic thermal phonon and abated in ∼100 ps. The
propagation of the photo-excited layer would be a competitive process
in this time scale.

3. The tabletop time-resolved X-ray diffraction system could be a promis-
ing tool for laboratory-based molecular dynamic studies on materials,
chemical and biological systems.





Chapter 5

Conclusions and Future Studies

5.1 Summary and conclusions

The first molecular movements in a chemical processes are invoked in the
time-scale of femtoseconds to picoseconds, and it is extremely important
to observe directly molecular dynamics because the chemical processes are
determined by the molecular motions on this time-scale. Different kinds of
spectroscopic and crystallographic methods have been tried so far to visual-
ize the molecular dynamics in real time and space, and recent time-resolved
X-ray and electron diffraction measurements have made this possible. In
this work, we have presented the ultrafast molecular dynamics in solid ma-
terials directly using time-resolved X-ray diffraction measurements with a
tabletop femtosecond laser.

The theoretical description of the femtosecond laser was discussed in
the first part of this thesis and a description of conventional experimental
optical pump–probe measurements was also given. The most basic pump–
probe experiment is to measure the pulse duration of the femtosecond laser
using the autocorrelation method. The duration of the optical pulses emit-
ted from the femtosecond laser was measured to be about 130 fs using the
autocorrelation method with a BBO crystal.

A repeatable spectroscopic pump–probe measurement was performed on
a thin bismuth film. The A1g mode phonon at frequency of 2.9 ± 0.1 THz
was observed from the modulation of the reflectivity. The laser-induced
phase transition in single crystal silicon was studied by means of single-shot
spectroscopic pump–probe measurements. Nonthermal and thermal phase
transformations of the silicon crystal to metal-like liquid were observed. In
the single-shot or unrepeatable pump–probe measurements, each event is
unique, it occurs only once; therefore, a change the sample position it is
required in order to get a fresh surface for each shot of the laser pulse. A
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large and uniform sample is required for this method in order to have a
different useful sample position available for each measurement.

One of the most important topics in this thesis is the ultrafast pulsed
X-ray generated with laser-produced plasma using a tabletop commercial
femtosecond laser in helium at atmospheric pressure. Generally, ultrafast
X-ray radiation with intensity of more than 1 × 108 cps/sr is required for
time-resolved X-ray diffraction measurements. In this work, the intensity
of the Cu Kα X-ray in helium ambient was 5.4 × 109 cps/sr with 1 kHz
repetition rate and conversion efficiency of 5.0 × 10−6. This X-ray intensity
is close to that obtained in vacuum conditions and is high enough for the
time-resolved X-ray diffraction or other X-ray applications.

Theoretical studies on the X-ray radiation from laser-produced-plasma
in vacuum have been conducted with computer simulation; however, there
was no interpretation about the relationship between the Kα X-ray con-
version efficiency and the ambient atmosphere near the target surface. We
constructed a simple model to explain the relationship with the normalized
Kα X-ray conversion efficiency in various conditions. This model suggested
that the electron mean free path in the specific atmosphere and pressure is
an important parameter in the generation of the ultrafast pulsed X-ray and
about 20%–40% of the intensity of ultrafast pulsed Kα X-ray in vacuum was
obtained even at atmospheric pressure in helium ambient.

Time-resolved X-ray diffraction measurements were performed for CdTe
single crystal and VO2 thin film using the tabletop laser-produced plasma
X-ray source. We reported the first time-resolved X-ray diffraction mea-
surements with a tabletop and in-air X-ray diffractometer. CdTe is one of
the most suitable materials for time-resolved X-ray diffraction because the
penetration depths of infrared light and hard X-ray are almost the same
(∼1 µm). The change in intensity of the X-ray diffraction lines indicated
the presence of anisotropically excited thermal vibrations in CdTe, and the
propagation time was well consistent with the acoustic velocity in the CdTe
crystal. The transition state in the photo-excited VO2 has been observed
until now only with the spectroscopic methods; however in this work, it was
observed using more direct X-ray diffraction measurements of the changes in
the intensity, peak position and FWHM of the diffraction lines. The photo-
excited monoclinic VO2 was rapidly transformed into a tetragonal structure;
however, the atoms in the unit cell fluctuated or vibrated around the center
of the tetragonal coordinates. The atomic fluctuation was coupled with an
isotropic thermal phonon and abated in ∼100 ps. It also implies a potential
softening in the transition state. The tabletop time-resolved X-ray diffrac-
tion system would be a promising tool for laboratory-based reproducible
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molecular dynamic studies on materials, chemical and biological systems.

5.2 Future studies

The tabletop time-resolved X-ray diffraction measurements have success-
fully revealed the nature of the molecular dynamics in real time and real
space. However, there remain a handful of problems with this tabletop or
laboratory-top X-ray system; only repeatable phenomena or phenomena in
well-crystallized samples could be observed with this series of experiments,
but there are much more unrepeatable chemical processes and phenomena
than repeatable phenomena. In other words, the repeatable phenomena or
well-crystallized materials are a rare case. It is a more exciting and impor-
tant challenge to observe the molecular motion in such the nonrepeatable
phenomena. Further attempts to overcome these problems have been per-
formed with two different ultrafast time-resolved crystallographic methods;
ultrafast X-ray diffraction with X-ray free electron laser and next generation
ultrafast electron diffraction. In this section, the next generation ultrafast
time-resolved crystallography is introduced.

5.2.1 X-ray free electron laser

One big stream for the next generation ultrafast time-resolved crystallog-
raphy is X-ray free electron laser (XFEL). 131, 132) The distinction of XFEL is
the high-brightness (higher than 1010 photon/pulse), high-coherence (∼100%
transverse, ∼1% longitudinal) and short-pulse (below 100 fs) with the rep-
etition rate of ∼10 Hz. The XFEL facilities are constructed in the U.S.
(Linac Coherent Light Source; Stanford Linear Accelerator Center) 133),
Europe (The European X-ray Free-Electron Laser; Deutsches Elektronen-
Synchrotron) 134) and Japan (X-ray Free Electron Laser; SPring-8) 135). The
first XFEL pulses are already available in the U.S. (since 2009), and the
XFEL in Japan will start firing the X-ray pulses in 2011, and the European
XFEL will start the operation in 2013–2014.

The XFEL consists of an electron source, accelerators, pulse compres-
sors, and undulators as shown in Fig. 5.1 In the electron source, electrons
are emitted from a photo-cathode (in the U.S. and Europe) or a thermo-ionic
source (in Japan). The generated electrons are accelerated with microwave
cavity (L-band, S-band, C-band or more higher X-band) accelerators and
the pulse width is compressed using the electrical and chicane type com-
pressors. Then, the high-energy (∼10 GeV), high-peak-current (∼1 kA)
and ultrashort pulsed (<100 fs) electron bunches are passed through the
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Figure 5.1: X-ray free electron laser.
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Figure 5.2: Single shot experiment with XFEL.

undulators and generate XFEL radiation. The XFEL radiation is achieved
by the self amplification of spontaneous emission (SASE). The visible, in-
frared or ultraviolet free electron lasers are assembled with high reflectors on
the side of the undulators; however, it is difficult to produce high-reflectors
for hard X-ray. Instead of using high-reflectors, in XFEL long-aligned undu-
lators are applied, and laser saturation is achieved with a single pass through
the long aligned undulators. The generated X-ray pulses are introduced to
the beamlines for user experiments. The XFEL in Japan is distinguished by
its compactness with the utilization of C-band microwave cavities, and the
European XFEL is distinguished by its repetition rate (1–100 kHz) with the
use of the superconductor undulators.

A series of experiments that exploit the characteristics of XFEL, high
brightness, high coherence and short pulse, are being proposed. One of the
most representative and challenging examples is the single-shot observation
of the ultrafast dynamics in a single, or nanocrystalline biomolecules. 136)

Figure 5.2 shows the coherent X-ray diffraction experiment for the flying an
isolated biomolecule in vacuum. These dream experiments will be demon-
strated with the accomplishment of the XFEL, and should break new ground
of the science.



Chapter. 5 Conclusion and Future Studies 98

5.2.2 Next generation ultrafast electron diffraction

Another completely different stream for the ultrafast time-resolved crys-
tallography is ultrafast electron diffraction. 137) A comparison between the
time-resolved X-ray diffraction and electron diffraction methods is shown
in Fig. 5.3. The time-resolved electron diffraction assembled in a table-
top manner is also a powerful tool for direct atomic motion observation in
condensed matter. As shown in the list in Fig. 5.3, the most important char-
acteristic features of electron diffraction is the high interaction cross-section
and shorter wavelength.

Figure 5.3: Comparison of electrons and X-rays for applications.

Compared with X-ray, the scattering cross-section of electrons with the
electrons surrounding atoms is more than 104 higher; therefore, fewer elec-
trons are required to obtain an image of the diffraction pattern. About
106 electrons in a pulse are sufficient to demonstrate the single-shot time-
resolved electron diffraction methods. Generally, extremely short electron
pulses are generated by hitting the femtosecond optical pulses onto the
photo-cathode. An electron bunch produced on the photo-cathode is ac-
celerated with the static electric field and focused into a sample. While
the bunch of electrons is traveling in vacuum, its pulse width broadens by
Coulomb expansion. Therefore, the duration of electron pulse, acceleration
energy, the number of electrons in the bunch, and the electron traveling
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Figure 5.4: Next generation ultrafast electron diffraction measurements.

length in vacuum are strongly related to each other. The next generation
ultrafast time-resolved electron diffraction system aims to obtain electron
bunches with ∼106 electrons at pulse duration of ∼50 fs, and acceleration
energy of 300 keV for the single-shot measurements. Figure 5.4 shows the
experimental setup for the next generation ultrafast time-resolved electron
diffraction.

The De Broglie wavelength of an electron at ∼100 keV is ∼0.1 Åand
much shorter than that of the copper characteristic X-rays (∼1 Å). This
feature makes it possible to obtain multi-diffraction spots at one time; how-
ever, it reduces the spatial resolution to about 1 Å(in X-ray diffraction it
is less than 0.1 Å). The multi-diffraction spots allow us to trace the 3-
dimentional molecular motion. In addition, the spin-polarized or coherent
electrons can be easily produced by the contraption of the electron sources.
These sources will show the different aspects of the nature of molecular mo-
tion. In the near future, experiments for molecular dynamics with X-ray
and electron diffraction will revolutionize the scientific world.
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