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We review hard X-ray microscopy techniques with a focus on scanning microscopy with synchrotron radiation.
Its strength compared to other microscopies is the large penetration depth of hard x rays in matter that
allows one to investigate the interior of an object without destructive sample preparation. In combination with
tomography, local information from inside of a specimen can be obtained, even from inside special non-ambient
sample environments. Different X-ray analytical techniques can be used to produce contrast, such as X-ray
absorption, fluorescence, and diffraction, to yield chemical, elemental, and structural information about the
sample, respectively. This makes X-ray microscopy attractive to many fields of science, ranging from physics
and chemistry to materials, geo-, and environmental science, biomedicine, and nanotechnology. Our scanning
microscope based on nanofocusing refractive X-ray lenses has a routine spatial resolution of about 100 nm and
supports the contrast mechanisms mentioned above. In combination with coherent X-ray diffraction imaging, the
spatial resolution can be improved to the 10 nm range. The current state-of-the-art of this technique is illustrated
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by several examples, and future prospects of the technique are given.

PACS numbers: 68.37.Yz, 41.40.th

1. Introduction

A key strength of hard X-ray microscopy is the large
penetration depth of hard x rays in matter. This allows
one to investigate the interior of a sample without de-
structive sample preparation or to study an object in-situ
inside a special sample environment, such as a chemical
reactor or a pressure cell. In combination with tomogra-
phy, it yields three-dimensional information from inside
the sample.

In addition, hard x rays are a very attractive probe as
a result of their short wavelength and their energy in the
range of electronic transitions of many elements. These
properties are exploited in many X-ray analytical tech-
niques, such as absorption and fluorescence spectroscopy
and X-ray diffraction. In a hard X-ray microscope, these
X-ray analytical techniques can be exploited as contrast,
giving structural information down to the atomic scale

in the case of X-ray diffraction, insight into the chemical
environment of an atomic species in the case of absorp-
tion spectroscopy, or the elemental composition by X-ray
fluorescence analysis. Together with the large penetra-
tion depth, this makes hard X-ray microscopy a valuable
tool in many sciences, from physics and chemistry [1, 2],
bio-medicine [3, 4], to the materials [5-8], earth and en-
vironmental sciences [9-14], and nanotechnology [15].

Compared to microscopy with soft x rays, hard X-ray
microscopy is relatively young [16, 17]. It evolved dur-
ing the last two decades triggered by the advent of syn-
chrotron radiation sources of the third generation, such
as the European Synchrotron Radiation Facility (ESRF)
in Grenoble, France, the Advanced Photon Source (APS)
near Chicago in the United States, and SPring-8 in
Japan, providing hard x rays and unprecedented bril-
liance. Besides the sources, significant developments were
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made in the field of hard X-ray optics, and today hard
X-ray microscopes are installed at many synchrotron ra-
diation sources.

There are basically two types of X-ray microscopes
that are complementary in many ways: full-field and
scanning microscopes. While full-field microscopes al-
low for fast acquisition of 2D transmission images, scan-
ning microscopes can exploit a larger variety of contrast
mechanisms. Since more recently, coherent X-ray diffrac-
tion imaging techniques are being developed, having both
traits of full-field and scanning microscopy.

In the following Sect. 2, these techniques are reviewed
and described in more detail, focusing on scanning mi-
croscopy. In section 3, three different examples are given,
illustrating the capabilities of scanning microscopy. In
section 4, we conclude and give a short outlook on a fu-
ture X-ray scanning microscope that is set up at the syn-
chrotron radiation source PETRA III at DESY in Ham-
burg.

2. Hard X-ray microscopy
2.1. Full-field microscopy

Hard X-ray microscopy can be roughly subdivided in
full-field and scanning microscopy [16-18]. The simplest
approach to full-field microscopy at a synchrotron radia-
tion source is shown in Fig. 1a). Here, the sample is illu-
minated by nearly parallel synchrotron radiation, and its
projection image is recorded at a certain distance L be-
hind the sample by a two-dimensional position-sensitive
detector. In this scheme, the resolution is predominantly
limited by that of the detector, reaching down to slightly
below one micrometer [19, 20]. By recording a series of
such images while rotating the sample over 180°, a tomo-
graphic data set is obtained that can be reconstructed to
yield the three-dimensional inner structure of the speci-
men [21-23].

With the detector directly behind the object (small
L), the transmission image is dominated by absorption
contrast. In addition, at synchrotron radiation sources
of the third generation, the source size is small enough
to allow one to observe near-field phase contrast [24-26]
that can be varied with the detector distance L. From
a series of such phase contrast images taken at differ-
ent distances L, the wave field behind the object can
be reconstructed. Besides the attenuation, this approach
also yields the phase shift induced by refraction inside
the sample. In combination with tomography, the three-
dimensional distribution of the complex index of refrac-
tion can be reconstructed [27, 28]. More recently, another
type of phase contrast was introduced based on a grating
interferometer placed into the beam between the sample
and the detector [29-31].

In combination with absorption spectroscopy, projec-
tion imaging can yield valuable information about the
distribution of the chemical state of a given element. For
this purpose, the X-ray energy is scanned around an ab-
sorption edge of an element of interest and at each en-
ergy an absorption image of the sample is recorded. From
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Fig. 1. (a) High-resolution X-ray imaging with the
quasi-parallel beam at modern synchrotron radiation
sources. (b) Magnified imaging using an X-ray optic,
such as parabolic refractive X-ray lenses to generate
a magnified image of an object on a two-dimensional
position-sensitive X-ray detector. The position of the
focus behind the lens is marked by the letter f.

these data, the local absorption spectrum can be recon-
structed for each pixel [1]. This technique is particularly
useful in physical chemistry, e.g., in the study of catalysis,
as it allows one to determine in-operando the local oxida-
tion state of a catalyst inside a chemical reactor and learn
about catalytic reactions and their kinetics [1, 2, 32-36].

In order to overcome the limitation in the spatial reso-
lution given by the detector, magnifying imaging schemes
are required. One way of realizing this is to generate a
small secondary X-ray source, for example by focusing
the x rays down to a small spot using an X-ray optic.
The sample is then placed in a small distance L; behind
the focus and its projection image is recorded on a two-
dimensional detector located a distance Lo (> L1) be-
hind the focus (magnification Lo/L1). A first demonstra-
tion of this technique was given using one-dimensional
confinement of the X-ray beam by a wave guide [37].
More advanced imaging was recently achieved using a
Kirkpatrick—Baez-multilayer optic [38]. The technique
always involves phase contrast, and phase retrieval tech-
niques are required to obtain quantitative information
about the sample. However, it does not require an X-ray
optic behind the object, thus optimally exploiting the
X-ray dose applied to the sample.

Alternatively, the sample can be imaged onto the de-
tector by an appropriate X-ray optic, as shown in Fig.
1b). Here, the sample is illuminated by hard x rays, usu-
ally condensed onto the sample by some condenser optic
(not shown in Fig. 1). The objective lens is placed in
a distance L; behind the sample (L; is slightly larger
than the focal length f) and the image is formed a dis-
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tance Ly = L1 f/(L1 — f) on a two-dimensional position-
sensitive detector.

Fresnel zone plates are often used as objective lenses,
in particular in the soft X-ray range (cf. for example
the many contributions in [16]). Recently, also hard X-
ray full-field microscopy with a resolution down to 40 nm
was successfully implemented at the APS based on these
optics [39]. We have used refractive X-ray lenses as objec-
tive lens for magnified imaging and tomography [40, 41].
Resolutions on the scale of 100 nm have been reached
with refractive lenses made of beryllium [42]. More de-
tail about refractive optics is given below in the context
of scanning microscopy.

2.2. Scanning microscopy

In scanning microscopy, the sample is scanned through
a hard X-ray microbeam (cf. Fig. 2). The latter is often
generated by imaging the X-ray source onto the sample
position in a strongly reducing geometry: the source-
to-optic distance L; is typically much larger than the
focal length f of the optic. The image of the source is
formed in a distance Ly = L1 f/(L1 — f) £ f behind the
optic and it is reduced by a factor L;/Ly. The sample is
scanned through the microbeam along the two directions
perpendicular to the optical axis. For tomography, the
sample is also rotated about the vertical axis (Fig. 2).

focusing
e optic

12 ]/v
sample

Fig. 2. Schematic diagram of a microbeam-based scan-
ning microscope.

Different contrast mechanisms can be exploited to ob-
tain various pieces of information about the sample. At
each position of the scan, the fluorescence, Compton,
and elastic scattering signals can be recorded by an en-
ergy dispersive detector, the transmission can be mea-
sured by a positive-intrinsic-negative (PIN) diode or ion-
ization chamber, or the diffraction from the sample can
be registered by a two-dimensional position-sensitive de-
tector. In most cases, the microbeam is monochroma-
tized by a crystal monochromator (relative band width
AE/E =~ 10~%). However, some diffraction techniques
require a white beam (broad spectrum) [43|, and for
efficient fluorescence mapping the relative band width
AE/E can be defined in the percent range by a mul-
tilayer optic [44].

As the X-ray beam is confined only in its two lateral
dimensions, the measured signal, be it fluorescence, ab-
sorption, or diffraction, is obtained from the full thickness

of the sample along the beam. If the sample is sufficiently
thin, it can be mapped in two translational degrees of
freedom perpendicularly to the beam, e.g., [3, 4]. To ob-
tain high spatial resolution also in the third dimension,
tomographic scanning techniques need to be used. In or-
der to obtain a single projection for a tomographic slice
through the sample, it is first scanned trough the beam
in horizontal translation perpendicular to the axis of ro-
tation and the beam direction. At each position of the
scan, the signal from the sample is recorded. After com-
pleting the projection, the sample is rotated by an integer
fraction of 180° or 360° and the translational scan is re-
peated. The procedure ends when a half or full rotation
of the sample is completed. To obtain three-dimensional
information, a series of parallel slices needs to be ac-
quired [14]. Alternatively, a helical scanning mode can
be used [45].

The tomographic reconstruction depends on the con-
trast chosen. Various reconstruction techniques have
been developed for fluorescence [46-52], absorption spec-
troscopy [53], small-angle X-ray scattering (SAXS) [54,
55|, wide angle X-ray powder diffraction [56], and grazing
incidence small-angle X-ray scattering (GISAXS) [57].

The spatial resolution of the microscope is limited by
the lateral beam size that in turn depends on the X-
ray source brilliance and dimensions, the geometry of the
setup, and the X-ray optic used to generate it. The re-
quirements in spatial resolution are given by the length
scales in the sample. Today, microbeams range from a
few tens of micrometers in the laboratory [58] down to
a few 10 nm at modern synchrotron radiation sources.
Besides a highly brilliant source, the latter beam sizes re-
quire special focusing optics. Over the last two decades,
significant advances have been made in the fabrication of
X-ray optics. In the soft X-ray range, Fresnel zone plates
for spatial resolutions down to 15 nm have been devel-
oped [59]. For hard x rays, total reflection mirrors [60],
multilayer mirrors [44], Fresnel zone plates [39, 61], multi-
layer Laue lenses [62, 63|, wave guides [64], and refractive
lenses [65] have all been shown to generate foci well below
100 nm. Most of these optics are limited by today’s fab-
rication technology, and there is still room for significant
improvements in their numerical aperture [66—69).

Our hard X-ray scanning microscopes are based on re-
fractive X-ray lenses, and all the experiments described
in Sect. 3 were carried out with these optics. Therefore,
they are briefly reviewed in the following.

For a long time it was thought that refractive lenses
could not be realized in the X-ray range, as refraction of
hard x-rays in matter is very weak and the attenuation
inside all materials is relatively large compared to that
of visible light in glass. It was only a decade ago that
their feasibility was demonstrated [70]. Since then, there
has been a dynamic development, and refractive optics
with many different designs were made [71-79]. The main
idea followed by all the schemes is to use many refract-
ing surfaces, i.e., focusing the beam by stacking a large
number of individual lenses behind each other to form a
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compound lens. For X-ray lenses the choice of material is
crucial. The key property of the lens material is minimal
attenuation, which requires the use of elements with low
atomic number Z, such as beryllium [42, 80|, boron, car-
bon [81], aluminium, or silicon. Other important issues
are the processibility, the stability, and the homogeneity
(low scattering) of the lens material |71, 82].

The most important development for X-ray microscopy
was that of the rotationally parabolic lens [40, 82]. The
rotationally parabolic shape of the lens surface avoids
spherical aberrations, allowing for undistorted imaging
with these optics. The parabolic shape is the correct
aspherical shape in the paraxial approximation, which is
fulfilled to high accuracy for all refractive optics. This as-
pherical shape of the lens is particularly important in the
hard X-ray range and opens the way to full-field imag-
ing [40, 41, 83] and scanning microscopy [80, 84]. Today,
these optics are widely used at several synchrotron ra-
diation sources as standard components for beam condi-
tioning and for microbeam production [85].

For refractive X-ray lenses with large apertures, the
numerical aperture scales as the inverse square root of
the focal length. Therefore, it is advantageous to reduce
the focal length of these optics as much as possible to
reach a high numerical aperture and thus a high spa-
tial resolution. This argument led to the development
of nanofocusing refractive X-ray lenses (NFLs) [86] with
particularly short focal distances in the range of one cen-
timeter. The small dimensions of these optics require the
use of microfabrication techniques. Currently, they are
made out of silicon by optical lithography and deep re-
active ion etching. Fig. 3a) shows a scanning electron
micrograph of an NFL. NFLs are composed of parabolic
cylinder lenses and generate a line focus. In order to ob-
tain a point focus, two such lenses need to be aligned in
crossed geometry as shown in Fig. 3b). The two lenses
are placed on two separate stages with a total of 10 de-
grees of freedom. Each lens is separately aligned in the
beam with the help of a high resolution X-ray camera.
These optics have been demonstrated to generate hard
X-ray beams down to about 50 nm lateral size [65].

In collaboration with beamline ID13 at the ESRF, this
optical setup has been included in the new scanning mi-
croscope at about 96 m from the undulator source at the
ID13 nanoprobe extension. Fig. 3c) shows the sample re-
gion of this scanning microscope, with piezo-mechanical
scanning stages for three-dimensional positioning of the
sample, an energy dispersive detector, and a beam- defin-
ing aperture behind the set of lenses shown in b). Up-
stream of the lenses, a slit system confines the beam to
a rectangular cross section slightly larger than the aper-
ture of the lenses. Below the scanning stage, a rota-
tion stage allows for high precision rotation with mini-
mal wobble and eccentricity. Additional stages for coarse
alignment of the sample on the rotation axis above the
rotation stage, as well as high precision translations be-
low the rotation stage complete the sample stage. The
whole setup is mounted on a specially designed optical

Fig. 3. (a) refractive X-ray lenses

Nanofocusing
(NFLs). (b) Pair of crossed NFLs pointed to by the ar-
rows and aligned to generate a point focus about 10 mm
behind the horizontally focusing lens. (c¢) Hard X-ray

scanning microscope based on NFLs. The sample is
scanned through the beam using a 3D piezo scanner
(PI). The rotation for tomographic scans is realized by
a rotation stage below the piezo scanner.

table and is kept in a temperature controlled environ-
ment (AT < 0.1 K). The beam from the in-vacuum un-
dulator source is monochromatized by a channel cut Si
111 monochromator, and the lateral coherence length is
adapted to the aperture of the NFL optics by appropriate
prefocusing with a parabolic refractive X-ray lens made
of beryllium located at about 40 m from the source. The
examples given in Sects. 3.1. and 3.3. were obtained with
this setup or with a very similar prototype.

3. Examples

The following examples illustrate some of the capabil-
ities of X-ray scanning microscopy. While the first two
examples show how the element distribution and local
zinc speciation can be obtained by scanning microscopy
and tomography with fluorescence and absorption spec-
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troscopic contrast, respectively, the last example is more
methodological and shows how the spatial resolution can
be improved beyond the focus size of the microscope by
combining nanofocusing with coherent X-ray diffraction
imaging techniques.

3.1. X-ray Fluorescence mapping and tomography

For plant physiologists, the distribution of physiolog-
ically relevant ions is of great interest to understand
transport phenomena inside a plant. Besides their me-

.

rel. concentration [%

100

(a) Photograph of Ambzdopszs thalwna with its leaves covered by leaf hairs (trichomes). (b) Scanning electron

Fig. 4.

chanical function for the defense against pathogens, leaf
hairs (trichomes) of plants excrete salts and contribute in
this way to the balance of physiologically relevant ions in
the plant. To study the latter function, we investigated
the element distribution inside a leaf hair of Arabidopsis
thaliana by both fluorescence mapping and tomography.
Fig. 4a shows the live plant with the trichomes on the
leaves. In Fig. 4b, a single trichome is shown in a scan-
ning electron micrograph after freeze drying of a leaf.

micrograph of a single trichome on a freeze dried leaf. (c¢) X-ray fluorescence maps of the tip of a trichome, scanned

with a pixel size of 100 nm.

(d) Fluorescence tomographic slice (calcium distribution) through a trichome recorded

with 100 nm pixel size. The relative concentration of each elemental species in both parts (c) and (d) is color coded

according to the color bar.

A single freeze dried trichome was prepared and
scanned at the tip with our scanning microscope at
E = 15 keV with a step size of 100 nm (dwell time 5 s

per point). At each position in the scan, full fluores-
cence spectra were recorded, from which the distribution
of various elements were extracted. Fig. 4c shows the
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two-dimensional maps of these elements. While many of
the elements are rather homogeneously distributed about
the tip, titanium (Ti) and iron (Fe) show fine structures
on on the scale of 100 nm. The physiological reason for
this localization is not yet known, but it illustrates the
high spatial resolution obtained with our microscope. In
addition, the method can provide quantitative element
distributions, if the setup is properly calibrated.

The two-dimensional map provides no information on
the location of the elements along the beam. For exam-
ple, it is not possible to determine whether the accumu-
lations of iron and titanium lie inside the trichome or
on its periphery. This could be answered by fluorescence
tomography.

In another experiment, a fluorescence tomographic
scan across a freeze dried trichome near one of the ta-
pered tips was recorded. After fixing the virtual section
by adjusting the height of the sample in the beam, it was
scanned in horizontal translation in 87 steps of 100 nm,
each. At each position of the scan, the full fluorescence
spectrum was recorded from the sample in 5 s of exposure
time, exciting the fluorescence with monochromatic ra-
diation (F = 24.3 keV). After the translational scan was
completed, the sample was rotated by an integer frac-
tion of 180° and the next projection (translational scan)
was recorded. This procedure was repeated until half a
rotation of the sample was completed. In the current ex-
periment 60 rotational steps were made with a step size
of 3 degrees.

While the integral spectrum of the sample indicates
the presence of many elements, the concentrations of
elements other than calcium were too low to be recon-
structed tomographically in this particular section of the
trichome. No accumulations of iron or titanium similar
to those shown in Fig. 4c could be found, here. The to-
mographic reconstruction of the calcium signal was made
by filtered backprojection [87], since attenuation effects
are negligible for this sample and more complicated re-
construction schemes are not necessary. This is due to
the very small size of the sample, its low-Z matrix and
the sufficiently high energy of the calcium (Ca) K line.
The tomographic reconstruction of the Ca distribution is
shown in Fig. 4d. The pixel size in the reconstruction is
100 nm. The section of the trichome has a diameter of
about 6 pm, which is significantly smaller than in pre-
vious fluorescence tomograms, where attenuation effects
were significant [48, 88, 89].

3.2. Combining absorption spectroscopy
with tomographic scanning microscopy

X-ray absorption spectroscopy yields valuable informa-
tion about the chemistry and the local environment of an
elemental species. In a typical absorption measurement,
the intensity in front of and behind a homogeneous spec-
imen is measured as a function of X-ray energy. When
crossing an absorption edge of a given element, the ab-
sorption in the sample increases in a characteristic way.
Depending on the oxidation state, the absorption edge of

the given element is shifted by a few eV. The exact shape
of the edge and the near-edge region, extending to about
100 eV above the absorption edge, is called the “X-ray
absorption near-edge structure” (XANES) and yields the
local projected density of free electronic states around
the atom. The extended X-ray absorption fine structure
(EXAFS) that extends to about 1 keV above the edge
gives the local environment around the atom, e.g., the
distances and the number of neighboring atoms.

In practice, many samples are inhomogeneous and
their properties change over macroscopic length scales.
In this case, absorption spectroscopy can be combined
with scanning microscopy or tomography to obtain lo-
cal information about the sample. To combine these two
techniques, the absorption as a function of energy has to
be recorded at each position of a scan. As a scanning mi-
crograph typically contains many thousand scan points,
efficient acquisition of absorption spectra is crucial. This
is possible with a fast scanning monochromator and data
acquisition system developed at the University of Wup-
pertal [90, 91].

We have demonstrated the feasibility of XANES to-
mography investigating a Cu/Zn oxide catalyst inside a
reactor capillary [53, 92]. There, the XANES spectra of
different oxidation states of Cu and Zn were used as a fin-
gerprint for these different chemical species. They were
fitted to the reconstructed spectra to obtain their distri-
bution. Here, we would like to illustrate the method on
a biological sample, reconstructing the XANES of zinc in
a mycorrhyzal root of a tomato plant. The experiment
was carried out at beamline 1-ID at the Advanced Photon
Source (APS). Compared to highly concentrated catalyst
samples, physiologically relevant concentrations of heavy
metals in plants are rather low, making the absorption
measurements very challenging.

To acquire a zinc XANES tomogram of the freeze dried
tomato root on a cross section, we aligned the cylindrical
root with its axis along the vertical rotation axis, chose
an appropriate vertical position for the slice and recorded
102 projections over 360° with 87 steps of 10 pum each.
The X-ray beam from the fast scanning monochromator
was focused to about 10 um using parabolic refractive X-
ray lenses made of beryllium. This spatial resolution is
appropriate to resolve structures on the tissue level. At
each position of the scan, 10 full XANES spectra about
the zinc edge (E = 9659 €V) were acquired in 1 sec-
ond, recording the absorption and the fluorescence with
a sampling rate of 100 kHz. The data at each point were
calibrated in energy and summed up.

The transmission and the fluroescence signal were re-
constructed using filtered backprojection separately for
each energy in the absorption spectrum. In this way,
at each location in the reconstruction, a full absorption
spectrum was obtained. Attenuation effects of the fluo-
rescence signal are negligible in this case, as the freeze
dried sample of about 700 pm diameter is made of a
low-density low-Z matrix that is transparent to good ap-
proximation to the zinc K-fluorescence radiation. Fig. 5a



Hard X-ray Microscopy with Elemental, Chemical, and Structural Contrast 363

shows the attenuation coefficient above the absorption
edge on the virtual slice through the sample. Fig. 5b
shows the reconstructed fluorescence signal above the ab-
sorption edge that is dominated by zinc fluorescence, thus
representing to good approximation the zinc distribution
on the virtual slice.

(a) absorption

(c)

M

(b) fluorescence

(f)

8659 E eV
Fig. 5. (a) Reconstructed absorption across a shock
frozen and freeze dried root of a tomato plant (E ~
9700 eV) with two reconstructed spectra (c) and (d) at
different locations pointed to by the arrows. (b) Re-
constructed fluorescence signal recorded in parallel to
the attenuation shown in (a), (e) and (f) are absorption
spectra obtained from the fluorescence signal at the lo-
cations pointed to by the arrows in (b).

At each location on the tomographic slice, the absorp-
tion spectrum can now be evaluated. Four example spec-
tra at locations pointed to by the arrows in Fig. 5, two
obtained by absorption and two by fluorescence contrast,
are shown in Fig. 5¢—f. In pixels with high zinc concen-
tration the spectra obtained by absorption and fluores-
cence are very similar (spectra d and f in Fig. 5). Where
the zinc concentration is low, the absorption signal is
dominated by low-Z elements and the zinc spectrum is
barely visible (Fig. 5c¢). In the fluorescence channel,
however, a clean XANES spectrum is obtained with low
noise as shown in Fig. 5e, illustrating the strength of the
fluorescence detection in terms of signal-to-noise ratio.

Figure 5e—f shows that zinc is found in different chemi-
cal environments at different locations in the root. These
XANES spectra can now be analyzed, e.g., by compar-
ing them to those of different zinc reference compounds.
However, this task is not as straight forward as in the case
of the catalysts studied in [53] as the zinc chemistry in
plants is very complex, and further studies are required.
This example shows that local absorption spectroscopy
can be carried out with the help of XANES tomography

even for relatively dilute systems. The zinc concentration
in the plant, for example in bulk analysis, lies on average
below 100 ppm.

3.3. Coherent X-ray diffraction imaging
with focused radiation

In the last decade, coherent X-ray diffraction imag-
ing (CXDI) techniques have emerged as an alternative
X-ray microscopy method [93-100]. The method, also
referred to as lensless imaging, relies on illuminating the
sample by coherent light and recording a far-field diffrac-
tion pattern of it. From these data and with additional
knowledge, e.g., the finite sample extension, the wave
field behind the object can be reconstructed by numeri-
cal phase retrieval [101]. As no objective lens is involved
in this imaging process, this method is not limited by
any aberrations or a limited numerical aperture. Indeed,
if a diffraction pattern can be recorded to large diffrac-
tion angles, in principle, spatial resolutions on the order
of the wavelength are conceivable [102, 103].

Typically, however, the diffraction pattern of a non-
periodic object decays quickly to large diffraction angles,
so that the main limitation of the technique is the co-
herent dose that can be applied to the sample. In many
cases, radiation damage in the sample itself limits the
resolution [105], but for radiation-hard samples, the lim-
itation comes from the X-ray source and its coherent
flux. One way to increase the coherent flux density on
a small sample is to focus the x rays and thus increase
the spatial resolution of the technique. We have pursued
this latter scheme by illuminating small objects (diame-
ter < 100 nm) with the diffraction-limited focus in the
scanning microscope described in Sec. 2.2. Details of the
method and considerations about the coherence proper-
ties in the focused beam can be found in [106].

Here, we give an example to illustrate the method.
With the scanning microscope at beamline ID13 of the
ESRF, we focused hard X-rays (E = 15.25 keV) to
slightly above 100 x 200 nm? and illuminated a cluster
of four gold particles shown in Fig. 6a. This object con-
tains about 7.5 x 10° gold atoms and thus it is a very
weak scatterer. The diffraction pattern shown in Fig. 6b
was recorded in 20 x 60 s (ESRF storage ring in 16-bunch
mode) using a FReLoN CCD detector in 2 x 2 binning
mode (effective pixel size 110 pm), located at a distance
of 1850 mm behind the focus. By focusing the X-ray
beam, the flux density on the sample was increased by
roughly four orders of magnitude. Without focusing, the
same diffraction pattern would have required exposure
times of several months.

The object was reconstructed using the hybrid input-
-output [101] and the shrink-wrap method [107]. Fig-
ure 6¢ shows the averaged projection of the object
obtained from 38 reconstructions with random initial
phases. The contrast differs from that in the scanning
electron micrograph in Fig. 6a, in that the reconstructed
image measures the projected electron density of the ob-
ject along the beam direction. Therefore, the nearly
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wdiffmction with coherent x-rays

100 nm

</

reconstruction by phase retrieval

Fig. 6. (a) Cluster of four gold particles on a silicon ni-
tride membrane used as test object for coherent X-ray
diffraction imaging (scanning electron micrograph by
I. Snigireva, ESRF). (b) Diffraction pattern recorded
of the object in (a) by illuminating it with a coher-
ent nanobeam at £ = 15.25 keV. (¢) Object as recon-
structed from the diffraction pattern in (b).

spherical gold particles appear bright in their center and
have less projected electron density and thus, appear
darker towards their periphery. The spatial resolution
obtained in this reconstruction can be measured using the
phase-retrieval transfer function [97, 99]. In the current
case, the latter drops below 10% at 8 nm half-periode in-
dicating a spatial resolution in the range of 10 nm. This
example shows that with this technique spatial resolu-
tions can be obtained that lie well beyond that of the
scanning microscope.

In the present example, it was crucial that the object
has a finite support smaller than the beam size. This re-
quirement can be avoided by ptychographic imaging tech-
niques [108, 109], where the sample is scanned in trans-
lation through a confined coherent illumination, such as
the diffraction-limited focus of a scanning microscope. At
each position of the scan, a far-field diffraction pattern is
recorded. The object is then reconstructed from the set
of diffraction patterns together with the knowledge of the
positions where they were recorded. A first realization of
this scheme is given in Ref. [110]. A significant advance-
ment towards the practical application of this method
was the joint reconstruction of sample and illumination
at the same time [111], since the exact illumination is
usually not known and not easily accessible otherwise.
This technique has been implemented in our hard X-ray
microscope to further increase the spatial resolution in
transmission contrast [112].

4. Conclusion and outlook

Hard X-ray scanning microscopy takes full advantage
of the strengths of hard X-rays. We have given two ex-
amples where it can deliver insight into the elemental
composition and the chemistry of an element of interest.
In combination with tomography, this information can
also be obtained from the inside an object. In addition,
structural information can be obtained by using X-ray
diffraction as contrast, for example, in the small-angle
scattering regime [54, 57].

Fig. 7. (a) Design of the hard X-ray scanning micro-
scope for the nanoprobe station at beamline P06 of the
upcoming synchrotron radiation source PETRA III at
DESY, Hamburg, Germany. The scanner unit is shown
in more details in (b) and different detectors are placed
on separate optical tables. The energy dispersive de-
tector faces the sample perpendicularly to the optical
axis. A high resolution X-ray camera, a light micro-
scope, diodes, and diffraction cameras can be positioned
behind the sample in SAXS and WAXS geometries.

While the spatial resolution depends on the scientific
question at hand, there is the aim to reach a higher and
higher spatial resolution. Currently, we achieve 100 nm
spatial resolution on a routine basis with the hard X-ray
scanning microscope at beamline ID13 at the ESRF. The
goal is to improve the resolution down to well below
50 nm for routine operation.

Further improvements in spatial resolution down to
the nanometer level are possible by combining focusing
and scanning microscopy with coherent X-ray diffrac-
tion imaging techniques, as shown in the last example
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(Sect. 3.3.). Here, projections of the electron density of
the sample can be obtained at a spatial resolution much
higher than the focus size of the X-ray microscope. This
type of microscopy holds great potential and will be pur-
sued in the future.

Besides the development at the ESRF, a hard X-ray
scanning microscope is planned for the new synchrotron
radiation source PETRA III at DESY in Hamburg, Ger-
many. This instrument is planned to provide a stable
hard X-ray nanobeam in the range of 50 nm and below
and will support fluorescence, absorption, and diffraction
contrast. Figure 7 shows the overall design (a) and, in
more detail, the scanning unit (b) of the instrument that
is to be implemented at beamline P06 in the climate-
-controlled nanoprobe hutch at about 98 m from the
source [113-115]. The X-rays are generated in a 2 m
long spectroscopy undulator and are monochromatized
by a Si (111) double crystal monochromator. The higher
harmonics from the source are rejected with a pair of
horizontally deflecting total reflection mirrors, and the
lateral coherence length is adapted to the aperture of the
nanofocusing optic by a parabolic refractive X-ray lens
made of beryllium, located at 43.3 m from the source.
The microscope is currently being built and is expected
to be commissioned in early 2010.
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