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ABSTRACT

The BAMline at the BESSY light source in Berlin and the TopoTomo beamline at the ANKA synchrotron facility in
Karlsruhe (both Germany) operate in the hard X-ray regime (above 6 keV) with similiar photon flux density. For typical
imaging applications, a double multilayer monochromator or a filtered white beam is used. In order to optimise the field
of view and the resolution of the available indirect pixel detectors, different optical systems have been installed, adapted,
respectively, to a large field of view (macroscope) and to high spatial resolution (microscope). They can be combined
with different camera systems, ranging from 16-bit dynamic range slow-scan CCDs to fast CMOS cameras. The spatial
resolution can be brought substantially beyond the micrometer limit by using a Bragg magnifier. The moderate flux of
both beamlines compared to other 3rd generation light sources is compensated by a dedicated scintillator concept. For
selected applications, X-ray beam collimation has proven to be a reliable approach to increase the available photon flux
density. Absorption contrast, phase contrast, holotomography and refraction-enhanced imaging are used depending on
the application. Additionally, at the TopoTomo beamline digital white beam synchrotron topography is performed, using
the digital X-ray pixel detectors installed.

Keywords: microtomography, non-destructive evaluation, coherent imaging, X-ray refraction, X-ray phase contrast,
Synchrotron-CT, synchrotron instrumentation, scintillator, Bragg magnification, holotomography, X-ray topography

1. INTRODUCTION

During the 1990s, X-ray micro-imaging was established on various existing and at that time newly-built (third
generation) synchrotron light sources, such as the European Synchrotron Radiation Facility (ESRF), the Advanced
Photon Source (APS) or the Daresbury Synchrotron Radiation Source ***°. Furthermore, the ongoing detector
developement allowed to reach submicrometer resolution by the end of that decade °. The outstanding image quality of
X-ray radiographs and tomographs, acquired by using synchrotron radiation, in terms of resolution, contrast and low
noise level led to numerous discoveries in fields like life sciences, materials research or paleontology. Subsequently, the
increasing number of publications based on results achieved by synchrotron micro-imaging attracted more and more
beamline users. This development is well documented since 1997 by the proceedings of this SPIE conference series
"Developments in X-ray Tomography". Well-established imaging beamlines like ID15, ID19 (both ESRF), 2-BM (APS)
or TOMCAT (SLS) receive several times more beamtime requests than can be granted, which shows the strong demand
for synchrotron-based high resolution imaging stations '*"’.

In this article we describe the imaging instrumentation of the BAM/ine (located at the BESSY light source in Berlin)
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and the TopoTomo beamline at the ANKA facility in Karlsruhe, both in Germany. The two beamlines work with similar
peak photon flux density values around 10" ph/s/mm? assuming an energy bandwidth of around 1% as typically reached
when employing multilayer monochromators. This moderate photon flux limits the performance compared to beamlines
of other third generation light sources (with ring energies above 3 GeV), which offer a peak photon flux density of one
or two orders of magnitude higher (assuming again the use of multilayer monochromators). Nonetheless, using an
optimized detector concept, we established spatial resolution up to 2 um for standard applications (effective pixel size <
1 um). For selected applications, X-ray beam collimation has proven to be a reliable approach to increase the available
photon flux density by up to one order of magnitude '°. For other methods like fast phase contrast radiography on living
species a white beam mode delivers the required higher photon flux density ''. The spatial resolution of the imaging
setups can be brought substantially beyond the micrometer limit by using a Bragg magnifier in one or two dimensions.
Different contrast modes like absorption contrast, phase contrast, refraction enhanced contrast or holotomography are
available as well. Both beamlines are dedicated to inhouse research and applications by external users.

2. BEAMLINE LAYOUTS

In Figure 1 the optical section of the BAM/ine is sketched. The synchrotron light coming from a superconducting 7T
wavelength shifter source can be monochromatised via a fully automated double multilayer monochromator (DMM)
and/or a double crystal monochromator (DCM). The multilayer structures of the DMM suppress the second harmonic; an
energy bandwidth of 1.7 % was measured at 20 keV. Slit systems are available upstream of the DMM (aperture),
downstream of the DCM and in front of the experimental station. The only vacuum window of the beamline is a
differentially-pumped double Kapton foil located upstream of the experimental station. An in-vacuum absorption filter
system consisting of different polished metal foils (Al, Be, Cu) is placed upstream of the DMM. It can be used to reduce
the heat load on the first multilayer mirror and to suppress lower energy photons, which could otherwise pass the
monochromator by means of total reflection and therefore deteriorate the monochromaticity. The downstream multilayer
of the DMM can be bent to vertically (meridionally) focus the X-ray beam. The crystal monochromator allows
horizontal (sagittal) focusing. Due to the available photon flux only the DMM is used for microimaging. The effective
source size when using the DMM was measured by Talbot imaging to be 164 pym x 41 um (horizontal x vertical,
FWHM). The experimental station is located 37 m away from the source, which largely eliminates the influence of the

finite source size on image quality '*'*".
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Fig. 1. Layout of the X-ray beam path at BAM/ine — BESSY (top: side view, bottom: top view). The radiation originating
from a 7T superconducting wavelength shifter can be monochromatized using a double multilayer monochromator
(DMM) and/or a double crystal monochromator (DCM), including a vertical focusing option for the DMM and a
horizontal for the DCM '®'%!3, The beamline can be run in white beam mode as well.

The layout of the TopoTomo beamline (as displayed in Figure 2) contains only one monochromator, a DMM (to be
installed early 2009). TopoTomo is located at one of ANKA's bending magnet ports, dedicated since 2006 to direct and
indirect imaging techniques. Similar to the BAMl/ine design the DMM will contain a vertical focusing option. An
absorption filter system is placed upstream of the DMM. In order to maximize the flux the monochromator will contain
two multilayer stripes with different material composition (identical layer number and d spacing) which allows one to
avoid absorption edges of the coating materials. Two in-vacuum slit systems are installed: one close to the source
(aperture) and one upstream of the Be exit window. (Like the BAM/ine, TopoTomo has a single vacuum window located
immediately upstream of the experimental station.) The source size of TopoTomo is 500 um x 150 um (horizontal x
vertical FWHM). The primary slits are located 6 m from the source, which is close enough to efficiently use them for the
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creation of a smaller secondary source for selected phase contrast applications that require spatial coherence in the
horizontal plane'®. The high-precision secondary slit system can be used to reduce the beam height at the sample position
to approximately 10 um for section topography "°. The experimental station is placed 30 m away from the source. The
installation of a DCM for TopoTomo is planned for a later upgrade of the beamline, e.g. to perform monochromatic
topography or rocking curve imaging.

3. IMAGING STATIONS
3.1 Cameras

Different cameras are available in order to optimize detector performance, depending on the application.
Microtomography typically requires a relatively high dynamic range, such as typically provided by back-illuminated
slow-scan CCDs. Both at the BAM/ine and at TopoTomo, a PCO 4000 CCD-based camera (PCO AG, Kelheim,
Germany) is used. Its dynamic range of 5.000 gray levels at a maximum readout speed of 2x8 MHz and the 4008%2672-
pixel chip (9 um pixel size) are perfectly suited for standard microtomography applications. Additionally, a fast read-out
mode of 2x32 MHz is available. 4 GByte on-board memory allow for fast data acquisition rates'®. For high performance
applications the ESRF-developed FReLoN 2k14 CCD camera is available at TopoTomo'’, for low-flux applications at
the BAMline the back-illuminated slow-scan CCD camera VersArray:2048 by Princeton Instruments'’. High speed
applications like fast microradiography are realized using standard CMOS cameras such as the PCO 1200.hs "%,
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Fig. 2. Layout of the TopoTomo beamline at the ANKA light source '*. The radiation originating from a 1.5-T bending
magnet can be filtered by using different metal foils or silicon wafers. From 2009 on, a fixed-exit double multilayer
monochromator will be available, with approx. 1.5% spectral bandwidth and a vertical focusing option. The beamline
can be run in white beam mode as well.

3.2 Detector systems

Similar to the camera pool we use different X-ray-to-light converter and projection systems in order to be more flexible
in optimizing the performance of our apparatus to the individual demands of the experiment. The principle design of our
detectors follows the concepts of Bonse and Busch ° and Koch et al.’: the luminescence image of a scintillating screen is
coupled via visible light optics to a digital camera (Figure 3, left). We would like to remark that the first use of indirect
X-ray pixel detectors was live X-ray topography performed in the 1970s by Hartmann et al.'’. The best achievable
resolution of these indirect detectors is the Abbe limit determined by the numerical aperture of the front objective
(corrected by the refraction on the scintillator substrate) and the scintillator's wavelength of maximum emission. We use
additional glass filters in the beam path of the visible light. They suppress parasitic scintillation (which can be emitted
e.g. by the scintillator substrate) and block light which is beyond the chromatic corrections of the optics. Spectrally
neutral density filters can be used to adapt the ratio of converted X-ray (scintillator) vs. detected luminescence photons
(camera) in order to fully exploit the dynamic range of the digital camera and optimize the signal-to-noise ratio. A
diaphragm (iris) in the optical beam path is applied in order to trim the numerical aperture to the effective pixel size of
the detector system. For high resolution up to the sub-micrometer scale, we use a commercially available system
(Optique Peter, Lyon, France) which uses Olympus microscope objectives in an adapted optical design developed
originally in cooperation with the team of the ID22 beamline at ESRF * (Figure 3, right), and since then adopted by other
instruments including the tomography instrument at SLS (Switzerland) and ESRF-ID19. For moderate resolutions we
use Rodenstock objectives with a large numerical aperture in combination with a Nikon tele-objective Nikkor 180/2.8
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ED (Figure 3, middle). This unique design allows us to work with large field of view / low magnifications between 1.5x
and 9x while achieving a high visible light throughput '°. Besides imaging of objects with a large field of view the
system has also been proven to be perfectly suited for fast white beam radiography at ANKA's TopoTomo beamline,
reaching imaging speed of up to 250 frames per second ''.

3.3 Scintillators

The efficiency of an indirect detecting system is driven by the stopping power of the material used as scintillating screen.
Different aspects have to be taken into account when choosing the scintillator. First, the attenuation coefficient of a
given scintillator material can change drastically with the X-ray photon energy, allowing an improvement of a factor of 2
by selecting the strongest stopping material. Second, due to the decreasing depth of focus of visible light optics with
increasing magnification, thinner scintillators are required to obtain higher resolution. In practice, for the highest spatial
resolutions, in the sub-micrometer range, the scintillator thickness should not exceed a few microns. But only a few
scintillating materials have been successfully grown so far as thin films by liquid phase epitaxy techniques, e.g.
LuAG:Eu, GGG:Eu or LSO:Tb ***?'_ Short exposure times for fast real-time imaging require short response times of the
scintillator. We currently use 5-pm-thick LuAG:Eu crystals grown by liquid phase epitaxy on top of undoped YAG
substrates (CEA LETI, Grenoble and FEE GmbH, Germany) for imaging with sub-micrometer resolution, LuAG:Eu
with 10 or 25 um thickness for resolutions between 1 um and 2 pm. 40 pm thick CWO and BGO crystals are for
resolutions around 4 pm, up to 300 um thick CWO and LYSO:Ce large area crystals for moderate resolutions with a
large field of view. Different LuAG:Ce crystals are currently under commissioning.
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Fig. 3. Left: indirect detection concept using scintillators and microscope optic with a folded beam path for the visible
light >°. Middle: macroscope detector for large view fields view (BAMline design) '°. Right: microscope for high
resolution imaging (Optique Peter, Lyon).

Figure 4 demonstrates the resolving power of our high resolution detection system by showing radiographs of a
commercially available X-ray test pattern (model X500-200-30, Xradia Inc., Concord, CA, USA). The left part of
Figure 4 shows highest resolution achieved at TopoTomo in white beam mode when combining a 4 um thin LuAG:Eu
single crystal with a Olympus 20x objective (NA 0.75, 0.2 pm effective pixel size). Figure 4 (right) shows a selected
region of the test pattern imaged at the BAM/ine with a collimated and a non-collimated synchrotron beam with a spatial
resolution < 2 um (0.7 um effective pixel size). No change in resolution can be seen when the distance sample to
detector is kept small (5 mm in our case).

3.4 Analyzer-based imaging & Bragg magnification

Analyzer-based imaging (ABI) is performed at the BAM/ine in order investigate the changes and development of inner
surfaces of high performance composites, ceramics and other advanced materials, which show anisotropy, heterogeneity
and complex shapes '"*2. The X-ray refraction reveals the inner surfaces and interfaces, allowing us to determine
particles with sub-micrometer size, cracks and pore sizes. To perform the measurement, a parallel monochromatic beam
(up to 60 keV) from the DMM (or the DCM) is used. As is well known, the rocking curve of a crystal pair is usually

Proc. of SPIE Vol. 7078 70780X-4



recorded by tilting the second crystal against the first crystal around the Bragg angle while measuring the reflected
intensity. For ABI, the highly collimated and monochromatized beam from the first crystal traverses a specimen placed
between the two crystals and is attenuated due to the specimen's absorption properties. Additionally, X-rays are deflected
at all interfaces in the sample due to refraction. This leads to a broadening of the rocking curve. As a consequence, all X-
rays scattered at angles larger than the rocking curve width are stopped by the second crystal, if the crystal pair is set to
the maximum of the rocking curve. The result is a significant contrast enhancement in the radiographic projection image
of the sample. If the second crystal is slightly off the rocking curve maximum only the scattered X-rays will be reflected
and detected by the camera. The same setup can be used in order to achieve a resolution of down to a few hundred
nanometer by asymmetric Bragg reflections as a beam width magnifier in front of the detector system. The analyzer
crystal (second crystal) is replaced by an asymmetrically-cut Bragg crystal with an appropriate asymmetry angle. A set
of crystals provide a magnification of a factor of 20 at 10 keV, 20 keV, 30 keV and 40 keV photon energy, respectively.
The axis of rotation of the specimen can be aligned perpendicular or parallel to the scattering plane of the crystal, to
define the orientation of the magnification plane in the reconstruction.

A so-called Bragg magnifier for TopoTomo is currently under commissioning. The system consists of two analyzer
crystals with perpendicular diffraction planes in order to provide two-dimensional magnification. Spatial resolution of
0.4 um was experimentally demonstrated », while the angular sensitivity, which is directly related to the sensitivity of
density variations present in the sample, has been theoretically estimated to be in the order of micro-radians **. In order
to increase the photon flux density, an adapted double crystal monochromator (DCM) with asymmetric Bragg reflections
for beam compression will be installed locally together with the Bragg magnifier. Since the field of view of the Bragg
Magnifier is 2 x 2 mm’ at maximum, it is preferable to use a horizontal monochromator setup because the beam can be
compressed more strongly due to the larger horizontal beam size. A compression factor of 7 is planned for the entire
DCM resulting in a gain of flux density in the same order.
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Fig. 4. Left: Xradia test pattern (X500-200-30), a selected region was imaged using a Olympus 20x objective (0.75 NA) in
combination with a 4 um thick LuAG:Eu scintillator in white beam mode at TopoTomo. Right (a): image of line pairs
taken at the BAM/ine with a resolution < 2 pm (0.7 um effective pixel size) and a maximal vertical collimated beam,
(b): samel(s)ection imaged with a non- collimated beam, no change in resolution is detectable (5 mm distance sample to
detector) .

4. APPLICATIONS

Various experiments have been successfully carried out at the BAM/ine and TopoTomo beamline in recent years, e.g.
microtomography on different samples from materials research *2%*"®  fast white beam phase contrast micro-
radiography on living insects ', micro-radiography and holotomography with subsequent image analysis on semi-solid
alloys %, digital white beam topography on 300 mm wafers '**°. Here we will present a few selected examples.

The first example is an investigation of demineralization processes in human teeth performed at the BAMl/ine. High
resolution synchrotron microtomography using monochromatic radiation has already proved to be perfectly suited for
the quantification of mineralization density in tooth tissue *'*%. As proof of concept we scanned a specimen taken from a
human wisdom tooth which was immersed in water for 120 hours. The result is displayed in Figure 5 (left): the inset
shows a 3D rendering of a sub-volume cut out of the tomographically reconstructed volume data. The line plot shows a
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density profile along the direction of the red arrow (which indicates the surface as well). No change in mineralization
can be seen. But after treating a similar sample for 120 h with a demineralizing liquid, the sample shows a significant
density loss close to the surface, as can be seen in the right panel of Figure 5 (dark area in the volume rendering). The
corresponding density plot reveals that in a region of approx. 150 pm depth beneath the surface, the density of the tissue
was reduced by almost a factor of two. Additionally, hairline demineraization reaching deep into the enamel can be
distinguished. Further investigations showed that a remineralisation process can be qualified by comparing
microtomography scans of demineralized and remineralized samples *°.
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Fig. 5. Left: Density profile at the surface of human tooth tissue treated 120 h with water (blue: air, white: tooth tissue). The
inset shows the investigated volume, the red arrow indicates the orientation of the depth profile relative to the surface.
No demineralization distinguishable. Right: density profile at the surface of human tooth tissue treated 120 h with a
demineralizing liquid. A strong loss of mineralization can be seen, also visible in the 3D rendering of the analyzed
volume (inset) as dark area **.

For TopoTomo we show investigations on skeleton parts of marine organisms. In detail, we look at spicules forming the
silica skeleton of marine sponges. In this way we hope to resolve a number of questions, e.g. the possibility of a spiral
structure of the core with a characteristic "pitch". This could be a species specific structure or specific to a certain spicule
type that may be found in a number of different sponge species. The skeleton gives the sponge its shape and general
body plan. It also allows it to endure forces such as currents and waves **. By reducing the source size to 150 pm x
150 um via TopoTomo's aperture slit system we can visualize the core of a spicule by means of white beam phase
contrast imaging. Figure 6 (left, a) shows a SEM image of a spicule core, Figure 6 (left, b) a tomographic slice of a
comparable sample. These tomographic images of the spicule's core allow for a characterization of its shape and size
throughout the whole spicule. This will enable us to create a three-dimensional model of the spicule showing structural
layers and internal as well as external details.

A final example of tomographic investigations at TopoTomo for materials science applications is shown in Figure 6
(right). The tomographic slice shows an injection moulded green metallic micro part consisting of steel powder (6.5 um
mean particle size diameter, 63 vol-% powder loading). The aim of this study is to understand powder binder
separations, a well known phenomenon in powder injection moulding (PIM). Due to the high surface to volume ratio in
MicroPIM surface effects and also separation effects get more and more dominant. Synchrotron micro-tomography and
subsequent image analysis were used to measure local particle size distributions and local particle densities in samples
produced by MicroPIM .

5. SUMMARY & OUTLOOK

In this article we introduced the high resolution imaging stations at the BAMl/ine (BESSY light source, Germany) and
TopoTomo (ANKA light source, Germany). Both imaging facilities work with an instrumentation pool consisting of
several cameras, optics, scintillators and mechanical stages. In combination with the flexible layout of the beamlines this
allows one to optimize the imaging stations for different applications in terms of resolution, contrast modalities or image
acquisition speed. The broad range of applications already performed at both beamlines with the subsequent peer-
reviewed publications underlines that our instrumentation concept overcomes most of the limitations set by the moderate
photon flux density available at both beamlines.

Proc. of SPIE Vol. 7078 70780X-6



At the ANKA light source a dedicated insertion device beamline IMAGE is currently in the specification process. The
beamline will be approximately 45 m long, fed by a super-conducting insertion device source (ANKA inhouse
development) and house experimental stations for direct and indirect imaging techniques. Further imaging activities at
ANKA which were not mentioned in this article are synchrotron computed laminography for imaging flat extended
samples *°, the development and production of refractive lenses fabricated by deep synchrotron radiation lithography
and fluorescence imaging ***’.

Fig. 6. Left: a) Scanning electron micrograph of a core of a sponge's spicule, b) tomographic slice of a comparable sample
(0.9 um pixel size, approx. 2.5 um detector resolution). Right: tomographic slice of a sample produced by micro powder
injection moulding. Steel powder with a mean particle size diameter of 6.5 pm and a powder loading of 63 vol-%. Acquired
using TopoTomo's white beam mode, spatial resolution of the detector system is around 2.5 um (0.9 pum effective pixel
size).
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