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Abstract. Synchrotron-based X-ray Tomographic Microscopy (SRXTM) is nowadays a powerful technique for non-
destructive, high-resolution investigations of a broad kind of materials. High-brilliance and high-coherence third generation
synchrotron radiation facilities allow micrometer and sub-micrometer, quantitative, three-dimensional imaging within very
short time and extend the traditional absorption imaging technique to edge-enhanced and pure phase-sensitive measurements.
Atthe Swiss Light Source, a new, tomography dedicated beamline called TOMCAT has been recently build. The new beamline
get photons from a 2.9 T superbend with a critical energy of 11.1 keV. This makes energies above 20 keV easily accessible. To
guarantee the best beam quality (stability and homogeneity), the number of optical elements has been kept to a minimum. A
Double Crystal Multilayer Monochromator (DCMM) covers an energy range between 8 and 45 keV with a bandwidth of a few
percent down to 10*. The beamline can also be operated in white-beam mode, providing the ideal conditions for real-time
coherent radiology.
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INTRODUCTION

Microtomographic investigations tend nowadays towards the analysis of millimeter-sized specimens at micrometer res-
olution within minutes. The combination of X-ray microscopy with tomographic techniques as well as the exceptional
properties of third-generation synchrotron radiation sources allow to obtain volumetric information of a specimen at
micron or sub-micron scale with minimal sample preparation. In addition, the coherent nature of synchrotron radi-
ation extends the classical absorption based tomography towards edge-enhanced and phase-contrast investigations.
The requirements on the detectors in terms of spatial resolution and efficiency are therefore very high and tremen-
dous efforts have been made all over the world to develop synchrotron-based microtomography devices. The most
established detection method consists of converting X-rays into visible light with a scintillator and projecting them
onto a charge coupled device (CCD) with the help of suitable optics [1, 2, 3, 4]. This approach provides reliable and
reproducible results for a wide range of research fields covering both medicine and biology [5, 6, 7, 8] as well as
materials science [9, 10, 11]. Even thought almost the totality of today’s routine users usually performs absorption-
based or "edge-enhanced" tomography experiments, there is a growing interest on pure phase contrast imaging. The
advantages of X-ray phase contrast radiography over conventional radiography are evident. First, the phase shift of
light absorbing materials can be sufficiently big to be detected with phase-sensitive methods and, second, phase signals
are produced with much lower dose deposition than absorption, which can be very important when radiation damage
becomes an issue. It has been shown that interferometric techniques as proposed by Bonse and Hart [12], or phase
retrieval methods[13] work fine but are somehow difficult to use in a routine experiment because of their complexity
(stability and alignment issues for the first one, data post-processing for the second one). Recently, two new meth-
ods have been introduced which set a novel approach to the phase contrast problem: the Differential Phase Contrast
(DPC) technique [14] and the Modified Bronnikov Algorithm (MBA) [15, 16]. The DPC is based on a combination of
grid-interferometry and phase stepping and is particularly suited for large objects and when a moderate resolution is
required. The MBA is based on fast and direct 3D approach and works perfectly when micrometer resolution is neces-
sary and the samples are small. It appears clear that the development potential of micron- and submicron tomography
applications, in absorption or in phase, are far to be fully exploited. The Swiss Light Source (SLS) and its TOMCAT
beamline will be at the forefront in this context.



THE TOMCAT BEAMLINE

The TOMCAT beamline is located at the X02DA port of the SLS. Synchrotron light is delivered by a 2.9 T superbend,
see Figure 2a. Compared with the 1.4 T of the normal SLS bending magnets this shifts the critical energy of the source
from 5.4 keV up to 11.1 keV. This results in a considerable increase of flux at hard Xxr8&KeV), see Figure 1.
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FIGURE 1. Left: estimated photon flux (vertical integrated and 2 mrad horizontal acceptance) for the 2.9 T superbend (full line)
and for the 1.4 T normal bend (dashed line). The gain at energies above 20 keV is evident. Right: Relevant parameters of the
source. The vertical divergence is, of course, energy dependent. The value of 0.6 mrad correponds to the acceptance of the beamline
diaphragm.

Design and realization

Rationale. Real space, full field imaging, and in particular tomography, needs a homogeneous beam profile,
in order to perform optimal background corrections. Because of the high coherence of the radiation produced by
third-generation synchrotron radiation facilities like the SLS, all the optical components (windows, mirrors and
monochromator) must be designed with particular care in order to avoid deterioration of the beam profile. The design
criteria for the optics of the TOMCAT beamline have been:

» Keep the optics as simple as possible (i.e. minimize the number of optical elements)
- Optimize optics for bandwidth either than for energy resolution

« Monochromatic beam and white beam must be available

- Energy range: at least 8-40 keV

Window. The machine UHV-sector (13° mbar) is separated from the beamline HV {1@nbar) by a Chemical
Vapour Deposited (CVD) diamond window, see Figure 2b. Because of their better surface-roughness, CVD diamond
windows are preferred to standard Be-windows. The thickness of the window igrh0énd its surface-roughness
2.5 nm RMS. Coherence degradation due to the window has been measured with shearing interferometry[17] and
resulted to be negligible.

Optics. The main optical component of the TOMCAT beamline is a fixed-exit double crystal multilayer monochro-
mator (DCMM) which covers an energy range from 6 to 45 keV. The DCMM is located in the front-end, at approxi-
mately 7 m from the source: this allows to accept a large angular divergence while keeping the optical elements very
compact. [Ru/Cjyg and a [W/Si} oo multilayer stripes have been coated 8 mm apart from each other on a Sill11l sub-
strate (active area of 150x50 mMjnFigure 2c. As a results the energy bandwidth of the DCMM is a few percent when
multilayer are used or 1@ when the silicon is used. The slope errors figures in the direction along and across the
optic are better than 0srad RMS and Sirad RMS respectively. Surface roughness is less than 0.3 nm RMS. When
operating with multilayers the Bragg angle varies frgn= 1.82° and6g = 0.265° for energies ranging from 5 keV
up to 45 keV. For the low-energy settings, the power density is 80 m\¥/amd is dissipated via a water side-cooling.



FIGURE 2. (a) The 2.9 T superbend before the installation in the ring. (b) The CVD window installed in the front end:
clearly visible is the copper frame, which is water cooled. (c) Multilayer crystals installed on one goniometer of the TOMCAT
monochromator. Visible are the three ([Ru{gg [W/Si]igg and Silll) regions on the substrate. (d) The sample manipulator
"frozen" during the axis swapping procedure.

The crystal optics are mounted on two independent high-precision goniometers. The first crystal has motorized pitch,

roll, and horizontal translation (for stripes selection); the second crystal has the same degrees of freedom and, in ad-
dition, yaw and vertical translation. The whole system is positioned on a base plate that can be vertically adjusted.

The distance between both crystals can be increased up to 850 mm. There is no additional mirror and, therefore, the
vertical size of the beam is "controlled" by moving the endstation along the beam path (up to 15 m travel range).

Sample manipulator. The sample manipulator has been designed and manufactured at PSI. Translation along all
the three space direction is performed with a resolution better than 1 micron. The axis perpendicular to the beam
direction has a reproducibility of 0.1 micron: this is imperative for an artefact-free acquisition of reference images.
The sample can be centered also with 0.1 micron reproducibility. The rotation axis is air-bearing based and has a
run-out error of less then 1 micron at 100 mm from the rotation surface. The whole system can be swappesdsy 90
Figure 2d, allowing to scan thick and short sample (vertical rotation axis) or long and thin samples (horizontal rotation
axis).

Detector. X-rays are converted to visible light by a YAG:Ce or LAG:Eu thin scintillating screen. A diffraction
limited microscope optics collects the light and projects the information on the CCD. With interchangeable (motorized)



objectives the field of view can easily be varied from 0.75x0.75mamto 11.45x11.45 mAwith pixel sizes ranging
from 0.35x0.35um? up to 5.6x5.6um?. The CCD camera has 2048x2048 pixels and a full frame is read-out in 260 ms
with nominal 14 bits. Readout noise is 9 at 10 MHz and 12 e at 20 MHz, dark current is 0.022 és/pixel.

Applications

The TOMCAT beamline will be dedicated to high-throughput microtomography experiments, providing a powerful,
state-of-the-art and user-friendly instrument. Standard absorption-based techniques will be complemented by novel
phase contrast based experiments. Broadband radiation will be used for real-time microradiography experiments and
ultrafast tomography. Figure 3 shows some examples of the capability of the instrument.
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FIGURE 3. Left: surface rendering of an air cavity in a mouse lung (sample courtesy of J. Schittny, University of Bern). Center:
projection view of the microvasculature structure of a monkey brain biopsy (sample courtesy of B. Weber, Max Plank Institute,
Tlbingen. Right: projection view of a soil sample with iodine inclusions (sample courtesy of F. Enzmann, University of Mainz).
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