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1 Introduction

Since Rontgen’s discovery of X-rays in 1895 [1], X-ray imaging with hard X-rays has
been an important diagnostic tool in medicine, biology, and materials science [2].
In the last decade X-ray imaging has greatly advanced together with the improvement
of synchrotron radiation sources [3,4]. Such sources provide high-resolution,
non-destructive, and non-invasive imaging for microradiology and microtomography [4],
which solves a major problem of detection of internal structures of live systems. Highly
coherent synchrotron X-ray sources are exploited for non-conventional contrast
mechanisms [5].

In particular, phase contrast X-ray imaging is a powerful technique for the detection
of low contrast details in weakly absorbing materials [6,7]. The phase contrast technique
is based on the observation of the interference pattern between diffracted and undiffracted
waves produced by spatial variations of the real part of the refractive index [6,7]. Several
research groups are exploring ways of exploiting phase effects as a source of image
contrast. These approaches fall into three broad categories [5]: interferometry [8—13],
diffractometry [14,15], and phase contrast radiography (or in-line holography) [16-25].
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Importantly, a monochromatic beam is not necessary — spatial coherence is much more
important than spectral coherence [5,16,25]. On this basis, successful applications of
unmonochromatic synchrotron hard X-rays to real systems have been implemented by
several groups [25-38].

This paper reviews basic theory of phase contrast X-ray imaging using
unmonochromatic synchrotron hard X-rays and illustrates selected applications in
biomedical and materials sciences realised in our laboratories. Future improvements in
synchrotron X-ray imaging targeting high lateral resolution down to 20 nm and high time
resolution down to 10 us would play a significant role in research on both physical and
biological systems with characteristic length scales in the nanometre range. The on-going
progress in phase contrast X-ray imaging will enable us to visualise more clearly many
different phenomena of nanoscience and nanotechnology.

2 Fundamentals

2.1 Imaging techniques

The best reference case for microradiology is the early detection of tumours [39]. Despite
recent advances in cancer research techniques, biomedical scientists are still limited in
their ability to detect tumours in their earliest stage of formation, monitor tumour
phenotype, quantify invasion or metastasis, or visualise real-time, in vivo activity of
anticancer therapeutics [39]. Techniques such as magnetic resonance imaging (MRI),
X-ray computed tomography (CT), nuclear imaging, optical imaging, and ultrasound, as
summarised in Table 1, are likely to revolutionise the way researchers detect and monitor
cancer over the next decade [39]. For higher magnification and better resolution one
usually relies on electron microscopy, which can reveal details down to a few
nanometers.

Biological cell samples for electron microscopy require painstaking preparation
procedures [40]. Even for optical microscopy, a tissue usually has to be fixed (that is,
preserved by pickling in a reactive chemical solution), supported by embedding in a solid
wax or resin, sectioned into thin slices, and stained before it is viewed. For electron
microscopy similar procedures are required, but the sections must be much thinner and it
is not possible to analyse living, wet cells [40].

On the contrary, X-ray microscopy is a very powerful method that can investigate
whole cells in their aqueous environment avoiding potential artefacts introduced by the
dehydration or fixation necessary with other techniques [41]. Since Rontgen found that
X-rays can reveal bone structures [1], X-rays have been developed primarily for their use
in medical imaging [2]. Radiology and radiological tomography is indeed the most
common use of X-rays. X-ray imaging is especially useful in the detection of pathologies
of the skeletal system, but is also widely applied for detecting many disease processes in
soft tissues. Some notable examples are the common chest radiographs that reveal lung
diseases such as pneumonia, lung cancer or pulmonary oedema, and the abdominal
radiographs that can detect ileus (blockage of the intestine), free air (from visceral
perforations) and free fluid (in ascites). In some cases the use of X-rays is more
problematic, such as the detection of gallstones (which are rarely radio-opaque) or kidney
stones (which are often but not always visible). Also, X-rays encounter serious
difficulties in the imaging of soft tissues such as the brain or muscle. Imaging alternatives
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for soft tissues are computed tomography (CT), magnetic resonance imaging (MRI), or
ultrasound imaging [39]. On the other hand, X-rays can be used in ‘real-time’ procedures
such as angiography or contrast studies of hollow organs using fluoroscopy. Angioplasty,
a therapeutic procedure for the arterial system, relies on X-ray-sensitive contrast agents to
identify potentially treatable lesions. Phase-contrast X-ray microscopy and
microtomography are the natural continuation and enhancement of these techniques.

Table 1 Overview of biomedical imaging systems [39]
Technique Resolution ~ Depth Time Imaging agents Primary use
Magnetic resonance  10-100 um  No limit Min/hours  Gadolium, Best all-round imaging
imaging (MRI) dysprosium, iron  system with high
oxide particles contrast; used in
phenotyping,
physiological imaging
and cell tracking
X-ray computed 50 um No limit Min Iodine Lung and bone-tumour
tomography (CT) imaging
imaging
Ultrasound imaging 50 pm mm Min Micro bubble Vascular and
interventional imaging
Positron emission 1-2 mm No limit Min g, 1c, PO Imaging metabolism
tomography (PET) of molecules, such as
imaging glucose, thymidine
and so on
Single photon 1-2 mm No limit Min 9mTe, n Imaging of probes
emission such as antibodies,
tomography peptides and so on
(SPECT) imaging
Fluorescence 1-2 mm <l cm Sec/Min Fluorescent Rapid screening of
reflectance imaging protein NIR molecular events in
(FRI) fluorochromes surface-based tumours
Fluorescence- 1-2 mm <10 cm Sec/min NIR Quantitative imaging
mediated fluorochromes of targeted or ‘smart’
tomography (FMT) fluorochrome reporters
in deep tumours
Bioluminescence Several Cm Min Luciferin Gene expression, cell
imaging (BLI) mm tracking
Intravital 1 um <400 um  Sec/min Fluorescent All of the above at
microscopy protein, higher resolutions but
(confocal, photoprotein, at limited depths and
multiphoton) fluorochromes coverage

2.2 Synchrotron X-rays

The characteristics of synchrotron X-ray sources, quite different from those of
conventional sources, are exploited by several novel imaging techniques [3,31].
The different radiology approaches based on synchrotron sources are summarised in
Table 2 [30].
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Table 2 Summary overview of synchrotron-based radiology techniques [30]
Two-wavelength Phase Diffraction-
Synchrotron angiography contrast enhanced Synchrotron
mammography  (dichromography)  imaging imaging microtomography
Main imaging  Absorption Absorption Phase Diffraction Absorption,
mechanisms(s)  (phase constant, phase contrast,
contrast, refraction refraction
refraction)
Wavelengths Single Two Single or Single or Single or
broadband broadband broadband
Imaged body Breast tissue Coronaries and Any tissue Any tissue Any tissue
part other blood
vessels
Current Phantoms, Live patients Anatomical Anatomical Anatomical and
applications anatomical and and biological
specimens biological biological specimens
specimens specimens
Potential Live patients Routine Live patients ~ Live patients  Possibly live
applications examinations of patients
live patients
Advantages High contrast Peripheral venous ~ Very high Very high Very high
over for low dose injection of contrast for contrast for contrast for lower
conventional contrast agent lower dose, lower dose, dose, high lateral
radiology high lateral high lateral resolution
and time resolution,
resolution separation of
absorption
and non-
absorption
features
Problems Not yet a Complicated Non- Non- For phase-
certified implementation conventional  conventional  contrast:
technique for image image non-conventional
medical use features, features, image features,
require require require special
special special interpretation
interpretation  interpretation techniques
techniques techniques
Time per 1-10s Tens of <l ms Down to Several seconds
image milliseconds milliseconds  (for complete
image set)
Spatial 30 um Hundreds of Better than Better than Better than 1 pm
resolution microns 1 pm 1 um (tens of
micron for
possible
images in
vivo)
Three- No No No No Yes
dimensional

imaging
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Synchrotron sources provide X-rays that are intense, vertically collimated, polarised, and
continuous over a wide energy range [3,17]. Synchrotron radiation is the light emitted
by electrons as they circulate around a high-energy accelerator [3]. This light covers
a spectrum from hard (short wavelength) X-rays through soft (long wavelength) X-rays,
ultraviolet, visible, and infrared radiation. Specifically, the synchrotron sources called
undulators and wigglers provide beams collimated both in the horizontal and the
vertical directions. An advanced ‘wiggler’ synchrotron source can beat the brightness of
a conventional emitter by 12 orders of magnitude or more [31].

A synchrotron X-ray microscope uses electromagnetic radiation from a synchrotron
source to image small objects thanks to the interaction between the radiation and matter.
Unlike visible light, X-rays do not reflect or refract easily, and they are invisible to the
human eye. Therefore the basic approach of a synchrotron X-ray microscope is to use a
film or a charge-coupled device (CCD) to detect X-rays that pass through the specimen,
rather than light that is reflected or diffused by the specimen. The X-ray detection for
imaging applications can also be based on materials such as Nal (sodium iodide) that can
‘convert” X-ray photons into visible photons, which can then be converted into an
electronic signal by a photomultiplier. These detectors are called ‘scintillators’ [31].

2.3 Soft X-ray vs. hard X-ray

The most important advantage of X-rays is the short wavelength that leads to higher
spatial resolution. X-rays are indeed electromagnetic waves with a wavelength in the
range of 10 to 10 nanometers [3]. Roughly speaking, X-rays with a wavelength longer
than 1 A (corresponding to a photon energy smaller than ~12.4 keV) are called soft
X-rays. At wavelengths shorter than 1 A (photon energies larger than ~12.4 keV), one
uses the term hard X-rays.

Biological cells can be effectively imaged in soft X-ray microscopy using X-rays with
wavelengths in the so-called ‘water window’ (284 ~ 543 eV) that maximises the contrast
between carbon-containing areas and water [33]. The ‘water window’ provides a contrast
mechanism for imaging because carbon in organic materials absorbs the corresponding
soft X-rays and oxygen in water is transparent to them. The development of advanced
soft X-ray optics successfully achieved the observation of subcell structures in the
hydrated state. However, soft X-rays in this photon energy range cannot penetrate
specimens thicker than a few tens of a micrometer, approximately the thickness of a
single cell, and this limits their potential applications [33]. Moreover, this type of
approach was so far unable to produce images of living cells due to the sample
preparation requirements [33].

Hard X-rays (>12.4 keV) have a large penetration depth and are well suited for the
non-destructive investigation of thick opaque samples [42]. Furthermore, the combination
of hard X-ray microscopy with tomographic reconstruction enabled us to obtain
three-dimensional (3D) information on a specimen even on the submicrometer scale with
minimal sample preparation [42]. In recent years, intense research efforts drastically
improved the lateral resolution and enhanced the contrast in these techniques [25-33].
Most recently, it was proven that synchrotron hard X-rays are suitable for radiological
imaging of thick and live biological samples down to the cellular level [33].
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2.4  Unmonochromatised beams

With an unmonochromatised (‘white’) beam, the signal becomes very high and detailed
images can be obtained on a microscopic scale [25-33]. The lateral resolution reaches
submicron levels suitable for imaging individual cells and can be further improved
[30,32]. White beams also make it possible to take real-time images with a time
resolution that reaches the millisecond level and is also rapidly improving [30,32].
The strategy of using unmonochromatised X-ray beams derives from a detailed
theoretical analysis of the conditions for phase contrast microradiology and from
subsequent experimental validation of the results [25-33]. Our findings were in
agreement with the results of other authors [16—18, 20-22, 43—45]. The basic conclusion
was that the typical edge-enhancement mechanism that improves the image quality only
requires a moderate level of time coherence, i.e., it does not require monochromatic
X-rays. Without a monochromator, it is possible to avoid the related losses and increase
the flux on the object by several orders of magnitude. This is the strategy that opened the
door not only to high spatial resolution but also to high time resolution [25-33].

2.5 Phase contrast X-ray imaging

Phase contrast X-ray imaging was first tested by Snigirev et al. [20,21] and by
David et al. [16] and Wilkins et al. [17], who obtained high-contrast and high-spatial
resolution images of different organic samples [7]. The basic concept for phase contrast
X-ray imaging was discussed by Hwu et al. [26,29]. The parameter used to describe the
interaction of electromagnetic radiation with matter is the complex refractive index [6,7],
n=1-0+if3, where [ is the absorption term and J'is the phase shift term. The difference
in wavelength dependence between £ and J makes it possible for Jto produce detectable
effects even when the absorption is negligible, since fis very small [6,7].

The real term ¢ describes phenomena like refraction, diffraction and interference and
effects related to the phase of the X-ray waves. The imaginary part corresponds to the
strength of absorption loss at a particular wavelength. Thus, the imaginary part is
sometimes called the extinction coefficient. Absorption losses become particularly
significant, for example, in metals at visible wavelengths. On the contrary, in a dielectric
material such as glass, the visible light is not absorbed and therefore A=0.
In conventional radiology, the image contrast is entirely due to absorption and
corresponds to the imaginary term £. On the contrary, effects related to the real part are
typically not observable and do not contribute to contrast. In phase contrast techniques
the opposite is true and such effects are predominant. At very short wavelengths (several
angstroms), the real part can become larger than the imaginary part. Therefore, the
advantage of phase contrast over absorption contrast becomes more significant for hard
X-rays (wavelengths shorter than 1 A) [29].

Figure 1 illustrates an example of imaging related to the real term & note, in
particular, the characteristic effect of edge enhancement. Refraction-based edge
enhancement is essentially due to the fact that different specimen regions with different
o-values produce by refraction different lateral displacements of a collimated X-ray
beam [29]. The refraction at the edge region deflects the beam by an angle 7, whose
value depends on the edge slope and on the Jvalue. Consider the average distance a
between the dark and illustrated fringes on the detector, and the width of each fringe b.
The distance a is determined by the width of the tapered edge; thus, it is a morphological
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characteristic of the object. On the other hand, the fringe width is given by b = ry1, which
increases with the object-detector distance .

As a consequence, edge enhancement due to refraction is visible only for certain
values of 7. As ry changes, there is an interesting interplay between the refraction effect
and another phenomenon related to the real term &: edge diffraction that produces a series
of fringes. As the object-detector distance 7, is reduced, we should first observe
refraction-based edge enhancement at least for some edges. Then the diffraction-based
edge enhancement may become visible, whereas the refraction-based edge enhancement
is reduced. Therefore, it is possible to select either the ‘refraction’ regime or the
‘diffraction’ regime by simply moving the detector. In general, the refraction-based
mechanism offers advantages over the diffraction-based mechanism. The images are
simpler and easier to interpret. The edge enhancement due to refraction is easier to detect
even with limited detector resolution.

Figure 1 Schematic explanation of the edge enhancement by the ‘refraction’ mechanism [26]

X-rays

intensity

object detector

The onset of diffraction enhancement as 7, increases can be clearly seen in the images of
Figure 2, which show two crossed 30 um diameter W wires for ro = 0.03, 0.25, 0.50, 0.70,
and 1.0 m. We note that three important points:

e the diffraction fringes are not visible for the two smaller values of 7y, barely visible
at ro = 0.50 m, clearly visible at 7y = 0.70 m, and very clear at o= 1.0 m

e without diffraction there is no edge enhancement, which is due to the strongly
absorbing character of the wire that impedes the refraction enhancement

e the diffraction can be seen for the horizontal edge and not for the vertical edge.

This last effect is due to the properties of the ‘bending magnet’ synchrotron source used
in this case; contrary to wigglers and undulators, such a source is only collimated in the
vertical direction [29].
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Figure 2 Sequence of radiographic images of 30 wm diameter crossed W wires, taken at a photon
energy of 9 keV for object-detector distance (from left to right) o, = 0.03, 0.25, 0.50,

0.70 and 1.0 m [29]
B | B BN

0= 1000mm

Edge enhancement by refraction or diffraction cannot be easily observed with
conventional X-ray sources due to their large size and angular spread. In fact, the
enhancement is due to small deviations of the X-rays propagating through the edge.
A large source size and angular spread wash out the effect. To reduce this problem, one
can either use an aperture to limit the effective source size or increase the source-sample
distance. However, this greatly reduces the portion of the emitted X-rays that is actually
used for radiological imaging. Synchrotron sources directly provide collimated beams
suitable for phase-contrast techniques.

In summary, phase contrast X-ray imaging is sensitive to density and refraction
gradients in the object and does not rely on absorption. Thus, it can image weakly
absorbing materials, such as carbon-based materials and biological systems [16]. This
raises the possibility of non-invasive clinical diagnostic imaging. It should be noted that
the sensitivity of absorption contrast decrease as the photon energy increases as E °,
whereas that of phase contrast methods decrease only as £ [16]. This is why phase
contrast methods become more sensitive at higher energies; as a consequence, for
comparable image quality the absorbed X-ray dose is smaller than with conventional
radiography, minimising sample damage [16]. This raises interesting possibilities in
diagnostics applications. By using white radiation and a time-resolving system, it was
possible to image microscopic details of moving blood vessels in different live animals
without using any contrast agent [32]. The images have excellent contrast plus
unprecedented spatial resolution for microangiography. Results of this kind are likely to
impact many different areas of biological and medical research and of diagnostic
radiology [30].

3 Applications

3.1 Synchrotron X-ray imaging at the Pohang light source

The 7B2 beamline of the Pohang Light Source (PLS) in Korea, operated by a
Korean-Taiwanese-Swiss consortium, is fully dedicated to microimaging experiment in
real time with coherent X-rays [31]. The performances of the first tests already reached
excellent levels when compared to other similar facilities worldwide. The key feature is
the use of white or unmonochromatic X-rays to achieve very high lateral and time
resolution. The total length of the beamline, 34.8 m, was selected to provide a large beam
on the object.

The imaging techniques implemented on the beamline are influenced by the ratio
between the source-object distance and the object-detector distance. The 34.8 m length is
the maximum allowed by the PLS building and is perfectly suitable for the relevant
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experiments. Figure 3 shows the schematic diagram of the end station for synchrotron
X-ray imaging. The attenuator, which consists of a variable number of Si wafers,
modifies not only the intensity but also the photon energy spectrum. The high-pass effect
of the attenuator is desirable when low energy photons are not desired. The attenuator is
followed by the sample positioning system and by the image detection system.
The sample holder allows adjustment of three coordinates (with 0.1 um accuracy) plus
tilting and rotation. A goniometer is designed to perform rotations with an accuracy of
0.001 degree for tomography and other applications. The longitudinal coordinate can be
varied over a large range corresponding to object-detector distances from 5 mm to 1.5 m.
This is a very important feature for coherent X-ray imaging since — as we have seen — the
detection of the edge-enhancing fringes depends on the detector resolution and on the
object-detector distance. The X-ray intensity is converted into visible light by a
scintillator consisting of a 150 um thick cleaved CdWO, single crystal. The scintillator
material was selected to simultaneously optimise the conversion efficiency and the
scintillator contribution to the lateral resolution. The material is quite resistant to
exposure to hard radiation. The image produced by the scintillator is reflected by a mirror
to avoid exposure of the detection system to hard X-rays, and then magnified by an
optical lens system. The lens system is interchangeable, with magnification from lx to
50x. The magnified image is then detected by a CCD camera. Depending on the specific
applications, several CCD cameras can be selected with shutter speeds ranging from 1 ms
to 1 hour. The number of pixels range up to 1600 x 1200 with 14 bit grey scale.

Figure 3 The schematic diagram of the end station for synchrotron X-ray imaging
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Many tests enabled us to compare the beamline performances to those of several other
similar facilities at PLS (5C1 beamline), SRRC-Taiwan, Elettra-Trieste, APS-Argonne,
and SSLS-Singapore. We can conclude that the present performances of the 7B2
beamline in terms of obtaining high quality phase contrast microradiographs and the
measurement speed either match or in some cases surpass those of comparable
facilities [31].
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3.2 Biomedical sciences

As we already mentioned, by using unmonochromatised radiation and a time-resolving
system it is possible to image microscopic details of moving blood vessels in different
live animals without using any contrast agent [32]. The images have excellent contrast
plus unprecedented spatial resolution for microangiography (<10 um). Figure 4 shows
typical examples of microangiography images. Figures 4(a) and 4(b) show tortuous
draining vessels of a rat eyeball, with faintly visible intermingled vasculatures indicative
of the choroidal vascular plexus. Note that in the case of Figure 4(a), a small amount of
iodine contrast dye with half dilution was injected before taking the image through a
pre-inserted polyethylene tube into the common carotid artery of the same side. This
image provided a reference to show that the imaged microfeatures without contrast agent
are indeed blood vessels in motion.

Figure 4 Microangiographs of the eye and auricle regions in live rats [33]. Prior to image taking,
a contrast dye was injected through the proximal common carotid artery at the anterior
neck with a fine polyethylene tube inserted for about 5 mm towards the head before the
carotid bifurcation site. (a) and (b) are eye angiograms taken during (a) and several
minutes after (b) the passage of the dye. (c) and (d) are auricle angiograms, taken
during (d1) or after (c and d2) the passage of the dye. The exposure time of each photo
was 15 ms

Can individual cells, including live cells, be imaged using hard X-rays? Common
wisdom until now required sophisticated staining techniques for this task. Most recently,
Hwu et al. showed that individual cells and cell details can be detected in culture
solution and tissues with no staining and no other contrast-enhancing preparation [33].
The sample examined can be much thicker than for many other microscopy techniques
without sacrificing the capability to resolve individual cells. The first successful tests
were conducted on a variety of cell systems including skin and internal leaf cells, mouse
neurons, rabbit fibroblast cells, and human tumour cells [33].
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Phase-contrast radiological cell imaging is an interesting complementary approach to
the standard optical microscopy of living cells. In fact, X-ray microradiology has the
capability to examine thicker samples in a more ‘realistic’ environment and potentially
even in living bodies. Hwu et al. demonstrated, for example, that cellular detail within a
sample as thick as 5 mm can still be clearly identified at a selected depth from the sample
surface without sacrificing the lateral resolution. Furthermore, recent tests based on
advances in detectors and in image reconstruction demonstrated that the short wavelength
of hard X-rays can yield reconstructed images with 10 ~ 50 nm resolution well beyond
the diffraction limit of optical microscopy [45].

To clearly demonstrate this high ‘selectivity’ resulting from the enhanced
contrast due to phase effect and from the high-penetration nature of X-rays, the local
tomography reconstruction of a toothpick is shown in Figure 5(a). The diameter of the
toothpick is 3 mm and the reconstructed area is 240 x 240 um. Figure 5(b) shows the
3D volume-rendered surface contour image constructed from the tomography
reconstructed data as examples in Figure 5(a). Note that not only each channel but also
the texture of the cell walls along the direction parallel to the rotation axis are clearly
imaged. Likewise, using refractive index radiology, fine details can be indeed imaged
with high lateral and time resolution in a variety of biology materials [33]. These include
leaf skin cells, human tumour cells, mouse neurons, and rabbit bone cells.

Figure 5 (a) Tomographic reconstruction of a toothpick, used to assess the resolution
performances of apparatus and procedure. The diameter of the sample is 3 mm but only
a central area of diameter 240 um is reconstructed. Features of um size can be observed
and (b) the volume-rendered 3D structure of the same toothpick sample [33]
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With suitable fixation procedures, Hwu et al. could even obtain high-resolution
microtomography and 3D reconstructed images of mammalian cells [33]. The sample
examined was a piece of aorta fixed in resin; the overall sample dimension, including the
resin, is 5 X 7 x 10 mm. Figure 6 is the volume-rendered 3D structure of this sample.
The white arrows point to borders between neighbouring cells, whereas the black arrow
points to a cell nucleus that extrudes from the surface and whose outline is well presented
in the 3D reconstruction analysis [33]. In this case, the imaging capability goes beyond
the mere imaging of the outline and shape of the individual cell and provides subcell
information [33]. Figure 7 demonstrates the volume-rendered 3D tomographic view of an
aloe leaf sample, which shows the stoma area with clear view of individual cells. Images
are regenerated for front (a) and (b) or rear skin (c) and (d).

Figure 6 The volume-rendered 3D structure of an aorta sample [33]. The white arrows point to
borders between neighboring cells, whereas the black arrow points a cell nucleus that
extrudes from the surface and whose outline is well preserved in the 3D reconstruction.
Scale bar is 5 um

Figure 7 The volume-rendered 3D tomographic view of an aloe leaf sample. This
shows the stoma area with clear view of individual cells. Images are regenerated for
front (a) and (b) or rear skin (c¢) and (d)
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3.3 Materials sciences

Time and lateral resolution also play a very important role in non-biological applications
of radiology [28,32,34,46,47]. Microradiology movies, for example, can solve
long-standing issues in materials science phenomena by direct real-time observation.
Figure 8 shows an excellent example: the direct detection of an almost incredible
phenomenon in the electrodeposition of thin metal coating. As clearly seen in the
radiology movie frames, the electrodeposition process creates hydrogen bubbles at the
substrate-coating interface. The metal coating grows on the fast-developing bubbles. This
eventually leads to the formation of spherical voids that finally explain a common kind of
coating defects. In another interesting study, phase contrast radiology using
unmonochromatic synchrotron X-ray successfully imaged the grain boundaries of Al and
AlZn alloy without contrast agent [34]. Combining the high penetration of X-ray and the
3D reconstruction by microtomography, they were able to nondestructively characterise
the polycrystalline materials [34].

Figure 8 Real-time edge-enhanced microradiology applied to materials science [30]. The two
frames captured from a radiology movie reveal a very surprising phenomenon during a
metal coating procedure: the metal growths on gas bubbles forming on the substrate
during the deposition process

Synchrotron X-ray beams can induce solution precipitation of nanoparticles [35].
By irradiating the aqueous solution of a Ni salt and a reducing agent with synchrotron
X-rays, Ni-P alloy homogeneously nucleated in the aqueous solution, eventually growing
to nanoparticles [35]. Borse et al. showed that the room temperature formation of
magnetic Ni nanoparticles could be possible by X-ray irradiation of alkaline electroless
solution [36]. Such studies suggested that synchrotron X-rays could induce solution
precipitation of nanoparticles and its application to other metals of alloys could lead to a
new method to fabricate nanostructured materials.

Most recently, localised electrochemical deposition (LECD) was studied using
microradiography with coherent synchrotron hard X-rays [46,47]. For the first time, the
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electrochemical deposition mechanism was revealed by in-situ, real-time observation of
the process. LECD is a novel and interesting technique for the fabrication of very
high-aspect-ratio microstructures and nanostructures. Figure 9 shows an example of
LECD growth of a high-aspect-ratio copper microstructure deposited on a copper
substrate at 4.5 V, which was monitored with real-time microradiology with coherent
X-rays. In Figure 9(a), the procedure of fabrication of dense microstructure using
‘no-contact’ mode is shown. The electrode-structure distance was kept constant at 40 um
(upper critical distance). The FESEM analysis of the change in the morphology is
demonstrated in Figure 9(b). LECD is less expensive and can be applied to various
materials such as metals, metal alloys, conducting polymers, and semiconductors in
micrometer, submicrometer, and nanoscale [46,47]. It is expected that clear
understanding of the deposition mechanism of LECD processes revealed by X-ray
imaging will contribute to further improvement of LECD applications to
microelectronics, communications, microrobotics, life sciences, microsensors, actuators,
and miniature devices in general [46,47].

Figure 9 LECD growth of a high-aspect-ratio Cu microstructure monitored with real-time
microradiology with coherent X-rays. (a) The procedure of fabrication of dense
microstructure using ‘no-contact’ mode. The electrode-structure distance was kept
constant at 40 um (upper critical distance) and (b) FESEM analysis of the change
in the morphology [46]

4 Perspectives

The properties of matter at the nanometre scale are dramatically different from the bulk
or the constituent molecules. The differences are caused, for example, by quantum
confinement, altered thermodynamics, or changed chemical reactivity. In particular,
quantum size effects are the most commonly known processes that affect nanostructures.
When at least one dimension of a solid sample becomes comparable to the electron de
Broglie wavelength, new properties appear. Furthermore, research frontiers in magnetism
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concern phenomena at interfaces between nanolayers and those affecting domain
nanostructures. Another important area of nanoscience is the small-scale interaction
between hard and soft matters, broadly defined to include proteins, lipids, carbohydrates,
nucleic acids, and biological molecular systems [40]. High spatial resolution and ultrafast
methods to study structures and dynamics of nanomaterials are crucial to the progress in
these domains.

It should be noted that progress in synchrotron-like sources is not over yet. So far all
high resolution X-ray microscopy experiments were performed at 2nd or 3rd generation
electron storage rings [41]. With the forthcoming Free Electron Laser (FEL) X-ray
sources and their unique time-structure, increased brilliance and coherence, X-ray
imaging techniques will permit time-resolved experiments with even higher energy and
spatial resolution [41].

Even without waiting for such futuristic new devices, there is much room for
improvements in the techniques described in this review. We are specifically trying to
develop the synchrotron hard X-ray imaging based on phase contrast imaging with high
lateral resolution to less than 20 nm and high time resolution to 10 ps, which will play a
significant role in research on both physical and biological systems at the nanoscales.
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