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Abstract

We are studying time-resolved x-ray absorption fine structure (XAFS) techniques using a femtosec-
ond-laser-produced plasma x-ray source to measure ultrafast dynamics by x-ray absorption spec-
troscopy. In this paper, we describe the enhancement of x-ray emission intensity achieved by using
nanostructured targets to improve the x-ray fluence. We al so report a demonstration of the time-resolved
XAFS technique applied to the laser-induced dynamics of Si foil. Our results clearly show the potential
of the time-resolved XAFS technique for capturing ultrafast changes in the electronic state and atomic

structure of materials.

1. Introduction

X-rays were discovered and named by Rontgen in
1895. They were a new type of radiation and their
discovery had a huge effect on scientists throughout
the world. Since then, various x-ray techniques have
been developed for investigating the structural and
electronic properties of matter using the unique fea-
ture of x-rays, namely that they mainly interact with
localized core electrons. X-ray techniques using two
main x-ray sources—conventional x-ray tubes and
synchrotron sources—have helped drive rapid
advances in our understanding of the static or time-
averaged properties of matter. Such x-ray research
has become well established as one of the most
important fields in physics, chemistry, and biology,
and it isnow called x-ray science.

Recently, new x-ray sourcesthat can generate x-ray
pulses with a duration of afew picoseconds (1012 )
down to the femtosecond (107° s) level have been
developed as a result of the great technological
progress made on high-power and ultrashort-pulse
lasers. The emergence of these laser-based ultrashort-
pulse x-ray sources (hereafter shortened to ultrashort
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X-ray sources) has opened up new horizons for x-ray
science, i.e., the study of the dynamic behavior of
matter on a picosecond or femtosecond timescale by
means of time-resolved measurements using ultra-
short x-ray pulses. Since this time scale corresponds
to one vibrational period, typically of the order of
1012 5(100 fs), these time-resolved x-ray techniques
will provide us with a deep and clear insight into the
ultrafast dynamics of matter on the atomic size and
timescale. Currently, the study of ultrafast dynamic
processes on this timescale, known as ultrafast sci-
ence, is generally carried out with ultrafast optical
techniques based on sophisticated femtosecond laser
technology. This research field now covers matter
ranging from moleculesto solids[1], [2], and its sci-
entific importance was recognized with the award of
the 1999 Nobel Prize for Chemistry to A. H. Zeweil.
However, optical photons probe only valence elec-
tronic states, which usually include the superposition
of multiple atoms, so access to information about the
electronic states of specific atoms or their atomic
arrangement is limited in methods that use optical
photons. If we use x-ray photons instead of optical
photons, we can expect to observe processes that
occur during the making and breaking of chemical
bonds and during atomic rearrangements in photoin-
duced chemical reactions or phase transformations.
This provides a “movie” of a chemical reaction,
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Fig. 1. Basic concept of time-resolved x-ray techniques.

which has long been a dream of scientists. From this
point of view, the interdisciplinary research field
between x-ray science and ultrafast science has
emerged as “ ultrafast x-ray science’.

The concept of the time-resolved x-ray techniques
is very smple (Fig. 1). A laser pulse (pump pulse)
excites the sample, and then an x-ray pulse (probe
pulse) with a variable time delay At with respect to
the laser pulse is either scattered or absorbed by the
sample. We can obtain information about the sample
by detecting the scattered or absorbed x-rays, which
correspond to x-ray diffraction and x-ray absorption,
respectively. By tuning the time delay, we can mea-
sure the time evolution of the excited states. In par-
ticular, the fine structure that appears near the x-ray
absorption edge in the x-ray absorption spectrum,
known as the x-ray absorption fine structure (XAFS),
is sensitive to local order such asthe atomic arrange-
ment, chemical bonding, and electronic states of the
absorbing atom. XAFSisclassified into two types: x-
ray absorption near-edge structure (XANES) and
extended x-ray absorption fine structure (EXAFS).
These provide information about the electronic states
and bond length of the absorbing atom, respectively.
In addition, XAFS can provide local structural infor-
mation about various types of material, while x-ray
diffraction mainly provides information about the
long-range structure of crystalline materials. There-
fore, time-resolved X AFS measurement with a tem-
poral resolution of a picosecond or better is thought
to be an important tool for capturing ultrafast chemi-
cal reactions. Studies using ultrafast time-resolved
XAFS are still in their early stages, and considerable
effort is being made to establish it as a standard tech-
nique [3].

This paper describes our recent research on time-
resolved x-ray absorption spectroscopy in which we
used ultrashort x-ray pulses emitted from femtosec-
ond-laser-produced plasma. Section 2 introduces the
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main laser-based ultrashort x-ray sources, in particu-
lar, the laser-produced-plasma x-ray source that we
have been developing. Section 3 describes the
enhancement of the x-ray conversion efficiency
achieved by using nanostructured targets. Section 4
reports our recent results for time-resolved XAFS
measurements of Si using alaser-produced-plasmax-
ray source.

2. Laser-based ultrashort x-ray sources

The key technology in atime-resolved XAFS mea-
surement system is the laser-based ultrashort x-ray
source. Sources can be classified into two types
according to the physical mechanism of x-ray pro-
duction. Oneis laser high-order harmonics produced
by the nonperturbative nonlinear response of gaseous
atomsto astrong laser field with an intensity of about
1013-10%* W/cm? [4]. Its spectrum exhibits well-
resolved discrete odd—order harmonics ranging typi-
cally from 10 to 100 eV. The second is a laser-pro-
duced-plasma x-ray source that can cover the x-ray
region, especially from afew tens of electron voltsto
over 100 keV [5]. This source utilizes the thermal x-
ray emission from high-density high-temperature
plasma created on atarget surface by laser irradiation
with an intensity of about 10'°-10'8 W/cm?. In gen-
eral, the characteristics of the emission spectrum
depend strongly on the target material, i.e., strong
line emissions are dominant in the spectrum for
lighter elements (e.g., C, Al, and Si), while broad-
band emission with less pronounced line emission is
dominant in the spectrum for heavier elements (e.g.,
Au, Ta, and W). When the laser intensity is about
10%-10'® W/cm?, the plasma emits continuous and
characteristic x-rays in the keV region, so it is often
called alaser-driven electron x-ray source. This keV-
X-ray emission isbased on the bremsstrahlung and K«
radiation of fast electrons accelerated by the steep
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Temporally and spectrally resolved soft x-ray emission from Ta target at a laser intensity of ~10'¢ W/cm2.

The spectral profile at the maximum intensity and the temporal profiles at 5.5 nm are also plotted.

intensity gradient of the high-peak-power laser pulse.

In particular, we have been intensively studying the
generation of x-rays from femtosecond-laser-pro-
duced-plasma because these x-rays possess an ultra-
short pulse duration of the picosecond or sub-
picosecond order aswell asahigh x-ray fluence. This
makes them good x-ray sources for time-resolved x-
ray techniques. The other important reason isthat the
smooth broadband spectrum of laser-produced-plas-
ma x-rays generated from heavy elementsis suitable
for XAFS measurements. Figure 2 shows a spectral-
ly resolved x-ray streak image of a laser-produced-
plasma x-ray pulse from a Ta target, its spectrum at
the maximum intensity, and its pulse shape at 5.5 nm.
Although the x-ray intensity in the longer wavelength
region is relatively low due to the photon-energy
dependence of the quantum yield of the Csl photo-
cathode of the x-ray streak camera, the spectrum is
smooth without any line emission. The pulse shape
exhibits a steep rise and a slow decay caused by the
thermal emission from high-temperature plasma. The
pulse duration is about 5 ps, which determines the
[imit on the temporal resolution of our time-resolved
XAFS system.
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3. Nanostructured target to enhance x-ray
intensity

When femtosecond-laser-produced-plasma x-rays
are used as an ultrashort-pulse source for time-
resolved XAFS, a sufficiently large x-ray fluence is
essential to obtain a good-quality absorption spec-
trum. Methods for improving the conversion efficien-
cy of laser-produced-plasma-x-ray generation can be
categorized into two approaches. Oneisto introduce
a weak prepulse before the main pulse to generate
preformed plasma[7], [8]. In general, x-ray genera-
tion from alaser pulse does not have very high ener-
gy conversion efficiency because the energy of the
laser pulse is mostly reflected by the surface of the
target, especialy in the case of metal targets. The
low-density expanding preplasma generated by the
prepulse can absorb the energy of the main strong
laser pulse efficiently, so the conversion efficiency is
higher. This method can control the x-ray fluence, x-
ray pulse duration, and spectrum distribution by con-
trolling the prepulse and main-pulse conditions, i.e.,
the pulse intensity ratio and separation time. Howev-
er, thismethod inevitably |eads to a broadening of the
resultant x-ray pulse as a result of the low heat con-
ductivity of the preplasma between the target and the
main plasma|[8]. The other approach involves using a

NTT Technical Review



Selected Papers

target with a structured surface having alow average
density and a high local density [9], [10]. Here, we
introduce two novel types of target with artificially
designed nanostructured surfaces. Sincethe large sur-
face area of the nanostructured targets increases the
region of interaction with the laser pulse, the conver-
sion efficiency increases as a result of the efficient
absorption of the laser pulse energy. In contrast to the
prepul se method, the pulse broadening effect is sup-
pressed because the region with high local density
retains high heat conductivity.

One type is an alumina nanohole-array target
formed using the self-organization process of the
anodic oxidation of an aluminum plate [11]. We
obtained the x-ray emission spectrum from thistarget
irradiated by a Ti:sapphire laser pulse with an inten-
sity of 1.5 x 10 W/cm? as shown in Fig. 3, which
also shows the spectrum from an ordinary alumina
plate target with a flat surface for comparison. Note
that the intensity scale on the flat alumina plate is
expanded by afactor of ten. Theinset in Fig. 3 shows
a top-view scanning electron microscope (SEM)
image of the alumina nanohole-array target with a
hole pitch of 100 nm, hole diameter of about 90 nm,
and hole depth of about 40 um. This figure clearly
shows that an approximately 30-fold enhancement of
soft x-ray intensity was achieved in the wavelength
region from 7 to 20 nm. The appearance of line emis-
sion from the AI®* and AI®* ions in the short-wave-
length region implies that ionization to the higher
charged state was promoted by the increase in elec-
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Fig. 3. Time-integrated soft x-ray spectrum from an
alumina nanohole-array target (red). The
spectrum from an ordinary flat alumina plate
(green) is shown for comparison (note the scale is
x10). The inset shows a top-view SEM image of
an anodic alumina nanohole-array target.
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tron temperature caused by the efficient energy
absorption of this target. In addition, we confirmed
that there was a 20-fold x-ray intensity enhancement
in the same wavelength region when we used a gold
nanocylinder-array target, which was made by filling
the nanoholes in the anodic alumina with gold by
electrodeposition and removing the alumina part
[12].

The other nanostructured target is a carbon nan-
otube (CNT), which is made by microwave plasma-
enhanced chemical vapor deposition [14]. Carbon
exhibits strong emission lines around 4 nm, which
correspond to the “water window” region (2.3-4.4
nm). The x-ray pulsein this region is suitable for the
X-ray microscopic imaging of biological specimens
because the natural contrast between protein and
water can be obtained due to the large absorption dif-
ferences between carbon and oxygen. For this pur-
pose, x-ray sources that have sufficient x-ray fluence
have been required. The inset in Fig. 4 shows aside-
view SEM image of a CNT target. Vertically aligned
multiwalled nanotubes were formed with aspacing of
about 150 nm on a silicon substrate. They are 30 nm
in diameter and 12 um high. Figure 4 aso shows the
emission spectrum from an ordinary carbon plate and
several typesof CNT targetswhen theintensity of the
incident laser pulse on the target was about 3.7 x 1016
W/cm?. Line emissions from the helium-like carbon
ions, Hey and Heg, and from the hydrogen-like car-
bon ions, Lyq, Lyg, and Lyy, were observed in the
water-window region. This figure also clearly shows
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Fig. 4. Time-integrated soft x-ray spectra in the water-
window region from vertically aligned multiwalled
CNT (red), unaligned multiwalled CNT (blue),
unaligned single-walled CNT (green), and an
ordinary carbon plate targets (black). The inset
shows a side-view SEM image of the vertically
aligned multiwalled CNT target.
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that an approximately 7-fold soft x-ray intensity
enhancement was achieved with the aligned multi-
walled CNT. The number of photons abtained in the
water-window region was estimated to be 2 x 1012
photong/steradian per pulse. A general comparison of
|aser-produced-plasma x-ray sources with other con-
ventional x-ray sources, such as rotating anode tubes,
isdifficult because the former are pul se sourceswhile
the latter are continuous wave (cw) sources. Howev-
er, it is generally true that laser-produced-plasma x-
ray sources produce x-rays with much higher peak
power but lower average power than rotating anode
tubes do. When we convert the number of photons
obtained from the CNT targets into the peak spectral
brightness, which represents the peak photon flux
emitted per unit time (s), unit source size (mm?), unit
solid angle (mrad?), and 0.1% bandwidth, it corre-
sponds to approximately 1 x 10 photons/s/mm?/
mrad?/0.1%BW. Since the peak spectral brightness of
a rotating anode tube is typically ~10® photons/s/
mm2/mrad?/0.1%BW, it is easy to see that the laser-
produced-plasma x-ray source generates a huge num-
ber of photonsin an extremely short time.

4. Time-resolved XAFS measurement on laser-
excited Si

Here, we describe an experimental demonstration
of time-resolved XAFS measurement using a fem-
tosecond laser-produced-plasma soft x-ray source.
We used this system to measure the time evolution of
the L-edge XAFS in Si foil under two different inci-
dent laser conditions: low intensity irradiation (~10%°

W/cm?) [14] and high intensity irradiation (~1012
W/cm?) [15].

The experimental setup is schematicaly illustrated
inFig. 5. A laser pulsefrom a100-fs Ti:sapphirelaser
with a central wavelength of 790 nm was fed to a
beam splitter, where 80% of the energy was reflected.
The reflected pulse was focused onto a Ta target at
normal incidence to generate broadband soft x-ray
pulses, as shown in Fig. 2. The emitted x-ray pulses
were focused onto an amorphous Si sample with a
thickness of about 100 nm by acondenser mirror. The
transmitted x-ray pulses were again focused onto the
entrance dlit of aflat-field grazing incidence spectro-
graph and detected with a microchannel plate com-
bined with a cooled charge-coupled device. The
remaining laser pulses that passed through the beam
splitter were fed into an optical variable delay line
and softly focused onto the sample. Thisis our basic
design for atime-resolved X AFS system.

An example of the absorption spectrum of Si fail is
shown in Fig. 6. We can clearly seethe L1 edge at
99 eV and the L, edge at 150 eV, which correspond to
the spectrum components representing transitions
from 2p to 3s and from 2s to 3p in the conduction
band, respectively. Therefore, the XANES of the Si
Ly, edge amost corresponds to the total density of
states (DOS) in the unoccupied conduction band. In
the energy region from 160 to 270 eV, the absorption
spectrum decreases with a slight oscillation, which
corresponds to L-edge EXAFS. From an analysis of
the EXAFS, we can obtain information about the Si-
Si bond length in the S sample.

First, we observed dynamic changesin the XANES

Ti:sapphire laser system

Beam splitter

Variable delay
MgF, lens
MgF, lens Toroidal
mirror MCP + CCD
1 — e
Ta target 68 I"_LI
9 Condenser -
mirror Si sample Flat-field grazing incident

MCP: microchannel plate
CCD: charge coupled device

spectrograph

Fig. 5. Schematic illustration of the experimental setup for time-resolved XAFS.
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Fig. 6. Example of the absorption spectrum of
amorphous Si foil with a thickness of 100 nm.
Here, pq(E) is an absorption coefficient defined by
Ud(E) = In[l(E)/I(E)], where E, Ip(E), and I(E) are
the photon energy, the emission, and the
transmission spectra, respectively.

of the L edge when the sasmplewasirradiated by a
laser pulsewith anintensity of 3 x 1010 W/cm?, which
is well below the damage threshold. Typical trans-
mission spectrawith and without laser irradiation are
shown in Fig. 7(a). Also shown is the differential
transmittance between these two spectra. We
observed asignificant dip in the differential transmit-
tance at 99.5 eV, which correspondsto the energy dif-
ference between the L1 level and the top of the
valenceband [16]. In Fig. 7(b), the depth of thedipin
the differential transmittance is plotted as a function
of the time delay of the soft x-ray pulse with respect
to the laser pulse. Zero delay represents the x-ray and
the laser pulse peaks overlapping. This figure shows
that the dip at 99.5 eV appeared only when the time
delay was from —20 ps to 40 ps. In this figure, the
increase in the dip depth corresponds to the shape of
the soft x-ray-pulse when the time delay was nega-
tive, i.e., when the soft x-ray pul se passed through the
sample before the laser pulse arrived. This indicates
that the change in transmission of the sample
occurred immediately after the laser irradiation. On
the other hand, the recovery time from the change in
the transmission can be estimated to be about 16 ps
from the decrease in the dip depth in the positive-
delay region. The simplest model for explaining the
laser induced absorption change shown in Fig. 7
involves the addition of a new absorption line. In
semiconductors, transitions from the core level to the
valence band are usually prohibited because the
valence band is occupied. However, in photoexcited
semiconductors, holes (i.e., vacancies) are created in
the valence band. These vacancies allow the transi-
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Fig. 7. (a) Transmission spectra of Si foil near the Ly
edge. The red and blue curves represent
transmission spectra with and without laser
irradiation, respectively. The dashed green curve
is the differential transmission spectrum between
these two spectra. We defined the differential
transmittance as (Tp — Tu)/ Tu, where Tpand Ty
represent the Si transmittance with and without
the pump beam, respectively. (b) Differential
transmittance at 99.5 eV as a function of the time
delay when the intensity of the laser pulse was 3
x 1019 W/cm?2. The pulse shape of the soft x-ray
pulse (probe pulse) is also plotted in this figure
(gray).

tion fromthe corelevel to thetop of the valence band,
so the soft x-ray absorption at 99.5 eV increases. The
good agreement between the recovery time estimated
from Fig. 7(b) and the recombination time of an elec-
tron-hole pair supports the validity of our physical
model.

Second, we observed the time evolution of the L-
edge EXAFS when laser pulseswith an intensity of 5
x 102 W/cm? excited the sample. In this case, since
the excitation intensity was well above the damage
threshold, the sample was ablated by each laser shot.
Therefore, we scanned the sample to refresh the laser
irradiation region for each laser shot. Figure 8 shows
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Fig. 8. Transient EXAFS spectra for various time delays (red line) when the intensity of the laser pulse was 5 x 1012
W/cm?2. The EXAFS function x(k) is defined as x(k) = [1i(k) — po(k))/po(k), where k is the wave number of
photoelectrons and p(k) and po(k) represent the absorption coefficient of the sample and that of an isolated atom,
respectively. Data for the unpumped condition is also shown for comparison (blue line).

the time evolution of the EXAFS spectra obtained
from the absorption spectrain Fig. 6. When the x-ray
pulse passed through the Si sample 330 ps before the
arrival of the laser pulse, no large difference was
observed between the EXAFS spectra of the pumped
(red curve) and unpumped (blue curve) samples (Fig.
8(a)). We obtained a Si-Si atomic distance of 2.32 A
by Fourier transformation of the EXAFS spectra. The
good agreement between the obtained bond distance
and previously reported values (2.35 A) [17] con-
firmed the validity of the measurement. Next, as
shown in Fig. 8(b), we can clearly see that the
EXAFS oscillation amplitude decreased with a small
peak shift toward alower wave number when the x-
ray pulse almost overlapped the laser pulse. The
decrease in the oscillation amplitude is probably
caused by a mixture of thermal damping and struc-
tural disordering. Since the small peak shift indicates
that the oscillation period became shorter than that of
the unpumped Si, this strongly suggeststhat the Si-Si
atomic distance broadened dlightly due to the laser
excitation. By the Fourier transformation of this
EXAFS spectrum, we obtained a Si-Si atomic dis-
tance of 2.43 A, which agrees well with the reported
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value of 2.45-2.50 A for liquid Si at 1700-1800 K
[18], thustheincreasein Si-Si atomic distance can be
explained by the ultrafast production of liquid Si. At
a time delay of +1670 ps, the EXAFS became too
weak for usto analyze its oscillation structure (Fig. 8
(c)). The disappearance of the oscillation structure
indicates further structural disordering of Si due to
the onset of evaporation from the liquid phase to a
gas-like phase. As discussed above, our study clearly
shows that ultrafast structural changes during laser
melting can be captured directly by using the time-
resolved XAFS technique.

5. Summary

Time-resolved XAFS spectroscopy is expected to
become a useful tool for detecting the processes that
occur during the making and breaking of chemical
bonds and during atomic rearrangements of various
types of material, such as crystals, amorphous mate-
rials, and liquids. L aser-produced-plasma x-rays that
have both ahigh x-ray fluence and a short pulse dura-
tion constitute a promising x-ray source for such
spectroscopy. We conducted two experiments to
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investigate this time-resolved X AFS technique based
on a femtosecond-laser-produced-plasma x-ray
source. One involved enhancing the x-ray fluence by
fabricating an array of nanoholes on an Al surface or
carbon nanotubes on a Si substrate. We achieved a
large enhancement due to the enlargement of the
interaction region between the laser pulse and the tar-
get surface. The other experiment involved measur-
ing picosecond time-resolved XAFSfor laser-excited
Si foil. We found an increase in x-ray absorption near
the L, i-edge structure as a result of the creation of
vacancies in the valence band by laser irradiation
with an intensity of ~10%° W/cm?. With alaser inten-
sity of ~10'? W/cm?, we observed a slight shortening
of the EXAFS oscillation period and adecreaseiniits
oscillation amplitude. This can be explained by an
increasein the Si-Si atomic distance and the structur-
al disordering as a result of the production of liquid
Si. This study clearly demonstrates the potential of
the time-resolved XAFS technique for capturing
ultrafast changes in the electronic state and atomic
structure of materials.
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